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Preface 

At present, most people get exposed to information about health care sector, climate 
change and environmental management only through stories publicized in the media. 
One of the clean energy sources with zero carbon emissions is hydrogen. It is expected 
that soon hydrogen will take one of the main places among energy sources. In some 
instances, responses demonstrated a lack of knowledge about basic materials science 
that may have significant implications for public education measures in materials 
design, cost-benefit likely processing, and analysis in industrial manufacturing. 

In this book, entitled Nanomaterials for Energy Conversion, Biomedical and Envi-
ronmental Applications, there are eighteen chapters. We have finalized the following 
chapters: I mean ordering the chapters. We have two subsections (Part I) Nanomate-
rials for Energy Conversion & (Part II) is Biomedical and Environmental Applica-
tions. The first part includes eight chapters discussing photoelectrochemical water 
splitting to produce fuel, storage, and conversion of energy using sunlight. Insight, 
we discussed about optical transport, nanocomposites, phosphate glass bioactive, 
perovskite nanomaterials, MgSn alloys and metal additive manufacturing via post-
processing heat treatments too. Applied biomedicine and environmental science is 
the focus of the second part. Nine chapters have been indexed in this section that were 
found relevant to biomedical applications such as tissue engineering, drug delivery, 
nanodiagnostics, polymeric chain mechanisms of chitosan and cellulose as well as 
metal oxide nanoparticles for antimicrobial applications. We make ensure this book 
Nanomaterials for Energy Conversion, Biomedical and Environmental Applications 
is succinctly formulated, captures the focus, contains moral ambiguities, and grabs 
the reader’s interest. We believe in this book reaching large research and develop-
ment audience in the frame of energy storage revisited for new methods. To increase 
readers, identifying all appropriate topics within this series is important. 

In this book Nanomaterials for Energy Conversion, Biomedical and Environ-
mental Applications, Undoubtedly, the main objective of the proposed book has 
addressed several issues, and in the future, this book will become a good platform 
for understanding the future developments in metal oxide nanostructures for energy 
conversion, biomedical and environmental management. A bioinspired material for 
environmental applications may support or act as a carrier for antibacterial behavior,
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vi Preface

pathogenic infections, and antimicrobial behavior. Appropriately, Nanomaterials for 
Energy Conversion, Biomedical and Environmental Applications, we recommend the 
book to undergraduates, postgraduates, and doctoral students those who are working 
in material science and researchers across the world working in interdisciplinary 
research. Thus, major concerns have been raised about materials synthesis and energy 
harvesting following the efficient and selective mechanisms of biology. 

Cape Town, South Africa 
Riyadh, Saudi Arabia 
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Kaviyarasu Kasinathan 
Mohamed S. Elshikh 
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Chapter 1 
ZnO/Chalcogenides Semiconductor 
Heterostructures 
for Photoelectrochemical Water Splitting 

A. B. Isaev, N. S. Shabanov, D. Sobola, K. Kaviyarasu, A. M. Ismailov, 
and G. M. Omarov 

1 Introduction 

With the depletion of hydrocarbon energy sources, the production of environmen-
tally friendly and renewable fuels is becoming more and more important. One of 
the clean energy sources with zero carbon emissions is hydrogen. It is expected that 
soon hydrogen will take one of the main places among energy sources. The way to 
obtain hydrogen is through the water splitting. Various methods are currently used for 
water splitting. Among them, one can single out the electrochemical water splitting 
[1–3], photocatalytic [4–8], and photoelectrochemical water splitting [9–11] using
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light energy. For hydrogen production, considerable attention was drawn to the water 
splitting by solar energy and semiconductors [12–16]. Photoelectrochemical split-
ting of water is one of the most suitable methods to converting sunlight into hydrogen 
because of its practicality and efficiency. The photoelectrochemical splitting of water 
and the production of hydrogen in large volumes require cheap, efficient, and stable 
semiconductor photoelectrodes in a photoelectrochemical cell. The materials used in 
a device for photoelectrochemical production of hydrogen must be cheap, photoac-
tive, provide chemical and stability, and have a sufficient efficiency of converting 
solar energy into photoelectrochemical hydrogen. Until now, a lot of types of semi-
conductor materials have been investigated, including composites and nanostructures 
[17, 18]. But unfortunately, these materials do not have the necessary efficiency of 
energy conversion. High-energy conversion efficiency is typical for materials oper-
ating in the ultraviolet region of the spectrum. However, there is not enough ultra-
violet in the solar spectrum for water splitting in industrial scale [19]. Among the 
most studied materials about photoelectrochemical splitting of water, zinc oxide got 
an important place [20–28]. Zinc oxide (ZnO) belongs to an n-type semiconductor 
material with anisotropic crystal structure. It has low cost, wide distribution in the 
earth, non-toxicity, ease synthesis, high thermal stability, wide bandgap, etc. [21]. 
The development of semiconductor materials with a small bandgap, high photoelec-
trochemical activity, and stability based on ZnO are of particular interest for creating 
a competitive technology for photoelectrochemical water splitting [26, 27, 29, 30]. 

This review is mainly devoted to efficient photocatalysts based on ZnO and 
chalcogenides for photoelectrochemical water splitting. Because of its properties 
of increasing the efficiency of photoelectrochemical water splitting under sunlight 
irradiation, sensitization of ZnO by chalcogenides has attracted wide research interest 
[22]. In this review, we mainly focus on strategies of synthesis and control of prop-
erties (morphology, bandgap structure), photocatalytic and photoelectrochemical 
water splitting using ZnO/chalcogenide heterostructures. The combination of ZnO 
materials with chalcogenides to obtain heterostructures is a promising approach 
for obtaining a highly efficient composite photocatalyst, since chalcogenides are 
materials that have a bandgap greater than 1.23 V (the water splitting potential) [20]. 

2 The General Principles of Photoelectrochemical Water 
Splitting 

The photoelectrochemical splitting of water using TiO2 as a photocatalyst was earlier 
noted by Fujishima and Honda [31]. A minimum bandgap of 1.23 eV is required for 
the photocatalytic water splitting. This value corresponds with the redox potentials 
of the H+/H2 and O2/H2O pairs [32]. To ensure the electron transfer process and 
the subsequent stages of hydrogen evolution, a large bandgap (>2.0 eV) is often 
required. Simultaneously, the photocatalyst must have a sufficiently small bandgap 
(e.g., <3.0 eV) for efficient use of solar spectrum [33]. Compared to the photocatalytic
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Fig. 1 Bandgaps and bandedge values with respect to the vacuum level and normal hydrogen 
electrode [32] 

water splitting by powder photocatalyst, photoelectrochemical splitting promotes the 
separation of electrons and holes [34]. There are few semiconductor materials that 
meet these criteria. The authors of [32] classified semiconductor materials according 
to their bandgaps, which can be used in water splitting reactions to hydrogen produc-
tion as photocatalysts or cocatalysts, including chalcogenides, oxides, and nitrides 
(Fig. 1). The oxygen is released when n-type material is used as a photoanode, and 
electron vacancies are generated on it during irradiation by sunlight (Eq. 1). The 
generated electrons then move to the photocathode where the reaction of hydrogen 
evolution occurs (Eq. 2). 

2H2O + 4h+ → O2 + 4H+, E0 
(O2/H2O) = 1.23 V vs. RHE (1) 

2H+ + 2e−H2, E0 
(H+/H2) 

= 0V  vs.  RHE (2)  

The oxygen evolution reaction has thermodynamic limitations, the minimum of 
the conduction band for the semiconductor is supposed to have more negative in 
comparison to the energy level H+/H2, while the maximum of the valence band 
should have more positive value than the energy level O2/H2O [33]. ZnO is an n-type 
wide bandgap semiconductor (≈3.3 eV) at room temperature. It is of great interest 
for photoelectrochemical hydrogen production [34]. But the large bandgap and fast 
recombination of photogenerated carriers are the reason of low light absorption and 
decrease of photocatalytic quantum yield, prevent using ZnO as a photocatalyst [35– 
38]. The preparation of ZnO nanostructures can reduce the diffusion path of charge 
carriers with increasing of the reaction surface area [39–41]. However, this is insuffi-
cient to enhance the photocatalytic activity of wide bandgap ZnO in visible light. For 
this, numerous approaches were used, such as regulation of the parameters of surface 
morphology and using graphene derivatives as acceptors [42–44] doping of various 
metals into the crystal lattice structure [45, 46] and obtaining heterostructures [47– 
49]. The construction of a ZnO heterojunction with narrow bandgap semiconductors
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is a favorable method to increase absorption of light and boost light utilization [50]. 
Basically, ZnO-based heterostructures contain type II electron hole transition forms 
(Fig. 2a), p–n junction (Fig. 2b), Z-based systems (Fig. 2c), and hot-electron injection 
(Fig. 2d). 

A lot of efforts have been devoted to research on the optical properties, and 
the morphology of heterostructures based on ZnO and chalcogenides for their use 
in various photoconverters [52]. Metal chalcogenides materials have a narrower 
bandgap in comparison with ZnO. Therefore, transferring photogenerated electrons 
from the conduction band of chalcogenides to the ZnO conduction band is possible 
(Table 1). This leads to a more efficient separation of photogenerated charge carriers. 
Currently, the main task for photoelectrochemical splitting of water is the prepara-
tion of photoanodes, that have high charge transfer and light-collecting efficiency. In 
this regard, much attention is paid to the preparation of ZnO in the form of various 
nanostructures. Primarily, special attention is given to the preparation of ZnO in the 
nanorods form. ZnO nanorods obtained by the hydrothermal method can be utilized 
as photoanodes in photoelectrochemical water splitting. These highly ordered ZnO 
nanorod arrays exhibit increased light-harvesting efficiency originated from light 
scattering [63]. 

Fig. 2 Design scheme of a type-II junction, b p–n junction, c Z-scheme system, and d hot-electron 
injection [34, 51]
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Table 1 The bandgap of chalcogenides and zinc oxide relative to hydrogen reference electrode 

Materials Bandgap, eV References 

ZnO 3.2 Ma et al. [34] 

ZnS 3.6–3.7 Kurnia and Hart [53], D’Amico [54], Schrier et al. [55], Jiang et al. 
[56] 

ZnSe 2.84 Ye et al. [57] 

ZnTe 2.1 Zaari et al.  [58] 

CdS 2.5 Wei et al.  [59] 

CdSe 1.76 Wei et al.  [59] 

CdTe 1.61 Wei et al.  [59] 

PbS 1.31 Yeon et al. [60] 

MoS2 1.48 Miller et al. [61] 

CuS 3.10–3.94 Dolui et al. [62] 

3 ZnO/ZnS Heterostructures 

ZnS is a semiconductor material with a bandgap of 3.7 eV and a conduction band of 
1.04 eV [56, 64]. This value is more negative than the reduction potential of H+ to H2. 
Studies of ZnS as a photocatalyst for water splitting have shown its certain activity. In 
this case, it is proposed to increase the activity of ZnS with the use of additives of noble 
metals Pt and Au [65, 66]. The use of a ZnS heterostructure with ZnO accelerates the 
photogenerated e−/h+ separation. ZnO has a more positive position in the conduction 
band (–0.31 eV) and the valence band (2.89 eV) in comparison with ZnS. It provides 
a better separation of charge carriers [66]. ZnO and ZnS heterostructures show a high 
efficiency of hydrogen evolution during water splitting [67, 68]. It is assumed that 
the ZnO/ZnS heterostructure may be more promising for the photoelectrochemical 
production of hydrogen due to the ease of formation of a heterojunction during 
direct ion exchange or thermal diffusion [69], as well as easy charge transfer inside 
the electrodes of the heterostructure [70]. 

In this case, the bands are aligned, which causes improved separation of electrons 
and holes and the generation of a higher photocurrent and greater oxidative capacity 
in relation to water splitting (Fig. 3). Under the action of irradiation, the shift of the 
band promotes an enhancement in charge separation, which leads to an increased 
photocurrent of the electrode of the ZnO/ZnS heterostructure. On the other hand, 
preparation of heterostructure is favorable to improve the transfer of charge between 
ZnS and ZnO, even in the dark, resulting in a higher dark current. The direction of 
the dark current and photocurrent is the same. Additionally, the migrated charges 
of the ZnS shells can be supplemented by ion diffusion from the electrolyte [70]. 
The chemical transformation of ZnO to zinc sulfide is used to obtain a ZnS shell 
over the ZnO single crystal nanowire. A decrease in visible light transmission (by 
about 15%) is found in ZnO–ZnS core–shell nanowires, which provides larger light
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Fig. 3 The scheme and diagram of energy bands of type-II-staggered ZnO/ZnS heterostructure 
[70] 

absorption. Compared to the initial ZnO, the photocurrent for the ZnO–ZnS core– 
shell stays unchanged with no significant fluctuations for several hours. It means 
that the functionalization of ZnS provides stability to the unstable photoanode from 
ZnO. The higher position of the ZnS conduction band increases the photovoltage in 
the open circuit and decreases the rate of photocarrier recombination. This fact leads 
to a lifetime increase in photocarriers [71]. Modifications of ZnO nanosheets with 
ZnS layer show a decreased bandgap (2.72 eV) and, nevertheless, a small increased 
minimum of the conduction band, which significantly expands the wavelength range 
for light absorption [72]. 

Numerous studies have been carried out to obtain heterostructures with different 
morphologies to enhance the transfer of electrons over the interface when using 
photocatalysis or photoelectrocatalysis to decompose water [73–75]. In [76], 
ZnO/ZnS heterostructures were obtained by electrochemical deposition of an array 
of ZnO nanorods, followed by their sulfonation in a hydrothermal process with the 
preparation of a core–shell heterojunction structure. It is assumed that the combina-
tion of two different dissolution–crystallization and substitution reactions is respon-
sible for the growth of well-aligned arrays of ZnO/ZnS heterostructures [77]. The 
heterostructures of ZnO/ZnS nanowire arrays were synthesized using ammonium 
persulfate as an oxidizing agent for direct oxidation of zinc foil and then by a 
sulfidization process to replace oxygen with sulfur in an alkaline solution (Fig. 4). 
The photocatalytic activity was noticeably enhanced at mentioned heterostructures 
because of electron transfer between ZnS and ZnO in comparison with pure ZnO 
nanofibers. The bandgap of a sulfur-doped ZnO film obtained with the use of pulsed
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Fig. 4 Schematic representation of the fabrication of ZnO/ZnS heterostructure [77] 

laser deposition shifts to a lower level as sulfur is included [69], which leads to 
better absorption of visible spectra of sunlight. A new approach to the production 
of ZnO–ZnS on an array of ZnO nanowires for the generation of hydrogen with a 
significantly increased photocurrent was demonstrated [78]. 

ZnS–ZnO composite heterostructures were also prepared at low temperatures by 
the solvothermal method by partial sulfidation of ZnO with the use of thiourea. 
The obtained materials demonstrated functionality in the production of hydrogen. 
In this case, the addition of methanol caused an increase in the amount of H2 

formed up to five times as correlated with the most effective photocatalyst with 
no methanol addition [79]. Electrochemical methods are one of the most promising 
approaches for obtaining ZnO/ZnS heterostructures. The results of a study on the 
preparation of the obtained ZnO/ZnS heterostructures by anodizing zinc in water 
and glycerol/water/NH4F electrolytes with various additions of Na2S are presented 
[80]. The results obtained prove that the hydrodynamic conditions favor the ordered 
nanotube morphology. This makes the separation of electrons and holes easier. This, 
in turn, increases the photoelectrochemical activity in the splitting of water. Another 
approach of the electrochemical method was demonstrated in [81], which consisted of 
electrodeposition of ZnO nanorods on an ITO substrate and sulfidation of the surface 
by ion exchange in an aqueous solution of Na2S. The ultrasonic method provides
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a number of advances as a rapid, easy, and large-scale synthesis ZnO/ZnS core– 
shell nanorods [82]. The nanorods were obtained by successive reactions, including 
the ZnO nanorods synthesis and transformation of their surface into the ZnS on 
a fluorine-doped tin oxide (FTO) substrate by sonochemical methods. ZnO/ZnS 
nanorods demonstrated higher photocurrents in contrast to ZnO nanorods for the 
reaction of water splitting. The ZnS passivates the defects at ZnO surface when the 
water splitting reaction occurs. It causes enlarged charge separation in ZnO nanorods. 
Heterostructures core–shell ZnO/ZnS core–shell used as a photoanode in the photo-
electrochemical production of hydrogen and obtained by chemical vapor deposition 
on Si (100) substrates also show high efficiency [83]. Freshly prepared ZnO/ZnS 
heterostructures had a photocurrent density of 1.21 mA/cm2, this value is 8.5 times 
larger than that of pure ZnO nanocrystals. 

To increase the separation efficiency, the ZnO/ZnS heterostructure is proposed to 
be modified using various materials. In [84], photoelectrodes coated with polyaniline 
ZnS film/ZnO nanorods for splitting water were evaluated for their photocorrosion 
properties. Modification of ZnO/ZnS heterostructures with metals, as well as alloys 
with metals, leads to an increase in the efficiency of photoelectrochemical water 
splitting. Au nanoparticles were deposited on the ZnO/ZnS heterostructure for more 
efficient water splitting [85]. The optimal heterostructure decorated with Au demon-
strates a high rate of hydrogen formation [86]. Doping with cerium also leads to an 
increase in the hydrogen yield, as reported in [87]. The attachment of other inor-
ganic compounds to the surface of ZnO/ZnS heterostructures leads to a reduction 
in the charge migration distance, supplying an immense number of active centers 
and increasing the absorption of visible light. Deposition of Cu(OH)2 clusters on the 
surface of ZnO/ZnS nanorods helps to increase the charge transfer and consequently 
the production of hydrogen by photocatalysis. The uncoated ZnO and ZnS catalysts 
exhibit a low H2 formation rate due to their wide bandgaps under visible light condi-
tions. As seen in Fig. 8a, the loading of Cu(OH)2 has a significant impact on the 
activity of the ZnO/ZnS heterostructure [88]. 

Nowadays, triple heterostructures consisting of three semiconductors attract 
considerable interest due to the efficient separation and transfer of photogenerated 
charge carriers in these materials. The addition of other chalcogenides to the ZnO/ZnS 
heterostructures helps to increase the efficiency of absorption and conversion of solar 
energy into hydrogen. Sulfides of metals CdS [89–93], Ag2S [94–97], Cu2S [94, 98], 
CuS [94], CoS [99], and sulfides of bimetals [92]. Ternary CdS/ZnS/ZnO heterostruc-
tures were accurately prepared in form of one-dimensional (1D) nanofibers by the 
combination of various processes as electrospinning of ZnO, then in situ sulfuriza-
tion of ZnO with the formation of ZnS/ZnO heterostructures, and in situ deposition 
of CdS quantum dots on the ZnS/Zn heterostructure. The optimized CdS/ZnS/ZnO 
heterostructure showed an H2 evolution rate of 51.45 mmol· h−1·g−1 with quantum 
efficiency of 26.88% at 420 nm at no cocatalyst used. It is 93,54 and 2.28 times 
more than for the initial ZnO and ZnS/ZnO, respectively, at similar process param-
eters [89]. The ZnO/ZnS/CdS heterostructures as nanorods were obtained by the 
ion-exchange method for the photoelectrochemical production of hydrogen [90]. 
The ZnO nanorods arrays can be used as sources for the synthesis of homogeneous
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ZnS layers and their further transformation into CdS. The CdS content in films can 
be easily modified by the variation in process temperature. Photoelectrodes with 
an array of ZnO/CdS/ZnS and ZnO/ZnS/CdS nanorods were designed and CdS 
and ZnS layers were prepared by alternative chemical deposition in a bath on the 
surfaces of ZnO nanorods. The photoelectrochemical characteristics of photoelec-
trodes with a composite structure and the concept of action of ZnS buffer layers were 
studied. Outcomes of the research confirm that the photoelectrode with an array of 
ZnO/ZnS/CdS nanorods has an increased hydrogen yield. This boost can be assigned 
to ZnS buffer layers. As was mentioned above, these layers are useful for separating 
and transporting photogenerated charge carriers in photoelectrodes with nanorod 
array of ZnO/ZnS/CdS [100]. 

An easier way to obtain ZnO/ZnS/MxS (metal sulfide) core/shell/shell nanorod 
heterostructures, ZnO/ZnS/CuS, ZnO/ZnS/Ag2S, ZnO/ZnS/CdS, ZnO/ZnS/Cu2S, 
and ZnO/ZnS/Bi2S3 was demonstrated in [94]. The ion–ion growth mechanism is 
an intermediate path to the transformation of ZnO nanorods into ZnO/ZnS and 
ZnO/ZnS/MxS nanostructures. This transformation is possible due to significant 
differences between the constants of the solubility of ZnO, ZnS, and MxS products. 
The photocurrent density and hydrogen generation efficiency in the ZnO/ZnS/Ag2S 
nanostructure were obtained up to 15.28 mA/cm2 and 15.92%, respectively [94]. 
Another approach to the preparation of ternary heterostructures for the water splitting 
upon irradiation with sunlight was demonstrated using the example of ZnO–ZnS– 
Cu2S [98]. The production of a heterostructure is a three-stage process, including 
the growth of an array of ZnO nanorods in solution, followed by the deposition of 
Cu2O followed by its sulfonation. The addition of an intermediate ZnS layer to the 
ZnO–Cu2S core–shell arrays additionally expands the absorption range of visible 
spectrum and supports the efficient separation of charge carriers (Fig. 5). In this 
case, the transformation of Cu2O into Cu2S provides efficient contact of the core– 
shell heterostructure with the surface of ZnS. It is a reason for forming a configuration 
of energy levels and, therefore, the spectral bands which make possible proper sepa-
ration of photogenerated electrons and holes. The release of H2 upon irradiation with 
visible light was 436 μmol·h−1·g−1 for arrays of ZnO–ZnS–Cu2S (8 h) nanorods, 
which is 2.55 and 1.61 times larger in comparison to ZnO–Cu2O and ZnO–Cu2S. 

The process of sulfonation of ZnO nanostructures with the subsequent production 
of ZnO/ZnS/MxS heterostructures can be represented in the form of a diagram as 
presented in Fig. 6. The hydrolysis of thiourea and the formation of gaseous H2S 
happen when a substrate from a conductive glass is coated by ZnO nanorods and 
submerged in a solution containing sulfur, where the ZnO sulfonation reaction occurs. 
This is the effect of significant variation between values of ZnO and ZnS solubility 
constants. The interaction of ZnO with H2S on the NR surface leads to the appearance 
of NR ZnO/ZnS core/shell (stage 1) [94]. 

ZnO/ZnS/CdS/CuInS2 core–shell nanowires arrays with increased photoelectro-
chemical performance in visible spectrum have been effectively obtained using 
ion-exchange and hydrothermal synthesis, the preparation of which is shown in 
Fig. 7. The photoanode p–n junction heterostructure ZnO/ZnS/CdS/CuInS2 exhibits 
an improved photoelectrocatalytic activity during water splitting in comparison
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Fig. 5 Charge transfer scheme and performance of the process of solar energy conversion for the 
ZnO/ZnS/Cu2S heterostructure [98] 

Fig. 6 Stepwise scheme of ZnO/ZnS/MxS NRs preparation [94]
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Fig. 7 Scheme of Core−Shell structures formation [92] 

with thin films from ZnO/ZnS/CdS and ZnO/ZnS. The optimized structure of 
ZnO/ZnS/CdS/CuInS2 film exhibits values of photocurrent equal to 10.5 mA/cm2 and 
high incident photon-to-current conversion efficiency (IPCE) of 57.7% for 480 nm 
at bias potential of 0 V compared to Ag/AgCl. CdS and ZnS have an important 
role in the ZnO/ZnS/CdS/CuInS2 structure. Particularly, ZnS, as a passivating layer, 
reduces the recombination of charge carriers at the oxide/CuInS2 interface. The CdS 
and CuInS2 create a p–n junction and the absorption in visible spectrum grows. In 
its turn, it facilitates the charge transport and slows down the carrier’s recombination 
in CuInS2 which leads to the enhancement of characteristics of the heterostructure 
ZnO/ZnS/CdS/CuInS2 [92].

The ternary heterostructures based on Ag2S obtained by ion exchange on a SnO2 

surface doped with fluorine also showed high efficiency in the photoelectrochemical 
water splitting [95]. Heterostructures of ZnO/ZnS nanorods bound to Ag2S were  
prepared at substrates of wire mesh from stainless steel. The preparation was carried 
out along the axis by sulfonating arrays of ZnO nanorods as immobilized hierarchical 
photocatalysts (Ag2S-bound ZnO/ZnS/metal wire mesh) to obtain H2. The yield of H2 

for photocatalysts ZnO@ZnS/metal wire mesh bound with Ag2S values of 5870 and 
168 μmol·g−1·h−1 at visible and ultraviolet radiation [97]. Another way to prepare 
the ternary heterostructures on the Sonova of ZnO and metal chalcogenides is the 
use of organometallic compounds as precursors [99]. Sulfurization of organometallic
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Fig. 8 a Scheme of cellular ZnO/ZnS/CoS preparation, b SEM image of ZnO, c TEM image 
of ZnO, d SEM image of ZnO@ZnCo-ZIF, e TEM image of ZnO@ZnCo-ZIF, f SEM image of 
ZnO@ZnS/CoS, g TEM image of ZnO@ZnS/CoS [99] 

scaffolds on semiconductor ZnO leads to the formation of cellular heterostructured 
catalysts ZnO/ZnS/CoS for water splitting (Fig. 8). The obtained structures show 
a high photoconversion efficiency (0.65% at 0.14 V) and a photocurrent density 
(2.46 mA/cm2 at 0.6 V) at all ranges of irradiation, surpassing the performance of 
the described above catalysts on the basion of ZnO into unbiased environment. CoS, 
acting as a cocatalyst, can accelerate the transfer of holes and concurrently take 
part in the oxidation of surface water. It decreases the oxygen evolution barrier at 
heterostructures ZnO/CoS and ZnO/ZnS/CoS [99]. 

There are also studies on the techniques of hydrogen production by the splitting of 
water irradiated with sunlight using ZnO–ZnS/graphene heterostructures [101]. The
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inclusion of graphene can improve photogenerated charge separation across ZnO– 
ZnS/graphene contact area and increase the rate of hydrogen production by photo-
catalysts. The use of composite materials for photocatalysts has shown enhanced 
performance due to more intensive charge separation and increased absorption of 
radiation. The addition of glycerine and other organic compounds increases the effi-
ciency of hydrogen production. The addition of organic compounds leads to the 
elimination of the charge recombination. Due to the reaction with photogenerated 
holes, the photocatalytic activity in the production of H2 increases [50, 102]. The 
rates of hydrogen formation are 193.3, 269.9, and 587.6 lmol·h−1·g−1 at a glycerol 
concentration of 10, 20, and 30 vol%, respectively [101]. 

4 ZnO/ZnSe Heterostructures 

The use of narrow-gap semiconductors such as zinc selenide (ZnSe) in combination 
with one-dimensional metal oxide semiconductors (for example, ZnO) to encourage 
the absorption efficiency in visible spectrum has been extensively studied. Metal 
selenides are generally characterized by a narrow bandgap, decreased internal resis-
tance, high usage of sunlight, and excellent photoelectrochemical performance. The 
bandgap of ZnSe is 2.56 eV and an exciton binding energy is 21 meV at room tempera-
ture [103, 104]. Selenium doping of ZnO leads to an increase in light absorption when 
compared to undoped ZnO nanocrystals. The density of photocurrent for Se-doped 
ZnO nanoplates reaches ~0.2 mA/cm2. This value is larger than for undoped ZnO 
nanocrystals (~0.015 mA/cm2 [105]; therefore, the use of zinc selenide as a material 
to increase the conversion efficiency of sunlight is justified [106, 107]. Pure ZnSe in 
the form of nanorods has also been used to production of hydrogen using splitting 
of water upon sunlight irradiation, with a quantum yield of 50 ± 4% (λ = 400 nm) 
[108]. Studies have shown that ZnSe is a potential photocatalyst for the reduction 
of water to H2 The use of ZnSe as a cocatalyst in the preparation of heterostruc-
tures allows to considerably improve the photocatalytic activity to produce H2 [109]. 
In recent years, the ZnSe-based heterostructures studies have begun [110–112] for  
use in sunlight conversion [113]. Thus, the FeSe2/ZnSe heterostructure obtained by 
depositing ZnSe nanoparticles on FeSe2 nanorods was used as an electrode in photo-
electrochemical splitting of water [114]. The photoelectrochemical activity, as well 
as the rate of H2 formation, were three times higher than that of ZnSe in terms of 
photoelectrochemical activity, it was also 2.3 times higher in the rate of H2 produc-
tion. Most ZnSe-based heterostructures are staggered core–shell heterostructures 
such as (ZnSe/CdS)/CdS [115], ZnSe/CdS/ZnSe [116] and ZnSe/CdS(or CdS/ZnSe) 
[117]. ZnO/ZnSe heterostructures were investigated for photoelectrochemical water 
splitting and hydrogen production. Yong Zhang et al. [118] noted that conversion of 
sunlight using a heterostructure based on arrays of ZnO/ZnSe core–shell nanorods. 
Heterostructures based on ZnO and ZnSe show the high efficiency of absorption of 
sunlight in a wide spectral range. For some heterostructures, the absorbed energy 
extends to the near-infrared range [119].
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Heterostructures based on ZnO and zinc selenide are also actively studied for 
photoelectrochemical water splitting. Nanocrystalline FTO/ZnO/ZnSe heterostruc-
tures were obtained from ZnO films obtained by electrodeposition. Afterward, it 
transformed into FTO/ZnO/CuSe heterostructures by completely replacing zinc 
(II) in composition of zinc selenide with copper (II). The heterostructures such 
as FTO/ZnO/ZnSe proved to be efficient photoanodes in absorbing sunlight [120]. 
Heterostructures of ZnO nanofibers/ZnSe nanoparticles (ZS1) were also formed by 
the dissolution–recrystallization method [121]. With a longer time and higher concen-
trations of solution during the reaction, the arrays of nanostructures were changed 
to arrays of ZnO nanowire/ZnSe nanospheres (ZS2) heterostructures. Photoanodes 
with an array of ZnO/ZnSe heterostructures exhibit absorption at the visible part 
of spectrum (wavelength <550 nm) with IPCE up to 47% (ZS1) or 57% (ZS2) at 
zero potential relative to Ag/AgCl (Fig. 9) [122]. The insertion of ZnSe can signifi-
cantly increase the absorption edge of visible spectrum. In addition, the formation of 
the ZnO/ZnSe heterostructure makes it possible to efficiently transfer photoexcited

Fig. 9 a Curves of 
photocurrent 
density/potential (I–V) and b 
Curves of photocurrent 
density/time for 
photoelectrochemical water 
oxidation (The material of 
electros and voltages are 
shown in graphs) [123]
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carriers of charge, which are expected to significantly modify the characteristics of 
the photoelectrochemical water oxidation [123].

An easy way for fabrication of ZnO heterostructure arrays of ZnSe nanonails 
on substrates of FTO glass using a simple two-step hydrothermal synthesis was 
proposed in [123]. As shown in Fig. 10, ZnO nanorods arrays are obtained for the 
first time on the FTO surface by a hydrothermal process. ZnSe nanoparticles on a 
ZnO nanorod were obtained by in situ ion exchange. Likewise, ZnSe nanoribbons are 
also formed in situ and coat the surface of ZnO nanorods. The photocurrent density 
in such heterostructures of the ZnO/ZnSe nanorod array reaches 1.01 mA/cm2 at an 
applied potential of 0.1 V (relative to Ag/AgCl). This is an enormously large value

Fig. 10 Scheme of preparation process of the ZnO/ZnSe heterostructure arrays on substrates of 
FTO glass [123]



18 A. B. Isaev et al.

in comparison with the ZnO/ZnSe nanorod array (0.71 mA/cm2), an array of ZnO 
nanorods (0.39 mA/cm2), and a ZnSe electrode (0.21 mA/cm2), which indicates 
its significant activity under visible light irradiation for the photoelectrochemical 
oxidation of water.

The formation of ZnO/ZnSe/CuSe heterostructures using the ion-exchange 
method was studied in [124]. This heterostructure provides enhancement of photo-
catalytic activity, and at the same time the photocurrent density is up to 5.70 mA/cm2. 
According to the authors, the use of a double shell based on the composite struc-
ture of ZnO can make this material inspirational for design of techniques for the 
water splitting [124]. Ternary heterostructures using ZnO/ZnSe and other chalco-
genides are mainly obtained by the ion-exchange method [125, 126]. Nanofiber 
arrays from ZnO/ZnSe/CdSe/CuxS core–shell heterostructures achieve a sunlight 
conversion efficiency of 89.5% at 500 nm (at 0.2 V) relative to Ag/AgCl. In this 
case, CdSe acts as an immensely efficient absorber of visible light. It creates hetero-
junctions with surrounding components to increase the separation and transport of 
photoinduced carriers. CuxS is supposed to be used as a passivating layer and an 
very active p-type mediator, so the goal is passivation of defects and various states 
of semiconductors surface and formation of p–n junctions with CdSe, facilitating 
the transport of holes at the interface of semiconductor and electrolyte. The surface 
of ZnO/ZnSe/CdSe/CuxS core–shell nanowire arrays with nanoporous morphology, 
concurrently with the tunneling transport of charge carriers in ZnSe and CdSe thin 
films, promotes the kinetics of reactions under irradiation and increase absorption of 
light [125, 126]. 

Clearly, defined porous heteronanostructures with a broad interval of light absorp-
tion and efficient charge transfer are main problems in the development of efficient 
photoanodes for the photoelectrochemical water splitting. Paper [127] reports on the 
formation of a ZnO/ZnxCd1-xSe heterostructure on an FTO surface. The heteroepi-
taxy of shell layers from the ZnxCd1-xSe on the surface of ZnO allows to achieve 
a photoconversion efficiency of 10.64%. However, the problem of erosion of a film 
of arrays of ZnO nanorods is the main obstacle to the sensitization of its surface. 
Coating the ZnO surface with zinc selenide and cadmium selenide show the high 
stability of such heterostructures [128]. A typical synthesis of a ZnO/CdS/CdSe 
ternary heterostructure on FTO is presented in Fig. 11. After growing the ZnO 
nanorods in various ways, a ZnO/ZnSe structure is obtained on the substrate surface 
due to the transformation of the ZnO surface to ZnSe through the reaction of an 
anion exchange (stage 2). To conclude, ZnSe/CdS/CdSe photoelectrodes with triple 
sensitization were prepared by sequential CdS and then CdSe deposition on prelimi-
narily fabricated ZnO/ZnSe nanorods (stages 3 and 4), respectively [129]. Increased 
interface areas and interface uniformity can enhance the efficiency of photoelectro-
chemical water oxidation. Moreover, for heterostructures based on ZnO and ZnSe, 
no noticeable weakening of the photocurrent density is observed after long operating 
cycles, which perfectly demonstrates their high stability [123].
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Fig. 11 Sketch of preparation procedure of photoelectrodes from ZnSe/CdS/CdSe [129] 

5 ZnO/ZnTe Heterostructures 

Zinc telluride (ZnTe) is appeared to be a desirable material for the role of a photo-
cathode in water splitting by photocatalysis. ZnTe has a demanded bandgap value 
(2.26 eV) for efficient light absorption. The most negative position of the conduc-
tion band edge (which is −1.63 V RHE) in comparison with other semiconductors of 
p-type, provides a huge stimulation of electron transfer at the interface from the semi-
conductor towards acceptors in electrolyte [130, 131]. A pure ZnTe photocathode 
exhibits moderate activity, high overvoltage, and low stability. The combined modifi-
cation of a ZnTe-based photocathode using carbon and MoS2 improves its photoelec-
trochemical characteristics with a decrease in overvoltage, increased photoactivity, 
and improved stability [132]. A wide range of irradiation absorption and a high effi-
ciency of photogenerated charges separation are expected from high-performance 
photoelectrodes. Ternary heterostructures based on ZnO and tellurides in the form 
of an array of core/shell ZnO/ZnxCd1-xTe nanowires, characterized by a wide edge 
of absorption from UV (380 nm) to near IR (855 nm) were obtained by chem-
ical vapor deposition [133]. The ZnO/ZnxCd1-xTe core/shell nanowire array was a 
monocrystalline triple shell, which significantly increases the efficiency of charge 
separation, extends the lifetime of charge carriers, and promotes growth of photocat-
alytic and photoelectrocatalytic performance under light irradiation. Additionally, the 
ZnO/ZnxCd1-xTe heterostructure showed high photocatalytic activity of H2 produc-
tion due to the synergistic absorption of light by the ZnxCd1-xTe triple shell and the 
making of a heterostructure between the boundaries of ZnO core and the ZnxCd1-xTe 
shell [133].
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6 ZnO/Cadmium Chalcogenides Heterostructures 

Among the chalcogenides for the preparation of heterostructures based on ZnO, 
CdS is of the greatest interest to researchers due to the similarities of crystal lattice 
structures of CdS and ZnO. Additionally, the ZnO/CdS heterojunction can form 
a type II structure of energy bands. ZnO conduction band is situated between the 
valence and the conduction bands of CdS. This fact can prevent the recombina-
tion of photogenerated charge carriers. The photocatalytic activity of pure ZnO 
is lower than of ZnO/CdS heterostructures when sunlight is irradiated [134–136]. 
Various methods were used to synthesize ZnO/CdS heterostructures for the photo-
electrochemical water splitting. In particular, the hydrothermal method [137, 138], 
the electrochemical deposition method [136], the ion-exchange method [139], the 
photodeposition method [140], etc. were used. The use of the hydrothermal method 
makes obtaining heterostructures of ZnO/CdS with uniform deposition of CdS on the 
ZnO nanorods surface. The ZnO/CdS heterostructure film with a three-dimensional 
structure shows a significant increase in light absorption and photoelectrochemical 
characteristics [137]. Figure 12 shows a linear sweep of the I–V curve with intermit-
tent illumination of ZnO/CdS samples. The samples exhibit an excellent performance 
when the light is turned on and off. During illumination, the density of photocurrent 
of the samples constantly grows with increasing the applied voltage [137]. 

A modified process of sequential adsorption and reaction of the ionic layer was 
applied for the deposition of bound quantum dots of CdS and CdSe on the surface of

Fig. 12 The I–V curve of ZnO/CdS samples under illumination by 100 mW/cm2 [137]
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highly oriented ZnO nanorods [139]. The approach ensures conformal and uniform 
deposition of quantum dots subsequently with ZnO nanorods arrays. Photoanodes 
with CdSe/CdS/ZnO nanorods are highly sensitive to visible spectrum and demon-
strate intensified ion diffusion and effective suppression of recombination of charge 
pairs. ZnO/CdS heterostructures show the good photocatalytic activity of H2 evolu-
tion in aqueous solutions, which is confirmed by the data presented in [140]. An 
increase in the CdS content in the ZnO/CdS heterostructure to 22.91% leads to 
a higher rate of hydrogen production (1725·μmol·g−1·h−1), which is approximately 
9.2 and 34.5 times higher than for ZnO and CdS separately. The formation of a photo-
catalytic system according to the Z-scheme significantly contributes to the separation 
and migration of photogenerated carriers. To achieve efficient charge separation in 
ZnO/CdS heterostructures, it is proposed to obtain pseudomicrospherical ZnO/CdS 
core–shell structures. Homogeneous ZnO pseudomicrospheres with a diameter of 
about 2 μm were obtained, which were subsequently used as core materials for a 
CdS shell coated with different amounts of nanoparticles [138]. ZnO microspheres 
show a relatively low rate of hydrogen evolution (0.16 mmol g−1 h−1), CdS nanoparti-
cles showed a little bit higher hydrogen evolution rate (1.69 μmol·g−1·h−1) due to the 
narrow bandgap. The sample of ZnO + CdS was obtained by mechanical stirring and 
showed a decreased hydrogen evolution rate (about 0.76 μmol·g−1·h−1). This value 
can be attributed to the worst contact between CdS and ZnO. The heterostructures of 
CdS/ZnO have a high hydrogen evolution rate (22.12 mmol·g−1·h−1) (Fig. 13) [138]. 
The increased photocatalytic activity of CdS/ZnO heterostructures is associated with

Fig. 13 Dependence of hydrogen evolution rate for ZnO, CdS, and ZnO/CdS samples with various 
amounts of CdS [140]
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a decrease in the recombination of charge carriers, which are originated from elec-
tron transfer from CdS to ZnO. Additionally, the hydrogen yield in the CdS/ZnO 
heterostructures increases with the growth of the CdS/ZnO mass ratio from 0.01 to 
0.10. It decreases with a further increase in the amount of CdS, despite the light 
absorption range of the CdS/ZnO samples [141].

The heat treatment of the heterostructure causes an increase in the rate of hydrogen 
evolution during the water splitting. This is due to an increase in the crystallinity of 
the heterostructure and a more efficient separation of the charge generated by irra-
diation with sunlight. CdCl2 treatment of the ZnO/CdS heterostructure promotes 
recrystallization, as well as densification of the CdS shell layer. It makes possible 
the formation of an intermediate ZnxCd1-xS layer at the interface of ZnO and CdS, 
which facilitates the separation and transport of photogenerated carriers and broaden 
the range of light absorption [142]. The presence of CdO in the heterostructure 
also leads to an increase in the rate of hydrogen release in comparison with the 
use of ZnO/CdS [143]. There is also information that an increase in the efficiency 
of photoelectrochemical water splitting in heterostructures based on ZnO is asso-
ciated with the formation of CdSSe by the core–shell type. The data are presented 
on the synthesis with a 10–50 nm shell thickness by chemical vapor deposition of 
CdSSe on previously grown arrays of ZnO nanowires [144]. In another work [145], 
heterostructures based on sulfides of two metals (ZnCdS) and ZnO were studied. In 
this case, ZnS and ZnO were prepared on one procedure at the sulfonation stage. 
In this case, ZnS acts as a barrier to the localization of ZnO particles and it feels 
the free areas inside the ZnS layers. The obtained multilayer ZnCdS/ZnO/ZnCdS 
heterostructures show the H2 formation rate of 28.6 mmol·g−1·h−1. A photoanode 
consisting of open top arrays of ZnO/CdS/PbS nanotubes and several heterojunc-
tions, synthesized with successive use of hydrothermal treatment, adsorption reac-
tion, and chemical deposition showed a high photoelectrochemical action in the 
hydrogen evolution [146]. Improved photoelectrochemical activity could be associ-
ated with the morphology of the heterostructure; open-top nanotubes significantly 
increase the surface area, which contributes to efficient light absorption and rapid 
mass transfer. Arrays of ZnO/CdS/CuSbS2 nanofibers core–shell as a photoanode 
for hydrogen evolution were obtained by electrodeposition from non-aqueous elec-
trolytes and exchange of cation. The ZnO/CdS/CuSbS2 photoanode obtained under 
optimal conditions provides a photocurrent of 6.48 mA/cm2 at 0 V compared to 
Ag/AgCl and a solar light conversion efficiency of about 52% at 480 nm. In this 
research, the electrolyte solution contained 0.35 M of Na2SO3 and 0.25 M of Na2S 
[147]. 

Another approach to increasing the efficiency of hydrogen production using 
CdS/ZnO heterostructures is to modify them with metals and obtain an M/CdS/ZnO 
heterostructure by metal photodeposition. The Pt/CdS/ZnO and Pd/CdS/ZnO 
heterostructures showed the same hydrogen yields. The values were larger than for 
Ni/CdS ZnO yields. The hydrogen yield for Pt (0.5%)/CdS/ZnO was increased in 
comparison with Pt (0.1%)/CdS/ZnO. It is noteworthy that the yield of hydrogen 
from CdS/Pt/ZnO was less than from Pt/CdS/ZnO [141].
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Photoanodes based on ZnO/CdS heterostructures have excellent photoelectro-
chemical characteristics for the water splitting with the purpose of hydrogen forma-
tion. Unfortunately, its practical application is strongly hampered by photocorrosion 
caused by generated holes on the CdS surface. To increase the resistance to photocor-
rosion, it is proposed to cover the ZnO/CdS heterostructure with other compounds. 
In [148], the ZnO/CdS/BiOI heterostructure in the form of nanorods was obtained 
using the solvothermal method. At illumination by visible light (λ > 420 nm), the 
ZnO/CdS/BiOI photoanode demonstrates high activity in the photoelectrochemical 
process and produces a photocurrent density of 9.12 mA/cm2 at 1.1 V compared to 
RHE. This value is 1.8 times higher than the photoanode. photoanode ZnO/CdS in 
alkaline electrolyte and, in this case, the stability of the photoanode made more than 
6000 s. The use of heterostructures based on ZnO, cadmium telluride, and cadmium 
selenide for the photoelectrochemical water splitting was demonstrated in [149, 150]. 
Arrays of ZnO/CdTe heterostructure nanotubes of the core–shell type were synthe-
sized using two-stage electrochemical deposition [149]. It was found that freshly 
prepared ZnO/CdTe nanotube arrays demonstrate significantly increased density 
of photocurrent at water decomposition in comparison with ZnO nanorod arrays 
(Fig. 14). The reason is a smaller bandgap or a reduced density of defect states such 
as oxygen vacancies, etc. 

The ZnO/selenide heterostructure in combination with high values of electron 
mobility in ZnO and a large range of optical absorption of selenide also makes it 
possible to achieve high efficiency of photoelectrochemical conversion of sunlight 
[151]. The dense shell of CdTe and the interface of ZnO/CdTe provide rapid transfer

Fig. 14 Values of photocurrent at light on–off for photoanodes based on ZnO and ZnO/CdTe 
core–shell nanostructures (illumination λ ≥ 420 nm) [149]
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of photogenerated electrons with high efficiency from the shell of CdTe to the 
nanorods of ZnO. It provides a significant drop in anodic decomposition/corrosion 
and a significant improvement in the stability of photodevices. Second, the CdTe 
cladding improves absorption in the visible range of light and promotes charge sepa-
ration [149, 152, 153]. The presence of a CdSe layer on the ZnO surface also promotes 
more efficient charge separation [153]. Cadmium selenide was mainly deposited 
using ion-exchange technology [150]. In situ preparation of a CdSe layer on the 
surface of nanorods from ZnO optimizes contact at the interface of the CdSe and 
ZnO, which lowers the barrier to electron transfer.

7 ZnO/Molybdenum, Lead, Copper, and Silver 
Chalcogenides Heterostructures 

To obtain ZnO-based semiconductors, heterostructures with a narrow bandgap are 
used in some semiconductors, which shows high photoactivity and good separation of 
photogenerated charge carriers [154]. Chalcogenides of various metals such as PbS, 
Ag2S, CuS, and MoS2 were used as materials that have a narrow bandgap. Despite the 
enhanced efficiency of using chalcogenides in the photoelectrochemical conversion of 
sunlight into gaseous hydrogen, the number of published works on ZnO/molybdenum, 
lead, copper, and silver chalcogenides heterostructures is still limited. Nowadays, 
the published studies are related to the use of heterostructures ZnO/chalcogenides 
of molybdenum, lead, copper, and silver for the photoelectrochemical production of 
hydrogen, as well as heterostructures ZnS/CuS [155] and ZnS/Ag2S [156] using  ZnO  
assourcematerialwithfollowingsulfonationandreactionof ionexchange.At thesame 
time, the problem is to manage both the electrical and chemical energy efficiency of 
composites and materials while maintaining their photocorrosion resistance. For this 
purpose, molybdenum disulfide MoS2 is one of the promising candidates for binding 
to ZnO due to its narrow bandgap (1.7 eV), photocorrosion resistance inside the elec-
trochemical cells, and its advanced characteristics for the reaction of hydrogen evolu-
tion [157]. Firstly, the study of Paquin et al. [158] mentioned the synthesis of hybrid 
ZnO photocatalysts coated with layered MoS2 nanosheets using the hydrothermal 
method for the photocatalytic production of H2. The efficiency of the ZnO/MoS2 
heterostructure modified with gold nanoparticles to produce H2 was also investigated 
[159]. Despite these studies, MoS2/ZnO heterostructures remain relatively poorly 
understood for the photoelectrochemical water splitting compared to other types of 
heterostructures based on ZnO and metal chalcogenides. 

The MoS2/ZnO heterostructure prepared by electrodeposition on a mesh substrate 
from stainless steel for the photoelectrochemical production of hydrogen have 
investigated [160]. MoS2 can have a function of a cocatalyst to restrain electron– 
hole pair recombination, providing prevention of ZnO photocorrosion. The 1D– 
2D heterostructures based on nitrogen-doped ZnO nanorods covered by defective 
nanosheets of MoS2 with many edge sulfur atoms were synthesized according to
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Fig. 15 Illustration of the Procedure for the Fabrication of N-ZnO Nanorods Coated with Defect-
Rich MoS2 Nanosheets [161] 

the scheme shown in Fig. 15 and were used to obtain hydrogen by irradiation with 
sunlight in [161]. The most optimal heterostructure consisting of 15 wt% MoS2 
nanosheets coated with N-ZnO demonstrates a hydrogen evolution rate of about 
17.3 mmol/h when exposed to sunlight. 

The enhanced rate of hydrogen evolution on MoS2/ZnO heterostructures can be 
associated with a growth in the density of charge carriers. Therefore, it was noted 
that the ZnO/MoSx heterostructure shows an almost 7.4 times higher charge carrier 
density in contrast to pure ZnO [162]. The addition of reduced graphene oxide to the 
ZnO/MoS2 heterostructure leads to an even greater increase in the efficiency of the 
hydrogen evolution process. A ternary heterostructure which contains nanoparticles 
of ZnO fixed on MoS2-reduced graphene oxide (RGO) nanosheets shows a hydrogen 
evolution rate of 28.616 mmol·h−1·gcat –1 under solar illumination, which is 56 times 
higher than the value of pure ZnO [163]. In this case, graphene provides a two-
dimensional platform, which ensures the formation of MoS2 heterojunctions and 
allows to receive and transfer photogenerated electrons to the reaction sites from the 
semiconductors at the course of photoelectrochemical hydrogen evolution, which 
increases the activity of the ZnO/MoS2 heterostructure. 

PbS is another narrow bandgap candidate for the production of a ZnO-based 
heterostructure with subsequent use for the photoelectrochemical method of water 
splitting. The addition of PbS results in improved absorption of the visible part of 
light spectrum. It is an essential way to optimize the photoelectrochemical func-
tioning of ZnO. The ZnO/PbS photoanode demonstrates a significant increase in the 
photocurrent density, which is approximately ten times greater than that of pure ZnO 
nanocrystals [164]. The same high efficiency in the photoelectrochemical splitting 
of water is demonstrated by the ZnO/PbS heterostructure obtained by sequential
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Table 2 Activity values for ZnO-based heterostructures during the evolution of hydrogen 

No. Heterostructure Light source H2 evolved References 

1 ZnO/MoS2 Sunlight 17,363 μmol h−1 g−1 
cat Kumar et al. 

[161] 

2 ZnO/MoS2/RGO Sunlight 28,616 μmol h−1 g−1 
cat Kumar et al. 

[163] 

3 ZnO/PbS UV light 
irradiation 
(254 nm) 

7.38 μmol cm−2 h−1 Carrasco-Jaim 
et al. [169] 

4 ZnO/CuS Solar 
irradiation 

10,113.59 μmol·g−1 h−1 Yendrapati et al. 
[170] 

5 Ag2S/ZnO@ZnS Visible light 5870 μmol·g−1 h−1 Hsu et al. [97] 

two-stage deposition of semiconductors [165]. The highest photocurrent density 
obtained at this electrode was ∼13.6 mA/cm2 (+1.0 V) compared to Ag/AgCl at 
sunlight illumination. A photoelectrode consisting of ZnO nanorods and being the 
core for a heterostructure with a shell of Cu2S nanoparticles sequentially located on 
the surface shows an increase in the absorption of sunlight [166]. The Ag2S-based 
heterostructure has a narrow bandgap, e.g., ∼0.9–1.05 eV. It showed high efficiency 
of sunlight conversion, it is supposed to be associated with the ability of Ag2S to  
facilitate the generation and injection of electrons and holes at the heterojunction 
boundary [167]. The attachment of nanosized particles to the ZnO surface leads to 
a boost in photoactivity, facilitating the transfer of charge carriers and suppressing 
the recombination process [168]. Table 2 shows the comparative characteristics of 
hydrogen evolution on various ZnO/metal chalcogenides heterostructures. 

A comparison of the efficiency of hydrogen evolution during water decomposition 
using ZnO-based heterostructures and chalcogenides shows that hydrogen is evolved 
at a relatively high rate. The high activity of such heterostructures can be associated 
with the coating of ZnO in the form of various nanostructures with chalcogenides, 
which have a smaller bandgap and contribute to charge transfer and a lowering of 
recombination. Additionally, the activity is associated with the presence of active 
catalytic sites with many open unsaturated atoms of S at the edges and high affinity 
for H+ ions. In turn, these ions are reduced by photogenerated electrons with the 
release of H2 on the catalyst surface [161]. 

8 Conclusions and Future Perspectives 

Metal oxides are often used for the photoelectrochemical water splitting when 
exposed to sunlight. However, their large bandgap, absorption of irradiation in a 
narrow spectral range, and fast rate of recombination of charge carriers significantly 
limit their use in the photoelectrochemical production of hydrogen. For this purpose, 
hybrid heterostructures based on ZnO and metal chalcogenides (sulfides, selenides,
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and tellurides) have been studied for their use as effective materials for the photoelec-
trochemical water splitting upon irradiation with sunlight. To increase the efficiency 
of converting sunlight into photoelectrochemical hydrogen obtained by irradiation 
with sunlight and visible light, heterostructures are synthesized by combining mate-
rials to increase the active area and increase photocatalytic activity. Often, studies 
of semiconductor heterostructures based on ZnO and chalcogenides are aimed at 
reducing the bandgap and expanding the range of absorbed wavelengths towards 
near-infrared light. For this, various approaches are used, doping, or adding parti-
cles of metals, non-metals, and various semiconductors, which have low values of 
the bandgap. The mentioned processes allow to enhance the sensitivity and effec-
tivity of photocatalysts to visible light. Over the past few years, a lot of research 
work was done to obtain heterostructures with different morphologies using various 
technologies to increase the efficiency of photoelectrochemical water splitting. 

There are still problems associated with resistance to photocorrosion, long-
term stability in hydrogen production, increased rate of charge transfers across 
the interface of heterostructures, and broadening of the absorption spectrum of 
daylight. Therefore, obtaining heterostructures with many active centers using 
various combined methods is a promising task. In addition, attention should be paid 
to the creation of ternary heterostructures in combination with new materials to 
avoid the recombination processes of charge carriers. To date, the question of the 
interfacial interaction between ZnO-based heterostructures and metal chalcogenides 
remains practically unexplored. Understanding the processes of interfacial interac-
tion will allow the development of heterostructures with better photoelectrochemical 
characteristics. Another important task is to increase the efficiency of conversion of 
sunlight to photoelectrochemical hydrogen (more than 15–20%), which would retain 
their efficiency over a long period of operation. In this aspect, ternary heterostructures 
using nanostructured carbon-based materials can play a main role. 
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Chapter 2 
Argon Ions Beam Irradiation of Copper 
Nanowires for Transparent Electrodes 

Shehla Honey, Kaviyarasu Kasinathan, Muhammad Ehsan Mazhar, 
Atif Rasool, Muhammad Arshad Kamran, Amjad Ali, Jamil Asim, 
and M. Maaza 

1 Introduction 

Transparent Conducting Electrodes (TCEs) are major parts of optoelectronic devices 
such as solar cells and light emitting diodes (LEDs). TEs should be highly transparent 
and conductive to integrate in optoelectronic devices [1]. Until now, the most excel-
lent TEs are indium tin oxides (ITO’s), but major reasons for their demise are brittle-
ness of ITO, high production costs and shortage of indium. Besides, it is difficult to 
keep safe the underneath substrates made up of organic material during depositing
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by sputtering [1–4]. The above-mentioned challenges of ITO’s urge the scientific 
community to search for alternative materials which can replace ITOs from market. 
To replace ITO, many nanomaterials come on front line such as graphene, metallic 
nano-grids, metallic nanowires (MNWs) meshes and carbon nanotubes (CNTs) [5– 
7]. However, MNWs mesh-based TEs are mechanically flexible, having high aspect 
ratio and good physical properties which make them capable to replace ITO. More-
over, methods for deposition of MNWs meshes are trouble-free [8]. MNWs meshes 
can be deposited in the form of thin films using simple techniques, for example, 
rod coating [9–12], drop casting [13], spin coating and spray coating [14–17]. The 
most convenient and inexpensive method from all the deposition techniques is drop 
casting. Colloidal solutions can also be handled easily in depositing thin films of 
MNWs meshes by drop casting technique [18, 19]. To integrate MNWs meshes 
as TEs in optoelectronic devices, the major challenges are enhancement in optical 
transparency and electrical conductivity of the mesh. Recently, Argon ions beam 
irradiation technique were used in order to alter the properties of NTs/NWs [20]. In 
a previous report, properties of Ni NWs mesh have been altered using Argon ions 
beam irradiation technique [21]. Moreover, Ahmad et al. utilized beam of Argon ions 
to alter the properties of carbon nanotubes (CNT’s) [22]. In the present work, copper 
nanowire (Cu NWs) meshes are coated on glass substrates in the form of thin film by 
an inexpensive drop casting method. Afterward, meshes of Cu NWs are irradiated 
by MeV Ar+ ions beam for the first time to the best of our knowledge. The changes 
in optical and electrical properties are required for optoelectronic applications of Cu 
NWs meshes as TEs. 

1.1 Ion Beam Irradiation on Materials 

The idea of ion beam irradiation is to collect beams of ions from a source and 
accelerate them at a specified voltage, which is usually between 50 and 250 keV, with 
a desired energy of up to 10 meV, before transferring and encroaching on the target 
or surface. The ions contact with the specimen surface because of the impingement, 
and some get lodged in the specimen while others scatter. Ion beam irradiation is a 
clever way to modify the surface of materials while keeping their bulk characteristics. 
Toughness, fatigue, wear, hardness, friction, dielectric, magnetic, electronic, resistive 
and superconducting characteristics may all be improved or degraded by ion beam 
irradiation process. These impacts are influenced by how the produced materials are 
used. Ceramics, insulators, semiconductors, metals, alloys and polymers are all good 
candidates for ion beam irradiation. The mass of the incoming ion to the specimen, 
the accelerating voltage utilized for the beam, the thermal characteristics of the point 
defects limiting the cascade area and the crystalline structure of the sample all have 
a role in the extent of the defect created in the materials. The creation of disordered 
lattice, which may be increased by low dose energy of heavy ions, is the most 
distinguishing property of ion beam irradiation of materials. Ion beam irradiations are 
frequently used in optical materials to generate luminescence to assess the purity and
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point flaws in the material. In some crystal materials, the ion beam irradiation effect 
causes light. The brightness seen during ion beam placement in substances provides 
information on dynamic defect states due to transitory characteristics caused by the 
movement of difficult-to-excite ions. The flaws seen can subsequently be detected 
using ion beam-induced fluorescence, sharing information on the sample’s intrinsic 
defect state’s decay, impurities and progression [23]. 

2 Argon Ions Beam Irradiation of Copper Nanowires 

To see the influence of Ar+ ions on the properties of Cu NWs, experimental steps 
were performed and discussed in Sect. 2.1. 

2.1 Experimental Procedure 

Cu NWs were supplied from Plasma Chem (Germany). The diameters of pristine Cu 
NWs were in the range 100–300 nm and lengths were 100–200 μm approximately. 
At first, the Cu NWs were received in the form of powder. The aqueous dispersion 
of Cu NWs in isopropanol solution was prepared from the powder form. 5 mg of Cu 
NWs powder was dissolved in one millilitre of isopropanol solution. Later, Cu NWs 
solution was deposited on glass substrates and copper grids using a drop casting 
method. These samples were irradiated with a 4 meV Ar+ ions beam of different 
fluencies 1 × 1014 ions/cm2, 1  × 1015 ions/cm2, 1  × 1016 ions/cm2 and 1 × 1017 
ions/cm2 in 5-UDH Pelletron Accelerator at room temperature. The ion implantation 
within lattices of Cu NWs during ion beam irradiation was examined through a SRIM 
computer simulation program [24]. Before and after irradiation, structure of Cu NWs 
was characterized through x-ray diffraction (XRD) and morphological analysis was 
done through transmission electron microscopy (TEM) techniques. 

3 Results and Discussion 

3.1 TEM Analysis of Argon Ions Irradiated Copper 
Nanowires 

Before and after irradiation by Argon ions, The Cu NWs were characterized through 
transmission electron microscopy (TEM) technique. The pristine Cu NWs are having 
diameters in the range of approximately 100–300 nm as can be observed in Fig. 1a 
representing the TEM image. Moreover, it is observed in HRTEM image of Fig. 1b 
that nature of Cu NWs is polycrystalline and poly crystallinity of materials is also
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Fig. 1 a TEM image of pristine Cu NWs mesh b HRTEM c SAED d EDX spectrum 

verified through selected area electron diffraction (SAED) image and is shown in 
Fig. 1c. EDX spectrum of pristine Cu NWs network is shown in Fig. 1d, which 
shows the presence of trace elements Cu and C. Main trace element is Cu, whereas 
C might have appeared due to carbon coating during TEM analysis. 

However, when Cu NWs are irradiated at a dose 1 × 1014 ions/cm2 of Ar+ ions, 
the diameters of Cu NWs are reduced slightly, which can be seen in Fig. 2. Some 
nanowires relate to each other as appeared in Fig. 2. When the dose is further increased 
upto 1 × 1015 ions/cm2, diameters are not decreased significantly, but interconnec-
tions are improved as shown in TEM image of Fig. 3. Same findings have been 
observed in the case of high irradiation dose at 1 × 1016 ions/cm2 (see in Fig.  4). It 
is observed from TEM results that nanowires are not damaged or lose their shapes 
under irradiation in the range of doses 1 × 1014 ions/cm2 to 1 × 1016 ions/cm2. NWs  
were destroyed and lose their shapes when irradiated by high dose of Argon ions at 
1 × 1017 ions/cm2 as shown in the TEM image of Fig. 5 where thinning and melting 
of NWs have been found. 

The diameters of Cu NWs are reduced slightly after irradiation by Argon ions, 
which is due to the ejection of atoms from the surfaces of Cu NWs. Continuous 
hitting of Argon ions on surfaces of Cu NWs produces collision cascade effect in 
NWs and atoms will be ejected from surface of Cu NWs. There are two types of 
interactions between energetic ions and Cu NWs: elastic and inelastic collision. A
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Fig. 2 Cu NWs network 
irradiated at a dose of ~1 × 
1014 ions/cm2 

Fig. 3 Cu NWs network 
irradiated at a dose of 1 × 
1015 ions/cm2

series of collisions will be produced after elastic collision between an energetic ion 
and Cu NWs, and the energetic ion lastly releases its kinetic energy. Consequently, 
series of collisions will generate a large string of recoiling atoms in Cu NWs and 
this process will carry on and is called collision cascade effect. During this process, 
some atoms will gain enough amount of energy that is sufficient to remove the atom 
from lattice; atoms finally gain this energy and ejected from lattice of NWs [25, 
26]. If atoms removed from the surfaces are in huge amount, then diameters of Cu 
NWs will be lessened. If energetic ions of energies in keV range are interacting with 
NWs, then nuclear collision will occur dominantly and atoms will be removed due
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Fig. 4 Cu NWs network 
irradiated at a dose of 1 × 
1016 ions/cm2 

Fig. 5 Cu NWs network 
irradiated at a dose of 1 × 
1017 ions/cm2

to collision cascade [27, 28]. This removal of atoms from surfaces of Cu NWs is 
verified because diameters of Cu NWs were decreased after irradiation. The kinetic 
energy will be transferred to electrons (electronic energy loss, Se) if energetic argon 
ions are fast moving (≥ 0.11 meV) and due to which Se is playing an important 
role in transporting the atoms at joints between individual Cu NWs [28, 29]. A small 
fraction of kinetic energy of energetic ion will be lost due to columbic interaction with 
atomic electrons in case of inelastic collision between an energetic ions and atoms 
[30]. As per thermal spike model, the excited electrons remain in a thermodynamic 
equilibrium for the time interval 10–15 s and finally release their energy into the 
lattice for the time interval 10–13–10–10 s. This energy will be deposited to Cu lattice
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along ions track and produce localized heat spikes. Due to heat spikes, temperature 
along the path of ions and melting point of material may be increased significantly 
due to which a liquid melted zone of material is formed of small depth (few nm) at 
crossing regions between Cu NWs [29]. However, these heated zones of materials 
are momentary and soon ions track turns to cold resulting in accumulation of atoms 
at crossing positions. So, heat spikes are localized and increases with an increase in 
incident flux of ions causing Cu NWs to weld with each other [31]. Damage due to 
surplus ions beam irradiation can be avoided by selecting middle-range ion energies 
and fluencies in the medium range and temperature as room temperature. If beam 
fluence of ions is less, then less heat or defects will be produced during irradiation. 
Restructured surface atoms, vacancies or heat produced was insufficient to connect 
or making bond between nanowires. In case of high beam fluence, excessive power 
will destroy interface regions or internal structure of Cu NWs [28]. It is seen from the 
results that the above phenomenon are taking place at the same time within Cu NWs 
after ions beam irradiation. We will perform SRIM simulation to obtain verification 
of the heat production due to ionization and removal of surface atoms due to collision 
cascade effect.

3.2 SRIM Analysis of Agron Ions Irradiated Copper 
Nanowires 

SRIM calculation was performed by selecting incident ions = 2500 and energy of 
Argon ions = 4 meV at incident angle 0°. Figure 6 shows the graphs of path of ions 
and collision events. SRIM results are shown in Table 1. Parameters for ions represent 
the loss of energy occurred due to ions in Cu, whereas parameters for recoils show 
energy losses that occurred because of recoiling of Cu atoms. Results in Table 1 show 
the contact of MeV Argon ions with Cu NWs producing both phenomena such as 
production of lattice defects and generation of heat. 

Fig. 6 Graphs of SRIM simulation for the contact of MeV Argon ions with Cu material a depth 
versus Y-Axis (ions track) b events of collision
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Table 1 SRIM results of 4 meV Argon ions in Cu 

Ion Total vacancies produced/ion % Loss of energy due to 
ion 

% Loss of energy due to 
recoil atom 

Ionization Phonons Ionization Phonons 

Argon 399.4 94.54 0.06 2.05 3.20 

3.3 Structural Analysis of Argon Ions Irradiated Copper 
Nanowires 

After irradiating Cu NWs by different fluencies of Argon ions, structural alterations 
are analyzed by x-ray diffraction (XRD). XRD was performed to observe structural 
stability of Cu NWs during and after ions beam irradiation. XRD results of Fig. 7 
demonstrates that the un-irradiated Cu NWs show 2θ peaks corresponding to planes 
(111) and (200) of cubic structure. After irradiation by fluencies of Argon ions 1 × 
1014, 1  × 1015 and 1 × 1016 ions/cm2, crystalline structure of NWs is remained un-
affected. However, after irradiation by the first two beam fluencies, intensities of XRD 
peaks are observed to be increased which shows the improvement in crystallinity of 
material. Thereafter, the intensity of XRD peaks was decreased after irradiating by 
beam fluence 1 × 1017 ions/cm2 which indicates the destruction of the structure of 
NWs at this dose and can be seen in the spectra shown in Fig. 7. Later the intensities 
decreased after irradiating by beam fluence 1 × 1017 ions/cm2 which indicates the 
destruction of the structure of NWs at this dose. XRD peaks intensities are decreased 
after irradiation at beam fluence 1 × 1017 ions/cm2 which is possibly due to vacancies 
and defects generated by Argon ions. These defects reduced the crystallinity of Cu

Fig. 7 a–d XRD spectra of Cu NWs before and after irradiating at different doses of Argon ions
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NWs that might have arised due to collision cascade and get accumulated in the form 
of amorphous clusters in the material. TEM image (see in Fig. 5) of relevant irradiated 
Cu NWs mesh shows that Cu NWs are melted and lost their shapes as compared to un-
irradiated Cu NWs. Destruction of structures of Cu NWs is confirmed by the melting 
of Cu NWs. Therefore, TEM and XRD results are in agreement.

Grain size (i.e. crystallite size) of Cu NWs was evaluated by using X-ray diffrac-
tion data and presented in Fig. 8. Grain size “D” was calculated by Scherer’s equa-
tion [32] D  = Kλ/βCosθ; Where “β” shows the broadening of diffraction line, 
which is measured at half of the maximum intensity (FWHM) of diffraction line, λ 
(=1.5418 Å) is the wavelength of X-rays, K is the shape factor and its value is 0.9 for 
polycrystalline films, angle of diffraction is θ [33]. Scherrer’s equation relies on the 
fact that large size grains produce sharp XRD peaks. The changes in average grain 
sizes versus beam fluencies of Argon ions are shown in Fig. 8. After and before irradi-
ation, average grain sizes of Cu NWs are found to be 50 nm, 71 nm, 71 nm and 57 nm, 
respectively. Figure 7 (curve (a)) shows sharp diffraction peaks indicating large sizes 
of crystallites. After irradiating Cu NWs with Ar+ ions, the values of crystallite sizes 
were increased from 50 to 71 nm which does not change at 1 × 1016 ions/cm2 (see 
Fig. 8). At 1 × 1017 ions/cm2, the grain size was decreased to 57 nm showing a 
reduction in crystallinity of Cu NWs. Reduction in crystallinity is found in Cu NWs 
after irradiation with high fluencies of Argon ions, whereas Cu NWs are found to be 
crystalline after irradiation with low beam fluencies. The Lorentz polarization factor 
(LPF) was also calculated by XRD data. The formula for LPF is given below. Lorentz 
polarization factor = 1 + cos22θ/ sin2θ; The major role of the Lorentz polarization 
(LP) factor is to manage X-ray intensity with respect to the diffraction angle. At low

Fig. 8 Average grain sizes versus various beam fluencies of Argon ions
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angles, values of LPF are found to be very large which reached a minimum value of 
around 43.53° as shown in Fig. 10. For each reflection, LPF is inversely proportional 
to the velocity of reflection and directly proportional to the time taken. The values of 
LPF are decreasing with an increase in angles because of the reasons that low-angle 
peaks are of greater intensity in X-ray diffraction pattern as compared to high angle 
peaks [34]. So, the intensity profile in the X-ray diffraction pattern of Cu NWs is as 
per Lorentz polarization factor.

