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Metal and Materials Engineering: 
Historical Prospect 

Raunak Pandey, Nannan Wang, Bibhuti B. Sahu, Srikanta Moharana, 
and Santosh K. Tiwari 

Abstract Materials are the backbone of our society and have become a functional 
part of the engineering process for the formation and modifications of technologies 
that have intrigued humankind. It is impossible to think about the next generation 
of technologies without discovering new materials. However, for the investigation 
of new materials, knowledge of the historical prospects of materials is very crucial. 
This chapter is dealing with the historical prospects of different kinds of materials, 
including ceramics, glasses, metals, non-metals, alloys, plastics, composites, and 
nanomaterials. The chapter deals with the different ages of material development, 
including stone, metal, copper, bronze, iron, and modern ages. Furthermore, the 
material engineering task at hand required the selection or development of a unique 
material, which in turn allowed for novel approaches to designing the final product. 
The materials way of thinking requires a system perspective or the abandonment of 
the linear concept of innovation. 
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1 Introduction 

Our universe is made up of different kinds of materials, and the entire phenomenon 
that is happening in this universe has somewhat of a connection with the type and 
properties of materials. Since the prehistoric era, our ancestors have made progress 
and developed their lives through the utilization of various kinds of materials. They 
were using different kinds of materials as survival tools in terms of foods, habitats, 
protection, and migration from one place to another [1, 2]. The real progress in the 
use of materials by our ancestors from 2.6 million years ago to the present has been 
accounted for in Table 1, along with the important milestones achieved in the partic-
ular time period [1–4]. Indeed, with time, the use of materials by mankind has changed 
as per their requirements, especially, for the improvement of life quality and sustain-
ability. Similarly, with time, the scalability of the use of different kinds of materials 
has also changed. For example, over the last 50 years, silicon (liquid silicone, fluori-
nated silicone, high-consistency silicon rubber, silicon foam, and silicon emulsions) 
and carbon (such as carbon black, graphite, carbon felt, carbon sheets, carbon foam, 
carbon paper, carbon tapes, carbon cloth, carbon brushes, carbon resins, fullerenes, 
carbon nanotubes, carbon nanoplates, carbon nanopowder, and carbon nanopowder) 
have been widely used in different industries dealing with computers, automobiles, 
electronics, clothing, waterproof devices and textiles, construction, health care, etc.

Similarly, during the last two centuries, different kinds of metallic and non-
metallic materials like aluminum, iron, copper, zinc, gold, ceramics, polymers, and 
their derivatives (metal alloys, hybrid material composites, and blend composites) 
have been innovated as per the requirements of engineering and industries [1, 2, 
4]. These materials have drastically changed in terms of properties and applications 
due to the advanced cerebral features of human civilization and the highly advanced 
lifestyle of human beings. For example, just a hundred years ago, it was impossible to 
replace the bones in our body with any artificial material owing to adoptability, toxi-
city, and durability issues. However, at present, due to the rapid progress in materials 
processing, we have different kinds of excellent artificial materials that can be easily 
used as an alternative for the bones. Thus, materials have endured drastic measures 
to develop and modify them for exceptional uses in human civilization, and we have 
tried to provide an overview of how these materials were developed to this stage 
from the earliest known age of the Stone Age [1, 2]. The study of the link between 
the processing of materials, their structure, their qualities, and their performance is 
what material science is all about, which is given a concise idea by the schematic as 
shown in Fig. 1. 

In Western Europe, the Iron Age started around 3000 B.C. and is still going strong 
now. Iron and steel, being both stronger and more cost effective, had a profound 
impact on people’s day-to-day lives [1, 2]. In the modern materials age and throughout 
the Iron Age, several novel materials (ceramic, semiconductors, polymers, compos-
ites, etc.) have been developed and offered to the market. In order to become familiar 
with the interconnections between the structure of the material and its processing 
and performance, a synthesis of advanced materials with intelligence has been done.
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Table 1 Important developments and achievements that human civilization has achieved in terms 
of material processing from the Stone Age to the Advanced Ages [1–3] 

S. no Ages Key development and notable achievements 

1 Stone age 
(2.6 M years ago)  

(a) Wood, bone, fibers, feathers, and animal skins were used as 
materials for building weapons, ornaments, shelters, utensils, etc 
(b) Earlier, they were handheld, but in later years, the stone flakes 
were attached to wooden handles 
(c) The Egyptians used to make pottery, and glazed minerals were 
also used to decorate it 

2 Copper–Stone age 
(3000 BCE–1000) 

(a) Carving or hammering copper led to the start of the copper age 
(b) After the discovery of its manufacturing, copper and stones 
became inseparable parts of the copper age 
(c) Copper smelting was considered to be borrowed from pottery 
manufacturing 
(d) Copper utensils, weapons, and ornaments were found in the 
Egyptian graves. The use of copper in various activities in China 
through the epics of Shu Chiang was also found 
(e) Weapons such as a copper axe with wooden handles were 
utilized 
(f) Egyptians also manufactured glasses and glazes for utensils 
and decorations 
(g) The glassblowers did not figure out how to pick a specific 
color until they had worked with a lot of different ones. Oxides of 
manganese, copper, cobalt, iron, tin, antimony, and lead were used 
as pigments. The opacifiers, which were admixtures used to make 
glass opaque, were composed of Cu2O and  Sb2O3, along with 
CaO, PbO, and SnO2 

3 Bronze age (3300 to 
1200 B.C) 

(a) When human beings discovered the ways to craft bronze by 
adding tin and arsenic to copper, this led to the start of the Bronze 
Age 
(b) At first, the alloy of copper and arsenic was fabricated, but 
arsenic was later substituted by tin to form bronze 
(c) Thought to have originated in the Middle East or the 
Mediterranean region, bronze was also found in Thailand, India, 
and China during these times 
(d) Bronze was utilized in crafting weapons, utensils, bracelets, 
ornaments, two-tone bells, human and animal figurines, etc 
(e) The Chinese were masters of producing bronze tools and 
equipment, as no traces of hammering for the fabrication of the 
appliances were found. Also, beautiful figures were carved in the 
appliances 
(f) The Uneticians were skilled bronzesmiths who crafted safety 
pins, tools, weapons, and jewelry that they traded with the Middle 
East and Western Europe 
(g) The Indus Valley Civilization mastered the use of bronze in the 
creation of human-like objects such as figurines, vases, 
arrowheads, spearpoints, knives, and axes 
(h) The use of gold, fur, amber, glass beads, bracelets, and 
necklaces in application as well as currency was also found

(continued)
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Table 1 (continued)

S. no Ages Key development and notable achievements

4 Iron age (600–1200 
B.C) 

(a) The discovery of meteoritic iron and its use in tools shaped the 
formation of the Iron Age 
(b) Pure iron was achieved by hammering the slag when copper 
was smelted from malachite in the presence of iron oxide. Today, 
this type of iron is known as wrought iron 
(c) The discovery of steel was also made when iron was heated 
with charcoal, which led to the combination of iron and carbon, 
forming steel. Romans, Hittites, and some ancient Greek texts 
from the first millennium B.C. suggest different procedures for the 
formation and improvement of carbonized iron or steel 
(d) Chinese people improved the steel by removing excess carbon 
from iron, allowing the fabrication of a metal jacket 
(e) The mass production of steel and iron materials by the Chinese 
people was done through casting; however, the Western people 
relied on shaping and carbonizing their goods individually by 
hammering 
(f) Structures, monuments, utensils, wootz steel, weapons, ships, 
helmets, glass cups, glass windows, glass flowers, fruits, etc., were 
built using iron materials 
(g) Iron production, copper-based alloy manufacturing, lead, and 
silver manufacturing were enhanced during these times 
(h) Steel manufacturing through the casting process and puddling 
process yielded appliances such as plowshares, hoes, cart 
bearings, and harness buckles used in agriculture in China, while 
the Western people formed weaponry, utensils, and other utilities 
from steel using the hammering process of wrought iron in the 
presence of carbon to form steel 

5 Medieval age (500 to 
1400 CE) 

(a) The beginning of steel manufacturing was done in the Iron 
Age, but this got more attention in the medieval age 
(b) Manufacturing of swords and weaponry, utensils, 
megastructures, ships, other transport vehicles, etc., through brass, 
steel, iron, copper-based alloys, etc., was conducted 
(c) Production of transparent glasses in most of Europe and smalt 
glass, mosaics, and art glass production in Roman civilizations 
and other parts of Europe were observed 
(d) The post-medieval age was the foundation stone of the 
industrial revolution in Europe, with improvements in the 
metallurgy and manufacture of steel, iron, copper, lead, silver, 
gold, etc

(continued)
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Table 1 (continued)

S. no Ages Key development and notable achievements

6 Industrial revolution 
(1760–1840) 

(a) The industrial revolution shaped modern metallurgy and 
material sciences 
(b) With advancements in the production and manufacturing of 
iron, steel, lead, copper, silver, alloys, and so on, charcoal to coke 
was the primary fuel for factories 
(c) Different techniques for the fabrication of these materials were 
also discovered, and the ones that were already discovered were 
enhanced for more efficient production 

7 After the revolution 
(1840–1945) 

(a) Large-scale production of metals started with metals such as 
wrought iron, mild steel, gold, silver, brass, bronze, and other 
metals that are useful in buildings, weaponry, vehicles, utensils, 
etc. The addition of various reagents to the metals, like oxides, 
acids, and bases, and the removal of phosphorous were done for 
better performances, efficiency in production, the achievement of 
high-quality materials, etc 
(b) The development of enhanced furnaces and manufacturing 
units for the production of these metals was also done 

8 Advanced ages 
(1950–present) 

(a) The study of composites, plastics, metals, metalloids, 
non-metals, etc., for the production of electronics, energy, 
materials, automobiles, industries, and other applications that have 
leaped mankind into a more advanced age was done

Fig. 1 Schematic 
illustration of the processing, 
structure, quality, and 
performance of materials 
science

The characteristics of materials have come a long way, increasing our knowledge of 
the correlation between their structure and composition [1, 3, 5]. The tremendous 
improvement in the strength to density ratio of the materials has allowed for the 
creation of many novel items, from dental materials to tennis racquets, among many 
others, as has been well demonstrated in the graph given in Fig. 2. From the liter-
ature, the most current chapter provides an overview of the historical development 
of metal working and metal engineering at a high level. Furthermore, this chapter 
will offer a broad view of the history of materials, starting from the Stone Age to the 
contemporary age of diverse materials and engineering [1, 5]. 



6 R. Pandey et al.

Fig. 2 Presentation of 
strength/density ratio with 
respect to the years 

2 Historical Panorama in Metals and Materials 

2.1 Stone Age 

Materials have constrained mankind essentially from the very beginning of its exis-
tence. Stone and wood were predominantly used by mankind as the tools for survival, 
but other materials such as fibers, bone, clay, animal skin, and shells also had very 
specific purposes for the people of the Stone Age [1, 2, 6]. Materials in the Stone 
Age served specific purposes in weapons for hunting, utensils, tools, and for creating 
jewelry or decorations, which was the means of self-expression. A rise in human 
consciousness coincided with greater usage and the production of ever-more complex 
materials. In other words, it appears that more developed civilizations invented and 
utilized more complex materials, whose origins can also be found in the Stone Ages. 
This remark still holds true today, most likely. Historical periods have been labeled 
by researchers according to the materials that were most often employed during that 
time period. The Copper–Stone Age (also known as the Chalcolithic period), the 
Bronze Age, and the Iron Age are all periods that fall under this category. It is esti-
mated that the Stone Age began around 2.5 million years ago. There are three periods 
that make up this era: the Paleolithic, the Mesolithic, and the Neolithic (New Stone 
Age). The development or vast use of materials started mostly during the Neolithic 
and Chalcolithic periods. So, we have focused on the discussion of these periods in 
the case of the Stone Age. Surprisingly, despite pottery’s significant importance over 
long stretches of time, these classifications do not contain a “ceramics age.” Certain 
linguistic usages have adopted the names of specific metals. For instance, the Greeks 
distinguished between the Golden Age and the Silver Age, the former of which 
was said to be characterized by peace and happiness. These disparities have more 
figurative connotations than literal descriptions of the materials that were employed. 
In particular, the human race has always placed a high value on gold. Medals are 
awarded in gold, silver, or bronze for exceptional performances (in sporting events, 
etc.). Gold, silver, and iron are used to classify specific wedding anniversaries. Up
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until very recently, the mastery of materials has been primarily attained by empirical 
methods or, at its best, through a type of alchemy. Systematic investigation only 
produced the interdisciplinary field of study known as materials science in the nine-
teenth and twentieth centuries. Later chapters will go into more detail on this and 
provide examples. Before materials take on their ultimate shape and designation, 
they frequently need to be cut, shaped, or smoothed. To accomplish this, a tool that is 
more powerful than the work item must be used. For example, wood can be shaped 
into different pieces by using flint stones that have a sharp edge. In order to obtain 
stool tools from big and bulky rocks, percussion flaking has been done. Striking a 
lump stone with another helps achieve the rocks’ specific shapes as desired. It is 
a common practice to employ flaky edges as blades for the purpose of hunting and 
survival. To provide a more secure grasp and a more robust application of force while 
using stone tools, people throughout the world from 5,000 to 10,000 years ago began 
engineering these flakes of stone with wooden handles derived from vegetable resins 
or fibers [1, 4–8]. 

2.2 Metal Ages 

It is not immediately apparent why stone-based societies finally gave way to metal-
based ones. As a side note, this change did not occur in all regions of the world at the 
same time. If it did happen at all, the introduction of metals took place over a period 
of about 5,000 years and seems to have started separately in a number of different 
places. For instance, metals were utilized quite early on in Anatolia, which is now a 
part of Turkey and serves as a bridge between Asia and Europe. Once upon a time, this 
area was home to a sophisticated culture that cultivated grain-bearing grasses (such 
as wheat and barley) and raised cattle, sheep, and goats as livestock. The transition 
from a nomadic to a settled civilization allowed individuals to devote more time to 
activities other than the necessity of finding and preparing food for the next meal. So, 
it is not strange that people would be curious about things like copper, gold, silver, 
mercury, and lead concentrations in their immediate area. Metals in their pure state 
(not combined with other elements as they are in ores) can be worked into different 
shapes and hardnesses by hammering and heating, respectively. Pieces of native 
metals likely commanded a high price due to their limited availability and rarity. 
Stone was still the material of choice for most tools and weapons, since pure metals 
were often too pliable to be a suitable substitute. As a result, pure metals, notably 
copper, silver, and gold, were primarily put to use in the creation of ornaments and 
decorations as well as for the performance of rituals. Figure 3 displays an example of 
one of the very oldest copper artifacts, which is an oval-shaped pendant that is 2.3 cm 
in length and 0.3 cm in thickness. It was discovered in a cave in the northeastern region 
of Iraq. As a result, the beginning of the metal ages coincided with the beginning of 
the Copper Age, and the conclusion of the metal ages coincided with the end of the 
Iron Age [1, 9, 10].
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Fig. 3 Copper pendant that 
was discovered in the 
Shanidar Cave of 
North-Eastern Iraq. It was 
thought be completely 
mineralized and have been 
built at about 9500 B.C. by 
carving the malachite ore and 
finished with abrasive [11] 