Fig. 9 The lorentz polarization factor of Cu NWs 

Fig. 10 a–d Plots of 
transmittance versus 
wavelength for Cu NWs 
meshes 
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3.4 Optical Analysis of Argon Ions Irradiated Copper 
Nanowires 

The optical properties of bulk and nano-scaled materials are different and originated 
from surface plasmonic resonance. In fact, an electromagnetic field will contact 
conduction electrons of Cu NWs and produce an oscillating electric field. Excitations 
in the electrons of conduction band at surfaces of Cu NWs will be produced due to 
the oscillating electric field and displace them with respect to nuclei as a cloud of 
electrons. The coulombic attraction force will be raised between nuclei and electron 
cloud which will cause the electronic cloud to oscillate with respect to nuclei. The 
collective effect of oscillations of electron cloud on surfaces of NWs is called surface 
plasmonic resonance [18, 35]. Before and after exposing Cu NWs meshes to Argon 
ions, optical transmittance spectra are shown in Fig. 10a–d. It is observed from the 
spectra that optical transmittance is less in the visible (Vis) region of the ultraviolet– 
visible (UV–vis) spectrum at 500 nm and the strong absorption of light in this region is 
due to surface plasmonic resonance. In case of NWs of copper material, an absorbance 
band usually appears in the visible zone on UV–visible spectra and this band appears 
because of the contact of an electromagnetic field with conduction electron which 
might have arised due to surface plasmonic resonance [33, 36]. In this band, the 
amount of transmitted light is reduced, whereas absorbed and scattered light will be 
increased. A major advantage of a surface plasmonic band of MNWs is exploiting 
this band in controllable and tunable optoelectronic properties. In the above results, 
the optical transmittance of Cu NWs meshes has been increased with the first three 
beam fluencies of Argon ions and then decreased at a higher dose, as seen in Fig. 10. 
This increase in transmittance might be related to an increase in spaces between Cu 
NWs. The spaces produced or increased in Cu NWs are due to the removal of atoms 
from the surfaces of NWs after irradiation, which is confirmed through TEM results 
of Fig. 1a–d where the diameters of Cu NWs are slightly decreasing. 

4 Conclusions 

Optical properties can successfully be changed by irradiating Cu NWs with Argon 
ions. Atomic removals occurred from surfaces of Cu NWs after irradiation which 
resulted in the reduction of thicknesses of Cu NWs. Spaces in individual Cu NWs 
are increased because of the reduction in thicknesses of Cu NWs. Argon ions beam 
irradiation is found to be a valuable technique to alter the optical properties of NWs 
which happens due to a reduction in the diameters of Cu NWs. The reduction of 
diameters is occurring might possibly be due to ejection of atoms from Cu NWs 
surfaces. Tuning the optical properties of Cu NWs can be advantageous in opto-
electronic applications. XRD analysis revealed no destruction and perseverance of 
crystalline structure of Cu NWs after ion beam irradiation. TEM analysis shows
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slight reduction in diameters of Cu NWs with increase of beam fluencies of Argon 
ions. 
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Chapter 3 
The Recent Developments on Bismuth 
Oxyhalides (BiOX; X = Cl, Br, and I) 
Based Nanocomposite Materials 
for Environmental Remediation 

Thirungnanam Bavani and Jagannathan Madhavan 

1 Introduction 

Environmental contamination is a serious concern owing to the inappropriate 
discharge of organic/inorganic contaminants into freshwater bodies. Generally, water 
scarcity is caused by water contamination, which raises harmful health issues to 
terrestrial lives [1–3]. Mainly the developments in living standards generate the 
demand for the regular utilization of clothes, cosmetics, products of leathers, etc. 
Therefore, the industries are increasing the amount of utilization of synthetic dyes to 
enhance the quality of the product that becomes a menace to the ecological environ-
ment [3–5]. Still, the industries continue to dispose of the wastes in the freshwater 
bodies every day. Hence, it is vital to eliminate those organic pollutants from the 
water bodies. For this, different chemical, physical, and biological methods are oper-
ated to detoxify contaminated water [6]. However, some processes such as ozona-
tion, electro-oxidation, reverse osmosis, adsorption, ion exchange, and membrane 
filtration are time-consuming, high cost, and generate additional pollutants. The 
advanced oxidation process with the semiconductor photocatalyst is operated as 
an environmentally friendly and economical method to degrade the contaminants 
without causing secondary pollutants [7–9]. The photocatalyst and the source of 
light are vital in the photocatalytic removal of contaminants. Here, the structure of 
the photocatalyst favors the light absorption in the visible region. As well, TiO2 

is a conventional photocatalyst owing to its inexpensive and non-toxic nature. On 
the contrary, its wide bandgap energy (~3.2 eV) limits its large-scale applications 
[10]. Therefore, various semiconductor photocatalysts such as Bi2WO6 [11], WO3 

[12], ZnO [13], BiFeO3 [14], CuS [15], g-C3N4 [16], AgI [17], V2O5 [18], etc.
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are prepared to replace the TiO2. Among them, the bismuth-based photocatalysts 
include Bi2MoO6, Bi2O3, BiVO4, and BiOX (X = Cl, I, Br)  [19–21], etc. gained 
greater attention. 

Moreover, the bismuth-based metal–oxide photocatalysts have greater visible 
light absorption and have lower bandgap energy, leading to an excellent photocat-
alytic performance against various pollutants. In that, BiOX shows some unique 
layered structures with a tetragonal phase. Here, four halogen and oxygen atoms are 
encircled on the central bismuth atom of the BiOX and make a unique layered struc-
ture [X-Bi-O-Bi-X] as shown in Fig. 1. These layers are bonded with the halides by 
van der Walls interaction, the internal electrical field generated by this interaction is 
perpendicular to each layer, resulting in the formation of appropriate band structures 
of the semiconductor that are favorable for greater visible light absorption. The BiOCl 
has a broader bandgap energy (~3.0–3.2 eV) and it exhibits greater photocatalytic 
performances in the presence of ultraviolet (UV) light [22]. The BiOI has a remark-
able photocatalytic ability due to its lower band structure (~1.6–1.9 eV), leading to 
more excellent visible light absorption [23]. Also, BiOBr exhibits good photocat-
alytic activity in the visible region (~2.6–2.8 eV) [24]. The BiOX photocatalysts are

Fig. 1 Lattice structure of BiOCl a 3D structure, b crystal facets {110}, c crystal facets {001} [25]
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p-type semiconductors, and are extensively used in the degradation of contaminants 
from wastewater. This book chapter presents the recent developments of BiOX-based 
nanocomposite photocatalysts for environmental remediation. Greater significance 
has been concentrated to increase the photocatalytic performance toward the elimi-
nation of organic/inorganic contaminants. The degradation pathway and mechanism 
behind the removal of wastewater contaminants are discussed in detail.

2 General Photocatalytic Degradation Mechanism 

Generally, photocatalysis is an operative, persistent, and ecofriendly technique for 
removing highly toxic contaminants in the presence of light [26]. Figure 2 presents 
the schematic representation of the general mechanism for the decomposition of 
pollutants under visible light irradiation (VLI). Under illumination, the photocatalytic 
reaction is stimulated once the photoelectrons on the completely occupied valence 
band (VB) get excited, leaving a hole (h+) present in the VB and electron (e−) present 
in the conduction band (CB). After, e− on the surface of CB reduces the oxygen, and 
the h+ on the surface of the VB oxidizes the pollutant to create hydroxyl (•OH) and 
superoxide (O2

•−) radicals. These radicals react with contaminants, as presented in 
Eqs. (2–4). 

Photocatalyst + hν → e−(CB) + h+(VB) (1) 

Fig. 2 Photocatalytic mechanism of BiOCl-based nanocomposite [26]
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e− 
CB + O2 → O•− 

2 (2) 

h+ 
VB + H2O →• OH + H+ (3) 

O•− 
2 +• OH + pollutant → Degradation products (4) 

3 BiOCl-Based Nanocomposite for the Degradation 
of Pollutants 

Kong et al. inspected the photocatalytic ability of β-Bi2O3/BiOCl composite for the 
tetracycline (TC) degradation with a 300 W Xe lamp under VLI [27]. The hollow 
flower-like β-Bi2O3/BiOCl composites were prepared by an impregnation process. 
The β-Bi2O3/BiOCl composite showed an excellent photocatalytic degradation effi-
ciency than bare β-Bi2O3 and BiOCl, this is due to the specific surface area (SSA) of 
the β-Bi2O3/BiOCl composite with 0.5 mol/L of HCl is (27.711 m2/g) comparatively 
higher than the β-Bi2O3 is (17.06 m2/g), owing to the surface of pure β-Bi2O3 covered 
by BiOCl nanosheets on the surface. This increase might be owing to the creation 
of β-Bi2O3/BiOCl heterojunction, it greatly improves the separation of e−–h+ pairs. 
Tahmasebi et al. designed the Bi2WO6/BiOCl composite through a facile one-step 
hydrothermal process [28]. Further, Bi2WO6/BiOCl composites were employed to 
evaluate the photocatalytic degradation efficiency by the removal of methyl orange 
(MO), malachite green (MG), and rhodamine B (RhB) under the condition of natural 
sunlight irradiation (NSI) or LED light. In this study, RhB dye showed complete 
(~100%) degradation within 80 min under NSI, whereas the irradiation of LED light 
toward the elimination of RhB exhibits ~ 91% after 100 min. The photocatalytic 
ability of the Bi2WO6/BiOCl composite is significantly affected by the presence of 
tungsten ions, the BET surface area of the Bi2WO6/BiOCl composites with different 
amounts of HCl are 0.5, 1.3, and 2.2 mL are 37.50, 24.50, 19.95, and 1.14 m2g−1 

correspondingly, and these are mesoporous materials which show type-4 adsorption 
isotherm (H3- hysteresis loop) and the sample without tungsten ion displays type-3 
adsorption isotherm, which matches with the microporous and non-porous materials 
containing smaller 1.14 m2g−1 specific BET surface area. This remarkable improve-
ment of photocatalytic efficiency is due to the generation of heterojunction as given 
in Fig. 3, making close interfacial contact between BiOCl and Bi2WO6, it suppresses 
the rejoining of e−–h+ pairs on the semiconductor surface. 

Bao et al. fabricated the BiOCl/TiO2 composite by the combination of electro-
spinning and solvothermal methods [29]. The photocatalytic ability of BiOCl/TiO2 

composite was assessed for the removal of different antibiotic contaminants like TC, 
demeclocycline, chlortetracycline, oxytetracycline, and doxycycline in the presence 
of VLI. Then, after 120 min of illumination, the BiOCl/TiO2 composite degraded
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Fig. 3 A schematic sketch of the band diagram and photocatalytic mechanism of Bi2WO6/BiOCl 
[28]

84.04% of TC (0.0137 min−1) than pure BiOCl and TiO2. The separation of e−–h+ 
pairs and effective adsorption greatly induces the photocatalytic ability. Yosefi et al. 
prepared Mn3O4/BiOCl nanocomposite via a simple precipitation process and used 
it for the removal of acid orange-7 (AO7) in VLI [30]. The Mn3O4/BiOCl nanocom-
posite presented greater photocatalytic performance than the bare materials. They 
reported that after four cycles of run, the Mn3O4/BiOCl composite showed higher 
reusability, which makes it a reliable material for the photocatalytic process. Further, 
the improved photocatalytic ability was credited to the development of Mn3O4/BiOCl 
heterojunction, and the huge SSA of the nanocomposites that offered a much greater 
number of active sites for the degradation, which increases the charge separation and 
migration efficiency. Zhao et al. constructed a Z-scheme between phosphotungstic 
acid (HPW) and BiOCl by a one-step hydrothermal route, and the sequence of BiOCl-
HPW composites was prepared by varying the amount of HPW (0.02, 0.03, and 
0.04 g) [31]. The TC is taken to estimate the photocatalytic ability of BiOCl/HPW 
composite in the presenceof a 300W Xe lampunder VLI. As expected, 0.03gof HPW 
on the BiOCl-HPW composite exhibited superior photocatalytic activity of 92.2% 
and a rate constant (kapp) of 0.0195 min−1 within 120 min due to the heterojunction 
that controlled the separation of photoproduced e−–h+ pairs. Xiao et al. constructed 
a Z-scheme CdIn2S4/BiOCl heterostructure via the hydrothermal method and the 
photocatalytic ability was assessed toward the decomposition of MO, TC, and RhB 
in solar light [32]. Among the prepared samples, the 6.0 wt.% of CdIn2S4-BiOCl
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composite possesses a higher photocatalytic activity, it is 3.6- and 2.59-fold greater 
than bare CdIn2S4 and BiOCl. The observed degradation is credited to its higher 
SSA (50.96 m2/g) of the  CdIn2S4–BiOCl composite, a key factor for photocatalytic 
degradation. The exclusive Z-scheme face-to-face heterostructure with close inter-
face contact affords more charge separation and reduces the charge transfer distance 
of the photoinduced e−–h+ pairs, thereby increasing the photocatalytic performance 
of the CdIn2S4–BiOCl composite.

Zhao et al. designed a visible light active (VLA) 3D hierarchical BiOBr/BiOCl 
microspheres and the effect of synthesis time with a different molar ratio of Br:Cl 
studied through a one-pot solvothermal process to evaluate the photocatalytic ability 
toward the removal of RhB [33]. Besides, the PL intensity of the sample decreases 
with the synthesis time and the samples with a shorter duration of the synthesis are 
red-shifted than the sample with a longer time of the synthesis. From the results, 
the BiOBr/BiOCl composite displays an improved photocatalytic ability with the 
kapp value of the BiOBr/BiOCl composite (0.0290 min−1), which is 4.5- and 8.8-
fold greater than BiOCl and BiOBr individually. The enhancement in the photocat-
alytic performance is owing to the generation of BiOBr/BiOCl heterojunction, which 
efficiently improves the migration and separation of photoproduced e−/h+ pairs. 

4 BiOBr-Based Nanocomposites for Pollutant Degradation 

Hu et al. applied a solvothermal method to synthesize Bi2MoO6/BiOBr composite 
photocatalyst, and their photocatalytic ability was estimated toward the removal of 
MB under VLI (50 W LED lamp) [34]. The Bi2MoO6/BiOBr composite showed a 
higher surface area which improved photocatalytic performance toward the removal 
of MB under VLI. This enhancement is also credited to the effective VLA and 
construction of Z-scheme Bi2MoO6/BiOBr heterojunction, which effectively sepa-
rates the charge carriers during the photo-degradation process. Ye et al. constructed 
the BiOBr/g-C3N4 composite through a facile one-step chemical bath technique and 
examined their photocatalytic performance toward the RhB degradation in VLI, and 
the BiOBr/g–C3N4 composite shows excellent photocatalytic degradation efficiency 
than pristine BiOBr and g-C3N4 photocatalysts [35]. The structural and morpho-
logical results reveal the construction of facet coupling between BiOBr (001) and 
g-C3N4 (002). In BiOBr/g–C3N4 composite, the charge carrier transfer efficiency is 
mainly influenced by the facet coupling during the photocatalytic process (Fig. 4). 
Cao et al. invented a VLACdWO4/BiOBr composite photocatalyst by hydrothermal 
process [36]. Furthermore, the CdWO4/BiOBr composite is subjected to analyze the 
photocatalytic ability toward the decomposition of RhB in the presence of a 300 W 
Xe lamp. In the series of composites, the 15%-CdWO4/BiOBr composite photocat-
alyst displays a superior photocatalytic efficiency toward RhB within 8 min. The 
BET surface area results of bare BiOBr, CdWO4, and 15%-CdWO4/BiOBr are 24.2, 
27.6, and 21.7 m2/g, separately. The formation of CdWO4/BiOBr p-n heterojunction 
induces the creation of more photoexcited e−–h+ pairs on their interfaces.
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Fig. 4 a Crystal structure of BiOBr; and b coupling model of BiOBr-g-C3N4 [35] 

Lu et al. employed the facile hydrothermal method to synthesize BiOBr/BiFeWO6 

composites by adding different amounts of (20, 40, and 60 mg) BiFeWO6 [37]. 
The RhB was taken to assess the photocatalytic efficiency under VLI (300 W 
Xe lamp). The BiOBr/BiFeWO6 composite has higher degradation activity, due 
to the increasing amount of the BiFeWO6 will increases the surface area of the 
BiOBr/BiFeWO6 composite increases the number of active sites for the removal of 
RhB. Tang et al. prepared a sequence of the VLA β-Bi2O3/BiOBr heterojunction 
via the precipitation method [38]. The β-Bi2O3/BiOBr heterojunction showed an 
enhanced photodegradation ability around ~ 99.6% toward RhB under 300 W Xe-
arc lamp within 35 min. From Fig. 5, β-Bi2O3/BiOBr heterojunction facilitates the

Fig. 5 Schematic diagram of the possible visible light photodegradation mechanism [38]
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flow of e− on the surface of BiOBr to β-Bi2O3, and at the same time, the flow of 
h+ on the surface of β-Bi2O3 to BiOBr generates an internal electric field between 
the interfaces of β-Bi2O3 and BiOBr, which greatly separates the e−–h+ pairs across 
the interface. From the above results, the β-Bi2O3/BiOBr photocatalyst is a potential 
material for the remediation of wastewater treatment.

Chai et al. constructed the type-II heterojunction between Bi2SiO5/BiOBr via 
an in situ ion-exchange approach [39]. The as-prepared Bi2SiO5/BiOBr photocata-
lyst displayed a superior photocatalytic activity of RhB degradation under VLI. The 
higher degradation of Bi2SiO5/BiOBr heterojunction significantly rises the absorp-
tion of visible light, suitable band structure, and strong interfacial contact. Long 
et al. synthesized BiOBr–Bi2S3 heterojunction by ion-exchange process, further it 
operated toward the Cr(VI) reduction under VLI [40]. Within 12 min of illumination, 
a complete Cr(VI) reduction is observed in BiOBr with 2 mmol of Na2S2O3·5H2O 
at pH 6.0, and it is 28.9- and 184.6-fold greater than that of bare Bi2S3 and BiOBr. 
The optical and electrochemical studies present the development of BiOBr–Bi2S3 
heterojunction, which effectively enhancing the separation of the e−–h+ pairs. Yan 
et al. designed visible light driven ZnS/BiOBr nanocomposite for the decomposition 
of TC and it possesses 82% of degradation after 25 min of illumination [41]. Also, 
even it maintained 70% in 25 min of irradiation after five consecutive cycles, which 
indicates the excellent reusability property of ZnS/BiOBr photocatalyst. Here, the 
improved photocatalytic degradation efficiency is owing to the suppression of rapid 
reconnection of charge carriers. 

5 BiOI Based Nanocomposites for Pollutant Degradation 

He et al. fabricated BiOI/g-C3N4 composite using in situ transformation process 
at room temperature [42]. Subsequently, the photocatalytic degradation ability of 
BiOI/g–C3N4 composite was assessed through the removal of phenol pollutant under 
LED light illumination (λ > 400 nm). Further, BiOI/g–C3N4 composite presents 
greater photocatalytic ability than bare BiOI and g-C3N4. Here, the Brunauer, 
Emmett, and Teller (BET) SSA for g-C3N4, BiOI, and BiOI/g- g-C3N4 was measured 
to be 80, 6, and 78 m2/g, individually, and the greater surface area of g-C3N4 and 
BiOI/g-C3N4 is due to the volume of micropores. The density functional theory (DFT) 
computation results reveal the improved photocatalytic efficiency, which is mainly 
credited to the generation of the internal electric field between the g-C3N4 and BiOI 
(Fig. 6). Jiang et al. constructed BiOI/g–C3N4 heterojunction [43]. The BiOI/g-C3N4 

samples were further used for the Cr(VI) reduction under VLI. The 20% mechanical 
mixture of BiOI/g-C3N4 has noticeably reduced the Cr(VI) after 15 min illumination. 
The obtained photocatalytic reduction is owing to the development of a nonradia-
tive recombination center that promotes the e−–h+ pairs migration and separation 
on the interface of BiOI/g-C3N4 Z-scheme heterojunction. Song et al. fabricated 
three-dimensional (3D) nanoplate-built CdWO4/BiOI using low-temperature chem-
ical bath process by adding different ratios of CdWO4 [44]. The morphology of
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Fig. 6 Schematic diagram of the direct Z-scheme charge migration of the BiOI/g-C3N4 composite 
[42] 

CdWO4 exhibits nanorods structure and the morphology of CdWO4/BiOI composite 
exhibits 3D flower-like morphology with a 9.1 m2/g surface area. The photocatalytic 
degradation performance of the CdWO4/BiOI composite was assessed toward the 
removal of RhB under VLI. The CdWO4/BiOI composite with the addition of a 
0.07 molar ratio of CdWO4 showed a greater photocatalytic degradation efficiency 
(95.1%) toward the removal of RhB. The creation of the CdWO4/BiOI p–n junction 
greatly increases the separation and reduces the reconnection of photoexcited e−/h+ 
pairs thus favoring the photodegradation efficiency. 

Chen et al. prepared the AgI/BiOI photocatalyst via a simple in situ ion exchange 
route presented in Fig. 7 [45]. By altering the ratio of bismuth precursor, a sequence of 
AgI/BiOI composites was prepared. The scanning electron microscope (SEM) results 
show the formation of flower-like AgI/BiOI hierarchical microspheres with a size of 
2–5 μm. The photocatalytic efficiency of AgI/BiOI nanocomposite was evaluated 
through the decomposition of RhB and phenol in VLI. The AgI/BiOI composite

Fig. 7 Schematic illustration of the proposed formation mechanism of the hierarchical AgI/BiOI 
microspheres [45]
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presents improved photocatalytic ability in visible light, owing to the greater e−–h+ 
pairs separation between BiOI and AgI.

Lv et al. designed AgI/BiOI composite by ion-exchange method, and the compos-
ites were prepared by adding different amounts (10, 40, 60%) of AgI into the BiOI 
sample [46]. Further, the as-synthesized AgI/BiOI composites were employed for 
the removal of MO, RhB, and MB in the presence of VLI using a 300 W Xe arc 
lamp. The 40% AgI/BiOI composites showed a higher degradation performance, 
and this enhancement is credited to the migration and separation of photogenerated 
e−/h+ pairs. Liu et al. designed BiPO4/BiOI composite using an anion-exchange 
process [47]. The BiPO4/BiOI composite was further operated for the degradation 
of phenol under VLI. From the structural morphology results, the BiOI exhibited 
a nanosheet-like structure, after the anion exchange with PO4 

3− from BiPO4 the 
BiOI nanosheets are topped with the BiPO4 nanorods. The photocatalytic decompo-
sition results displayed that the BiPO4/BiOI composite shows improved degradation 
ability than BiOI. This improvement in the photocatalytic ability is mainly credited 
to the transfer of photogenerated e−–h+ pairs between the interface of BiPO4 donor 
and BiOI acceptor. Liu et al. constructed the ZnO–BiOI heterostructure to study 
the photocatalytic ability toward the removal of RhB in the presence of VLI (350 W 
xenon lamp) [48]. This ZnO–BiOI heterostructure model displays the catalytic effect 
on the interface of the heterostructure. Comprehensively, this is the study of different 
structural properties for the ZnO–BiOI heterostructures. There is an effective contact 
between Bi3+ and ZnO that confirms the growth and nucleation on the ZnO surface to 
form ZnO–BiOI nanorod heterostructure. Conversely, the nucleation and the growth 
of the BiOI followed by the reaction with the ZnO nanorods present the heterostruc-
ture constituted by decorating the ZnO nanorod surface by BiOI nanoflowers (Fig. 8). 
Comparably, the ZnO–BiOI nanorod heterostructure showed 12-fold greater photo-
catalytic performance than the ZnO–BiOI nanoflower heterostructure, due to the 
greater interface in the ZnO–BiOI nanorod heterostructure that facilitated the forma-
tion and the separation of photoproduced e−–h+ pairs under VLI. Malefane et al.

Fig. 8 Schematic Illustration of the synthesis procedures for ZnO/BiOI heterostructures [48]
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Fig. 9 The photocatalytic reduction mechanism of Cr(VI) by Bi2O3/BiOI under visible-light 
irradiation [50] 

designed a Co3O4/BiOI composite by facile self-assembly method for the degra-
dation of ibuprofen using a 60 W LED lamp [49]. The construction of Z-scheme 
heterojunction creates the electric field between the Co3O4 worm-like spheroids 
and BiOI sphere-like flower structure, which leads to showing excellent degradation 
ability.

Wei et al. prepared a one-dimensional Bi2O3/BiOI composite by a simple one-
pot precipitation method by adding different amounts of 30, 50, and 70% of Bi2O3, 

and the synthesized samples were treated for the Cr(VI) reduction under VLI [50]. 
The structural analysis displays the formation of a 3D flower-like BiOI microsphere 
containing several nanosheets with 10–15 nm thickness. The Bi2O3 exhibits a porous 
nanorod structure with a 300–350 nm diameter. From BET measurement, the SSA of 
the 50%–Bi2O3/BiOI, bare BiOI, and Bi2O3 are 135.9, 118.9, and 83.4 m2/g, sepa-
rately. The optimized 50%–Bi2O3/BiOI showed a superior photoreduction ability 
(94.5%), which is significantly greater than its individual BiOI and Bi2O3 mate-
rials, and it is mainly attributed to its higher surface area. Figure 9 represents the 
mechanism for the photoreduction of Cr(VI) by Bi2O3/BiOI under VLI. 

6 Conclusions and Future Directions 

In summary, this book chapter overviews the recent developments of BiOX-based 
nanocomposites for the degradation of organic/inorganic contaminants in the wastew-
ater. Based on the above discussions, the BiOX-based heterostructures are having 
unique structures and showed enhanced photocatalytic activity than conventional 
photocatalysts. Several articles reveal that the photocatalytic ability of BiOX greatly 
increases through the addition of another semiconductor. The surface tailored
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morphology and the development of heterojunction significantly improve the migra-
tion and separation of the photoexcited e−–h+ pairs, thereby reducing their recombi-
nation. The future consideration of pollutant degradation by BiOX photocatalyst 
desires a simple synthesis of scalable, reliable, and long-term BiOX composite 
photocatalysts for wastewater remediation treatment. Moreover, improved, cost-
effective, and facile preparation methods are interpreted with enhanced photocat-
alytic activity. In contrast, laboratory research of the BiOX photocatalyst further 
improves commercial environmental wastewater remediation applications using a 
visible light source. 
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Chapter 4
Additive-Based Structure and Bioactivity
Modifications of Phosphate Glasses

S. Aravindan, A. Nishara Begum, and R. Uthrakumar

1 Introduction

Phosphate glass is one of the curious glassy structures that reveals the scope of utiliza-
tion in diverse fields of application. Its characteristics have been studied extensively
but still more to be explored in many areas including one in the field of bioma-
terials. In the earlier observations, the phosphate glasses prepared employing melt
quench technique were found to be more corrosive in refractory utilities and it has
been found as a major limitation for their usage. To enhance the utility aspects of
the phosphate-based glasses, variety of methods have been attempted including the
incorporation of various foreign elements within the phosphate glass network. It is
important to note that the incorporation of other elements including metal oxides
the characteristic behaviour of the phosphate glasses is found to be entirely altered
and rendered a novel characteristic that could never be expected from the phosphate
glass systems. The characteristics, which include the mechanical, elastic, bioactive,
etc., are the few that have shown the variations to a greater extent by virtue of the
inclusion of external elements with the phosphate glassy network. The application
potential of phosphate glasses is substantial in the field of biomaterials as bioac-
tive glasses. In the broad realm of materials science, biomaterials are one of the
significant twigs that facilitate the development of substantial components that help
for extending healthy human life. As stated earlier by Williams [1], biomaterial is a
nonviable clinical material developed intentionally to interact with a living organism.
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Table 1 Biomaterials and their mode of working nature [2]

Utility of biomaterial Variety of biomaterial

Replacement of diseased/damaged parts Prosthetic implants (soft or hard tissue), cardiac
valves, renal dialysis machines, tissue scaffolds, etc

Healing assist Sutures, bone plates, adhesives, sealants, screws,
nails, etc

Functioning enhancement Cardiac pacemakers, intraocular lenses, etc

Functional abnormality corrections Cardiac defibrillators, cardiac pacemakers, etc

Cosmetic problem corrections Tissue implants (breast, chin, etc.)

Disease diagnosing tool Biosensors, probes, etc

Disease treatment kid Implantable pumps, catheters, drains, drug delivery
systems, etc

It is an element made either by natural or synthesis and that enables interaction with
living elements of a biological system to replace or augment any tissue or organ to
retain or extend the healthy function of the body. In clinical activity, biomaterial is
used for both therapeutic and diagnostic purposes as well. As of the present status,
numerous varieties of biomaterials are in clinical practice with a specific target of
application. Biomaterials are classified majorly into seven basic categories based on
metal, polymers, ceramics, inorganic glass, regenerative and hybrid combinations,
etc. All these branches are gaining substantial attention and developed mainly based
on their clinical demands. Each element of biomaterials has a unique design and
functionality based on the end-user need. The uses of biomaterials in the general
perspective are given in Table 1. It reveals the clinical issues in various medical areas
and the respective biomaterials may be used in specific forms and structures.

In the human body, the skeletal system is a prominent physical entity that decides
the structure. It includes bones, joints, tendons, ligaments, and muscles, and the
branch of medicine dealing with its care is orthopedics. Bone is a unique substance
connecting the matrices of calcified elements with organic components. Bone tissue
organization is a unique and complex one, which may either be in dense or spongy
frames havingpores ranging from1 to100μm[3].Although the structural anddimen-
sional aspects of bone differs frompart to part, its chemical composition is found to be
similar all over. Bonemineral is an evident natural hybrid composite accommodating
organic and inorganic phases inseparably. Bone is a multicomponent solid structure
composed of the phases of bioorganic and inorganic phases of minerals [4] as given
in Table 2. In both organic and inorganic phases of minerals, many trace elements
could be identified. In the organic phase, numerous non-collagenous proteins such
as osteonectin, osteocalcin, osteopontin, morphogenetic protein, thrombospondin,
serum protein, sialoprotein, etc. exist in various percentages depending on the nature
of bone. Among the trace elements exist in the inorganic composition, ionic elements
of chlorine (Cl−), fluorine (F), potassium (K+), strontium (Sr2+), lead (Pb2+), zinc
(Zn2+), copper (Cu2+), ferrous (Fe2+), etc. are the few prominent species that exist in
the fractional count.
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Table 2 Bone mineral
composition [4]

S. No. Organic phase Weight percentage (wt.%)

1 Collagen 20

2 Water 9

3 Non-collagenous protein 3

4 Other traces –

Inorganic phase

5 Biological apatite (CaP) 60

6 Carbonates 4

7 Citrates 0.9

8 Sodium 0.7

9 Magnesium 0.5

10 Other traces –

Recent reports of materials science acknowledge the development of promising
elements, particularly, as biomaterials to meet the clinical requirements for ortho-
pedic surgical treatments. These biomaterials, based on the tissue interaction with
them, can be classified majorly into four categories such as i) nearly inert, porous,
bioactive, and resorbable as given in Table 3. It is essential that any bioactive material
to be implanted in a living skeletal system should have mere similarities in chemical
compositions and the characteristic of the living bone as well.

As described in Table 3, the third category of bioactive substance is gaining
significance as a second generation of biomaterials [6]. The generation of biomate-
rials deviated from the first generation more than four decades ago. While describing
the term biofunctionality, any external substance implanted within the living system
could be expected to exhibit reactive responses either in favor or in an adverse way.
If the implanted material could exhibit a favorable effect while interacting with the
host system and it could continue as an active element in responses with surrounding
tissues, it can be termed as a bioactive element. In general, the bioactive element
is intended to exhibit appropriate and controlled interactions with the surrounding
tissues. The general characteristics of second-generation biomaterials are given in
Table 4.

Table 3 Types of biomaterial categories with tissue interactions [5]

Biomaterial type Interaction with tissue Element details

Nearly inert Mechanical fixation Metal, ceramic, polymer

Porous Biological fixation Calcium-rich phosphate (HAp), porous material with
HAp coating

Bioactive Bioactive fixation Bioactive glasses and glass ceramics, HAp

Bioresorbable Tissue replacement Tricalcium phosphate, polylactic acid
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Table 4 Second-generation biomaterial—characteristics [6]

Element Activity

Bioactive Provokes interaction in a controlled way between the implant and surrounding
tissues

Biodegradable Elicits controlled chemical interaction and thereby breakdown and adsorption

Bioresorbable Provokes functional tissue to grow within the network structure of implant
material

1.1 Bioactive Glass

Bioactive material is the one that elicits specific biological reactions at the interface
between the implant material and the host living system enabling it to extend the
linkageswith living tissueswithout any adverse effect [7]. In solid structure especially
materials like glasses, glass ceramics and ceramics elicit a favorable response within
the living bodyby extending tissue connectivity and therebydevelopingmechanically
stable bonding to the bone. These bioactive substances are like to have better time-
dependent and surfacemodification ability after implantationwith the living body [8].
In the field of orthopedics, a biocompatible element that supports the cell attachment
by enhancing the bone matrix generation and formation is found to be the bioactive
glass. These glasses aremainly helpful to replace and regenerate the hard tissues of the
bonematrix. In the past few decades, various bioactivematerials have been developed
and proven their bone-bonding ability. Bioglass®, A/W glass ceramics, Ceravital®,
dense calciumphosphate, etc. are the few to be noted asworthy.All thesematerials are
different in their chemical composition, their functionality, etc. Among the material
listed above, Bioglass® is the foremost element that demonstrated its bone-bonding
ability with the living bone by L.L. Hench [9]. It is termed as “45S5 Bioglass®” and
its chemical composition is 45% of silica, 24.5% of Na2O, 24.5% of CaO, and 6%
of P2O5. The bone-bonding mechanism of all these materials are different and their
time-dependent functionality for bone bonding is unique. In addition, the strength and
thickness of bone-bonding are also dissimilar as reported elsewhere [5]. As an index
of bioactivity of the respective system, the rate at which the implant material could
possibly develop its interfacial bond with the living system shows its bioactivity.
In the mechanism of bioactivity of a material, development of adherent interface
between the implant material and host is essential, since it can resist the influence of
any mechanical forces.

With the success of bioactive materials based on their exclusive bone-bonding
ability, many trials have been attempted across the globe to derive novel materials
with improved bioactive ability. The derived glasses are different in their route of
synthesis, elements of compositions, and quantity. It has been observed that altering
the chemical composition of glass material could possibly develop new varieties
of glasses with tailor-made properties. Mainly, the bioactivity of glass systems is
determined by their reactions with body fluid (or) stimulated body fluid (SBF) in the
stipulated period and to form the hydroxycarbonate apatite layer [9]. In the bioactivity
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mechanism, when the glass of specific composition is insert into the body fluid, it will
immediately leach the sodium ions by dissolving the calcium and phosphate ionic
components. By virtue of surface reactive responses in the glass structure due to the
body fluid elements, a calcium-rich phosphate apatite has been formed. Any changes
in the elemental composition and their content could lead to exhibiting different
behaviors not only in bioactive response rather in its mechanical, solubility, elastic
constants, etc. It attracts the research community to develop a variety of bioactive
glasses with newer combinations with a variety of inorganic elements inclusions to
obtain a newer combination of materials with unique properties. This could possibly
be used to identify newer glasses having control and altered resorption rates in vivo.
In continuation of developments, the phosphate-based bioglass has been established
as an alternative element to silica-based bioglass.

1.2 Phosphate-Based Glass

Phosphorous pentoxide (P2O5) is the one among the four glass-forming oxides
including SiO2, GeO2, and B2O3 to be able to form phosphate-based glass with
different characteristics from the other three glasses with limitations due to hygro-
scopic nature. A deeper understanding of the phosphate-based glassy structure and
its network forming ability will help one to explore more possible ways to derive the
glasses with tailor-made properties. Phosphate-based glasses have limitation because
of theirmeagermechanical strength and are hence not suitable for load-bearing appli-
cation. For the past few decades, researchers have attempted many trials to enhance
its superior quality at par with other superior high-mechanical strength elements
to enhance its application potential in various fields including biomaterials. The
ternary and quaternary phosphate-based glass systems with P2O5, CaO, Na2O, and
other metal oxides have the potential to render phosphate-based glasses with unique
and enhanced characteristic features. To develop phosphate-based glasses with supe-
rior characteristics, a deeper understanding of its structural components is essential.
Basically, phosphate glass structure consisting of PO4 tetrahedral unit of oxygens
with weak van der Waals attraction is represented with Qn, where n denotes the
number of bridging oxygen, as shown in Fig. 1.

A phosphate (P2O5) glass system consists of a 3D network of elements branching
with Q3 units with three bridging oxygens and the remaining one is double-bonded

Fig. 1 Phosphate glasses of four different Qn species
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oxygen per basic tetrahedral structure. In case of incorporation of any network modi-
fier element such as alkaline earth or alkali cation influenced tomodify theQ3 units to
Q2 with increasing ionic cross-link formations between phosphate units. The phos-
phate glass network consists only of Q2 branches of linear phosphate units with the
concentration of P2O5 with less than or equal to 50 mol%, wherein the Q3 units
are disappeared. Increasing the concentration of network modifier content above
50 mol% within the phosphate glass network leads to altering the Q2 structure to
Q1 and then Q0. It shows that polymerization of phosphate glass network is feasible
only with low or zero content of network modifying metal cations, increasing modi-
fier content leads to inhibiting the polymerizing ability of the P2O5 glass network.
This is by virtue of a decrease in the availability of bridging oxygen per phosphate
anion. Figure 2 reveals the formation of network elements in phosphate glasses with
network former,modifier, bridging, and non-bridging oxygen. Phosphate-based glass
system is a familiar one to accommodate foreign elements of different categories.
Any elements, more specifically inorganic metal oxides, can get feasible accom-
modation within the phosphate glass network and shows entirely altered properties.
Although a wide range of inorganic metal oxides is readily available to incorporate
within the phosphate-based glass network, few metal oxides such as Na2O, Ag2O,
and ZnO show their feasibility to enhance the bioactive behavior of the phosphate
glass structure.

Fig. 2 Glass network elements coordination
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1.3 Glass Structural Examination

Among the variety of experimental methods to evaluate the structural features of
the glasses/solid materials, the ultrasonic nondestructive evaluation method is one of
the promising techniques that can be used to explore the glass structure. It is known
well that glass is one of the amorphous network structures that doesn’t have definite
crystalline order of atomic arrangements. Hence, the ultrasonic nondestructive eval-
uation method is an appropriate one for evaluating the glass structure features. In
this method, by observing the time duration taken by the ultrasonic RF signals of a
specific frequency to transmit within the upper and lower wall of a glass medium, one
can estimate the elastic constants with the predefined equations as described else-
where [10] and by knowing the density (ρ) of the glass by employing Archimedes’
principle. By exploring the values of elastic constants such as longitudinal modulus
(L), shearmodulus (G), bulkmodulus (K), Young’smodulus (Y), and Poisson’s ratio,
their variations against the compositional changes could possibly be used to reveal
the changes in the structural features of the glass medium. The following equations
give the relation between the elastic constants:

Longitudinal modulus L = U 2
Lρ. (1)

Shear modulus G = U 2
Sρ (2)

Bulk modulus K = L −
(
3

4

)
G (3)

Youngs modulus Y = (1+ σ)2G (4)

Poisson ratio ν
L − 2G

2(L − G)
(5)

where UL and US, respectively, represent the ultrasonic longitudinal and shear
velocity in the glass medium.

1.3.1 Density and Molar Volume of Phosphate Glass with Additives

(a) Increase of Na+ against Ca2+ in P2O5 network

As an attempt of observation to explore the changes in density value of the phosphate
glass observed by Archimedes’ principle against the compositional changes reveal
the structural deformation of phosphate-based glass network by virtue of increasing
Na2O content at the cost of CaO element with fixed P2O5. Density is an effective
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tool that can explore the structural changes in the glass network as a result of compo-
sitional changes. These changes in composition by increasing network modifier
(Na2O) leads to altering the polymerization of phosphate glass network and thereby
increasing the nonbridging oxygen by altering P–O–P bonding. While increasing
the Na2O content with the fixed P2O5 glass network against CaO content, every
Na+ cation was found to interact with the P–O–P bonding structure of the glass and
resulted in depolymerization. The increasing nonbridging oxygen elements results
of Na+ interactions lead to accommodating more content of alkali cations in the
network structure. As discussed in the phosphate glass structure, during the increase
of network modifier, the ultra-phosphate (Q3) to metaphosphate (Q2) and followed
by pyrophosphate (Q3). This structural deformation alters the density values to a
greater extent in decreasing trend. In this structure, the increasing Na2O is made
by decreasing the CaO content. Calcium ion (Ca2+) is well known as an effective
element in increasing the cross-link density of the glass structure by connecting two
or more nonbridging oxygen linkages. The decrease of CaO content is also one of the
reasons for decreasing the network connectivity between the constituent elements
and thereby decreasing density values. Molar volume is also one of the structural
parameters that can exhibit the changes in the glass structure against compositional
changes. It is by trend against the density values of the glass system as increasing
against the decreasing of density. The replacement of Ca2+ by Na+ is known well
that the replacement of high field strength cation by the low field strength cation. The
field strength of Ca2+ is 0.33× 1020 m−2 while the Na+ value is 0.19× 1020 m−2. The
reductions in the density of high field strength ionic elements with an increase of low
field strength cation lead to enhancing the molar volume of the glassy structure and
thereby creating more terminal tangling oxygens at corners. Increasing nonbridging
oxygen, on the other hand, enhances the volume space in the glassy network.

(b) Increase of Ag2+ against Ca2+ in P2O5 glass network

In phosphate-based glasses of the quaternary system, in addition to the components
P2O5, CaO, Na2O an additive element Ag2O has been incorporated by replacing
the CaO content with constant P2O5 and Na2O. The structural modifications if any
depends on the composition of the glass system and particularly, CaO and Ag2O
are the key elements that hold the responsibility for changes. Density is the key
physical parameter that can exhibit the structural compactness of the glass network.
In this system, replacing calcium oxide with Ag2O helps to enhance the density of
the glass sample considerably. The increase in density values is mainly because of the
higher molecular weight of additive components Ag2O (231.7394 g mol−1), which
is significantly higher than CaO. Increasing density and decreasing molar volume
are by the contraction in molecular volume space in the glass network. The atomic
volume of Ag is very less comparatively than any other component in the quaternary
glass system. The atomic volume of silver (Ag) is 10.3 cm3 mol−1. It causes the
volume of the quaternary glass system to become compact with an increase of Ag2O
content at the cost of CaO and hence increases its density.
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(c) Increase of ZnO against CaO in P2O5 glass system

In this quaternary glass system, P2O5 and Na2O contents are considered to have
fixed chemical compositions while the additive ZnO is incorporated to replace an
equivalent definite amount of CaO. As stated elsewhere [11], the density of the
glass system and its molar volume details can explore its structural features such as
geometrical structure, elemental coordination, cross-link density, interstitial species
dimension, etc. Although the additive component ZnO and replaced element CaO are
both divalent cations, the structural deformation could possibly be observed by virtue
of its compositional changes. The elemental parameters such as atomic mass, ionic
density, etc. are quite different in these two elements. The atomic mass of replacing
ZnO is higher as 81.389 gmol−1 than that of CaO, i.e., 56.077 gmol−1. Similarly, the
ionic density of Zn2+ is very larger at 7.14 g cm−3 than Ca2+ has 1.55 g cm−3. These
are the main cause of increase in the density value of this glass system increases with
increasing ZnO content. As expected, the observed variations in the molar volume
of this glass system exhibit a reverse trend to the density variations observed. The
electrical field strength of progressively incorporated Zn2+ element is much higher
than the replacement Ca2+, it enhances the attractive forces between the structural
components and thereby reductions in interatomic spacing lead to lowering themolar
volume space in the glass network. In addition, the elemental features such as atomic
volume, ionic radius, etc. have significant differences in values of these two elements
Zn2+ and Ca2+. The atomic volume of replaced Ca2+ is much higher (29.9 cm3 mol−1)
than the replacing Zn2+, its value is 9.2 cm3 mol−1 and hence, this huge reduction in
volume leads to a decrease in the space of molar volume in glass network structure.
The ionic radius of Zn2+ less value 0.88 Å than that of replaced Ca2+, which has
1.14 Å, this reduction in ionic radius value also leads to a decrease in the volume
space of the zinc oxide added phosphate glass network. The reduction of molar
volume space and increase in density as a result of ZnO addition against CaO help
the phosphate glass structure to attain a very compact and stable glass network.

1.3.2 Thermal Behaviour of P2O5 Glass Against Additives

(a) Variations in thermal property of P2O5 network with increasing Na+

Thermal behavior of any glass structure can be observed by exploring the Differen-
tial Thermal Analysis (DTA). The phosphate glassy structure with increasing sodium
oxide content and decreasing calcium oxide at the constant P2O5 network content.
As observed in density variations the glass transition temperature value and crystal-
lization temperature values are lowering result of increasing sodium oxide content.
As discussed in the density variations, the phosphate glassy structure become less
stable against the increase of Na2O and decreasing CaO althoughwith constant P2O5.
The ionic components exchanges, and their different field strengths are playing vital
role in deciding the thermal behaviour. It reveals the increasing content of Na2O
makes the phosphate glassy structure become thermally least stable. In addition,
the content of P2O5, although it is constant, if it is lesser than 50 mol% then the
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phosphate chain in the network will be shorter and hence, the glassy structure less
viscous andmore fluid. Phosphate glassy structure having least thermal stability may
because of the lesser P2O5 in the over all composition than 50 mol%. The reductions
in the bridging oxygen density in the glassy structure may lead to lowering the glass
transition temperature and thereby increasing viscous nature of the glass structure.
This will be resulted in decreasing the crystallisation temperature of the phosphate
glass network by virtue of the reduction in CaO content by Na2O.

(b) Variations in thermal behavior of P2O5 glass with increasing Ag2O

Thermal behavior observations on the phosphate-based quaternary glass network
reveal different trends of variation against the inclusion of Ag2O against CaO.
Increasing the content of network modifier Ag2O leads to altering the structural
features of the phosphate glass network to the greater extent. Thermal parameter,
glass transition temperature (Tg) of this Ag2O included quaternary glass system are
found to be decreasing linearly with increasing Ag2O. Glass transition temperature
(Tg) is one of the fundamental thermal properties of the glass system could exhibit
the viscous nature of the glass system. The increasing network modifier content
and thereby enhancing structural rearrangements will lead to altering the structural
features of the glass and thereby increasing the viscous nature. On the other hand, the
incorporated Ag2O leads to structural disruptions as a network modifier and shortens
the phosphate chain lengths by converting the ultraphosphate (Q3) groups into the
chains of metaphosphate (Q2) and pyrophosphate (Q1). This, in turn, is reflected
in the observed decreasing trend of Tg values. The same trend of variation could
be expected in crystallization temperature (TP) data also, by exploring a similar
trend of variation for Ag2O inclusions as for Tg variations. It reveals that structural
modifications enhance the rearrangements in glass networks under the influence of
thermal energy. The increasing viscous nature of the glass network also leads to the
occurrence of the crystallization of the glass structure at an earlier stage.

(c) Variations in thermal property of P2O5 network with increasing ZnO

The quaternary phosphate glass structure with increasing ZnO by replacing the CaO
exhibits a unique thermal response in DTA analysis. Its thermal parameters such as
glass transition temperature (Tg) and crystallization temperature (TP) reveal variation
against the compositional modification and exhibit unusual thermal behavior than
any other phosphate-based glass. Glass transition temperature (Tg) is a parameter
that could reflect the values with respect to the bonding strength between the consti-
tutional elemental in the network. This glass system also reports reductions in Tg

values against the inclusion of ZnO. Before incorporating ZnO, the phosphate-based
glass structure is dominant with the strong bonding of Ca–O–P bonding elements.
While replacing Ca2+ with Zn2+ leads to altering the interstitial bonding structure
by replacing stronger Ca–O–P with weaker Zn–OP [12]. Still, Zn2+ has higher ionic
field strength, its inclusion and thereby an increase in the structural network lead to
enhancing the network connectivity of the species by increasing the cross-link density
by interconnecting various disrupted network chains. This helps the structure become
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thermally stable with increasing content of ZnO. This increasing thermal stability of
phosphate-based ZnO-added glasses showed increasing crystallization (TP) temper-
ature value. When the glass structure becomes stable by its composition and thereby
reducing its viscous nature and extending its crystallization temperature value.

1.3.3 Elastic Moduli of P2O5 Glass Network with Varying Additive
Contents

(a) Variations in elastic moduli of phosphate glass with increasing Na+

Through the observation of ultrasonic velocity during its transmission within the
glassy medium, one could explore the glassy structural features to a greater extent.
This is mainly because of the interaction of ultrasonic waves with the elements of the
glassy network and their elemental bonding and thereby reduction in its speed due to
the effective interactions. As the composed and dense network of glassy structures
will absorb ultrasonic signals in a greater amount rather than the loosely packed
network structure. In this way of observation, by estimating the velocity of ultra-
sonic signal through the phosphate glass medium, one can explore the changes that
occurred in the network species as a result of composition changes. The increasing
Na+ density by decreasing Ca2+ content has been explored as loosening the package
structure of the glass network. By increasing the loose packaging structure, the trans-
mission possibility of ultrasonic waves also finds difficulty and thereby lowering
its speed with higher sodium content than the lower one. The structural depoly-
merization by the increasing content of network modifier content (Na2O) leads to
an increase in the population of nonbridging oxygen in the network content. This
increasing nonbridging oxygen never hails the proper transmission of ultrasonic
waves throughout the medium. It disrupts the signal transmission and hence a reduc-
tion in the ultrasonic signal velocity could be observed.Using the elasticmoduli equa-
tions, the data of longitudinal modulus (L), shear modulus (G), bulk modulus (K) are
representing a similar trend of structural fractions as observed in density against the
increase of Na2O. The increasing content of network modifier, nonbridging oxygen,
molar volume, etc. leads to lowering the structural compactness and hence reductions
in the elastic moduli values.

(b) Variations in elastic moduli of phosphate glass with increasing Ag2O

While dealing with a quaternary phosphate glass system with stable P2O5 and Na2O
content and by increasing Ag2O by replacing CaO, the elastic moduli observations
are entirely in a new trend than observed in any other glass system. The observed
ultrasonic velocity in the selected glassymedium is decreased considerably due to the
compositional changes. The inclusion of Ag2O in the phosphate glass network influ-
enced to alter its phosphate chain networks into various structures such as metaphos-
phate chains, pyrophosphate chains, etc. This leads the structure to get altered to
a greater extent. This structural deformation makes the glass system become less
connective and doesn’t help the transmission of ultrasonic waves promptly. This
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could reflect in the observation of elastic moduli such as Young’s modulus (Y),
shear modulus (G), and bulk modulus (K) to show decreasing trends in their values
against the inclusion of Ag2O content. The reductions in the elastic moduli values
are exploring the increasing nonbridging oxygen density in the glass network as a
result of compositional modifications. This also exhibits the disruption of phosphate
network chain connectivity and becomes shortened in length of the entire structure.
As observed earlier [13], incorporation of monovalent cation (Ag+) with phosphate
network leads to disrupting the network structure and depolymerize it to get shorter
phosphate chain lengths.

(c) Variations in elastic moduli of phosphate glass with increasing ZnO

Elastic property observations on ZnO-added quaternary phosphate glasses reveal
increasing glass stability as with compositional changes. The observed ultrasonic
velocity values while transmitting in the present glass system increases as increasing
the ZnO content. ZnO is a network modifier content that disrupts the phosphate glass
network connectivity, but the higher field strength of Zn2+ enhances the intercon-
nectivity between the disrupted chains of the phosphate-based glass structure. Zinc
is an element that provides additional coordination sites to bond with nonbridging
oxygen. It helps to increase the interconnectivity between the disrupted unlinked
elements. The increase in glass network interconnectivity also enhances the cross-
link density in the phosphate-based glass system. This helps the structure become
densewith interconnecting bonds and thereby enhancing the speed of ultrasonicwave
transmission. The estimation of elastic constants, Young’s modulus (Y), longitudinal
modulus (L), shear modulus (G), and bulk modulus (K) is exhibiting a similar trend
of increasing valueswith increasing the ZnO content. The quaternary phosphate glass
structure is becoming denser by the inclusion of ZnO at the cost of CaO.

1.3.4 Microhardness of P2O5 Network with Changing Additive Content

(a) Variations in microhardness of P2O5 network with increasing Na+

Composition-dependent characteristic modifications on phosphate glasses reveal the
role of constituent elements behind the changes. Microhardness is one of the key
observations that could exhibit the physical strength and stability of the glass structure
by revealing the internal structural aspects. Employed compositional changes with
increasing alkali modifier content (Na2O) with CaO leads to lowering its physical
characteristics. Estimation of microhardness using the observed Young’s modulus
(Y) and Poisson’s ratio (ν) reveal the changes in the internal stability of glass structure
against compositionalmodifications. The formula used to estimate themicrohardness
(HM) is given as follows:

Microhardness (HM) = (1− 2ν)

[
Y

6(1+ ν)

]
Gpa (6)
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As observed earlier, the structural deformations in the glass by virtue of alkali
content increase also leading to lowering the microhardness of the sample. It is
obvious that the alkali additions loosen the structural network of phosphate glass and
thereby less compact. It has been observed with the experimental proof as increasing
alkali ion content (Na+) reduces the microhardness of the phosphate glass system.
It reveals the structural deformation of phosphate glass with lower densification and
higher interatomic spacing in the molecular arrangements of the glass system.

(b) Variations in microhardness of P2O5 glass with increasing Ag2O

Microhardness (HM) is one of the physical properties of the glass network which
depends on the participant elements of chemical composition. Based on the compo-
sitional changes, the microhardness of the glass system either decrease or increase.
The quaternary phosphate-based glass systemwith increasing incorporation of Ag2O
by replacing CaO content reveals the decreasing trend of microhardness variations.
As discussed earlier, the incorporation of monovalent cation (Ag+) disrupts the phos-
phate glass network structure to great extent and thereby increasing the quantity of
nonbridging oxygens at terminal ends. This leads to large structural deformation
with every incorporation of Ag2O and thereby converting the basic polymeric chains
structure of metaphosphate into pyro and orthophosphate units. These converting
phosphate units have very short length in network connectivity with large number of
discontinuities. The phosphate glass structurewith this disrupted network connection
could be explored by observing the microhardness estimation with the relation given
in Eq. (6). As reported in elastic moduli observations for Ag2O-included phosphate
glass system, the microhardness values also confirm the structural deformation with
a large number of nonbridging oxygen and disrupted a network of phosphate chains.

(c) Variations in microhardness of P2O5 glass network with increasing ZnO

Quaternary phosphate glass systemwith increasing content of ZnOby replacing alka-
line earth metal oxide CaO exhibit different trends of microhardness results. Both
these replaced and replacing elements are divalent cations with different functional
parameters. It is expected that zinc oxide is a network modifier and its inclusion in
the phosphate glass system leads to disruption the network connectivity. On contrary,
the increasing addition of ZnO helps the phosphate glass system to get a more stable
glass system with enhanced physical parameters. The main cause behind this obser-
vation is the higher field strength of Zn2+. This high field strength cation overcomes
the phosphate chain networks disruption by interconnecting different nonbridging
oxygens of different network linkages. This interconnection is possibly enhancing
the cross-link density between the structural network species and their linkages. It
reflects in themicrohardness observations. As observed in other elastic moduli inves-
tigations, this increasing network connectivity by the incorporated additive element
(Zn2+) helps the phosphate glass system to becomemore stable even at the decreasing
content of CaO.
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1.3.5 In vitro Behavior of P2O5 Glass Network Against Additive
Content

In vitro characterization is an experimental method to explore the bioactive response
of the glass in the aqueous solution, which has a similar ionic concentration as that
of human blood plasma. The phosphate glasses with varying alkali and alkaline earth
elements have been subjected to exploring their structural modification due to the
compositional changes, revealing the influence of alkali content in altering the glass
properties. Bioactive response (in vitro) reveals the bone-bonding ability of the glass
composition in the living system. In vitro analysis is a testing method proposed to
employ for a specified period of time, say 21 days by immersing the glass sample in a
simulated body fluid (SBF), which has similar ionic concentrations as that of human
blood plasma. After the targeted period, the sample has been examined to expose the
formation of any calcium-rich apatite layer on its surface. By ensuring the elemental
compositions of the apatite layer, the bioactive ability of the sample can be deter-
mined. During the in vitro analysis, the exchange of ionic components between the
aqueous medium and immersed sample lead to dissolving the sample in the medium
at a particular rate. In vitro behavior of the glass depends on various factors including
the sample composition, its stability against the aqueous content, its ionic exchange
proportions, etc. Based on the rate of dissolution of the glass sample in the immersed
aqueous medium, the possibilities of ionic exchanges between the medium and glass
can be determined. These ion-exchanging factors ensure the growth of calcium-rich
apatite layer on the surface of the sample and thereby evident its bone-bonding ability.
Although in vitro mechanism analyzes the ability of the sample to form calcium-rich
apatite on its surface during the specified period of incubation time, based on the
ratio of calcium to phosphate the apatite may be categorized with different names as
listed in Table 5. Elemental composition of the apatite layer, particularly the calcium
phosphate ratio is crucial in deciding its bone-bonding ability since the Ca/P ratio is
not similar in all apatite layers which may be grown. The significance of the Ca, P
ratio lies with the value of 1.67, hydroxyapatite (Ca10(PO4)6(OH)2) can bond with
bone rather than any other calcium apatite mineral. Based on this observation, the

Table 5 Various calcium
phosphate with their
respective Ca/P atomic ratios
[14]

Apatite mineral Chemical formula Ca/P ratio

Calcium dihydrogen
phosphate

Ca(H2PO4)2H2O 0.5

Dicalcium phosphate
dihydrate

CaHPO4.2H2O 1.0

Dicalcium phosphate
anhydrous

CaHPO4 1.0

Octacalcium phosphate Ca8H2(PO4)6.5H2O 1.33

Tricalcium phosphate Ca3(PO4)2 1.5

Hydroxyapatite Ca10(PO4)6(OH)2 1.67

Tetracalcium phosphate Ca4O(PO4)2 2
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bioactive ability of the phosphate glass has been examined and its variation with
respect to its modifier content is analyzed. Classification of apatite with the Ca, P
ratio is given as follows.

After the incubation period in SBFmedium (in vitro analysis), the sample has been
examined to explore its bone-bonding ability. The characteristic studies such asX-ray
diffraction (XRD) studies, Fourier transform infrared (FTIR) spectroscopy, scanning
electron microscopy (SEM), energy dispersive X-ray analysis (EDAX), etc. are the
key tools in disclosing the in vitro bioactivity of the glass sample. In X-ray studies,
by ensuring the formation of a specific hydroxyapatite crystalline arrangement one
can assure the emergence of calcium-rich apatite layer on the surface, since the glass
doesn’t have crystalline characteristics. FTIR can reveal the existence of molecular
elements belonging to the hydroxyapatite combinations. Its functional vibrations
could be explored using this spectroscopic analysis and ensured with the observation
of specific absorption bands at specific wavenumbers. By comparing the scanning
electron microscopic images before and after in vitro analysis, one can expose the
surface modifications during the in vitro analysis. It helps to depict the growth of the
apatite layer on the glass sample surface.

(a) In vitro behavior of P2O5 glass network against the addition of Na2O

A series of phosphate glasses with increasing Na2O content by decreasing CaO gives
different behavioral changes due to its structural modifications. Due to the structural
modifications, its stability, elastic moduli, etc. its physical nature also change accord-
ingly. During the in vitro analysis, the phosphate glass with increasing Na2O reveals
different behaviors in ion-exchange properties and dissolution behavior. Increasing
the Na2O content in the glass samples, increases the ability in apatite layer formation.
Since it is a ternary-based glasswithP2O5,Na2O, andCaO, the possibility of calcium-
rich apatite formation is prominent. After the in vitro analysis, XRD results of the
ternary phosphate glasses exhibit their ability to develop a hydroxyapatite layer on its
surface by exchanging the ionic elements with the surrounding immersion medium.
The emergence of crystalline peaks and its data agreement with the standard JCPDS
card including nos.74–0566, etc. This analysis also reveals the formation of poly-
crystalline nature of the surface by revealing the emergence of crystalline phases such
as calcium metaphosphate, calcium metaphosphate hydroxide, calcium orthophos-
phate hydroxide, etc. Figure 3a, b, respectively, reveals the recorded SEM images of
phosphate-based ternary glasses (P2O5–Na2O–CaO) showing the formation of the
apatite layer by comparing its surface before and after in vitro analysis.

In vitro response of any sample depends on the soluble nature of the immersed
glass sample. Although the phosphate glasses with increasing Na2O are expected
to have the ability for the kinetic growth of the CaP layer during in vitro analysis,
their stability also plays a vital role. The dissolution rate of phosphate glass is its
index of a physical stable structure. The dissolution behavior of the phosphate glass
must be at a controlled rate. High-dissolution of phosphate ions are effective species
in complex formations in the aqueous medium. The formation of such complexes
in immersed medium suppress the functional group activity and thereby reduces the
possibility of kinetic condensation for apatite layer growth [15]. Calcium-rich apatite
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Fig. 3 a Ternary phosphate
glass surface before in vitro
analysis. b Phosphate glass
surface after in vitro analysis

formation is enhanced by the release of glass network species in more numbers due
to the hydration effect. On contrary, exceeding the quantity of PO3−

4 in the aqueous
mediumdoes not encourage the apatite formation on the glass surface rather it hinders
the deposition of calcium-rich apatite layer. Hence, the releasing quantity of PO3−

4
species in SBF medium is crucial and must be within a controlled rate. It should not
exceed its alarming quantity before the formation of an apatite layer on its surface. As
observed, the phosphate glasses are evident in the increasing ability of hydroxyapatite
layer formation during in vitro analysis. By virtue of itsNa2Ocontent, its composition
must be appropriate to exhibit controlled dissolution during the in vitro analysis in the
aqueous medium. In a ternary phosphate glass system replacing Na2O components
with CaO is always not helpful to show good bioactivity and it depends on the stable
glass structure and controlled release of phosphorus ionic species during in vitro. The
controlled release of ionic species including PO3−

4 is essential in the ionic activity
during bioactive mechanism and thereby forming calcium-rich apatite layer on the
glass surface. Increasing of PO3−

4 ionic species leads to an increase in the acidic
nature in the aqueous medium wherein the incubation is occurring. The formation of
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acidic nature does not encourage the apatite deposition and rather hinders the kinetic
condensation.

(b) In vitro behaviour of P2O5 glass network against addition of Ag2O

In vitro bioactivity of a phosphate-based glass system is tunable to different
values based on the chemical species comprised in the glass structure. Quaternary
phosphate-based glasses with stable P2O5 and Na2O and replaced CaO content with
Ag2O reveal their chemical composition is dependent on in vitro bioactivity. Figure 4a
shows the surface of low content (<5 mol%) silver oxide incorporated phosphate
glass before in vitro analysis. In this glass system, the introduced Ag+ monovalent
ion disrupts the phosphate network chains and thereby leads to affecting the stability
of the glass network. These phosphate glasses have shown poor bioactive behavior
with increasing Ag2O content. During the in vitro analysis, the glass samples are set
to incubate within the SBF solution for a stipulated period enabling to exchange the
ionic components between the sample and immersed medium. The stability of glass
sample is a key parameter, since the release of ionic species and its quantity depend
on the glass dissolution rate. In the present Ag2O phosphate glass system, the glass

Fig. 4 a Surface of
Ag2O-added quaternary
phosphate glass before
in vitro analysis. b Surface
of Ag2O-added quaternary
phosphate glass after in vitro
analysis
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samples with lower Ag2O exhibit high stability and thereby low dissolution during
in vitro analysis. Release of ionic species from this glass is in a controlled manner
rather than other glasses with increased or higher Ag2O additions.

Due to the poor stability and thereby random release of ionic species could
possibly lead to converting the aqueous medium to acidic in due course of the incu-
bation period. This acidic nature will hinder the possibility calcium-rich apatite layer
formations. The release of abundant ionic species in the earlier stage of in vitro (within
a few days) analysis may lead to affecting the ionic activity mechanism drastically.
In phosphate glasses with higher Ag+, the dissolution rate of glass during in vitro is
higher and thereby the possibility of higher Ag+ ion release is high in the surrounding
medium. It has been observed earlier that [16], the release of a high amount of Ag+,
on the other hand, impedes the possible growth of calcium-rich apatite layer on the
glass surface. The ionic activity of Ag+ disrupts the medium and thereby reduces the
quantity of Ca, P ionic components necessary to form a calcium–phosphate layer.
Released Ag+ into the aqueous medium, in turn, lowers its pH value and becomes
acidic, this doesn’t encourage the activity of functional ionic products necessary for
hydroxyapatite formations. Figure 4b shows the surface of the low-content silver
oxide added phosphate-based glass network with the deposition of HAp layer. Thus,
the phosphate glasses with lesser Ag2O content (<5 mol%) exhibited a controlled
dissolution of glass samples in an aqueousmedium and thereby releasing less amount
of Ag+ which could not be possible at the level to hinder the growth of calcium-rich
apatite layer on the surface of the sample.

(c) In vitro behavior of P2O5 glass network against the addition of ZnO

Observations on the in vitro bioactivity of ZnO-added quaternary phosphate-based
glass system exhibit its non-productive nature with higher ZnO content. In this glass
system, ZnO is an additive component progressively increased within the phosphate
glass network by replacing an equivalent quantity of CaO. Figure 5a shows the
surface of low content (<3mol%) zinc oxide added phosphate-based glass system.As
discussed above, the ZnO-added glass structure becomes more stable by enhancing
the cross-link density by connecting various disrupted phosphate chains of shorter
length. Although Zn2+ is a network modifier, its high ionic field strength facilitates
enhancing glass stability. In vitro bioactivity of the glass medium is depending on
how the sample is managed within the physiological solution in a stipulated period
to release and exchange its ionic components with the surrounding medium. Not
lesser, the desired quantity of ionic products is essential to initiate the CaP layer
during the in vitro analysis. In vitro analysis facilitates the two mediums such as
the sample and surrounding medium to exchange ionic species to grow a crystalline
layer on the surface. During the growth, the initial release of Ca and P made the
physiological medium supersaturated, and the glass surface was used to absorb such
calciumphosphate ionic components to forma gel-like amorphous calcium-rich layer
on its surface. Nucleation sites for the calcium apatite layer can be formed only on
this gel-like structure in due course of the incubation period. Due to the initiation
of nucleation sites with the available product and thereby enhanced release of other
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Fig. 5 a Surface of
ZnO-added quaternary
phosphate glass before
in vitro analysis. b Surface
of ZnO-added quaternary
phosphate glass after in vitro
analysis

ionic products lead to the hydroxyapatite layer formation in the upcoming days. This
is the mechanism of in vitro bioactivity phosphate-based glass system.

In zinc oxide incorporated phosphate-based glass system, the leaching of ionic
products is not at the desired rate required for apatite layer formation. It has been
evident that incorporation of Zn2+ made the phosphate glass structure become more
stable and hence, during the incubation period in physiological solution it affects the
dissolution of glass and results in very slowdegradability. This lowdissolution, on the
other hand, is not enough to promote the ionic activity necessary for hydroxyapatite
formations. It is obvious that zinc is an amphoteric element possessing very low
solubility by nature. Its lower dissolution doesn’t favor the growth of the apatite
layer in the sample surface within a stipulated time. Zinc oxide added phosphate-
based glasses exhibit delayed apatite formation during in vitro analysis [17] mainly
because of its low degradation profile.
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2 Conclusion

Phosphate based glass is one of the prominent non-crystalline systems has unique
structure readily available to alter its structural aspects under the influence of suitable
foreign elements. Its property limitations are proven to be overcome by incorporating
appropriate metal oxides of desired quantity. It has remarkable application potential
mainly because of their flexible nature enable for structural modifications. Thermal,
mechanical and dissolution ability of phosphate based glass network is quite alterable
based on the incorporation of suitable amount of metal oxide component and hence,
its bioactive nature also found to be tuneable. Inclusion of metal oxides such as
Ag2O and ZnO into the phosphate glass network exhibit its different and quantity
dependent bioactive responses.
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Chapter 5 
Bio-synthesized and Photocatalytic 
Effectiveness of Date Pit Mediated 
Magnesium Oxides Nanoparticles 

J. Sackey and M. Maaza 

1 Introduction 

The textile-manufacturing sector is reflected as one of the principal canals for water 
contamination worldwide. The industry faced problems with the treatment and 
disposal of effluent streams containing organic compounds. Water contamination 
of organic textile dyes makes up 80% of the waste from the sector. Textile dyes are 
organic compounds with an aromatic structure having the ability to impact colours 
on a given substrate. Organic textile dyes including acid orange 8, methylene blue, 
acid red 14 and methyl are highly toxic and non-degradable [1]. Due to hydrolysis, 
reactive dyes discharged into wastewater become non-reusable because they become 
non-reactive [2]. The organic compound become a major source of environmental 
contamination and cause a great hazard to human health due to their degradation 
inabilities. Sub-Saharan Africa is disadvantaged in catering to the water needs of 
its citizens, thus making children, women and elders victims of death as the result 
of drinking contaminated water. For instance, in Ghana, industry textile effluents 
and metal pollutants from illegal mining activities are the main drivers of fresh-
water contamination. With a population of about 31 million, 5 million people rely 
on surface water for daily use leaving them exposed to water-related illnesses and 
diseases [3]. Cameroon faces a similar challenge with a high infant mortality rate 
owning to drinking contaminated water. The majority of the people do not have 
toilet facilities in Senegal. Therefore, exposure to faecal contamination occurs both 
inside and outside the household paving way for microbial contamination. Drinking
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such contaminated water leads to water-borne diseases like diarrhoea, dysentery and 
cholera causing a high infant mortality rate. The situation is even worse in developing 
countries in Africa like Malawi with limited access to clean water, sanitation and 
hygiene. With a population of 19 million, 4 million Malawians use infested river 
water for daily use exposing 78% of children under the age of 2 years to water-
related illnesses that may lead to a great infant mortality rate. The WHO states that 
if the issue of water contamination is not addressed, the world population will live 
in water scarcity by 2025. Hence, it is imperative and important to design a more 
sustainable solution that will remove the organic compounds from the wastewater. 
This is because investing ineffective wastewater treatment and hygiene is an essen-
tial foundation for good health, saving millions of lives. Therefore, in response to 
addressing the existing problem and in compliance with the Sustainable Develop-
ment Goal 6, several researchers have used different methods to remove organic 
compounds from wastewater. Amongst the many techniques such as electrochem-
ical coagulation, reverse osmosis, nanofiltration used, adsorption is considered one 
of the best, simple, eco-friendly and cost-efficient methods of dye elimination in 
wastewater [4–9]. 

1.1 Aims and Objectives of the Chapter 

The chapter discusses the different water treatment techniques with an emphasis 
on the green nanochemistry approach. The objective is to describe via the green 
nanochemistry method the synthesis of MgO nanoparticles and their effectiveness 
in wastewater treatment. In this chapter, MgO nanoparticles will be synthesized via 
the green chemistry approach and characterized using scanning and transmission 
electron microscopy, energy-dispersive spectroscopy as well as X-ray diffraction 
spectroscopy. The optical properties of the MgO nanoparticles are also discussed. The 
discussion was further extended toward the MgO nanoparticle’s ability to remediate 
industry textile organic dye. In this case, the photocatalysis technique is employed 
to investigate the degradation ability of the metal–oxide nanoparticles against acid 
orange 8 dye. 