2.3 Copper Ages 

Sometime around 9500 B.C., people probably started working with local copper by 
pounding it or maybe even cutting out copper ore, marking the beginning of the 
Copper Age. Copper was used in each of these procedures. Having metal cooking 
implements must have given their owner a sense of pride. In particular, copper’s 
availability and striking appearance made a tremendous impact (especially after men 
learned how to smelt it). In conclusion, there was a long period of overlap between the 
Stone Age and the Copper Age. This is why this time period is called the Chalcolithic 
or the Copper–Stone Age. The earliest known usage of copper by human’s dates back 
to the Neolithic era, around 8000 B.C., yet it will be difficult to pinpoint an exact date 
for this discovery. Copper tools and weaponry dating back to roughly 5000 B.C. were 
unearthed from ancient Egyptian tombs. The epics of Shu Ching claim that copper 
was in use in China much before 2500 B.C. Native copper, which was discovered in 
large quantities around Lake Superior in Michigan, USA, at the turn of the Common 
Era (100–200 AD), was likely used for decoration. Some scholars have suggested 
that indigenous people in the Americas were already making use of copper by 4000 
B.C. Once upon a time, the native copper and other metals were likely mined to near 
exhaustion. This led Neolithic man to look elsewhere for metals, specifically at the 
minerals themselves. Malachite is a very popular copper resource. It is possible that 
Neolithic man encountered it in significant numbers in places like Anatolia and the 
Sinai Peninsula. Cyprus, which is abundant in chalcopyrite, is only one example of 
a potential copper ore deposit (a copper-iron sulfide). Now, after the discovery of 
various copper ores, the process of smelting copper ore in order to remove oxygen, 
sulfur, and carbon was not and is not an easy task. Extreme heat, more than the 
melting point of pure copper (1084 degrees Celsius), and a “reducing atmosphere” 
(an atmosphere devoid of oxygen and rich in carbon monoxide) are both required.
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Charcoal is created by burning wood or other materials. When the moment is right 
and the conditions are ideal, oxygen is drawn out of the copper ore, where it interacts 
with carbon monoxide to generate gaseous carbon dioxide, which is then released 
from the ore. The last stage of the reduction process requires a fluxing agent, such 
as iron ore. Additionally, it aids in the last step of separating the molten copper from 
the slag once the melt has cooled. This takes place after the melt has cooled. Iron ore, 
in particular, combines with the unwanted sand particles already present in the ore. 
Massive amounts of heat were generated by burning charcoal, and then air was blown 
onto the burning charcoal either by physically pushing the air into the furnace through 
bellows and/or blow tubes (called tuyères) or by situating the furnace on the peak of a 
mountain and taking advantage of the updraft winds. To this day, nobody knows how 
Neolithic men could have figured out this sequence of actions without the help of 
initiates or at least some degree of intuition. Recent research by archeometallurgists 
has disproven the hypothesis that copper may have been accidentally generated in 
campfires whose surroundings would have consisted of rocks containing copper 
ore. This was done to disprove the theory that copper was created accidentally in 
campfires. It is impossible to melt copper in a campfire because the temperatures 
involved (600–700 °C) are not high enough and the reducing atmosphere does not 
stay long enough. However, lead may be recovered from its ores and smelted using 
this process due to its lower melting temperature [1, 9, 10]. 

The “technique” of copper smelting is now widely believed to have been adapted 
from the skill of pottery production, which originated around 9000 BCE (or earlier in 
some regions). The contention relies on the assumption that pottery production and 
copper smelting happened simultaneously. A fertility statue known as the “Venus 
of Vestonice” was unearthed in the Czech Republic. It was made of baked clay and 
dates back to around 23,000 B.C. It is believed that this figure was made from the 
first cooked clay object. However, it appears that the development of both pottery 
making and copper smelting occurred simultaneously. For instance, Neolithic man 
learned that clay bricks hardened when dried in the sun but softened when treated 
with rain, a second time, allowing for more flexibility. Intentionally exposing the 
mud bricks to the heat of a fire to hasten the drying process is probably what led to 
the discovery of an irreversible hardening process. At temperatures around 500 °C, 
clay undergoes a chemical transformation that gives it a permanent consistency and 
renders it impenetrable in terms of water storage. This discovery likely prompted 
the methodical growth of pottery making and the construction of kilns to replace 
traditional methods of drying clay in the open air. These two changes occurred 
gradually over time. Surely Neolithic man knew that a mound of wood fuel on top 
of shattered pottery and dirt would cause a temperature increase [1, 9, 10, 12, 13]. 

The oldest known account of glass fabrication was known to have occurred in 
Egypt and Mesopotamia during the sixteenth–fifteenth centuries B.C., but the oldest 
known glass was discovered in Egypt around the thirty-fifth century B.C. Royal
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families exhibited the ornaments and beads that were manufactured using the glass, 
along with a beautiful vessel made of hollow glasses. Three methods were known 
to produce glasses in the presence of heat: consistent hammering, polishing, drying, 
cleaning, etc. Most ancient Egyptian spectacles, even those of similar design, were 
opaque and came in a rainbow of colors. The low temperatures of the first glass-
making pit kilns and the use of a wide range of admixtures—typically classified as 
either dyes, decolorizers, or opacifiers—were to blame. As far as can be told, the 
initial translucence and color palette of ancient glass were determined by random 
admixtures. The glassmakers did not figure out how to select a certain color until they 
had already amassed a great deal of experience. Dyes were made from the oxides 
of several metals, including manganese (Mn), copper (Cu), cobalt (Co), iron (Fe), 
and antimony (Sb). Moreover, lead (Pb) oxide was used. Opacifiers included copper 
oxide (Cu2O), antimonous oxide (Sb2O3), calcium oxide (CaO), lead oxide (Pb2O5), 
and tin oxide, which made the glass behave as see-through. Tin oxide and lead oxide 
(PbO) were also used as opacifiers (SnO2). As a result, the metal ages began with 
the Copper Age. That was back in the day when people first started working with 
copper to make tools, artifacts, utensils, weapons, and so on [2, 14, 15]. 

2.4 Bronze Age 

Without a doubt, one of the most important discoveries ever made was that adding 
tin to copper while casting could provide a large amount of extra strength in the cast 
form without the need for additional cold working. However, it is possible that the 
idea developed slowly through time and that there was a time when arsenic and very 
small amounts of tin were used together in the Near East. Sometimes, the Bronze 
Age is broken up into early, middle, and late segments based on the typology of 
the metals used during the era, but this is far from the rule. Arsenical coppers and 
straight tin-bronzes, neither of which contain arsenic or lead, were the metals of 
choice in prehistoric Britain and Ireland. Straight tin-bronze, with tin concentrations 
commonly exceeding 10%, was a common alloy throughout the Middle Bronze Age 
(Sn). Despite the fact that the alloy often contained 10% tin, lead was first used in 
castings at the end of the Bronze Age. Lead’s usage did not explode the moment 
it was introduced; in fact, it appears to have been confined to the southeast of the 
country in Britain. However, in other regions, lead is frequently found in bronzes 
without any attempt being made to date when lead was used in the creation of 
the bronzes. Because of this, the period is best divided into three parts: the early, 
exploratory age; the middle, complete Bronze Age; and the late, full Copper Age [3, 
16, 17]. Clearly, the people of the Chalcolithic era knew that copper had a number 
of advantages over other materials like stone and organic matter that made it the 
material of choice for a variety of tasks. Copper’s malleability and ductility made 
it possible to shape the metal into useful shapes, while the metal’s slicability made
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it possible to shape it into sheets and other shapes without sacrificing its ductility. 
Copper was employed by Chalcolithic people because of its durability, which may be 
enhanced by plastic deformation during hammering. Now that molten copper can be 
poured into molds and allowed to cool slowly, more complex forms of copper may be 
made. However, Chalcolithic man probably worried at least a little bit about porosity 
due to surface oxidation and gases trapped during the melting and casting processes. 
On the other hand, cast copper tends to be somewhat pliable, making it unsuitable 
for use in the creation of long-lasting tools or weapons. Ultimately, it was obvious 
that a different strategy was needed, one that placed a premium on imagination. A 
different material was required. It was determined that this material was bronze. It is 
unclear if Chalcolithic man discovered the toughness of cast alloys could be greatly 
improved by adding different metals to copper through experimentation or by sheer 
luck. No matter the method of discovery, it is known that the hardness of the cast 
alloy was significantly increased (an alloy is a combination of several metals). Cast 
bronze is harder than pure copper without any further hammering, thus it may be used 
right out of the mold. As an added bonus, it is possible that Chalcolithic man knew 
that some copper alloys had a substantially lower melting temperature compared 
to pure copper (by roughly 100 °C) and that molten alloys flowed more smoothly 
throughout the casting process. As expected, some of the impurities in the copper 
ore made their way into the molten metal. Sulfur, phosphorus, and iron were among 
the contaminants found. Rarely detected elements included arsenic, antimony, silver, 
lead, iron, bismuth, and even tin. To a lesser extent than in an alloy, these impurities 
were not present in the final product. Except for bismuth, which may make copper 
brittle even at extremely low concentrations, these impurities often do not have much 
of an influence on copper’s features. It appears that the first important and intentional 
addition to copper was arsenic (at least in the Middle East). However, alloying may 
be achieved there by melting together arsenic-containing ores and copper ores. Easily 
accessible copper-arsenic ores might be found there. Metal objects from the Middle 
East that date back to 3000 B.C. often included copper, but they also contained arsenic 
at levels of up to 7%. There is a compelling case to be made for highlighting a piece 
of archeological evidence that was discovered in the year 1961 A.D. A total of 429 
artifacts, the great majority (428) of which were fashioned of a copper-arsenic alloy, 
were discovered in the almost inaccessible “Cave of the Treasure,” which is located 
near the cave in which the Dead Sea Scrolls were unearthed. They probably belonged 
to a temple or shrine and were brought there by refugees around 3000 B.C. There 
were 240 intricately decorated mace heads discovered, as well as other treasures such 
as chisels and axes of various sizes and shapes. On the other hand, copper-arsenic 
alloys saw little application. There was probably an investigation into the deaths 
of metalworkers at some point when it was discovered that they had been caused 
by arsenic fumes emitted during the melting process. Finally, the ideal alloy mass 
percentage of 10% was reached after determining that tin was the best component 
to mix with copper. The copper-tin alloy in question is better known by its common 
name, bronze. Copper with 10% tin has a melting temperature of roughly 950 °C, 
while pure copper’s melting point is 1084 °C. The melt can be poured into the molds 
without any problem, and there are no difficulties with porosity (air pockets). Most
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importantly, the alloy is already rather tough after casting and the subsequent cooling 
process, but it may be worked even further to increase its hardness by hammering. 
Overall, the copper-tin alloy outlasts the copper-arsenic alloy and is far less brittle. 
The reader is invited to weigh in on a few intriguing issues. One is the debate over 
whether bronze was “made” in a single location (the Middle East, as many experts 
once believed) or separately at a variety of places across the world. There has not been 
a final word on this matter yet. However, recent archeological evidence suggests that 
in addition to the Mediterranean region, considered by many Westerners to be the 
“cradle of civilization,” independent bronze-producing centers existed in Northern 
Thailand (Ban Chiang) in the third or fourth millennium B.C. and also in the isolation 
of China during the Shang dynasty beginning around 1400 B.C. These geographically 
isolated areas seem to have experienced a transition into the Bronze Age in ways that 
were inconsistent with one another [1–3, 10–18]. For instance, Indo-China produced 
a great deal of bronze, and it is thought that many staple crops, such as rice, bananas, 
coconuts, yams, taro, and sugarcane, were first brought to humankind from that 
region. The locals built their dwellings from bamboo, made a living as potters, and 
raised pigs, chickens, and cows, among other domesticated animals. Bronze axes, 
spearheads, socket tools, bronze bracelets, clay crucibles, and sandstone molds have 
all been uncovered in this region, dating back to between 3000 and 2300 B.C. The 
most intriguing find was made when archeologists realized the people of Ban Chiang 
appeared to have skipped the stages of copper manufacturing and arsenical bronze, 
going straight to the tin-bronze period. There was no doubt that everything needed 
to cast bronze could be found in one place (in contrast to the Near East, as we 
shall elucidate below). Rich alluvial concentrations of tin and copper ores have been 
discovered in locations ranging from Southern China to Thailand and Indonesia. 
One of the most intriguing findings by archeologists is that the Thai people appeared 
to have existed in a “calm bronze period.” This conclusion is based on the lack of 
discoveries of bladed weapons such as swords, battle axes, daggers, and mace heads. 
Rather, bronze was mostly used for decorative purposes. The fact that so many infants 
were buried with bronze bracelets suggests that they were not a sign of social status 
[18–20]. 

In contrast, during the Shang dynasty (1600–1122 B.C.), early Chinese bronze 
was mostly employed for ceremonial containers to offer food and drink to ancestral 
spirits. The Shang dynasty saw the construction of these ships [1–3]. Somewhere 
between 3 and 30% tin and 3% and 5% lead can be found in bronze (which makes 
the melt flow easier). Numerous animals, like elephants, water buffaloes, tigers, and 
even fabled dragons, are depicted in the relief patterns on bronze artifacts from the 
Shang era. The Chinese have a lot of experience with casting. This was accomplished 
by first cutting the desired patterns into already-burnt clay molds. No more forging 
or pounding of metal was performed. A massive cauldron that weighs 875 kg in 
its entirety and was cast in one piece stands as proof of their skill. (Local villagers 
used it in 1939 A.D. to store food for their pigs; it was discovered in Anyang.) 
Another recent astounding find was a set of bronze bells from 433 B.C. that were
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buried in a tomb belonging to the Marqui Yi. The design of these instruments allows 
for a lower pitch to be produced when hit in the middle as opposed to the edges. 
According to modern academics, the two tones represent the Chinese concept of 
a universe ruled by two opposing forces, Yin and Yang, who coexist in harmony 
(such as day and night, heaven and earth, sun and moon). Supposedly, the two-tone 
bells represented the harmonious coexistence of opposing forces. Music was highly 
valued by the Chinese of that time since it was a means by which they could express 
their appreciation to the generations gone before them for blessing them with health 
and wealth. This was not a party with music provided by bells and drums, but rather 
a ritual meal shared with and celebrated by their forefathers [20, 21]. 