1.2 Wastewater Treatment by Coagulation 

Coagulation is a technique of treating wastewater by the addition of chemicals. The 
coagulant can either be aluminium or iron based. The coagulation process involves 
trivalent chemicals, whose positive charges neutralize the negative charges of the 
contaminants in the wastewater. Subsequently, the dirt particles bind to the chemicals 
to form floc, which is removed from the water via sedimentation. As a result, the clean 
water is passed through the filtration system which encompasses sand, gravel and 
charcoal. This is done to remove excess or additional dust particles. The coagulation
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process is fast and efficient for the removal of insoluble contaminants. However, 
its capability to remove arsenic is very low. The technique also requires the use of 
non-reusable chemicals. 

1.3 Wastewater Treatment by Chlorination 

Chlorination is a process of removing microbial, disease-causing pathogens and other 
microorganisms from contaminated water. The parameters such as water concentra-
tion, water pH, contact time and water temperature all are associated with chorine 
disinfection effectiveness. Normally, when chlorine is added to the water, it quickly 
reacts with the microorganism. Chlorination can be accomplished with either power 
chlorine (calcium hypochlorite) or liquid chlorine (sodium hypochlorite). Chlorina-
tion oxidized iron and manganese to be filtrated out and hydrogen sulphide to reduce 
the odour. Chorine disaffection is not efficient for large contaminants in water. It is 
also an expensive technique that requires monitoring and management. 

1.4 Wastewater Treatment by Reversed Osmosis 

Reserved osmosis is the process of cleaning wastewater whereby a cell phone like 
a membrane is used to separate purified water from contaminated water. Reserve 
osmosis acts as an ultra-filter blocking large particles unable to pass through the 
membrane pores. A wide range of membranes such as thin-film composites, cellulose 
acetate, cellulose triacetate is rated based on their capability to reject contaminates 
from water. The process of reserved osmosis does not require chemicals and is 
efficient at the elimination of solids and also microorganism, yet its maintenance and 
operation cost is expensive. It also presents issues with the low flow rate as well as 
rapid membrane clogging. Some factors including pressure, temperature, membrane 
type and flow control affect the performance of the reserved osmosis system. 

1.5 Wastewater Treatment by Advanced Oxidation 

Advanced oxidation process (AOP) is an in situ technique for the generation hydroxyl 
and sulphate radicals to degrade the organic pollutant in wastewater. The process 
involves mineralizing the pollutant to carbon dioxide and water. The reagent used is 
ozone and chlorine, which mostly leave behind carcinogenic by-products. There are 
several AOPs such as the use of microwave, plasma, electron beam and electrochem-
ical treatment. The advantages of using the AOP are its effectiveness for recalcitrant 
and rapid degradation ability. However, it presents some technical constraints and 
low throughput. Further, this technique is not economical for small industries.
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1.6 Wastewater Treatment by Nanofiltration Membrane 

Nanofiltration membrane technology is a non-destructive pressure-driven process of 
wastewater treatment. Some factors affecting pollutant separation via nanofiltration 
membrane are the particle size and charge effect [10]. Like reverse osmosis, this 
technology doesn’t require chemicals and generates very small solid waste. It is 
also characterized by its fast reaction kinetics and rapid selectivity. Nonetheless, it 
requires high energy and is not economic for medium or small industries. 

1.7 Water Treatment by Metal–Oxide Nanoparticles 

Recently researchers have confirmed metal–oxide nanoparticles effectiveness in the 
removal of organic compounds from effluents. Cleansing contaminated wastewater 
using nanoparticles are reliable and affordable and offers a better alternative Prepa-
ration and processing of metal–oxide nanoparticles including CuO, MgO, NiO and 
ZnO are on the increase. These nanoparticles have specific properties that make them 
attractive to be used in many applications including wastewater treatment. Manipu-
lating the morphology and architecture of metal oxide, especially MgO nanoparticles 
provides ample scope for researchers to establish correlation with their properties. 

2 Green Nanochemistry Method 

Green nanochemistry synthesis of transition metal–oxide nanomaterial, which 
involves the use of various plant or agro-waste products as reducing agents, is 
preferred over the chemical and physical processes. The green bio-synthesis method 
requires the use of eco-friendly, non-toxic and easy synthesizing methods [11]. The 
use of plant extracts via the green chemistry approach to preparing metal–oxide 
nanoparticles has been widely reported. For example, Yulizar et al. [12] used Theo-
broma cacao seed bark extract to synthesize ZnO/CuO nanocomposites to decrease 
the high bandgap energy of ZnO. Similarly, Mohammadi-Aloucheh et al. [13] used  
Mentha longifolia leaf extract to synthesize ZnO/CuO nanocomposites and investi-
gated their anti-bacterial activities. In the same manner, Ezhilarasi et al. [14] used  
Moringa Oleifera to synthesize NiO nanoparticles and tested them for cytotoxi-
city and antibacterial studies. Raja et al. [15] synthesized ZnO nanoparticles using 
extracts obtained from Tabernaemontana divaricate. Diallo [16] reported comprehen-
sive studies on using natural extracts of Aspalathus linearis to synthesize different 
sizes of SnO2 nanoparticles. The nanoparticles proved efficient against methylene 
blue, Congo red and Eosin Y. In addition to the plant extracts, researchers have used
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the agro-waste products known to contain a high number of antioxidants and phyto-
chemical constituents to synthesize a variety of metal oxides for different applica-
tions. For example, Fuku et al. [17] synthesize Cu2O/CuO/ZnO nanocomposite using 
the peel extracts of Punica granatum to investigate their electrochemical proper-
ties. Mohammadi-Aloucheh et al. [18] prepared ZnO/CuO nanocomposites by using 
Vaccinium Arctostaphylos L. fruit extract and studied their antibacterial activities. 
Ibrahim [19] synthesized AgNPs from aqueous extracts of banana peels and investi-
gated the antibacterial properties. Leong [20] used banana peels extracts to synthesize 
copper (II) oxide nanoparticles to investigate their photocatalytic activity. Similarly, 
Bankar et al. [21] used banana peel extracts to synthesize gold nanoparticles and 
studied their antimicrobial activity. Aminuzzaman et al. [22] reported on the green 
synthesis of CuO NPs from peels of banana extract and studied the photodegradation 
ability. The aqueous extracts from Zea mays were used to synthesize Cu2O nanopar-
ticles and tested for photodegradation ability against organic dyes and textile wastes 
[23]. In the same manner, Sackey et al. [24] biosynthesized single-phase Cr2O3 with 
the extract obtained from peels of Ipomoea batatas L. A composite of NiFe2O4 was 
successfully synthesized via extracts from Persa Americano seeds, which showed 
excellent electrochemical properties [25]. 

2.1 MgO Nanoparticles Synthesis 

MgO is thermally and stoichiometrically stable with a very simple sodium–chloride 
structure and high corrosion-resistant behaviour [26]. Nanocrystalline MgO displays 
low heat capacity, chemical inertness and optical transparency [27]. In addition, 
MgO exhibits a high surface area and hence can be used as an excellent material to 
remediate various harmful chemicals [28–30]. Due to its wide bandgap, MgO has 
applications in antibacterial studies, sensors and in optical coating. Generally, MgO 
is not toxic and hence can be found in crucibles, refractory materials and coatings. 
Given its excellent abovementioned physiochemical attributes, MgO is classified 
as an eco-friendly and industrially essential material used as semi-conductor and 
absorbent for the organic and inorganic pollutants in wastewater. They also possess 
excellent antioxidant properties with application in wound healing, tissue regenera-
tion and bioimaging [31, 32]. Parameters such as pH, annealing temperature, different 
synthesizing routes and ionic strength affect dimensions and morphology of the MgO 
nanoparticle formation. MgO enables the transfer of electrons and is hence used as 
a support for active species of catalyst [33]. For instance, Almerindo et al. [34] used  
MgO as a promoter in the transesterification reaction of oil for diesel production by 
means of short-chain alcohols. MgO is used as a heterogeneous catalyst to improve 
the synthesis method [35].
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2.2 Physical and Chemical Synthesis of MgO Nanoparticles 
and Applications 

MgO nanoparticles are synthesized via various physical and chemical routes. Each 
route produces a different morphology of MgO nanoparticles. For example, Qiu et al. 
employed the surfactant-mediated solution method to synthesize nanosized Mg(OH)2 
and obtained needle- or lamella-like Mg(OH)2 nanoparticles [36]. Pei et al. [37] used  
a sol–gel technique with magnesium chloride as the precursor to synthesize fine 
magnesium oxide. They obtained single-phase MgO after thermal decomposition at 
800 °C and nanoparticle dimension of 100 nm. Shimpi et al. [38] employed a double-
step successive hydrothermal process at a low temperature of 155 °C to synthesize 
nanocomposite of MgO/ZnO. Stankic et al. [39] reported the synthesis of cubic-
shaped MgO nanoparticles using the chemical vapour deposition (CVD) method 
together with successive thermal activation steps. Fang, Haihong, et al. synthesized 
MgO via the sol–gel auto-combustion method [40]. Niu et al. demonstrated the large-
scale synthesis of bone-like MgO nanocrystals via a solvothermal process [41]. Many 
other synthesis routes including laser vaporization [42], wet chemical method [43], 
surfactant methods [44], combustion aerosol synthesis [45], chemical vapour depo-
sition [46] provide nanoscale MgO. Purwajanti et al. obtained porous nano-MgO 
via the mesoporous carbon hard template method [47]. Sirota et al. [48] synthe-
sized MgO nanopowder via thermal plasma in a thermal DC plasma touch. The 
high purity nanopowders recorded a particle size of 100–150 nm. In another paper, 
MgO nanoparticles were hydrothermally synthesized and used as adsorbents for the 
degradation of azo and anthraquinone dyes from an aqueous medium [49]. Yet the 
aforementioned technique presents numerous disadvantages. For example, the use 
of the thermal plasma technique requires high-frequency discharge, high AC or DC 
arcs and reactive submerge arc. Hydrothermal techniques equally require expen-
sive raw materials and numerous processing steps. The CVD method involves high 
thermal activation and high vacuum conditions to obtain an almost perfect shape 
nanomaterial. 

2.3 Green Nanochemistry Preparation of MgO NPs 
and Applications 

Several researchers used an environmentally friendly and economic green chemistry 
process of synthesizing MgO for various applications [50–53]. The green method 
requires no sophisticated machinery or harmful chemicals yet the production of 
large-scale MgO nanoparticles is achievable. This methodology involved the use of 
plants, fungus, bacterial and algae, which have proven to be more convenient and 
preferred over the physical and chemical methods [54, 55]. Many have successfully 
synthesized via this approach crystalline MgO nanoparticles using any precursor of 
magnesium. Such precursors include chlorides, acetate, sulphate and nitrate [56, 57].
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Generally, extracts obtained from plants, or templates from the biological species 
serve as stabilizing agents for the preparation of MgO nanomaterial [58, 59]. For 
example, Saied et al. [60] used Aspergillus terreus S1 to synthesize spherical well-
dispersed MgO nanoparticles with an average particle size of 8–38 nm. The authors 
reported that the MgO nanoparticles showed high growth inhibition of gram-positive 
and gram-negative. Furthermore, they confirmed that the MgO nanoparticles exhib-
ited a 97.5% ability to eliminate chromium ions from effluent. In another study by 
Hassan et al. [61], they reported successful biosynthesis of MgO nanoparticles using 
Rhizopus oryzae as a catalyst. The fungal-strain-assisted MgO nanoparticles with 
particle sizes ranging from 9 to 20 nm showed enhanced potential as a good antibac-
terial candidate against several pathogens such as Staphylococcus aureus, Bacillus 
subtilis as well as Escherichia coli and Candida albicans. Similarly, Ahmed et al. 
[62] synthesized MgO nanoparticles using Acinetobacter johnsonii RTN1 and inves-
tigated its antibacterial activity against Acidovorax oryzae. Sushma et al. [63] also  
synthesized MgO nanoparticles using aqueous extracts of C. ternatea plant. They 
reported a 65% maximum inhibition activity, which was attributed to the antioxidant 
properties in the plant extracts. 

The plant extract is also important in limiting agglomeration to produce 
well-crystalline nanoparticles. Plant extracts are reported to contain some active 
compounds, which act as free radicals and assist in neutralizing reactive oxygen 
species. The formation of MgO nanoparticles is examined as the chemical inter-
action between the precursor and the extract, which results in the reduction of the 
metal salt to its nano form. More precisely, the phytochemicals of the antioxidant 
obtained in the extract form a covalent bond between the precursor salt, which is 
broken down via thermal oxidation resulting in the MgO nanoparticles [64–66]. Das 
et al. [54] used Bauhinia purpurea leaf extracts to bio-synthesize MgO nanoflakes 
with a particle size of 11 nm. According to the authors, the extracts contain active 
compounds such as phenolic, flavonoids and antioxidants, which act as reducing 
agents for the synthesis of MgO nanoflakes. The Bauhinia purpurea leaf mediated 
MgO nanoflakes showed an excellent antibacterial study against S. aureus. Dobrucka 
[67] prepared MgO nanoparticles using A. abrotanum extracts and obtained high 
purity particles with a size of 10 nm. The author concluded that the MgO nanopar-
ticles showed good antioxidant properties and excellent photodegradation of methyl 
orange. Moorthy et al. [51] used extracts from neem leaves to synthesize MgO 
nanoparticles. Vijayakumar et al. [68] studied extensively the antimicrobial proper-
ties of MgO nanoparticles synthesized by aqueous extracts of Capparis zeylanica L. 
leaf. The tetragonal MgO nanoparticle with a crystallite size of 32.6 nm was effective 
against several pathogens. 

Similarly, Akshaykranth et al. [69] gave a comparative analysis of the effective-
ness of an antibacterial activity against the strain of bacterial for MgO NPs. The 
MgO nanoparticle was prepared by extracts of Lawsonia inermis leaves and via the 
chemical method. As per their investigation, the green chemistry approach recorded 
a smaller particle size of 20 nm and better antibacterial studies and enhanced inhi-
bition zoon at 80 μL concentration. In another report by Essien et al. [70] they  
synthesized MgO nanoparticles from Chromolaena odorata leaf extracts based on
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the chemical reaction between the magnesium sulphate and extract phytochemicals. 
They obtained well-distributed nanoparticles with an average size of 12.3 nm. Using 
the same eco-friendly and simple green synthesizing approach, Ammulu et al. [66] 
reported the synthesis of MgO nanoparticles from heartwood extracts of Pterocarpus 
marsupium. The authors confirmed the presence of polyphenolic and flavonoids in 
the extracts, which assisted in the formation of polydispersed nanoparticles with 
particle sizes between 15 and 25 nm. The spherical shaped MgO nanoparticles 
showed great potent against gram-positive bacteria and gram-negative bacterial. In 
another investigation, the authors used strawberry leaf extract to bio-synthesize MgO 
nanoparticles [71]. Recently, MgO nanoparticles are also synthesized via extracts 
obtained from ago-waste products [72]. Fruits and vegetables as well as their by-
products are reported to contain active phytochemical properties essential for MgO 
nanoparticle formation [73]. Nazeer et al. [74] reported that the phenolic groups in 
Coriandrum sativum and Moringa oleifera assisted in the reduction of the salts to 
the metallic oxide nanoparticle. They investigated the MgO nanoparticle’s ability 
to treat chlorosis and confirmed its biocompatibility with the human embryonic 
kidney cell line. Li et al. [75] synthesized MgO hybrid carbonaceous composite via 
extracts obtained from sugarcane. The nanocomposite is used as a good material 
to eliminate organic contaminants in wastewater. Similarly, Qin et al. synthesized 
MgO-modified biochar from rice straw at a varying temperature [76]. Suresh et al. 
[77] reported that Nephelium lappaceum L. peel acted as natural ligation agents in the 
synthesis of MgO nanoparticles. Sugirtha et al. [78] used extracts of cauliflower and 
pomegranate peels to synthesize MgO nanoparticles, which showed good anti-cancer 
and photocatalytic activity. MgO nanoflakes of dimension 12 nm was synthesized 
from citrus lemon extracts at room temperature [79]. Vergheese and Vishal [80] 
reported on the green chemistry synthesis and characterization of MgO nanoparti-
cles from Trigonella foenum-graecum aqueous extracts. The antibacterial properties 
of the MgO were investigated against gram-positive and gram-negative bacteria and 
it showed good results in both stains. Vijayakumar et al. [81] used citrus Aurantium 
peel extracts to prepare MgO nanoparticles and reported their antimicrobial activi-
ties. Furthermore, Essien et al. [82] identified the phytochemical in the leave extracts 
of Manihot esculenta to serve as reducing and capping agents in the synthesis of 
MgO NPs. They obtained hexagonal and less agglomerated microstructure with a 
practice size of 37.3 nm. 

2.4 Green Synthesis of MgO Nanoparticle via Date Pit 
Extracts 

This contribution reports on the green nanochemistry synthesis of MgO nanopar-
ticles using date pits extracts and its application toward photocatalytic degradation 
against acid orange 8. The fruits date scientifically known as Phoenix dactylifera is 
a rich source of fibres, protein and carbohydrates, which is cultivated mostly in the
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Arab world [83]. Its by-products, which are the date pits are also known to contain 
minerals, lipids and protein. Phytochemical studies showed that the fruits and their 
waste products have some phenolic, carotenoids and flavonoid compounds useful for 
anti-mutagenic, anti-microbial, anti-cancer as well as antioxidant benefits [84]. In 
the study, the green nano-chemistry synthesis approach uses water as the universal 
solvent. The synthesis processes that will be discussed in detail involved the phyto-
chemicals in the date pit will react chemically with the molten salts of the precursor 
reducing them to the nanoscale. The precursor, magnesium acetate was purchased 
from Sigma-Aldrich while the date was bought from Strand Cash & Carry in South 
Africa. The date fruits were eaten, and date pits were sent to the laboratory to be 
used in the preparation of the extracts. The preparation of the extracts was done 
following a cost-effective method described elsewhere [85]. Briefly, 30.0 g of the 
date pit was washed and placed in 200 ml distilled water. The content was brought to 
boil at a temperature of 80 °C for 2 h under constant magnetic stirring. The obtained 
yellowish extracts were filtrated twice under Whatman filter paper to remove any 
excess residue. The aqueous extracts, which recorded a pH of 6 were kept ready 
to be used for the synthesis of MgO nanoparticles. The synthesis routes for MgO 
nanoparticles are described as follows: 2.0 g of the precursor was dissolved in a 
50 ml of the date pits extracts under constant magnetic stirring. The suspension was 
centrifuged and washed two times with distilled water. Subsequently, a laboratory 
oven dried up the precipitate to obtain a creamish powder. Afterwards, a laboratory 
furnace annealed the cream-ish powder at 500 °C for 2 h. A schematic diagram of 
the procedure is shown in Fig. 1. Later, the samples were characterized for structural, 
optical and morphological properties via the different characterization techniques. 
As a direct application, the MgO nanoparticles were tested against acid orange 8 dye 
degradation. 

3 Application of MgO Nanoparticles in Wastewater 
Treatment 

The use of bio-synthesized nanomaterial in environmental remediation such as 
wastewater treatment via photocatalysis process is pivotal. Bioassisted MgO NPs 
are promising materials for the elimination of organic dyes in an aqueous medium. 
Several morphologies including nanoflakes, a nanoplate, nanorods, nanowires and 
varying particle sizes of MgO nanomaterial are used as an adsorbent in the photocatal-
ysis against pollutants in wastewater. Choudhury et al. [86] synthesized nanoflakes 
MgO using an aqueous extract from Madhuca longifolia flower. The authors tested 
the MgO nanoparticle calcined at 450 °C against the elimination of nigrosine dye via 
photocatalysis process using the Taguchi approach. They reported 86% dye removal 
ability by the MgO nanoparticles. Similarly, Khan et al. [87] used aqueous extracts 
from Dalbergia sissoo leaves to prepare MgO nanoparticles having varying bandgap 
energies. According to their analysis, MgO nanoparticles with a lower bandgap of
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Fig. 1 Pictorial illustration of the biosynthesis process of biogenic engineered MgO NPs 

4.175 eV recorded the maximum degradation efficacy of 81% against methylene 
blue dye. In another study by Fouda et al. [88], they used metabolites secreted 
by Aspergillus niger strain F1 as a template to synthesize MgO nanoparticles. 
Their report shows that the photocatalysis efficacy of nanoparticles was investigated 
under visible light irradiation. They reported a high adsorption capacity of the MgO 
nanoparticles to remove heavy metals including lead, nickel and chromium present 
in tanning wastewater. 

3.1 Photocatalysis of MgO Nanoparticles with Acid Orange 
8(AO8) 

Photocatalysis is an alternative technology for the treatment of contaminated water. 
It is the phenomenon, where a substance changes the chemical reaction rate in the 
presence of light. The process involves the creation of electron–hole pair (e−/h+) 
when the semiconductor is exposed to light. Generally, photocatalysts are semicon-
ductors. The electron–hole pair forms a hydroxyl radical that displays oxidation 
of the organic matter. Photocatalysis is a very simple yet efficient technique with 
the ability to eliminate organic compounds, and in addition leads to the production 
of energy. In this contribution, the photocatalytic activity of the date pit mediated
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MgO nanoparticles was tested against an aqueous solution of acid orange 8 under 
a UV lamp (Mega-Ray 160 W/240 V MR160 SPL11/14). The methodology used 
is described as follows. A small amount of the MgO NPs was added to a volume 
of 25 ml aqueous solution of acid orange 8. The mix was allowed to sit without 
illumination under constant magnetic stirring for some time to acquire adsorption 
stability. Before being exposed to light irradiation, 4 ml of the samples are taken for 
UV-vis absorbance measurement. Subsequently, samples were taken every 5 min for 
35 min. 

3.2 Characterization of Date Pit Assisted MgO Nanoparticles 
Techniques 

The biosynthesized MgO nanoparticles were characterized for morphological, struc-
tural and optical properties instantly without any surface modification. The different 
characterization techniques used are described here. Tecnai 720 TEM and Zeiss 
Ultra plus 55 FE-SEM connected to Oxford instrument with an X-max solid state 
silicon drift detector were used to characterize the morphology and chemical analysis 
of the MgO nanoparticle. X-ray diffraction analysis of the MgO nanoparticles was 
performed using Bruker AXS D8 Advance. UV-vis absorbance measurement of the 
aqueous date pits extracts and the MgO nanoparticles were measured on Cary 5000 
UV-vis NIR spectrophotometer within the wavelength of 200–500 nm. The diffuse 
reflectance measurement of the MgO nanoparticles was recorded using a Cary 5000 
UV-vis NIR spectrophotometer equipped with an interpreting sphere. 

4 Morphological and Chemical Element Analysis of MgO 
Nanoparticles 

The morphology and the chemical elements with their respective weight and atomic 
percentages (see inset) of MgO nanoparticles are shown in Fig. 2a. The scanning 
electron microscopy (SEM) image shows spherical shaped and agglomerated MgO 
nanoparticles. The agglomeration is attributed to the photochemical reactions in 
the date pits extracts. The chemical elements obtained from the energy-dispersive 
spectroscopy (EDS) analysis displayed in the inset show that the nanoparticles are 
predominately rich in Mg followed by O. The presence of C originates from the 
carbon coating of the sample before SEM analysis while the other elements in very 
small quantities emanated from the date pits extracts. Therefore, from the EDS anal-
ysis, it can be confirmed that MgO nanoparticles have been successfully synthesized. 
The transmission electron microscopy (TEM) image and its corresponding selection 
electron area diffraction (SEAD) image is shown in Fig. 2b, c respectively. The
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Fig. 2 Morphological and chemical elements analysis of MgO nanoparticle displaying a SEM 
images, b TEM images and c SAED image. Inset is the EDS analysis 

diffraction pattern is evident in both images. Specifically, the SAED image clearly 
shows the diffraction spot making up the rings, which confirms the crystallinity of 
the MgO nanoparticles. 

4.1 Phase Identification Analysis 

To investigate the phase and crystallinity of the MgO nanoparticles, an X-ray diffrac-
tion analysis is performed. Figure 3 shows an experimental and calculated diffrac-
tion pattern for MgO nanoparticles. The XRD datasets of the MgO nanoparticles 
are analysed qualitatively using Materials Analysis Using Diffraction (MAUD) soft-
ware. MAUD is a Rietveld technique for fitting X-ray diffraction datasets. According 
to Fig. 3, all reflections appearing at peak positions at 2θ° = 36.9°, 42.9°, 62.3°, 
74.6°, 78.6° correspond respectively to the crystal planes (111), (200), (220), (311),
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Fig. 3 Datasets showing experimental (black diamond) and calculated (red lines) XRD pattern of 
MgO nanoparticles 

Table 1 Structural parameters extracted from MAUD analysis 

Atom x y z Biso 

Mg 0.5 0.5 0.5 0.3399 

O 0 0 0 0.369 

Table 2 Refined structural 
parameters extracted from 
MAUD analysis 

Sample Size (Å) Strain E(*1e−4) a (Å)  

MgO 999.98 5.99 4.211 

(222). Retinal structural parameters such as atomic positions, size, strain and lattice 
parameters reported in Tables 1 and 2 are retrieved from the MAUD analysis. Face-
centred cubic structure with a space group ‘Fm3m’ proposed by Hazen [89] fit well  
with the experimental X-ray dataset. This further confirms the synthesis of pure and 
well-crystalline MgO nanoparticles. 

4.2 Optical Properties Analysis 

The optical properties of the MgO NPs are evaluated based on the UV–vis absorbance 
and the diffuse reflectance measurements. Figure 4a shows the absorbance spectra of 
both the date pit extract and the MgO nanoparticles measured within the wavelength 
range of 200–500 nm. The date pit extract presents two peaks at 280 and 330 nm, 
which are associated with the contained phytochemicals. The prominent peak is 
attributed to the B-ring cinnamoyl system and the latter at 330 nm to the A-ring
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(a) 

(b) (c) 

Fig. 4 Optical properties showing a UV-vis absorbance spectra of peaks associated with the date 
pits extract and the MgO nanoparticles, b diffuse reflectance spectrum, c the bandgap energy 

benzoyl system of flavonoid. These active compounds in the date pits extract act as 
reducing agents in the MgO nanoparticle synthesis. The peak appearing at 290 nm 
on the MgO is evidence of the formation of MgO nanoparticles established on the 
chemical collaboration between the flavonoids and the salt. The diffuse reflectance 
measurement of the sample is shown in Fig. 4b. By applying the Kubelka–Munk 
[85] equation written below, the optical energy bandgap is calculated as 

F(R) = α = (1 − R)2 /2R 

where R is the light that is reflected in percentage, α is the optical absorption coeffi-
cient. The bandgap (see Fig. 4c) is estimated at 5.1 eV, which is consistent with the 
value in the literature. The energy bandgap of the material plays a significant role in 
the photocatalysis process.
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Fig. 5 Photocatalysis 
activity of MgO nanoparticle 
against Acid orange 8 under 
UV lamp within 35 min 
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4.3 Photocatalysis Analysis 

To test date pits assisted MgO nanoparticle ability to remove organic compounds in 
the aqueous medium, the photocatalysis analysis is conducted. Figure 5 shows the 
UV-vis absorbance spectra within the wavelength range of 350–700 nm. Specifically, 
t = 0 shows the absorbance peak of the MgO nanoparticle in acid orange 8 in the 
dark without light irradiation. Subsequently, absorbance peaks are recorded for the 
MgO nanoparticles in the acid orange under visible light illumination every 5 min. 
The dye degradation ability is monitored by the decrease in intensity of the peaks 
with respect to the time elapse. As seen at t = 35 min, the shape of the peak begins 
to broaden in comparison to at t = 0 min. This signifies the complete degradation 
ability of the acid’s orange 8 dye. 

4.4 Photodegradation Efficiency Analysis 

The photodegradation efficiency can be calculated following the equation given 
below. 

δ(%) = (A0 − At ) 
A0 

× 100 

where A0 is  the absorbance of mixture at 0 min (t = 0, before illumination) and 
At is the absorbance at sampling time. The photodegradation efficiency of the acid 
orange 8 dye is estimated at 68% as shown in Fig. 6. The high photodegradation
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Fig. 6 Photodegradation 
efficiency of MgO 
nanoparticles 
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efficiency could be attributed to the smaller bandgap of the MgO, which favours the 
movement of electrons from the valence to the conduction band. 

4.5 Removal Kinetics Analysis 

The photocatalysis degradation obeys the first-order kinetics expressed as 

ln

(
At 

Ao

)
= kt  

where k is the reaction rate constant and t is the irradiation time. The reaction rate 
constant was calculated from the slope of ln

(
At 
Ao

)
versus the irradiation time t as 

0.00341 ± 6.03 min−1 (R2 = 0.86505). The reaction rate constant versus time as 
shown in Fig. 7 further confirms the efficient photodegradation ability of the MgO 
nanoparticles. 

5 Conclusion 

The current chapter highlighted different techniques with an emphasis on the green 
chemistry approach for wastewater remediation. In recent times, a more sustain-
able, cost-effective and environmentally friendly green chemistry methodology for 
synthesizing metal–oxide nanoparticles is being intensively researched. The metal
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Fig. 7 Removal kinetics 
showing reaction rate 
constant versus time 
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oxides including MgO nanoparticles are efficient in removing organic pollutants in 
wastewater. The chapter reported numerous plants, agro-wastes and fungi that have 
been investigated by many authors as biocatalysts for synthesizing MgO nanoparti-
cles. The phytochemical in each material serves as reducing, capping and stabilizing 
agents during the synthesis process. MgO nanoparticles are synthesized following 
the green chemistry approach using date pit extracts. The purity and the crystallinity 
of the MgO nanoparticles are confirmed via the EDS and the XRD analysis. The 
spherical-shaped MgO nanoparticles demonstrate a smaller energy bandgap of 5.1 eV 
as evident from the UV–vis absorbance measurement. As a direct application, the 
MgO nanoparticles are tested against acid orange 8 under a UV lamp. The MgO 
nanoparticles showed an excellent photodegradation ability of 68%, which indicates 
that our material is a promising candidate for the removal of organic compounds in 
water effluent. 
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Chapter 6
Property Management of BiFeO3-Based
Multifunctional Perovskite
Nanomaterials: Nanoparticles, Ceramics,
and Thin Films

F. F. Orudzhev, Sh. M. Ramazanov, D. Sobola, N. M. R. Alikhanov,
and R. S. Dallaev

1 Introduction

Bismuth ferrite (Bi–Fe–O)-based compounds have a wide range of features that are
of interest both for basic science and applied research. The Bi–Fe–O material, iden-
tical in chemical composition but different in structure, has a number of promising
optical, magnetic, electrical, and mechanical properties. Practically significant is the
ability to control and manage these properties through external influences. The prob-
lems of materials science, which can be found in pure phase preparation, make the
progress of Bi–Fe–O adaptation slower for new-generation electronic devices such
as spintronic, quantum optics, magneto-optics, etc. In the presence of a mixture of
phases, each contributes to themagnetic properties. Bi2Fe4O9 – antiferromagnet with
Neel temperature of 264 K; Bi25FeO39– paramagnet (from 5 to 950 K) (from 5 to
950 K) [1], ferrimagnetic and paramagnetic regions of Bi3Fe5O12 was found to be
reported on yttrium iron garnet substrates [2]. Each phase individually has several
features that expand the use of the Bi–Fe–O system in various fields of science
and production. Thus, Bi2Fe4O9 is promising for the manufacture of semiconduc-
tive chemical gas sensors and as a cheap replacement of catalysts in the oxidation
of ammonia to NO in the industrial production of nitric acid. It has a photocat-
alytic activity for organic contaminants with absorption in the near-infrared region
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[3]. Bi2Fe4O9 electrode is reported to be a photoanode for solar water splitting [4].
Bi2Fe4O9 has an orthorhombic structure of mullite, a space group Pbam with coex-
istence of [FeO6] octahedra and [FeO4] tetrahedra, and its band gap with reported
to be 1.57–2.01 eV [5]. Bi25FeO39 in nano-dispersed state also exhibits photocat-
alytic properties in the visible range (during the decomposition of phenol and orange
methylene), however, it is inferior to the properties of BiFeO3 and Bi2Fe4O9. Besides
optical and piezo-response, its humidity sensing application was recently mentioned
due to the effect of rendering charge carriers caused by water [6]. Bi25FeO39 has a
cubic structure of selenite with space group I23 [7]. Electrical properties of this were
reported as a mixed conductor of oxide ions and electronic holes [1]. Amorphous
Bi–Fe–O nanoparticles were shown in recent works [8] to have photo-Fenton-like
catalytic activity for typical organic contaminant RhB. Bandgap 2.2∼ 2.8 eV makes
it useful for photocatalysts activated by visible light. The amorphous composition
prepared with Zn inclusion indicates a speromagnet structure [9]. Such structures
were recently reported for “ideal” high-entropy alloys [10].

The greatest interest of researchers is attracted to the BiFeO3 phase due to the
presence of the magnetoelectric effect at room temperature. Pseudo-cubic unit cells
are interconnected along a diagonal line passing through their center. This arrange-
ment forms a rhombohedral, ABO3 distorted perovskite structure. An electric dipole
moment is formed because of the displacement of bismuth atoms relative to the FeO6

octahedron. For the presence of the piezoelectric effect, the paired bismuth electrons
(6s2) respond. The partially filled 3d orbitals of ferric iron determine the presence
of antiferromagnetism. In the R3c crystal structure, spontaneous polarization arises
in the [111] direction of 6.1 μC cm2, and in the direction [100] with a magnitude of
3.5 μC cm2. The properties could be tuned by variation in morphology, thickness,
microstructure, and crystallinity [11]. The presence of many methods for producing
multiferroics, as well as the influence of various parameters on the resulting sample,
makes the assessment of their properties a challenging task. Pulse laser deposi-
tion (PLD) and atomic-layer deposition (ALD) are effective methods for the low-
temperature synthesis of thin bismuth ferrite films. The ability to vary temperature
over a wide range is important in the production of functional structures of optical
devices (optical sensors, solar cells, light-emitting diodes) and electronics (memory
cells, magnetic field sensors, etc.) due to the possible reaction of other materials and
components to the temperature.

2 Pulsed Laser Deposition Film of the Bi–Fe–O System

The method of pulsed laser spraying belongs to the group of methods of physical
deposition from the gas phase. The process of laser ablation occurs when focusing
high-power laser radiation on the surface of a solid target. The effect of the laser on
the substance leads to the rapid absorption of radiation energy, heating, and explosive
evaporation of the substance from the target surface. The process is accompanied
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by the propagation of a shock wave in the environment. As a result of the interac-
tion of radiation with the target material, the matter is removed from the target and
ionized. The resulting hot plasma expands, during the expansion, the plasma expe-
riences additional heating by laser radiation. Depending on the intensity of the laser
radiation, the ablation products can be either atoms, ions, molecules of a substance,
or formed clusters and nanoparticles emanating from a zone of exposure with high
kinetic energy. Atoms ablated at a high temperature can interact with environmental
molecules to form new compounds. Deposition can also be accompanied by partial
mixing of the surface layer due to thermal motion and diffusion. An increase in the
energy of the laser flow, accompanied by an increase in ionic collisions, can compen-
sate for a decrease in the temperature of the substrate, which in turn will lead to an
increase in the crystallization of the film. The required chemical composition of the
film is achieved by varying the gas pressure, the temperature of the substrate during
deposition, the modes of subsequent annealing, and the type of gas used during the
process. The energy of the deposited material flow affects the adhesion coefficients
and the formation of chemical bonds. This has a double effect: on the one hand,
it can be effectively used to control the film growth mechanism, and on the other
hand, it leads to modification of the surface of the sprayed target. As a result, the
selected power of the deposition laser affects not only such parameters of the film
as the crystal structure and orientation of the film, density, and content of defects,
but also the composition of the film due to degradation of the initial material. The
high energy of the erosive laser emitter particles allows the synthesis of films at low
(down to room) substrate temperatures.

As for the distance from the target to the substrate, it is usually chosen empiri-
cally, considering the characteristic distance of the plasma. This is the distance over
which the flow loses direction and disperses. There are several models describing
optimal geometry: the model of a “strong shock wave”, “entrainment force”, etc.
The electrical and optical parameters of samples obtained by pulsed laser deposition
even at room temperature of the substrate are comparable with the parameters of
films obtained by other methods at higher temperatures. However, despite the tech-
nological simplicity, physical phenomena such as self-atomization, the interaction
of atoms with the surface, kinetic diffusion, island formation, and the shadow effect
complicate the explanation of the film growth mechanism.

Advantages of PLD:

• Except for the cleaning, there is no need to activate the surface of the substrate;
• Simple and chemically pure synthesis of end products;
• A high degree of compliance of cationic stoichiometry of the formed films with

the composition of the target material;
• The possibility of the formation of metastable phases;
• A high deposition rate of thin films;
• A direct relationship between the energy parameters of radiation and the kinetics

of layer growth;
• Obtaining films with a high degree of crystallinity;
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• Strict dosage of material supply, including multicomponent ones with high
evaporation temperature.

Disadvantages:

• The possibility of contamination of the film by the products of the melt of the
target material at high-laser powers;

• Small geometric sample size.

The data about the growth of bismuth ferrite of PLD is present in the literature.
Mostly, it concerns such substrates as SrTiO3 [12], SrRuO3 [13], FTO glass [14],
even specific like Ca0.96Ce0.04MnO3, [15] etc. The structures proved to be prospec-
tive besides ferroelectricity and magnetic ordering, even demonstrated photovoltaic
behavior. Nevertheless, several questions, such as the influence of oxygen vacancies
or the type of electrode (or substrate) material are still open for discussion. The appli-
cation of scanning probemicroscopy (SPM) is essential for the description of surface
properties. Among different techniques for surface imaging (optical methods, scan-
ning electron microscopy, etc.) AFM proves to be the most reliable option when it
comes to the 3D analysis of surface topography or surface modification with exact
values of the Z-axis. The most widespread SPM type is atomic force microscopy
(AFM). The basis of the AFM measurement process is the interaction between a
probe and a sample surface. Aside from the topographical analysis with actual height
values, AFM has several different modes which facilitate the study of the mechan-
ical and electrical properties of materials. The use of scanning microscopy of the
piezoelectric response (PFM) and magnetic force microscopy (MFM) was described
in [16, 17]. In the study of magnetoelectric materials, AFM measurements using a
conductive probe allow both local (units of nanometres) polarization of the sample
and measurements of its characteristics on the microscale. The results allow evalua-
tion of the domain structure, including the size and morphology of the domains. In
addition to recording the displacement of the probe due to the presence of electric and
magnetic domains, it is possible to carry out the polarization of surface areas and
its subsequent registration. The use of external influences (temperature, magnetic
field) and various configurations of the electrodes allow in situ determination of the
physical characteristics of the samples (Fig. 1). The probe is in the form of an elastic
cantilever with a sharp tip (10 nm) on its free end is used in this work for PFM
and MFM. It allows tracing surface topography and its electrical properties with
nanometer resolution.

The bending of the cantilever is often detected by a laser beam reflected from
the probe to a detector. The location of the incident beam on the detector is then
looped back to move the probe up or down to preserve constant force between the
probe and the sample, thus forming a 3D image of the surface [18]. The scheme
in Fig. 1 demands the use of the tips with conductive or magnetic properties. The
application of additional contacts (Fig. 1b, c) to the sample has some advantages as
the possibility to apply higher voltages (independent of microscope configuration)
and differential geometry of contacts tomeasure PFM at different planes. In this case,
there is no necessity to use the conductive probe for PFM and even subnanometer
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Fig. 1 Measurement of electrical characteristics by AFM: a using metal conductive probe and b,
c using external contacts

local bending of the sample will be detected. In this case, there is also a choice of
scanning mode; both noncontact, tapping, and contacted modes could be used. The
rest of the scanning parameters should be well-adjusted, for example, set-point and
feedback loop parameters or scanning rate. The last was mentioned by Ch. C. Glover
et al. [19]. Considering set-point and humidity conditions.

Silicon technology is one of the most developed in the field of obtaining struc-
tures for electronics. The market offers a wide selection of monocrystalline silicon
of different sizes, structures, and doping levels. Silicon oxidation and surface oxide
stability should be taken into consideration. Due to the oxygen-containing atmo-
sphere, the silicon surface is oxidized, forming a layer of about 1 nm. This layer
begins to form when preparing the silicon substrate to be inserted into the deposi-
tion unit. This complicates the preparation of bismuth ferrite directly on the silicon
surface. The deposition on silicon substrates was carried out after the deposition
of a metal layer, since silicon demonstrates chemical activity toward the growing
perovskite structure and can be embedded in it, violating the structure, and forming
a wide transition zone. The growth of bismuth ferrite on substrates of single-crystal
silicon is carried out using buffer layers. This prevents the possibility of chemical
interaction and diffusion of silicon with the growing layer. For deposition of the film
by the PLD method, the metalized silicon substrates were used. The wafers were



116 F. F. Orudzhev et al.

Fig. 2 Structural study of BFO/Pt/SiO2/Si a XRD spectra; b Raman spectra

purchased from Miro Chemicals GmbH, 4-inch, thickness 525 ± 25 μm, (100), 1-
side polished, p-type (boron), 1–10 Ω cm. A platinum layer of 20 nmwas deposited by
magnetron sputtering on the substrates. PLDparameters: Spot size: 1.01× 2.33mm2;
Mask: 5.5× 18 mm2; Energy 22,7 mJ; Fluency: 1.08 J/mm2; O2 pressure: 0,1 mBar;
Scanning diameter: 6,06× 4,66mm2; Pulses: 50 000; Scan speed: 0,7mm/s; Temper-
ature control is essential to provide bonding of the film and substrate and control films
stoichiometry. Following temperatures were chosen substrate temperature 250 °C,
Ramp 25 oC /min; Annealing 500 °C for 5 min at O2 100 mBar.

X-ray diffraction analysis shows the polycrystalline phase of bismuth ferrite with
a predominant structure of R3c (Fig. 2a). The peak at 28° shows the bismuth oxide
phase in the structure, presumably which was formed due to the predominance of
bismuth over iron in the phase.

Several Raman activemodes in the shown spectral window are observed (Fig. 2b).
The 140.2 cm−1 and 216 cm−1 are of A1 symmetry, and those at 75 cm−1, 261 cm−1

belong to E symmetry and confirmed the rhombohedral structure. 231 cm−1 indicates
a distorted rhombohedral-like (R-like) phase formed in the highly strained BFO thin
film. According to the first principle calculation, Bi atoms’ contributions lies in
the low-frequency modes below 167 cm−1, Fe atoms’ contribution is mainly found
in the modes between 152 and 262 cm−1, whereas for higher frequency modes
above 262 cm−1, the prevalence of oxygen atoms can be observed. The Raman band
located at 94 cm−1 is assigned to lattice vibrations of β-Bi2O3 crystalline phase. Piezo
response force microscopy and AC-magnetic force microscopy (Distance sample-
probe for MFM 100 nm) were performed at room temperature (Figs. 3 and 4). MFM
measurements with a voltage supply (+10 V, −10 V) of the obtained films give us
information on the relationship between the electrical and magnetic subsystems in a
bismuth ferrite film. As can be seen from the figures, when the polarity of the voltage
changes, the magnetization of certain domains changes. Thus, the magnetic field can
control the electrical properties of the resulting film.
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Fig. 3 PFM of BFO/Pt/SiO2/Si at 0, 10, and −10 V

PFM analysis of the obtained films gives information on the polarization of
domains and their phase contrast depending on the voltage applied to the probe
(0 V, +10 V, −10 V). As can be seen from the figures, the domains are about 300–
500 nm in size. Depending on the direction of the applied voltage, the polarization
and phase of some of the domain change. This will allow creating a structure with
films of bismuth ferrite with controlled electric polarization. When a voltage polarity
is applied, the structure undergoes some lattice distortions.

Ar ion etching was applied four times with the following parameters: 10 keV
Ar1000 + , Raster size 3 × 3 mm, pre-etch and post-etch times 5 s. Cluster beam
etching is less destructive and, according to the carbon level, only the surface layers
were etched. Changes in the composition of iron and bismuth are associated with
surface modification due to etching (Figs. 5 and 6).

Plasma modification of the surface makes it possible to create the desired proper-
ties in the surface region of the sample, as can be seen from the figures for changes
in the Fe3+/Fe2+ ratio, it indicates the formation of oxygen vacancies, which allows
changing of the electrical, magnetic, and optical properties of the obtained bismuth
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Fig. 4 MFM of BFO/Pt/SiO2/Si at 0, 10, and −10 V

ferrite films. The predominance or excess in the phase of metallic bismuth is asso-
ciated with this same feature. The longer the surface is etched, the more metallic
bismuth is in the phase. Thus, by controlling the composition of the resulting target,
it is possible to control the properties of the resulting films.

Ceramic bismuth ferrite targets were prepared for (PLD) using the Spark Plasma
Sintering (SPS) method based on synthesized powder. Analytically pure nitrates
of iron Fe(NO3)3·9H2O and bismuth Bi(NO3)3·5H2O were used in stoichiometric
proportions. Fossil fuel’s rolewas playedbyglycine,whichduring combustion served
as a platform for redox reaction between the reagents. Due to their natural hygro-
scopicity, metal nitrates mixed with glycine demonstrate the tendency toward the
suspensionmixture formation. Dehydration of themixture was carried out by heating
(up to 315 °C). Then, a hot stove was used to heat the dried mixture for the purpose
of the combustion process initiation. Since the metals nitrates also serve as oxidizing
agents, the process of combustion can proceed efficiently utilizing the oxygen that
exists in the reagents themselves. Combustion process results in the formation of
voluminous ash as well as a release of thick yellowish vapor. Afterward, the product
is thoroughly grinded in a mortar and then subjected to temperature treatment for
one hour at 600 °C. PLD is a process of rapid melting and evaporation of a target
material because of exposure to high-energy laser radiation, followed by transfer of
the sprayed material from the target to the substrate in vacuum and its deposition.
The mechanism includes the ablation of the target material with laser irradiation, the
development of a plasma torch containing high-energy ions and electrons, as well
as the crystal growth of the coating itself on the substrate. The PLD process can be
divided into four stages:
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Fig. 5 XPS wide and element (carbon) spectra of BFO/Pt/SiO2/Si during depth profiling
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Fig. 6 XPS element (iron, oxygen, and bismuth) spectra of BFO/Pt/SiO2/Si during depth profiling

• Interaction of laser radiation with the target––ablation of the target material and
the creation of plasma;

• Plasma dynamics––its expansion;
• Applying the material to the substrate;
• Film growth on the surface of the substrate.
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Each of these steps is critical to the physicomechanical and chemical parameters
of the coating. The removal of atoms from the bulk of the material is carried out
by evaporation of the mass of the substance to the surface. The initial emission of
electrons and coating ions occurs, the evaporation process by its nature is most often
thermal. The depth of penetration of laser radiation at this moment depends on the
wavelength of the laser radiation and the refractive index of the target material, as
well as the porosity and morphology of the target. Due to the complex nature of such
a process, it is impossible to calculate (simulate) it in advance. For example, during
the evaporation process, the near-surface volume of the target undergoes significant
modifications under certain conditions. And this affects the angular, mass, charge,
and energy distribution of emitted particles, which, in turn, affects the mechanism
and kinetics of the formation of condensate on the substrate. Therefore, studies aimed
at establishing the relationship between the processes on the surface of the target and
the growing film are relevant.

The stoichiometric composition, structure, and topography of the target used for
PLD films of the BiFeO3 multiferroic should be controlled before the deposition
process. A change in the stoichiometric composition can affects the composition and
structure of the resulting films. Given the fact that the PLD process uses an oxygen
medium, the probability of the formation of additional oxygen bonds with the metals
of iron and bismuth is highly probable. The target was pre-polished with diamond
powder, ~0.25 μm in size. Further cleaning consisted of washing in an ultrasonic
bath in C3H8O, then in ethanol and in demineralized water. The target was sputtered
with a laser beam at the following parameters: Spot size: 2.85 × 0.82 mm2, mask:
3 × 15 mm2, energy 23.5 mJ, fluency: 1.093 J/mm2, O2 pressure: 0,1 mBar, scan
speed: 0.7 mm/s, pre-ablation 10 Hz, and 1000 pulses for the first experiment and
100,000 for the second experiment. To understand the mechanisms of degradation
of the target surface during the PLD process, the target was studied using SEM
Tescan Lyra 3 with an EDXOxfords Instruments X-Max 50 detector and determined
the qualitative and quantitative characteristics of the sample. SEM and EDX data
(Fig. 7) show the effect of laser annealing of the target surface at pulses: 10 000 to
compare the target surface before the experiment. The appearing surface features at
100 000 were similar. It is seen from SEM–EDX that the surface topography changes
significantly, and a quantitative change in the composition of the surface region of
the target occurs. Depending on the number of laser pulses during the evaporation
process, the amount of bismuth is mainly affected (see Table 1), which is relatively
mobile in contrast to iron atoms (Table 1). Figure 8 shows how a laser beam acts on
the surface of a ceramic target.

Thus, as can be seen from Fig. 8, with laser radiation from the target, the beam
practically melts the evaporation region, and a liquid phase is created, which tends
up the sides of the crater. The liquid phase creates elevations and forms a surface
topography (Fig. 6). Since it is possible to control the amount of oxygen introduced
into the chamber in the atmosphere of the evaporated substance, saturation, or excess
of oxygen vacancies in the resulting BiFeO3 film is possible (the dependence of the
oxygen vacancies in the composition of the obtained film on the pressure of the
oxygen introduced into the chamber will be studied in further work). A parallel
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Fig. 7 SEM–EDX analysis of the BiFeO3 target before the process and after 10 000 laser pulses
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Table 1 EDX analysis of the
BiFeO3 target composition

No ablation Pulses: 10 000 Pulses: 100 000

Atomic % Atomic % Atomic %

O 41.45 O 44.2 O 47.0

Fe 12.35 Fe 23.9 Fe 25.1

Bi 12.30 Bi 6.4 Bi 6.0

Fig. 8 Schematic of laser–material interaction [20]
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study of the target surface and the resulting film allows us to create the prerequisites
for modeling the technological process for producing BiFeO3 multiferroic films with
desired properties. Changes in the phase and structural composition of the surface
of the bismuth ferrite target were studied by XRD with brightness source Rigaku
SmartLab 3 kW. Figure 9 shows the comparison of XRD spectra of the BiFeO3

target after ablation, the data are systemized in Table 2.
From theXRDdata, it follows that the ratio of the phase composition of the surface

region of the target varies (see table). Due to changes in the morphology of the target
surface in the PLD process, due to thermal processes, the number of non-BiFeO3

phases increases several times. Obviously, this is due to the technological features of
this process: oxygen atmosphere, thermal modification of the target surface, evap-
oration of elements or agglomerates from the target surface, quantitative ratios of
elements in the laser-modified target surface, structural changes, etc. As the laser

Fig. 9 XRD of the BiFeO3 target before and after ablation



6 Property Management of BiFeO3-Based Multifunctional … 125

Table 2 Phase composition
of the target before and after
100 000 pulses

Before sputtering After 100 000 pulses

Target phase Content (%) Content (%)

BiFeO3 89.9 34.1

Bi2Fe4O9 6.8 49.4

Bi25FeO40 3.3 16.5

acts on the target, the crystal lattice structure of the near-surface region of the target
changes; the selenite phase, Bi2Fe4O9, grows to a greater extent (Fig. 10).

To study the structural properties of the target, Raman spectroscopy studies were
additionally carried out. Raman spectra were excited by a solid-state laser (λ =
532.0 nm), the diameter of the focused beam was 2 μm. Peaks positions (139 cm−1,
172 cm−1, 219 cm−1, 264 cm−1, 265 cm−1, 364 cm−1, 440 cm−1, 480 cm−1,
525 cm−1, and 618 cm−1) from the BiFeO3 target coincides with literature data [21].
Being more sensitive to the surface, Raman spectra of sputtered targets demonstrate
the presence of bismuth oxidation on the surface.

3 Atomic-Layer Deposition of Bi–Fe–O System

Atomic-layer deposition (ALD) belongs to a group of methods based on chemical
processes. This technology is based on sequential chemical reactions between the
gaseous precursor and the substrate material. When using multiple precursors to
produce films of complex composition, the precursors are introduced alternately. As
a result of repeated reactions of precursors with a surface, a thin film is deposited.
The ALD process is a self-regulatory process. Since the reactions are self-limiting,
the amount of deposited material in each reaction cycle is constant. Self-limitation
of surface reactions makes it possible to control deposition at the atomic level. ALD
supports the use of large geometric dimensions of samples with high uniformity.
Substrates can be of various shapes and structures. It is also possible to obtain films
of transparent conductive coatings with good optical and electrical characteristics
at relatively low substrate temperatures. The advantage of ALD over other epitaxy
methods (plasma-layer deposition, magnetron sputtering, and electron beam sput-
tering) is the possibility of more detailed control of growth. This avoids the violation
of stoichiometry and structure of the films. ALD provides a choice of various precur-
sors and options for the Bi–Fe–O composed films preparation. It creates opportu-
nities for controlling stoichiometry and perfection of the films. At the same time,
this complicates the task of evaluating the properties and parameters of the prepared
structures before the processed will be completely tuned. By varying the concen-
tration of precursors interacting with the surface layer of the substrate material, it
is possible to self-organize nanoparticles of individual reaction components on the
surface without additional thermal annealing. ALD is a surface-controlled process
because of self-limiting reactions, where the process parameters, with exception of
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Fig. 10 Structure of a BiFeO3, b Bi2Fe4O9, and c Raman spectra of the target before and after
100 000 ablation pulses

the composition of precursors, substrate, and temperature, have no significant effect.
Due to this, the films grown by the ALD process have an exceptionally uniform
composition and thickness. These thin films can be used in combination with films
made by other common methods.

Advantages of ALD:

• Chemisorption of precursors with the surface provides excellent adhesion;
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• Self-limiting surface reactions allow for automatic processing and eliminate the
need for extra precise dosing;

• Surface reactions ensure the application of uniform protective coatings, regardless
of the substrate material (dense, porous, tubular, powder, or other complex in
shape);

• The combination of a protective coating with specific substrates creates
completely new possibilities, for example, changing the diffusion properties of
battery materials and much more;

• Allows deposition of layers less than one nanometer thick.

ALD supports the use of large geometric dimensions of samples with high unifor-
mity. Substrates can be of various shapes and structures. It is also possible to obtain
films of transparent conductive coatings with good optical and electrical characteris-
tics at relatively low substrate temperatures. The advantage ofALDover other epitaxy
methods (plasma-layer deposition, magnetron sputtering, electron beam sputtering)
is the possibility of more detailed control of growth. This avoids the violation of stoi-
chiometry and structure of the films. ALD provides a choice of various precursors
and options for the Bi–Fe–O composed films preparation. It creates opportunities
for controlling stoichiometry and perfection of the films. At the same time, this
complicates the task of evaluating the properties and parameters of the prepared
structures before the process will be completely tuned. By varying the concentra-
tion of precursors interacting with the surface layer of the substrate material, it is
possible to self-organize nanoparticles of individual reaction components on the
surface without additional thermal annealing. The main difference between ALD
films and other chemical vapor deposition techniques is the completely heteroge-
neous nature of the reaction of two precursors (reagents), which leads to the growth
of a film on a substrate. This is achieved by the cyclic feeding of the first and second
precursors into the chamber, separated in time. In general, the required ALD phases
include:

• Dosed injection of vapors of the first precursor into the reactor chamber;
• Purging and pumping out the chamber, after which strictly one monolayer of the

precursor chemisorbed on the surface remains on the surface of the thermally
stabilized substrate;

• Introduction of the second precursor and the occurrence of a heterogeneous reac-
tion resulting in the formation of the film monolayer with a known composition;

• Pumping out gaseous reaction products.

Typically, the most important factor in the ALD process is the “ALD Window,”
where the growth per cycle (GPC) is nearly constant, allowing reliable and repeat-
able results to be obtained despite minor temperature changes. Figure 11 shows the
possible growth behavior per cycle depending on the deposition temperature and the
cause of the impairment of the ALD growth mechanism.

As region 1 (Fig. 11) demonstrates, GPC decreases with increasing deposition
temperature due to the physical sorption of precursors. As a result, condensation
of the precursors occurs. The adsorption can be separated into two general types
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Fig. 11 ALD window layout: possible growth behavior per cycle depending on the deposition
temperature and the reasons for the disturbance of the ALD growth mechanism [22]

depending on the interaction strength between the solid surface and the adsorbing
molecules: the first is physical adsorption (i.e., physical adsorption) and the second is
chemisorption (i.e., chemical adsorption). Chemisorption also includes the breaking
of chemical bonds between adsorbing molecules and a surface. Consequently, the
surface accepts only one layer, while adsorption results in a monolayer formation
of adsorbed molecules. However, physical adsorption occurs due to weak interac-
tions (Van der Waals force), and minimal changes usually appear in the adsorbing
molecule’s structure. Interactions are not representative of the molecule/surface pair
in physical sorption, so adsorption can form multilayer structures. Due to physical
adsorption, ALD is sometimes not self-limiting (not forming a monolayer), but a
multilayer “sandwich”. In region 2 (Fig. 11), an increase in the temperature entails an
increase in the GPC, which can be attributed to the decreasing steric hindrance effect
of precursor ligands or to the reaction activation between the precursors and reagents.
Ligands steric hindrance can result in a blockage of a part of the surface by ligands of
adsorbed molecules (precursors) from access to another precursor molecule, thereby
limiting the surface density of adsorbed precursors. This can limit the total amount of
adsorbed precursors on the surface and the limitation of the film thickness in theALD
process. On the other hand, surface reactions between adsorbed precursors and reac-
tants may not be activated at low deposition temperatures, which also limits GPC. In
region 3, the GPC rises with the temperature, this is since the precursors decompose
on their own during the ALD cycle. The surface particles’ decomposition can take
place even at the minimum possible temperature necessary for surface reactions,
which renders the ALD process not self-limiting, and the process starts to resemble
the chemical vapor deposition (CVD) mode. As shown in region 4, an increase in
the temperature results in a decrease in GPS, this is explained by the precursors’
desorption occurring on the surface. Thus, in accordance with the above effects, an
ideal model for ALD (a self-limiting single monolayer growth mechanism) cannot
always be attained in certain ALD processes.
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Fig. 12 Atomic-layer deposition (ALD) instrument and its main parts: (1) vacuum chamber, (2)
section for precursors containers, and (3) controller with custom-made software

In this review, we focus on ALD film growth in the Bi–Fe–O system. Thin BFO
films were obtained on various substrates and heterostructures. The growth regime
was practically the same, differing in the type of substrates, the number of cycles,
and the substrate temperature. The film was deposited using ALDCERAMML-200
(ALDCERAM, LLC, Boulder, CO, USA, located in the Engineering Center of the
Dagestan State University, Makhachkala, Russia), shown in Fig. 12.

Bi-containing organometallic precursor with the formula tris(1-methoxy-2-
methyl-2-propoxy) bismuth-C15H33O6Bi or (Bi(mmp)3) was used to deposit a thin
film of amorphous bismuth ferrite on the substrate surface by ALD method. The
precursor was purchased from Sigma-Aldrich, Schnelldorf, Germany. Evaporation
occurred at 408–418 K temperature range. Ferrocene was used as the precursor
for iron. The ferrocene formula is Fe(C5H5)2 (also purchased from Sigma-Aldrich,
Schnelldorf, Germany). For optimal evaporation of ferrocene, the temperature should
be around 364 K. For oxidation purposes, an ozonizer was utilized which produced
O3 directly into the chamber. Oxidation with ozone using low temperatures is a
simple method that was introduced by Iatsunskyi I et al. in their work [23]. Purging
was carried out with the use of anN2 gas carrier, the purity of which is up to 99.999%.
The placement of the substrate was done in such a way that the distance between
the inlet and the substrate was 4 cm. Then, the uniform heating of the chamber was
initiated (T = 523 K). The initial value of the chamber pressure was 10−3 torr. The
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constant temperature as the outlet for the purge gases was kept at 423 K. Since the
ALD method has the capability of covering the surface with maximum conformity,
TiO2 nanotubes previously prepared on a titanium surface were used [24, 25, 26].
The ALD process diagram is shown in Fig. 13.

In the case of the Bi2O3–TiO2 composition, Aurivillius phases compounds occur
at n(Bi)/n(Ti) > 1. Lu et al. conducted a study on compounds’ formation processes,
which take place at the phase boundaries of TiO2 and Bi2O3 within the TiO2–
Bi2O3–TiO2 sandwich structure [26, 27]. The conclusion was that the titanium
diffusion leads to the formation of a rather stable compound–Bi4Ti3O12, within the
Bi2O3 layer. Additionally, the γ-Bi2O3 melting point (Tm ≈ 550–630 °C) is close to
the annealing temperature (660 °C). This results in a considerable increase in the rate
of mass transfer and chemical reaction initiation, which is considered an additional
contribution to reaction 1.

As a result of this increasedBi2O3 mass transfer rate along the surface of a growing
layer under annealing, a solid-phase reaction takes place in the near-surface region

Fig. 13 Schematic process of the ALD Aurivillius phase formation
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Fig. 14 Scanning electronmicroscopy (SEM) images of a pure and bALD-coatedTiO2 nanotubes
(Nt) on Ti foil

3TiO2 + 2Bi2O3 = Bi4Ti3O12 (1)

Equation 2 describes the reaction that occurs in the Bi2O3-FeOx region due to the
mass transfer:

2FeOx + Bi2O3 = 2BiFeO3 (2)

The BiFeO3–Bi4Ti3O12 phases interact during the annealing process as demon-
strated in Fig. 13, this interaction entails the formation of an Aurivillious phase
layered structure [28]. The number of layers in that structure is explained by the
fact the perovskite-like block contains BiFeO3 [29]. SEM images of TiO2 Nt surface
before and after deposition are given in Fig. 14.

As Fig. 14a demonstrates, there is an array of TiO2 Nt covering the substrate
surface. These TiO2 Nt are vertically oriented and have a length of approximately
2 μm and a diameter of 100 nm. Figure 14b shows the nanotubes’ surface after
the deposition of Bi2O3–FeOx. It can be observed that there is an inhomogeneous
layer of nanostructures (~100 nm in diameter) covering the nanotubes’ surface. The
nanotubes surfaced can be seen through the pores with a width of ~ 50 nm. To provide
a more detailed characterization, TEM analysis has been performed on the coating
(Fig. 15). Figure 15a contains a TEM image of a single TiO2 Nt coated byALD.There
is a film with a thickness of ~ 20 nm covering a single nanotube in a uniformmanner.
Dark areas indicate nanocrystals grains with the size of 10–15 nm, which are in the
film. Light areas represent the presence of an amorphous phase. According to the
experimental data on the formation kinetics of layered perovskite-like compounds
in BFTO systems, the formation of the Aurivillius phase occurs at 600 °C [30]. An
enlarged area at the nanotube–film interface is given in Fig. 15b. It indicates that
annealing at 660 °C leads to the formation of a complex layered structure in the
nanotube–film interface, which is characteristic of Aurivillius phases. There are two
types of layers that make up the crystal lattice of all Aurivillius phases. These are
perovskite-like layers (An-1BnO3n+1)2− and bismuth-oxygen layers (Bi2O2)2+, which
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Fig. 15 Transmission electron microscopy (TEM) analysis: a image of a single TiO2 Nt coated
by ALD, b magnified area (7 × 7 nm2) at the nanotube–film interface where the layered structure
is presented, and c, d Fourier masked micrographs of the region with a layered structure

alternate with each other as demonstrated in Fig. 15c. Fourier analysis of the high-
resolution region (Fig. 15c, d) enabled visualization of phase-modulated structures,
which are one-dimensional (1D) and consist of two different layered Aurivillius
phases where arrays of five and six perovskite-like layers alternate with each other
(Fig. 15c). There have been reports on the interfacemodulation in the periodically laid
structures; however, it was commonly implemented through doping of the various
structure positions with rare-earth metal or alkaline-earth ions. Stacking defects in
the (Bi2O2)2+ layer accompany the transition between layers with a different number
of blocks. Complex deformations and distortions can take place in the interfaces
comprised of 5- and 6-layer blocks. In this case, the perovskite structure remains,
and regular lattice distortions occur in certain regions without any change in the
general arrangement and formation of regions with morphotropic phase transitions.
Probably, these regions are associated with the replacement of Fe3+ ions by Ti4+

ions in octahedral cells in a narrow range (0.58–0.65) [31]. Furthermore, Kikuchi
suggests that the formation of these regions can be explained by the fact that ionic
radii of titanium and iron have a 6% difference, which results in a displacement of
these ions with respect to the (Bi2O2)2+ layers.

Figure 16 contains characteristicXRDpatterns of pureTiO2 andTiO2 deposited on
Ti substrate by ALD. It is discovered that the phase of anatase (ICSD reference code:
98–015-4603) and Ti (ICSD reference code: 98-065-3275) are present in the pure
TiO2 Nt. The multitude of phases in the resulting structure explains the occurrence
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Fig. 16 XRD patterns for TiO2 (pure and coated by ALD). R-rutile; A-anatase; Ti-titanium; *-
Bi4Ti3O12;+ -Bi6Fe2Ti3O18; ^-BiFeO3. Left insert–deconvolutedBi4Ti3O12/Bi6Fe2Ti3O18 peaks,
Right insert–BiFeO3 peaks

of the XRD peaks overlap. The partial transformation of anatase phase into the rutile
phase with the distinctive peak at 2θ = 27.7° (110) is caused by annealing at 660 °C
[32]. The diffraction peaks occurring at 2θ= 30.1° (171), 33.1° (200), and 42.8° (113)
are assigned to orthorhombic Bi4Ti3O12with theAba2 space group (ICSD reference
code: 98–008-7809) [33]. The peaks that appear at around 2θ = 31.7° (104) and 32.1°
(110) (ICSD Reference code: 98–001-5299) [34] can be assigned to a pure BiFeO3

hexagonal structure with an R3c space group. These peaks are presented in Fig. 16
(right insert). The other peaks are related to orthorhombic Bi6Fe2Ti3O18

18 with the
Fmm2 space group. Figure 16 (left insert) contains deconvolution of the peaks,
which indicates the Bi4Ti3O12 phase at 29.9° (171) as well as of Bi6Fe2Ti3O18 phase
at 30.4° (11 11). Thus, the proposed method of Aurivillius phase structure formation
is confirmed by the presence of Bi4Ti3O12 and BiFeO3 phases.

1D phase phase-modulated; layered structures of Aurivillius phases with 5- and
6-layer perovskite-like blocks alternating with each other were deposited by ALD
on TiO2 Nt surface with the use of a two-layer Bi2O3–FeOx sandwich structure
technique. It has been demonstrated that the self-organization under temperature
treatment (660 °C) leads to the formation of the layered structure. The PL spec-
troscopy results show that due to the decrease in the charges radiative recombina-
tion, there is a high potential for application. Bandgap narrowing was demonstrated
by diffuse reflection spectroscopy. This narrowing is explained by defective energy
states affiliated with the crystal lattice disorder. TiO2 Nt coated by ALD shows an
increase in the Urbach energy with a magnitude of 4.2x. Such an increase indicates
a disorder in the structure related to the bismuth and oxygen vacancies presence
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as well as the simultaneous existence of 1D phase-modulated structures which are
comprised of two different Aurivillius layered phases where the number of 5 or 6
alternating perovskite-like layers with varied Fe/Ti ratio in octahedrons. The perfor-
mance of electrons photon excitation is improved by the incorporation of the ALD
coating, which is evidenced by transient photocurrent responses under irradiation in
the UV–vis range. It can be inferred based on MO photodegradation and the PEC
experiments that the obtained structures display great potential as photocatalysts.
BFO films can also be adapted to produce smooth surfaces used for optics. Thus,
the surface morphology and structure of the BFO films obtained on the Ta2O5/Si
surface can be changed [35]. Some of the largest consumers of energy resources
are the centers designed for data storage and processing. The demand for energy
will keep increasing due to the ever-growing industry of social networks, mobile
applications, and cloud storage services. Thus, the implementation of novel elec-
tronic components is a key to further improvement of the capacity and functioning
rates of these resources. The list of these components includes new kinds of logical
elements, memristors, which serve as a basis for non-volatile memories with infor-
mation storage of high density. In this regard, tantalum pentoxide (Ta2O5) attracts
increasing attention from the scientific community nowadays due to its remarkable
electrical and optical properties [36]. A large refractive index (RI) along with a high
dielectric constant makes Ta2O5 a rather favorable option that can be considered
in a variety of different applications. One such application, for example, involves
the usage of Ta2O5 as an insulating material in various “sandwich” structures such
as metal/insulator/metal (MIM) or metal/insulator/semiconductor (MIS) [37, 38].
Ta2O5/Si heterostructures were utilized as substrates in which Ta2O5 thickness was
between 20 and 100 nm. After the film’s deposition, the samples were subjected to
annealing in vacuum under 600 °C for 1 h. Figure 17 contains AFM characterization
of Ta2O5 films with different thickness values. The general trend here is that the
average value of Ta2O5 surface roughness increases as the layer grows thicker. In
order to achieve reliable results for the characterization of the 3D surface micro-
texture with high resolution, special attention must be paid to the correct choice of
scanning parameters [39–42].