The sum of the reputed archeological evidence seems to indicate that during the 
Chalcolithic period, there were no major known tin sources located in the Near 
East, with the possible exception of some native tin in the Zagros Mountains, which 
are situated on the eastern edge of the Mesopotamian plain. However, if they were 
real, they vanished almost immediately after being uncovered. Instead, documents 
detailing massive caravans used to transport tin have been uncovered. It is also 
possible that tin was transported all the way from the Middle East to the Far East by 
coastal ships. Recently, a shipwreck carrying tin was discovered during excavations 
off the coast of Israel. There was no readily available tin for experimentation or the 
accidental discovery of bronze; therefore, it is still unclear how the Bronze Age may 
have begun in the Mediterranean region about 2000 B.C. Due to the lack of evidence 
to the contrary, it is important to explore the possibility that bronze technology was 
exported from the Far East or another place to the West. Malachite and cassiterite, 
tin and copper ores, are found on the southern slopes of the Caucasus in what is now 
Armenia. One theory puts this out as a possible tin source. It is likely that tin-bronze 
was made when these minerals were accidentally heated together [22, 23]. 

Some scholars believe that trade connections linking the Middle East and Eastern 
Europe (where tin may be found in Bohemia, Saxony, and other locations) date 
back to 2500 B.C. Because of this, we may now focus on the Europeans, and more 
specifically, the Uneticians, who became the dominant population in Europe around 
1500 B.C. [1–3]. The Unitarians were named after a small town near Prague that 
influenced a large area, specifically the Rhine Valley and Ukraine. The Uneticians 
were highly proficient bronzesmiths who mass-produced a wide range of goods. 
Jewelry, implements (such as axes and plowshares), weapons, and clothing pins 
were among the items produced. One product, a neck ring, was produced in such 
quantity that it was used as a kind of money, meaning that it could be traded for 
more valuable commodities like gold, furs, amber, and glass beads. The high volume 
of manufacturing made this a realistic option. However, these neck rings appeared 
to be very similar to those discovered in Syria [2, 3, 19, 22]. Results of unethical 
labor have been found in many tombs across the British Isles, Scandinavia, and 
Ireland, indicating that they traded with more than just the southern areas. They were 
original minds that developed innovative uses for existing ideas or made copies of 
popular items. Actually, it was the Unitarians who thought of using a safety pin.
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Archeologists excavating sites linked to the Unetic civilization have found knitting 
needles, the remnants of a complicated loom, and a strainer used in the production of 
cheese [3, 4]. A Bronze Age settlement wonderfully preserved in a peat swamp near 
the Federsee (a lake in southern Germany) yielded a large number of bronze-metal 
artifacts. These included axes, chisels, spears, knives, bracelets, pins, and a chain. 
Aside from the region around the Indus River in northwest ancient India, this was 
another crucial area for the advancement of bronze technology in this part of the 
country. The Harappan culture, which flourished there between 7000 B.C. and 1500 
B.C., was an extremely sophisticated civilization (until the Aryans invaded the land). 
Excavations at Mehrgarh, which took place in what is now Pakistan, indicate that the 
Harappans were skilled bronze artists as early as 2300 B.C. In the case of bronze, 
the Harappans employed lost-wax casting, annealing, and riveting. During this time 
period, they also developed the ability to manufacture human figures, containers, 
arrowheads, spearheads, knives, and axes. Evidence from bronze sickles found at 
the site suggests that the area was used for agricultural purposes. Huge mountains 
of copper slag indicate that the copper ores used in these processes came from 
the plains around the southern end of the Indus River (Mohenjodaro) and from 
areas to the northwest of the Indus valley, in what is now called Afghanistan [3, 
18–22]. The copper ingots discovered in this area have ashapem like a half circle. 
Similar to the Near East, though, tin’s history is clouded by mystery. Researchers 
believe the middle and Western Indian Deccan Plateau was the point of origin [24, 
25]. Copper smelting occurred across the Harappan civilization, not just in urban 
centers. However, various Indian communities spread out over the continent have 
the technology to work with copper and bronze, but not always at the same degree 
of sophistication. Greek mythology contains a written record devoted to the metal 
bronze. The Greek deity of fire, Hephaestus, crafts a superior shield for Achilles out 
of copper, tin, silver, and gold in Homer’s Iliad, which was likely written between 
800 B.C. and 700 B.C.C [18, 19, 22–24]. 

Finally, it is theorized that the indigenous inhabitants of the central highlands of 
Peru used bronze technology both before and during the Inca Empire. Around 1450 
A.D., or maybe even earlier, this technology is said to have first appeared. In contrast 
to European and Asian standards, the maximum allowable arsenic content in the 
products (including pins, chisels, and axes) was only 1.5%, while the allowable tin 
content was 3% or less. Most of the objects unearthed here lacked even trace levels of 
alloy components, much less enough to noticeably change their mechanical qualities. 
Therefore, the deliberateness of the alloying process is up for debate. Regardless, 
potential tin resources would have been nearby in Northern Bolivia. As opposed to 
popular belief, bronze technology was developed not just in the Middle East but also 
in other parts of Europe and Asia [1, 3]. In conclusion, several parts of the ancient 
globe had intricate bronze technology.
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2.5 Iron Age 

Historians have suggested a time range of 1500–1000 B.C. for the start of the Iron 
Age (at least in some parts of the world). This does not mean that people did not know 
about iron before that time; on the contrary, this was the case. Meteoritic iron, which 
includes a substantial quantity of nickel, was likely used by ancient people as early as 
4000 B.C. They hammered and shaped it into various tools and weapons. It is easy to 
see why iron was called “metal from the skies” in so many languages as it is believed 
that meteoric iron was used, hence his name. Until this reason, stone, copper, and 
bronze were widely used in construction for at least the first two millennia BCE [3, 
9, 10]. However, iron ores served a few essential functions far into the Chalcolithic 
period and beyond the Bronze Age. In the analysis of the manufacture of copper, 
fluxing agents are necessary during the smelting process for copper when malachite 
is present. When melting the metal, iron oxide was added to get rid of the unwanted 
sand particles that are found in malachite. Over time, slag formed, and as the melt 
cooled to the right temperature, the copper was easily separated from the slag [2, 3, 
10]. Iron, however, has a high melting point of 1538 °C; hence, there has been much 
debate in the academic community over whether or not prehistoric humans could 
have obtained this metal from on-Earth resources. For the Western (or eastern) half 
of the planet, such a high temperature was unthinkable at that age. But the answer 
to how humans obtained iron is taken from the previously mentioned slag as an 
example, where large quantities of it have been uncovered in areas that were once 
home to extensive copper smelting activity [1, 3, 9, 25]. 