As Fig. 17 demonstrates, there is no significant variation in the surface topography
with the increase in the thickness between 20 and 100 nm. Every 20 nm of thickness
results in the heights difference of only about 0.1–0.2 nm. A feature that is charac-
teristic of the heteroepitaxial growth is the pseudo-cubic structure formation in the
deposited film, which is caused by the lattice mismatch between the film and the
substrate. Crystallization of this type is common for ion-plasma methods, where the
sprayed particles demonstrate additional kinetic energy. During the ALD process, a
chemical reaction takes place on the surface, whereas for the formation of the crys-
tallites on the surface a further heat treatment is necessary. It was reported the fractal
mechanism is involved in the formation of Ta2O5 films. This study also investigated
the dependency of 3D micromorphology and the thickness of the Ta2O5 films. Prob-
ably, this growth mechanism is repeated for thin films of BFO at smaller thicknesses
(~50 nm). Figure 18 contains topography images of BFO thin films deposited on the
surface of Ta2O5/Si with varied values of thickness.
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Fig. 17 AFM topography images of Ta2O5 films with various thickness: a 20 nm; b 40 nm; c
60 nm; d 80 nm; e 100 nm

In this work, the surface of Ta2O5 was chosen for the deposition of the BFO thin
films. Several depositions were performed to obtain BFO filmswith varied thickness.
It can be noticed in the AFM images that the roughness of the deposited BFO films
is in direct ratio with the initial values of Ta2O5 layer thickness. The acquired data
indicate that there were several nm oxide layers present on the as-deposited film. The
following annealing procedure led to the removal of this oxide layer to a large extent.
The fields of nanotechnology and nanophysics require a carbon structure of a specific
type and shape. This is why HOPG was chosen as a substrate for the deposition of
smooth and stable films. The process for fabrication of this carbon type (HOPG)
involves pyrolysis at a very high temperature (~2300 K) in carbon-containing steam
followedby the second stage,which is annealing at ~3275K [43]. The carbonmaterial
obtained by this method has a very strong bond in its hexagonal structure with sp2

hybridization. The bonds between places on the other hand are relatively weak which
greatly facilitates the separation. In this study, HOPG of ZYA quality and dimensions
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Fig. 18 AFM topography images of the BFO film deposited on the surface of Ta2O5 layers with
various thicknesses: a 20 nm; b 40 nm; c 60 nm; d 80 nm; e 100 nm

7 × 7 mm was procured from NT-MDT Spectrum Instruments in Moscow, Russia.
The grain size of the ZYA type is up 10μm and its mosaic distribution is 0.8°± 0.2°.
Then we adapted the same technological mode to obtain films on the highly oriented
pyrolytic graphite (HOPG) surface [44, 45]. Preliminary studies on the processing
and oxidation of the HOPG surface showed the formation of bubbles on its surface
[46]. The total amount of sub-cycles within the process was 150 (for each precursor
in a single technological mode). The sequence of the ALD process is presented in
Fig. 19. The sub-cycles durations are 15.2 s and 16 s for tBi and tFe, respectively.
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Fig. 19 Sequence of ALD process including sub-cycles for Bi and Fe precursors

At first, the BiOx layer was obtained upon which the layer of FeOx was deposited
later. The resulting thickness of the Bi–Fe–O layer was around 40 nm. As a result,
the near-surface layer of graphite which contains graphene as well as low quan-
tities of hydrogen and oxygen is modified. In our case, this mechanism manifests
during the initial growth stage of the BiOx layer. The final structure of BiOx–FeOx

grown on HOPG as well as the operations sequence for the oxide’s synthesis are
given in Fig. 19. The ion beam method known as secondary-ion mass spectrom-
etry (SIMS) was utilized to obtain the depth profile of the deposited layers. The
following parameters were used: Bi+ 30 kV primary ions for imaging mode, area of
the beam is 200μm2; O2

+ 500 V primary ions for sputtering mode. The analysis was
implemented with the use of TOF-SIMS5 equipment (IONTOF). Figure 20 contains
the resulting relative concentrations of bismuth and iron. Bismuth ferrite, which is
partially formed at 523 K, is represented by yellow parts in Fig. 20. Bismuth amount
at the near-surface region is indicated by green sections. Figure 20 also demonstrates
SIMS images of Fe+, Bi+, C+ components as well as their composite RGB image of
a sample not exposed to thermal treatment.

Detection of Bi+ and Fe+ ions allows us to see the etched areawhich is presented in
Fig. 20a. The arrows indicate the spotswhere iron andbismuthweremixed prior to the
BFO phase formation. It is worth noticing that this phase mostly occurs on the film’s
sections surface with more pronounced exfoliation, which is probably related to the
oxidative reaction resulting in partial emissions of carbonoxides.Bi1+xFeO3 structure
is formed in the near-surface region, where the amount of bismuth ions is prevailing
(Fig. 20, green spots) [44]. Bismuth with its oxides creates several formal oxidation
states, particularly 3+(Bi2O3) and 5+ (Bi2O5) as well as some 3/5+ mixed-valence
states (Bi2O4 and Bi4O7). Furthermore, the formation of substoichiometric phases,
such as Bi2O2.75, Bi2O2.33, and BiO is also possible, however, mostly in a form of
Bi2O3 impurity phases. Moreover, heat treatment or radiation exposure usually leads
to the reduction of Bi to a metallic state [47]. Thereby, a reasonable approach is the
formation of the BiOx initial layer by ALD for its further mixing with the FeOx phase
in a homogenous manner. As Fig. 20b demonstrates, the near-surface region contains
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Fig. 20 SIMS analysis of the sample surface: a the combined image of the Fe, Bi, C components
and their composition; b depth profiles demonstrating the BFO phase which occurs during the film
deposition process

some parts of BiOx, which can be explained by the bismuth proclivity to diffuse
towards the surface [48]. The delamination phenomenon is another evidence of the
fact that the spherical elements observed in the surface morphology are hollow
in nature and do not depict the difference in the compounds’ composition. The
only probable exception is the gas phase formation, which occurs due to adjacent
compounds such as CO and CO2. During the deposition process, the HOPG surface
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is oxidized by ozone introduced into the chamber which leads to the formation of
so-called nanobubbles. Additionally, Sobola et al. demonstrated in their work that
the oxidation of HOPG surface with HNO3 unambiguously results in the coverage
of the entire surface with nanobubbles [46]. In this regard, it can be stated that the
oxidation process results in the swelling of the surface. The oxygen distribution in
the structure is not uniform and there are oxygen deficiency areas, which is demon-
strated in Fig. 20b. The partial formation of FeO+ at the stage of synthesis is also
represented by Fig. 20b.

XPS analysis within situ heating capabilities was implemented to understand
the reaction that occurs between the film components and the substrate. Annealing
time for every used temperature was 5 min. AXIS SupraTM (Kratos Analytical Ltd,
Manchester, UK) instrument was used to conduct this analysis, vacuum inside the
chamber was around 2 × 10−8 torr. This method has a sensitivity of ~5 nm. XPS
spectra were acquired multiple times from both processed and unprocessed regions
of the samples. Only an insignificant difference was observed in the proportion of the
components, which can be a result of a non-homogenous distribution of delaminated
regions and the bulk. The peak shapes indicate that the chemical bonding type remains
unchanged across the entire surface. The dimension of the analyzed was 300 ×
700μm. Annealing time was around one minute. CasaXPS software with the Shirley
background subtraction tool was used to provide a thorough characterization of the
peaks. XPS spectra for before and after the temperature processing of the sample are
given in Fig. 21.

Fig. 21 XPS spectra of the BFO/HOPG sample, at the bottom–before annealing, at the top–after
annealing at the temperature of 923 K. The major peaks related to the compounds formed during
the synthesis are designated
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Fig. 22 The hysteresis loop
of the BFO/HOPG system of
the as-deposited and
annealed samples at 927 K,
M–H dependencies are
acquired at low (10 K) and
room (300 K) temperatures

Vibrating magnetometer (Cryogen-Free High Field Measurement System from
Cryogenic Limited, London, United Kingdom) was used to carry out the magnetic
measurements. In this instrument, a sample is mounted on a rod and then vibrated by
a linear magnetometer. A liquid helium superconducting magnet is used to create a
magnetic field with an intensity of ~1 T. The frequency of sample oscillation is 21 Hz
at the detector coil, where the created voltage is enhanced and detected, constant of
the locking is 0.3 s. The measurements were conducted at two different temper-
atures: 300 K (room temperature) and 10 K. Hysteresis loops (M–H curves) were
built to demonstrate the coercivity andmagnetization of the samples. This is achieved
through the measurements of the sample magnetization (M), which depends on the
intensity of the applied magnetic field (H) at a constant temperature. The contribu-
tions of weak ferromagnetic (FM) and antiferromagnetic (AFM) types were consid-
ered during the plotting of the hysteresis loops. Figure 22 represents the magnetic
hysteresis loops (M–H) for the BFO/HOPG sample with the magnetic field being
applied in parallel to the surface of the sample; the measurements were carried out at
10 K and 300 K before and after temperature treatment. The fact that BFO demon-
strates low-temperature ferromagnetic behavior and exhibits hysteresis iswell known
[49]. Measurements involving cooling at low temperatures (~10 K) can be carried
out in order to confirm this observation. Weak magnetization behavior is common
to all BFO systems, thin film, and bulk alike. The cause of this magnetization is the
spin rotation resulting from the tilt in the oxygen octahedron, which is typical when
the temperature decreases below Neel.

Consequently, it can be surmised that the large part of BFO/HOPG systemmagne-
tization occurs for two reasons: (1) exchange filed contribution at the superlat-
tice’s interface; (2) the redistribution of the Vo charge. Strong hybridization at the
substrate/film interface results in a creation of a novel magnetic configuration in the
BFO system (Fe3+–O–Fe3+ sublattice). This magnetic configuration induces super
exchange interaction with the superstructure of Fe–C [50]. Further amplification
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of the FM state at the BFO/HOPG interface can be explained by electrons spin
polarization in the carbon layer, which forms a bond between the electrons of both
materials [51]. FM state magnetization from the acquired values can be calculated:
room temperature saturation magnetization Ms = V/M yields the value of Ms ~120
emu/cm3. With the use of the ALD method, it is possible to obtain ultrathin layers
of BFO multiferroic on the surface of HOPG at relatively low temperatures. During
the synthesis process, modification of the HOPG surface takes place which mani-
fests in delamination and bubbles formation. TOF–SIMS results reveal that there
is a good miscibility between BiOx and FeOx components on the HOPG surface.
Self-organization and carbon reduction in the BFO film were detected during the
annealing in vacuum. Such a two-stage approach (deposition and annealing) enables
the design of the structures of high-quality using multiferroic materials with oxygen
vacancies as the basis. Magnetic measurements detected a substantial increase in the
sample magnetization, which can be attributed to superstructure properties occurring
at the BFO/HOPG interface and oxygen vacancies. A novelmagnetic configuration is
created at the substrate/film interface of the BFO structure (Fe3+–O–Fe3+ sublattice).
This magnetic configuration induces strong hybridization because of super exchange
interaction with the reduced graphene FM sublattice where iron creates bonds with
the –C = C sublayer dangling cores. The major benefit of using the ALD method is
the possibility to grow thin films on the substrates of flexible polymers where low
temperatures are required. The growth temperature for BFO phase formation was
detected to be ~250 °C for the Kapton surface [52]. To grow an amorphous layer in
the Bi–Fe–O structure, Kapton (poly (4,4’-oxydiphenylene-pyromellitimide)) was
utilized as a substrate. It demonstrates stability over a wide range of temperatures
(−273 up to +400 °C). Kapton was designed by the company known as DuPont
and demonstrates a few attractive properties. Most commonly it takes shape of a
thin film or a tape that is laminated/covered by other materials or has no lamination
whatsoever. Kapton surface optical images before and after the formation of Bi–O
and Fe–O are provided in Fig. 23. The acquired BiOx–FeOx combined layer had a
thickness of ~50 nm. Measurement of the layer thickness was performed using a
contact mode, for this purpose a crack was created by intense bending of the sample
as shown in Fig. 23.

The pulses proportion between the times of iron and bismuth precursor’s intro-
duction was NFe/NBi ≈ 5/3 (First experiment). In the second experiment, the ratio
between the precursor action times was NFe/NBi = 1/1 (Second experiment). The rest
of the parameters for both experiments remained the same, this includes the number
of cycles in the first and second experiments was ~500. That allows determining the
pattern of self-organization of the oxide layer with a predominantly bismuth phase
(segregation of metallic bismuth). The AFM method was used to study the surface
morphology of the resulting film on the Kapton surface (Fig. 24).

According to AFM, it can be assumed that there is less oxidization of bismuth in
the second case. Additionally, bismuth in the second case is self-organizing, agglom-
eration into metallic clusters can be observed. There is a relaxation of mechanical
stresses in the film, similar to growth on a foreign substrate with a large mismatch
of the crystal lattice parameters [53, 54]. The second sample demonstrates a larger
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Fig. 23 Chemical structure of polyimide Kapton, Kapton substrate (a), crack in the film created
by strong bending (b), AFM scan of the pure substrate (c), Abbott curve (d), sample surface optical
image before deposition (e), and after deposition of the Bi–Fe–O film (f)

Fig. 24 Image of the surface of the Bi–Fe–O/Kapton composite with a change in the ratio of the
amount of the precursors

amount of oxygen dangling bonds, which implies a greater degree of amorphous-
ness.This phenomenon results in a surplus of oxygen. Furthermore, the phase ofBi–O
and Fe–O are also formed on the sample surface in the first case. This combination is
more advantageous for the following emergence of the bismuth ferrite phase, consid-
ering the bismuth evaporation caused by heating and oxygen concentration decrease
during thermal processing in vacuum. It has been noticed that at certain thicknesses
and compositions it is possible to control the fracture toughness of the BFO/Kapton
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Fig. 25 Topography and PFM phase contrast a, b first experiment and c, d second experiment

composite [55]. Figure 25 demonstrates topography and phase contrast at a bias
voltage of 10 V.

As demonstrated by theAFMimages, nanoscale features are present on the surface
of the Bi–Fe–O/Kapton system. Bismuth organization on the surface is the main
reason for the different topography. Among different techniques for surface imaging
(optical methods, scanning electron microscopy, etc.) AFM proves to be the most
reliable option when it comes to the 3D analysis of surface topography or surface
modification with exact values of the Z-axis. Aside from the topographical analysis
with actual height values, AFM has several different modes which facilitate the study
of the mechanical and electrical properties of materials. Over the years these tech-
niques have proven their reliability or surface characterization after various damaging
or degradation processes. Such techniques as scanning microscopy of the piezoelec-
tric response (PFM) can provide valuable data on how domains are organized on
the surface. Scanning probe microscope NTEGRA Prima (NT-MDT, Russia) with a
W2C-coated conductive tip was utilized to perform PFM measurements. The probe
utilized during the Force Modulation Mode measurement was the same as for PFM
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measurements. Both samples exhibit a slight phase shift at the crack regions. Infor-
mation on the qualitative distribution of the hardness can be obtained using this
mode.

4 Solution Combustion Synthesis of Pure-Phase BiFeO3

The solution combustion method is a unique technology for obtaining nanoscale
materials (simple and complexoxides,metals, and sulfides). Thismethod is of interest
to researchers due to its low cost, simplicity, high energy efficiency, and purity of
the final material. The main attention in this method is given to the combustion
stage, since exothermic reactions between reactants are used, which, after reaching
the ignition temperature, begin to react in a self-sustaining mode and therefore no
additional contribution of external energy is required. Thus, the combustion method
represents an attractive practical alternative to traditional technologies for the prepa-
ration of modern materials for a wide range of applications (catalysts, capacitors,
fuel and solar cells, etc.). BiFeO3 nanoparticles were obtained using a new synthesis
method. The synthesis process is performed in the following manner: The initial
reagents Bi(NO3)3·5H2O, Fe(NO3)3·9H2O (molar ratio of Bi3+ and Fe3+ 1:1, chem-
ically pure, «Nevareaktiv») were dissolved in distilled water. Glycine (C2H5NO2,
chemically pure, «Nevareaktiv») acted as an organic fuel providing a platform for
the occurrence of redox reactions in the combustion process.Metal nitrates are known
for their hygroscopicity, which is why they tend to form a suspension mixture when
combined with glycine. The synthesis process consisted of three main stages: forma-
tion of a homogeneous solution→gel formation→gel combustion. The first stage in
the synthesis process is to form the metal ions coordination complex with glycine,
since the latter has complex-forming properties (Fig. 26).

Bi(NO3)3 · 5H2O + Fe(NO3)3 · 9H2O + NH2CH2COOH

→ Bi[Fe(NH2CH2COO)](NO3)3 · H2O + NO2 + H2O

Nitrate ions existing in the complex itself supply the combustion process with the
necessary oxygen. The complex, when heated, is reduced to bismuth and iron oxides:
Bi[Fe(NH2CH2COO)](NO3)3·H2O → Bi2O3 + Fe2O3 + NO2 + H2O + CO2.

Bi and Fe oxides interact to form BiFeO3:

Bi2O3 + Fe2O3 → BiFeO3.

It should be noted that the final characteristics of the obtained materials
(morphology, phase composition, etc.) strongly depend on the synthesis parameters,
namely: fuel, initial precursors, and the ratio of the reducing agent to the oxidizing
agent (ϕ). The fuel chemistry concept was used to calculate the combustion reaction
stoichiometry. Based on the stoichiometry calculation of the nitrate-glycine redox
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Fig. 26 Technological scheme of nanopowder synthesis

mixture, it was established that 3.33 mol of glycine are required to obtain one mole
of BiFeO3. The reaction can be represented as follows:

Bi(NO3)3 · 5H2O + Fe(NO3)3 · 9H2O + 10/3NH2CH2COOH

→ BiFeO3 + 14/3N2 + 67/3H2O + 20/3CO2

The results of X-ray diffraction analysis at room temperature for BFO nanopow-
ders calcined at different temperatures are presented in Fig. 27. The main diffraction
peaks are related to the rhombohedrally distorted perovskite structure R3c and are
in good accordance with the standard reported values (ICSD # 98–010-9370, R3c).

As the calcination temperature increases, the BFO diffraction peaks grow sharper,
and the splitting of the (104) and (110) peaks becomes more pronounced. This
phenomenon confirms that the structure distortion of the rhombohedral type takes
place. In addition to the main phase (BiFeO3), peaks associated with impurity phases
(Bi25FeO40 2θ ~ 28.1°, Bi2Fe4O9 2θ ~28.1°–29.1°), were observed in the diffraction
patterns, which can be attributed to incomplete reactions between precursors during
synthesis. As can be seen, an increase in the calcination temperature results in the
peaks of the main phase becoming sharper and a decrease in the impurity phases
proportion. The side phases proportion was around 7% in the synthesized powder;
increase in the calcination temperature (450, 550, 600 °C) has led to a decrease in
their concentration to 5, 3, and 1%, correspondingly. However, increasing tempera-
ture further (650 °C) results in an increase of the impurities phases concentration (up
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Fig. 27 XRD spectra of BFO-as, BFO-450, BFO-550, BFO-600, and BFO-650 nanopowders [56]

to 10%). Furthermore, temperatures above 650 °C induce the main phase decompo-
sition which in its turn leads to even higher values of impurity phases concentrations.
The Scherrer formula was used to calculate the average crystallite size. The average
crystallite sizes were approximately 40, 42, 46, 56, and 75 nm for the BFO-ref, BFO-
450, BFO-550, BFO-600, and BFO-650 samples, correspondingly. An increase in
the calcination temperature led to an increase in the average crystallite size due to
recrystallization and particle clusters formation. The SEM scans of the BFO powders
are shown in Fig. 28 a–g.

Highly porous structure has been detected in the samples. The shape of the pores is
irregular, and the sizes range from several nanometers to submicron values. Release
gases are the cause of the pore’s formation during the synthesis process. It is also
worth noting that an increase in the heat treatment temperature entails the aggre-
gation of the nanopowder, which grows denser because of smaller particles being
sintered. In the images, these regions are highlighted in yellow color. High-resolution
image of BFO-as presented in Fig. 28c shows that non-crystallized amorphous areas
surround the larger slightly crystallized particles. Energy-dispersive X-ray spec-
troscopy (EDX) was utilized to analyze the samples’ chemical composition. EDX
curves given in Fig. 28 h were acquired from a few selected regions of the sample. As
expected, all these regions showed the existence of Bi, Fe, and O, and their contents
were established to be in good agreement with the BFO stoichiometric composi-
tion. The existence of the carbon peak is attributed to the research methodology. The
magnetic hysteresis loops (M–H) acquired for the synthesized BFO nanoparticles
calcined at various temperatures are presented in Fig. 29. A strong ferromagnetic
behavior has been observed for all samples, the values of which reach saturation.
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Fig. 28 a b SEM scans for BFO-ref, c TEM image for BFO-as, d BFO-450, e BFO-550, f BFO-
600, g BFO-650; h EDX spectrum of BFO-ref [56]

An increase in the size of the crystallites results in a sharp decrease in the saturation
magnetization (Ms) from 1.908 emu/g to 0.236 emu/g.

There is a strong correlation between the crystallites sizes and the improvement
in magnetic properties, which is the result of the BFO spiral spin structure modi-
fication. The following reasons can be responsible for the observed increase in the
ferromagnetic response based on the results presented in this study:

• Suppression of the cycloidal type of spiral-spin structure with crystallites smaller
than ~ <62 nm;

• The existence of uncompensated spins on the surface due to micro deformation
resulting primarily from the oxygen vacancies leading to the Fe2+ formation;

• The existence of magnetic impurity phases Bi25FeO40, Bi2Fe4O9, which contents
decrease as the heat treatment temperature increases.
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Fig. 29 Magnetic hysteresis loops (M–H) of BiFeO3 powders [56]

Piezo nanogenerators (PNGs) are electricity sources that demonstrate great
promise for powering small electronics. Bismuth ferrite (BiFeO3) with no lead
content is a perovskite material that is among potential candidates for widespread
use. This material has attracted a lot of practical interest thanks to its concurrent
ferroelectric and antiferromagnetic states with exceptionally high ordering tempera-
tures (Neel temperature TN = 370 °C; Curie temperature TC = 830 °C). Ferroelectric
ordering presence results in the occurrence of spontaneous polarization.

The assembly process of the PNG model consisted of the following steps:

i. A curing catalyst was used to prepare the silicone solution (Super Mold M10,
Guangzhou, China) (where the weight proportion of silicone to curing agent
was 10:1);

ii. The prepared BiFeO3 nanopowder was then dispersed into the mixture at
different concentrations: 10, 30, and 50 mass%;

iii. The obtained composite was attached to an Al electrode using a double-sided
tape on glass (2 × 2.5 cm) by ten-second spin-coating at 3000 rpm in a
laboratory centrifuge (Liston C 2204 Classic, Liston, Zhukov, Russia);

iv. The curing of the samples was done in a drying oven (20 min at 50 °C);
v. An additional aluminum electrode was glued on top of the BiFeO3–silicone

composite layer, and then the material was left for 1 day to complete the curing
process.
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Fig. 30 a An optical micrograph of the BiFeO3–silicone composite film, 500 × times magnified;
b an optical micrograph of the piezo nanogenerator (PNG) device, 500 × magnified [57]

Figure 30a contains a 500 × magnified optical micrograph of the cleavage of
the BiFeO3–silicone composite layer obtained using a centrifuge. The micrograph
indicates the formation of a homogeneous layer with a thickness of around 230 μm.
An optical 500 × magnified micrograph of the assembled PNG device cleavage is
provided in Fig. 30b.

Figure 31 provides the characteristic dependencies of the output voltage on time.
Themeasurementswere carried out for different PNG loading concentrations (10, 30,
and 50 mass%) with the following compression and relaxation. The output voltages
generated by unpolarized PNG were acquired under vertical periodic compression
and relaxation. The values of these voltages were around 0.028, 0.055, and 0.17 V
for PNG with the BiFeO3 loading concentrations of 10, 30, and 50 mass% corre-
spondingly. An increase in BiFeO3 nanoparticles content has also led to a gradual
increase of the output voltage for the loading concentration of the composite up to

Fig. 31 a Voltage occurring in the PNG circuit with various concentrations of BiFeO3 loading;
b the lower graph demonstrates the nature of the potential change in the composition for a longer
time, where the increase in stress during compression and relaxation is observed [57]
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50 mass%, and the maximum output voltage is reached at ~0.17 V. The obtained
results suggest that the performance of the PNG model proposed in this study is
comparable to that of other existing PNGs. The values difference of the peak stress
between the states observed during compression and relaxation can be attributed to
the PNG deformation rate difference in the course of compression and relaxation
processes.

All the presented results from measurements demonstrate that the manufacturing
process described produces an adequate piezoelectric material to be utilized in nano-
generators. The evaluation of the photocatalytic characteristics was done with the
use of methyl orange (MO) photodegradation in a water solution (0.015 mmol/l)
[58]. Photocatalytic experiments were performed inside a quartz cell with a volume
of 100 ml. 250Wmercury lamp with high pressure was utilized as a light source. Air
ventilation was used to maintain the temperature in the cell at a constant 26 °C,
the thermometer was used for the temperature monitoring. 25 mg of photocat-
alyst were mixed with the MO water solution (0.015 mmol/l) for the photocat-
alytic reaction. Prior to switching the light on, the cell was kept in the darkness
for 30 min to reach adsorption equilibrium. Ultrasonic treatment of the suspension
was performed to achieve the photocatalyst degassing before the initiation of the
experiment. Magnetic stirring was utilized throughout the entire process. 5 ml of the
solution were taken every 10 min for sampling purposes. A magnetic separation tool
equipped with a powerful neodymiummagnet to avoid photocatalyst losses was used
to separate nanopowder large particles. After the separation process, the suspension
was centrifuged for 3 min at 14,000 rmp with the use of a high-speed refrigeration
centrifuge MR23i JOUAN (Thermo Fisher Scientific) to achieve ultrafine particles
deposition. UV/vis spectrophotometer (Beckman Coulter DU730 series UV/vis) was
used to measure the MO concentration, the temperature remained constant at 26 °C
during themeasurement.Uponmeasurement, the solutionwas returned to the cell and
the process was resumed. For comparative purposes, additional results were obtained
by testing MO solution under identical conditions but with no photocatalyst. These
results are provided in Fig. 32.

It can be observed in Fig. 32 that all samples demonstrate the discoloration and
degradation processes that occur in the first 30 min. The most prominent photocat-
alytic activity was detected in bismuth ferrite annealed at 550 °C. Lesser activity was
demonstrated by BFO annealed at 650 °C. Several reasons can be responsible for
this effect. Firstly, the powder annealed at 650°c had large crystallite sizes and a high
density. Given that photocatalysis is a surface process, the photocatalytic activity is
limited by the reduction in specific surface area.Secondly, this may also be attributed
to an increase in the bandgap optical width, which renders the photocatalytic process
less effective.
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Fig. 32 MO Photocatalytic oxidation under irradiation with UV–vis light on BiFeO3 annealed at
different temperatures

5 Conclusion

• The study of nanoscale structures as thin films and nanopowdes, in contrast to
bulk materials, contributes to a deeper understanding of the fundamental laws
and processes responsible for piezoelectric, electro- and magnetic ordering.The
development of a scientific direction focused on the synthesis of multiferroics
with given physical properties will make it possible to take a significant step
forward in many areas of technology: ordered micro and nanostructures based on
active materials, multilayer coatings for special purposes, etc.The research bene-
fits the enhancement of existing sensing technology by using new design based on
physical principles of low-dimension multifunctional materials. Further in-depth
studies are needed to provide reliable application and spreading of multiferroics
in electronics.
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Chapter 7 
Effect of Mg2Sn Alloy on Silicon 
Substrate and Its Mechanical Properties 
with Its Resistivity Measurement 

A. Ayeshamariam, S. Sivaranajani, S. Beer Mohamed, M. Ismail Fathima, 
M. Sivabharathy, M. Jayachandran, and K. Kaviyarasu 

1 Introduction 

Metal oxide and semiconducting alloys can be synthesized efficiently using sono-
chemistry. Ultrasonic chemistry is a branch of study in which chemical reactions are 
triggered by waves with frequencies ranging from 20 kHz to 1 MHz Water is rapidly 
transformed to hydrogen peroxide in a sonication bath with a power of 0.3 W/cm,
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as is well known. In humans, tin oxide is a moderate irritant that has a pulmonary 
effect. Mild irritation of the eyes and skin has occurred because of exposure. Tin 
oxide should be kept in well-sealed containers in a cool, dry, well-ventilated loca-
tion. Tin oxide containers should be kept away from acids and alkalies and should 
be protected against physical damage. To make magnesium tin alloys by using the 
electron beam evaporation process and coating the same precursor material on a glass 
substrate to make magnesium tin alloys. Such high heating rates favor reactions with 
large rate constant prefactors rather than based on their activation energies. Thus, 
the range of chemical phase space available to reactants can be expanded consider-
ably as compared to more conventional methods of synthesis [1]. The morphological 
and structural analysis of magnesium tin composite oxides was presented by Feng 
Huang et al., Thermal gravimetric and differential thermal analyses were also used 
to investigate the precursor. In the form of Li/MgSnO3 cells, the electrochemical 
performance of MgSnO3 as anode materials for Li-ion batteries was investigated. 
The findings revealed that the samples were microporous materials, and that the 
charge capacity and cyclability of the electrode active materials were sensitive to 
their structure and surface [2]. Mg2SnO4 produced oxide material has already been 
described by Abdul-Masjeed Azad. The process for producing oxide ceramics from 
metallic precursors has been described in detail. Mg2SnO4, a promising contender 
for usage as a ceramic capacitor element in the high temperature, high frequency 
domain, was synthesized using metallic Tin and Magnesium powders. The tradi-
tional powder metallurgy process was used to create an alloy with the composition 
Mg2Sn. This resulted in single phase inverse spinal type Mg2SnO4 after heating over 
air with specially planned ordinary and mild experimental conditions. The target 
oxide’s schematic phase and powder shape are addressed and compared to those 
found in powders and generated by other methods [3]. The precursor magnesium 
tin alloy (Mg-Sn) synthesized and deposited on Silica substrate by deposition tech-
nique has been studied and confirmed by XRD. magnesium tin alloy (Mg-Sn) has 
been characterized for their structure, formation and growth process and surface 
morphology. The results are presented along with the discussions. 

2 Experimental 

As in liquid stage, the two dissimilar metals Mg and Sn are commonly miscible, 
merging to produce a single liquid solution. The particles of both metals are arranged 
on the same crystal structure, which is actually that of the basis metal, in the more 
common case of powder solution, though the dimensions may be altered and the 
structure distorted to some extent to accommodate the atoms of the second metal, if 
they are not of the same size as that of the basis metal. However, there is a limit to
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the amount of accommodation that can be done. The essential atomic pattern of the 
basic metal is preserved during solid solubility, and the solutions are known to as 
primary solid solutions or terminal solid solutions. Mg alloys are usually melted in a 
crucible of heat-resisting material such as silica or alumina. On account of the ease 
with which molten magnesium and its alloy combine with the O2 of the atmosphere, 
it is essential to protect the molten alloy with flux. The flux mixture contains MgCl2 
and KCl. The mixture should be melted and cast into ingots. The flux is heated 
in a furnace with temperature, control to a temperature till the flux is melted. The 
magnesium is added to the molten flux. Because of the difference in the density 
magnesium sink to the bottom of the crucible and melts once the temperature rises 
above its melting point, 650 °C. Then tin metal is added to the molten and thrusted 
into the melt with the help of ladles. The whole melt is maintained at a temperature of 
900 °C for 3 h and stirred well to ensure complete miscibility of magnesium and tin. 
The melt with the flux is cooled and removed from the furnace. The solid contains 
flux as the top layer and Mg + Sn alloy as the bottom layer. The alloy is removed 
from the flux by washing it in the distilled water using magnetic stirrer. Now it is 
made ready to coat [4]. Under ultrasonic circumstances, Sn-doped Mg and Sn alloys 
were synthesized using the sol–gel technique. In the liquid stage, the two metals Mg 
and Sn are commonly miscible, merging to produce a single liquid solution. Silicon 
is chosen as the substrate to deposit the alloys as a thin film.

2.1 Electrolytic Deposition 

The deposition is governed by first and second law of electrolysis. The quantity of 
energy transmitted is proportional to the weight of the substance placed. The chemical 
equivalents ratio is the weight of the material deposited by a certain amount of power. 
The films must be produced on a metal cathode, and the wide range of electrolytic 
baths available are designed to produce a deposit with good adhesion, the right 
crystallite size for the job, and homogeneity. Another goal of the bath is to prevent 
secondary reactions from developing, however secondary reactions are usually what 
limit the pace of development that can be achieved. The type of growth can vary 
from single crystal or crystalline aggregates, right through fiber growth deposits to 
unoriented deposits of very fine grain sizes and disordered structure. 

2.2 Electroless Deposition 

A chemical-reduction technique is being used to create electrolytic action without 
it being an external potential source. By reducing the chlorides of Ni, Co, and Pb 
employing sodium hypophosphite, this process is known as electroless deposition 
has been used to deposit Ni, Co, and Pb films. This might be essential to employ a
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Fig. 1 Electroless deposition process 

sensitizer such as 0.1 percent stannous chloride on non-metallic surfaces. The rate 
at which this process produces film is highly dependent on the reaction temperature 
and is often difficult to control [5]. Electroless deposition is shown in Fig. 1. 

2.3 Anodization 

Oxidation process is a method of producing oxide films that relies on the migration 
of oxygen ions to the electrode surfaces through a medium that is commonly made 
up of water but might also be made up of another material. such as fused sodium 
nitrite. At the anode, the most electronegative action will occur and in some cases 
this will mean that one will not produce the oxide of the metal anode. In other cases, 
although the oxide will be prepared, nevertheless it is non-adherent or too porous 
for any applications. Metal, including aluminium, tantalum, niobium, zirconium, 
titanium, and silicon, are common materials that can be anodized successfully. The 
films could be produced with either constant voltage or variable voltage growth. In 
both circumstances, the voltage developed from across film is being used to measure 
the thickness of the film. 

There are some limits to the thickness of the film that one can obtain and one 
of these is that of voltage breakdown. This is an avalanche effect and some of the 
others are purity of foil, electrolytic treatment, conductivity and composition and 
temperature. It is possible to anodize in a glow discharge environment where the
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specimen is placed in the discharge and is biased positive with respect to the anode 
of discharge. However, there is a limit to the amount of accommodation that can 
be made. The essential atomic pattern of the basic metal is preserved during solid 
solubility, and the solutions are referred to as primary solid solutions or terminal solid 
solutions. Mg alloys are usually melted in a crucible of heat-resisting material such 
as silica. Because of the ease with which molten magnesium and its alloy combine 
with the O2 of the atmosphere it is essential to protect the molten alloy with flux. 
The flux mixture contains MgCl2 and KCl. The mixture should be melted and cast 
into ingots. The flux is heated in a furnace with temperature, control to a temperature 
till the flux is melted. The magnesium is added to the molten flux. Because of the 
difference in the density magnesium sink to the bottom of the crucible and melts 
once the temperature rises above its melting point, 650 °C. Then tin metal is added 
to the molten and thrusted into the melt with the help of ladles. The whole melt is 
maintained at a temperature of 900 °C for 3 h and stirred well to ensure complete 
miscibility of magnesium and tin. The melt with the flux is cooled and removed 
from the furnace. The solid contains flux as the top layer and Mg + Sn alloy as the 
bottom layer. The alloy is removed from the flux by washing it in the distilled water 
using magnetic stirrer. XRD, SEM with EDAX, and Raman spectroscopy are often 
used to analyze the produced NPs. Seen from synthesis of modified heteroaryl thiols 
and 3-(aminomethyl) pyridine-2-amine, such heterogeneous catalyst was effectively 
used throughout the sonochemical synthesis of substituted-pyridopyrimidines in high 
returns. 

3 Phase Transition 

It is confirmed that the precursor which was coated as Mg-Sn alloy during annealing 
process as shown in Fig. 2. Table 1 shows the thickness of the film measured for 
different annealing temperature and different annealing duration. The values of strain 
and dislocation density are showing increasing trends. This is obvious for thin films 
with nano grains that once the size of the grain is in the nanometer range, there 
are more grain boundaries leading to higher strain between the grains and larger 
dislocation densities arising due to such boundaries [6]. The crystal lattice parameter 
values calculated are as follows: a = 5.3885 Å and c = 13.935 Å. These figures are 
extremely close to the normal figures, a = 5.2342 Å and c = 13.869 Å (Tables 2, 3 
and 4). 

4 Resistivity Measurement 

Using the four probe resistivity method, the resistivity of Mg2Sn sheets annealed at 
300 °C for 3 h was determined. It is seen that with increase in the annealing time 
the resistivity of the film is found to increase. It falls in the range between 0.02 and
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Fig. 2 The precursor’s XRD pattern (Mg2Sn annealed at 300 °C) 

Table 1 Thickness measurements 

S. No As deposited 
thickness (μm) 

Annealing 
temperature (°C) 

Annealing duration 
(h) 

Post annealing 
thickness (μm) 

Mg2Sn 0.23 300 3 0.34

0.001 Ω cm. The impedance of Mg2Sn coatings heated at various temperatures for 
varied annealing times is shown in Table 5. Two different trials of resistivity values 
were plotted here. The Arrhenius plot for the Mg2Sn alloys annealed at 300 ºC at 
3 h are  shown in Figs.  3 and 4. The Arrhenius plot for the Mg2Sn alloys heated at 
300  ºC  for 3 h are  shown in Figs.  5 and 6 [7]. The pre-exponential, or frequency, 
factor corresponds to the quantity of times molecules will interact in the required 
orientation to begin a process. It’s critical to understand that the Arrhenius equation 
is founded on collision theory. It implies that collision theory states properly oriented 
and with adequate power. We may use the Arrhenius equation [8] to solve  for the  rates  
constants at any temperature now that we have the acceleration and pre-exponential 
component from the Arrhenius plot. Plotting the logarithm of the rate constant, k, 
against the inverse temperature, 1/T, yields the Arrhenius plot. The resulting down-
ward sloping line can be used to locate the missing Arrhenius equation components. 
The result for ln A is obtained by extrapolating the line back to the y-intercept [9]. 
The temperature-affected variable’s experimental values, such as diffusivity and rate 
of reaction, are shown logarithmically versus 1/T. (K). The extremely nonlinear,
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Table 2 The precursor’s XRD pattern (Mg2Sn annealed at 300 °C) 

S. No Standard value Observed value 

d-spacing (Å) Int (%) (hkl) d-spacing (Å) Int (%) 

1 – – – 4.33262 2.72 

2 3.1 40 112 3.24596 12.27 

3 2.785 40 – 2.7972 5.57 

4 – – – 2.72282 17.87 

5 2.584 40 302 2.57959 33.95 

6 2.098 40 331 2.08062 11.11 

7 2.032 20 412 2.02575 20.64 

8 1.793 40 403 1.76897 14.68 

9 – – – 1.73975 31.14 

10 1.593 20 701 1.59833 6.91 

11 – – – 1.48279 7.24 

12 1.436 60 630 1.44365 7.63 

13 1.409 20 631 1.42679 34.08 

14 1.301 20 722 1.31156 7.66 

15 1.269 50 900 1.2959 100 

Table 3 XRD pattern of the Mg2Sn alloy annealed at 300 °C for 3 h 

S. No Standard value Observed value 

d-spacing (Å) Int (%) (hkl) d-spacing (Å) Int (%) 

1 2.755 65 104 2.79168 32.64 

2 2.619 100 110 2.69494 37.22 

3 1.759 100 205 1.79955 18.49 

4 1.67 30 122 1.65872 3.86 

5 1.343 25 − 1.34221 1.7 

Table 4 Structural parameters of the Mg2Sn precursor material annealed at 300 ºC for 3 h 

2θ degrees Observed 
d(Å) 

Standard 
d(Å) 

(hkl) D (nm) ε lin−2 m−4 (10–4) δ Lines/m2 (1014) 

34.7783 2.57954 2.584 302 39.997 9.051 6.251 

57.6767 1.59833 1.593 701 28.326 12.781 12.463 

64.5547 1.44365 1.436 630 24.454 14.805 16.722 

Table 5 Resistivity measurement by four probe method 

Samples Condition of the sample Resistivity (Ohm cm−) 
Mg2Sn 300 °C, 3 h 0.0018
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Fig. 3 Arrhenius plot for the 
Mg2Sn alloy annealed at 
300 °C for 3 h
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Fig. 4 Arrhenius plot for the 
Mg2Sn alloy annealed at 
300 °C for 3 h [10, 11]
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Fig. 5 Arrhenius plot for the 
Mg2Sn alloy annealed at 
300 °C for 3 h [12, 13]
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thermally stimulated response is thereby linearized, making easy analysis possible. 
The diffusion coefficient of (interstitial) nitrogen in -iron is an example. Even though 
measured experimental values cover 16 orders of magnitude over a temperature range 
of around 1000 °C, Figs. 5 and 6, the data has an excellent linear fit. The negative
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Fig. 6 Arrhenius plot for the 
Mg2Sn alloy annealed at 
300 °C for 3 h [14, 15]
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activation energy divided by the gas constant, R, determines the line’s slope. As a 
rule of thumb, the rate of most biological and chemical reactions doubles every 10 
degrees Celsius increase in temperature [8]. The activation energy is calculated using 
two Arrhenius plots built on the same graph in this variant of the Arrhenius equation. 
The influence of temperature on numerous rate constants is shown in the equation 
above. This makes determining the rate constants’ sensitivity to variations in activa-
tion energy and temperature simple. The rate constant is particularly sensitive if the 
activation energy is high for a given temperature range; temperature variations have 
a considerable effect on the rate constant [9].

5 Conclusion 

Coating magnesium tin alloy prepared by the protective flux technique resulted in 
magnesium tin alloy as (Mg2Sn) thin films. The (Mg2Sn) thin films were found 
to increase with the increase in annealing temperature and annealing duration. The 
resistivity of the magnesium tin alloy films was measured using four probe resistivity 
measurement. It ranges from 0.02 Ωcm−1 to 0.001 Ωcm−1. Thus the (Mg2Sn) thin 
films coated using electrodeposition technique shows high transparency, low resis-
tivity and thus high conductivity, high crystallinity, and uniform surface morphology. 
Thus (Mg2Sn) thin films are a more suitable novel alloy material for solar cell 
fabrication technology. 

References 

1. Kim H, Kim YJ, Kim DG, Sohn HJ, Kang T (2001) Mechanochemical synthesis and electro-
chemical characteristics of Mg2Sn an anode material for Li-ion batteries. Solid State Ionics 
144(1–2):41–49 

2. Huang F, Yuan ZY, Zhan H, Zhou Y, Sun J (2004) Mater Chem Phys 83:16–22



166 A. Ayeshamariam et al.

3. Abdul-Majeed A (2001) Mater Res Bull 36:p755-765 
4. Ikhe AB, Han SC, Prabakar SR, Park WB, Sohn KS, Pyo M (2020) 3Mg/ Mg2Sn anodes with 

unprecedented electrochemical performance towards viable magnesium-ion batteries. Journal 
of Mater Chem A 8(28):14277–14286 

5. Chen HY, Savvides N (2009) Microstructure and thermoelectric properties of n-and p-type 
doped Mg2Sn compounds prepared by the modified bridgman method. J Electron Mater 
38(7):1056–1060 

6. Rashad MM, El-Shall H (2008) Effect of synthesis conditions on the preparation of MgSnO3 
powder via co-precipitation method. Powder Technol 183(2):161–168 

7. Kalyane S (2017) Synthesis, characterization and AC conductivity study of 
polyaniline/MgSnO3 composites. Int J Mater Sci 12(2):175–180 

8. Kiruthiga G, Raguram T, Rajni KS, Selvakumar P, Nandhakumar E (2021) DSSCs: a facile 
and low-cost MgSnO3-based transparent conductive oxides via nebulized spray pyrolysis 
technique. J Mater Sci: Mater Electron 32(18):22780–22791 

9. Punitha K, Sivakumar R, Sanjeeviraja C (2012) Structural and surface morphological studies 
of magnesium tin oxide thin films. Energy Procedia 15:312–317 

10. Yu R, Hojo H, Mizoguchi T, Azuma M (2015) A new LiNbO3-type polar oxide with closed-shell 
cations: ZnPbO3. J Appl Phys 118(9):094103 

11. Rashad MM, Hessien MM, El-Midany A, Ibrahim IA (2009) Effect of synthesis condi-
tions on the preparation of YIG powders via co-precipitation method. J Magn Magn Mater 
321(22):3752–3757 

12. Gonzalez-Nunez MA, Nunez lopez CA, Skeldon P, Lyon P, Wills TE (1995) Corros Sci 
37(11):1763–1772 

13. Conner PA, Irvine JTS (2001) J Power Sources 97–98:223–235 
14. NamKim K, Jung H-K, Park HD, Kim D (2002) J Lumin 99:169–173 
15. Huo H, Li Y, Wang F (2004) Corros Sci 46:1467–1477



Chapter 8 
Metal Additive Manufacturing: 
Materials, Methods, Microstructure 
Evolution and Mechanical Properties 
via Post-processing Heat Treatments 

S. Beer Mohamed, C. Kaviarasu, A. Danielwillson, C. Velmurugan, 
R. Jayaganthan, and K. Kaviyarasu 

1 Introduction 

The present scenario of global industries is continuously changing due to the impact 
of 4th industrial revolution so-called “Industry 4.0”, for the betterment in data 
communications, geometry design, product development, product quality, and supply 
chains. Industry 4.0 relies on many pillars of technology among which the crucial one 
that has direct involvement in manufacturing is called additive manufacturing (AM)
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[1]. To date, worldwide industrial investment in additive manufacturing is figured as 
$16 billion and is expected to hike up to $40.8 billion by the year 2024 [2]. AM has 
been recognized as the new state-of-the-art manufacturing technology for producing 
parts that are design complex, lightweight and high performance in order to confront 
the expanding industrial demands. Notably, there is no need for cutting tools and 
components assembly when compared to conventional manufacturing technologies 
[3]. In AM, building a 3D part happens via a point-to-point, line-to-line or layer-after-
layer fashion [4]. A broad spectrum of materials based on metals, polymers, ceramics 
and their composites can be processed to fabricate components successfully using 
AM [5]. However, only metals and alloys-based AM is emphasized in this article. 
In recent years, metal additive manufacturing techniques are gaining more interest 
among the manufacturers, materialists and researchers due to their dominance in 
automotive, aerospace, jewelry, energy and biomedical applications [6, 7]. Figure 1 
represents the implementation of additive manufacturing in various domains [5]. 

A range of metal alloys have been witnessed for their usage in additive manufac-
turing that include aluminum alloys, steel alloys, titanium, nickel super alloys, cobalt 
chrome, and precious metals (gold, platinum, etc.) [8]. In metal additive manufac-
turing, all metal alloys are printed into components from a digital 3D design created 
via a CAD software, and so it is also labeled as 3D printing. A 3D printer uses 
the design data, preferably in stereolithography (STL) format and compute scan 
pattern via slicing for building each layer to complete part production. Recently, a 
new format has been developed called 3D Manufacturing Format (3MF) expanding 
the compatibility with respect to file transfer and accessibility among platforms, 
printers and other services [9, 10]. Referring to ISO/ASTM standards, metal addi-
tive manufacturing or 3D printing can be classified into powder bed fusion (selective

Fig. 1 Implementation of additive manufacturing in various domains (Redrawn from Ref. [5])
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laser melting, selective laser sintering, etc.), binder jetting, material extrusion, sheet 
lamination, and direct energy deposition (laser melt deposition, wire arc additive 
method, etc.) [11]. Though the additive manufacturing can be able to handle complex 
part designs, multiple metals and save materials by recycling, but the real picture 
in producing a top-notch component still lies with the post-processing steps. Post 
processing is inevitable in the process chain of additive manufacturing for producing 
products with desired quality. Post processing includes removal of support structures, 
micromachining for surface finish and heat treatments for improving the mechanical 
properties of the final product [12, 13]. In additive manufacturing, often the as-built 
products are prone to pores and internal cracks which are detrimental to the product 
quality and influence their mechanical properties adversely. Heat treatments play an 
effective role in eliminating these defects and also tune the microstructure to achieve 
better quality. By carefully adopting an appropriate heat treatment, the microstruc-
ture of the materials can be tailored to inherit remarkable mechanical properties 
like strength, hardness, toughness, ductility, resistance to creep, etc. [13]. A clear-
cut understanding of microstructure in terms of phase distribution, structural defects, 
and residual stress is significantly essential in selecting a suitable thermo-mechanical 
treatment. However, the heat treatments for additive manufacturing are not the same 
as we do for conventional manufacturing technologies [14]. The existing information 
pertaining to metal alloy development and their subsequent heat treatments are inad-
equate for additive manufacturing. For comparison, there are 2,500 steel alloys that 
are qualified for conventional manufacturing whereas only two dozen available for 
additive manufacturing [15]. On the other hand, traditional heat treatments have been 
reported to be not suitable for components produced by additive manufacturing and 
so insisting modification in the heat treatment steps [16]. Hot Isostatic pressing (HIP) 
with slow cooling, homogenization with quenching, stress relief cycle followed by 
quenching, solution treatment with or without aging, annealing, tempering and peak 
hardening are some sets of heat treatments employed for additively manufactured 
components [17–19].

With this brief introduction to additive manufacturing in Sect. 1, this article 
proceeds with reviewing the availability of various materials for additive manufac-
turing in terms of metals, polymers and ceramics in Sect. 2. Raw materials production 
and their characteristics, specifically for metals are highlighted in Sect. 3. Various 
additive manufacturing techniques like powder bed fusion, binder jetting, and wire 
arc additive manufacturing are discussed in Sect. 4. In Sect. 5, some general defects 
and their root cause are highlighted. Post processing heat treatments like hot isostatic 
pressing (HIP), solution treatment (ST), annealing, tempering and peak hardening are 
emphasized in Sect. 6. The effect of post processing heat treatments on microstruc-
tural evolution and mechanical properties of the AM materials are discussed in Sect. 7 
and Sect. 8, respectively. Issues and challenges with respect to feedstocks production, 
processing routes and post-processing heat treatments are reported in Sect. 9 along 
with possible solutions.
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2 Materials for Additive Manufacturing 

The processing capacity of additive manufacturing has been progressed over the years 
such that the feedstock of metals and alloys, polymers, ceramics or in combination 
as hybrid composite materials are utilized to print 3D products whose design are 
far from conventional thinking [20]. In this section, the aforementioned materials at 
their levels of technical readiness for use in AM process are highlighted with suitable 
examples. 

2.1 Metals and Alloys 

Stainless steels are the leading candidates among other metals for being mostly 
processed by AM with respect to their figure of merit in mechanical properties 
[21]. Ferrite (409 SS, 403 SS, etc.), austenite (316 SS, 304 SS, etc.), austenite– 
ferrite (duplex 2205 SS, 2209 SS), and martensite (420 SS, 17–4 SS) steels have 
witnessed to showcase unique microstructure with tailored mechanical properties 
when processed by AM [22]. Aluminum-based alloys like Al-12Si [23], AlSi-10 Mg 
[24], AlSi-9Cu-3Fe [25], 5A06 [26], 4043 [27], 7075 [28], etc., have been reported to 
be qualified for AM. Titanium-based alloys qualified for processing via AM include 
Ti-6Al-4 V [29], Ti-3Al-10 V-Fe [30], Ti-Cr [31], γ-TiAl [32], etc., are widely used 
for biomedical and aerospace applications. Cobalt-chromium-molybdenum (Co-Cr-
Mo) and cobalt-chromium-tungsten (Co-Cr-W) are successfully processed by AM 
for dental applications [33]. Nickle-based alloys typically Inconel 718 [34], Inconel 
625 [35], Hastelloy -X [36] and RENE 108 [37] have shed light in making complex 
parts via AM for turbine blades and nuclear reactors owing to their strength, oxida-
tion and corrosion resistance. Hight entropy alloys have also been found suitable 
for processing via AM. Some typical examples include Co-Cr-Fe-Mn-Ni [38], Mo-
Nb-Ta-W [39], Al-Cr-Fe-Co-Ni [40], and Al-Cr-Fe-Mo-V [41] indicate the new 
milestones in processing capability of AM. Recent investigations spotlighted the 
ability of AM process in producing hybrid metal matrix composites by incorporating 
nanoparticles. TiC nanoparticles were reinforced in AlSi-10 Mg alloy to induce the 
phase strengthening for improving tensile strength and wear resistance [42]. TiC 
nanoparticles when added to H13 steels, reduced the friction and wear loss [43]. 
TiB2 nanoparticles were incorporated into 316L steel metal matrix successfully for 
yielding high compressive strength and ductility at room temperature [44].
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2.2 Polymers 

Next to metals, materials that are utilized to the highest degree in AM process 
are polymers. Polymers like thermoplastics (polyamides, polyethylene, polypropy-
lene, polystyrene, etc.), thermosets (phenolics, alkydes, epoxy, etc.), elastomers 
(polyetheresters, ALM TPE-210 s, etc.), hydrogels (chitosan, collagen, gelatin, etc.) 
and polymer composites have earned a descent pace in the AM for producing 
products [45]. Polystyrene [46], polymethylmethacrylate [47], polycarbonates [48], 
and styrene-acrylonitrile-copolymer [49] have been reported suitable for AM. 
Polyamides that have shown dominance in the AM market are PA – 12 (preferred 
for high strength), PA – 11 (preferred for high ductility) and PA – 6 (high melting 
point) [45]. Polymer composites especially with fiber as reinforcement are potential 
for making light weight product with reasonable strength. Glass fiber/propylene-
co-ethylene [50], glass fiber/polyamide [51], glass fiber /polyester [52], carbon 
fiber/acrylonitrile butadiene styrene (ABS) [53], carbon fiber/polylactic acid (PLA) 
[54], and carbon fiber/nylon [55] are some eminent candidates successfully processed 
by AM. The processing window of AM have also been opened for design and devel-
opment of nanocomposites. Carbon nanotubes (CNT) are widely used for incorpo-
ration in polymers like polyamide (PA-12) [56], polyvinylpyrrolidone (PVP) [57], 
polylactic acid (PLA) [58], and acrylonitrile butadiene styrene (ABS) [59]. Nanopar-
ticles like iron oxide (FeOx), alumina (Al2O3), boron nitride (BN) in PA-12 [60, 
61], Barium titanium oxide (BaTiO3) in PA-11  [62], and Hydroxyapatite (HA) in 
polyetheretherketone (PEEK) [63], have been successfully processed by the AM to 
produce polymer products with tailored properties. 

2.3 Ceramics 

Ceramics are often selected for producing parts that are subjected to high temper-
ature and high stress applications like industrial furnace, rockets, and wear coating 
for tools. Various ceramics utilized in engineering applications include single oxides 
(Al2O3, ZrO2, SiO2, etc.), carbides (SiC, TiC, VC, WC, etc.), sulphides (MoS2, 
WS2, etc.), and nitrides (BN, Si3N4, etc.) [64]. In recent years substantial interest 
have grown in adopting ceramics for additive manufacturing. Alumina (Al2O3) and 
zirconia (ZrO2) are processed by SLM to produce components that are crack-free with 
good flexural strength [65]. Carbide like silicon carbide (SiC) and titanium carbide 
(TiC) are processed by AM to produce structure with complex shapes [66, 67]. 
Bismuth molybdenum oxide (Bi2Mo2O9) was successfully demonstrated to produce 
components for 3D radio frequency and microwave [68]. Barium titanate (BaTiO3) 
have been employed as feedstock in binder jetting (BJ) to produce ceramic capaci-
tors [69]. Lithium disilicate and tricalcium phosphate are used for dental and scaffold 
applications respectively [70, 71]. Multiphase ceramics like boron carbide and silicon 
carbide (B4C–SiC) specimens having heterogeneous phase were prepared via AM



172 S. Beer Mohamed et al.

to inherit multifunctionality [72]. Silicon oxycarbide-based porous ceramic (SiOC) 
in a honeycomb structure was successfully processed by AM with high density, 
surface smooth and better compressive strength-to-weight ratio [73]. Molybdenum 
silicon boron titanium carbide (Mo-Si-B-TiC) was laser additively manufactured to 
produce refractory alloys that can withstand extreme temperature [74]. Nanorods 
of aluminum carbide (Al4C3) were dispersed homogeneously in Al matrix to form 
Al4C3/Al composite with enhanced mechanical performance for structural applica-
tions via AM [75]. Acid treated CNT was mixed with Al2O3 nanoparticle to form 
a colloid coating on Mo-Ti-Al metal matrix. This hybrid Al2O3-ATCNT/Mo-Ti-
Al nanocomposite processed by LPBF has shown better hardness resulting from 
homogeneous dispersion of nanoparticles [76]. 

Among the metal, polymer and ceramic feedstock materials mentioned above, 
only the metal production techniques are briefed in the following section as the 
scope of this article lies within the metal additive manufacturing. Table 1 lists the 
palette of metal feedstocks utilized for AM in recent times. 

3 Metal Feedstock: Production and Characteristics 

Metal powders with high density, less porosity and flow ability to spread uniformly are 
essential for AM in building up the powder layer to print parts with supreme quality. 
These figures of merit concerned with the metal powders are achieved by adopting 
right powder production techniques. The production techniques can directly influence 
the characteristics of metal powder-like particle size, particle shape and their chemical 
nature [4]. Major group of metal elements are reported to be produced by atomiza-
tion techniques (gas, water or plasma-assisted) [94]. The other techniques include 
hydride-dehydride method [95], rotating electrode process, mechanical alloying and 
oxide reduction chemical process [96]. Generally, the powder production via atom-
ization technique occurs in three stages (melting, atomization, and solidification by 
cooling). Further, degassing and surface oxide reduction kind of post processing 
may yield powders with good quality [97]. In water atomization technique, mostly 
non-reactive metals like stainless steels (AISI 4130, 316L, etc.) are produced by 
atomizing a liquid metal using water jet. This method produces powders in size 
ranging from few micro meters to 500 μm, with non-spherical morphology leading 
to poor packing density [98–100]. Moreover, formation of oxide layers due to high 
oxygen consumption is a negative effect that will spoil the flow nature of powders 
and in turn affect the melt pool. This will deteriorate the mechanical properties of the 
AM product [101]. Gas atomization can reduce this oxidational hazard by employing 
inert gas typically argon or nitrogen. Microstructure and phase composition of the 
metal powders can be tuned by selecting a specific inert gas type. Different phase 
composition either austenitic or martensitic phase can be achieved for steels, when 
either argon or nitrogen is selected as inert gas in atomization process [102, 103]. 
Electron induction melting gas atomization (EIGA), a variant of gas atomization 
technique which involves induction melting of a metal rod followed by atomization
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of fine metal droplet. Reactive metal powders especially titanium (Ti) and its alloy 
(Ti-Al-V) are obtained with high purity using EIGA [104]. Lately, plasma rotating 
electrode process (PREP) found to produce variety of metal alloys (examples include 
Ni-Al-Co-Cr, Ti-Al -V, 316-steel, Co-Cr-Mo, etc.) with good spherical morphology 
[105, 106]. In PREP, the key process parameter is the rotation speed that deter-
mines the final morphology of particle as either spherical, irregular or satellite. It 
was reported that for a maximum rotation speed of 14,000 rpm, the particle size was 
narrower down to 400 μm with spherical shape [107]. Table 2 presents some selective 
examples of processes, key parameters, powders produced, and their characteristics.

4 Methods for Metal Additive Manufacturing 

In contrast to conventional subtractive manufacturing process where metals are 
subtracted from bulk volume, metal additive manufacturing performs metal addi-
tion to build part in a layer another layer passion with reference to a 3D CAD model 
design [114]. There are many streams of metal additive manufacturing are in practice 
today that include material extrusion (filament materials are melted and dispensed via 
a nozzle to build part), material jetting (involves in selective deposition of material 
droplets to build part), binder jetting (powders are joined using a liquid bonding agent 
to build part), sheet lamination (sheet materials are joined to form a part), powder 
bed fusion (heat energy by means of laser is applied to fuse powders in a bed to form 
part) and direct energy deposition (laser heat energy is directed to melt and fuse the 
depositing material) [115, 116]. In this section, more emphasis is given to powder 
bed fusion (selective laser melting), binder jetting and direct energy deposition (wire 
arc additive method) techniques of additive manufacturing. 

4.1 Powder Bed Fusion 

Among the metal additive manufacturing methods, powder bed fusion is recognized 
as the most significant method for processing metals. In this technique, metal powders 
are uniformly spread over a builder plate upon which a specific spot will be hit by 
a laser source, thus melting and fusing the powders together to form a first layer. 
Following this, fresh raw powders are supplied and the same process is continued 
to build the second successive layer. This layer-by-layer passion is continued to 
complete the 3D part production. Powder bed fusion is also termed as selective 
laser melting (SLM), selective laser sintering (SLS), laser melt deposition (LMD), 
and direct electron beam melting (EBM) [117]. Recent powder bed fusion systems 
prefer SLM compare to others as they are outstanding in rapid prototyping, tool 
making and manufacturing complex structures [116, 118]. Table 3 provides some 
important factors to be considered for SLM and DLM.
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Table 3 Important factors for SLM and DLM [116] 

AM 
method 

Important factors 

Density 
(net 
shape) 
(%) 

Complexity Precision 
(mm) 

Roughness 
(μm) 

Building 
rate 
(mm3/s) 

Built on 
surface 

Application 

SLM 100 Hollow 
structures 

<0.1 30–50 1–20 Flat New 
components 

LMD 100 Limited >0.3 60–100 3–140 3D 
surface 

Surface 
repair 

Moussaoui et al. investigated the effect of SLM process parameters on Inconel 718 
nickel-based alloy powder with 5–25 μm grain size. Process parameters like laser 
power (150–450 W), velocity (1000–1800 mm/s), scan distance (50–90 μm) and 
layer thickness (constant with 70 μm), have shown significant effect on microstruc-
ture and mechanical properties of the product developed [119]. Vanadium-based 
alloy V-6Cr-6Ti was selective laser melted with double zone scanning strategy to 
yield maximum compressive strength of 1078 MPa when compared to conventional 
manufacturing process [120]. CoCr powders were successfully processed by SLM 
to produce cardiovascular stents (2 mm diameter, 18.95 mm length, and 200 μm 
thickness) for biomedical applications [121]. Al-12Si powder alloy was processed 
successfully to produce a cylindrical specimen with diameter 5 mm and height 5 mm 
by pulsed SLM technique. Laser power (0.5–4.5 kW), speed (90–180 mm/min), 
spot size (150 μm), hatching distance (0.1 mm) and layer thickness (0.1 mm) are the 
process parameters associated with pulsed SLM [122]. Surface quality for AlSi10Mg 
alloy-based component was improved when the SLM was operated with optimized 
process parameters like laser power as 0.32 kW, scan speed as 0.60 m/s, hatching 
distance as 88.7 μm and overlap rate as 35% [123]. Composite development was also 
achieved by SLM. Silicon carbide (SiC) with size 7 μm was reinforced in AlSi10Mg 
matrix by SLM to improve the wear resistance of the composite [23]. The capability 
of SLM to alloy and reinforce metal oxide nanoparticles (zinc with size between 50 
and 120 nm) in aluminum alloy Al6061 was also witnessed recently, thus promoting 
the SLM as a suitable candidate for developing composites with complex networks 
[24]. Figure 2 depicts the SLM process of AM with selective examples.

4.2 Binder Jetting 

Binder jetting (BJ) is one among the commercially expanding additive manufac-
turing technologies that produce parts by 3D printing. In principle, BJ uses powder 
materials that are bonded to one another with the help of a liquid binding agent being 
jetted on selective powder zone using inkjet printhead to print a first layer and then 
continuous to print successive layers to yield a greener part [125]. BJ manufacturing
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Fig. 2 Schematic representation of SLM process with selective examples (Redrawn from Ref. 
[124]) 

process comprises seven sequential steps that starts with layering of powder, injec-
tion of binder phase into a selected powder zone, curing the binder, de-powdering 
and removing the loosen powders, sintering to improve the density and strength of 
greener part, infiltration of metal with low melting point, annealing heat treatment and 
ends with surface finishing [126, 127]. BJ can process a wide range of materials like 
metals, ceramics (alumina, silica, etc.), polymers (polyglycolic acid, polylactic acid, 
etc.) and biomaterials (hydroxyapatite, calcium silicate, etc.) [128]. A wide spec-
trum of metals and metal-alloy powders have been utilized by BJ to fabricate parts. 
Stainless steel 316L [129], 304L and 420 stainless steels [130], titanium (Ti) [131], 
copper (Cu) [132], nickel-based alloys Inconel 625 and Inconel 718 [133, 134], and 
cobalt-chromium alloys [135] are some exemplary works reported in recent years. 
Binder materials for BJ are typically based on any of the type like organics, inor-
ganics, solvents, metal salts, phase change materials, etc., [136]. In modern metal BJ 
systems, metal binders are used either as suspended particles or metal-salt solutions. 
Nanoparticles can be used in BJ by incorporating with polymer binders to improve the 
properties of final product. Copper nanoparticles were binder jetted in steel powder 
and their effect on densification was revealed [137]. Metal salts dissolved in solvents 
(examples include copper sulfate, copper nitrate hydroxide, etc.) have been used as 
binders in printing conductive pattern structures [138, 139]. Recently, metal–organic 
decomposition (MOD) ink synthesized using copper metallorganic compound in 2-
methoxyethanol biner solvent was successfully demonstrated for binder jetting of 
copper metal [140]. Figure 3 represents the principle of binder jetting process with 
selective examples. Table 4 presents the specification and process window of some 
binder jet machines available in the market. 

Inconel 625 was binder jetted using ethylene glycol monobutyl ether (aqueous 
binder) to produce a green part in cylindrical shape (8 mm radius and height 90 mm)



178 S. Beer Mohamed et al.

Fig. 3 Schematic representation of Binder jetting process with selective examples (Redrawn from 
Ref. [19]) 

Table 4 Specifications and process window of various binder jetting (BJ) systems [141] 

BJ system 
(ExOne) 

Type of metals 
processed 

Machine specifications 

Build box 
size (L × W 
× H) in 
‘mm’ 

Rate of 
deposition in 
‘cc/hr’ 

Resolution 
obtained in 
‘DPI’ 

Layer 
thickness in 
‘μm’ 

Innovent+ 304L SS, 306L 
SS, Copper, 
Titanium, 
Inconel 625, 
17–4 PH SS, 
Tungsten alloy, 
Aluminum 6061, 
Cobalt-Chrome 

160 × 65 × 
65 

166 800 × 800 30–200 

InnoventPrO 
3L 

3–5 L 700 

X1160PRO 800 × 500 
× 400 

10,000 − 

X125PRO 400 × 250 
× 250 

3,600 −

with apparent density 96.5%. No support structures were involved in the binder jetting 
process [133]. P. Nandwana et al., investigated the binder jetting process of Inconel 
718 and revealed that powder chemistry strongly influences the sintering process 
in achieving a near-net shape product. Impact of powder grain size on sintering 
kinetics was discussed [134]. In binder jetting of copper, the use of bimodal powder 
mixtures notably improved the flowability and packing density with 10.5% and 8.2% 
respectively. A 4% increase in the sinter density was witnessed with 6.4% reduction 
in the shrinkage [142]. Copper particles with fine grain size (5 μm) was successfully
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binder jetted for the first time by Miyanaji et al., and observed to achieve a 9% 
increase in the sinter density when compared to coarse bimodal copper powder. 
Also, all those extra work and time associated in preparing bimodal powders (mixing 
ratio and blending) have got eliminated with the use of fine copper powder [143]. 
Recently, complex geometry like foam structures have also been developed by binder 
jetting using copper powder. The fabricated porous structure has shown 59% porosity 
and 5% volume shrinkage, indicated the expanding process capability of BJ [132]. 
Another interesting work reported recently in BJ, was the development of porous 
structured Co-Cr-Fe-Mn-Ni high entropy alloy. The high entropy alloy structure 
possessed homogenous distribution of pores with part porosity in the range 35–40% 
[144].

4.3 Wire Arc Additive Manufacturing (WAAM) 

For making large components with complex geometry at low cost in an environment 
friendly setup, wire arc additive manufacturing (WAAM) will be the prime choice 
among the direct energy deposition methods for all manufacturers in the world. In 
principle, WAAM uses the raw materials in wire form which is heated and melted 
via an electric arc leading to subsequent deposition of the melted droplet in a layer 
upon layer style to produce metal parts with near-net shape [145]. Figure 4 represents 
the WAAM process with selective examples. The heat source in the WAAM can be 
of any of the following: gas metal arc welding (GMAW), gas tungsten arc welding 
(GTAW), or plasma arc welding (PAW) [146]. WAAM can deal with distinct class

Fig. 4 Schematic representation of WAAM process with selective examples (Redrawn from Ref. 
[148])
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of metals and alloys by employing any of the aforementioned heat sources. Titanium 
alloys and nickel alloys can be processed by both GTAW and PAW. Steel alloys can 
be processed by using GMAW and PAW. Aluminum alloys can be processed by both 
GMAW and GTAW. Bronze can be processed by GMAW, whereas the functionally 
graded materials and intermetallics can be processed by GTAW [147]. Apart from 
the type of heat source, the other essential process preferences include welding 
parameters (voltage, wire feed rate, travel speed, etc.), wire (diameter, composition, 
single wire/dual wire, etc.), shield gas (flow rate, composition, etc.), motion system 
(accuracy, repeatability, etc.) and substrate (volume, composition, fixture, etc.) [145].

The metrics to measure the performance of the WAAM are geometrical properties 
(accuracy, surface waviness, and wall thickness), physical properties (micro-fissures, 
cracks, pores, and distortion), material properties (anisotropy, tensile strength, 
residual stress, corrosion resistance, etc.) and deposition rate (typically 1–10 kg/h) 
[145]. Table 5 summarizes the process details associated with WAAM. 

5 General Defects and Their Root Cause in 3D Printed 
Parts 

Despite the benefits attained from AM like reduced material volume and ability to 
handle complex design with no special tools for manufacturing, all the metal parts 
fabricated by AM are prone to some of the general defects that are grouped under four 
types like process flaws (lack of fusion, balling, and contaminations), microstructure 
based (segregation and banding), dimensional based (stair-stepping, distortion and 
surface condition), and porosity (voids, porosity due to gas and clusters) [3, 156]. 
Lack of fusion originates due to partial melting and fusion of metal into the base metal 
plate (substrate). Such a lack in the metal penetration may cause delamination in the 
deposited part. Sometimes when the lack of fusion of metal powders is caused by 
preformed thin oxide layers, it is termed as cold lap [3]. Inclusions are the formation of 
intermetallics (oxides and sulfides particles) in the fabricated part due to the chemical 
reaction between metals and process assisting gases [156]. Balling (formation of ball-
bead shape melt) occurs as when the surface tension force dominates the wetting 
between melt droplet and metal substrate. Poor process parameters in terms of scan 
speed, power source, and layer thickness are the root cause for balling as well as 
stair stepping [157]. Local melting and solidification process results in the formation 
of shrinkage and distortion. Internal stresses buildup in the metal feed stock due 
to volume contraction induce shrinkage and distortion. Clear design, right material 
selection, and right process parameter can eradicate the defects [3]. Keyhole defects 
are observed in the surfaces and also in the bulk part produced from a thermal-based 
AM. Plasma generates a high penetration depth in which vapor bubbles get trapped 
and form keyhole porosity in the finished part [158]. Hydrogen gas entrapped in the 
molten pool upon cooling and solidification results in the formation of gas porosity. 
Aluminum is more prone to gas porosity. Argon gas during atomization gets trapped
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Fig. 5 General defects occur in AM parts along with their root cause 

into feed stock and arises as a major source for micro-porosity. Intense handling, 
safe storage and preprocessing may reduce the risk of porosity [3]. Lack of bonding 
between materials may result in crack formation. In AM, cracks occurring at the 
terminal of the deposition track are termed as crater cracks whereas hot cracks occur 
close to the solidification boundary upon cooling. Cracks that occur after several days 
of cooling are termed as cold cracks. Adjacent to the fusion boundary, hot tearing 
occurs when the metal is softened by heating below its melting temperature [3]. 
Through understanding on AM defects, their root cause, standardization of processes, 
parameters associated to AM type and framework on postprocessing may help in 
achieving defect-free products with high quality. Figure 5, shows the general defects 
formed in as-built AM parts.

6 Post Processing—Heat Treatments 

Though the as-built 3D part produced by AM may possess equal quality compared 
to traditionally manufactured part, still there exist a need for post process heat 
treatments in order to eliminate the various defects like pores and internal cracks 
which are detrimental to product quality. The other critical-to-quality factors consid-
ered in AM include net density, material strength and hardness, surface quality 
and accuracy in dimension [159]. In general, heat treatments are performed for 
materials to achieve any of the following: grain size refinement, relieving internal 
stresses, improving the machinability, improving hardness to enhance wear resis-
tance, improving surface hardness and microstructure development to achieve desired
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properties [64]. However, as mentioned earlier heat treatments for additively manu-
factured parts are not the same as we perform in traditional manufacturing. In this 
section, heat treatments such as hot isostatic pressing (HIP), solution treatment (ST), 
annealing, tempering and peak hardening for AM parts are briefly discussed with 
some examples. 

6.1 Hot Isostatic Pressing (HIP) 

Hot isostatic pressing (HIP) is used for compacting loose powders or to improve 
densification in already compacted parts by applying heat and pressure (inert gas 
as pressure medium) to remove structural defects like pores and inner cracks. The 
process involves applying high temperature and high gas pressure isostatically to 
densify the component. Densification process relies on three mechanisms (plastic 
deformation followed by creep and diffusion) to collapse the voids and results in pore 
closure, thus yielding a defect-free component [160]. Temperature (70% of mate-
rials solidus temperature), applied pressure (typically 100–200 MPa) and holding 
time (varies on component thickness and thermal conductivity) are the three ruling 
parameters in the HIP process cycle. The other parameters to be considered in the 
HIP cycle are the heating and cooling rate, which may not impact the densification 
process but do influence the final microstructure of product processed [160]. In binder 
jetting process of bimodal copper powders, 97.32% densification was achieved in 
printed part by using sinter-assisted HIP (sintering for 5 h at 1075 °C + HIPing 
at 1075 °C for 2 h held at 206.8 MPa). Porosity in the as-sintered part decreased 
from 2.9% to 0.37% after HIP. Tensile strength and ductility of the printed part 
have also been improved [161]. 316L steels processed by L-PBF were subjected 
to HIP (1125 °C held for 4 h at 137 MPa + furnace cool for 4 h) to reduce the 
porosity by 1% when compared to as-built 316L steel. Whereas the young modulus 
and yield strength of the sample increased by 3% and 3.4%, respectively after HIP 
[162]. SLM manufactured Ti6Al4V alloy have shown better fatigue property with 
moderate microhardness when subjected to a different heat treatment cycle (stress 
relieving at 704 °C + HIPing at 920 °C held for 2 h at 120 MPa + furnace cooling for 
3.5 h) [163]. Interestingly, for the same Ti6Al4V alloy when processed by electron 
beam welding, a different heat treatment cycle (HIPing at 1120 °C held for 30 min 
at 100 MPa + rapid quenching) was employed. For Inconel 718, HIPing at 1120 °C 
held for 2 h with a pressure 100 MPa has influenced the microstructural development 
to achieve desired mechanical properties [164]. 

6.2 Solution Treatment (ST) 

Solution treatment (ST), a process where the metal alloy is heated to a specific temper-
ature to form a solid solution in which the elemental constituents and intermetallics
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get dissolved and diffused homogenously inside metal structure. The process ends 
by quenching to retain the metastable structure [165]. ST can play a vital role in 
material qualification process of gas atomized Al 6061 as a feedstock powder for 
AM. The chemistry and microstructure of Al 6061 powder was modified by solution 
treating for 60 min. A significant reduction in the secondary phase (Mg2Si) improved 
the powder characteristics thus making it suitable for AM [166]. For SLM processed 
AlSi10Mg solution treatment (520 °C for 2 h) followed by water quenching and 
then artificial aging (160 °C for 10 h), have significantly improved the material hard-
ness [167]. In contrast, a similar work performed by Aboulkhair et al., reported that 
the heat treatment has shown a negative effect in the SLM processed AlSi10Mg by 
reducing its tensile strength, compressive strength, nano and micro hardness of the 
material [16]. This indicates the existing gap in the knowledge of heat treatments 
for AM parts and calls for comprehensive research to develop heat treatment cycles. 
When solution treatment was applied to SLM processed SS 316 and laser direct 
energy deposited SS 316, the micro hardness value decreased with increase in the 
temperature was reported for both the cases. This is due to reduction in the dislocation 
density and increase in the grain size [109, 168]. WAAM processed Al6.3Cu alloy 
(referred as WAAM 2219) was subjected to solution treatment (535 °C for 90 min) 
followed by water quenching and then artificial aging (175 °C for 3 h) followed 
by furnace cooling. After heat treatment, due to precipitation hardening, the ulti-
mate tensile strength and yield strength of the WAAM processed AL6.3Cu alloy 
have significantly improved [169]. In the case of 2024 aluminum alloy processed 
by WAAM, solution treatment was performed for three different temperatures (ST1-
485 °C, ST2-498 °C, and ST3-503 °C) each with soaking time 90 min followed 
by water quenching and then subjected to natural aging for 2 days. Microhardness, 
tensile and elongation have increased with an increase in the temperature [170]. 

6.3 Annealing 

Annealing involves in softening of a metal by heating it to a specific temperature 
and holding it for a time period and then cooling down very slowly inside furnace to 
relieve internal stresses, to enhance ductility, to improve toughness and to tune the 
microstructure of material as desired [64]. Recovery (stress relieved as dislocations 
rearrange themselves with retaining the grain shape and alignment), recrystallization 
(new strain-free grains nucleates and grow to replace old grains) and grain growth 
(recrystallized grain continuous to grow due to long annealing which results in coarse 
grain microstructure) are the three processes of annealing [171]. In Ti6Al4V AM part, 
the modified annealing heat treatment (600 °C or 800 °C for 2 h in argon gas envi-
ronment + furnace cooling) resulted in stress relieving from martensitic phase and 
enhanced the corrosion resistance by forming β-phase BCC structure [172]. 316L 
SS processed by SLM with low porosity was annealed (1095 °C for 1 h in argon 
gas environment + furnace cooling) and stress relieved (700 °C for 1 h). Annealing 
enhanced the ductility but showed an adverse effect in the ultimate tensile strength
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and yield strength when compared to as-built SLM 316L SS [77]. Hardness variations 
due to the impact of dislocations evolved during annealing (1200 °C for 40 min in air 
filled furnace + natural cooling) was reported for SLM processed 316L SS. Geomet-
rically necessary dislocations ruled the hardness of 316L SS sample indicating the 
dominance of dislocation strengthening [173]. AM Maraging steel when subjected to 
solution annealing (820 °C/1 h and 940 °C/2 h in argon gas environment + furnace 
cooling) and precipitation hardening (250–550 °C with soaking time 0–6 h), its 
hardness decreased by 11% while the elongation increased by 21% as compared to 
as-built [174]. In a feasibility study of producing Ti2AlNb alloy by binder jetting, 
the as-built greener part was sintered (1100 °C for 6 h in vacuum) and annealed 
(1400 °C for 2 h in vacuum). Annealing has significantly improved the densification 
by 40% and formed a microstructure consisting of B2-phase with needle-shaped 
Ti2AlNb precipitates [175]. AlCoCrFeNi high entropy alloy processed by binder 
jetting was annealed (1000 °C and 1200 °C for 2 h in air + water quenching). 
For higher annealing temperature (1200 °C), yield strength (1461 MPa) and frac-
ture toughness (2272 MPa) significantly improved [176]. In a recent work, a hybrid 
AM (SLM/DED) was proposed to fabricate Inconel 718 where solution annealing 
(1010 °C for 1 h in argon atmosphere) prior to aging was applied to dissolve the lava 
phase for better mechanical properties [177]. 

6.4 Tempering 

Tempering heat treatment becomes essential after quench hardening in order to rule 
out the cracks and residual stresses developed in the hardened material. It improves 
the toughness of the hardened materials. There are three ranges of temperature at 
which tempering is usually carried out. Low temperature tempering (200 °C—hard 
martensite microstructure is retained), moderate temperature tempering (275 °C— 
transforms to troostite microstructure) and high temperature tempering (375 °C— 
transforms to sorbitic microstructure) [64]. H13 tool steel manufactured by AM, after 
stress relieving, was subjected to hardening (1020 °C for 75 min, nitrogen quench) 
and double tempering (585 °C for 3 h). The heat treatment has no effect in the porosity, 
but improved the yield strength by 25% and ultimate tensile strength by 26% with 
an elongation drop of 3.3% [178]. Hardness of H13 processed by SLM decreased 
with increase in tempering temperature when subjected to quenching and tempering 
heat treatment [179]. Performing an isothermal tempering (650 °C for 36 min) for 
maraging steel processed by SLM have achieved 78% martensite-austinite conver-
sion with stability to promote ductility and toughness [180]. Plasticity of SLM 
processed Alsi10Mg was improved by 2.8 times with 40% decrement in strength 
when tempered at 200 °C for 5 h followed by air cooling for 5 h [181]. The anisotropic 
nature of as-built WAAM nickel aluminum bronze (NAB) alloy, after homogenization 
for 900 °C for 2 h, was water quenched and tempered at different temperatures (450, 
550, 650 & 750 °C). Anisotropy modified while increasing tempering temperature. 
Precipitation strengthening is achieved till 650 °C, further any increase in temperature
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shows adverse effect [182]. 9Cr steel processed by WAAM was subjected to normal-
izing (1050 °C for 40 min + air cooling) and at different tempering temperatures 
(710 °C, 760 °C and 810 °C for 2 h + air cooled). For high tempering temperature, 
precipitation hardening was dominated by solid solution and dislocation hardening 
and thus results in low hardness and strength value. However, the sample exhibits 
high toughness. It is suggested to go with 1050 °C and 760 °C for normalizing and 
tempering respectively for yielding good strength and ductility [183]. 

6.5 Peak Hardening 

Peak hardening also referred as T6 heat treatment which comprises three stages 
starting with solution heat treatment (ST) followed by quenching and then by aging, 
can be employed to the AM part in order to improve their mechanical properties. At 
first, the material is solution treated at high temperature (near to eutectic temperature) 
to dissolve all soluble phases (Cu, Mg, etc.,), to homogenize the alloying elements 
and spheriodize the silicon particles. Second stage involves quenching, which will 
retain the solutionized phase and resist the precipitation. In the third stage, aging 
either natural aging (at room temperature) or artificial aging (at 210 °C) is carried 
to achieve precipitation strengthening of alloys by even distribution of precipitates 
[184]. Fatigue resistance of AlSi10Mg alloy manufactured by SLM was improved by 
performing a combined heat treatment of peak hardening (T6) and heating the built 
plate to 300 °C. Post heat treatment effect (ST at 525 °C for 6 h+water quench+ arti-
ficial aging at 165 °C for 7 h) was dominant than the built direction (0°, 45° and 90°) 
on fatigue resistance of the sample [185]. A modified T6 heat treatment (ST at 540 °C 
for 8 h + water quenching + tempering at 20 °C/1 day and 160 °C/10 h) was applied 
to SLM processed AlSi10Mg alloy and observed improvement in the fatigue resis-
tance after peak hardening [186]. Additively manufactured A357 aluminum alloy was 
subjected to stress relieving and peak hardening heat treatment. Ductility improved 
by stress relieving (300 °C for 2 h) while peak hardening (ST at 530 °C for 5 h+ aging 
at 170 °C for 3 h) improved the yield strength with comparable microhardness to the 
as-built sample [187]. T6 conditioned AlSiMg alloy have shown a good combo of 
strength and ductility resulting from precipitation strengthening caused by excessive 
Mg content irrespective of their loss in the course of SLM [188]. All the aforemen-
tioned post processing heat treatments have been witnessed to promote the quality of 
additively manufactured materials by eliminating the process-built defects like pores 
and cracks. In the following sections, more detailed investigation was provided on 
the effect of heat treatment with respect to microstructure and mechanical properties 
of additively manufactured materials.
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7 Effects of Post Processing Heat Treatment 
on Microstructure Development of AM Materials 

In general, for any metal, the phase transformation process plays a crucial role in 
yielding supreme mechanical properties by controlling the microstructure of the 
metal. Therefore, it’s very essential to understand the microstructure development in 
AM material in the as-built condition and post heat treatment. The SLM processed 
Inconel 718 exhibits fine columnar dendritic microstructure in its as-built condition 
which resulted from high thermal energy and fast cooling rate (10 °C/s) during the 
process. After heat treatment (HIP + ST + double aging), all fine dendrites disap-
peared and resulted in formation of equiaxial columnar grain structure [119]. Figure 6 
shows the SEM micrograph of Inconel 718 in as-built and post heat treatment. 

For binder jetted Inconel 718, austenite phase microstructure with low porosity 
was obtained when fine feedstock powder (7 μm) was utilized. After sintering at 
1290 °C and 1330 °C with holding time as 5 h for each, microstructure (for feedstock 
particle size 7 and 21 μm) with uniform equiaxed grains with boundary decorated 
with metal carbides and annealing twins was observed. For AM sample made from 
70 μm particle size, the same heat treatment resulted in a different microstructure 
constituting carbides, δ and laves. This indicates that particle feedstock size affects 
the sintering process and thus influence the microstructure formation in binder jetting 
[134]. With the case of Inconel 625, a homogenous microstructure with large pore size 
was reported for the as-built binder jetted sample. After heat treatment (Sintering 
+ HIP), an austenite phase microstructure with the presence of annealing twins 
was noticed with reduced pore size [133]. For WAAM processed Inconel 625, the 
microstructure of the as-built AM sample has shown brittle laves phases. After heat 
treatment (Annealing + water quenching), a phase transformation to Ni-Cr enriched 
γ-matrix was observed. Presence of metal carbides and undesired δ-phases were also 
reported and found to increase with increase in the heat treatment time [189]. Hard

Fig. 6 SEM micrographs of Inconel 718 before and after heat treatment (G—columnar cell 
structure, Z- built direction) [119]
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to weld γ’ nickel-based superalloy (RENE 108) has shown spherical pores in the 
sub-surface of the as-built AM sample indicated by the formation of primitive lines. 
The AM sample was subjected to HIP + ST + double aging heat treatment. After 
heat treatment, coarse γ’ phase distribution in the microstructure was obtained for 
sub-solvus (1200 °C/2 h) and fine uniform & cuboidal γ’ precipitates were obtained 
at super-solvus (1245 °C/2 h) temperature [37]. Figure 7 shows the microstructure 
of RENE 108 in as-built and post heat treatment condition.

The most commonly used 316L stainless steel has shown a coarsen microstructure 
with large grains in its as-built state when binder jetted. After sintering at 1300 °C 
for 90 min, a homogeneous microstructure with low porosity was attained [129]. 
In 316L steel processed by SLM, austenite phase is observed in both the as-built 
and annealed specimen indicating that the heat treatment has no influence in phase 
transformation. The typical cellular microstructure formed in the SLM component 
retained still 873 K and then vanishes with no trace at 1273 K. Further annealing 
to1673 K, microstructure coarsen and leads to pore formation (Refer to Fig. 8) [190].

Fig. 7 SEM micrographs of RENE 108 before and after heat treatment [37] 

Fig. 8 SEM micrographs of 316L steel before and after heat treatment [190]
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Similarly, with H13 tool steel processed by SLM an austenite phase with an elon-
gated grain structure having decorated with coarser carbides was observed in the 
as-built AM sample. Effect of heat treatment was investigated in two modes. First, 
stress relieving (SR) followed by hardening and tempering (HT) was performed in 
which a phase transformation from austenite to martensite with fine carbides was 
observed. Second heat treatment involves SR + HIP + HR. The microstructure 
was similar to the previous heat treatment indicating that HIP has no effect [178]. 
For maraging steel, the microstructure of as-built AM sample constitutes austenite 
phase with typical cellular structure when processed by SLM. From the substruc-
ture, polyhedral grains with high dislocations were observed. Further, the presence 
of finer spherical and sharp-edge particles was also confirmed. After annealing at 
820 °C, austenite phase transformed into lath microstructure with 23% austenite 
retention when followed by precipitation hardening at 550 °C with 6 h hold time 
[174]. An investigation on microstructure evolution of WAAM processed 2Cr13 
steel has revealed that the as-built AM sample contains a combination of marten-
site and ferrite microstructure instead of a complete martensite microstructure as 
observed in conventional 2Cr13 steels. Here, the formation of ferrite from marten-
site was induced by the in-situ micro-tempering phenomena of the deposition process 
in the WAAM [149]. Ti-6Al-4 V has observed to possess a martensite phase (α’) with 
needle-shape structure in its as-built condition pertaining to quick solidification and 
cooling nature of the SLM process. This instable phase may weaken the material 
against corrosion and thus it should be heat treated. By annealing, a phase transfor-
mation from HCP martensite phase to BCC β phase occurs due to stress relieving 
and improves the resistance to corrosion [172]. Figure 9 shows the microstructure 
evolution of Ti-6AL-4 V in as-built and post heat treatment condition.

Notably, the same SLM processed Ti-6Al-4 V AM sample when subjected to a 
different heat treatment (SR + HIP + Furnace/air cooling), a similar phase trans-
formation from martensite (α’) into coarse-grain lamellar α + β microstructure 
(for furnace cooling) and α’ + α combined microstructure (for air cooling) was 
reported [163]. The microstructure of binder jetted Ti-6Al-4 V exhibits lamellar, 
near-equiaxed α-phase and intergranular β-phase for a low sintering temperature. As

Fig. 9 SEM micrographs of Ti-6Al-4 V before and after heat treatment [172]
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the sintering temperature increases to 1460 °C, lamellar transforms to near-equiaxed 
α-phase microstructure with precipitates of ‘V’ and ‘Al’ rich elements was witnessed 
[191]. In WAAM processed nickel aluminum bronze (NAB) alloy, the microstructure 
of the as-built AM sample contains widmanstatten pattern of fine α and martensite 
phases. After heat treatment (annealing at 675 °C for 6 h) dissolves the existing 
widmanstatten α and martensite into fine homogeneous microstructure of α-phase 
and k precipitates. This refined microstructure will help in tailoring the mechanical 
properties [152]. Aluminum alloy 2024 when processed by WAAM, the microstruc-
ture of the as-built AM sample have shown the formation of predominant α-Al matrix 
along with θ phase and S phase. After solution treatment (ST) at 503 °C followed by 
natural aging, the microstructure exhibited α-Al matrix with θ eutectic phase, which 
significantly progress the mechanical properties. It was observed that the secondary 
phase distribution increased with increase in the ST temperature [170]. Al6.3Cu 
alloy when processed by WAAM has shown microstructure with α-Al and θ phase 
having fine dendritic and equiaxed grains. After heat treatment (ST followed by water 
quench + artificial aging followed by furnace cooling), dendrites were reduced and 
more equiaxed grains were observed. Similar to 2024 aluminum alloy, performing 
solution treatment for Al6.3Cu AM sample dissolved the secondary phases with 
distributing characteristics within the matrix [169].

8 Effects of Post Processing Heat Treatment on Mechanical 
Properties of AM Materials 

AM materials with topnotch quality can be custom-made by tailoring their proper-
ties via heat treatments. Understanding the role of heat treatments in the evolution of 
mechanical properties become more important as they are inevitable in the process 
chain of additive manufacturing. In this section, the effect of heat treatments on 
mechanical properties of AM materials are discussed in detail. Heat treatments may 
not be the same as we handle with conventionally manufactured materials. Say for 
example, with the case of 316L steel processed by SLM, the as-built specimen has 
shown good strength and ductility than the annealed specimen. Further, annealing 
with high temperature has shown an adverse effect in the mechanical properties 
indicating that the conventional heat treatments need modifications when dealt with 
AM materials [190]. Binder jetted 316L steel when subject to sintering at 1300 °C 
for 90 min has shown good mechanical properties. The microhardness of the AM 
samples prepared by using fine powder and large powder are reported to be 90 HV 
and 30 HV respectively. Enhanced sintering kinetics observed in the green part with 
fine particles reduce the porosity and yield high microhardness. For large parti-
cles, weak sintering kinetics resulted in high porosity which ultimately reduced the 
microhardness [129]. WAAM processed 2Cr13 steel has shown betterment in ulti-
mate tensile strength with a maximum value of 1450 MPa in the as-built state, which 
is nearly 61% higher than the conventionally produced 2Cr13 steel. The main reason
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for such a remarkable result is due to the attainment of high densification between 
two deposited adjacent layers with no structural defects and martensite refinement 
inside ferrite matrix [149]. The microhardness of the SLM as-built Inconel 718 
was measured in between 310 and 334 HV. Remarkably, the microhardness value 
improved and measured between 461 and 492 HV, by adopting a combination of heat 
treatment (HIP+ Solution treatment+ double aging). HIP reduced the porosity while 
the solution treatment and aging improved the hardness via precipitation hardening 
(γ’ phase & γ” phase precipitates into the matrix) [119]. Binder jetted Inconel 625 
alloy when built in the x-direction has shown mechanical properties that are equiva-
lent to conventionally manufactured Inconel 625. The ultimate tensile strength, yield 
stress and young modulus of AM sample built in the x-direction are 0.707 GPa, 
0.32 GPa and 0.524 GPa respectively. This suggests the opportunity for powder-
bed technologies to integrate with manufacturing companies in metal fabrication in 
near future [133]. WAAM Inconel 625 alloy in its as-built condition has shown the 
tensile strength, yield strength and microhardness as 658 MPa, 373 MPa and 220 
HV respectively. After annealing (980 °C/2 h), tensile strength and yield strength 
were significantly improved by 5% and 6.4% respectively. Grain-boundary precip-
itation of carbides and δ phases controlled the behavior of tensile strength in the 
AM sample [192]. Binder jetted RENE 108 nickel-based superalloy when subjected 
to heat treatment (HIP + ST + double aging), has shown 15% and 20% enhance-
ment in yield strength and tensile strength respectively. Precipitation of carbides and 
oxides controls the grain refinement and thus influences the mechanical properties. 
For low temperature, the strength and ductility of BJ RENE 108 were higher with 
showing a transgranular mode of deformation [37]. The mechanical properties of 
as-built maraging steel are found superior than the heat-treated samples. Annealing 
at 820 and 940 °C followed by precipitation hardening at 540 °C with 6 h hold time, 
drastically reduced the strength of the material due to austenite retention. As an effect 
of hat treatment, hardness was reduced by 11% but elongation was improved by 23% 
[174]. For SLM processed H13 tool steel, the mechanical properties like hardness, 
young modulus, and yield strength are measured to be 894 ± 48 HV, 190 GPa, and 
1236 ± 178 MPa respectively [193]. After heat treatments (SR + HT& SR + HIP + 
HT), yield strength and ultimate strength of the AM sample have improved by 25% 
and 26% respectively. However, the hardness value of the AM sample decreased 
after heat treatment. HIP has no effect in the porosity but improved the mechanical 
properties significantly [178]. With the case of Ti-6Al-4 V processed by SLM, the 
microhardness of the as-built measured to be 408 HV decreased to 364 HV when 
heat treated (SR + HIP + Air/Furnace cooling). However, the fatigue property of the 
heat-treated AM sample has shown betterment when compared to as-built pertaining 
to the presence of more ductile β phase [163]. For binder jetted Ti-6AL-4 V, the 
microhardness obtained was reported to be 316 HV after sintering at 1460 °C for 2 h. 
A maximum sintered density of 95.2% was achieved. The compressive strength and 
yield stress obtained for this binder jetted AM sample are reported to be 1021 MPa 
and 589 MPa respectively. Notably, the compressive strength obtained here is 4.5% 
higher than the conventionally casted titanium alloys [191]. WAAM processed nickel 
aluminum bronze (NAB) AM sample have shown poor mechanical properties like
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microhardness, ultimate tensile strength, and yield strength as 181 HV, 35 MPa, and 
26 MPa respectively. This is mainly due to insufficient heat input and cooling rate 
during the WAAM process. After heat treatment, a significant improvement in the 
mechanical properties was observed due to grain refinement and precipitation hard-
ening. Microhardness, ultimate tensile strength, and yield strength were observed 
to be 210 HV, 342 MPa, and 653 MPa respectively [152]. Solution treatment (ST) 
followed by natural aging have significantly enhanced the mechanical properties of 
WAAM processed 2024 aluminum alloy. In as-built condition, the values of micro-
hardness, ultimate tensile strength and yield strength are measured to be 95 HV, 
284 MPa, and 177 MPa respectively. The microstructural modification after heat 
treatment especially for ST at 503 °C, has significantly enhanced the mechanical 
properties. Microhardness, ultimate tensile strength, and yield strength are obtained 
as 143 HV, 497 MPa, and 330 MPa respectively. Increase in ST temperature increased 
the secondary phase distribution within the microstructure [170]. When the ST + 
artificial aging heat treatment is applied to WAAM processed Al6.3Cu alloy, the 
microhardness improved from 68.3 HV to 144.5 HV. Tensile strength and yield 
strength were improved from 206 to 300 MPa and 125 MPa to 450 MPa respec-
tively. However, the elongation has shown a decreasing trend upon heat treatment. 
Precipitation hardening is the main strengthening mechanism. Inter-layer rolling is 
recommended to further improve the mechanical properties as it causes grain refine-
ment [169]. Table 6 presents the summary of AM methods, materials processed, 
choice of post-processing heat treatment, microstructure and mechanical properties 
along with research insights. 

9 Challenges and Recommendations for Additive 
Manufacturing 

Despite the potential benefits offered, there are still considerable challenges associ-
ated in additive manufacturing with respect to raw materials quality and suitability, 
processing methods to print 3D components, and appropriate heat treatments to 
configure the microstructure in order to attain the desired mechanical properties. 

Powder feedstock characteristics (size, morphology, composition, flowability, 
etc.) should be accounted with utmost care while working on powder-bed-fusion 
technologies. Powder quality determines the product quality. Water atomization 
technique is not preferred for producing AM feedstocks, as it has certain limita-
tions like only non-reactive materials can be used, produce irregular particles, and 
forms surface oxide contaminations. Hence, gas atomization is recommended as it 
has the ability to reduce oxidation risk, produce spherical particles, handle both reac-
tive & non-reactive materials, and noticeably inert gas (argon/nitrogen) can tune the 
microstructure development to yield desired properties [4]. Powders with near-to-
sphere morphology, monodispersed and agglomerate-free are highly recommended 
for use as AM feedstock since they can provide efficient energy absorbtion, stability
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in melt-pool, increased layer thickness, fast scan speed (x–y horizontal direction), 
high built rate (z vertical direction), high production rate, and cutoff the production 
cost by nearly 50% [194]. For better flowability of powders, Hausner ratio (typical 
ratio value as 1) close to or less than one is recommended for AM feedstock [195]. 
Finer particles are pernicious to AM process as they tend to agglomerate easily and 
pose risk for safe handling. For SLM Inconel 625 and BJ Inconel 718, particle size 
less than 10 μm and 4 μm respectively, was not recommended for use [35, 134]. 
With the case of WAAM, using wire as additive will result in poor standard and low 
surface finish products. New wire materials should be developed by taking benefits 
from metal alloying for improved characteristics of wire feedstock. For a note Si and 
Mg elements, each with 4–5% by weight can be alloyed with aluminum wire. But, 
adding excess amount of alloy may invite hot cracking problem in the AM sample. 
This issue can be addressed by reinforcement of nanoparticles to wire feedstock 
which can possibly mitigate the crack formation and improves the strength of the 
as-built WAAM sample [196, 197]. Similarly in BJ, alloying of boron (0.5%) to 
420 stainless steels can provide density enhancement. Also, adding nanoparticles of 
stainless steel to the powders of 410 SS and 316L steel can significantly improve the 
quality and density of the BJ AM sample [198, 199].

Process-related challenges are a major impediment that prevents AM from indus-
trial implementation. Say, for example, the poor weldability nature in nickel-based 
alloys poses challenges when subjected to LPBF and direct energy deposition 
methods. To overcome this issue, binder jetting is recommended to process such 
hard-to-weld nickel-based alloys since the binder jetting process doesn’t rely on 
heat source and liquid metal interaction for building a part [129]. This also indi-
cates the presence of knowledge gap concerned with alloys development and their 
qualification for being processed by a particular AM technic. Whereas in binder 
jetting process, feedstock agglomeration with respect to splashing of binder (ink) 
and migration of excess ink beyond the predefined boundary, is a serious issue as 
this will deteriorate the quality of final part. Depowdering is another risky task 
that may cause surface damage to the printed part. Blended mode comprising of 
automation (pressurized air) and manual (soft brushes) could be a possible solution 
for handling mass and complex part production [200]. On the other hand, process 
parameters have shown a direct impact on part quality. For SLM, process parame-
ters that include laser power source, part building direction, scan speed, scan hatch 
spacing, etc., are crucial for part quality. An insufficiency of laser power will cause 
poor melting of feedstock which will result in binding defect or balling. Laser power 
of 150 W, hatch distance of 0.07 mm, scan speed of 700 mm/s with build direction 
45° (for maximum tensile strength) and 90° (for maximum elongation to failure) are 
recommended for 316L steel SLM AM sample [201]. Voids formation in the AM 
sample can be reduced by reducing the hatch distance, which in turn yields high 
densification, increased elongation, and high ultimate tensile strength [202]. In BJ 
process, position errors and saturation errors are observed to happen when there is 
a mismatch in droplet’s exit angle and a volume shift in the droplet respectively. It 
is recommended to offset the position of the jet from layer after layer to eradicate 
the errors. The existence of knowledge gap in mapping out the dynamics behind the
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binder droplet and powder interactions need to be addressed by developing compu-
tational simulations and experimental validations [128]. In WAAM process, the heat 
input is governed by supplied current, applied voltage and travel speed. Excess heat 
supplied may result in microstructure with coarse grain that leads to entrapment of 
gas and liquation. Also, porosity increases with increment in weld speed pertaining 
to elevated solidification rate [203]. Accumulation of heat in the AM sample during 
WAAM process is the root cause for structural failure. As the successive built layers 
increases, conduction of heat fluxes between them decreases which in turn enlarges 
the melt pool size and increases the interlayer temperature resulting in structural 
damage. To overcome this issue, convection mode of cooling via jet impingement 
is recommended to reduce the temperature built-up during WAAM process [204]. 
Also, the heat transfer in melt pool is ruled by convection mode of heat transfer. 
Reducing the heat input can yield rapid cooling rate. Solidification morphology can 
be figured by G/R ratio (thermal gradient to solidification rate). Selection of thick 
wire and maximal wire feeding rate are recommended for obtaining high deposition 
rate [196]. But high deposition rate in WAAM will arise undesired surface roughness 
and thus invites additional post-surface finishing operation which is time-consuming 
and not cost–benefit. It is recommended that the deposition rate should not exceed 
4 kg/h and 1 kg/h for steels and aluminum/titanium alloys respectively to hold the 
buy-to-fly ratio below 1.5 [205]. 

Post-processing heat treatments are inevitable without which the process chain 
of AM would be incomplete. Most of the AM processed samples are prone to high 
porosity, process built internal stresses, anisotropic in behavior, and other structural 
defects. Though heat treatments became the prime choice to address many of these 
defects and improve the product quality, still there are certain challenges and knowl-
edge gaps exist in adopting appropriate heat treatment for right material and right 
process. Say for example, annealing on SLM 316L AM sample has no influence 
in texture formation. Also, for high annealing temperature the strength of the AM 
sample decreased [190]. Instead of conventional annealing, it is recommended to 
perform intercritical annealing (IA) and/or deep cryogenic heat treatment (DCT) for 
316L SLM AM sample to achieve homogeneous microstructure for better mechan-
ical properties [206]. Post heat treatment have failed to retain the shape memory 
property of hard-to-process NiTi alloy processed by SLM via repetitive scanning 
strategy. When heat treated at high temperature (500–700 °C), NiTi elements agglom-
erated and resulted in coarser grain size along with poor martensite phase formation. 
To avoid particle agglomeration, dislocation formation, and strain-stimulated grain 
boundary movement, it is recommended to heat treat below 400 °C [207]. Stress 
relieving is not recommended for SLM processed AlSi material as it is witnessed 
to promote porosity pertaining to thermal softening occurred due to Si particles and 
Mg2Si particles precipitation [208]. Modifications in the existing heat treatments are 
essential for AM samples. For a note, traditional homogenization at 1050 °C will not 
be appropriate for WAAM process since it produces product with more heterogenous 
microstructure and anisotropic in nature. For P91 steel WAAM samples, modified 
homogenization (1200 °C for 2 h) is recommended to homogenize the microstruc-
ture and to eradicate the anisotropic effect for better mechanical properties [209].
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Though sintering at high temperature can dramatically improve the part densifica-
tion in BJ process, part deformation via volume shrinkage become a serious issue. 
Also, sintering process parameters will not be the same for all particle sizes. It is 
recommended to use bimodal and trimodal particle size distribution to belittle the 
volume shrinkage [142]. Numerical simulations and parametric optimization could 
provide solution to many existing issues by predicting phase composition, optimum 
parameters for AM process, microstructure evolution and mechanical properties. 
Discrete element method (DEM) and finite element method (FEM) can reasonably 
predict the powder behavior and part shrinkage respectively for LPBF technologies 
[210]. Calculation of phase diagrams (CALPHAD) in association with integrated 
computational materials engineering (ICME) could predict the phase composition 
leading to phase strengthening and microstructure development in HSLA steels [211]. 
COMSOL Multiphysics have proven to be capable to model the melt pool behavior 
and temperature effect to predict the influence on residual stress built on the AM 
sample [212]. However, the numerical models developed are capable for analyzing 
the thermo-mechanical behaviors of the AM processes, proper validation with the 
experimental results is mandatory. 

10 Conclusion 

In conclusion, the present scenario of additive manufacturing with respect to feed-
stock materials, processing methods in practice, and appropriate post processing heat 
treatments for microstructure evolution and mechanical properties was presented. 
Among the feedstocks, metals have been the most qualified and extensively utilized 
for 3D printing when compared to polymers and ceramics. The dominance of metallic 
materials in the AM was clearly witnessed via the escalating interest shown and 
the investment made by the industries in recent years for adopting metal additive 
manufacturing systems to produce parts. Powder quality and characteristics strongly 
influenced the 3D printed part quality. Metal powders produced via gas atomization, 
plasma rotating electrode and mechanical alloying have been revealed to be better 
in quality (high dense, less porosity, etc.) and in characteristics (fine size, spherical 
morphology, flowability, etc.). Selective laser melting, binder jetting and wire arc 
additive manufacturing have been reported to be the prime choice for processing 
most of the metals and alloys of aluminum, titanium, and nickel. The processing 
capacity of SLM, BJ and WAAM have also been extended for handling high entropy 
alloys and nanocomposites, and hence more industrial interest in recent days. Process 
parameters associated with each AM process that holds the key for achieving supreme 
quality and good surface finish were highlighted. Common defects occurred in the 
as-built AM parts and their root causes were also outlined. Post-processing heat 
treatments that are suitable for specific AM route and the corresponding processed 
metals were discussed with suitable examples. Importantly, thermal profile of all 
post-processing heat treatments and their effect in tunning the microstructure and in 
tailoring the mechanical properties of the AM parts were revealed. Modification in
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microstructure and mechanical properties before and after post-processing heat treat-
ments were mapped and presented along with the research insights for the benefit of 
the research community. Present challenges with respect to feedstocks, AM process 
implementations, and appropriate post-processing heat treatments for improving the 
product quality were addressed and possible solutions to overcome those issues were 
recommended. 
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Chapter 9 
In Vitro Degradation Behaviour 
of Chitosan-Based Blends by ATR-FTIR 
for Tissue Engineering Scaffolds: 
An Indirect Bioactivity Assay 

K. Kanimozhi, V. Sugantha Kumari, S. Khaleel Basha, and K. Kaviyarasu 

1 Introduction 

Tissue engineering platforms performance an energetic part trendy reformative medi-
cation. This one not solitary offers brief 3-dimensional sustenance through flesh repa-
ration,nonetheless,similarlycontrols thecellbehavioursuchascelladhesion,prolifer-
ation besides variation [1–5]. Therefore, the goal in tissue engineering is on the way to 
mature efficient artificial or living alternates near healing otherwise exchange injured 
structures/matters trendy the physique based on silver or metal oxide nanoparticles [6– 
11]. Aimed at effective beneficial flesh industrial, these remains important fair previ-
ously reconstruct biomimetic cellular microenvironments that involve of extracellular 
matrix (ECM), compartments in place of fine equally living besides reminders near 
help flesh rebirth [12, 13]. Currently, a general variety of biomaterials in addition to 
treatingperformancespermit theconstructionofplatformsonbehalfofvarious tenders
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happening growing back remedy [14]. Presently, fusion resources remain actuality 
comprehensively examined by means of the purpose of imitating the ECM microenvi-
ronment in the direction of stand talented just before grow threatening, price-efficient, 
bioactive platforms aimed at tissue engineering [15, 16]. In the platform, condition 
make after a solitary polymer, cannot communicate entirely these preferred belong-
ings, then through attractive binary or additional polymers trendy mixture, it remains 
likely to modify a frame through the anticipated features [17, 18]. Mixtures prepared 
of together artificial as well as regular polymers can make available the varied choice 
of physicochemical belongings as well as treating performances of artificial poly-
mers in place of fine as the biocompatibility then living connections of normal poly-
mers. Chitosan remains a regular polymer resulting through deacetylation of chitin 
by means of stimulating belongings aimed at biomedical uses meanwhile the situ-
ation consumes a non-hazardous, recyclable, little provocative retort, and antimi-
crobial personality [19, 20]. Poly(vinyl alcohol) (P) stays a non-hazardous, aquatic-
solvable, extremely glassy, biodegradable, and biocompatible polymer. The situation 
consumes motivating bodily and organic goods then decent flick-founding capability 
owing in the direction of the plenty of hydroxyl groups and, thus, development of inter-
molecular hydrogen bonding [21]. PVA remains a talented semi-crystalline polymer 
aimed at numerous submissions, such by way of medication distribution, wrapping, 
etc. Methyl cellulose (M) stands a polysaccharide resulting after fibre which stays 
extensively useful in pharmaceutics for medication and protein distribution, before 
by way of framework aimed at flesh manufacturing, taking a marvellous latent not 
completely broken until now. The takes certain extraordinary belongings such in place 
of little poisonousness, decent biocompatibility and biodegradability, a great-aquatic 
relationship aptitude besides a little price now judgement by extra normal polymers 
[22]. 

In the bodily belongings of Chitosan framework can remain improved through 
intercourse the situation through extra artificial before natural polymers, such as 
poly (vinyl alcohol), Collagen, Chitosan, then consequently onwards [23, 24]. In 
the direction of more enlarge that one request variety, though, plentiful further hard 
work remains unmoving mandatory just before incredulous certain inadequacies 
comprising little automatic asset then reduced high temperature fighting. Several of 
it meant next to refining the presentations of chitosan ought to remain conveyed. 
In the middle of these, joining together remains a positive technique owing in the 
direction of small price besides humble process. Subsequently, the amalgamation of 
artificial besides ordinary polymers possibly will improve the rate routine proportion 
of the compound flicks, that one stays a gifted tactic near merger PVA and CS 
just before gaining the shared belongings of together polymers. In the face of the 
PVA/CS mixture layers on condition that outstanding belongings, a nonexistence of 
elasticity remain motionless single of the chief limitations aimed at this one request. 
Methylcellulose possibly will stand charity fashionable merged resources consuming 
likewise crosslinking mediators in the direction of gain hydrogels through actual tall 
puffiness degree which might spread the requests of Methylcellulose by way of 
wound dressing before in place of great porous ingredients [25].
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The proper scaffold selection depends on the selection of Humiliation perfor-
mance of absorbent frameworks shows an significant part trendy the manufac-
turing method of a novel flesh and observing the situation possible behaviour when 
entrenched besides tolerate retrieval period [26]. The control degradation properties 
of scaffold play a critical role in the growth of degradable polymeric schemes, then 
a better understanding of this device would remain supportive for the success of the 
tissue-engineered construct. This method remains of countless attention aimed at 
experts employed trendy the arena, by way of that one allows the manufacture of 
resources which remain calm of the joint besides synergistic belongings of the dissim-
ilar residents. Greatest of the poverty trainings stated trendy the works remain done 
through hatching the substantial popular phosphate buffer saline (PBS). Explanation. 
Now this way, this one stands predictable that lone poverty using usual hydrolysis 
resolve happen. Hooper and colleagues [27] originate that together PBS and simu-
lated body fluid (SBF) explanations remained suitable incubation barriers aimed at a 
precise imitation of the in vivo squalor of tyrosine-resulting polymers. Non-buffered 
answers (aquatic, isotonic salty solutions) must remain too rummage-sale popular 
numerous dilapidation trainings, nevertheless these examinations consumed unno-
ticed the cushion volume of figure liquids. Moreover, several of the poverty trails 
fix not anticipate the regeneration of the squalor intermediate, and once more, such 
challenging procedures prepare not permit aimed at the clearing of squalor crops 
through watery movement, basic to in vivo circumstances [28]. This one remains 
supposed that the flawless in vivo degradation rate might remain comparable or 
somewhat fewer than the degree of flesh creation. Finally, the three-dimensional 
interplanetary engaged through permeable framework remains substituted through 
again shaped matters. Fourier transform infrared (FT-IR) attenuated total reflec-
tion (ATR)0 spectroscopy stands a humble nonetheless influential method, which 
consumes remained charity to portray the superficial of polymer flick framework 
models. That one delivers the material around the link coatings and superficial actions 
of the interior coatings of multilayer films, supercilious they container remain delam-
inated efficiently to depiction the interior coatings, and pretentious those coatings 
are dense sufficient near differentiate them after the subsurface coatings. In order to 
understand, a original CS/PVA/MC mixture frameworks remained ready finished a 
solution casting method founded on dissimilar scopes of methylcellulose extra. The 
invented frameworks showed to be an actual technique in the direction of delivering 
a atmosphere through similar permeable construction, manageable hole extent and 
mechanical properties to get desirable properties aimed at soft tissue engineering 
claims. Trendy this setting, the in-situ description of the deprivation performance 
development of ternary mixture frameworks requires remained methodically exam-
ined by Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-
FTIR) ready for 28 days in different biological media such as Phosphate Buffer 
Saline (PBS), Simulated Body Fluid (SBF) and Dulbecco’s modified Eagle medium 
(DMEM) solution at 37 °C differing in CO2 concentration, etc.
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2 Materials and Methods 

2.1 Materials 

Chitosan (80% deacetylated, molecular weight: 5.3 × 104), Polyvinyl(alcohol) 
(molecular weight 14,000) then Methylcellulose (analytically pure) remained 
purchased from S&D fine Chemicals, Mumbai, India. Dulbecco’s Modified Eagle 
Medium (DMEM) was purchased from SRL, India. All the chemicals were of the 
maximum pureness and used lacking more sanitisation. 

2.2 Synthesis of Scaffolds 

Scaffolds were prepared based on modifications of the process formerly testified 
through Kanimozhi et al. [29]. The preparation of the Chitosan beached cross 
ternary mixture frameworks continued prepared by a federation of flick casting and 
lyophilization methods. 1 g Chitosan (C) gunpowder was added into a 100 ml of 0.1 M 
acetic acid formerly the amalgamation stood motivated to arrangement a 1wt% pure 
chitosan solution. In the meantime, 1 g Poly (vinyl alcohol) (P) gunpowder was 
thrilling into 100 ml at 80 °C washed with water done exciting to form a 1% clear 
Poly(vinyl alcohol) clarification and methylcellulose (M) powder was inspiring into 
100 ml rinsed water and inspired to form 1wt% methylcellulose solutions, similarly. 
The blend scaffolds, containing 25%, 50%, and 75% V/V solutions of methylcel-
lulose of the total weight of chitosan and Poly(vinyl alcohol). The prepared hybrid 
blend scaffold samples were coded as CPM1, CPM2 and CPM3. 

2.3 Scaffold Formation-Lyophilization Method 

Popular technique a agenda each of the degassed merger (10 ml) continued elated 
bent on Teflon petri dishes, chilled at 4 °C, frosty at −20 °C in a profound freezer 
for 24 h. The frost-enclosed plates continued situated fashionable a lyophilizer at 
−40 °C though to come aimed at thirsty absorbent frameworks remained contracted. 
The following outlines (area 2 cm2, width = 3.0 mm) continued responded in the way 
of removing acetate by plunging them in 10% NaOH shaded through washing through 
water whereas coming up aimed at responded, straggled over lyophilization.
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2.4 In Vitro Degradation Studies by ATR-FTIR Method 

The scaffolds (10 mm × 20 mm) continued expurgated dependent toward a rect-
angular numeral meant by filth stimulating in vitro foulness hearings continued 
displayed done soaked the representations fashionable three different media: phos-
phate buffer saline (PBS: 0.13 M, NaCl:0.9%, NaN3: 0.02%, pH: 7.4), simulated body 
fluid(SBF: which devours inanimate ion courtesies similar nearby folks of humanoid 
extracellular fluid, remained prepared over tender specific wholes of combination 
materials of NaCl, NaHCO3, KCl, K2HPO4. 3H2O, MgCl2.6H2O, CaCl2. 2H2O, and 
Na2SO4 into purified water, pH 7.25) and the Dulbecco’s Modified Eagle Medium 
(DMEM: commercially purchased). The porous scaffolds were sterilized under UV 
irradiation for 2 h, enthusiastic close the covering quartz continued situated general 
24-well plates by resources of tweezers, formerly later an aliquot (3 mL) of PBS, 
SBF and DMEM solution at 37 °C differing in CO2 concentration. 

The farming regular mounted relieved over the original clarification every 3 days. 
Three comparable frameworks of together offensiveness old mounted engaged avail-
able subsequent to different old-fashioned, rinse gone over sanitized fluid and 
cancelled desiccated obtainable meant on additional explanation by ATR-FTIR 
method. Attenuated Total Reflectance (ATR) -Fourier-transformed infrared spec-
troscopy (FTIR) (Schimadzu IR affinity-1S) was performed using an Assignment 
ATR ZnSe quartz compartment over size-up of 250 scans through a purpose of 4 cm−1 

and a wavenumber range of 4000−400 cm−1 all spectrum continued educated smart 
transmission method after immersion in PBS, SBF and DMEM. 

3 Results and Discussion 

ATR-FTIR analysis using PBS and SBF was conducted to analyse the chemical 
structural changes in the samples by mimicking interactions in the body environ-
ment. PBS and SBF have ion concentrations comparable to those present in human 
blood plasma. Dulbecco’s modified Eagle medium (DMEM) remainders assistance 
general mammalian compartment state close increase radio loyalty, reduce toxic 
ammonia character conscious then brand the greatest of cell performance. The ATR-
FTIR studies are possibly an indication that the prepared films of chitosan, PVA 
and different ratios of methylcellulose scaffolds had undergone a chemical reaction 
in the different media of PBS, SBF and DMEM environment for four weeks. This 
study would be preferable to identify the degradation behaviour and the hazardous 
dated estimation intended by the frameworks grows fragile fashionable stabili-
ties of polymer chains then subsequently convinced their covert fashionable flesh 
engineering application.
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3.1 ATR-FTIR Spectra of CS/PVA, CPM1, CPM2 and CPM3 
Scaffolds Before Immersion in Different Biological 
Media 

ATR-FTIR spectroscopy is a simple but powerful method aimed at the investigation of 
chemical interactions of the compounds. The ATR-FTIR spectra of CS/PVA, CPM1, 
CPM2 and CPM3 scaffolds before involvement in PBS, SBF and DMEM solution 
are presented in Fig. 1. The spectrum of CS/PVA (Fig. 1) and band assignments are 
given in Table 1, exhibits a strong and broad absorption band at 3741 cm−1 attributed 
to the OH group and a peak at 1032 cm−1. The peak at 1643 cm−1 (amide I) through a 
slight assume at 1556 cm−1 (amide II) stands credited to acetylated amino group and 
checks that the model stands not completely deacetylated. The peak at 1032 cm−1 

was allocated to the free primary amino group (-NH2) at C2 location of glucosamine. 
The fascination bands pragmatic at 1643 cm−1 and at 1556 cm−1 remained shifted 
near lower wave number owing to the contact among OH and NH bending vibration

Fig. 1 ATR-FTIR spectra of scaffolds before immersion in PBS, SBF and DMEM media 

Table 1 Assignments of ATR-FTIR bands of scaffolds before immersion in PBS, SBF and DMEM 

No. assignments CPM1 CPM2 CPM3 

Band (cm−1) Band (cm−1) Band (cm−1) 

1 3314 3361 3741 OH stretching 

2 1637 – 1643 Amide I band 

3 1337 1316 1323 C=C streching 

4 – 1492 1023 C–0 streching



9 In Vitro Degradation Behaviour of Chitosan-Based Blends … 225

of CS/PVA. Compared to the spectra of CS/PVA film, the bands by wave number 
3361 cm−1, 3314 cm−1, 3301 cm−1 and 1029 cm−1 & 1023 cm−1 in the CPM1, 
CPM2 and CPM3 frameworks remain lifted near lesser wavenumber morals. This 
change remained a consequence of the creation of intermolecular hydrogen bonds 
by the OH of PVAand OH or NH, and OH of methylcellulose. The intensity of the 
peak takes remained reduced and near is a shift in wavenumbers of the bands once 
attention enlarged since 25% to 75%.

3.2 ATR-FTIR Spectra of CPM1, CPM2 and CPM3 
Scaffolds After Immersion in Different Biological Media 

3.2.1 Immersion of CPM1, CPM2 and CPM3 Scaffolds in Phosphate 
Buffer Solution (PBS) 

The ATR-FTIR of CPM1 scaffold (Fig. 2) and band assignments are given in Table 
2, after 7 days, 14 days and 28 days of immersion in PBS solution. A broad peak 
appears between 3500 cm−1 and 3000 cm−1 and additional peak everywhere at 
1647 cm−1. Trendy period peaks grow next to about 1042 cm−1, 1036 cm−1 and 
1032 cm−1 respectively. The band at 3364 cm−1 is due to OH or NH stretching. 
In the spectra of the scaffold flick connections connecting normal besides artificial 
polymers at 1647 cm−1 (amide I) and NH2 in amino group at 1323 cm−1 (amide 
II). These indicate the interaction among the polymeric scaffold; probably through 
the formation of hydrogen attachment among OH of PVA and OH or NH2 of CS 
is obvious as of (Fig. 2a). The fascination peaks were found to be increased and 
decreased after 28 days degradation in PBS medium. The intensity of the bands 
around corresponding to around 1647 cm−1 (amide I) and 1323 cm−1 (amide II) 
remained nearly diminished later squalor in PBS medium. Figure 2a’ demonstrations 
the transmission strength against the immersion period aimed at the transmission 
most at 3364, 1647 and 1042 cm−1, consistent to the extending vibrations of PBS 
molecules and hydroxides. Throughout the leading 7 days of experience the quick 
strength growth of the group at 3364 cm−1 might stand produced by phosphate buffer 
acceptance hooked on the polymer system. The reduction fashionable strength of the 
group at 1647 cm−1 indicates the carriage kinetics interested in the polymer flick. 
Not at all continuous standards remained touched on extended contact periods and 
the strength rises of entire groups remained linear. 

Figure 2b depicts the ATR-FTIR bands found subsequently dissimilar immersion 
periods for CPM2 scaffolds in contact with PBS solution. Next to smaller immersion 
periods, an extensive and strong band look as if trendy the ranges among 3500 
and 3000 cm−1, by a extreme everywhere 3367 cm−1 might remain allocated near 
together symmetric and asymmetric extending vibrations arise from (-OH) group due 
to the polymer surface. Subsequently penetrating the polymer flick, PBS particles 
might remain obtainable by way of wholesale similar liquid next to the polymer
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Fig. 2 ATR-FTIR spectra of scaffolds after immersion in PBS and the corresponding transmittance 
intensities versus the immersion time of (i) (a & a’) CPM1 (ii) (b & b’) CPM2 and (iii) (c & c’) 
CPM3 

Table 2 Assignments of ATR-FTIR bands of scaffolds in PBS 

No. assignments CPM1 CPM2 CPM3 

Band (cm−1) Band (cm−1) Band (cm−1) 

1 3364 3364 3367 OH stretching 

2 1647 1650 1643 Amide I band 

3 1323 – – C=C streching 

4 – 1042 1039 C–0 streching
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border by means of tiny PBS-occupied holes and in place of combined inside the 
external close polymer system and the absorbent construction of the polymer flick 
[29]. Such combined PBS can be popular dissimilar methods, aimed at case, by 
means of powerfully hydrogen bonded, or broadsheets adsorbed against the hole. 
The peaks at 1650 cm−1 remained due to the (amide I) band of the CPM2 scaffold. 
Although the extensive band under 1500 cm−1 through an cumulative involvement 
period a comparatively shrill fascination peak look as if by about 1500–1000 cm−1, 
through a extreme at 1039 cm−1. This peak could remain allocated to longitudinal 
extending feelings of polymer and near bending vibrations of polymer which remain 
modifications owing near oxidation of the polymer superficial. Figure 2b’ shows 
ATR-FTIR transmission intensities later dissimilar periods of immersion. A wide 
group seems next to everywhere 3367 cm−1 owing near OH- stretching vibrations of 
CPM2. The peak at 1650 cm−1 was due to the (amide I) band of the CPM2 scaffold 
present within the CPM scaffold. After 28 days of immersion periods added peaks 
remained got next to 1039 cm−1. These peaks could both remain owing near tainted 
polymer material, though the peaks next to inferior wave statistics likewise tin remain 
owing near transformation of previously current M crops.

Figure 2c shows the ATR- FTIR spectra for scaffolds of CPM3 after 7, 14 and 
28 days of involvement in PBS. A peak shift might remain experiential among 
1042 cm−1 & 1020 cm−1. This consequence happens popular straight amount to 
the rise trendy the M proportion inside the flick, which resembles to the entrance 
of the C–O–C stretching vibration. The symmetry of M is lowered which in turn 
reflects interaction between M and the polymer in their system. The bands shift to 
even lower wavenumbers as more M is added as 75% of MC to CS/PVA. The trans-
mission strengths against the immersion period aimed at transmission band greatest 
at 3348, 1643 and 1042 cm−1 correspondingly remain shown in Fig. 2c. The inten-
sity of altogether three transmission bands enlarged through the immersion while, 
nonetheless through dissimilar kinetics. The linear intensity rises of the P = O is  
elongating a shaking band through spell specifies that the buffer solution stimulated 
inside the polymer system through a dissimilar conveyance instrument than liquid 
and that ions stood nonstop accrued next to the border. The peaks at 1643 cm−1 

and 1042 cm−1 reached the steady state level after 28 days of immersion indicating 
the MC incorporation in the scaffolds. The peak at 1650 cm−1, the stable national 
equal touched inside 28 days of immersion time designates significant degradation 
behaviour of the polymer support. 

3.2.2 Immersion of CPM1, CPM2 and CPM3 Scaffolds in Stimulated 
Body Fluid (SBF) 

The contribution of CPM1, CPM2 and CPM3 scaffold network was confirmed by 
ATR-FTIR subsequently involvement in SBF after 7, 14 and 28 days in Fig. 3 (a–c) 
and band assignments are given in Table 3. The wide-ranging bands experimental 
from 3200 cm−1 to 3500 cm−1 in the bands allocated to hydroxyls (OH) extending 
owing toward the robust hydrogen bond of intramolecular then the intermolecular
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Fig. 3 ATR-FTIR spectra of scaffolds after immersion in SBF and the corresponding transmittance 
intensities versus the immersion time of (i) (a & a’) CPM1 (ii) (b & b’) CPM2 and (iii) (c & c’) 
CPM3 

Table 3 Assignments of ATR-FTIR bands of scaffolds in SBF 

No. Assignments CPM1 CPM2 CPM3 

Band (cm−1) Band (cm−1) Band (cm−1) 

1 – 3321 3450 OH stretching 

2 1650 1700 1650 Amide I band 

3 1000 1042 1049 C–O streching
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kind. The bands ranging from 1650 cm−1 to 1700 cm−1 and 1000 cm−1 to 1200 cm−1 

ascend owing to the extending vibration carbonyl (C = O) correspondingly, after 
the vinyl acetate cluster originates trendy incompletely hydrolysed P-polymer. Near 
stands an overlying of the groups trendy the variety after 1650 to1700 cm−1 resulting 
as of the CS/PVA/MC components. The scaffold development tips towards the expan-
sion of the groups connected to vinyl group, which nearly vanish because of the 
hydrogen bonds in the scaffolds subsequently 28 days of involvement.

The spectrum of transmission intensities versus immersion time of CPM1, CPM2 
and CPM3 scaffolds after 7, 14 and 28 days of soaking in SBF in Fig. 3 (a’, b’ 
and c’) displays bands in the range 3000–3500 cm−1. They stand allocated towards 
extending vibrations of OH group through little strength owing to a greater binding 
attraction among CPM owing toward this detail a comparatively low response among 
CPM supports and SBF takes residence. As concentration increases transmission 
intensities also increase from 3321 cm−1 to 3450 cm−1 and 1042 cm−1 to 1049 cm−1. 
These indicate the interactions between the scaffolds and SBF and small changes in 
the degradation behaviours. 

3.2.3 Immersion of CPM1, CPM2 and CPM3 Scaffolds in Dulbecco’s 
Modified Eagle Medium (DMEM) 

The attenuated total reflection-Fourier transform reflection (ATR-FTIR) spectra of 
CPM1, CPM2 and CPM3 scaffolds in Dulbecco’s modified Eagle medium (DMEM) 
after degradation for 7, 14 and 28 days remained shown in Fig. 4 (a, b & c) then band 
assignments are given in Table 4. ATR-FTIR ranges remained approved available 
to clarify the occurrence of CPM trendy the merged scaffolds then toward analyse 
the communication (hydrogen bonding) among them. The extensive peak at 3581 
to 3730 cm−1 designates extending vibrations of the hydroxyl collections owing to 
the intramolecular and intermolecular hydrogen bonds of the OH groups of CPM. 
The absorption peaks remained originate to be improved and diminished aimed at 
three types of scaffolds afterward 28 days filth in DMEM medium. The penetrating 
of absorption, designates a sturdier hydrogen bond looked inside the molecular cable 
of CPM scaffolds contributes to the slow squalor degree in DMEM solution. The 
strength of the groups around 2927 and 2942 cm−1 agreed to CH2 extending vibra-
tions remained nearly diminished afterward squalor trendy DMEM average. In this 
consequence proposes the hydrolysis of CPM dim hooked on squalor average [30]. 
Trendy adding, the methylcellulose macromolecules suffer restraint scission then 
attaching toward the polymer support. 

In Fig. 4 (a’, b’ and c’) shows the transmission intensity versus immersion time 
of the scaffolds after 7, 14, 28 days of squalor. The range of existing key groups are 
3581 and 1681 cm−1, 3263 and 1630 cm−1, 3730 and 1768 cm−1. After immersion of 
the CPM in DMEM solutions, the absorption band intensities were decreased. These 
fascination groups describe -OH alcohol besides amide band then their decrement 
indicate that together amide then alcoholic groups donate toward the creation of scaf-
fold surface of the membranes [31, 32]. The above results of transmission intensity
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Fig. 4 ATR-FTIR spectra of scaffolds after immersion in DMEM and the corresponding transmit-
tance intensities versus the immersion time of (i) (a & a’) CPM1 (ii) (b & b’) CPM2 and (iii) (c & 
c’) CPM3 

Table 4 Assignments of ATR-FTIR bands of scaffolds in DMEM 

No. assignments CPM1 CPM2 CPM3 

Band (cm−1) Band (cm−1) Band (cm−1) 

1 3581 3263 3730 OH stretching 

2 2927 2942 – C=H stretching 

3 – 1681 1630 C=C streching

changes attributed that the scaffolds had an insignificant degradation behaviour of 
the polymer backbone when compared to two biological media PBS and SBF. 
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4 Conclusion 

The in vitro characterization of the degradation behaviour of the prepared hybrid 
polymeric scaffolds of CPM1, CPM2 and CPM3 has been systematically investigated 
up to 28 days in PBS, SBF and DMEM at 37 ºC using ATR-FTIR spectroscopy. 
The effects of the methyl cellulose ratios on the characterization of the chemical 
structures of these hybrid porous scaffolds before and after degradation were also 
observed by ATR-FTIR. The visible observations of the hybrid scaffolds prepared 
in 7, 14 and 28 days showed significant differences in the absorption of bands and 
molecular interactions in the immersion time. During immersion in PBS and SBF 
solution, the fast-initial increases of the stretching and bending vibrations of PBS and 
SBF indicated the degrading behaviour of the polymer network and to the scaffold 
surface. The uptake effect of degradation behaviour of DMEM is insignificant in the 
presence of the methylcellulose in different concentration, due to the chain scission 
of the polymeric backbone compared to PBS and SBF. The results demonstrated 
that the degradation behaviour meets the requirements as a potentially degradable 
biomaterial for soft tissue engineering applications. 
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Chapter 10 
Selenium Nanoparticles: Treatments 
in Tissue Engineering for Alcoholic 
Cardiomyopathy 

Suresh Naveenkumar, Narayanan Venkateshan, 
and Azhaguchamy Muthukumaran 

1 Introduction 

Alcoholic cardiomyopathy (ACM) is a unique disease and more familiar to physicians 
as “alcoholic heart disease” coined by William Mackenzie. Alcohol addiction exists 
in most societies [42]. “Tubingen Wine Heart” described in 1877 and “Munich Beer 
Heart”, reported by German pathologist Otto Bollinger are two popular references 
to harmful consequences of alcohol intemperance identified during the early 20th 
century [42]. The progression of alcoholic cardiomyopathy is initiated by alcohol 
addiction. Alcohol-induced damage in the heart reduces blood pumping and increases 
myocardial apoptosis [83]. The latter half of the twentieth century witnessed a large 
meta-analysis of 34 studies comprising >1 million subjects and 10,000 deaths [54]. In 
epidemiology study of women and men (490,000) with middle age group, population 
group mortality increased with heavier drinking induced the risk of coronary heart 
diseases and stroke, including increased fibrinolysis, high-density lipoprotein (HDL) 
cholesterol, decreased fibrinogen, and decreased plasma viscosity and decreased 
platelet aggregation [56]. Alcoholic patients deformed in the cardiac structure and 
function change report consuming >90 g/d of alcohol for >5 years. It is imperative 
tos note potential damage to the heart with long-lasting alcohol [23, 39, 54]. Long-
term studies have been conducted on rats that were fed 25% alcohol solution for 
seven months. The ventricular contractile force was decreased after four months of 
study. Controls remain normal and myocardial depression was identified in the rat
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administrated with vitamin supplementation. Recently another study was conducted 
on the rat fed an isocaloric liquid diet. During the study period (10 months), rats were 
fed 39% of the isocaloric liquid diet of their daily calories. The result showed no 
abnormalities found to occur in the isolated heart. However, the decreased response 
of left ventricular peak systolic pressure was observed in the rat fed by alcoholic 
solution [23, 39]. Alcohol has been affecting the myocardium’s function and struc-
ture. Few studies also reported that increased myocyte loss was observed due to 
apoptosis when the hearts were exposed to a high amount of alcohol. Ethanol and 
its metabolites are toxic to the myocyte and unfavorable impacts were identified 
in cardiac myofibril shortening and myoprotein composition [34, 83]. Echocardio-
graphic showed few abnormal functions such as decrease in fractional abnormalities, 
increased left atrial dimension, and left ventricular wall thickness in heavy alcohol 
drinkers [3]. Several researchers showed constant systolic dysfunction. The diastolic 
and systolic malfunctions have been seen in alcoholic cardiomyopathy in animal and 
human studies [31, 92, 109]. Potential mechanisms in the development of alcoholic 
cardiomyopathy are shown in Fig. 1. The patient who has alcoholic cardiac myopathy 
also develops magnesium deficiency in the blood serum. A lower amount of magne-
sium reduction was observed in the blood when the patient’s blood ethanol levels

Fig. 1 Potential 
mechanisms for the 
development of alcoholic 
cardiomyopathy
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were above 80 mg/dL. These lead to cause arrhythmias and oxygen desaturation in 
the alcoholic patient [10].

2 Treatment for Alcoholic Cardiomyopathy 

So far, there is no specific therapy available for ACM. ACE inhibitors, beta-blockers 
and diuretics are essential for the therapy at an advanced stage. However, the prog-
nosis was dependent upon further alcohol abuse, causing the situation significantly 
worse. The mechanisms behind treatment for ACM are not well understood. So far, 
treating ACM relies on the general guidelines for heart failure, including diuretics, 
ACE-inhibitors/ARBs, β-antagonists, and cardiac glycosides. Presently, no treatment 
reports the pathology of ACM [83] explicitly. 

3 Overview Glutathione Peroxidase 

The free radicals are molecules or atoms with an unpaired electron in their outermost 
shell [46]. The presence of a free-electron gives these molecules a high reactivity and 
the ability to oxidize or reduce many compounds to stabilize their outer orbital. Reac-
tive oxygen species (ROS) are free radicals consequential from molecular oxygen. 
They denote the largest class of generated reactive species in living organisms because 
of the importance of aerobic metabolism. Glutathione is a tripeptide (glutamic acid-
glycine-cysteine) involved in many processes, including maintaining intercellular 
communications [4] and preventing oxidation of thiols group through its reducing 
power. It constitutes the majority of thiol intracellularly, where it is present mainly 
in reduced form. During aging, displacement of the balance between thiol shape 
and form disulfide has been highlighted and could be involved in cell dysfunction 
observed with age [26]. Glutathione, a direct hydrophilic chelator found in largish 
cellular compartments, is a cofactor for GPx and allows regenerating the vitamins 
C and E in their active form [66]. Glutathione also plays a vital role in the brain 
since the brain cells consume 20% of the oxygen in the body, while the brain is only 
2% of body weight. Detoxification of ROS formed continuously during oxidative 
metabolism is therefore imperative. Glutathione can chelate cuprous ions and thus 
limit the Fenton-type reaction [47]. As an antioxidant, glutathione may intervene by 
two types of mechanisms, such as catch of radical species and participation in the 
activity of antioxidant enzymes. In 1973, Rotruck demonstrated the presence of sele-
nium in the active site Glutathione peroxidase. Four isoforms have been identified, 
each having four selenium atoms as selenocysteine. These are essential antioxidant 
enzymes in the body. This feature helps reduce the spread of oxidative damage to 
noble biomolecules (lipids, lipoproteins, and DNA) and maintain membrane integrity. 
Enzyme activity is directly proportional to selenium intake [47].
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4 Enzymes Acting on Peroxide 

The hydrogen peroxide was destroyed by the enzyme glutathione peroxidases and 
cofactor selenium [104]. These enzymes can detoxify the hydrogen peroxide, the 
second substrate being reduced glutathione (GSH), on which they transfer oxygen, 
transforming it into oxidized glutathione (GSSG). 

H2O2 + 2GSH −→ GSSG + H2O 

Glutathione is regenerated by glutathione reductase (GSSG reductase) in the 
presence of a co-factor (selenium), NADPH. 

GSSG + NADPH −→ 2GSH + NADP 

Glutathione peroxidases are not specific to hydrogen peroxide and hydroperoxides 
(ROOH) of the cell membrane are phospholipids, also possible substrates. 

ROOH + 2GSH −→ GSSG + ROH + H2O 

The detoxifying activity of glutathione peroxidases face hydroperoxides (ROOH) 
require the intervention of another enzyme, phospholipase A2. This releases the fatty 
acid peroxides cell membranes by hydrolyzing ester functions of membrane phos-
pholipids. Glutathione peroxidases then convert peroxides released into the cytosol 
while the chain missing fatty acids is resynthesized [16]. Glutathione peroxidases are 
inhibited by superoxide ions [85]. They are five isoenzymes of glutathione peroxi-
dase available, the most abundant are glutathione peroxidase 1 (cytoplasmic (90%) 
and mitochondrial (10%)). It is expressed in most cells, particularly in erythrocytes, 
kidneys, and liver. This is glutathione peroxidase 4, which can reduce directly under 
the action notification of a phospholipase A2, hydroperoxides phospholipids. So, 
it plays a fundamental role in keeping cell membranes against the toxic effects of 
lipid peroxidation. It is in the mitochondrion and cytoplasm. Human glutathione 
peroxidase may also reduce hydroperoxides thymine in DNA. 

5 Selenium Dietary Intake 

The amount of selenium in food depends on plants via by content and bioavail-
ability of selenium in the soil on which it is grown, now and in animal foods 
from the selenium supply of animals via the feed [32, 33]. In accumulation to the 
supply of plants with selenium is another essential factor that influences the sele-
nium content, to the ability of plants to capture and store the selenium. Plants can 
be in this regard are divided into three categories (i) non-selenium- accumulating
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plants (100 μg Se/g dry wt), (ii) selenium-accumulating plants (accumulate sele-
nium in direct proportion to the content of the soil in, ≤1.000 μg Se/g dry wt) and 
(iii) hyperaccumulating plants (up to 40,000 μg Se/g dry wt) [9, 86]. In addition, 
plants contain high protein higher selenium levels, as in the biosynthesis of proteins, 
sulphurous methionine can be replaced due to the structural and chemical properties 
similar by selenomethionine [74]. Therefore, fruits and most vegetables are due to 
the high-water content and the concomitant low protein content foods that only a 
small proportion of the daily selenium intakes contribute [73, 96].  Due to the  world’s  
different selenium content of soils, the content of these food groups varies greatly. 
When estimating the average recorded over the food selenium amount additionally 
been considered, can that be reduced in the preparation of food the selenium content 
by volatilization or loss (transfer to the cooking water) [48, 100].  Based on the  
described geographical conditions and regional and cultural-varying composition of 
the diet, the alimentary recorded selenium levels between different countries vary 
considerably. Table 1 summarizes the average per person per day recorded selenium 
amount for different countries together. The degree of reliability of such surveys 
is unstable due to varying methods and extensive inter-individual diet differences. 
However, the research shows the immense range of revenue worldwide. The example 
of Finland showed how strong the selenium content of the diet influences the people. 
In 1984, the Finnish Government decided the use of sodium selenate as the addition 
of fertilizers for cereals and animal feed. Increased within a short time, the concen-
trations in the food fourfold and below the selenium supply of the population has 
improved, so that in 1991, the amount of the additives was reduced again [2]. 

For the selenium supply of man is not only the quantity of the food contained but 
also the species contained crucial [38], since the different chemical compounds in 
their bioavailability and distribution processes in the body are different [33, 37]. In 
general, little information about the exact species composition of individual foods 
and their influence are known by their preparation. Selenium was detected in various 
foods [24]. Regarding the work on the identification of individual species, these 
are generally less well-developed in times of analytical instruments are developed, 
as they are available today. Therefore, further research is needed [86, 103]. Since 
selenium at elevated concentrations is also a toxic effect, it is useful also to define 
limits not covered by the selenium intake should not be exceeded. For adults, Yang 
et al. [110] recommended not to have a daily selenium intake of 750–800 mg cross 
as a safe upper limit was 400 mg of them selenium per day called. 