It was discovered that this slag included some reduced iron, but in a porous form 
now known as “sponge iron” or “bloom.” Once the slag was studied, the findings 
became clear. Slag can be broken up and removed, and the iron can become more 
compacted when bloom is hammered at high temperatures for an extended period of 
time [3, 16, 17]. With this technique, you may get iron that is nearly pure. Modern 
metallurgists use the term “worked iron” to describe the final product (also written 
as wrought iron). It takes a temperature around a thousand degrees Celsius lower 
than what is needed to melt pure iron in order to reduce iron ore into spongy bloom. 
The use of this technique to produce iron seems like a logical beginning point for 
the manufacture of iron in that period. This technique reveals that the heat was never 
turned up high enough to melt anything. But iron in its purest form is extremely 
malleable, much more so than bronze. Furthermore, pure iron corrodes extremely 
rapidly when exposed to air with a high humidity content. This suggests that, prior 
to the knowledge of how to produce “good iron,” as it was characterized in ancient 
writings, prehistoric humans probably were not too interested in the metal itself. 
There is widespread agreement among archeometallurgists that the Hittites, or more 
likely Hittite subjects (known as the Chalybes), who resided in what is now Turkey 
but was then known as Anatolia-Mesopotamia, were responsible for the finding of 
high-quality iron. The Hittites were effective colonizers; they eventually came to 
rule over large swaths of the Mediterranean, including Assyria, Babylon, and parts 
of Northern Palestine. It is generally agreed that the Hittite administrative system was
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more advanced than that of its neighbors and that the Hittite legal system prioritized 
reparation above punishment. The Indo-Germanic Hittite language was recorded 
using hieroglyphics or cuneiform, a syllabic writing method borrowed from the 
Mesopotamians. As a global people, the Hittites communicated with one another 
using Akkadian. Iron swords, spears, and arrows were their most effective weapons 
[3, 26, 27], with the mythology claiming that they could easily pierce their enemies’ 
bronze shields. 

Although the speed and agility of their nimble chariots certainly helped them win, 
their superior design was also likely a factor. For two centuries, from around 1400 
B.C. [1, 3] to around 1200 B.C., the Hittites allegedly kept their method of making 
high-quality iron a secret. Hammering the bloom to remove the slag and compress 
it after many heating cycles in a charcoal furnace at temperatures close to 1200 °C 
with the goal of softening the bloom produced good iron. During the heat treatment, 
the bloom and, eventually, the iron were often exposed to carbon monoxide gas, 
which was created by the burning charcoal. According to previous statements, this 
technique aids in facilitating carbon diffusion into the iron’s surface. This process 
results in an iron-carbon alloy known as steel, which, while having a carbon content 
of just about 0.5% (as in the preceding example with bronze, Cu-10% Sn), is far more 
resistant to abrasion and corrosion (steel is defined as iron that contains up to 2.11 
mass percent carbon). The carbon content of steel ranged between 0.3% and 0.6% of 
the original steel. Cold work helps to increase strength. The inhabitants of the Iron 
Age must have also realized that limiting carbonization to an object’s surface (like 
the edge of a blade or the tip of a tool) produced a balance between great surface 
hardness and outstanding interior ductility. Iron with a surface carbon concentration 
of 1.5%, the result of a process called “selective steeling,” has been found as early as 
1200 B.C. The manufacturing of modern case-hardened iron is quite similar to this 
technology. But for a long time, no one realized the role carbon played in establishing 
the tenacity of iron and steel. Actually, Aristotle (384–322 B.C.), an ancient Greek 
scholar and philosopher, was one of many who believed (incorrectly) that steel was a 
purer form of iron due to the “purifying impact of charcoal fire.” When cast iron was 
dissolved in acid, a “graphite-like residue” was left behind that was not spotted until 
1774 A.D. by a Swedish metallurgist named S. Rinman. A further seven years passed 
before Bergman and Gadolin released their results on the varied carbon levels in the 
various irons and steels. Two more discoveries, probably made in the first millennium 
BCE, improved the quality of the carbonized iron even further. One such method is 
called “quenching,” and it involves plunging a piece of red-hot carbonized iron into 
a tub of ice water to cool it down quickly. To our surprise, Homer describes this 
procedure in great detail in The Odyssey. By increasing its strength, the material 
being worked on might become so tough that it cracks easily when handled. Blades 
of quenched swords, tools, and other equipment may have developed fractures or 
even shattered as a direct result of this. The second discovery was made at the end of 
the first millennium B.C. and entailed briefly heating the previously quenched steel 
to temperatures of around 600 °C. This treatment, now known as tempering, restores 
some of the material’s ductility and reduces some of its brittleness, but at the expense 
of some of its hardness [25, 26].
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A high-carbon percentage makes the iron in a structure very brittle. The substance 
easily breaks or shatters when struck, leaving it nearly unusable for tools and 
weapons. This means that cast iron needs further processing. The Chinese probably 
invented this novel treatment around 500 B.C. Surface carbon from high-carbon iron 
was removed as part of the process. This procedure led to the creation of a steel coat 
with properties on par with those of steel made in the west by carbonizing wrought 
iron [1–6]. To accomplish the intended outcome of decreasing the carbon content 
of the cast iron, the iron was heated in the presence of air at temperatures ranging 
from 800 to 900 °C. Carbon monoxide gas is released into the environment when 
oxygen from the air combines with some of the carbon already there. The Chinese and 
Mediterranean peoples both arrived at quite similar solutions, albeit independently. 
Nonetheless, they ended up at the same place in the end. While the Western world had 
to form and carbonize its items one at a time by hammering, the Chinese could form 
their products via casting, allowing for simple mass manufacturing. The ability to 
mass-produce their goods was, however, the greatest benefit of Chinese technology. 
Another major technological innovation originated in China during the first century 
of the Common Era (A.D.). Carbon-rich iron has to be agitated in order to stimulate 
a reaction between carbon in the melt and the air. In this way, the carbon content of 
the melt was already low enough to allow steelmaking. This technique, often known 
now as puddling, was found in England in 1784 A.D. Massive industrial complexes 
were active around Zheng-Zhou and other locations throughout the latter half of the 
Han period (202 B.C.–A.D. 220). Several gigantic furnaces, each measuring about 4 
by 3 m in size and towering about 3 m tall, were housed in these structures. The iron 
from these furnaces might have weighed several tons per day. Stack casting, in which 
many molds are piled on top of one another, was also pioneered in China. Up to 120 
distinct spells might be cast at once. Production of plowshares, hoes, cart bearings, 
and harness buckles was so extensive that each item could be made at a cheap per-unit 
cost. As a result, it is possible that agriculture improved, leading to larger production 
and a larger population [9, 26–28]. This was because it facilitated the widespread 
availability of tools essential for agricultural labor, such as plows, cultivators, and 
diggers. Thus, the Iron Age paved the way for the discovery of iron and steel and 
the mass manufacture of these materials, laying the framework for the progressive 
development of structure in the contemporary world, whether consciously or not. 
Since this era marked the beginning of the efforts to create the modern world, its 
time range is considered to be the basis for the modern age as a whole. 

3 History of Glass Materials 

Glass has been used as a separate material since around 2500 BC, mostly as beads. 
It may have originated in India or Mesopotamia and was then introduced to Egypt 
and other nations in Europe. Glassware first emerged in 1450 B.C., under the rule of 
Thutmose III, an Egyptian pharaoh from the eighteenth dynasty. The Crystal Palace, 
erected by Joseph Paxton in 1851 A.D. to hold the Great Exhibition, served as a
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precursor to the use of glass as a construction material. The public began using glass 
as a construction material for residential and horticultural architecture as a result 
of Paxton’s groundbreaking new structure. With the assistance of renowned French 
glassmaker Georges Bontemps, the British Crown Glass Company (later Chance 
Brothers) was the first business to use the cylinder process to create sheet glass in 
1832 [1, 2]. 

4 Brief History of Polymeric Materials 

The original meaning of the term “plastic” was “pliable and readily moldable.” 
It was only recently given a name for the class of materials known as polymers. 
Polymers are composed of lengthy chains of molecules, and the term “polymer” 
implies “of many pieces.” In nature, polymers are abundant. The component of plant 
cell walls known as cellulose is a widely used natural polymer. John Wesley Hyatt 
created the first synthetic polymer in 1869 A.D. after being motivated by a New 
York company’s $10,000 reward for anybody who could come up with an alternative 
to ivory. By combining cellulose, which is made from cotton fiber, and camphor, 
Hyatt discovered a plastic that could be molded into a variety of shapes and made to 
resemble natural materials such as tortoise shell, horn, linen, and ivory [29, 30]. 

5 Brief History of Carbon Materials 

Carbon has been used since at least 3750 B.C., when the Egyptians and Sumerians 
reduced copper (Cu), zinc (Zn), and tin (Sn) ores to produce bronze. As early as 
157 A.D. [38, 39], animal and plant-based carbons were used to treat a variety of 
illnesses. The absorptive capacity of carbon-derived compounds from various sources 
was first observed in 1773 A.D. by Car Wilhelm, a chemist from Pomerania, a region 
of Europe on the Baltic coast that was governed by Sweden. However, Eponit (trade 
name), the first activated carbon manufactured industrially, was initially marketed 
by the Austrian Fanto Works in 1911. The municipal water treatment sector is now 
the greatest market for activated carbon [31, 38, 39]. 

6 Brief History of Nanomaterials 

One of the most intriguing instances of nanotechnology in the ancient world was 
presented by the Romans in the fourth century AD, who employed nanoparticles and 
structures. One of the most remarkable works of ancient glass art is the Lycurgus cup, 
which is part of the British Museum collection [32–35]. It is the first well-known 
instance of dichroic glass. Dichroic glass refers to two distinct glass kinds that,
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depending on the illumination, may change color. The Advanced Research Project 
Agency (ARPA) of the USA initiated the fabrication of material science during the 
advanced modern ages [32–35]. ARPA funded a project in material science with five 
esteemed universities in the USA in 1960 A.D., which led to the initiation of the 
formation of a new branch of science and technology called “Material Science and 
Engineering.” As for the modern world, extensive use of nanomaterials began in that 
year [36, 37, 40]. 

7 Conclusions 

The historical perspective provides an overview of how the modifications have been 
made to achieve the goal with improved inherent properties. However, the historical 
prospect of material and material engineering will provide a brief and detailed idea 
about the modifications that have taken place since the primitive age. This alteration of 
improvement is still in the process of evolving, although with the industrial revolution, 
there has been a significant acceleration in the development process. The “materials 
method of thinking,” which led to the unlikely development of a generic concept 
of materials, emerged just recently. However, in the twentieth century, they were 
reimagined as a generic entity to be examined in a multidisciplinary techno-scientific 
paradigm rather than as separate entities that posed challenges to scientific reason 
in the context of the contemporary scientific paradigm. The significant position of 
materials has been profoundly reshaped in this historical process, where science, 
technology, and society are interconnected; they are no longer seen as preconditions 
placing restrictions and limitations on engineering, but rather as objects of design. 
This chapter will provide the connecting link between the past, present, and future 
of materials and material engineering with the knowledge of historical perspectives 
and statistics regarding the development of materials over the course of history. 

Acknowledgements We sincerely acknowledge the use of data about historical prospects, mainly 
from the books titled “Understanding Materials Science: History, Properties, and Applications” and 
“Revisiting the History of Materials Science Glass, Glaze, and Enamel over the Millennia,” along 
with ideas about different engineering approaches in ancient times from the different articles cited 
in this chapter. We are very grateful to the authors directly or indirectly cited in this chapter. 

References 

1. Hummel RE (1998) Understanding materials science: history, properties, applications. 
Springer, New York, p 407 

2. Gnesin GG (2016) Revisiting the history of materials science glass, glaze, and enamel over the 
millennia. I. Glass. Powder Metallurgy Metal Ceramics 54(9):624–630 

3. Tylecote RF (1977) A history of metallurgy. Br Corros J 12(3):137–140 
4. Cahn RW (2001) The coming of materials science. New York



20 R. Pandey et al.

5. Hill JD (1994) Barry Cunliffe (ed.). The Oxford illustrated prehistory of Europe. xii+ 532 pages, 
46 colour plates, 19 maps. 1994. Oxford: Oxford University Press; ISBN 0–19–814385–0 
hardback£ 30. Antiquity 68(260):668–670 

6. Mehl RF (1984) Brief history of the science of metals. AIME 
7. Wilson A (1994) The living rock: the story of metals since earliest times and their impact on 

developing civilization. Woodhead Publishing 
8. Lessem D (1994) The iceman. Crown, New York 
9. Raymond R (1984) Out of the fiery furnace: the impact of metals on the history of mankind. 

Penn State Press 
10. Smith CS (1977) Metallurgy as a human experience. ASM International (formerly American 

Society of Metals), Materials Park, OH 
11. Smith CS (1977) Metallurgy as a human experience: an essay on man’s relationship to his 

materials in science and practice throughout history. American Society for Metals 
12. Harrison RJ (1980) The beaker folk: copper age archaeology in western Europe, vol 97. Thames 

and Hudson 
13. Parr JG (1958) Man, metals, and modern magic. Published jointly by American Society for 

Metals [and] Iowa State College Press, Cleveland, Ohio; Ames, Iowa 
14. Scheel B (1989) Egyptian metalworking and tools. Shire Publications, Aylesbury, UK 
15. Spindler K (1994) The man in the ice. Harmony, New York 
16. Craddock PT, Gale D (1987) Evidence for early mining and extractive metallurgy in the British 

Isles: problems and potentials. In: Science and archaeology Glasgow 1987. Proceedings of a 
conference on the application of scientific techniques to archaeology, Glasgow, pp 167–191 

17. Stickland P (1975) The recovery of tin into copper by surface additions of tin-bearing minerals. 
Under graduate dissertation, Department of Metallurgy, Cambridge 

18. Dickinson O, Dickinson OTPK (1994) The Aegean bronze age. Cambridge University Press 
19. Cunliffe B (ed) (2001) The Oxford illustrated history of prehistoric Europe. Oxford Illustrated 

History 
20. Fong W (1980) The great bronze age of China. Knopf, New York 
21. Chase WT (1991) Ancient Chinese Bronze Art, China House Gallery, China Institute in 

America, New York 
22. Higham C (1996) The bronze age of Southeast Asia. Cambridge University Press 
23. Mellaart J (1966) The chalcolithic and early bronze ages in the Near East and Anatolia 
24. Langmaid NG (1976) Bronze age metalwork in England and Wales, shire archaeology series. 