The selenium status of the body-to-body fluids is determined from urine, blood, 
serum, plasma, and hair and toe or fingernails. The selenium content of selenium-
containing shampoos hair and other cosmetic products can be influenced, and the 
selenium content of urine depends on renal function. Measurement of selenium 
concentration established in serum. This allows statements to be made via a medium 
persistent subnormal selenium status [79]. Recent studies are often the selenium 
concentrations determined in toenails. So are statements possible over the selenium 
supply over a more extended period. The selenium content in serum correlates with 
the concentration in the soft tissue organs and is independent of contrast to the 
concentration in whole blood. Which concentrations show an optimal supply has not
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Table 1 Level of Selenium intake in different countries 

S. No Country Absorbed amount of selenium (μg Se/person per day) References 

1 Australia 57–87 [35] 

2 Belgium 28–61 [91] 

3 Brazil 28–37 [63] 

4 Germany 38–47 
30–42 

[71, 80] 

5 Finland Before 1984 
25 
1984–1990 
110 from 1991 
85 

[2] 

6 India 20–50 [61] 

7 Ireland 50 [70] 

8 Japan 104 [87] 

9 Canada 113–220 [44] 

10 Croatia 27 [53] 

11 New Zealand 49–67 [100, 101] 

12 Poland 30–40 [107] 

13 Portugal 37 [89] 

14 Slovakia 38 [49] 

15 Slovenia 30 [84] 

16 Sweden 38 [6] 

17 Switzerland 55–70 [45] 

18 Spain 35 [21, 22] 

19 Turkey 44–51 [43] 

20 USA 106 [59] 

21 Venezuela 200–350 [18] 

22 United Kingdom 29–39 [69] 

yet been clarified. Frequently encountered selenium concentrations in serum range 
from 70 and 80 μg/L. Selenium concentrations in serum of less than 50 μg/L may 
be selenium deficiency [79]. 

5.1 Selenium 

The immunomodulatory effects by maintaining a pool reduced glutathione intra-
lymphocytaire, which protects the membrane and allows immunocompetent cells to 
maintain their response [94]. It is important in protecting cells and their constituents 
against free radicals. This is due to its location in the active site enzymes glutathione
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peroxidases selenodependent and the anti-radical activity selenoproteins, the main 
in carnivores being selenocysteine. The activity glutathione peroxidases are directly 
proportional to the selenium intake and thus, there is a strong link between sele-
nium deficiency and oxidative stress. Thus, the protective role is complemented by 
other essential functions, such as its role in detoxifying heavy metals (cadmium, 
mercury, and lead) or effect activator of the metabolism of organic xenobiotics [20, 
94]. Selenium deficiency increases the risk of oxidative damage if other antioxidants 
are concurrently exhausted (especially vitamin E). However, selenium deficiency is 
nonexistent in animals fed with industrial foods by conventional nutritional recom-
mendations. The use of selenium as an antioxidant does not make sense in dogs’ 
liver disease unless they have been fed rations unbalanced or have presented a very 
long period of anorexia [11]. Selenium deficiency could be the source of two serious 
diseases, Keshan disease and Kashin-Beck [42]. Subsequently, it was shown that 
selenium deficiencies were associated with instances of mental retardation, male 
infertility, immune deficiency, cardiovascular disease, as well as myopathies and/or 
cardiomyopathies. These same deficiencies are also involved in the development of 
several types of cancer in the recrudescence of certain viral infections and in accel-
erating the process of aging. Selenium appears to be essential for life and fourteen 
other essential trace elements. The daily requirement of selenium necessary for man 
adults was estimated to be 50–200 mg. The maximum daily intake before the toxicity 
threshold is valued at 450 mcg. The dietary intake of selenium is mainly provided 
by cereals, starchy foods, mushrooms, red meat, offal fish and eggs whose selenium 
contents vary depending on the availability and abundance of the trace element in the 
original environment. However, the minimum dose and especially the forms in which 
they are made are the subject of much debate, particularly for food supplementation 
[87]. 

5.2 Selenium and Heart 

Several studies have shown that plasma or serum levels of selenium are significantly 
lower in patients with various heart diseases. For example, [67] observed lower 
plasma selenium levels in hypertensive subjects and those with chronic heart prob-
lems compared with subjects “control” [67]. In myocardial infarction, the EURAMIC 
study has shown a correlation reverse between increased selenium levels in the big 
toenail and decreased risk of myocardial infarction. In a prospective study, Nawrot 
et al. showed that increased plasma selenium concentration was associated with a 
lower risk of developing hypertension but only in men [75]. Selenium is essential for 
the proper functioning of the body. A supply of at least 20 μg/L appears to be neces-
sary to prevent Keshan disease [101]. In France, the recommended dietary intakes are 
between 50 and 80 μg/L in adolescents and adult subjects and although the optimal 
intake is difficult to define, the dose of 1 μg/L/kg of body weight can be considered 
as an adequate dose [64].



242 S. Naveenkumar et al.

5.3 Emerging Trends: Selenium Nanoparticles Preparations 

Selenium nanoparticles have potential catalytic applications in biology, medicine, 
material science, physics, chemistry, and other interdisciplinary fields [72, 93]. 
Selenium-containing nanomaterials provide some of the primary materials used in 
the electronics photo manufacture of photocopiers solar cells. The chemical element 
has with its extensive, highly diverse forms (trigonal, monoclinic, rhombohedral, and 
amorphous) a sizeable structural diversity, which in is made the field of application-
oriented research to use [1, 36, 41]. Trigonal selenium has photoelectric as p-type 
semiconductor very good properties, which is also used in medical diagnostics 
[41]. Different experimental strategies generate the reinforced selenium-containing 
nanowires and nanotubes with the help of the hydrothermal method [14, 15, 60]. 
There are physical and chemical methods available to synthesize metallic nanopar-
ticles [28, 50–52]. Nowadays, the biological synthesis of nanomaterials has gained 
significant interest. To its fullest potential, this eco-friendly technique could present 
extra advantages over chemical methods such as higher productivity and lower cost. 
The synthesis of selenium nanoparticles has been reported from bacteria, fungi, 
phage, and other biological sources [50, 52]. 

The applicability of safer formulas in pursuit of new researchers and new tech-
nology development spurs. The latest trend of Se nanoparticles currently produces 
two methods: the first chemical synthesis [111], the so-called second. The medium 
of adding many bacteria used in the electron selenite Se oxyanions bacteria during 
metabolism, and then selecting the form of nano-scale culture environment (50– 
500 nm) elemental Se pellets (Se0). A bacterium can reduce into selenium. In contrast 
to the chemical synthesis, this method is much more efficient because single-size, 
high purity selenium particles fit dietary supplement expectations. The production 
of 100–500 nm diameter nanospheres was published [30] neither the source of the 
inoculums (probiotic bacteria in yogurt) was 1 L MRS medium (Oxoid Ltd., Hamp-
shire, United Kingdom). Selenium as a source of sodium hidroselenite (NaHSeO3) 
10 g/l stock solution was used. 20 mL selenite stock solution was 980 ml MRS 
medium to a final concentration of 0.2 g/L. The 10 ml of the inoculum, Lacto-
bacillus acidophilus, Streptococcus thermophilus, and Lactobacillus casei contain a 
mixture of bacterial species. After adding the inoculum, selenium source and started 
the mixer at 37 °C in 48 h of fermentation. After 7 days at room temperature, it was 
treated with concentrated hydrochloric acid. The product was lysed by bacteria and 
was free from selenium pellets. Repeated washing with water centrifugation, these 
Se nanoparticles were clearly separable. 

5.4 Anti-Oxidative Properties of Selenium Nanoparticles 

Based on the already well-known pro- and antioxidant properties of elemental sele-
nium were, first trials of selenium-containing nanoparticles in various biological
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Models (e.g. cancer cells and bacteria) conducted [102, 111]. The mouse model 
was able to, for example, be shown that the selenium nanoparticles (~40–60 nm) 
compared with sodium selenite (Na2SeO3) a seven times lower acute toxicity show 
(LD50 113 and 15 mg Se/kg body weight) [111]. Moreover, exhibit selenium-
containing nanoparticles (7.8, 15.5 and 31 μg/ml) with an average size of about 
40–60 nm significant antibacterial activity against Gram-positive Staphylococcus 
aureus [102]. Recently, selenium nanoparticles (SeNPs) as an antioxidant supple-
ment in treating arthritis. Arthritis-induced Wistar Rats were fed orally for up to 
21 days. The concentration of SeNPs at 500 μg/ kg body weight acted as a potent 
anti-oxidative agent. 

5.5 Tissue Engineering 

The specialist TE is considered one of the youngest in medicine. Anfang 90 s appeared 
the Term for the first time and literally means “tissue engineering” Some more broadly 
could synthesis and processing of organic tissue describe in tissue engineering (TE) 
is a research field in which engineers, Biologists, and physicians to work together 
interdisciplinary. The concept of tissue engineering (tissue engineering) integrates 
all technologies using living cells or biomaterials (natural or synthetic) to rebuild or 
regenerate human tissue and organs or replacing a defective body [76]. Thus, tissue-
engineered can be defined as “the application of the principles of tissue ingrowth 
to produce a replacement tissue practical for clinical use” [88]. The tools currently 
available for valve-a-path cardiac output have certain limitations. This is illustrated 
particularly in the field of reconstruction of the right channel output of the heart 
in patients suffering from heart disease Congenital. The duct should present ideal 
valved of the following: biocompatibility, permeability long term availability in terms 
of number and size, ease handling, long-term valve competence, low cost, low risk of 
infection, non-thrombogenicity, good hemostatic qualities and growth potential. In 
the literature are numerous find overview articles about TE, the detail on the concept 
itself and the possibilities enter and limit this area [77]. Tissue Engineering is based 
on 3 pillars: scaffolds, cells, and culturing techniques. The scaffolds represent the 
support structure, which is colonized with cells. In the end, only the patient’s tissue 
should remain in the body. By this approach, there are no additional donor needs 
and the rejection of the transplant or a strong inflammatory response by using the 
body’s own cells to construct the replacement structure are avoided or minimized [7, 
19]. The following are briefly some properties be addressed by scaffolds that have a 
material impact on its functionality [40, 106].
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6 Biocompatibility 

The scaffold material used must be biocompatible and should not be absorbable. 
Neither the material itself nor its degradation products may be toxic to cells. The 
degradation should optimally by an adjustable degradation rate of scaffolds, which at 
the reconstruction of the fabric is adjusted by the cells to be controlled. The various 
type of biocompatibility material is shown in Table 2. 

6.1 Porosity 

A second important feature is porosity. The pores in a scaffold should be big enough 
and be interconnected, i.e. they should have a high interconnectivity exhibit. This is 
necessary to provide a homogeneous population of scaffolds with cells and to allow 
their migration into the scaffold. In addition, the pores provide the care of the scaffold 
cells with nutrients and oxygen, and the removal of metabolic products of the cells 
from the scaffold safe [17]. 

Table 2 Types of material employed in cardiac tissue engineering 

Scaffold 
material 

Type of cell Mechanical 
properties 

Electrical 
properties 

Result References 

Chitosan–carbon 
scaffold 

Rat 
cardiomyocyte 

25 kPa 0.04 ± 0.02 S/m Expression of 
cardiac-specific 
genes involved 
in muscle 
contraction and 
electrical 
coupling 

[65] 

Alginate or 
poly(lactic acid) 
(PLA)/gold 

Rat 
cardiomyocyte 

3.5–0.2 kPa Electrical 
conductivity 

Proteins 
involved in 
muscle 
contraction and 
electrical 
coupling are 
detected 

[29] 

Polypyrrole 
(PPy)-chitosan 
hydrogel 

Rat smooth 
muscle cells 

No 25 × 10–5 S/cm Increases 
biological 
conduction 
in vitro and 
in vivo 

[68]
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6.2 Surface Finish 

The scaffolds’ surface allows cell adhesion and the proliferation and migration of 
cells into the scaffold support. In addition to the adhesion and proliferation should 
also promote differentiation of the cells, or at least not be hindered [58, 112]. 

6.3 Mechanical Characteristics 

Ideally, a scaffold should have mechanical properties to those of the target tissue 
match, but at least an initial mechanical stability brings that makes it possible to 
colonize the scaffolds in cell culture and bend to implant. The cells gradually build 
their own ECM to stabilize the newly formed tissue. Generally, maximum at Scaffolds 
Porosity is sought while maintaining the mechanical stability [97]. 

6.4 Preparation 

The scaffold was cost-effectively and in a wide variety of shapes to be produced with 
the simplest possible methods. For the preparation of scaffolds come, various mate-
rials are used. In addition to the natural polymers (biopolymers), collagen, hyaluronic 
acid, alginate, gelatin, chitosan, or cellulose, synthetic polymers, e.g. as polylactic 
acid (PLA), polyglycolic acid (PGA), and their copolymer or PLGA and polycapro-
lactone (PCL) are used. In the development of substitute materials for mineralized 
tissues such as bone, ceramics such as hydroxyapatite (HAp) or tricalcium phos-
phate (TCP) are used. Frequently provided scaffolds are composite, i.e. they consist 
of several of the components above. In bone substitute material, scaffolds can make 
collagen and HAp [82]. As varied as the materials are the methods for preparing 
scaffolds for the TE. The choice of the fabrication process while significantly influ-
enced the properties of the scaffolds and limits usually also applicable to produce 
biomaterials. 

6.5 Kinetics and Metabolism Selenium in Humans 

The route of entry of pulmonary absorption in this way, the contribution is estimated 
at 4.2 ng/L, which is negligible [62]. However, this path can become important [108]. 
Skin absorption, as in the previous case, is not a major route of exposure apart from 
occupational exposure contacts. However, topical application of selenium prepara-
tions is used for the treatment of dermatoses. For example, the thermal water from 
La Roche-Posay [Se]”, 50–60 μg/L), whose properties arise in part from the high
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concentration of selenium, affects atopic dermatitis and psoriasis [90]. Moreover, 
specific topical preparations containing selenium sulfide (Selsun 2.5% Selsun Blue 
® and 1% ®) are used as an antifungal in case of infections, pityriasis Versicolor 
seborrheic dermatitis or dandruff of scalp [25]. 

6.6 Digestive Absorption 

Selenium absorption efficiency is high (50–95%) and appears to be subject to a home-
ostatic control [27, 64]. It depends on the chemical form, which involves different 
absorbing mechanisms [32]. 

• Elemental selenium is not absorbed, it is irritating to mucous membranes [12]. 
• Selenomethionine is absorbed in the small intestine by an active mechanism like 

methionine. 
• The selenate is absorbed in the selenium by an active transport mechanism 

identical to the sulphates [64]. 
• The selenite is absorbed by simple diffusion, but the presence of thiol groups stim-

ulates its absorption. Indeed, selenite could react with the glutathione or cysteine to 
form compounds of the type sélénosulfures (selenotrisulfure selenodiglutathion), 
which would be resolved after the intervention of an enzymatic system [64, 95]. 

• Regarding the absorption mechanism of selenocysteine, no details have been 
found in the bibliography explored. It seems that the organic selenium is absorbed 
better (75–90%) as selenium inorganic (45–70%) [12, 13, 98]. Among the mineral 
selenium, absorption of selenate would be greater than that of selenite [98]. 
Absorption is also dependent on age; according to [105], the absorption of selenite 
is about 70% in adults while it would be 50% in children. Their difference in 
absorption for the selenate is lower (about 91% in adults and 97% in the child). 

6.7 Distribution 

The selenium content of the human body of an adult varies between 3 and 15 mg 
[27]. After intestinal absorption, selenium is picked up by the liver and red blood 
cells. In erythrocytes, selenium is reduced and released into the plasma in different 
form (selenidiglutathion or selenide) where it binds to proteins not specifically. Three 
entities transporting plasma selenium are distinguished today: non-specific seleno-
proteins, selenoprotein P (over 50%) (76), and glutathione peroxides (12–15%) [27]. 
In the body, selenium is mainly localized in the following organs [27, 64, 95]. 

• The liver contains about 30% of the total selenium and plays a leading role in 
selenium metabolism. It provides a quick exchange zone with blood. Their half-
life of hepato-pancreatic selenium is 2–45 days.
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• The kidneys have the highest selenium concentration (principal place of synthesis 
of glutathione peroxidase plasma). Skeletal muscles, which are an important place 
of storage due to their proportion in the body (about 50% of total body sele-
nium). Selenium is slowly exchanged with the blood. It also seems necessary for 
their function. The half-life of muscle selenium is 150 days. Note that selenium 
concentration was greater in cardiac muscle than in skeletal muscles. 

• The endocrine glands (the testes have the third most concentration high after 
kidney and liver). 

6.8 Metabolism 

Selenium can be metabolized by various routes selenide. Se-Met may be metabo-
lized by the route analogous to that of the methionine or by trans-sulfuration via 
selenocystathionine training and selenocysteine. Se-Cys is metabolized selenide by 
b-lyase. Selenates are reduced selenites which are then metabolized selenide via 
selenodigutothione training. This can be transformed into selenide selenophosphate 
and incorporated into the polypeptide selenoproteins as selenocysteine. Note that, 
unlike plants, animals and humans cannot synthesize Se-Met [5, 99]. There are 
three types of selenoproteins [8, 57]. The proteins in which selenium is incorporated 
non-specifically: Se-Cys and Se- Met can take the place of their sulfur counter-
parts, respectively cysteine and methionine. The physiological consequences of this 
non-incorporation specific are unclear [81]. 

6.9 Elimination 

Unabsorbed or selenium from the digestive secretions is excreted in the feces. This 
route accounts for approximately 35% of the removed selenium levels. The urinary 
tract is the main route of excretion (about 60% of selenium Total eliminated) [64]. 
Homeostasis selenium is also partially regulated by the excretion kidney: it has 
been shown that man can adapt to low intakes by reducing excretion [13, 64, 78] 
and conversely a higher intake conduit at a concentration higher urinary [55]. This 
removal occurs after sorting ion methylation methyl selenonium (TMSE) soluble (by 
methyltransferases localized in the cytosol of liver cells and kidney) [13, 78]. Some 
authors have identified a sélénoglucide (methyl seleno N-acetyl D galactosamine) 
derived from the reaction between the conjugate selenide glutathione and an acti-
vated sugar followed by methylation [55]. These authors suggest that this metabolite 
is essential for proper body selenide rate while the TMSE is excreted in case of 
excess selenide. However, Suzuki et al. have shown that, in rats, this observation 
depends on age [98]. The formation of TMSE is saturable: high concentrations satu-
rate the way urinary excretion. The diméthylséléniure and volatile dimethyl dise-
lenide are then formed and excreted through the lungs giving a garlic odor in the
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breath [13, 78]. Thus, under normal conditions, excretions by exhalation, and saliva 
Sweating increases are negligible but if important contribution. 

7 Conclusion 

The heart is needed to restore the damaged tissue after injury. The challenge in the 
construction of cardiac tissue engineering demands special mechanical and electrical 
properties from the utilized scaffold film. Electrical conductivity has been beneficial 
as electrical stimulation can advance the growth of electro-responsive cells such 
as heart cells. Cardiac tissue engineering develops suitable scaffold film to support 
cardiac cell attachment and differentiation. In recent years, hydrogel has shown 
excellent properties as a biomaterial in cell adhesion, migration, differentiation, and 
proliferation of cardiomyocytes. These properties make it an ideal candidate material 
for generating contractile tissue like cardiac patches. The heart cell growth, and 
electrical properties of some films show enhanced proliferation and differentiation. 
The electrical conductivity studies have demonstrated that cardiomyocytes cultured 
on different nanoparticles supplemented hydrogels. The critical challenge in cardiac 
tissue engineering is fabricating a nonimmunogenic scaffold that avoids an adverse 
immune response after transplantation. 
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49. Kadrabová J, Mad’arič A, Ginter E (1998) Determination of the daily selenium intake in 
Slovakia. Biol Trace ElemT Res 61(3):277–286 

50. Kalimuthu K, Babu RS, Venkataraman D, Bilal M, Gurunathan S (2008) Biosynthesis of 
silver nanocrystals by Bacillus licheniformis. Colloids Surf B Biointerfaces 65(1):150–153 

51. Kalishwaralal K, BarathManiKanth S, Pandian SRK, Deepak V, Gurunathan S (2010) Silver 
nanoparticles impede the biofilm formation by Pseudomonas aeruginosa and Staphylococcus 
epidermidis. Colloids Surf B Biointerfaces 79(2):340–344 

52. Kalishwaralal K, Deepak V, Pandian SRK, Kottaisamy M, BarathManiKanth S, Kartikeyan 
B, Gurunathan S (2010) Biosynthesis of silver and gold nanoparticles using Brevibacterium 
casei. Colloids Surf B Biointerfaces 77(2):257–262 
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Chapter 11 
Nanomaterials as Drug Carriers 
in Diagnosis and Treatment of Various 
Cancers 

Rathi Muthaiyan Ahalliya, Girisan Elliangal Kunhappa, 
Gopalakrishnan Velliyur Kanniappan, Meenakshi Periasamy, 
and Guru Kumar Dugganaboyana 

1 Introduction 

Nanotechnology boomed into the world from last century onwards and produced 
various revolutionary developments in the field of science and technology. Richard 
Feynman, physicist was the recipient of American Nobel prize who innovate 
nanotechnology and its applications. ‘Nano’ means dwarf derived from a Greek 
Word. Physical, chemical, and biological methods are used for the synthesis of metal 
nanoparticles. Synthesis of nanoparticles by physical and chemical methods need 
high temperature, high pressures and chemicals which may cause many disadvan-
tages this can be overcome by relaying on biological methods of synthesis. Euro-
pean commission demonstrated that nanomaterial is outlined as natural, incidental, 
or factory-made material consists of particle in unbound or clustered, about 50% of
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particles are range in size 1–100 nm [22]. The cells present in the biological system are 
very small as 10 µm. Nevertheless, the cell organelles are much smaller. The dimen-
sion of synthesized nanomaterials is smallest than it. Thus, it can easily enter the 
pores present in the call membrane without causing any interference [68]. Nanoma-
terials are broadly categorized into organic, and inorganic based on the components 
that construct the structure. Organic nanomaterials are dendrimers, liposomes, poly-
meric micelle, and nanocapsule. Inorganic nanomaterials such as silica nanoparticles, 
carbon nanotubes, iron oxide nanoparticles and gold nanoparticles [57]. Nanoma-
terials are broadly classified into (i) carbon-based, (ii) metal-based. Carbon-based 
nanoparticles are fullerenes and carbon nanotubes. Carbon nanotubes and carbon 
quantum dots have turned outstanding attraction, owed on the specific properties of 
carbon. Metal nanoparticles such as silver, gold, nickel, platinum, iron oxide, zinc 
oxide, gadolium, silica and titanium oxide possess different colors and specific char-
acteristics. They are classified into Fullerenes, graphene, carbon nanotubes, carbon 
nanofibers and carbon black containing nanomaterials are made up of globular hollow 
cage such as allotropic forms of carbon. [4]. Fullerenes is spherical in shape consists 
of 28–1500 carbon atoms with a diameter upto 8.2 nm. Graphene is hexagonal like 
honeycomb made up of carbon atom. the thickness of graphene atom is 1 nm. Carbon 
nanotubes is a graphene nanofoil with a honeycomb lattice of lattice of carbon atoms 
wound into hollow cylinder to form nanotubes of diameter as low as 0.7 nm. Carbon 
nanofiber is a graphene nanofoils that are used to produce carbon nanofiber wound 
into a cone or cup shape. Carbon black is generally spherical in shape with a diameter 
from 20 to 70 nm [21]. 

Metal-based nanoparticles: Silver, gold, copper, iron, zinc platinum are some of 
the metal-based nanoparticles used for diagnosis and therapeutics of various diseases. 
The noble metal nanoparticles can be able to target different cells along with poly-
mers and bind numerous functional groups such as peptide molecules, antibodies, 
RNA and DNA. [23]. Copper based nanoparticles were used as a potent antibacterial 
activity against gram negative and gram-positive bacteria [73]. Gold nanoparticles 
are used in tumor cell imaging and diagnosis [19]. In ancient period itself, gold 
is used as medicine to enhance the mental fitness of a baby. Silver nanoparticles 
were predominantly used in imaging of cells, cancer therapy, delivery of gene and 
drug [42]. Nanotechnology the emerging field of the present scenario promotes a 
wide application in food processing, cloth viewing, cosmetics, renewable energy 
and enormously in treatment and diagnosis of various diseases. Apart from this, it 
plays a very important role in purification, production of nanowires, water filtration 
and remediation of environmental pollution. It is also considered as a revolutionary 
technology of twenty-first century. Nanoparticles possess a potent role in the develop-
ment of biotechnological and biomedical applications. The transplantation of organs 
can be replaced by regeneration and repair of damaged tissues with the help of tissue 
nanotechnology. The reformation of bones can be done with the help of carbon 
nanotube scaffolds [47]. 

Cancer is one of the unpardonable ailments putting to death millions of people 
every year [66] among cancer related deaths in 2020 were resist of lung (1.8 million 
death), colorectal (935,000 deaths), liver (830,000 deaths), stomach (769, 000 deaths)
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and breast (685,000 deaths) [26]. The cancer cell proliferates and divide uncontrol-
lably, and metastasis occurs by spreading the cancer cells into surrounding tissues, 
cells can also travel through blood stream to distant locations of the body. The apop-
tosis pathway can be disrupted by mutation, due to this genetic instability and molec-
ular alterations; the normal cell is converted into cancerous cells [16]. To destroy the 
fast-growing cells, physicians decide on chemotherapy and radiation therapy to treat 
cancer patients. But the fast-growing cells such as blood and hair cells also can also 
damage along with this. These non-cancerous cells should be saved while destroying 
the cancerous cell is one of the greatest challenges [41]. To rectify these issues 
nanotechnology played an eminent role in early diagnosis and treatment of cancer. 
Nano-sized formulation was prepared and delivered toward the targeted cancerous 
cells for providing significant cytotoxicity activity [74]. The nanoparticles synthe-
sized from chemical and physical methods are more expensive and produce toxic 
byproducts in nature [1]. 

1.1 Mechanism of Cancer Cell Invasion 

Tumors are abnormal growth of the body. They can be classified into benign or 
malignant. Benign tumor is a mass of cells tend to stay in their primary location. 
The malignant tumor cells migrated from the tissue of origin, enter the circulation, 
and are implanted in neighboring tissues is the most dangerous aspect of this deathly 
disease. This process is called metastasis [29]. The incapability of cell–cell adhesion 
discharge the cancerous tumor cells to detach from the primary tumor mass and enter 
into the circulatory system and occupy the surrounding area, is known as intravasation 
[10, 27]. Diagnosis and therapeutic approaches to cancer are performed at the earliest. 
Some of the early diagnostic tools include PET, MRI, CT, and ultrasound. 

1.2 Role of Nanomaterials to Treat Cancer 

Cancer frequency, preponderance, and mortality retain on at exceedingly high levels, 
thus the urgency for a modern technology in cancer treatment is required for the hour 
[33]. Materials on the nanoscale are increasingly being used to target the cancer cells. 
Nanomaterials are prepared from biological components such as albumin, gelatin, 
and phospholipids for liposomes and from chemical components such as polymers 
and solid metals [17]. Semiconductors, quantum dots and iron oxides nanocrystals 
[54] and biomolecules such as peptides, antibiotics, anticancer drugs are used for 
early detection of cancer [64]. Quantum dots emit fluorescence are more suitable 
for imaging CRC, liver cancer, PC, and lymphoma [20, 53]. By early detection of 
cancer, the patients can gain half of their battle. Nanoshells, size is between 10 and 
300 nm is made up of silicon and coated with thin gold metal shell [46] is also used  
in the application of cancer detection.
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Fig. 1 List of nanoparticles used in detection and treatment of cancer 

Figure 1 demonstrated the nanomaterials used in cancer therapy and diagnosis 
[39]. 

2 Overview About Liver Cancer 

Liver cancer or hepatocellular cancer is one of the third most global health challenge 
disease, [70, 73]. It is figured that by 2025 greater than one million individuals will be 
affected by hepatocellular cancer annually worldwide [9]. Causative factors for the 
development of liver cancer include injection with hepatitis (B and C), inflammation, 
consumption of alcohols and aflatoxins [51]. About fifty percentage of liver cancer 
are caused by and hepatitis B infection (Akinyemiji et al. 2015). It was reported 
that only 25% of patients are diagnosed with liver cancer at the early stage. Early 
detection of this disease can remarkably prevent the mortality rate [25, 69]. Moreover, 
the detection of liver cancer at the final stage remains the patients under palliative 
care and thus increases the high mortality rate (Stewart et al. 2014).
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Fig. 2 Macromolecular nanoparticles used for hepatocellular cancer treatment [24] 

2.1 Nanoparticles in Treatment of Liver Disease 

Nanoparticles such as organic and inorganic materials like metal and ceramic are 
prepared for drug delivery to liver cells [31]. Liver is the major site involved in 
the clearance of nanoparticles. About 99% of the nanoparticles injected in the 
blood stream are cleared by the liver. Macromolecules such as liposomes, albumin, 
dendrimers, micelles, polysaccharides such as chitosan, dextran and poly hydroxy 
esters are used to deliver the drugs in targeted area and enhance the intracellular pene-
tration [45]. Albumin coupled within sulfide nanoparticles inhibit the growth of hepa-
tocytes at a very low concentration [11]. It also possesses excellent lyoprotectant for
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the development of nanomedicine. Albumin bound with paclitaxel possesses promi-
nent efficacy in liver cancer xenograft models [75]. Gold nanoparticles as antian-
giogenic agent down regulate VEGF activity and disrupt the cellular morphology 
[48]. 

2.2 Role of Nanoparticles in Liver Cancer 

There are many nanoparticles are used to identify liver abnormalities. CT has shown 
the capability to identify the liver diseases by using various nanoparticles. Among 
this, most used nanoparticle in MRI and micro-CT imaging are SPION. Imaging of 
liver by nanoparticles facilitates the earliest diagnosis of liver cancer (Table 1). 

3 Overview About Lung Cancer 

Lung cancer is a common leading disease of men and women of multiple aetiolo-
gies that arise because of neoplastic metamorphosis of epithelial cells in lung. The 
aromatic mutagens present in tobacco smoke are the major cause of lung cancer [72]. 
The respiratory malignancy is classified into non-small cell lung cancer (NSCLC)

Table 1 List of nanoparticles used for liver imaging [24] 

S. no Nanoparticles Size Properties Applications 

1 Supermagnetic iron 
oxide nanoparticle 
(SPION) 

Less than 50 nm High transverse 
relaxation 
Detection of some 
pathogens 

Magnetic resonance 
imaging (MRI) of 
liver and spleen 

2 Ultra-small 
superparamagnetic 
iron oxide (USPIO) 

Less than 50 nm Short T2 time 
Less uptake in liver 
than SPIO 

MRI of liver  

3 SPIO + Quantum 
dots (QD) Ag2S 

– Great luminescence 
Non invasive 
Good response to 
magnetic field 
Correct diagnosis 
and anatomical 
information 

Molecular imaging 

4 Iron oxide 
nanoparticles 
(IONPs) 

10–30 nm Effective agent MRI of liver  

5 Gold nanoparticles 
(Au NPS) 

Smaller or larger 
than 25 nm 

Cost effective 
Greater contrast 
agent for imaging 

Liver imaging with 
computed 
tomography (CT)
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and small cell lung cancer (SCLC). Ramalingam et al. [55] in 2011, reported that the 
survival rate of lung cancer in worldwide is 15%. 85% of 220,000 lung cancer subjects 
involve non-small cell type, while the remaining 15% are categorized in small cell 
type. The rapid spreading and early metastasis the survival rate of the small cell lung 
carcinoma is only four months if not treated [14]. In the present scenario lung cancer 
accounts 23% [2, 37] of mortality because of late in early detection, only 50% of 
disease are diagnosed at stage IV [49]. The adenocarcinoma is one of the subclasses 
of lung cancer caused due to occupational exposure to carcinogenic agents such as 
radon, asbestos, and other types of radiations. Helicobacter pylori infection can cause 
major risk factor for colorectal cancer. also causes minor class of lung cancer [36, 
38]. Lung cancers are diagnosed by physical examination, medical imaging tech-
niques such as X-ray, computed tomography, magnetic resonance imaging (MRI), 
positron emission tomography (PET) [58].

3.1 Role of Nanoparticle in Lung Cancer 

In lung cancer, lipid-based nanocarriers may be a promising delivery system for 
drugs and genes. Boulikas et al. [8] in 2004 developed a liposome-based cisplatin drug 
named lipoplatin were used for the treatment of lung cancer. Apart from this magnetic 
nanoparticle (MNPs) plays a potential role in diagnosis and treatment of lung cancer. 
The main advantage of using MNPs is its potential deposition of drugs in tumor and 
possess a minimum detrimental effect in healthy tissues [60]. The biocompatibility 
of this particle relies on factors such as size, architecture concentration, ability to 
undergo biodegradation. Polymers, liposomes, proteins, and inorganic materials are 
used as the biocompatible coating materials (Singh et al. 2010). Paclitaxel liposome 
significantly enhances the cellular uptake of drug and induces mitochondria-mediated 
apoptotic cell death in A549 cell lines [44]. Hybrid nanostructure that links Fe3O4 

MNPs with polyelectrolyte layers and doxorubicin hydrochloride showed cytotoxi-
city toward A549 cells [76]. It was demonstrated that polylactic acid nanoparticles 
filled with taxanes importantly improved the effectiveness of chemoradiation therapy 
in A549 cell lines and tumor xenograft model [40]. Metal-based nanomaterials such 
as gold and silver have been significantly used in imaging, detecting and classification 
of lung cancer [15]. 

4 Overview of Breast Cancer 

Breast cancer is one of the most common gynecological malignancies in Worldwide. 
About 1.7 million women are diagnosed in worldwide which lead to 45,000 deaths 
per year [62]. Generally, breast cancer developed in both women but rarely less than 
1% of all breast cancer cases occur in men [12, 32]. The overall five years survival rate 
for women with breast cancer was significantly improved from 75% (1975–1977)
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to 91% (2005–2011) due to the advanced techniques in diagnosis and treatment 
[63]. The risk factors of breast cancer include sex, genetic factors, usage of hormone 
therapy, dietary and lifestyle habits [30]. Breast can be detected by mammography, 
ultrasound, and magnetic resonance imaging. 

4.1 Role of Nanomaterials in Breast Cancer 

Nanomaterials are promising aid that has been developed for the early diagnosis and 
treatment of breast cancer. The limitation in cancer immunotherapy can be over-
come by the development of nanomaterials [34]. Genexol—PM, paclitaxel doped 
poly (D,L-lactid acid) is apolymeric nanomedicine used in clinical trials for breast 
cancer treatment [43]. Nab-paclitaxel (Abraxane) is approved by FDA in 2005 to 
treat metastatic breast cancer [35]. Overexpression HER2 a transmembrane receptor 
possesses tyrosin kinase activity and increases the progression of breast cancer. 
Trastuzumab (Herceptin) which can bind to HER2, preventing the activation of 
tyrosin kinase and reduce the breast cancer [52]. Graphene is a bidimensional carbon 
nanomaterial used for drug delivery in breast cancer [50]. Thus, nanomaterials help 
in the delivery of active pharmaceutical molecule to the targeted site for improved 
treatment (Tables 2 and 3). 

5 Overview of Ovarian Cancer 

Ovarian cancer is one of the most common types of gynecological cancer [7]. Since 
there is no any symptoms noticed by the patients, it is diagnosed at the advance 
stage. It is estimated that more than 60% of ovarian cancer subjects are diagnosed 
during third stage or final stage, so for the past thirty years, the survival stage has 
not increased tremendously. This may be because of the limitation in application of 
imaging technologies foster complicate in diagnosis [59]. This silent killer can be 
treated by removing the cancerous tissues by surgery, and it is effective only at the 
first stage for the other stages chemotherapy is required [3]. 

5.1 Role of Nanomaterials in Ovarian Cancer 

The metal nanoparticle such as gold, iron silver and metal oxides showed more 
attention recently for treating ovarian cancer. Among these, iron-oxide nanoparticles 
(Fe2O3 NPs) play a potential role in ovarian cancer treatment [67]. Fe2O3 NPs showed 
noticeable cytotoxic activity by elevating the reactive oxygen species (ROS), altering 
the mitochondrial membrane potential and promote the apoptosis in ovarian cancer 
cell lines (PA-1). Nanomaterial such as poly (lactic-co-glycolic) and chitosan-based
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Table 2 Nanoparticles support immunotherapy in breast cancer [24] 

S. no Biomaterial Action References 

1 Lipid based liposome 
Urosolic acid 

STAT5 
Phosphorylation inhibition 
and IL -10 secretion 

Zhang et al. (2020) 

2 Liposome with PEG 
(modified) 

Increased number of NK 
cells and APCs 

Atukorale et al. (2019) 

3 Liposome 
cGAMP 

Conversion of phenotype, 
enhancement of MHC and 
costimulatory molecules 

[13] 

4 Lamda phage coat protein gpD 
AE37 

Generation of robust 
immune responses peptide 
in breast cancer 

[38] 

5 EVs from NK -92 MI cells 
IL 15 

Cytotoxicity [6] 

6 Cationic lipid assisted 
nanoparticles 
Lactate dehydrogenase 
A-siRNA 

Increased migration of TC 
and NK cells and 
neutralized tumor 
environment 

[71] 

7 Polymer based protein 
CRISPR—Cas9-cyclin 
dependent kinase 

Down regulation of PD L1 
expression 

[18] 

8 Albumin coated with 
aluminum hydroxide 
Melittin and chlorin e6 

Increased reactive oxygen 
species 

Wang et al. (2019) 

10 Lipid nanoparticle 
Colony—stimulating factor 1 
receptor and mitogen activated 
protein kinase inhibitors 

Increased MI like 
phenotype at tumor 
microenvironment 

[56] 

Table 3 Nanomaterials for breast cancer treatment [5, 24] 

S. no Nanocarriers Advantages—drug therapy 

1 Solid lipid nanoparticles Potent solubility and bioavailability due to organic makeup 

2 Liposome Broad range of drug delivery 

3 Polymeric Versatile in terms of chemical composition 

4 Magnetic nanoparticles Imaging and drug delivery 

5 Quantum dots Possess fluorescent properties for drug tracking and imaging 

6 Carbon nanotubes Penetrate and localize the drug to cellular level

biocompatible component increased the cytotoxic and antitumor efficacy against 
SKOV-3 cells [61]. Cannabidiol (CBD) were incorporated in a polymer nanopar-
ticle to suppress the survival of ovarian cancer cells. Targeted delivery of paclitaxel 
using liposomal nanoformulation (PL-PTX) remarkably suppressed the prolifera-
tion of ovarian tumor growth by enhancing the TNF mediated ERK/AKT signaling
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Table 4 Nanoparticles for 
ovarian cancer approved by 
FDA—under clinical trials 
[24] 

S. no Drug product Active ingredient 

1 Abraxane Albumin-bound PTX nanosphere 

2 Doxil PEGylated doxorubicin 

3 OSI—211 Liposomal, Lutotecan 

4 Paclical PTX micelles 

5 LEP-ETU Liposomal PTX 

mechanism [28]. Staffhorst et al. [65] reported that the effects of cisplatin were 
enhanced when used as conjugated nanocapsules during ovarian growth inhibition 
in a humanized model system (Table 4).

Anticancer drugs are targeted to tumors through the conjugation of tumor-specific 
antibody by polymer micelle nanotechnology. Ovarian cancer therapy was remark-
ably improved by the development of multifunctional polymer micelles such as 
nanogels, magnetic-based micelles. These formulations have the ability of MRI 
targeting, targeted photodynamic therapy, thermosensitive therapy and luminescence, 
model imaging properties, which will monitor the nanoformulation and accumulated 
drugs at the tumor site. 

6 Conclusion 

Nanomaterial-based medicine has a promising novel application being in detec-
tion, diagnosis, imaging, therapeutics, and prognosis of various types of cancers. 
Some of the nanomaterials and are on the sensible horizon alleviate personalized and 
customized in cancer treatment. The best outcome of nanomaterial should possess 
correct selection, reliability, uncomplicated preparation methods, cheap cost, condi-
tions, and efficacy of nanomaterials must be tested in clinical trials. By their improve-
ment pharmacodynamic and pharmacokinetic properties, nanomaterials are widely 
used to enhance diagnosis and treatment of cancer with immensely reduced side 
effects. 
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Chapter 12 
Green Synthesis of Metallic 
Nanoparticles and Applications 
in Biomedical and Environmental 
Research 

Mariadhas Valan Arasu 

1 Introduction 

Nanotechnology is one of the emerging fields used to produce interatomic structural 
particles. Nanoparticles are small in size (1–100 nm) and these particles exhibited 
wide application in medical, agriculture, chemical electronic, and pharmaceutical 
fields. The synthesis of NPs with predetermined morphology is the important objec-
tive in the fields of chemistry that can be used for the preparation of biosensor, 
biomedical, catalysis, and lower cost electrode. Nanoparticles have unique functional 
properties, and these NPs have specific characteristics of bulk materials. Hence NPs 
are the ideal materials for various uses in biotechnology, medicine, wastewater treat-
ment, and preparation of health care products. Many methods have been applied 
for the fabrication of NPs with predetermined properties. Although these methods 
have resulted in NPs with desired properties, still a basic knowledge of the high-
quality fabrication is essential that could be effectively utilized at industrial levels 
for bulk manufacturing. To prepare NPs, two basic approaches (bottom-ups and top-
down) are used. Conventionally, NPs are prepared by using various methods, such as 
sputtering, etching, ball milling, and lithographic techniques [4, 10]. The use of the 
bottom-up approach method involves many steps, including, sol–gel process, atomic 
condensation, vapor protocols, and spray pyrolysis. Green synthesis methods of NPs 
preparation attained much more attention in recent years and are presently used in 
current research and development on materials science. These green synthesized NPs 
reduce environmental pollution; reduce the utilization of toxic-solvents, prevention 
of waste, and eco-friendly. Biosynthesis is one of the important approaches to use 
biological materials and avoid toxic by-products using sustainable and eco-friendly
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method. Green synthesis of metal and metal oxide NPs has been adopted to accommo-
date many sources, including, bacteria, algae, and plant extract [24]. The application 
of plant extract is a simple, rapid, and easy method to obtain NPs in large quantities 
than bacteria, plant, and fungi-based NPs synthesis. Biosynthesized NPs have several 
applications in the pharmaceutical industries such as synthesis of functional nanode-
vices, drug delivery personification procedure. These NPs have various applications 
in industries, including wastewater treatment, in the preparation of pharmaceuticals, 
synthesis of functional nanodevices, and drug delivery personification procedure 
[17, 23]. In this chapter we summarize the present research on the green synthesis of 
ZnO NPs and their applications. The main objective of this chapter was to promote 
green synthesis of ZnO NPs using plant extracts form biomedical and environmental 
applications. 

2 Green Chemistry in Nanoparticles Biosynthesis 

Green chemistry is widely used to produce NPs using biological samples. Chem-
ical synthesis of NPs was achieved with the generation of hazard materials and 
many methods have been suggested to reduce the hazards to the environment. The 
sustainable and safe approaches and analysis support to reduce health hazard to the 
animals and the environment. Green chemistry is one of the newly emerged fields 
in chemistry. Green chemistry has potential role in the sustainable development that 
emerged for the fulfillment of present-day requirements and for future generations 
[46]. Green chemistry has specific role in sustainable development and has unique 
importance because of its application in pollution control and the application of 
naturally available resources [1]. 

3 Green Synthesis of Metal and Metal Oxide Nanoparticles 

Plants, fungi, bacteria, actinomycetes, and algal samples are commonly applied for 
the biosynthesis of NPs. These extracts/samples have novel therapeutic properties 
and are applied for the biosynthesis of NPs with desired biological properties. In 
biological synthesis, both unicellular and multicellular organisms are applied in 
green chemistry [36]. Among various natural sources, plants are one of the major 
bioresources of natural environment that are eco-friendly and inexpensive. Algae, 
fungi, bacteria, and actinomycetes extracts are used for the green synthesis of NPs, 
moreover, the application of plant extract to produce NPs has several advantages. In 
plants, root, fruit, leaf, stem, bark, flower, and seeds have various phytochemicals, 
and these phytochemicals have the ability to reduce NPs. The selected plant parts 
are processed using sterile water and used as a reducing agent. The color of the salt 
solutions begins to change after the addition of plant extract and this color change 
reveals the synthesis of NPs.
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4 Plant Extract is a Natural Capping Agent 

Plant extract is widely used as the natural capping agent for the biosynthesis of NPs 
production. These natural capping agents are applied to maintain functional prop-
erties and to stabilize NPs. Capping agents are used to produce NPs with desired 
morphology. Generally, surfactants have used as the capping agent to achieve desired 
properties. However, these chemical capping agents are highly toxic to the environ-
ment and very difficult to remove. Due to these drawbacks, alternate capping agents 
are essential to form NPs with desired particle sizes. The phytochemicals of the 
medicinal plants serve as stabilizing agent and some of the phytocompounds acting 
as capping agent. In recent years, plant-mediated NPs synthesis was performed 
using various medicinal plants [29]. Plant phyto-components such as terpenoids, 
flavonoids, phenolic compound, protein, and amino acid are used for the biosyn-
thesis of NPs. Isoprenoids or terpenoids have applied for the biosynthesis of iron 
NPs. These terpenoids are important secondary metabolites of the terrestrial plants. 
Terpenoids are also used for the preparation metal NPs [58]. Sesquiterpenoids and 
monoterpenoids are the two important terpenoids used for the biosynthesis of silver 
NPs [54]. Flavonoid is one of the phytochemicals in plants and this pigment is widely 
distributed among plants. About 7000 flavonoids are reported and are available in 
various forms such as, isoflavones, flavanol, flavones, anthocyanidins, flavanones, 
and flavan3-ol. Flavonoids are primarily considered as one of the widely distributed 
plants based reducing substances and their bio-reducing property and donate elec-
trons. Phenolic acid including gallic acid, ellagic acid and protocatechuic acid are 
used as reducing agent for the green synthesis of NPs [3]. Polysaccharides are 
used as the reducing agents and widely used in green chemistry. These polysac-
charides modify the shape, size, and structure of TiO2 and induced various phases. 
For example, rutile phase is obtained in the presence of chitosan in the medium 
and starch is used to generate anatase phase. Green synthesis offers the use of non-
toxic substances for the extraction of phytochemicals [16]. Natural polysaccharides 
improve the kinetics of sol–gel methods because of their potent catalytic properties 
and have been reported previously [9]. Amino cellulose is used for the synthesis of 
gold nanoparticles and acted as reducing and capping agent. Amino acids are useful 
for the preparation of NPs with smaller particle size (4–7 nm). L-histidine is used for 
the preparation of gold NPs and the concentration of amino acid decides the particle 
sizes [35]. 

5 Synthesis of ZnO Nanoparticles Using Plant Extract 

Root, bark, seed, peel, stem, and leaves are applied for the preparation of ZnO 
NPs. Walnut extract has been recently used to produce ZnO NPs [48]. The phyto-
chemicals extracted from Cayratia pedata are used to produce ZnO NPs [26]. Plant 
phytochemicals extracted from the root are used in the preparation of ZnO NPs.
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Dimethyl sulfoxide extract of Rubus fairholmianus has the potential to produce 
ZnO NPs and the average particle size was approximately 10–12 nm [44]. Phoenix 
dactylifera is applied for the green synthesis of ZnO NPs [39]. Flower contains 
various pigments and the biological action of these pigments mediated ZnO NPs. 
Cassia auriculata extract is applied for the generation of flake structured ZnO NPs 
[61]. Punica granatum flower synthesized ZnO nanoparticles with excellent proper-
ties [41]. The aqueous flower extract of Moringa oleifera is evident in the presence 
of bioactive secondary metabolites and these compounds mediated ZnO NPs with 
13–14 nm [45]. A hexagonal and triangular-shaped ZnO NPs with 30–40 nm size 
was obtained with Syzygium aromaticum extract [60]. 

6 Antibacterial Activity of ZnO Nanoparticles Against 
Drug Resistant Bacteria 

Zinc oxide NPs have antibacterial activities and the NPs caused ROS-mediated 
cellular toxicity and membrane damage. They are bioactive potential against drug 
resistant bacteria, including, Pseudomonas aeruginosa, Staphylococcus aureus, 
Klebsiella pneumoniae, Pseudomonas aeruginosa, Bacillus megaterium, Bacillus 
subtilis, Sarcina lutea, Aspergillus niger, and Candida albicans [27, 34, 50]. Walnut 
aqueous leaf extract mediated ZnO nanoparticles showed activity against multi-drug 
resistant E. coli, S. aureus, and E. coli [48]. The aqueous extract of leaves from 
Lippia adoensis mediated ZnO NPs was effective against bacteria such as Escherichia 
coli, Klebsiella pneumonia, Staphylococcus aureus, and Enterococcus faecalis [14]. 
Piper betle-mediated ZnO NPs show potential antibacterial activity against S. aureus 
and E. coli [56]. Arthrospira platensis leaves extracted with fabricated ZnO was 
effective against bacterial strains such as S. aureus, B. subtilis and the increased 
activity was observed at higher concentrations. At lower concentrations of ZnO 
antibacterial activity decreased [18]. The ethanol extract of Sambucus ebulus medi-
ated ZnO nanoparticles have antibacterial activity against various human bacteria. 
Anacardium occidentale mediated ZnO nanoparticles showed activity against drug 
resistant pathogens such as A. Baumanii, E. coli, K. pneumoniae, E. aquaticum, and 
S. aureus [15]. Punica granatum flower extract has effectively mediated ZnO NPs 
biosynthesis and was effective against bacteria such as K. pneumoniae, P. aerugi-
nosa, B. cereus, S. aureus, S. diarizonae, E. faecalis, E. coli, L. monocytogenes, A. 
hydrophila, E. faecium, M. catarrhalis, and A. hydrophila [25].
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7 Mechanism of Action of ZnO on Microorganisms 

ZnO materials have antimicrobial properties, and the mechanism of action is based 
on adsorption, Zn2+ ion release, generation of reactive oxygen species, and intracel-
lular energy metabolism inhibition, cell membrane damage, lipid peroxidation, DNA 
breakage, and DNA replication disruption [32]. ZnO NPs/MPs release Zn2+ ions 
and it induced an antimicrobial response against various pathogenic bacteria due 
to inhibitory effect in enzyme system and in metabolic processes. The surface of 
ZnO NPs/MPs (positively charge) effectively interacted with the bacterial cell wall 
(negatively charge) [22]. After adsorption, the microorganism losses its integrity, 
membrane rupture or cell wall, and induced oxidative stress owing to lipid peroxi-
dation reaction and damage DNA. ZnO NPs have different specificity against bacte-
rial pathogens, influenced by their physicochemical properties such as porosity, 
morphology, surface charge, and particle size [22]. ZnO NPs/MPs have multiple 
functions than other NPs prepared from metals. The antibiotic metals namely, gold 
and silver NPs have the principal function of membrane adsorption, and metal ion 
release. The other particles such as cupric oxide, titanium dioxide, and magnesium 
oxide NPs show NP internalization, ROS generation, and induce damage to bacteria. 
ZnO NPs/MPs effectively combat bacterial growth and prevent the development of 
antibiotic resistance and NPs penetrate the bacterial cell [28]. 

ZnO NPs combined with other metal NPs showed considerable antibacterial 
activity against virulence hospital pathogens. The synergistic bioactive materials 
improve sustainability and have repeat usability in various biomedical applications, 
then ZnO NPs alone. These particles combined with ZnO NPs/MPs improved activity 
against bacterial strains and overcome antibiotic resistance. Metals doped with poly-
mers, polyhydroxyapatite, carbon-based material, graphene oxide, quantum dots, 
and reduced graphene oxide [51]. They improved synergistic microbial inhibition 
or involved the antibacterial pathways of ZnO NPs in bacteria to inhibit bacterial 
growth or create synergistic properties. 

8 Antifungal Activity of ZnO Nanoparticles 

ZnO NPs are ionic metal oxides that have unique properties such as unusual crystal 
structures and high surface area. Inorganic materials such as ZnO show greater selec-
tivity, superior durability, and heat resistance. However, zinc is one of the important 
mineral elements required for human health in the form of ZnO [21]. ZnO NPs have 
antifungal properties and zinc compounds are widely used as fungicides. The anti-
fungal activities of ZnO NPs are based on the development of free radicals on the 
surface of the ZnO NPs and break down of the cell membranes. Zinc oxide NPs 
induced ROS-mediated cellular changes and membrane damage. They are highly 
effective against fungal species such as Aspergillus niger and Candida albicans.
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The commercially available antifungal agents have very limited applications. Conse-
quently, the inorganic antifungal agents cause serious side effects such as renal failure, 
liver damage, diarrhea, nausea, increased body temperature after drug consumption. 
The plant-mediated iron or iron oxides NPs can damage fungal hyphae and effective 
against spore-forming fungal strains. The metal and metal oxide NPs interact with 
fungi cell membrane and structure and affect membrane structure and function [30]. 

9 Antioxidant Activity 

Nanoparticles have antioxidant activity and these NPs involved in various biochem-
ical reactions. These antioxidants have scavenging of free radicals, production 
of reactive oxygen species, and changing intracellular redox state [20]. Reactive 
oxygen species generation is involved in various diseases including, Alzheimer’s-, 
Parkinson’s-disease, and various neurodegenerative disorders. The generated free 
radicals in the biological system effectively cleave hydrogen bonds in DNA macro-
molecule and affect the base pairs of DNA, which can mediate in the development of 
types of cancers. Cancer disease is one of the leading causes of death throughout the 
world and the current radiation therapy and drugs affect the normal cells. Antioxi-
dant molecules have potential anticancer activities and may effectively reduce various 
types of toxicity linked with chemotherapy treatment [31]. Hence, the application of 
antioxidant from natural sources during treatment shows an adjunct for the treatment 
of various types of cancers. There are various drugs used to treat cancer, moreover, 
these drugs involved unexpected side effects [12]. ZnO NPs are applied in the textile 
and rubber industries [57]. ZnO nanoparticles show 1-diphenyl-2-picryl-hydrazyl 
(DPPH) free radical scavenging antioxidant activity [12]. Medicinal plants extract 
mediated NPs have antioxidant potentials. Polygala tenuifolia root extract mediated 
ZnO nanoparticles show antioxidant activity [40, 52]. 

10 Anticancer Activity 

Cancer disease is the emerged diseases and consists of about 100 types of cancers. 
Cancer cells are characterized by unrestricted cell division of cells with abnormal 
characters. The number of cancer cases increased in recent years. It is estimated about 
$150 billion in 2020 [6]. Nanomedicine is one of the emerging fields and attained 
much more attention for the treatment and diagnosis of cancers. Nanomedicine shows 
potential characteristics based on phytochemicals involved in the formulations of 
metal nanoparticles. The plant-mediated NPs have attracted increased attentions 
for cancer treatment. The NPs have unique physical, optical, electrical, and the 
properties may vary based on the surface volume, charge, particle size, and other 
functional properties. Nanomedicine is one of the fast-expanding research areas of
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nanoscience and mainly metallic NPs have applications in the synthesis of nano-
platform drugs because of unique physicochemical activities. Moreover, the biogenic 
metallic nanoparticles have potential applications in the treatment of cancer. Medic-
inal plant extract has been applied for the preparation of anticancer ZnO NPs [30]. 
These metallic NPs have fluorescent properties when exposed to X-rays. It can be 
used to diagnose cancer cells in the human body. In recent years, various therapeutic 
molecules and strategies were applied for the treatment of cancer at various stages of 
development. Moreover, most of the commercial drugs have least specificity against 
cancer cells and induced toxicity to the normal cells. These drugs show least stability, 
low degradation potential from the biological system, and poor targeting ability. FDA 
approved nanomedicine for the preparation of cancer treatment. Onivyde (80 and 
140 nm), NanoTherm iron oxide NPs (20 nm) are used to treat metastatic pancreatic 
cancer and for thermal ablation of glioblastoma. 

Anticancer properties of ZnO NPs (10 nm) Hela cell lines were studied at various 
NPs concentrations. ZnO NPs showed dose-dependent anticancer activity and the 
cell viability reduction was 5–50% in HeLa cells. Fe-doped ZnO NPs and ZnO NPs 
are quasi-spherical in shape and the synthesized particle size was approximately 
10–20 nm in size and showed anticancer activities [42]. The chitoson-coated NPs 
are spherical shaped and 100 nm in diameter. These chitosan-coated and uncoated 
materials were tested against Hela cells at various concentrations [11]. The chitosan-
coated Hela cells improved cytotoxicity through cellular internalization, formation 
of ROS, apoptosis, and cell death at 75 µg/mL concentrations. The green synthesized 
ZnONPs mediated by the aqueous extract of Gracilaria edulis showed cytotoxicity 
[19]. 

11 Pesticidal Properties 

Nanoparticles penetrate through plants cells hence they become to act as nanocar-
riers making them more efficient in targeting the plant pests. The nanoparticles such 
as CuO, Ag, ZnO, and MgO have potent insecticidal activity against various pests. 
ZnO has a lot of potential against various pests than other oxides. Metal NPs have 
toxic effects, and it effects on crustaceans, plant pests, and bacteria. NPs are effec-
tive against pests from different orders including, Lepidoptera, Coleoptera, Diptera, 
Hemiptera, Nanoparticles such as gold, silver, aluminum, zinc, silica, zinc oxide, 
metal oxide, and titanium dioxide are useful to control pests [47, 55]. Silica nanopar-
ticles are also applied to control insect pests [13]. Nanoparticles induce desiccation 
in larvae and decreased cell viability. Silica microparticles affect T. molitor larvae 
and induced mortality and the mortality rate was about 70%. Silica microparticles 
damage dermal and epidermal cells of larvae which lead to dehydration of the larvae 
and become dark [7].
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12 Photocatalytic Degradation of Organic Dyes 

Organic dyes are one of the important pollutants causing negative effects on the envi-
ronment. Organic dyes are very stable, toxic, resistant, and carcinogenic compounds. 
These are applied in the food, plastic, textile, and leather industries. The textile 
industry involves the maximum levels of water pollution due to organic dyes. The 
existence about 10,000 colorants has been introduced, of which about 700,000 tons 
are discharged in every year [49]. The methods such as adsorption, reductive reac-
tion, Fenton reaction, and biodegradation are useful [43]. Moreover, some of these 
described methods are highly expensive, required toxic chemicals, and affect the 
eco-system and the environment. Among these techniques, photocatalytic method 
is a low-cost, simple degradation, and harmless. This method is useful in removing 
various pollutants in wastewater and aquatic system using UV energy or solar energy. 
The green synthesized silver NPs and zinc oxide nanorods composite was effective 
to degrade 92% of paracetamol in water within 4 h of incubation [2]. Photocatalyst is 
used in photocatalytic process, and this is generally a semiconductor substance that, 
by effectively absorbing photons from the water, is generally activated to generate 
hydroxyl radicals and thus uses the complete organic dye degradation [59]. The 
semiconductors such as, tin dioxide (SnO2), titanium dioxide (TiO2), iron oxide (III) 
(Fe2O3), copper oxide (CuO), and ZnO are widely used as photocatalysts [8, 37]. 
ZnO is widely applied in sensor, batteries, solar cells, and ZnO is considered as one 
of the super catalysts in the removal of pollutants from the wastewater. ZnO NPs 
have good oxidizing potential and show a bandgap of approximately 3.37 eV, excel-
lent mechanical and chemical stability, photosensitive property, leading to various 
environmental applications [53]. Camellia sinensis extract is useful for the green 
synthesis of SnO2 NPs with the particle size between 4 and 5 nm [33]. Lemon peel 
extract was used to green synthesize TiO2 NPs and it was quasi-spherical shape, 
and the size was between 80 and 140 nm [38]. Allium sativum extract was used for 
the green synthesis of CuO NPs and the particle size ranged between 20 and 40 nm 
[33]. These green synthesized NPs have potential application in the degradation of 
various organic dyes. The NPs prepared using Jasmine powder showed MB degra-
dation activity and 78% degradation was achieved within 2 h [5]. Camellia sinensis 
extract was used for the synthesis of iron NPs and is applied for the degradation of 
MO from the wastewater. 

13 Conclusion 

Metal and metal oxide NPs have been widely used in the field of environment and 
health sciences. Thus, the chemistry of green synthesis and the application of the 
synthesized NPs are important for various applications. Green synthesis uses extracts 
from bacteria, fungi, algae, and plants. Moreover, plant extracts have remarkable 
efficiency in reducing, capping, and stabilizing agents than other sources for the
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preparation of nanoparticles with desired molecular properties due to the presence 
of capping agents and reducing power. This chapter shows the use of plants for 
the green synthesis of nanoparticles and covers the application of nanoparticles for 
biomedical and environmental applications. The antibacterial, antifungal, anticancer, 
and antioxidant power of the nanoparticles were described. ZnO is a semiconductor 
that has excellent thermal stability and is widely used as sensor, luminescent material, 
batteries, solar cells, optoelectronic applications and is considered as one of the super 
catalysts in the removal of pollutants from the wastewater. 
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Chapter 13 
In Vitro Studies 
of Chitosan/PVA/Methylcellulose—Silver 
Nanocomposites Scaffolds Using L929 
Fibroblast Cells 

K. Kanimozhi, V. Sugantha Kumari, S. Khaleel Basha, and K. Kaviyarasu 

1 Introduction 

Popular fresh ages, silver nanoparticles must involve substantial benefits since of 
their latent requests. Numerous approaches must be remained advanced aimed at 
the mixture of silver nanoparticles [1–3]. These approaches remain predictable near 
outcome trendy an actual thin atom scope delivery then atoms of even figure. Scaf-
fold remains unique of the greatest significant matters trendy skin manufacturing 
then renewing drug [4–7]. Exploiting automatically strong nano-sized supports, 
designed for instance carbon nanotubes, nanoclays, graphite and inorganic nanopar-
ticles, addicted to polymer crowds in the direction of improve polymers posses-
sions consumes remained extensively subjugated [8–11]. Several reviews have been 
published on salt leaching and the use of varies size of sodium chloride salt particles of 
nanocomposites [4]. Biopolymers related to salt leaching nanocomposites, including

K. Kanimozhi (B) 
Department of Chemistry, Global Institute of Engineering and Technology, Melvisharam, Tamil 
Nadu 632509, India 
e-mail: kanivlr8@gmail.com 

K. Kanimozhi · V. S. Kumari 
PG Research & Department of Chemistry, Auxilium College (Autonomous), Vellore, Tamil Nadu, 
India 

S. K. Basha 
Department of Chemistry, C. Abdul Hakeem College, Melvisharam, Tamil Nadu 632509, India 

K. Kaviyarasu 
UNESCO-UNISA Africa Chair in Nanosciences/Nanotechnology Laboratories, College of 
Graduate Studies, University of South Africa (UNISA), Muckleneuk Ridge, Pretoria, South Africa 

Nanosciences African Network (NANOAFNET), Materials Research Group (MRG), iThemba 
LABS-National Research Foundation (NRF), 1 Old Faure Road, Somerset West 7129, Western 
Cape Province, South Africa 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 
K. Kasinathan et al. (eds.), Nanomaterials for Energy Conversion, Biomedical 
and Environmental Applications, Materials Horizons: From Nature to Nanomaterials, 
https://doi.org/10.1007/978-981-19-2639-6_13 

281

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2639-6_13\&domain=pdf
mailto:kanivlr8@gmail.com
https://doi.org/10.1007/978-981-19-2639-6_13


282 K. Kanimozhi et al.

processing, structure and property characterization, applications as well as modelling 
and simulations [5]. The silver nanoparticles remain of attention as of the single 
belongings scope besides form liable visual, electrical, then attractive belongings 
which tin remain combined interested in antimicrobial claims, biosensor resources, 
compound threads, cryogenic superconducting resources, beautifying crops, then 
microelectronic workings [6, 12–14]. Chitosan, the deacetylated creation of chitin, 
remains answerable popular thinned acids such by means of acetic acid besides 
formic acid. Lately the termination of chitosan trendy N-methyl morpholine-N-
oxide/H2O consumes stood conveyed [7, 15]. The hydrolysis of chitosan through 
focused acids below dangerous situations crops comparatively the unadulterated 
amino sugar, D-glucosamine [8, 16]. Poly(vinyl alcohol) (PVA) remains a polymer 
through carbon cable mainstay devoted through hydroxyl collections. PVA remains 
a artificial polymer that remains non-poisonous, biocompatible, recyclable, humble 
toward make, consumes outstanding powered asset besides remains chemically 
besides thermally steady [9, 17]. Poly(vinyl alcohol) (PVA) goes toward the collec-
tion of polymers which container remain charity trendy mixture through silver nitrate 
[7, 18]. PVA remains unique of the artificial, recyclable, biocompatible, aquatic-
solvable polymers exploited trendy therapeutic requests such by way of twisted cover-
ings, synthetic coating, coverings, transdermal reinforcements, circulatory strategies, 
then medication distribution schemes [5, 10]. Methylcellulose [MC] a unoriginal 
of normal polysaccharides performs thermo adjustable sol–gel changeover trendy 
aqueous explanation in place of healthy. Methylcellulose offerings an growth trendy 
permeability besides solubility popular liquid related by means of the rise of the 
inflammation gradation, which advance the profitable applicability of the polymer 
[11]. 

Silver nitrate (AgNO3) remains unique of the springs of silver ions. The situation 
remains resolvable trendy liquid besides for of the situation bright understanding, 
the situation remains charity trendy work of clear the flicks, looking glass silvering, 
shock coloring, gray gilding as per fine such as trendy drug in place of cautery 
besides sterile antiseptic movement (against Staphylococcus aureus and Escherichia 
coli) remained showed [12, 19, 20]. The goal of the current effort consumed exposed 
that CS/PVA/MC3 through AgNps nanocomposites ready through salty filtering 
method near improve the belongings of CS/PVA/MC3 medium. The cytocompat-
ibility besides suitable physicochemical belongings of CS/PVA/MC3-AgNps frame-
works specified the talented habit trendy more schoolwork aimed at casing flesh 
manufacturing submission [21–23].
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2 Materials and Methods 

2.1 Materials 

Chitosan (CS) through a 92% grade of deacetylation, Polyvinyl alcohol (PVA) 88% 
of gradation of hydrolysis, Methyl Cellulose (MC), (Logical score) acetic acid (AA), 
and Sodium chloride (NaCl) remained acquired after (Sigma-Aldrich) logical rating. 
The Silver nitrate Nanopowder (AgNo3) (>99%) remained acquired since Sisco 
Research Laboratories Pvt. Ltd. (SRL) besides molecular heaviness of AgNo3 stayed 
81.38. Completely the extra substances rummage-sale remained of logical score, 
besides stayed charity minus some more sanitization. 

2.2 Synthesis of Silver Nanoparticle 

The silver nanoparticles remained ready through by means of biochemical decrease 
technique. 50 ml of 0.001 M Silver Nitrate stood animated near spot. Just before 
the overhead solution 5 ml of 1% trisodium citrate remained additional drip by 
drip. Throughout the course, clarifications stood miscellaneous strongly besides fiery 
while waiting for alteration of colour stayed obvious. Formerly the situation remained 
detached starting the boiler expedient and stimulated awaiting chilled near chamber 
fever. 

2.3 Preparation of CS/PVA/MC3-AgNps Nanocomposites 

Chitosan and PVA remained mixed through socializing a 1% explanation of chitosan 
trendy 1% aqueous acetic acid besides 1% solution of PVA in earnest aquatic. 1% 
Chitosan and 1% PVA solutions stood gradually supplementary to 0.9% MC solu-
tions to obtain blends of 75% MC. AgNps Nanocomposite films were prepared 
by casting composite solution (CS/PVA/MC3- AgNps1 CS/PVA/MC3- AgNps2, 
CS/PVA/MC3- AgNps3) containing 0.5%, 1%, and 2% AgNps, correspondingly. 
The combinations stayed ready in 6 h attractive thrilling by chamber temperature 
near get similar solution. Then, 4 g of grainy sodium chloride were sieved (NaCl, 
200 μm-600 μm) and homogeneously added into the nano composite solutions and 
stirred for 4 h. The resolution stood leftward by chamber temperature aimed at 3 days 
near agree gelation, previous near wash through deionized aquatic trendy directive 
toward filter ready the saline rocks. After leaching, the frameworks remained left-
ward near thirsty aimed at 24 h besides the saline-filtered CS/PVA/MC3-AgNps 
frameworks stayed gained.
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2.4 Salt Leaching—Scaffold Preparation 

The spongy framework container remains gained through torrential combination 
hooked on the petri plates. NaCl atoms (200-500 μm) remained filtered besides 
formerly further interested in the CS/PVA/MC3-AgNps combination besides stim-
ulated aimed at 4 h. The examples stood in-flight-desiccated through ordinary 
vanishing on behalf of 24 h. The saline elements stayed filtered obtainable through 
submerging the tasters popular deionized aquatic aimed at 72 h by 37 °C. In the 
marine remained rested 3 periods a time toward favour the whole closure of the salty. 
Subsequently leakage, the frameworks remained gotten thru air-dried aimed at 24 h. 

2.5 Characterization 

2.5.1 Attenuated Total Reflectance-Fourier Transform Infrared 
Spectroscopy (ATR-FTIR) 

The substance construction of the arranged permeable framework remained consid-
ered by means of an attenuated total reflectance Fourier trans method (ATR-FTIR) 
spectrophotometer (Shimadzu IR affinity—1S). Both ranges stayed developed trendy 
diffusion style happening a Quest ATR ZnSe crystal lockup through buildup of 250 
scans by a resolve of 4 cm −1 and a wavenumber variety of 4000–500 cm −1. 

2.5.2 X-ray Diffraction (XRD) 

X-ray diffraction designs of CS/PVA/MC3-AgNo3 frameworks remained chronicled 
through an X-ray diffractometer (XRD; Rigaku Co, model; DMAX—2200, Japan). 
The energy and then current used were 40 kV and 36 mA, correspondingly. X-rays 
of 1.5406 Å wavelengths remained generated by a CuKα basis and the 2θ viewpoint 
stood diverse after 5° to 80°. 

2.5.3 Scanning Electron Microscopy (FE-SEM) 

The morphology of the frameworks remained examined consuming Field emission 
Scanning Electron Microscope (FE-SEM) examination remained approved avail-
able aimed at the disinfected JEOL-JSM6390 (Japan). The framework microstruc-
tures remained assessed after geometrical capacities happening the scanning electron 
micrographs.
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2.5.4 Raman Spectroscopy (RS) 

Raman ranges remained too chronicled aimed at covered Ti substrates by means of a 
confocal Raman microscope (RENISHAW) by an excitation wavelength of 795 nm. 

2.5.5 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM, BRUKER MM8, SOUTH AFRICA) remained 
charity toward asses the superficial unevenness and landscape of the coverings in 2 
× 2 μm areas. Root mean square (RMS) unevenness standards stood busy after 15 
capacities achieved scheduled dissimilar places finished every taster. High resolution 
(618 × 618 pixel) image remained completed toward and the consequences remained 
investigated. 

2.5.6 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) capacities remained approved available 
on Phillips CM100 and JEOL 2010F electron microscope tools through working 
energies of 150 kV. The tasters remained ready through conveying a drip of the 
CS/PVA/MC3-AgNo3 nanocomposite explanation onto a carbon-covered copper 
lattice. 

2.5.7 Porosity 

The permeability of invented frameworks remained intended by Eq. (1). 

Porosi ty  = Wt  − Wd  

Wd  
X 100(% ) (1) 

Anywhere Wt remained the heaviness of the enflamed framework on period t and 
Wd remained early heaviness of the framework. 

2.5.8 Swelling Degree 

The bulge behavior of frameworks remained examined by area high temperature 
through revealing them near phosphate buffer solution (PBS). A recognized bulk of 
framework sensible remained located trendy PBS explanation aimed at 30 days. The 
wet heaviness of the framework remained gritty through major tarnishing the frame-
work external through sieve tabloid, near eradicate additional external aquatic besides 
before considered directly. The fraction of water preoccupation thru framework 
remained intended after the appearance.
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Wsw = Ww − Wd /Wd × 100 (2) 

Where Ww signify the wet weight of frameworks submerged trendy the PBS 
specific period break, Wd is the thirsty showery of frameworks, and Wsw is the 
gradation of bulge [22]. 

2.5.9 Mechanical Properties 

The motorized belongings of flicks remained largely estimated through the ductile 
examination. This remained achieved consuming difficult device (MTS Criterion 
5 KN) trendy agreement by normal approaches (ASTM D638-2010). The tasters 
remained censored hooked on floorings through 70 mm distance then 25 mm thick-
ness per an exactness of ±5 μm. The comparative moistness and crosshead rapidity 
remained 50% and 50 mm/min, individually. Altogether varieties remained strained 
on ambient infection then final tensile strength besides stood intended trendy tripli-
cate by means of elongation besides rapidly noted by means of a processor. Near gain 
the mechanical properties of the flick’s trendy the drizzly national, the flicks remained 
saturated in marine aimed at 20 min on room temperature previously challenging. 
By smallest five samples remained leisurely intended for every taster. 

2.5.10 Screening of Antibacterial Activity of the Synthesized 
Bionanocomposites 

The antimicrobial exam remained approved ready by means of Staphylococcus 
aureus Gram-positive, Bacillus cereus Gram-positive, and Escherichia coli Gram-
negative. The frameworks remained pasteurized through submerging trendy 70% 
(v/v) ethanol, formerly eroded through disinfected PBS explanation and midair desic-
cated beneath Laminar air movement (LAF) toward decrease bacterial infection. 
The extent of the region of hang-up events the efficiency of the mixtures: a extra real 
multiple crops a greater strong extent about the sieve floppy. Altogether examinations 
must remained complete underneath laminar movement cover. Lastly, altogether Petri 
plates limited bacteria and antibacterial substances remained hatched and preserved 
at 37 °C aimed at 24 h. Afterward this historical, the distances of the reserve regions 
molded about all floppy remained strong-minded and obtainable in mm. 

2.6 Cell Experiment 

2.6.1 Cell Culture 

The L929 fibroblast compartment streak remained rummage-sale trendy the 
examine. Booths remained hatched in Dulbecco’s modified eagle medium (DMEM)
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comprising 10% fetal bovine serum 1% penicillin and streptomycin. L929 fibrob-
last chambers stood before sowed by a thickness of 2×104 cells/ml against the 
dissimilar sorts of frameworks. Collagen stayed exploited in place of switch. The 
booth-framework concepts remained hatched trendy an incubator by 37 °C through 
5% CO2, besides the average stayed altered each 2 beings. 

2.6.2 Cell Seeding 

Near regulate cytocompatibility of the CS/PVA/MC3-AgNo3 frameworks, spherical 
frames (F =15 mm) stood gilded trendy a 24-fine values plate besides then occupied 
hip a DMEM standard holding 10% fetal bovine serum 1% penicillin and strepto-
mycin. L929 fibroblast cells stood before planted by a thickness of 2×104 cells/ml 
against the dissimilar brands of platforms. Collagen stayed exploited by way of regu-
lator. The booth-framework concepts remained hatched now an incubator at 37 °C 
through 5% CO2. The intermediate remained altered each 2 days. 

2.6.3 Cell Proliferation 

Sustainability of booths happening supports stood assessed. The antiseptic supports 
stood located addicted to 96 glowing crystal platters. 1×104 lockups/glowing of 
fibroblast lockups stayed planted happening the ready framework and formerly 
hatched by the side of 37 °C through 5% CO2. Subsequently 1, 3, and 5 days, 
the capability of booths be situated strong-minded through consuming fluorescence 
microscope. 

2.6.4 Cell Viability Assay 

Compartment feasibility stood examined via 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide MTT assay. The salty filtered merged framework 
consumes presentation corresponding to collagen frameworks by deference near 
the compartment relocation and propagation amount happening the framework. The 
passaged compartments stayed sowed happening the collagen and CPM merged 
supports next to a thickness of 1 × 105 compartments/thriving. The structures 
remained nurtured by the side of 37 °C through 5% CO2 aimed at 3 h. Dulbecco’s 
Modified Eagle Medium (Sigma Aldrich) covering 10% fetal bovine serum (Invit-
rogen), penicillin (50unit/ml), and streptomycin (50 unit/ml) remained supplemen-
tary besides hatched by the side of 37 °C through 5% CO2. This average stayed 
exploited near produce L929 fibroblast cubicles remained measured by MTT assay. 
The intermediate was altered each 2 days besides the frameworks remained expe-
riential below a microscope. Collagen framework remained occupied by means of 
switch. Subsequently 1, 3, and 5 days of philosophy, booth feasibility remained 
leisurely quantitatively MTT assay, which remains a colorimetric method aimed
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at defining the quantity of feasible cubicles, that trusts taking place the adaptation 
of MTT-to-MTT formazan via the enzyme mitochondrial reductase of the feasible 
compartments. The cubicle excerpts after the framework remained varied through 
MTT explanation besides the absorbance by 550 nm stood unhurried happening a 
microplate reader. 

2.6.5 Cell Morphology 

The morphology of fibroblast lockups arranged the frameworks stood experiential 
happening days 1, 3, and 5 by SEM. The tasters remained sweep away through PBS 
besides then secure through 3.0% glutaraldehyde at 4 °C aimed at 4 h. Subsequently, 
they remained dry finished a sequence of categorized ethanol, inflight-dehydrated 
instant, and sputtered through gold-plated for SEM statement. 

2.6.6 In Vivo Wound Healing Analysis 

In vivo bodily education remained approved available by means of sturdy manly 
albino rats (150−200 g, 8.5 months) stood detached addicted to three clusters 
through three rats all. Happening the jump of the challenging rats remained contained 
in a infection unhurried site apartment through allowed admittance towards blow 
aquatic besides normal nourishment. Altogether procedures of this schoolwork 
counting faunas stayed accepted thru the Institutional Animal Ethical Committee, 
KMCH College of Pharmacy, Coimbatore, Tamilnadu, India. The dorsal mane of 
the rats remained detached, and the covering stayed gutted by means of malt. 
The rats remained under through a ether and 2 cm × 2 cm exposed editing-
kind coiled was shaped near the complexity of movable hypodermal flesh. The 
injuries remained enclosed via Povidone-iodine ointment (control), CS/PVA/MC3-
AgNps bionanocomposites. Subsequently spread over the bionanocomposites, the 
rats remained contained independently in crates below standard chamber disease. 
The bionanocomposites stayed different next to 3 and 5th days. By the diurnal of 
varying the bionanocomposites the coiled zone stayed unrushed on 0, 1, 3, and 5 days. 

The degree of looped finish remained resolute through the subsequent comparison: 

Wound area = A0 − A/A0 × 100 (5) (3) 

Where A0 remains the looped zone on the period of twisted designed and A stands 
the twisted part on the time of varying the bionanocomposites.
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2.7 Statistical Analysis 

Altogether statistics stood obtainable by way of resources ± typical aberrations. 
Judgments between the three clusters remained complete through unique-technique 
examination of alteration. 

3 Results and Discussion 

3.1 Attenuated Total Reflectance-Fourier Transform Infrared 
Spectroscopy (ATR-FTIR) 

The typical functional groups remained examined over ATR-FTIR ranges of the 
pure CS, CS/PVA, CS/PVA/MC3, CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2, 
and CS/PVA/MC3-AgNps3 frameworks Fig. 1. The range of pure CS displays the 
preoccupation peaks on everywhere 3406 cm−1 aimed at the OH group next to every-
where 1639 cm−1 NHCOCH3 (amide I band) then by near 1585 cm−1 designed for 
the NH2 group (amide II band). The spectrum of CS/PVA exhibited a extensive 
group at 3449 cm−1. The fascination gang’s pragmatic by the side of 1642 cm−1 

stood lifted near developed wave number outstanding to the contact among OH 
and NH twisting shaking of CS/PVA. The band of CS/PVA/MC3 displays the

Fig. 1 ATR-FTIR spectra of pure CS, CS/PVA, CS/PVA/MC3, CS/PVA/MC3-AgNps1, 
CS/PVA/MC3-AgNps2 and CS/PVA/MC3-AgNps3 porous scaffolds
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fascination crests at everywhere 3454 cm−1 OH collections next to from place-to-
place 1647 cm−1 amide I band. Associated to the bands of pure CS, CS/PVA, and 
CS/PVA/MC3 supports the groups next to wavenumber at 3466 cm−1 and 1625 cm−1 

in the CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2, and CS/PVA/MC3-AgNps3 
frameworks stand lifted near lesser wavenumber standards. As soon as AgNps stayed 
merged obsessed by the frames, the crests stood distended in its place of a piercing 
top in AgNps. The rise in strength of fascination summits remained experiential 
when AgNps stood charity, which showed the development of sure relations among 
AgNps and CS/PVA/MC3 frameworks.

3.2 X-ray Diffraction (XRD) 

X-ray diffraction designs of the frameworks remain characterized in Fig. 2. The  
X-ray diffraction of CS/PVA/MC3 frameworks displays same thin dump every-
where 2θ = 10°. In the case of a CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2, 
and CS/PVA/MC3-AgNps3 nanocomposites the XRD design displays the peaks that 
resemble to the 2θ = 26°, 2θ = 28°, and 2θ = 31° planes of hexagonal AgNps and 
the strength of crests remain realized marginally cumulative by way of the totaling 
of AgNps besides the strength of crests remain realized a little swelling by means of 
the totaling of AgNps nanoparticles trendy the intermingling of CS/PVA/MC3. The

Fig. 2 XRD of pure CS, CS/PVA, CS/PVA/MC3, CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2 
and CS/PVA/MC3-AgNps3 porous scaffolds
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original shrill summits trendy the deflection design can stand payable to the creation 
of fresh covalent pledges molded among CS/PVA/MC3-AgNps3 nanoparticles too 
CS/PVA/MC3.

3.3 Field Emission-Scanning Electron Microscopy 
(FE-SEM) 

The field emission-perusing electron microscopy imageries obtainable actual 
alike morphological features aimed at the CS/PVA/MC3, CS/PVA/MC3-AgNps1, 
CS/PVA/MC3-AgNps2, and CS/PVA/MC3-AgNps3 nanocomposites viewing the 
development of unvarying then nonstop frameworks as shown in Fig. 3. 
CS/PVA/MC3 the merged frameworks showed require actual minor holes remained 
display. CS/PVA/MC3-AgNps1 followed happening the internal superficial of the 
interconnected pore construction of CS/PVA/MC3 scaffolds. The CS/PVA/MC3-
AgNps2 nanoparticles remained fine remote some pores was exhibited. The 
CS/PVA/MC3-AgNps3 nanoparticles remained healthy remote inside the mixture 
framework subsequent in the entrance of pores. The size and shape of CS/PVA/MC3-
AgNps3 nanoparticles was more pores and were regular cubic. The rise trendy

Fig. 3 FE-SEM images of CS/PVA/MC3, CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2, and 
CS/PVA/MC3-AgNps3 porous scaffolds



292 K. Kanimozhi et al.

the absorbency composed through the discount in the interatomic pores structure. 
Furthermore, a porous surface with pore size distribution which container simplify 
infiltration of cellular harvests besides helpful compartment evolution.

3.4 Transmission Electron Microscopy (TEM) 

The transmission electron microscopy (TEM) images of the CS/PVA/MC3-AgNps1, 
CS/PVA/MC3-AgNps2, and CS/PVA/MC3-AgNps3 frameworks stand presented in 
Fig. 4. The transmission of CS/PVA/MC3-AgNps1 has a less cubic shape exhibit and 
SAED images due to also less crystallinity nature appeared. CS/PVA/MC3-AgNps2 
has a depicts cubic with uniform shape and good crystallinity. The CS/PVA/MC3-
AgNps3 micrographs more cubic shape and more good crystallinity images was

Fig. 4 a TEM image of CS/PVA/MC3-AgNps1 b SAED pattern of nanocomposite and c Particle 
size distribution graph dTEM images of CS/PVA/MC3-AgNps2 e SAED pattern of nanocomposites 
and f Particle size distribution graph and g TEM images of CS/PVA/MC3-AgNps3 h SAED pattern 
of nanocomposites and i Particle size distribution graph
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exhibited, and the average cube size was exhibited. It was shown that CS/PVA/MC3-
AgNps frameworks near accept a well-ordered conformation finished trendy the 
AgNps nanocrystal growing near the experiential the cubic morphology. The subdi-
vision extent delivery of the AgNps nanoparticles in the CS/PVA/MC3-AgNps frame-
work remains signified through the histogram, presentation a wide-ranging of nano 
particles in the 25 nm variety.

3.5 Atomic Force Microscopy (AFM) 

The CS/PVA/MC3 polymeric scaffold dopped with AgNps nanoparticles exte-
riors showed a lesser besides fewer rough nanostructured in comparison 
through CS/PVA/MC3-AgNps. AFM descriptions of nanocomposite frame-
works remained examined towards measure the exterior landscape structures of 
CS/PVA/MC3, CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2 and CS/PVA/MC3-
AgNps3 nanocomposites frameworks as shown in Fig. 5. The AFM construction 
examination revealed that the shallow of CS/PVA/MC3 remained homogeneous 
without nano structure of AgNps. The width of the CS/PVA/MC3-AgNps1 platform

Fig. 5 AFM images of CS/PVA/MC3, CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2 and 
CS/PVA/MC3-AgNps3 porous scaffolds
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remained projected after the AFM image, remained near 10–20 nm besides a uneven-
ness similar construction stayed experiential. On the other hand, the CS/PVA/MC3-
AgNps2 scaffold exhibited the thickly dispersed minor adverts and the width was 
observed. The CS/PVA/MC3-AgNps3 polymeric scaffold was more bunches exhib-
ited. The superficial descriptions depiction extent lots through calmly dispersed 
nanosized grains. These descriptions demonstrate the dopped stand molded thru 
nanometer sized regularly spread during the exteriors. Obviously, the compartments 
meeting a uneven superficial through the CS/PVA/MC3 frameworks, as soon as 
likened near the CS/PVA/MC3-AgNps nanocomposites. Certain times need exposed 
an improvement trendy cell union through enlarged superficial unevenness.

3.6 Raman Spectroscopy (RS) 

Raman spectra analysis were also used near safeguard the reproducibility of Raman 
shift spectrum stayed collect after diverse spot of every model. Aimed at the 
bionanocomposites of AgNps strengthened happening CS/PVA/MC3 framework 
aimed at a assumed example the strength of Raman summits tin differ after unique 
advert towards extra owing towards difference trendy AgNps insides the result 
remained reproducible. The Raman spectrum of CS/PVA/MC3 support displayed 
on 349 cm-1 extending shakings allocated intended for C-N extending of a main 
amine stood reduced as the AgNps satisfied enlarged besides vanished trendy AgNps. 
Compared toward the ranges of CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2 and 
CS/PVA/MC3-AgNps3 frameworks the strength groups by 316 cm-1, 318 cm-1 

and 328 cm-1 trendy the frameworks remain lifted near developed concentration 
morals. When AgNps stayed incorporated interested in the supports, the projecting 
crests stayed enflamed instead of a sharp peak in AgNps. The strength of Raman 
topmost next to 484 cm-1 dispensed near C–OH stayed meaningfully improved 
per growing AgNps nanocomposites insides trendy the scaffolds besides converted 
the bulging crowning popular CS/PVA/MC3-AgNps3 as shown in Fig. 6. This  
result proves the cumulative the dipolar connections connecting through swelling 
CS/PVA/MC3-AgNps nanocomposites content. 

3.7 Mechanical Properties 

To investigate the influence of pure CS, CS/PVA, CS/PVA/MC3, CS/PVA/MC3-
AgNps1, CS/PVA/MC3-AgNps2, and CS/PVA/MC3-AgNps3 on the mechanical 
properties of the scaffolds their tensile strength and elongation at break are 
displayed in Fig. 7. From the tensile strength for pure CS was 40%, CS/PVA 50%, 
CS/PVA/MC3 73%, CS/PVA/MC3-AgNps1 38%, CS/PVA/MC3-AgNps2 60%, and 
CS/PVA/MC3-AgNps3 70% displayed advanced morals of tensile strength sizes. 
Elongation at break of pure CS was 29%, CS/PVA 19%, CS/PVA/MC3 15%,
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Fig. 6 Raman spectra of CS/PVA/MC3, CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2 and 
CS/PVA/MC3-AgNps3 porous scaffolds 

Fig. 7 Mechanical properties of pure CS, CS/PVA, CS/PVA/MC3, CS/PVA/MC3-AgNps1, 
CS/PVA/MC3-AgNps2 and CS/PVA/MC3-AgNps3 porous scaffolds

CS/PVA/MC3-AgNps1 31%, CS/PVA/MC3-AgNps2 55%, and CS/PVA/MC3-
AgNps3 60% exhibited lesser standards. The mechanical performance of the 
CS/PVA/MC3-AgNps3 supports nearby stood a reduction trendy the elongation 
at break although the tensile strength augmented, perhaps owing to the enlarged 
trendy the interatomic detachment, although the elongation at break lessened aimed 
at the CS/PVA/MC3-AgNps3 frameworks. There mechanical properties are due to the 
CS/PVA/MC3 scaffolds results in strong interactions due to AgNps. The tensile test
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outcomes designated that the CS/PVA/MC3-AgNps3 frameworks converted extra 
elastic through added gift besides painfulness later the creation of AgNps nanocom-
posites. The variations trendy tensile belongings recommend that amalgamation of 
AgNps nanoparticles keen on CS/PVA/MC3 scaffolds consumes persuaded physical 
deviations trendy the polymer matrix.

3.8 Swelling Studies 

The bulge of the polymeric frameworks trendy (PBS) Phosphate buffer solu-
tion remains obtainable in Fig. 8. By way of each the bulge grade of pure CS, 
CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2 and CS/PVA/MC3-AgNps3 frame-
works. The bulge grade of the pure CS, CS/PVA/MC3, and CS/PVA/MC3-AgNps 
scaffolds to increase with addition of AgNps nanoparticles. Bulge training presented 
that polymer flick tasters displayed least bulge aimed at uncontaminated CS, 
CS/PV/MC3. The swelling of scaffolds increased with the addition of AgNps 
nanoparticles when the CS/PVA/MC3-AgNps3 was increased in the blend due to 
high hydrophilicity of AgNps nanoparticles. CS/PVA/MC3-AgNps3 in the blend 
scaffold acting an significant part as the situation tin can recover together of the 
mechanical properties besides swelling capacity of supports. It can remain experien-
tial that CS/PVA/MC3-AgNps3 frameworks outcome trendy advanced percentages 
of poverty then swelling degree. By the totaling of AgNps nanoparticles near the

Fig. 8 The swelling behavior of pure CS, CS/PVA/MC3, CS/PVA/MC3-AgNps1, CS/PVA/MC3-
AgNps2 and CS/PVA/MC3-AgNps3 porous scaffolds
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flicks and rise trendy the poverty then bump remained established. At the same time, 
the swelling degree remained powerfully partial through the general hydrophilicity 
of the subsequent scaffolds. Through attractive the addition of AgNps nanoparticles 
the frameworks networks converted additional hydrophilic then therefore fascinated 
extra PBS subsequent fashionable and development of bulge degree.

3.9 Porosity 

The porosity is a vital role for the tissue engineering scaffolds. The porosity 
(%) of pure CS, CS/PVA, CS/PVA/MC3, CS/PVA/MC3-AgNps1, CS/PVA/MC3-
AgNps2, and CS/PVA/MC3-AgNps3 samples displayed trendy Fig. 9. The porosity 
of pure CS scaffolds remained around 24% and 32% popular thirsty then drizzly 
conditions correspondingly, though significantly the porosity (%) increased for 
CS/PVA scaffolds of about 28%, and 42% CS/PVA/MC3 scaffolds of about 36% 
and 57% and CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2, and CS/PVA/MC3-
AgNps3 nanocomposites scaffolds due to in the wet state, however in dry state 
these scaffolds have 58%, 69% and 65%, 75% and 72%, 90% in wet state which 
is marginally increased in wet state specifying that the doped of AgNps nanopar-
ticles of CS/PVA/MC3 scaffolds increased the porosity of the scaffolds. Neverthe-
less, the superficial morphology of CS/PVA/MC3-AgNps3 stood actual dissimilar 
after individuals of pure CS, CS/PVA, CS/PVA/MC3, CS/PVA/MC3-AgNps1, and 
CS/PVA/MC3-AgNps2 scaffolds the permeability displayed more alteration aimed

Fig. 9 The Porosity of pure CS, CS/PVA, CS/PVA/MC3, CS/PVA/MC3-AgNps1, CS/PVA/MC3-
AgNps2, and CS/PVA/MC3-AgNps3 absorbent supports
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at the AgNps nanoparticles further scaffolds. Commonly, the appropriate opening 
great permeability remain the features on behalf of the ultimate permeable scaffold 
charity popular flesh manufacturing.

3.10 Antibacterial Activity 

The antiseptic movement of the ready CS/PVA/MC3-AgNps1, CS/PVA/MC3-
AgNps2, and CS/PVA/MC3-AgNps3 nanocomposites tasters stood tried along-
side Staphylococcus aureus (S.aureus) and Escherichia coli (E. coli) owing 
near disk diffusion method Fig. 10. Antibiotic amoxicillin stayed reserved by 
way of the regulator aimed at difficult the antiseptic movement of numerous 
scaffolds of CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2, and CS/PVA/MC3-
AgNps3 nanocomposites. Both CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2, 
and CS/PVA/MC3-AgNps3 trials showed strong antibacterial activity. The inhibitory 
region of CS/PVA/MC3-AgNps3 nanocomposites experiential must sturdy antiseptic 
movement in contradiction of S. aureus and E. coli than CS/PVA/MC3-AgNps1 
and CS/PVA/MC3-AgNps2. The antiseptic doings need stayed improved through 
swelling the gratified of AgNps nanoparticles. Antibacterial of AgNps nanopar-
ticles usually believed that AgNps nanoparticles interrelate through booth crust 
allowed near harvest the enlarged attention of reactive oxygen species (ROS). In 
our outcomes exposed around stayed durable antibacterial activity of CS/PVA/MC3-
AgNps nanocomposites. The microbes of the S. aureus and E. coli continued feasible

Fig. 10 Antibacterial activity of a CS/PVA/MC3-AgNps1, b CS/PVA/MC3-AgNps2, and c 
CS/PVA/MC3-AgNps3 porous scaffolds
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in the scaffolds deprived of the doped the combination of AgNps nanoparticles 
slightly inhibition zone was formed. Once accumulation the AgNps nanoparti-
cles together microbes remained actual decent inhibition zone stood gotten. The 
results display that CS/PVA/MC3-AgNps nanocomposites frameworks shows non-
poisonousness aimed at mutual besides together Gram-positive and Gram-negative 
bacteria.

3.11 In Vitro Cytocompatibility Studies 

The biocompatibility, cytotoxicity of the ready CS/PVA/MC3 by way of nanocom-
posite support aimed at flesh manufacturing remained measured finished cell culture 
besides MTT assay Fig. 11. displays the feasibility of L929 cells later an gesta-
tion retro of 1, 3 and 5 days. The outstanding cell feasibility of the compound 
scaffold remained credited to the decent biocompatibility of the CS/PVA/MC3-
AgNps3 by way of fine as lime construction procedure of the frameworks. The 
quantity of cells performs the wonder of slow surge through philosophy period, 
signifying the scaffolds tin provision the growing then propagation of the booths. 
On the commencement, altogether booths be by way of solitary cubicles then 
discrete calmly during the medium. The ready CS/PVA/MC3-AgNps nanocompos-
ites framework consumes presentation corresponding near collagen scaffold through 
deference towards the cell immigration besides propagation amount happening

Fig. 11 MTT results of L929 fibroblast cultured on collagen as a control, CS/PVA/MC3-AgNps1, 
CS/PVA/MC3-AgNps2, and CS/PVA/MC3-AgNps3 porous scaffolds after 1, 3, and 5 days
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the framework. CS/PVA/MC3-AgNps3 takes advanced feasibility associated to 
CS/PVA/MC3-AgNps1 and CS/PVA/MC3-AgNps2 frameworks.

3.12 Fluorescence Image 

The fluorescence descriptions of L929 on CS/PVA/MC3-AgNps1, CS/PVA/MC3-
AgNps2 then CS/PVA/MC3-AgNps3 frameworks subsequently 1, 3, and 5 days 
of philosophy by way of exposed in Fig. 12. Since the descriptions we can get 
that L929 might assign then cultivate fine happening the frameworks, live cells 
(stained green) arranged entirely frameworks displayed cube similar morphology 
remained perceived, representative that the totaling of AgNps displays probable 
biocompatibility. This one stand understandable that nearby stand further aware 
cells arranged CS/PVA/MC3-AgNps3 support than CS/PVA/MC3-AgNps1 and 
CS/PVA/MC3-AgNps2. 

3.13 In Vivo Wound Healing Analysis 

In vivo study remained done by mature Albino rats toward training the twisted reme-
dial competence of ready unequal chitosan founded bionanocomposite. Photographic

Fig. 12 Fluorescence images of CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2, and 
CS/PVA/MC3-AgNps3 porous scaffolds after 1, 3, and 5 days
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Fig. 13 Photographic representation of wounds treated with control, CS/PVA/MC3-AgNps1, 
CS/PVA/MC3-AgNps2, and CS/PVA/MC3-AgNps3 porous scaffolds after 1, 3 and 5 days 

depiction of working of povidone-iodine as a control, CS/PVA/MC3, CS/PVA/MC3-
AgNps1, CS/PVA/MC3-AgNps2, and CS/PVA/MC3-AgNps3 bionanocomposite 
remained revealed in Fig. 13. Arranged the diurnal of hurtful near stands not at 
all alteration trendy the entrance of helical aimed at entirely three clusters. Arranged 
day 1, the spiral part of entirely clusters stayed nearly similar besides degree of 
remedial was 10% of regulator and CS/PVA/MC3-AgNps1 groups whereas 18%. 
The spiral zone stayed suggestively condensed on behalf of CS/PVA/MC3-AgNps1 
once likened to regulator and CS/PVA/MC3 bionanocomposite arranged the 3 day 
and remedial frequency stayed advanced aimed at the twisted preserved through 
CS/PVA/Mc3-AgNps2 bionanocomposite. The twisted stayed entirely preserved 
arranged 5 days by the CS/PVA/MC3-AgNps3 bionanocomposite than the regulator 
and CS/PVA/MC3 bionanocomposite.

As shown in Fig. 14 the degree of remedial stood extra improved near 87% 
on behalf of CS/PVA/MC3-AgNps bionanocomposite. The occurrence of silver 
nanoparticles augments the curative speed then that one strength remains owing 
in the direction of the relocation besides propagation of keratinocytes then fibrob-
lasts arranged the looped place. The silver nanoparticles trendy the looped bandage 
substantial improved the development of novel casing flesh besides constrains the 
infectious explosion then hereafter the situation hurries coiled remedial movement.
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Fig. 14 Optical images of cell viability of CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2 and 
CS/PVA/MC3-AgNps3 porous scaffolds after 1, 3 and 5 days 

4 Conclusion 

Trendy this exertion, an original CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2, 
and CS/PVA/MC3-AgNps3 nanocomposites frameworks through unified holes 
remained invented by means of salt leaching technique. The features of pure 
CS, CS/PVA, CS/PVA/MC3, CS/PVA/MC3-AgNps1, CS/PVA/MC3-AgNps2, and 
CS/PVA/MC3-AgNps3 nanocomposites frameworks remained endangered near 
thorough examination by ATR-FTIR, XRD, and FE-SEM. The FE-SEM research 
presented that the morphology of the supports can remain tailor-made thru the AgNps 
nanoparticles gratified. Fashionable judgment near the pure CS frameworks showed a 
plane besides similar shallow representative that not at all holes. Consequences after 
XRD exposed those amorphous areas of the frameworks remained rest on arranged 
the gratified of the AgNps nanoparticles. 

By the rise of the AgNps nanoparticles percentage the crystallinity of the 
trials reduced dramatically. ATR-FTIR ranges more established the attendance 
of the connections, such equally hydrogen promises among the polymers and 
AgNps nanoparticles. The bulge dimensions of the cross frameworks remained 
projecting through the totaling of CS/PVA/MC3 trendy the system. The powered 
constancy of the frameworks remained improved the ductile trial consequences desig-
nated that the CS/PVA/MC3-AgNps frameworks converted extra supple through



13 In Vitro Studies of Chitosan/PVA/Methylcellulose—Silver Nanocomposites … 303

extra power besides difficulty subsequently the creation of AgNps nanocompos-
ites. The sterile movement designated that the permeable framework demonstra-
tion that CS/PVA/MC3-AgNps nanocomposites frames displays non poisonousness 
aimed at mutual also together Gram-positive and Gram-negative bacteria Staphy-
lococcus aureus (S. aureus) and Escherichia coli (E. Coli). The MTT assay trials 
besides SEM pictures established the aptitude of the supports, by unified holes, 
near provision besides produce fibroblast L929 cells. In vivo helical remedial 
training of CS/PVA/MC-AgNps by way of a provisional organic twisted reme-
dial substantial arranged the investigational effort of albino rats consumes exposed 
that the new injuries whole earlier than the regulator injuries. The uncultured 
comments need exposed that the whole final of injuries remained experiential 
through 5 days aimed at the faunae preserved by stearic acid covered porous scaf-
folds CS/PVA/MC3-AgNps3. Furthermore, these CS/PVA/MC3-AgNps nanocom-
posites frameworks can care cell adhesion. Associated to CS/PVA/MC3-AgNps3 
nanocomposites frameworks the cell adhesion recovers decidedly after extra two 
nanocomposites of CS/PVA/MC3-AgNps1 besides CS/PVA/MC3-AgNps2. These 
nanocomposites frameworks suggestion a original possible aimed at biomedical 
claims particularly trendy cell adhesion also casing flesh manufacturing. 
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Chapter 14 
Role of Nanodiagnostics in Health 
Sciences 

Vijaya Chitra Arumugam, Selvajeyanthi Selvaraj, 
Ayyasamy Pudukkadu Munusamy, Nanthakumar Kuppanan, 
and Karthikeyan Kannan 

1 Introduction 

Diagnosis of infectious and non-infectious diseases is gaining utmost importance as 
each day new diseases arrive in today’s world. The detection of disease in a timely 
and quick manner, the sensitivity and accuracy of the test, and reproducibility of the 
results help the diseased to get appropriate treatment. Nanotechnology, the emerging 
field, has opened various possibilities in many fields exclusively in the medical field. 
Nanodiagnostics, an application of nanotechnology, are used in the medical field 
in the diagnosis and in treatment of diseases. The COVID-19 pandemic has clearly 
indicated the need for a robust diagnostic tool for early detection of the disease. 
Diagnosis of disease aids the doctors to move in the correct treatment procedures 
instead of varying different types of drugs for the treatment.
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2 Why Nanodiagnostics? 

Conventional treatment methods were used till nineteenth century for testing of 
biological samples and analysis which were time-consuming and less sensitive. 
In a slow pace, immunological methods started to occupy the place of conven-
tional methods providing immediate results especially for infectious diseases. The 
enzyme-linked immunosorbent assay (ELISA), fluorescent immunoassays, magnetic 
immunoassays, radioimmunoassays (RIA), and lateral flow immunoassays are some 
of the most often used diagnostic procedures for infectious disorders. But these tech-
niques too face limitations as they target specific carbohydrates or proteins moieties 
unique to the pathogen and could not trace out the presence or metabolic state of 
the microorganism in the sample. With the development of Polymerase Chain Reac-
tion (PCR), this molecular-based diagnosis tool is adopted that exclusively looks for 
genes and proteins associated for virulence and disease pattern [1]. Multiplex PCR, 
reverse transcriptase PCR, and real-time PCR are among the PCR-based techniques 
used to diagnose infectious diseases, with real-time PCR leading the others due to 
its high speed, accuracy, and reliability. 

3 Nanodiagnostic Technologies 

Nanomaterials have a substantial benefit in nanodiagnostics since most biological 
molecules and structures are similar in size to nanomaterials, making them suitable 
for in vivo and in vitro biomedical research and applications [2]. The nanodiag-
nostic tools use signal transduction as a means of detection and molecular char-
acterization by using a nanodevice or a nanoscale tool that uses systems such as 
micro- and nanofluidics devices, microgravimetric and miniaturized piezoelectric 
transducers, nanotubes, nanoparticles [3], diagnostic magnetic resonance platform 
(DMRP), magnetic barcode assay system (MBAS), cellphone-based polarized light 
microscopy platform, cellphone dongle platform, and paper-based POCT platform. 
Many such nanodiagnostics tools have been developed by many researchers that find 
major application in the medical field (Table 1). 

4 Diagnosis of Cancer Cells 

Quantum dots have a lot of potential in cancer diagnosis. Quantum dots are semicon-
ductor nanoparticles with unusual physical and chemical properties that can be used 
to mark biomolecules fluorescently. The size of these nanocrystals ranges from 1 to 
10 nm. QDs are employed for colorful imaging of molecular, cellular, and in vivo 
processes in living beings because of their high photostability. Different types of 
QDs are available depending on their chemical makeup, with binary QDs made up
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Table 1 Nanodiagnostic tools and applications 

Nanodiagnostic tools/devices Application 

BioMEMs—biomicroelectromechanical 
system-based microdiagnostic kit 

Tuberculosis 

Cantilevers Sensitive detection of various disease-specific 
molecules, sensitive screening of protein 
biomarkers detections, SNPs for mutation 
detection, gene expression detection 

Carbon nanotubes Disease protein and gene biomarkers detection 

Dendrimers Image contrast agents, thyroid profile, panel of 
steroid hormones, and inflammatory cytokines 

DNA-coated gold nanoparticles, nano-i-PCR, 
magnetic microparticles (MMPs), 
DNA-labeled magnetic nanobeads 

Cancer biomarker detection 

DNA-based electrochemical sensors Detection of mutated genes associated with 
human disease; hyper coagulation disorders 

Fluid magnetic ceramic nanospheres, 
nanolithography 

Infectious agent detection 

Linear padlock probes Detect target DNA 

Magnetic iron oxide nanoparticles Detection of cancer cells and biomedical 
imaging of cancer 

Multilayer films/DNA capsules To know specific biomarkers 

Microfluidic system For inspecting disease staging and monitoring 

Nanobeads Genetic disorders, detect altered DNA 
sequence, clinical detection of viruses and 
bacteria 

Nanobased SNP analysis CVD, diabetes mellitus, HTN 

Nanoclinics with marker-specific monoclonal 
abs coated with polyethylene glycol 

Immune system detection 

Nanodevices In vitro and in vivo diagnosis 

NanoLogix’s “Identikit” Detection of mycobacterium avium complex 
(MAC) infection 

Nanoshells Tumor-specific imaging 

Nanospheres Detect multiple SNPs at the same time 

Nanoparticle intravascular/cellular probes Imaging purpose 

Nanowires Pinpoint the genetic changes 

Optical tweezers Differential diagnosis of tissue growth, calculi, 
cysts, abscess, hepato and splenomegaly

(continued)
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Table 1 (continued)

Nanodiagnostic tools/devices Application

Optical nanosensor-based glucose sensing Monitoring of glucose level 

Quantum dots Tumor and optical detection 

Photodynamic sensitizers Detect malignant and abnormal cells 

Proteolytic cascades with nanosensor Understanding the biological alteration of 
diabetes, asthma, cardiovascular disease, 
cancer 

of elements in Groups II–VI being the most frequent. CdSe, CdS, CdTe, ZnSe, ZnS, 
ZnTe, HgS, HgSe, HgTe, and ZnO are the most utilized QDs [4]. In the qualita-
tive and quantitative study of Ramos cells, which typically causes human Burkitt’s 
lymphoma, a DNA quantum dot composed of CdTe QDs sheath is utilized [5]. Chen 
et al. [6] used an aptamer-based fluorescence QD to detect Mucin 1 (MUC1), and a 
glycoprotein that is overexpressed in epithelial malignancies. Fluorescence intensity 
is used to determine the presence of MUC1 peptide. The presence of MUC1 peptide 
resulted in reduced fluorescence, whereas the lack of MUC1 resulted in high fluo-
rescence, indicating that this QD-based technique can detect MUC1 at nanomolar 
concentrations.

The first application of iron oxide nanoparticles was in an MRI (magnetic reso-
nance imaging) system that provides 3D images and detailed information on normal 
and cancerous hepatocytic cells. Use of Fe/Fe3O4 core/shell nanoparticles and two 
tethered fluorescent dyes in liquid biopsies and early-stage breast cancer, TCPP 
(Tetrakis(4-carboxyphenyl) porphyrin) and cyanine 5.5 are used to diagnose pancre-
atic cancer. The urokinase plasminogen activator, matrix-metalloproteinases, and 
cathepsins (CTS) protease activity in serum samples from stage 0 and stage 1 breast 
cancer patients may be recognized using Fe/Fe3O4 core/shell nanoparticles [7]. Simi-
larly, the activity of the proteases mentioned above can be utilized to detect pancre-
atic cancer [8]. Nanoparticles of copolymers poly(lactic-co-glycolic acid)-b-poly-l-
lysine and poly(lactic acid)-b-poly(ethylene glycol) loaded with Doxarubicin were 
used as theranostic nanoparticles for diagnosis and treatment of breast cancer [9]. 

Nanostructure-based MRI contrast agents are used in colorectal cancer imaging. 
These nanostructure-based MRI contrast agents significantly benefit in vivo imaging 
and diagnosis of colon or rectum cancer. By changing standard contrast agents like 
gadolinium or imaging agents like iron oxide, nanostructures could be employed 
to increase the diagnostic power of clinical imaging. These nanostructures have the 
potential to transform how colorectal cancer is identified and handled, in addition 
to improving the features visible in regular MRI imaging. Better endoscopic visual-
ization techniques using near-infrared fluorescence imaging agents, such as tunable 
quantum dots, may improve the standard of care. A NIRF agent has been used to 
study a murine model of colon cancer [10]. A model developed by [11] for imaging 
of liver lesions using MRI and CT was found to be accurate and sensitive in diagnosis 
of liver metastatic CRC. Nanotheranostics is an upcoming technology for colorectal
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cancer that uses the blending of both diagnosis and therapy in a single nanoplatform 
that uses a combination of any form of therapy as well nanotechnology. 

Nanodiagnosis is also applied in the detection of oral cancer. Exosome, a 
membrane-bound secretory vesicle that contains malignancy-related proteomic and 
genomic signature, was used as marker to detect oral cancer using nanoparticles and 
atomic force microscopy. The nanoelectromechanical system, oral fluid nanosensor 
test, and optical nanobiosensor can also be used to detect oral cancer. Nanodentistry 
will give near-perfect oral health by combining nanomaterials and biotechnologies 
such as tissue engineering and nanorobots. Digital dental imaging processes are also 
likely to benefit from nanotechnology. Use of nanophosphor scintillators, for digital 
radiography, has the advantage of reduced radiation dose and high-quality images. 
Dentifrobots, also called nanorobotic dentifrice, can eliminate organic residues 
by moving through supragingival and subgingival surfaces, metabolizing trapped 
organic matter into odorless vapors, and performing continuous calculus debridement 
on the occlusal surface of teeth with mouthwash or toothpaste. These nanorobots 
can move at speeds ranging from 1 to 10 times per second and will deactivate 
if consumed [12]. Oral Fluid NanoSensor Test (OFNASET) uses proteomic and 
salivary biomarkers to detect oral cancer [13]. 

5 Diagnosis of Gastrointestinal Disease 

Nanotechnology has a vivid role in the field of gastroenterology. In Lamprecht 
et al. [14] investigated the interaction of micro- and nanoparticles with inflamed 
intestinal mucosa in greater depth. From the study, the authors were able to analyze 
the aggregation of poly(lactic-co-glycolic acid) nanoparticles preferentially in the 
thicker mucus layer surrounding colitis ulcers, as opposed to the mucus layers of 
healthy tissue. Kirui et al. [15] developed multifunctional gold-iron oxide nanopar-
ticles for imaging and targeting gastrointestinal disorders. Application of capsule 
endoscopy with nanoparticles involves the application of a small capsule, containing 
wireless camera and nanoparticles permits the identification and detection of small 
bowel lesions. The nanobased capsule endoscopy with molecular imaging and 
optical biopsy (NEMO), A European FP6 project targets the deployment of optical 
technology with nanotechnology for detection of disorders. Camera pills are like 
nanorobots capable of diagnostic and therapeutic activities [16]. 

6 Diagnosis of Alzheimer’s Disease 

The detection of Alzheimer’s disease biomarkers is critical for both early and late 
diagnosis. Amyloid precursor protein (APP) gene mutations, as well as Presenilin 
1 (PS1) and Presenilin 2 (PS2) gene mutations, cause extracellular sensile plaques 
and hyperphosphorylation of microtubule-associated protein tau (Tau), resulting in
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neurofibrillary tangles and cortical damage, as well as the loss of cholinergic neurons 
in the basal forebrain [17]. One of the most important aspects of early AD patho-
genesis is the examination of amyloid protein. Nanotechnology opens new possi-
bilities for detecting the A-peptide with nanoparticles. Nanotechnology is utilized 
to diagnose Alzheimer’s disease via amyloid imaging. Cheng et al. [18] employed 
MRI to visualize amyloid plaques using curcumin-conjugated magnetic nanopar-
ticles (Cur-MNPs) made of polyethylene glycol-polylactic acid block copolymer 
and polyvinylpyrrolidone. Cur-MNPs revealed no cytotoxicity and might be used 
to make a non-invasive Alzheimer’s disease diagnosis using MRI. Zeng et al. 
[19] used Mn0.6Zn0.4Fe2O4 (MZF) modified by Pittsburgh compound B (PiB) to 
create PiB-MZF nanoparticles that particularly bind to amyloid plaques and aid 
in the detection of Alzheimer’s disease. In 2016, Lai et al. devised a fluorescence 
bioimaging approach for AD-infected mice that involves intravenous injection of 
aqueous HAucl4 with the ability to cross the blood–brain barrier. In situ biosynthesis 
of gold nanoclusters occurs, allowing fluorescence labeling to be used to observe the 
location of damaged brain regions. 

7 Diagnosis of Cardiovascular Disease 

The cardiac troponin proteins, troponin I (cTnI) and troponin T (cTnT), which are 
released into the bloodstream when cardiomyocytes are damaged serve as biomarkers 
for the diagnosis of acute myocardial infarction. Cardiovascular disease biomarkers 
are detected using electrochemical immunosensors, amperometric sensors, and 
potentiometric sensors. An electrochemical sensor is made up of a bioreceptor 
molecule that detects and binds to a certain antigen. The binding events are 
converted into electric impulses via a transducer. Brondani et al. [20] developed an 
immunosensor for cardiac troponin T-detection based on an ionic organic compound 
((E)-4-[(4-decyloxy phenyl) diazenyl]-1-methylpyridinium iodide) and chitosan-
stabilized gold nanoparticles (CTS-AuNPs) (cTnT). Gomes-Filho et al. [21] devel-
oped a nanostructured immunosensor based on carbon nanotubes with conductive 
polymer, polyethyleneimine film support for detection of cardiac Troponin-T (cTnT). 
The Supraja Group developed a ZnSnO3 perovskite nanomaterial for electrochemical 
detection of the cardiac biomarker Troponin-T using a glassy carbon electrode (GCE) 
and indium tin oxide-coated polyethylene terephthalate (ITO/PET) [22]. Bhalla et al. 
[23] employed citrate-capped gold nanoparticles on screen-printed electrodes immo-
bilized with anti-cTnI antibodies to detect cTnI, and electrical capacitance variations 
were used to evaluate the interaction between cTnI and anti-cTnI. Nanoparticles are 
also employed for cardiovascular disease imaging. Rouleau et al. [24] employed gold 
nanoshells and photoacoustic imaging to visualize atherosclerotic plaque. Optical 
coherence tomography was used by Adhi et al. [25] to envision cardiovascular 
imaging with gold nanoparticles.
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8 Diagnosis of Infectious Diseases 

8.1 Diagnosis of SARS-COVID 

Alafeef et al. [26] developed a colorimetric assay based on gold nanoparticles for 
detecting COVID-19 from patient RNA samples. They used gold nanoparticles bound 
with antisense oligonucleotides as part of a nanoamplified colorimetric test (NACT) 
for naked-eyed detection of SARS-CoV-2 (ASOs). Moitra et al. [27] have produced N 
Gene targeted Antisense Oligonucleotide capped plasmonic nanoparticles for SARS-
CoV-2 detection. 

8.2 Diagnosis of Viral Infections 

In serum samples, bloodborne infectious agents such as HIV and HBV can also be 
detected utilizing an integrated nanodevice that combines quantum dots and microflu-
idics for high-throughput detection [28]. Cheng et al. [29] developed an HIV detec-
tion system based on the envelope glycoprotein gp120 and a mesoporous silica-based 
nanodevice. The team created sCD4, a fragment that mimics the gp120 binding region 
and is bound to mesoporous silica particles. It actively recognizes HIV-gp120 and 
has a high binding affinity for it. A gold nanoparticle pseudopathogen is created by 
using citrate gold nanoparticles coated with a Zika virus lysate [30]. Patients with 
zika infection have active immune molecules, such as antibodies, which react with 
the pseudovirus, causing nanoparticle aggregation and a color shift due to a change 
in surface plasmon resonance wavelength, which may be measured using a UV–vis 
spectrophotometer. 

8.3 Diagnosis of Bacterial Infections 

Cihalova et al. [31] developed a magnetic barcode system that uses magnetic parti-
cles and CdTe-based quantum dots to detect Staphylococcus aureus, MRSA, and 
Klebsiella pneumoniae. Even at low concentrations, the system precisely targets 
genes including fnbA, wcaG, and mecA. Cheng et al. [32] used functionalized four-
layer magnetic nanoparticles to develop an amperometric immunosensor for the 
detection of E. coli (O157:H7). Magnetic Fe3O4, Prussian blue, N-(2-aminoethyl)-
3-aminopropyltriethoxysilane, and a gold nanoparticle shell containing antibodies 
specific for O157:H7 are among the layers. For the detection of E.Coli O157:H7, [33] 
developed a DNA biosensor using graphene oxide (GOx) as a nanocarrier to encap-
sulate thionine and gold nanoparticles coated with SiO2 nanocomposites. Luo et al. 
[34] created a microfluidic multiplex electrochemical LAMP (ME-LAMP) system
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for real-time bacterial differentiation, including loop-mediated isothermal amplifi-
cation (LAMP) of nucleic acid integrated on an indium tin oxide (ITO) electrode. 
In this study, they qualitatively and quantitatively separated and evaluated various 
genes of Mycobacterium TB, Haemophilus influenzae, and Klebsiella pneumonia 
within 45 min and discovered that this method may be used for clinical identification 
of bacteria. 

8.4 Diagnosis of Protozoan Infections 

A colorimetric aptasensor for detection of plasmodium lactate dehydrogenase 
enzyme has been constructed using gold nanoparticles and cationic polymers with 
pL1 apatmer [35]. The aptasensor has the potential to be used as a diagnostic tool 
for Plasmodium vivax and Plasmodium falciparum. Pirnstill et al. [36] created a 
cellphone-based transmission polarized light microscope to detect hemozoin for 
malaria detection. A nanodiagnostic colorimetric assay was devised employing gold 
nanorods for the detection of Leishmania pathogens’ 18S rRNA using nucleic acid 
sequence-based amplification [37]. 

9 Conclusion 

Nanotechnology holds enormous promise for medical diagnosis, treatment in the 
future. Nanoparticles can be used to detect pathogens as well as for other medicinal 
purposes such as cancer diagnostics and real-time monitoring. Nanodevices can be 
implanted into the body to collect human fluids or tissue samples and undertake 
a variety of subcellular research, such as diagnosing disease in its early stages or 
finding and measuring dangerous substances and tumor cells. Nanotechnology’s 
exceptional applications and attributes provide promising goals to researchers to 
experiment with new concepts to improve miniature devices, for early intervention 
as well for appropriate treatment, which are the key goals of medical sciences. 
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Chapter 15 
Mycosynthesis of Nanoparticles 
from Basidiomycetes Mushroom Fungi: 
Properties, Biological Activities, 
and Their Applications 

C. Pothiraj, M. Kumar, M. Eyini, and P. Balaji 

1 Introduction 

Nanoparticles (NPs) can have a variety of forms, sizes, and chemical characteris-
tics. They are zero-dimensional nanostructures. Due to the occurrence of “quantum 
confinement,” where electrons are confined within molecules that have a shorter 
electron scattering range than the bulk electron scattering range, this unusual form 
of material displays amazing physicochemical and optoelectronic properties [1]. As 
a result, nanoparticles are found in many different of applications in diagnostics, 
medicines, catalysts, semiconductors, and a multitude of other fields, and a huge 
range of financial goods comprise designed nanomaterials [2, 3]. Nanoparticles are 
synthesized using a variety of methods, however, to develop ecologically friendly 
techniques for producing nanoparticles, scientists have redirected their focus away 
from chemical processes and toward biological systems [4]. Several published papers, 
investigations, and research recently started to examine the possibility of synthesising 
nanomaterial from several species of medicinal and culinary mushrooms due to their 
plethora of bioactive compounds with pharmacological properties. Amongst fungi, 
basidiomycetous fungi, or mushrooms exhibit considerable effects on a variety of 
habitats and morphologies. Several fungi occur naturally and also grow on fields

C. Pothiraj 
Department of Botany, Government Arts College, Melur, Tamil Nadu, India 

M. Kumar 
Department of Plant Biology and Plant Biotechnology, Madras Christian College (Autonomous), 
Tambaram, Tamil Nadu, India 

M. Eyini 
PG and Centre for Research in Botany, Thiagarajar College, Madurai, Tamil Nadu, India 

P. Balaji (B) 
PG and Research Centre in Biotechnology, MGR College, Hosur, Tamil Nadu, India 
e-mail: balaji_paulraj@yahoo.com 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 
K. Kasinathan et al. (eds.), Nanomaterials for Energy Conversion, Biomedical 
and Environmental Applications, Materials Horizons: From Nature to Nanomaterials, 
https://doi.org/10.1007/978-981-19-2639-6_15 

315

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2639-6_15\&domain=pdf
mailto:balaji_paulraj@yahoo.com
https://doi.org/10.1007/978-981-19-2639-6_15


316 C. Pothiraj et al.

for their nutritive value due to its abundance of bioactive substances varying from 
carbohydrates and peptides to intricate phytochemicals [5]. The immunomodula-
tory and immunostimulatory properties of therapeutic mushrooms contribute to the 
nutritious content of mushroom extracts, reduction, and combinations. Currently, 
the emphasis of nanomaterials’ research has switched to the prospect of synthesising 
nanoparticles that used a range of medicinal and culinary mushroom genera [6]. The 
quantity of bioactive compounds found in mushrooms creates a great possibility for 
nanoparticle synthesis. Numerous peptides and carbohydrates isolated from mush-
rooms have been used to synthesize organic and inorganic nanoparticles on both the 
intracellular and extracellular levels. On an endogenous and environmental scale, a 
multitude of peptides, and carbohydrates present in mushrooms have been employed 
to produce various metal nanoparticles [7]. Due to the composites produced by edible 
and therapeutic mushrooms, nanomaterials with a significant level of consistency and 
distribution are formed [8]. Therefore, nano-tests involving macrofungi (mushrooms) 
look to be highly encouraging and pave the way for a new field of sustainable and 
environment, and durable nanoparticle mycosynthesis via a variety of approaches 
(Fig. 1). As a result, our knowledge as to how mushrooms make nanomaterials keeps 
expanding. 

Fig. 1 Various methods of synthesis of nanoparticles
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2 Bioactive Compounds of Mushroom and Its 
Therapeutical Properties 

Mycophagy is the practice of consuming mushrooms as a part of the diet. Mush-
rooms are very popular macrofungal with a unique basidiocarp or cap, which shows 
hypogeal or epigeal growth in nature. Mushrooms come from a variety of tradi-
tional foods, and in several nations, both raw and stored mushroom species are 
considered delicacies, owing to their exact fragrance and consistency. Approximately 
around ~2 million species of mushrooms thrive on the mycelium, a output of vege-
tative growth, that transports food and promotes growth [9]. Three thousand of the 
14,000 mushroom species discovered are edible, and 270 are believed to have thera-
peutic properties that aid in human well-being [10]. Mushrooms deemed edible are 
a nutrient-dense food with a high physiological benefit [11]. The primary nutrient 
in mushroom dry mass is polysaccharides, which include both digestible (trehalose, 
glycogen, mannitol, and glucose) and indigestible (chitin, mannans, and -glucan) 
carbs. Compounds have been identified all essential nutrients and a substantially 
larger ratio of polyunsaturated fatty acids (PUFA) than saturated fatty acids. Mush-
rooms are indeed the sole vegetal source of nutrient and are high in B-complex 
vitamins and a variety of nutrients necessary for human biological mechanisms [12– 
14]. In count to this nutrient content, mushrooms include a variety of bioactive 
chemicals, including carbohydrates, polypeptide, amino acids, extracellular matrix, 
polyphenols, terpene, and lectins. Humans consume a wide variety of mushrooms 
for their health advantages, which increases demand for commercial production and 
globalization. As a result, there has been a significant growth in the variety of edible 
mushroom production [9], with roughly 30 mushroom species now commercially 
available [15]. Agaricus bisporus, Flammulina velutipes, Lentinula edodes, and Pleu-
rotus species seem to be the most widely farmed mushrooms worldwide. Mushrooms 
have been used therapeutically for their anti-tumour, antioxidants, immunomodula-
tory, radicals scavenging, cholesterol-lowering, cardiovascular, antibacterial, wound 
healing, liver protective, among others. They can be ingested whole or in portions 
to enhance healthy and quality of life [16, 17]. Recently, indigenous basidiomycetes 
fungi such as Laetiporus sulphureus and Grifola frondosa have gained popularity due 
to their high nutritive value, palatable sensory characteristics, and various medicinal 
effects [13]. According to statistics sources, global mushroom production climbed 
from 7 to 10 million metric tonnes in the 10 years between 2008 and 2017 [18]. Addi-
tionally, human consumption of edible basidiomycetes mushroom fungi increased 
dramatically from 1 to 4.7 kg per capita between 1997 and 2013 and continues to 
grow as consumers become more aware of the nutritional and medicinal benefits of 
mushrooms [9, 19]. Nonetheless, mushrooms remain a relatively untapped resource 
of potential therapeutic chemicals. 

Since a significant period, consumable mushrooms have been widely utilized for 
mankind nutrition and, therefore, are renowned for its attractive consistency, flavour, 
and therapeutic properties. Except for the rigid, naked fruiting body of Ganoderma 
lucidum, mushroom fruiting bodies typically contain roughly 90% moisture. Their
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dried mass is primarily composed of carbohydrate and proteins, with a trace of fat 
[13]. Mushrooms, on the other hand, have an attractive nutrient quality from a feeding 
standpoint. Mushrooms are a highly nutritious, fibre, micronutrients, and lipids, and 
their nutrient benefits vary considerably between species. Fatty acids (polyunsatu-
rated) make for >75% of total lipids in mushrooms, which mostly contains oleic 
and linoleic acids. Mushroom protein consists all the essential nutrients necessary 
to adult growth [20]. Mushrooms are regarded a prospective vitamin supplementa-
tion due to their high B vitamin content [13]. Additionally, they are the sole vege-
tarian source of vitamin D [12]. Additionally, mushrooms are an excellent source 
of different of elements, including K, PO4, Mg, Fe, Zn, Cu and are a rich resource 
of calcium [13]. Mushrooms are beneficial from a nutritional standpoint since they 
are gluten-free, cholesterol-free and include polyunsaturated fats [21]. While exotic 
mushroom variants contain more protein, α-tocopherol, polyunsaturated fatty acids, 
and phenolic compounds than commercial mushroom cultivar, commercially culti-
vated species probably contain elevated levels of antioxidant compounds, as the 
key element [13]. The constitution of biomolecules and associated nutrient intake 
all have an influence on the development, production, taste, and nutritive values of 
mushrooms. Utilizing the substratum on which mushrooms were formerly grown can 
help increase the concentration of bioactive chemicals, aid in waste breakdown, and 
promote the mushroom industry’s supply chain [10]. It has been shown that effective 
biotransformation of starch-based agricultural industry waste material to Morchella 
species biomass and mycelium results in a high nutritional content and biological 
properties [22]. 

Despite of its rich heritage of eating, the mushroom has indeed been grossly 
underutilized and subjugated from a practical perception. Mushrooms are recognized 
as quality food stuffs due to its nutritious and therapeutic purposes and are appreciated 
as a wellspring of vitality including for their medicinal benefits in both conventional 
oriental and western medicine traditions [23]. Mushrooms are a source of various 
biologically active nutritional supplements which could be used as an active substance 
in the order to prepare functional ingredients that may improve health by boosting 
the immune system, preventing and/or reducing cancer risks, and protecting the 
nervous system from impairment, among other benefits. Nevertheless, future studies 
should concentrate on the improvement of fabrication of functional foodstuffs and 
associated shelf-life enhancement by non-thermal technology. Mushrooms are said to 
accumulate more useful components when grown on agricultural residues [24]. Thus, 
the usage of diverse agriculture waste for mushroom cultivation should be pushed as a 
much more cost-effective and ecologically responsible method of meeting the world’s 
ever-growing population’s nutrition and agriculture demands while also supporting 
the mushroom industry in terms of value chain. The vast quantities of trash feedstock 
generated as a by-product of mushroom growth have aroused scientists’ interest in the 
possibility of converting it into profitable items [25]. As a result, additional research is 
required to improve resource productivity, reduce waste output, and reduce resource 
overexploitation.
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Number of researchers had already confined numerous bioactive molecules from 
mushrooms that are thought to be accountable for their medicinal potential; never-
theless, the efficiency of most of these elements has not even been affirmed in clin-
ical studies [26, 27]. Additional investigation is warranted to enhance the biolog-
ical efficiency of existing nutrient content throughout many mushroom cultivars 
via structural modifications, as it was disclosed recently that all those naturally 
occurring substances exhibit only a negligible level of biological activity, which 
can be enhanced through certain chemical alterations [28]. While several medicinal 
benefits were recognized for mushrooms, there is a dearth of study on their phar-
macological compounds and the mechanisms global health problems. Additionally, 
scientists worldwide have recently concentrated on mushroom-derived prebiotics, 
particularly in relation to the relationship among intestinal flora control and host 
well-being. However, new research is required to comprehend the pathways of activ-
ities of various mushroom biochemicals in therapy and illness prevention, and further 
strengthen medical and biological proof depending on the known data in efforts to 
progress their curing value. Currently, the engagement of bacteria, viruses, fungus, 
and plant, as well as their cellular constituents, has been proposed as a means of 
decreasing emissions and providing a more environmentally friendly, durable, and 
feasible method. As eukaryotes, basidiomycetes mushroom fungi produce a multi-
tude of bioactive components. The more of these metabolites produced, the higher 
possibility for metallic reductions. Numerous fungi from distinct classifications, most 
notably Ascomycota and Basidiomycota, showed to be accomplished of synthe-
sising different metal nanomaterials [29, 30]. Mushroom produce huge quantities of 
enzymes and proteins that aid in increasing the output of nanoparticles. Addition-
ally, it provides benefits such as safe separation process and easy handling that are 
suited for biological procedures. As a result, this chapter discusses the utilization of 
basidiomycetes mushroom fungi in the manufacture of metal nanoparticles. 

3 Importance of Nanoparticles in Healthcare 

Nanotechnology is a boon to mankind. They are derived from natural sources in 
molten rock, peptides, and biopolymers, but these could simply be synthesized. 
Every form of nanoparticles has an influence on public health and the environ-
ment, and current research has focused exclusively on these concerns. Additionally, 
the Ayurvedic and Siddha systems have various nanomaterials. However, owing 
to the nanoscale variations in the structural, chemical, and biological features, the 
use of nanostructures raises safety concerns. As a result, the requirement and rele-
vance of rules are self-evident. Many agencies throughout the world are regulating 
nanotechnology-based components in compliance with established norms and regu-
lations. Regulations are necessary, particularly for goods containing nanoparticles, 
and regulations addressing essential issues shall be established and implemented. 
Figure 2 depicts the timeline of nanomaterials’ effects. Several of the immediate and
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Fig. 2 Timeline and application of nanomaterials 

projected long-term consequences of the technical revolution brought in by nanoscale 
science and technology are described in greater detail below. 

Nanoparticles, or nanomedicine, are the most utilized and economically viable 
technology for boosting the performance of the healthcare solutions. Although nano-
materials do have some limits, various pharmaceutical and biotechnology compa-
nies have already adopted it for medicinal applications. Nanotechnology permits 
the delivery of pharmaceuticals with a high potential for toxic effects, such as 
chemo treatments, with a more safety and tolerability profile in specific condi-
tions. Keep in mind that living cells are small virtualization technology that engage 
in all bioactivities, including signalling, metabolic functions, power generation, 
and nutrition intake. As such, it is a perfect candidate technique for clinical uses 
including biomedicine [31]. Using biomaterials as medicine is a significant and 
important advance in the contemporary day, with a particular emphasis on producing 
tiny therapeutic solutions to aid in the implementation of an appropriate medical 
system. This technique helps us to gain a deeper knowledge of human metabolism 
and, as a significance, to combat a variability of deadly diseases, with cancer and 
heart disease. Nanomedicine’s importance is mainly in image analysis, analysis of 
illnesses, regeneration of cells, and designing and developing added effectual, cheap, 
and harmless medication transport to achieve medications exactly to goal positions, 
thereby speeding up therapies outcomes and reduce off-target impacts and adverse 
reactions [32]. Nanotechnology does have the ability to substantially speed advance-
ments in healthcare, information technology, genomics, and global health robotic
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Fig. 3 Application of nanotechnology in healthcare 

devices, resulting in significant clinical benefits. Examining and examining the full 
application of nanoparticles is wide and diverse [33]. However, the primary advan-
tage of nanotechnology techniques and equipment is that they could have significant 
health advantages in global contexts (Fig. 3). 

4 Nanoparticles Synthesized from Mushrooms 

Mushrooms are grown widely for its flavour, delectability, and nutritive quality. 
The mushroom fungus is vital in environment since it recycles carbohydrates via 
white rot lignin degradation. Nanoparticles were synthesized using both the basid-
iocarp and mycelial component of mushrooms. Mushrooms of therapeutic potential 
that are edible have indeed been utilized to generate a variety of nanomaterials by 
employing metallic constituents including such trace minerals (Fig. 4). Silver nitrate,
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Fig. 4 Synthesis of nanoparticles from basidiomycetes mushroom fungi 

chloroauric acid, zinc oxide, titanium oxide, lead oxide, zinc sulphide, cadmium 
sulphide, iron oxide, aluminium, and palladium are just a few examples [34]. The 
technique is complete when the basidiocarps are carefully cleaned using deionized 
water to remove any impurities. The combination is next mixed or crushed, and 
the resulting paste is suspended in a specific volume of pure water. By filtration or 
centrifuging the solution, cell fractions could be generated automatically. By incorpo-
rating the filtrate/supernatant with metal salt solution and incubation with and without 
exposure to electric radiation, nanoparticles can be generated. Certain processes for 
the synthesis of metallic particles can be recognized through a shift in appearance 
of the reaction medium whenever the metal is added [35]. Numerous papers on 
mycogenesis-derived NPs have indeed been described in past few decades [36]. 
Nevertheless, the exact mechanism of mycogenic nanoparticle creation with varying 
size dimensions and morphologies remain unknown (yet). Numerous heterotrophic 
multicellular eukaryotic organisms can be classified as constituents of the fungus 
kingdom. These bacteria are critical in a variety of habitats, most notably in nutrient 
cycle models. Organisms reproduce sexually and asexually and have demonstrated 
mutualistic relationship with bacteria and plants. Mildew, mould, rust, yeast, and 
mushrooms are the most common fungi [37]. 

The benefits and practical utility of fungal cell wall are ascribed toward the secre-
tion of substantial quantities of enzymes secreted outside the cell that operate as 
reducing and stabilising factors for nanoparticle production. Additionally, nanopar-
ticles derived from fungi are superior to bacteria-derived nanoparticles. Components 
that are produced by cells of the fungi are critical in the generation of nanoparti-
cles, which lower the toxicity of chemicals [38]. Ions are typically damaging, and
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when injected into prokaryotic cells, they spread evenly across the microbial cell’s 
environment, with no localization. By contrast, nanoparticles that interact there-
with the bacterial membrane provide a concentrated supply of ions through contin-
uous ion discharge, increasing the cytotoxicity of the organisms [39]. Fungi have a 
higher capacity for metal binding than bacteria, and as a result, fungal biomass has 
attracted researchers’ attention for the large-scale generation of NPs. Numerous metal 
nanoparticles can be manufactured utilizing fungal biomasses [30]. Nanoparticle 
obtained from fungal organic matter displays good optical, structural, and chemical 
characteristics, including enhanced properties, biocompatible, and sufficient infrared 
photo-absorption potential, that enables their use in a range of biochemical and 
health sectors, including detecting, pharmaceutics, catalyst supports, and packaged 
food [40–42]. Mushrooms synthesize myco-NPs in a variety of locations, and their 
medical significance is summarized in Table 1. 

5 Biological Activity of Different Nanoparticles Prepared 
by Mushrooms 

The rationale nanoscience is such a potential sector in the pharmaceutical field, and 
current healthcare system is important for biological functional properties and ability 
to work in harmony with our bodies’ natural system. As previously stated, live cells 
exist on the nanoscale. As a result, it was speculated that the world of nanotechnology 
is an appealing subject of biology and medicine. Currently, nanotechnology’s appli-
cation in healthcare is increasing at a rapid pace because of its targeted transport 
and properties. Too far, numerous nanoscale materials are developed for a variety of 
therapeutic use, together with illness detection, drug delivery, and molecular medical 
imaging, followed by the development of several products currently undergoing clin-
ical trials. Mycosynthesis is a method for synthesizing nanoparticles that utilizes 
several kinds of fungi especially their enzymes that act as catalyst in the reduction 
reactions. Additionally, mushrooms are easy to manage and generate a substan-
tial quantity of biomass when employed in substantial manufacture of a variety of 
nanoparticles. Out of many metallic nanoparticles synthesized, silver nanoparticles 
were synthesized in enormous numbers, trailed by gold, selenium, zinc sulphide, 
cadmium and many. Iron nanoparticles and other bimetallic nanoparticles were least 
to be synthesized and studied for their potent biological activities. Many nanoparti-
cles apart from metallic nanoparticles were also synthesized from mushrooms [64], 
which were utilized in biosorption process [65]. Nonetheless, A. bisporus mushroom 
microorganisms were induced to produce irregular silver nanoparticles ranging in 
size from 500 nm to 10 m. [66].
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Table 1 Applications of nanoparticles derived from basidiomycetes mushroom 

Mushroom Application References 

Agaricus bisporus Antibacterial effects Mirunalini et al. [36], Sudhakar 
et al. [43] 

Flammulina velutipes Bioremediation Narayanan et al. [44] 

Ganoderma lucidum Antibacterial effects Mirunalini et al. [36] 

Anticancer effects Paul et al. [45] 

Hericium erinaceus Anticancer effects Raman et al. [46] 

Hypsizygus ulmarius Antimicrobial effects Shivashankar et al. [47] 

Lentinula edodes Antibacterial effects Sujatha et al. [48] 

Phellinus igniarius Antioxidant effects Paul et al. [45] 

Pleurotus ostreatus Antibacterial effects Mirunalini et al. [36] 

Anticancer effects/ 
Anticandidal effects 

Yehia and Al-Sheikh [49] 

Dye decolourization Karthikeyan et al. [50] 

Pleurotus florida Antibacterial effects Bhat et al. [51], Sen et al. [52], 
Sujatha et al. [53] 

Pleurotus citrinopileatus Antibacterial effects Bhardwaj et al. [54] 

Anticandidal effects Owaid [55] 

Pleurotus sajor caju Antimicrobial effects Nithya and Ragunathan [56] 

Dye Decolourization Nithya [57] 

Anticandidal effects Musa et al. [58] 

Pleurotus djamor Antimicrobial effects Shivashankar et al. [47] 

Anticancer effects Raman et al. [59] 

Polyporus rhinoceros Cellular uptake/ 
Anticancer effects 

Wu et al. [60] 

Pycnoporus sanguineus Antibacterial effects Chan and Don [61] 

Schizophyllum commune Antibacterial effects Chan and Don [61] 

Antifungal and 
Antibacterial effects 

Arun et al. [62] 

Novel protein composites 
designing 

Numata et al. [63] 

5.1 Silver Nanoparticles 

Silver nanoparticles synthesized from oyster mushroom species have been used 
in vitro to combat pathogens. Antibacterial properties of oyster mushroom species 
were reported previously [67]. Metallic nanoparticles have been mycosynthesized 
using microfungi and macrofungi. Because silver nanoparticles are recognized to 
be effective wound healing and antimicrobial agents, they are utilized in therapeutic 
application [68]. Accordingly, silver nanoparticles from various Pleurotus species
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were used as antibacterial agents [47, 51, 54, 69–71]. However, when compared 
to antifungal medications, the fungicidal effect of silver nanoparticles against yeast 
fungi was found to be stronger. The effects of AgNP on C. albican sexual dimorphism 
transformation were examined [49]. AgNPs are particularly beneficial when used in 
external lotions to avoid skin disease in exposed wound infections. The antifungal 
activity of AgNPs demonstrates nanosilver’s utility in bio-stabilization of footwear 
materials [43]. Owaid et al. [67] investigated the effectiveness in controlling various 
Candida species by biologically synthesized silver nanoparticles in vitro using the 
agar well diffusion technique. Pleurotus cornucopiae aqueous fractions demonstrated 
no inhibition efficacy against every Candida species. However, the AgNPs produced 
by Pleurotus cornucopiae displayed an effective inhibitory activity towards Candida 
sp. According to a few research findings, the charge density of Ag+ plays a critical 
role in its fungicidal efficacy via cellular proliferation and accelerated discharge 
of cell wall components [72], oxygen radicals’ production [73], and electrostatic 
interaction (Janga et al. 2011) [74]. Thus, the anti-fungal efficacy of AgNP versus 
Candida sp. is modest in vitro infections [67]. 

Considering mycosynthesized AgNPs using native mushroom extraction has a 
higher anticancer efficacy and a lesser side effect to native cells in vivo than chemo 
synthesized AgNPs, they are being used in therapeutic formulations. AgNP produced 
by mushrooms might be a promising anti-cancer agent [75]. AgNPs from Pleurotus 
sanguineus with 20 nm diameter have been shown to induce apoptosis more effec-
tively than bigger AgNPs in the Mc3T3-E1 cell line. As a result, the size of nanopar-
ticles must be specifically chosen for biological and pharmacological purposes [61]. 
The anti-tumour property of AgNPs has been demonstrated in breast carcinoma cells 
(MCF7 cells), which resulted in a reduced cell proliferation in MCF7 cell lines in a 
dose-dependent manner [49]. Silver nanoparticles readily penetrate the nuclear enve-
lope and interact with DNA and intracellular biomolecules and produce oxidative 
stress. Cells that are harmed lead to the decrease of membrane stability, oxidative 
stress, and programmed cell death. Numerous parameters, such as the size, duration, 
and dose of AgNPs, contribute to their toxicity. AgNPs create considerable morpho-
logical alterations, such as coiling as well as shrinkage, as compared to the reference 
cell [76–78]. 

5.2 Gold Nanoparticles 

Au-NPs from mushrooms are round, triangle, or polygonal in structure and vary in 
diameter (>100 nm), while in the mushrooms Flammulina velutipes, they are <25 nm 
in size [44]. Previously, a green chemical strategy to the manufacture of Au-NPs 
utilising P. florida extract or glucan was discovered [52, 79]. A unique approach was 
used to create Volvariella volvacea Au-NPs with a range of sizes (20–150 nm) and 
morphologies, ranging from triangular nanoprisms to nearly spherical and hexagonal 
geometries [80]. The spectrum matching to surface plasmon resonance is found at 
a wavelength of 540 nm, indicating the creation of Au-NP in the reaction medium.
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Au-NPs produced by mycobacteria are spherical or triangular in form and range in 
size  from 10 to 50 nm [79]. The mycosynthesis of Au-NPs in an aqueous medium 
employing P. sapidus culture supernatant as a reducing and stabilising agent resulted 
in NPs ranging in size from 15 to 100 nm with a mean size of 65 nm [81]. Additionally, 
Au-NPs were synthesized using chloroauric acid and P. florida glucan, which tends to 
produce circular shapes with rougher surfaces and aggregation sizes of approximately 
20 nm [52], where the variation in dimensions of Au-NPs is due to the fluctuating 
temperature of extract [80]. The functional AuNPs displayed impressive anticancer 
activity towards a diversity of cancer cells [79]. 

5.3 Zinc Nanoparticles 

The source element for the ZnS NPs was P. ostreatus extract, ZnCl2, and Na2S solu-
tion [82]. To begin, tiny mushroom pieces were cooked and strained. The obtained 
filtrate was then combined with aqueous phase of ZnCl2 and Na2S, and the resultant 
mixtures then dehydrated at 120 °C for 2 h. The resulting filtrate was used to stabilize 
spherical ZnS NPs during their preparation. The generated ZnS NPs were extremely 
crystalline, varying in length from 2.30 to 4.04 nm. The authors observed a decrease 
in the size of the ZnS nanoparticles while the extract concentration is increased. ZnO 
NPs were produced by adding P. djamor extract to Zn (NO3)2. Constant mixing of 
the H2O (5 mM) solutions at ambient temperature for 24 h validated the formation 
of ZnO NPs [83]. 

5.4 Other Nanoparticles 

ZnS-NPs from mushrooms ranged in dimensions between 3 and 201 nm [84, 85]. 
It’s noteworthy that iron nanoparticles were identified within the cellular struc-
tures. Nevertheless, the quantity of metal nanoparticles found within Pleurotus 
spp. cells was much less than the quantity found in extracellular depositions. The 
conversion of Fe+3 to Fe+2 occurs during the absorption of Fe-NPs via cytoplasmic 
membrane. Indeed, iron NPs may be found within the cell because of metal ion 
conversions. Although all metal absorption by fungi occurs via two pathways: uptake 
of siderophore iron (among the subdivisions of the Kingdom of fungi) and an iron 
uptake process in 2 of such subcategories, Basidiomycota and Ascomycota [86]. 
Additionally, non-metallic NPs were generated, for example, by reacting P. tuber-
regium cell wall polysaccharides with D2O water, resulting in spherical NPs with 
such a diameter of 38.5 nm [87]. Additionally, HENIG was employed to biosynthe-
size P. ostreatus nanoparticles ranging in size from 1 to 299 nm [88]. Fungi have 
been employed to synthesize Cd-NPs via mycosynthesis [89]. Merely 2 types (Cori-
olus versicolor and P. ostreatus) are often used in mushroom research to synthesize
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CdS-NPs and have been utilized in industry applications. Coriolus versicolor-CdS-
NPs were effectively formed using a mixture of exogenous biomass and cadmium 
sulphide,the NPs range in size from 100 to 200 nm and had a spherical morphology 
[73]. Extracellular environment produced spherical nanoparticles of C. versicolor 
CdS-NPs with a diameter of approximately 100–3000 nm [87]. While in P. ostreatus, 
the Cd-NPs were approximately 4–5 nm in diameter and circular [90], which are used 
in a variety of commercial processes. 

6 Advantages of Mushroom Nanoparticles 

In comparison to other microorganisms, greener nanotechnology employing a mush-
room as a bioprocessing component leads in the development of smaller, better, safer, 
cheaper, more renewable, and more exact goods. It enables the production of nanopar-
ticles with various sizes, forms, chemical makeup, and dispersion under controllable 
circumstances without using harmful agents. Production of metals from biological 
agents, such as employing AgNPs and microorganisms, is regarded to be ecologi-
cally responsible and is acquiring status due to the suitable solvent, reductants, and 
non-toxic substance used to stabilize the nanoparticles [91]. Metallic nanoparticles 
generated by basidiomycetes mushrooms are more persistent and ecofriendly than 
those derived from plants as well as other life forms [92, 93]. Mushrooms could 
be utilized to manufacture enormous quantities of nanoparticles due to its capacity 
to synthesize significant levels of protein, which subsequently increase nanopar-
ticle creation. Due to their resilience to circulation, turbulence, and severe condi-
tions seen in compartments such as bioreactors, fungus or mushrooms make good 
biological catalysts for pilot-scale manufacturing. Utilizing these organisms in a 
bioreactor result in the production of extracellular reducing proteins that are bene-
ficial in following processing steps, and the cells itself could be controlled in a 
variety of material sciences and nanotechnology-related ways. Additionally, mush-
room extracts are extremely good sources of protein, amino acids, carbohydrates, 
and minerals, including those that serve as reducing, stabilising, and encapsulating 
elements for the nanoparticle manufacturing process when compared to previously 
documented biosynthesis pathways [80]. Current research has established a stronger 
correlation among mushroom manufacturing of metallic nanoparticles and antibac-
terial activity. The formation of synthesized nanoparticles from biological molecules 
found in various microorganisms prevents the development and proliferation of 
a variety of bacteria. Nanoparticles are hypothesized to create free radicals and 
oxidative stress, whereby induce apoptosis, ultimately preventing its multiplication 
[94]. Due to such novel, unexpected various physicochemical characteristics, and 
pharmacological activity, they are being used in various medical applications [38]. 

Despite mushrooms can produce nanoparticles with appropriate sizes, especially 
in monodispersity [95], their influence of nanoparticles varies from mushrooms to
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mushrooms, and underlying pathway is unknown, consequently, that there is much 
more to learn further about circumstance [96]. Nevertheless, as a well-established 
scientific area of research, a conceptual framework will develop. 

7 Application of Mushroom Nanoparticles 

7.1 Biomedical Applications 

It has historically been established that edible mushrooms possess therapeutic effects. 
Numerous bioactive components containing immunomodulatory properties have 
already been identified and more study is underway. Carbohydrates, proteoglycans, 
triterpenoids, and mushroom immuno stimulators are all contained in the mushrooms 
[21, 97]. The mushroom within the entirety or their extracts has shown to be advan-
tageous because of its bioactive polymers and capacity to assist to antimicrobial, 
antivirus, antitumor, antioxidants, haematological, and cytotoxic effects. Metallic 
nanoparticles are now getting generated from a variety of important medicinal genera 
and its therapeutic potential is now being investigated. 

7.1.1 Antimicrobial Potential 

The pharmacological efficacy of mycosynthesized nanoparticles has been extensively 
investigated for pharmaceutical applications, most notably in bactericidal, fungicidal, 
antitumor, and biosensor uses. Silver nanoparticles constitute sources of bioactive 
compounds of exceptional efficacy. Silver nanoparticles derived from crude polysac-
charide aqueous extracts A. bisporus, A. brasiliensis, and Phellinus linteus have 
been evaluated against pathogenic organisms and found to have a substantially lower 
minimum inhibitory concentration than the reference amoxicillin, indicating that all 
these ecofriendly biomaterials may be used as prospective antibacterial drugs [98]. 
Furthermore, iron nanomaterials derived from P. florida have been evaluated against 
a range of human infections and shown equal antibacterial effectiveness towards the 
pathogenic microbes while exhibiting a greater diameter of resistance region towards 
the reference antibiotic, ampicillin [99]. A graphene oxide composite derived from 
G. lucidum displayed a species-specific bactericidal effect against gram-positive and 
gram-negative organisms [100]. P. ostreatus similarly displayed antibacterial and α-
amylase inhibition effect when coated with silver nanomaterials [101, 102]. Addition-
ally, nanomaterials derived from G. lucidum displayed antioxidant and antibacterial 
properties [103, 104]. These studies reveal that mushroom-derived nanoparticles as 
possible antimicrobial drugs do have a lot of promise for pharmaceutical formulation. 
Another intriguing topic for medicinal uses is the anti-fungal capability of mushroom-
based nanoparticles. Gold nanoparticles generated through hydrothermal technique
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from A. bisporus extraction and nanomaterials synthesized from Inonotus hispidus 
exhibited exceptional anti-fungal efficacy towards Aspergillus flavus, A. niger, and 
A. terreus [105, 106]. 

7.1.2 Anti-tumour Potential 

The mushroom polysaccharide alteration enhanced the therapeutic effects of 
Se-nanoparticles. This alteration increased Se-nanoparticles’ accessibility, dura-
bility, bio-compatibility, and malignant specificity. By activating caspase- and 
mitochondria-mediated apoptosis, the altered Se-nanoparticles demonstrated 
improved carcinogenic activity in vivo, and hence ultimate antiproliferative effec-
tiveness [107]. TiO2 nanoparticles derived from P. djamor exhibited antitumor effect 
towards A549 cancerous cells [83]. The in vitro study of Au–Pt nanoparticles on 
human colon cancer cell lines (HCT 116) revealed dose-dependent apoptotic effi-
cacy [108]. A graphene oxide nanoparticle with outstanding antitumor characteris-
tics was produced using G. lucidum mushrooms extraction [109] that demonstrated 
cytotoxicity to cancerous cells while remaining nontoxic with healthy cell cultures. 
Additional cancer treatment approach was established by synthesising palladium 
(Pd) nanomaterials from chaga mushroom (I. obliquus) extracts. Despite their anti-
cancerous properties, these nanomaterials were used to distribute anticancer drug in a 
regulated manner via electrostatic contact and photothermal transformation utilising 
808 nm lasers. The synergy of mushroom bioactive compounds with nanoparticles 
can change cancer treatment in the long term [110]. 

7.2 Other Industrial Applications 

Nutrition, beauty, sensing, and water purification are just a few of the commercial 
processes for mycosynthesized nanoparticles. The phytochemical and pharmacolog-
ical properties of mushroom-based nanoparticles can promote value and safety of 
food and quality, as well as shelf life [111]. Myogenic ZnO nanoparticles inhibited 
the growth of infectious and pathogenic microbes effectively [112]. Additionally, 
determining the substance of food is yet another method for determining the nutri-
tional values,thus, myconanomaterials have been used as detectors to detect harmful 
metallic ions in food and supplies [113]. Due to the antioxidants, antimicrobial char-
acteristics of mushroom-based nanoparticles, they are attractive as cosmetics and 
personal care products. Due to their high antioxidant content and ability to reduce 
oxidative stress, mushroom-derived biological molecules have a high economic 
value. In comparison to the conventional samples, antioxidant derived from diverse 
mushroom demonstrated superior antioxidants capabilities, rendering them desirable 
aesthetic ingredients [114]. 

Indigo dyes are one of the most widely used chemical dye in the textile manu-
facturing, as they contain aromatic molecules having complicated poisonous and
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harmful properties. The elimination of indigo dyes is a critical stage in treating 
wastewater in which these biodegradable Ag nanoparticles are used [115]. Methylene 
blue is a hazardous contaminant that has a negative impact on public health. Since 
methylene blue degradation is a kinetically undesirable process, sorption process 
using nanocatalysts is a possible option in this field [116]. Adsorption activity 
was observed for green biosynthesized Ag-nanoparticles from Agaricus species. 
Ag-nanoparticles were employed to decrease methylene blue using NaBH4, which 
resulted in a 5-min reduction [117]. Au-nanoparticles produced from Portabello 
mushrooms and A. bisporus basidiocarp demonstrated outstanding breakdown of 
methylene blue dye, with a decolourization rate of ~98% [118]. Nanotubes derived 
from culinary or therapeutic mushroom have also been explored for use in treating 
wastewater [7]. Au-nanoparticles synthesized from the Flammulina sp. demon-
strated high catalytic activity for decolourizing methylene blue dye, with the best 
decolourization rate of ~75% with a incubation time of 4 h [119]. Furthermore, Au-
nanoparticles produced intracellularly using F. velutipes mycelia exhibited varied 
catalytic performance in the reduction of a variety of organic contaminants, including 
methylene blue and 4-nitrophenol, exhibiting pseudo-first-order kinetics [44]. 

The gold-silver composites prepared from Ramaria botrytis mushroom polysac-
charides were assessed for its catalytic properties in degrading p-nitrophenol [120]. 
To measure zinc (Zn2+) atoms in Ag-nanoparticles synthesized from Tricholoma 
mushroom polysaccharide, a highly precise electroanalytical device has been 
devised. Even at concentrations less than 1 nM, this biosensor demonstrated a 
specific and sensitive responsiveness to aqueous Zn ions. Furthermore, additional 
biosensor was constructed using a grafting copolymer–CuO composites derived from 
Tricholoma mushroom polysaccharides in detection of thorium (Th4+) ions in an 
aqueous medium through optically, spectrophotometric, and electrolytic approaches 
[121]. Similarly, Ag-nanoparticles derived from A. bisporus demonstrated excellent 
electronic and optoelectronic detection capabilities for identifying mercury (Hg (II) 
ions) in samples collected [122]. Nanomaterials are also employed for packaged 
foods and coatings due to their exceptional capabilities in reducing respiratory and 
enzymatic browning [123] and a comparable investigation with chitosan has indeed 
been published [124]. 

8 Conclusion and Future Perspectives 

Metallic nanomaterials have indeed been created in a sustainable way from a variety 
of fungus, most notably the basidiomycetes mushroom, in recent times. Mush-
rooms have been used to produce nanoparticles as a comparatively recent effort 
in nanobiotechnology. However, the concept has gained momentum due to several 
benefits, including ease of extraction processes, protein-rich contents in mushroom, 
relatively inexpensive, and simple scaling up of production. Extracellular and intra-
cellular reductases have indeed been implicated in the creation of nanomaterials. 
Mushrooms offer an innovative and low-cost approach for recycling agricultural
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residues and by-products creating renewable biomaterials. Studies give pertinent 
data regarding the effect of each processing parameter on the synthesized material’s 
qualities. The mushroom-based composites’ primary structure is deduced from three 
basic frames: (a) constituents including such fungal species and medium, (b) oper-
ating factors, and (c) applicability. Mushrooms, as a conventional resource of natural 
bioactive chemicals, could be used to create biocomposites for use in the pharma-
ceutical, biotechnology, and cosmetics applications. While mushroom-derived nano-
materials have already been gaining uses in pharmaceuticals and bioengineering, 
it emerges as though we have just scraped the surface. In the future, mushrooms 
could be genetically manipulated to generate much of the enzymes responsible for 
nanoparticle generation. The improved understanding of the processes underlying 
in the mycosynthesis of nanoparticles is crucial at this phase because variability in 
the process across mushroom species can aid in identifying alternative biosynthetic 
approaches and in modulating the dimensions, form, and gain of nanoparticles for 
use in healthcare, farming, and future technologies. 
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Chapter 16 
Therapeutic Importance of Panchagavya 

Sivaji Sathiyaraj, Gunasekaran Suriyakala, 
Ranganathan Babujanarthanam, and K. Kaviyarasu 

1 Introduction 

With its systematic approach in Ayurveda, the ancient medicine method considers 
all the etiological causes, disease condition, patient’s psychosomatic condition, diet, 
and even habits while deciding on the treatment line. Ayurveda mentions various 
plants, animals, and mineral products for the treatment and positive health mainte-
nance in unique combinations [1]. Ayurveda delineates a combination of five imper-
ative substances obtained from cow namely urine, dung, milk, curd, and ghee. This 
combination is known as panchagavya (PG), and all these substances are individ-
ually known as gavya. A cow is the pillar of Indian culture and rural economy, 
sustaining our lives, portraying the wealth of cattle and biodiversity. The Ayurveda 
has extensive references to the importance of PG and its substances in the treatment 
of various human ailments. All these substances are either used alone or in conjunc-
tion with herbs to treat various diseases and disorders such as flu, allergies, sore 
throat, arthritis, rheumatoid arthritis, asthma, leucoderma, asthma, wound healing, 
heart disease, renal disorders, gastrointestinal tract disorders, acidity, ulceration, leuc-
orrhoea, alopecia, skin infections/diseases, hyperlipidemia, tuberculosis etc. These 
substances have been effective against dreaded diseases like diabetes, cancer, and
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acquired immunodeficiency deficiency syndrome (AIDS). The activity of PG toward 
Immunostimulatory, immunomodulatory, and anti-inflammatory is well documented 
in Ayurveda [2–5]. The five main substances of PG contain more micronutrients, 
macronutrients, minerals, vitamins, hormones, and beneficial microorganisms. PG 
and its substance enhance cellular metabolism in prokaryotes under both aerobic 
and anaerobic conditions, thus producing new secondary metabolites like drugs and 
enzymes. The present review describes the beneficial health applications and the 
therapeutic potential for safeguarding human health using PG and its substances. 

1.1 Cowpathy 

Cowpathy refers to the treatment method using cow products and has emerged 
as Ayurveda’s new domain and provides healing services to a wide variety of 
human illnesses ranging from common cold to cancer [6]. Cowpathy stimulates 
immunomodulation by enhancing the response of the adaptive immunity, T&B cell 
proliferation, cytokine production, and macrophage development; inhibits lympho-
cyte apoptosis, thus helping in the lymphocyte survival and resistance of infection; 
impedes the formation of free radicals thereby providing anti-aging, and repair of the 
damaged DNA effectively [4, 5]. Cowpathy is used in two forms, cow urine therapy 
and panchagavya therapy, the former uses distilled cow urine, and the latter uses PG 
for healing purposes. 

1.2 Panchagavya Therapy 

Panchagavya therapy involves topical application of PG, oral intake of filtered PG 
and oral intake of Panchagavya ghrita. PG is especially recommended for topical 
application in the treatment of skin diseases. In all other forms of diseases, a dosage 
of 50 ml of filtered PG combined with 200 ml of tender coconut water, water, or fruit 
juice is recommended in oral intake. It is taken in the morning with an empty stomach. 
Panchagavya ghrita is an Ayurvedic formulation of PG in ghee. Panchagavya ghrita 
is recommended for oral intake at quarter to a half teaspoon with warm water, before 
food, once or twice a day [7]. Nevertheless, it is rejected by some groups of people 
in India and abroad as a mythical or mythological adventure because of its lack of 
evidence of practice, international recognition. Therefore, it is important to combine 
science in order to raise awareness among the people around the world. The U.S. 
patents granted for cow product combinations provide a valid pronouncement for the 
cow-based products of India. As the major population in India depends on livestock 
sector, providing a significant attention for this field of research mitigates poverty 
[8].
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2 Needs of Cowpathy/Panchagavya Therapy 

In recent years major hurdles in allopathic treatments have arisen due to the develop-
ment of drug resistance in microorganisms, existence of antibiotic residues in the food 
chain, associated allergies and autoimmune disorder in humans. Immunity is signifi-
cantly decreased due to contamination from the atmosphere, the excessive inclusion 
of agrochemicals in agriculture and the existence of pesticides, heavy metals, fungal 
toxins, etc., in the food chain [9]. Due to the above-mentioned factors, there occurs 
ineffectiveness of antibiotic drugs, the increased bacterial resistance, frequent infec-
tions and decrease in the immunity status of the person. The existence of human 
cancer also raises the existing situation of shifting habits, and dietary preferences 
increase the cancer hazards due to chewing of tobacco, smoking, intake of alcohol, 
atmospheric toxins, occupational health hazards, etc. Methodologies such as radio-
therapy, chemotherapy, and surgery are available for cancer treatment, however the 
success rate is poor mainly with malignant tumors, and moreover, such therapies 
cause serious side effects that add to the patient’s physical and mental distress and 
the treatments are costly, and even some of the tumors are incurable. Under all the 
above-mentioned conditions, an alternate therapeutic method is necessary to suppress 
illnesses, save humans from various ailments, and combat diseases like cancer [10, 
11]. PG products are proven to be effective in treating many human diseases and 
enhancing the immunity and resistance of the body to fight the infections. Also, of 
dangerous diseases such as cancer, AIDS and diabetes, this sort of alternative therapy 
has been stated to be effective. People frustrated with heavy allopathy treatment are 
now using cowpathy drugs and recovering from many diseases because of PG prod-
ucts [12]. Out of 7835 licensed Ayurvedic drug manufacturing firms, several manu-
facturing firms produces medicinal formulations derived from PG or cow’s products. 
The states of Punjab, Kerala, Karnataka, Madhya Pradesh, Odisha, and Haryana 
declared 229, 200, 5, 3, 3, and 2 pharmaceutical units manufacturing panchagavya 
therapy products, respectively. Production and quality control of ayurvedic medic-
inal products for sale is governed under the provisions of the Drugs and Cosmetics 
Act, 1940 and the Rules, 1945 [13]. 

3 Cow  Urine  

Cow urine (CU) is one of the main substances of PG and it has the capability to treat 
from common cold to cancer [14]. A lot of work has been done to study the thera-
peutic usage of cow urine and it has been reported that CU can cure AIDS, diabetes, 
cancer, psoriasis, arthritis, blood pressure, asthma, blockage of the arteries, heart 
attack, thyroid, eczema, prostrate, migraine, piles, constipation, ulcer, acidity, gynae-
cological infections, and many other diseases [15]. The CU contains all the bene-
ficial elements such as 24 types of salts, bioactive molecules, hormones, and other 
chemical components like epithelial growth factors, anti-neoplaston, erythropoietin,
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gonadotropins, trypsin inhibitor, Urokinase, allantoin, H-11 beta-iodole-acetic acid, 
growth hormones, sulphur, phosphates, iron, phosphate, nitrogen, manganese, iron, 
ammonia, urea, uric acid, sodium, potassium, manganese, copper, carbolic acid, 
carbonic acid, calcium, vitamins A, B, C, D and E, water 95%, lactose, etc., [16]. 
Uses of the components present in the CU are given in Table 1. Hence CU is a naturally 
occurring medicine which increases the deficiency of the elements and minimizes the 
increased elements in the body. The quality of the CU supports the cure of diseases 
which are more difficult to cure. CU alone has all those beneficial elements, poten-
tialities and constituents that can eliminate ill effects and imbalances in the body 
[17, 18]. Due to its enormous therapeutic properties and uses, CU occupies 5 U.S. 
patents. 

Table 1 Chemical components of cow urine and their uses 

S. No. Component Uses 

1 Salt Decreases acidic contents of blood and uses as a germicidal 
agent 

2 Lactose Strengthens heart, removes thirst and nervousness 

3 Enzymes Helpful in digestion and improves immunity 

4 Water Maintains homeostasis and body temperature 

5 Nitrogen Involves in blood purification, removes toxins, abnormalities, 
and activates kidneys 

6 Urea Germicide 

7 Uric acid Removes heart swelling or inflammation and toxins 

8 Phosphate Involves in removing stones from urinary track and improves 
structure and strength of the bones 

9 Sodium Blood purifier 

10 Potassium (K) Cures hereditary rheumatism. Increases appetite. Removes 
muscular weakness and laziness 

11 Manganese (Mn) Germicide 

12 Calcium Improves the strength of the bones, blood purifier and 
protects the lungs from infections 

13 Carbolic acid Germicide 

14 Sulphur Makes vital amino acids 

15 Iron Haematinic 

16 Vitamins  (A, B, C, D, E)  Maintains metabolic and physiological functions of human 
body 

17 Other minerals Increase immunity
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3.1 U.S. Patents with Respect to CU 

3.1.1 Patent No. 6410059 

The invention correlates the use of CU as an innovative enhancer and facilitator 
toward the production of bioactive molecules which includes anti-infective agents. 
This has massive impact toward decreasing the dosages of antibiotics, medica-
tions, and anti-infective agents, thus enhancing the absorption rate of the bio-active 
molecules which paves a way for cost-effective treatment and lessening side effects. 

3.1.2 Patent No. 6896907, 7235262 

The discovery relates to a novel pharmaceutical composition consisting of a suffi-
cient amount of bioactive fraction from a cow urine distillate. It acts as a facilitator 
of bioavailability and pharmaceutically suitable additives selected from anticancer 
substances, antibiotics, drugs, therapeutic and nutraceutical agents, ions, and similar 
molecules which are focused on the living organisms. 

3.1.3 Patent No. 7718360 

The invention concerns a formulation that is useful for defending and/or restoring 
DNA from oxidative damage using redistilled cow urine distillate. 

3.1.4 US Patent No. 7297659 

The present investigation emphasizes on the symbiotic mixtures of urine, neem, 
and garlic either individually or comprising of all possible proportions which are 
useful in plant’s growth and soil enhancer. The treatment shows its usefulness in 
promoting nutrient accumulation in biomass, promotion of a rapid increase in plant 
growth, phosphate solubilization, abiotic stress tolerance, inhibiting and controlling 
pathogenic and phytopathogenic fungi in the plant’s rhizosphere and thus enhancing 
the overall phenolic contents of the plants. 

3.2 Therapeutic Applications of Cow Urine 

3.2.1 Antimicrobial and Anthelmintic Properties 

The CU could be used to treat the disease caused by pathogenic bacteria, fungi, 
and parasitic helminths. From various investigations, CU shows greater inhibition of
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gram-positive bacteria compared with gram-negative bacteria [19]. Phenols present 
in the CU have a significant activity against microbes. The fresh CU consisting of 
more phenol content results in stronger antimicrobial activity [20]. Various studies 
demonstrate the cow urine’s antifungal activity against Fusarium oxysporum, Clavi-
ceps purpurea, Aspergillus niger, Rhizopus oligosporus, Aspergillus oryzae, Penicil-
lium notatum, Trichoderma Viridae, Aspergillus flavus, Alternaria Solani, Candida 
albicans, Aspergillus oryzae, Candida tropicalis, Candida parapsilosis, P. aphani-
dermatum, and Candida krusei [21–23]. CU showed significant anthelmintic activity 
by triggering paralysis and death of worms in a dose-dependent manner. Krupanidhi 
et al. [24] performed the anthelmintic experiment using CU and cow urine distillate, 
thereby indicating that the cow urine distillate possesses more anthelmintic activity 
compared to CU. 

3.2.2 Antioxidant Property 

Free radicals cause damage to different tissues and attack enzymes, fat and proteins 
that disrupt normal cell activity or cell membranes, resulting in a chain reaction 
of destruction that leads to an individual’s aging process. These pathogenic effects 
caused by free radicals can be prevented by the regular usage of CU [25]. The presence 
of uric acid, volatile fatty acid, A, B, C, D and E vitamins in cow urine are responsible 
for antioxidant activity of CU [26, 27]. OH− group of phenolic compounds also has 
antioxidant activity [28]. 

3.2.3 Anti-Diabetic Properties 

Research work on CU revealed that CU has the power of curing diabetes character-
ized by hyperglycemia, hypertriglyceridemia, and hypercholesterolemia. A Research 
work has been conducted on alloxan-induced diabetic rats with cow urine distillate 
and glibenclamide (a standard drug for diabetes). Blood glucose, serum triglycerides 
and serum cholesterol levels have been significantly reduced by using cow urine 
distillate compared to glibenclamide [29]. Some of the other research works done by 
[30, 31] claimed that the antidiabetic activity of CU is due to its antioxidant activity. 

3.2.4 Wound Healing Property 

Research on CU has also highlighted that CU has sufficient antiseptic properties in 
wound healing and CU requires less time to heal the wound compared to a standard 
antiseptic cream [32]. Another research on cow urine shows that the cow urine ark 
has been considerably used in albino rats with diabetic wound as it improves wound 
healing significantly. The cow urine ark may potentially be effective in curing diabetic 
wounds by increasing the formulation of granulation tissue and the quality of collagen 
[33].
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3.2.5 Bioenhancer 

Bioenhancers are substances that do not have their drug activity but develop and 
increase bioavailability, bioactivity, and drug uptake in combination therapy. Previ-
ously, these bio-enhancers were isolated from only plant sources. Currently, it is being 
isolated in CU, which is usually used in antibiotics, antifungal, and anti-cancer drugs 
and improves the effectiveness of the antibiotics against pathogens. Bio-enhancing 
capability has also been observed in CU with other drugs like rifampicin, ampicillin, 
isoniazid, cyanocobalamin, and clotrimazole. For example, when the rifampicin 
(anti-tubercular drug) is combined with CU, its bio-enhancement increases by about 
3–11 folds against Gram-positive bacteria and 5–7 folds against gram-negative 
bacteria. Bioenhancer activity of CU has been found to minimize the antibiotic dose 
per day and treatment period in individuals with tuberculosis [34, 35]. 

3.2.6 Immuno-Modulatory Activity 

Research on CU proves that CU enhances the activity of lymphocyte proliferation, 
and it also enhances adaptive immune response in mice [36, 37]. 

3.2.7 Anti-Urolithiasis Activity 

Urolithiasis refers to a condition characterized by the development or occurrence 
of calculi in the urinary tract [38]. There is a 7–12% lifetime risk for renal calculi 
among the general population [39]. Cow urine distillate has been shown to have a 
significant effect on restoring renal function and renal calculi. This type of action 
might be due to a reduction in excretion of calcium oxalate and the inhibition of 
calcium oxalate crystal formation by cow’s urine [40]. 

3.2.8 Cow Urine Therapy in Cancer Management 

Cancer has been a threat to society for a long time. Many scientists worked on the 
treatment that could cure cancer, but none of the existing therapies came up with 
an absolute ideal method of curing the disease [41]. From natural products, the key 
ingredients are available for future discoveries that provide tremendous potential to 
derive useful knowledge about new chemical structures and their unique modes of 
action relevant to the production of new drugs that offer a solution to cure cancer and 
other deadly diseases [42]. ‘Cow urine therapy’ is one such solution that has been 
found to be effective in treating cancer. Many patients have experienced significant 
relief and successfully overcome cancer by Cow urine therapy [15]. Many doctors are 
now starting to realize that cow urine therapy with conventional medicines positively 
affects patients. An abundance of research work claims that CU and anti-cancer drugs 
have been made from cow urine distillate that can cure cancer. Cow urine therapy does
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not have any significant side effects for cancer treatment. CU has gained U.S. patents 
for its therapeutic properties in treating cancer [20]. Along with the antibiotics, the 
intake of CU decreases the infection caused by bacteria and significantly kills the 
tumors. Scientists have also found that bio enhancing capability of CU and cow urine 
distillate enhances and intensifies the activities of anti-cancer drugs. It is also shown 
that cow urine therapy helps to minimize apoptosis in lymphocyte cells and helps to 
restore damaged DNA. It can, therefore, be concluded that cow urine therapy, along 
with drugs will help to cure cancer effectively [43]. 

4 Cow Dung 

The undigested food residuals excreted via herbivorous bovine animal species is 
termed as cow dung. With a mixture of faces and urine in a 3:1 ratio, cow dung 
majorly comprises cellulose, hemicellulose, and lignin. Cow dung also contains 
minerals such as potassium, nitrogen, and small quantities of iron, magnesium, 
manganese, sulphur, cobalt, and copper. Moreover, a native Indian cow also contains 
higher amounts of phosphorus, copper, zinc, and calcium than the crossbreed cow 
[44]. Cow dung has a rich microbial diversity, consisting of various bacterial species, 
protozoa, and yeast [45–48] have isolated many bacterial communities in the cow 
dung such as Bacteroides clarus, Alistipes finegoldii, Alistipes sp., Alistipe sputre-
dinis, Alistipes massiliensis, Clostridiales bacterium, Clostridium phytofermentans, 
Clostridium orbiscindens, Clostridium cylindrosporum, Clostridium sp., Citrobacter 
koseri, Bacillus thuringiensis, Acinetobacter baumannii, Acinetobacter beijernckii, 
Escherichia coli, Pseudomonas pseudoalcaligenes, Pseudomonas putida, Pseu-
domonas sp., Rheinheimera sp., Enterobacter aerogenes, Providencia alcaligenes, 
Stenotropomonas maltophilia, Rhodobacter sp., Akkermansia muciniphila, Provi-
dencia stuartii, Morgarella morganii, Klebsiella oxytoca, Klebsiella pneumoniae, 
Kluyvera sp., Pasteurella sp., and Mycobacterium vaccae. 

In rural Indian villages, the direct burning of cow dung has been widely used as 
a fuel source for cooking purposes. The practice of plastering in the wall and floor 
using cow dung provides insulation during winter and summer seasons. Moreover, 
the smoke of the burnt cow dung acts as a mosquito repellent and obtained ash is used 
for cleansing household utensils. Accordingly, the specific use of cow dung among 
village people represents related native awareness. In India, cow dung is also used as 
a co-product in agriculture, such as manure, biofertilizer, biopesticides, repellent for 
pests, and as an energy source. As per Ayurveda, it may also serve as a purifier for 
all the natural wastes. Cow dung is known as “gold mine” owing to its wide-ranging 
uses in the fields of natural resources, agriculture, environmental conservation, and 
therapeutic applications [47].
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4.1 Therapeutic Applications of Cow Dung 

4.1.1 Antimicrobial Activity 

Due to its large microbial populations, cow dung has been investigated as a source of 
potential antimicrobial producers. Muhammad and Amusa [49] successfully used 
cow dung as an antifungal agent. Their research showed that T. harzianum, A. 
niger, B. cereus and B. subtilis isolated from cow dung could retard the growth 
of Fusarium oxysporum, Sclerotium rolfsii, Helminthosporium maydis, Pythium 
aphanidermatum, and Rhizoctonia solani with inhibitory zones of up to 58%. Solvent 
extract of cow dung has also been tested against E. coli, Candida sp., Pseudomonas 
sp., and S. aureus by [50] and the findings support the antimicrobial properties of 
cow dung. 

4.1.2 Antiseptic and Prophylactic Activity 

Fresh cow dung is much preferable over other animal dung due to its valuable 
antiseptic and prophylactic (prevent from disease) properties. It exterminates the 
disease-causing micro-organisms and putrefaction [51]. 

4.1.3 Antidepressant Activity 

Cow dung has antidepressant properties due to the non-pathogenic bacterium 
Mycobacterium vaccae, the first isolated cow dung bacterium. When Mycobac-
terium vaccae inhales, it increases the neuron growth-stimulating serotonin and 
norepinephrine production in the brain [52]. The effects of anxiety and learning 
ability on the mice have also been studied and it showed sufficient evidence that 
supports the study [53]. Vaccine prepared from killed Mycobacterium vaccae has 
been found to be effective for the treatment of cancer, asthma, psoriasis, and leprosy 
[54, 55]. 

5 Cow Milk 

Cow milk for thousands of years has been associated with good health and wellbeing. 
Cow milk consists of water, 3.7% fat, 3.2% protein, 4.8% lactose, 0.19% nonprotein 
nitrogen and 0.7% ash. The major proteins present in cow milk are whey, caseins, 
and immunoglobulins. Milk-protein is a rich source of biologically active peptide 
precursors. Bioactive peptides are formed in microbial fermentations by enzymatic 
protein hydrolysis, or by proteolytic activity of lactic acid bacteria [56]. Milk fat is 
a lipid complex, and the majority of milk lipids are triglycerides or fatty acid esters 
associated with glycerol (97–98%), and the rest of the milk lipids are phospholipids
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(0.2–1%), free sterols (0.2–0.4%), and a small quantity of free fatty acids. Approxi-
mately 62% of milk fat is saturated, 30% is monounsaturated, 4% is polyunsaturated 
and 4% is of minor fatty acid forms. Lactose is the dominant carbohydrate in dairy 
products. It is a disaccharide that is formed by galactose and glucose. Lactose forms 
around 54% of the total solids in non-fat milk. Milk is an important source of minerals, 
calcium, phosphorus, magnesium, potassium, and trace elements. Milk is the main 
source of calcium in many countries, particularly in Europe people get about 60– 
80% of total calcium by consuming milk. Calcium forms soluble complexes and is 
readily absorbed by milk protein, casein, and phosphorus. Cow milk contains all the 
vitamins known to be essential to humans. The fat portion of milk is associated with 
the A, D, E, and K vitamins. Milk also provides variable quantities of water-soluble 
vitamins such as thiamine, ascorbic acid, niacin, riboflavin, vitamin B6 and B12, 
pantothenic acid, and folate [57]. 

5.1 Therapeutic Applications of Cow Milk 

5.1.1 Osteoporosis 

Sufficient intake of milk and other calcium-rich food helps to reduce the risk of 
osteoporosis, a bone-thinning disorder that has affected about 28 million Ameri-
cans; three-fourth of them are women [58]. Data from the third National Health and 
Nutrition Examination Survey reports that higher bone mass and lower fracture rates 
in older women are associated with more milk consumption in childhood [59]. A 
study shows that consumption of three servings of fat-free or low-fat milk a day 
improves skeletal health among older adults [60]. Findings from [61] indicate that 
regular intake of dairy products in menopausal Korean women can prevent the risk 
of osteoporosis. 

5.1.2 Obesity 

The unique physical, chemical, and biological properties of milk fat make 
digestibility easier compared to other fats. Milk rejects the fat cells’ tendency to 
store the calories of the day and increases the amount that is frittered away as heat. 
Calcium in cow’s milk is a vital signaling agent. The calcium interacts with fat cells 
that provide a signal, which inhibits the storage of fat and induces the burning of fat. 
Thus, cow’s milk helps to make a person fit and healthy [35].
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5.1.3 Kidney Stones 

To assess the impact of calcium intake on kidney stones [62], analyzed the data from 
7,982 females aged 65 and older. The study indicates that around 45–54% of females 
were less likely to develop kidney stones due to the increased calcium dietary intake. 

5.1.4 Antioxidant Activity 

Antioxidant peptides derived from milk are produced in sequence from 5 to 11 
hydrophobic amino acids. It includes histidine, proline, tryptophan, and tyrosine 
which are widely distributed among caseins. It involves in removing or preventing the 
radical formation by inhibiting the enzymatic and nonenzymatic lipid peroxidation 
[63]. Cow milk is an important dietary source of calcium, and it can be helpful in many 
low-calcium-related disorders, including polycystic ovarian syndrome, premenstrual 
syndrome and periodontal disease [64, 65]. 

6 Curd  

Fermentation is the oldest conventional form of processing and storing food to main-
tain taste, aroma and texture that enrich the human diet. Additionally, fermented 
foods also enhance digestibility, increase nutritional and therapeutic value. Since 
Vedic times the role of curd is known in the human diet. Curd is a rich source of 
protein, calcium, riboflavin, vitamin B6 and B12. This has higher nutritional value 
than milk. Lactose-intolerant people would digest curd because bacterial fermenta-
tion converts the lactose in the milk to lactic acid. Curd is known for its palatability, 
nutritional and therapeutic properties and curd has a viable bacterial count of 106– 
107 ml that contains lactobacilli, yeast and mold. A number of variable distinctive 
bacterial strains are present in the curd, including L. cremoris, L. acidophilus, S. 
thermophilus, L. helveticus, L. lactis, L. casei, and L. bulgaricus and these microbes 
are known for their effective probiotics. These probiotics offer valuable and healthy 
microflora to the alimentary canal through diet without any risk of adverse effects 
[66]. 

6.1 Therapeutic Applications of Curd 

6.1.1 Enhancing Host Immunity 

Probiotics found in the curd support the host’s health by improving the immune 
system. Curd enhances innate immunity by inducing mucosal and systemic host
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immunity in the patient by increasing the levels of immunoglobulins, activated 
macrophages, large quantities of cytokines and natural killer cell activities [67]. 

6.1.2 Anti-Cancer Activity 

A good diet is an integral part of the treatment of cancer in the gastrointestinal tract. 
Eating nutritious food before, during and after cancer treatment makes the patient 
healthier. But the nutrient requirements vary from individual to individual. Hence, 
eating a healthy mix of proteins, carbohydrates, vitamins, fats, and minerals (through 
curd) helps fight cancer. Several animal studies indicate that tumor development 
and proliferation are prevented by the consumption of fermented milk containing 
probiotics. Milk fermented by B. infatis, B. animalis, B. bifidum, L. paracasei and 
L. acidophilus retards the growth of the breast cancer cell line (MCF7), and its anti-
proliferative activity is not linked to bacterial involvement. Thus, along with other 
curd elements, probiotics in the curd play an important role in halting tumor growth 
and proliferation [68]. 

6.1.3 Anti-HIV Activity 

Scientific research has confirmed that the valuable function of vitamins (B, C, and 
E), selenium, folic acid, and whey protein, present in curd are very much useful 
for HIV management. Curd provides a safe, cost-effective, and natural approach, 
which creates a barrier to microbial infection and effectively reduces HIV infection 
[69, 70]. 

6.1.4 Anti-Diabetic Activity 

In recent decades, Type 2 diabetes mellitus has risen exponentially in the world. 
This is normally accompanied by increased free radical production and reduced 
antioxidant defenses. Antioxidant mechanisms of probiotics containing lactic acid 
bacteria may be attributed to scavenging reactive oxygen species, chelation of metal 
ions, inhibition of enzymes, and inhibition of ascorbate autoxidation. In vivo studies 
have further confirmed that L. acidophilus and L. casei have an antidiabetic effect 
and reduce oxidative stress [71]. 

6.1.5 Other Benefits to Humans 

Curd-based probiotics assist in digestion. Curd helps to overcome extreme summer 
heat and improves strength and stamina. Curd helps in folic acid deficiency and 
iron deficiency disorders typically seen in children, pregnant women, and lactating
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women who are vulnerable to anemia. Clinical studies in this field are therefore 
important to evaluate the potential of curd as an effective probiotic [68]. 

7 Ghee  

Ghee is one of India’s oldest and most popular traditional dairy products. Ghee was 
produced as far back as 1500 BC, in ancient India. Ghee was a popular cooking 
element in ancient India. Ghee’s chemistry holds the secret to its health benefits. 
Ghee is made from a mixture of ~65% saturated, ~25% monounsaturated, and ~5% 
unsaturated fat. The saturated fat majorly consists of 89% short-chain fatty acids 
which are easily digested. For a balanced diet both saturated and unsaturated fats are 
required. Cow ghee contains about 5% less saturated fat compared to buffalo ghee. 
Ghee also contains carotenoids that give the product yellow color. Buffalo ghee, on 
the contrary, lacks carotenoids but contains biliverdin and bilirubin that is responsible 
for its greenish tint. Ghee contains vitamins A, D, E, and K with fat solubility, small 
quantities of essential fatty acids, arachidonic acid, and linoleic acid. Unlike other 
oils ghee exclusively contains butyric acid; a short-chain fatty acid that contributes 
to its distinct flavor and fast digestion. However, it is essential for good health up to 
some extent. Consuming it beyond the individual limit may show detrimental health 
effects due to the presence of cholesterol content and it is highly saturated in nature 
[72, 73]. 

7.1 Therapeutic Applications of Ghee 

7.1.1 Wound Healing 

Cow ghee in desirable formulation provides better tissue development by contributing 
its antagonistic action against microbial invasion, which would be a superior treat-
ment for wound healing [74]. According to [75] cow ghee stimulates healing in the 
wound even without any antibiotic usage, and its role is nearly similar to antibiotics. 
Cow ghee can cure skin diseases when combined with other selected herbals and can 
promote wound healing when mixed with honey [35]. 

7.1.2 Anticarcinogens 

The specific components of ghee-fat, such as sphingomyelin, Conjugated Linoleic 
Acid (CLA), ether lipids, butyric acid, β-carotene, and vitamin A and D, have 
anticarcinogenic activity [76–79].



352 S. Sathiyaraj et al.

7.1.3 Healthy Weight Loss 

The presence of medium-chain fatty acids in healthy fats such as ghee and coconut 
oil can improve the burning of fat and help to promote weight loss. Research with 
13 trials showed that medium-chain triglycerides helped in reducing body weight, 
waist and hip circumference, overall fat, and belly fat compared with long-chain 
triglycerides. Not only this but also CLA, one of the main fatty acids present in ghee, 
has been associated with reduced mass of body fat [80]. 

7.1.4 Anti-Inflammation 

Though inflammation may be a natural immune response to help protect the body 
against foreign invaders long-term inflammation contributes to chronic disease devel-
opment [81]. Butyrate, a type of fatty acid present in the ghee has been shown to 
inhibit inflammation in the in-vitro studies [82]. 

7.1.5 Immunostimulant Activity 

The capability of cow ghee toward immunostimulant is demonstrated by an 
increase in neutrophil adhesion, haemagglutination (HA) titre, and delayed-type 
hypersensitivity (DTH) responses in rats as reported by [83]. 

7.1.6 Others 

Cow ghee is historically recommended for enhancing memory, speech, vision, intel-
ligence, and body resistance to infections. This has anti-aging effects and anti-
chollestric activity, which is beneficial for cholesterol and heart disease patients. 
Cow ghee is a blood purifier; aids wound healing and helps in preventing and treating 
asthma and paralysis [84]. 

8 Conclusion 

Thus, it can be concluded that in future years panchgavya therapy/cowpathy, a modern 
variant of ancient science, is a promising formulation. It has been found that PG 
and its ingredients are effective in treating many human diseases and improving 
the body’s immunity and resistance to infection. Even for diseases like cancer and 
AIDS, this kind of alternative treatment has been stated to be effective. With essential 
therapeutic possibilities for the good of mankind, panchgavya therapy/cowpathy 
needs the attention of the scientific community around the world for its validation, 
recognition, promotion, and popularity. A systematic work needs to be carried out on
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the chemical structure, biological activities, microbiology and medicinal aspects, and 
bioactive compounds in PG and promotional clinical trials in both disease prevention 
and treatment. 
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Chapter 17 
Role of Antimicrobials Agents 
and Studies Using Metal Oxide 
Nanoparticles 

R. Ramesh, G. T. Fathima Mubashira, M. Parasaran, and K. Kaviyarasu 

1 Introduction 

The appearances of infectious diseases in general pose a severe threat to public health 
internationally, especially with the emergence of antibiotic-resistant bacterial strains. 
Generally, both Gram-positive and Gram-negative bacterial strains are causing major 
health problem over the years [1–5]. For the past few decades, researchers were 
focusing on the preparation of multifunctional materials in fighting against the antimi-
crobials and highly infectious disease-causing pathogens, however, the exact interac-
tion of the already available antimicrobial agents becomes inactive with the new types 
of bacterias and viruses that are arising due to climatic change, lifestyle of humankind, 
food nature, and other things. Recent advances in the nanomaterial preparation tech-
nology focus on the engineered bionanomaterials in curing the infectious diseases 
caused by the strains and fungi. The antibacterial activity of any drug, as well as the 
NPs, depends on the shape, size, chemical nature, and biological properties. Size of 
the particle plays a significant role in the action mechanism of bactericidal activity
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through its propagation into the cell membrane, dysfunction, and disruption of the 
DNA nucleic acid, etc. [6–10]. Antimicrobial activity of nanoparticles has largely 
been studied with human pathogenic bacteria such as Escherichia coli and Staphy-
lococcus aureus. Nowadays, owing to overcoming pollution and harmful radiation 
makes more prone to infectious diseases and sickness. To overcome this hazardous 
infection, antimicrobials have been preoccupied as designating agents since late 
1928. Thus, it comes under the classification of chemotherapy. Chemotherapy is 
making avail of synthetic or natural chemical reagents fabricated from microorgan-
isms and plant producing chemical substances for selectively inhibiting the toxic level 
of cell of infection-causing microorganisms or malignant tumor without disturbing 
the host cell and tissues [11–16]. It is further systemized into two as antimicrobial 
agents which impede the progressive development of microorganisms by synthetic 
or natural means and another as anticancerous drug which impede the uncontrollable 
growth of cells called cancer and prophylaxis from spreading. Antimicrobial drugs 
are liberally stratified in a diversity of ways [17, 18]. 

1.1 Efficacy Based on the Way of Action, Source, 
and Spectrum 

Generally, antimicrobial is categorized partly by their vogue of action. Antimicrobial 
whichdemolishes themicrobesbypreyingonthewallandmembranesofcell,probably 
causing the overall death of microorganisms are described as microtidal. Antimicro-
bial which averts the further accretion of microorganisms is labeled as microstatics. 
Antimicrobial can be naturally mass produced from fungus resources which stipulate 
the bacterial cell wall and they often manifest more exhilarated toxicity than synthetic 
source [19, 20]. Semi-synthetic antimicrobial which are fabricated initially by natural 
origin and later by modifying into the final product by virtue of chemical reactions. 
Synthetic antibiotics are depicted to have more efficacious than natural antimicro-
bial. In this genus, the antimicrobial may be either narrow or broad spectrum. By 
the denomination of narrow spectrum, it clearly manifests that it can stipulate only 
a reserved span of microorganisms either only Gram-positive or Gram-negative. On 
contrasting to narrow spectrum, broad-spectrum antimicrobials are designated to stip-
ulate the vast array of microorganisms inclusive of both Gram-positive and -negative 
microbes and anaerobes. Usually, the broad-spectrum antimicrobial is barely sanc-
tioned than narrow-spectrum owing to it possess the possession of not killing normal 
microorganisms on the body of host cell [21] (Table 1).
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2 Significance of Chemical Structure, Organisms Affected, 
and Its Mechanism of Action 

To hinge antimicrobial on their chemical structure is crucial considering the discrete 
skeleton pattern display disparate therapeutic demeanor. It is diverse in β-lactams as 
group A and aminoglycosides as group B. Antibacterial are agents that impede the 
accretion of bacteria. Suppressing the accretion of fungi is entitled as antifungal. By 
abating the growth of virus is locution as antivirus. A single-celled organism used to 
treat infection caused by protozoa as a single-cell medication is designated as anti-
protozoal. Overall, it exemplifies primarily into four categories as cell wall synthesis 
inhibitor, protein synthesis inhibitor, nuclei acid synthesis inhibitor, cell membrane 
synthesis inhibitor, and interfere with intermediatory metabolism [22–25]. 

3 Mechanism of Antimicrobial Agents Against Bacteria 
and Strains 

Mechanisms merely intend how an antimicrobial toiled or enact its vogue of 
maneuver. For the accretion of microbes, there are some crucial proceedings of the 
incorporation of cell wall, protein, nucleic acid, and cell membrane. If these crucial 
processes are disturbed or any deformity in their state of vogue is subdivided into 
four factions, they are hindering cell wall, cell membrane, nucleic acid, and protein 
synthesis [26–28] (Fig. 1). 

Fig. 1 Mechanism of action against bacteria and strain
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4 Effect Due to Cell Wall Incorporation 

Mammalian cells and all the other microorganisms contradict one another by their 
latency of peptidoglycan incarnate of equal amount of N-acetylmuramic acid and 
N-acetyl glucosamine which is a spunk of cell wall. Impeding the peptidoglycan 
substratum of cell wall is a major writ for circumventing of bacterial accretion. By 
avail of β-lactamase drugs including Carbapenems, monobactams, penicillin deriva-
tives. Initially, β-lactamase drugs are restrained with penicillin results in impeding 
transpeptide reaction thereby activating the enzymes of lytic that break down the 
bacterial cell wall thereby inhibiting the peptidoglycan which is eased by a protein 
blended with penicillin. Gram-negative bacteria are scrutinized to possess a thin 
layer of peptidoglycan which is encompassed by an outer cell [29]. Owing to this 
perception, the antimicrobial failed to extend that layer thereby β-lactamase drugs 
portrayed fewer stability than G-positive bacteria which are surrounded by a thick 
layer of peptidoglycan without the outer wall, that is, a thing that distinct both the 
microorganisms. Thus, the cell wall of bacteria is envisioned, and the accretion of 
microbe is ceased. 

5 Membrane Incorporation 

Hinge upon their structure of bacteria and fungi, most of their cells are perme-
ated with a jelly-like fluid imperturbable of water, salts, and protein that is encom-
passed by a membrane called cytoplasmic membrane and the fluid is cytoplasm that 
predominant the internal constitution of cell. But viruses do not have cytoplasm 
to carry out this predomination. However, when this cytoplasmic membrane gets 
disrupted by an antimicrobial all the ions and its residents will start to flow thereby 
perturbing the overall accretion of bacteria. Polymyxin portrayed their exceptional 
riveting towards polysaccharide molecules which are benevolence mostly in Gram-
negative bacteria, while polymyxin correlates with the lipopolysaccharide of G-
negative bacteria. Thus, while the interaction of polymyxin with polysaccharide, 
the structure got distorted which upshot the annihilation of osmotic balance and 
its permeability flourishing, because of molecule exonerate, increased water intake, 
respiration dilemma of cell result in cell dissolution [30–32]. While polymyxin failed 
to affect G-positive bacteria owing to their thick cell wall. Daptomycin is utilized to 
restrain G-positive bacteria acquired from Streptomyces mesoporous, an antibiotic 
of cyclic lipopeptide accustomed to amusing bacterial infection of skin and intrinsic 
tissue.
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5.1 Protein Incorporation 

Antimicrobial that quarries the protein coalescence christened as protein synthesis 
impeder. In the cells of microbes, there are ribosomes concocted into two subunits 
as 50 s, a larger one, and 30 s, as a smaller one. There are some antibiotics that 
quarry the 50 s ribosomes are macrolides considering a constituent of clarithromycin, 
erythromycin, and azithromycin. They chastised the 50 s ribosomes, a larger one 
endures of the distinct region as A, P, E; these macrolides come in proximity with 
50 s RNA, as the ribosomes propel across the m-RNA and coalescence protein. If they 
inhibit roving along the m-RNA, it won’t be able to synthesize protein that is bacterio-
static [33]. Macrolides prevent the elongation of peptide bonds and ribosomes from 
roving along the m-RNA and translating the actual m-RNA, to forge protein that 
is employed to tackle pneumonia, H-pylori, gonorrhea, and gastrointestinal tract of 
infection. Aminoglycosides are bactericidal constituents of gentamycin, tobramycin 
that target the t-RNA that has anticodon and specific amino acid that is specific to 
codon. When the t-RNA enters the A side, aminoglycan hunks the t-RNA carrying 
amino acid from entering aside. Thus, t-RNA is inhibited by aminoglycoside for 
binding with A side. They are employed to tackle urinary tract infection, pneumonia, 
meningitis as well as peritonitis impeded by the bacteria of pseudomonas, aerobic 
Gram-negative, and enterobacteria. Tetracycline is bacteriostatic and perform equiv-
alent reaction as aminoglycosides that instead of targeting 50 s ribosomes, they 
focused their target towards 30 s ribosomes. It also contradicts the t-RNA from 
invading this site and to read the codon. If this does not prevail, then protein will 
not be synthesized effectively [34]. They are employed to tackle Lyme’s disease, 
chlamydia, and anthrax by the avail of doxycycline. 

5.2 Effect on the DNA\RNA Deformation 

Some antibiotics that are targeting the DNA/RNA synthesis specifically are topoi-
somerase. Whenever a DNA is replicating, it has a downstream called supercoils by 
dint of which the DNA is coiled up. Topoisomerase has two strands; one strand cuts 
the one of the phosphodiesters to bond the spunk of DNA and permit the supercoil to 
be able to levitate and get rid of actual DNA. Another strand takes the DNA fragment 
that is broken are fused them together. Fluoroquinolones are antimicrobials that are 
constituents of Ciprofloxacin, Levofloxacin, etc., they hinge DNA/RNA synthesis 
by stimulating the activity of one strand that cut the DNA, then inhibiting the lysate 
strand that fused them together [35, 36]. Then the DNA won’t be linked up continu-
ously that sequel in fragmented DNA, so it is bactericidal. Nitrofurantoin is one of the 
dangerous antibiotics that inhibit almost all cell characteristics. This nitrofurantoin 
enters the cell wall and gets binded to a specific enzyme called nitrofurantoin reduc-
tase. These enzymes convert nitrofurantoin into a reactive intermediate that causes 
damage to DNA, RNA, protein, and cell wall, thus it freckled up almost all syntheses,
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both G-positive and G-negative. Metronidazole acts upon by nitroreductase, converts 
it into active metabolite, disrupts the normal helical structure of DNA, and undergoes 
fragmentation by nucleases. Daptomycin is used to treat mainly G-positive staphylo-
coccus aureus; its mechanism of action is really fascinated because it forms a pore in 
the bacterial cell wall membrane, due to its leakage of flux of ions moving in and out 
causes subsequent depolarization, then the enzyme membrane becomes positively 
charged. The depolarization of positive charge exists inside the inner side of cell 
membrane, thereby inhibiting DNA synthesis and protein synthesis. Rifampicin is 
used to treat leprosy, tuberculosis, as well as hemophilic influenza type B, by using 
an enzyme DNA-dependent RNA Limerase. Rifampicin inhibits the enzyme that 
cannot transcribe DNA to m-RNA. If we cannot make the m-RNA, bacteria fails to 
survive [37]. Thus, the above-mentioned mechanisms clearly tells about how antimi-
crobe like penicillin kills bacteria, or fungi, or virus. In short, the role of antimicrobe 
inside microbes is known. Metal oxide nanoparticle is competent to metamorphose 
of mammalian and bacterial cell, analogous to antimicrobial by dint of metal protein 
and its transport system of bacteria. They also enumerated an exemplary demeanor 
of prompting the cell repose activity through multiple implantations or by gene muta-
tion. Wholly, there are three pathways of interrelating bacterial cells with nano-oxide 
substratum. 

6 Synergy with Phospholipids Substratum by Metal Oxides 

Nano-oxide can rattle the membrane potency and eventuality restrain the charges 
of oxides and cell wall of microbes together. This is done by merging the positive 
charge of nano-oxide of metal and negative citation of cell wall catch captivated 
together by dint of their opposite citation, consequently, allying two charges that 
bring about oxidative crunch on the cell. Owing to that stress, cell membrane and its 
intracellular fluids get distorted, which upshot in the liberation of a wide aggregate 
of ions and molecules thereby crucial recompense to cytoplasmic membrane that 
effectuate the vital corollary of cell [38]. To conquer this deprivation of microbes, 
self-engender proton and electron through integral of efflux pump and transport. 
But it is not legitimate to bear this deprivation. Thus, overall asymmetry of ions 
is consequently upshot in respiration demise, eventually leading to cell dissolution. 
This ramification has been displayed through the intercorrelation with CuO, ZnO, 
TiO2, MgO, and Fe2O3. 

6.1 Synergy with Cytosol Protein by Metal Oxides 

The foremost innards among the three is correlating with cytosol protein. It is a semi-
fluid that pervades all the embedded phagosome encircled by a cytoplasmic region 
and cell membrane, omitting nucleus that concocts the cytoplasm. Their aspect is
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to ravish molecules and furnish structural reinforcement. For instance, metabolites 
prerequisite transport from the area of bearing to their site of hauling. These append 
protein incarnation using translation and diversification of cell through meiosis and 
mitosis, thus persuading an antimicrobial venture when irrevocable with enzymes 
and DNA. This intercorrelation pervades to decreased probity, distortion in ATP 
rendering, and disintegration in membrane venture with a massive incarnation of 
reactive oxygen genus within the cytosol of cell [39]. 

6.2 Constitution of Reactive Oxygen Genus 

An unconventional outlook through which nano-oxide demolishes bacteria is the 
accretion of oxygen description that is a more combative oxidizing agent such as O2

−, 
H2O2, and OH−. In this proceeding, nano-oxide itself circumlocutory hinder ROS 
primacy to wrecked to the macromolecule and oxygen intensity of cell provoking 
peroxidation of lipids amendment in the extent of protein, abating of DNA. It can 
also forge pits on cell membrane causing prompt cell repose. Hydroxide faction 
constitution perceives in silver. By glucose oxidizing H2O2 is fostered, through ROS 
formation, only when there is increased catalytic venture shown by ZnO and MgO2. 
Upon exposure to light on titanium dioxide has elicited reactive oxygen genus from 
both OH and H2O2. From this, a metal and metal oxide nanoparticle enter, interact, 
and at last kill the growth of bacteria or fungi or virus. Simply, the role of metal oxide 
nanoparticle inside the bacteria is known (Fig. 2). 

Fig. 2 Action of metal oxides nanoparticles against microbes
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7 Ramification of Metal Oxide Nanoparticles Based 
on the Synthesis Methods 

Generally, metals are amalgamated with oxides of metals for the incarnation of metal 
oxide nanoparticles. These particles elicit mutation in their cell wall and DNA by dint 
of reactive oxygen species evolution through electrostatic interaction which manifests 
distinct physiological and chemical attributes that have gained momentousness by 
their distinct forms and size. Contemplating their consecutive attributes, metal oxide 
is being chosen as antimicrobial negotiator [40]. Depending upon the form, size, 
surface characteristics, and inner structure, the properties of nanomaterial are defined 
by the following parameters. As compared to bulk size particles, nanoparticles portray 
entirely distinct properties of contagious material. This phenomenal property of nano-
sized particles arises mainly due to two outcomes; firstly, it’s because nanomaterials 
have large surface area when compared to the same mass of material, thus making it 
more chemically reactive affecting their strength and electric integrities. Secondly, 
quantum effect can begin to dominate the behavior of matter at the nanoscale [41]. 

7.1 Antimicrobial Ramification of Zinc Oxide Nanoparticles 

Zinc oxide is a nano-sized particle that portrays phenomenal attributes regarding the 
endeavor of mammals and is primarily utilized as a food contradiction, flourishing, 
and stabilizing the shelf life of fabricating commodities. To perceive the interac-
tion between the antimicrobial and the nanoparticle is crucially through electrostatic 
relapse, by which the forces between adjacent atoms or molecules get attracted or 
repelled from one another by their like and dislike charges. Likewise, when ZnO 
get attracted or repelled towards cell membrane, interaction occurs upshot in the 
innards of reactive oxygen genus thereby fabricating pothole in their membrane 
which sequel ransom of free ions and molecules provoking cell ruination. ZnO is 
harmonized by planetary ball mill by Yamamoto et al., depicting increased proffering 
of ROS and large surface area against E.coli and Gram-negative bacteria of S.aureus 
with a span of 100–800 nm. Raghupathi et al., harmonized ZnO at room temperature 
by solvothermal method prominent to surge crystallinity with decreased rendering 
of reactive oxygen genus against S.aureus with reticence zone of 12 nm. Reactive 
oxygen genus evolution relies on their size, crystallinity, and surface area. The size of 
nanoparticle increases from 2 to 10 μm, owing to larger size, larger area, and larger 
production of ROS. Thus, the liberation of more ions and cell result in hastened cell 
death. Similarly, opposite outcomes are portrayed by nano-sized particle when their 
crystallinity is creased, that is, demonstrated in the article of Padmavathy et al., elicit 
distinct attributes towards their wavelength. These NPs have an enlarged bandwidth 
of 3–5 eV. When exposed to a shorter wavelength, electron–hole pair is consti-
tuted. These holes rift the water molecules and impede the fabrication of reactive 
oxygen genus. The shorter the wavelength is exposed, the more ROS is formed,
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attributed to the liberation of more ions and molecule provoking hastened cell disso-
lution compared to exposure to their longer wavelength. Thus, a similar upshot is 
demonstrated by G-positive bacteria based on their thickness of cell wall other than 
Gram-negative bacteria [42]. 

7.2 Antimicrobial Ramification of Magnesium Oxide 

Magnesium plays an enthusiastic role in the goodness of human being. For nurturing 
legitimate cardiac function and metabolic affair for digestive impetus. That’s why 
Magnesium is more desirable. Nanotechnology has portrayed exceptional apprehen-
sion for employing these elements as antimicrobial. Cardinal innards of magnesium 
oxide initiate on light exposure. When light is authorized to topple on the magnesium 
for the bearing of ROS. Once bearing of ROS is conceded.it can elevate the oxida-
tive crunch on the microbes. Consequently, persuade lipid peroxidation in which 
lipid reagents deteriorate degradation in their oxygen extent thereby enfeebling the 
cell membrane which is upshot to the liberation of cytoplasm. Another phenomenal 
demeanor of these NPs is the accessibility of adhering to cell membrane by them-
selves. Owing to flourishing permeability of cell constituents residues on collaborate 
with a group of phosphate performing it arduous for hauling their crucial trans-
porting progress [43]. Usually, most of these NP are more preferably utilized in diet 
supplements. On account of this recognition and also further investigation authenti-
cate them to avail these NP in food encase for obligating the food from dissolution 
against E.coli, S.enterits microbes. MgO seizes electrochemical interplay investiture 
disruption in their cell wall, cellular function, and procreation with reticence span of 
30–50 nm for E.coli and 70–130 nm for S.aureus by Padmavathy et al. The above 
acknowledge NP is bactericidal, only when the size of no is small. At a smaller size, 
larger surface area is manifested, owing to increased fabrication of ROS, a sequel in 
greater inhibition zone, whereas NP of larger size is restricted to hamper only a Gram-
negative bacterium. This diversification of portraying distinct activity is because of 
their interaction when electric charges are at rest. An increased antimicrobial venture 
is enumerated when a metal oxide is amalgamated with other materials. For instance, 
integrating an MgO with nisin revealed the increased hamper leading to cell repose. 
Owing to their commute in morphology of bacteria thereby fabricating pores in their 
structure proceeding to prompt death [44, 45]. 

7.3 Antimicrobial Ramification of Titanium Dioxide 

A material of bewitching higher stability and oxidizing potentiality with a stead-
fast photocatalytic venture is titanium oxide. This phenomenal incarnation of these 
materials mark it more prominent for its employment as an antimicrobial agent of 
engendering ROS of wavelength lighter than 380 nm. For a wider span precluding
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both Gram-positive and -negative bacteria. Mostly, NP has a large surface to volume 
division, because when size goes down, surface area pursues surge. So nano-objects 
execute faster, they can grant into small space, more energy-efficient, and will mani-
fest discrete genre of belongings at smaller span. When light is interrelated with tio2, 
owing to large surface area to volume proportion, accordingly, enhancing the surface 
regression of material [46, 47]. Thus, smaller the NP, the more prone to higher emer-
gence of ROS responsible for enlarged photocatalytic activity. Moreover, it can also 
be utilized to furnish surface coating on fibers of cellulose. This is executed with NP 
and then constrict with an automatic presser, then the cellulose and TiO2 both are 
amalgamated together then rooting out to a distinct potency of light if the density of 
cell decreases at a faster span. This rutile form of titanium oxide is utilized in sweets 
and candies. However, when this no is in crystalline form, it is nontoxic, avail its 
usage in household cleaning products, water treatment facilities, and textiles [48– 
50]. TiO2 has portrayed a reticence zone of 20 nm against E.coli, S.aureus through 
sol–gel approach by Daoud et al., in which light disclose causes ROS emergence. 
ZnO and TiO2 are fabricated through sol–gel method using zinc acetate and titanium 
isoperoxide against A.flavus of consolidation of 50 μg/ml display pyramidal and 
spherical casts of hampering 100% production. 

7.4 Antimicrobial Ramification of Iron and Copper Oxide 

The venture of hindering the accretion process of bacteria hinge upon their concentra-
tion. In higher concentration, the material is bactericidal and at lower concentration, it 
is bacteriostatic, there will be delay in hampering the accretion of bacteria. Moreover, 
the toxicity of spare on their correlative and primary outturn, for instance, at higher 
acidic concentration and temperature [51, 52]. If anyone of these parameters is permu-
tated, there will be prominent upshot on their toxicity levels. These emancipating of 
huge ions in case of CuO, no evolution of oxide layer was not prescribed outcomes 
in particle remorse. It also manifests those antimicrobial activities of CuO hinge 
on their size conceding of hampering both Gram-positive and -negative bacteria. 
Correlating to iron oxide, CuO predicate to be more toxic depend on their dosage. 
Likewise, Cu NPs is also utilized in scrutinizing the cytotoxicity levels of colon 
cancer. CuO has exhibit antifungal pursuit against aspergillus Niger at 727 nm due 
to indestructible cytotoxicity extent of distinct fungi. Thus, the functional group are 
liable for inactivating the fungi through interplay within the surface from radical scav-
enging potential plays prominent role of enhancing antifungal activity through green 
synthesis approach. Thus, iron oxide np has convey fruitful antifungal and antibac-
terial activity in opposition to only Gram-positive bacteria and aspergillus fumigatus 
fungi. The foremost integration by which these nanoparticles manifest their activity 
is through spawning of ROS by oxidative crunch on their cell wall deteriorating their 
DNA and protein [53–55]. While in case of fungus, there will be unmediated commu-
nication between their surface and its nanosized particle thereby poignant squamous 
of cell membrane ensue in accretion of cell and eventually cell demise. Bharathi
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et al., have investigated the presence of iron oxide nanoparticle with the particle size 
of 483.8 nm from the leaf extract of solanumlycoperisum by bioinspired method, it 
showed excellent disc diffusion antibacterial activity and invitro anticancer activity 
against Escherichia coli, so it used as superior antibacterial and anticancer nonma-
terial in biomedical sector. Akintelu et al., has revealed the successful synthesis of 
copper oxide nanoparticle by green synthesis method has showed excellent anti-
fungal activity against Candida albicans, Aspergillus Niger, Aspergillums clavatus, 
Teichophytonmento graphytes and Epidermophyton floccosum. Mohasin et al., has 
synthesized the iron oxide nanoparticle by using orange peel extract as stabilizing 
agent to evaluate their antibacterial activity against Gram-positive (Bacillus subtilis, 
staphylococcus aureus) and Gram-negative (E.coli and Pseudomonas aeruginosa) 
and thermodynamic properties were studied using TGA and DSC. 

8 Conclusion 

Antimicrobial agents play a vital role in the life of mankind in every aspect. Preparing 
and formulating the new bactericidal materials including the naturally available 
sources and incorporating the combined way of manipulating the multifunctional 
NPs to play the role of antibacterial activity becomes a serious issue in the current 
scenario. Many metal oxides including ZnO, NiO, CuO, AgO, AuO, TiO2, SnO, 
MgO, and metal nanocomposites along with the other drugs have been widely used 
in the treatment of various diseases caused by pathogens. The effectiveness of the 
applied NPs depends on the size, method of preparation, combination, and concen-
tration of the metal/oxide ratio; biocompatibility mode of drug delivery with the 
target organism destroys the membrane of the disease-causing strain which prevents 
the serious effect of the drug resistance microbes. Advanced research, tools, imple-
mentation, and commercialization of the metal oxide NPs as an alternative or in 
combination with the available drugs will improve the efficacy of the nanomaterials, 
thereby providing an eco-friendly method of treating the diseases which will help 
mankind in the future. 
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