Shire Publications, Aylesbury, UK 
25. Pigott VC (1992) Iron versus bronze. J Metals 42ff 
26. Macqueen JG (1986) The Hittites and their contemporaries in Asia Minor, vol 83. Thames and 

Hudson 
27. Pleiner R, Wertime TA, Muhly JD (1980) The coming of the age of iron. Yale University Press, 

Newhaven and London, p 40 
28. Schmidt PR, Childs ST (1995) Ancient African iron production. Am Sci 83(6):524–534 
29. Nicholson JL, Leighton GR (1942) Plastics come of age. Harper’s Magazine, p 306 
30. Freinkel S (2011) Plastics: a toxic love story. New York, Henry Holt, p 4 
31. Gupta T (2018) Historical production and use of carbon materials: the activated carbon. In: 

Carbon. Springer, Cham, pp 47–70 
32. Bayda S, Adeel M, Tuccinardi T, Cordani M, Rizzolio F (2019) The history of nanoscience and 

nanotechnology: from chemical–physical applications to nanomedicine. Molecules 25(1):112 
33. Geiger RL (1992) Science, universities, and national defense, 1945–1970. Osiris 7:26–48 
34. Choi H, Mody C (2013) From materials science to nanotechnology: Institutions, communities, 

and disciplines at Cornell University, 1960–2000. Hist Stud Nat Sci 43(2):121–161 
35. Bensaude-Vincent B (2001) The construction of a discipline: Materials science in the United 

States. Hist Stud Phys Biol Sci 31.2:223–248 
36. Tiwari SK, Kumar V, Huczko A, Oraon R, Adhikari AD, Nayak GC (2016) Magical allotropes 

of carbon: prospects and applications. Crit Rev Solid State Mater Sci 41(4):257–317



Metal and Materials Engineering: Historical Prospect 21

37. Tiwari SK, Mishra RK, Ha SK, Huczko A (2018) Evolution of graphene oxide and graphene: 
from imagination to industrialization. Chem Nano Mat 4(7):598–620 

38. Inagaki M (2006) Carbon materials science and engineering: from fundamentals to applications. 
清华大学出版社有限公司 

39. Inagaki M, Kang F (2014) Materials science and engineering of carbon: fundamentals. 
Butterworth-Heinemann 

40. Sudha PN, Sangeetha K, Vijayalakshmi K, Barhoum A (2018) Nanomaterials history, classi-
fication, unique properties, production and market. In: Emerging applications of nanoparticles 
and architecture nanostructures. Elsevier, pp 341–384



Introduction of Metal Nanoparticles, 
Dental Applications, and Their Effects 

Md. Alamgir, Manoj Panchal, Ashis Mallick, G. C. Nayak, 
and Santosh Kumar Singh 

Abstract Investigation and evolution in the involved sciences at the molecular or 
atomic level is the demand of the day under the discipline of nanoscience or nanotech-
nology, with massive impact on almost all regions of human health and condi-
tioning, including various medical domains such as clinical diagnoses, pharmacolog-
ical investigations, and additional resistant methods. The domain of nano-dentistry 
has appeared due to the assorted dental applications and consequences of nanotech-
nology. This chapter first outlines classifications and categories of nanomaterials 
established on their source, biochemical arrangement, resources, and measurements. 
The basic effects of value conversion at the nanoscale and the multiple improved and 
valuable effects of fabricated nanomaterials, such as incarceration effects, texture 
influences, mechanical impacts, structural developments, thermal developments, 
optical effects, magnetic effects, and dental application, are also described. In the 
final section, we looked at in vivo, in vitro, and the effects of nanomaterials. 
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1 Introduction 

The free technological process, which was the fate of the eighteenth century, sparked 
the advancement of industrial research and the achievement of newly developed 
materials [1]. At this point, the barriers are the miniaturization of apparatuses as well 
as the apparatuses themselves: lower magnitude, lower energy consumption, but 
excellent implementation. The ability to complete minute designs with high preci-
sion is required for advancement, as is the exploration of novel, acceptable fabrics. 
However, the development is not so smooth and effortless. Nanotechnology [2] is  
one of the most magnificent approaches developed to respond to such an essen-
tial. Recently, the investigation using nanoscale materials has gathered a signifi-
cant amount of concentration from researchers. They accept nanotechnology as the 
innovative technology of the twenty-first century [3]. The expression “nanotech-
nology" comes from the Greek word “nano,” which stands for "very little,” and so 
it refers to materials of minute-size spectra [4, 5]. The interdisciplinary science of 
nanotechnology is a competent domain wherever collections of particles as well as 
grains have been controlled at the nanometer scale. It has the formatting of materials, 
elements, appliances, and procedures at near-atomic classes. Nanomaterials typically 
have dimensions ranging from 1 to 100 nm (nm). behavior that has been developed, 
determined, transformed, demonstrated, and contracted with distinct effects at the 
nanoscale, such as economical, solid, eco-approachable, good, stable, flimsier, and 
typical for a variety of definitions [6–8]. The purpose of nanotechnology has been 
separated into two domains: The first is the amount of material around fabricating at 
sizes of 1–100 nm, and the second is the near attributes of resources at the nanoscale 
that produce potential for their activity in unexplored applications. Because materials 
have fundamentally different effects than their majority peers, dimensions content 
that maintains an excellent arrangement of concentration is typically from 100 nm 
down to the atomic level [9]. The multiple significant explanations for this revolution 
in interpretation are the improved importance of the exterior as well as the interfacial 
area [10]. At this exact moment, nanotechnology is a new-fangled paradigm that is 
essential for reflecting on and gaining knowledge concerning biological creation, 
where the bottom-up technique is the control and not a peculiarity. In this unex-
plored method, one has to imagine periods of particles and the way they act together 
to construct valuable ingredients, designs, appliances, and procedures [11–13]. For a 
long time, nanotechnology has progressed from the laboratory environment to appli-
cations and client effects [14]. Nanotechnology will change people’s attitudes toward 
the environment, and their contracts have been found to provide the most sound tech-
nical as well as technical advancement in a variety of domains in separate touches: 
microchip technology, animation, climate, transmission, fitness, and medical care 
[15]. Nanotechnology also has a broad perspective in the fields of biology, pharmacy, 
material science, and physics, which could be combined to improve medical care. 
Even though the perception of nanotechnology has been examined in healthcare anal-
ysis for the previous three periods, it is still considered to remain in the early stages 
of growth as estimated medicinal benefits have not been apprehended [16, 17]. Both
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academic and industrial groups are devoting time to research the effect of nanothera-
peutics on surface experiments and analyzing the theoretically demonstrated benefits 
of nanoparticulate techniques for dental applications. While nanotechnology is still 
in its early stages, it is already producing rapid results, opening up new avenues for 
analytical minds to apply this superior equipment for human well-being [18]. This 
chapter handles the up-to-date execution of nanomaterials by delivering a compre-
hensive assessment of the recent improvements in the nanotechnology domain. It 
draws awareness to the additional characterizations, large-scale types, fundamental 
effects, synthesis routes, dental application, and effects of nanomaterials. 

2 Nanomaterials 

Nanomaterials, formerly known by Paul Ehrlich as “magical bullets” [19], have been 
one of the principal studied materials of the century that provided delivery to a novel 
constituent of science known as nanotechnology [20]. Nanomaterials are chemically 
significant materials that are formed or used on a very small scale. The term “material” 
refers to an infinite number of elements that, when combined, produce an average 
statistical execution. As a result, the nanomaterials project is concerned with distinct 
interface outcomes and explains factors related to size and the determined number 
of constituents [21]. Nanomaterials are various types of imports that have structural 
components lower than 100 nm to a minimum of one extent. Nanomaterials consist 
of nanoparticles (NPs), which are particles, with at least two extents between almost 
1 and 100 nm [22]. Novel-designed materials presented in the demand as well as the 
summary of the contribution of dentists to the interpretation of clinical applicability 
and efficiency of nano-materials is resembled those presently deployed in clinical 
preparations. Various levels contain disparities in confidence in describing nanoma-
terials [23]. To be categorized as nanomaterials, the material must be smaller than 
100 nm in size in a minimum of one order. The International Standardization Organi-
zation (ISO) has described nanomaterials as “materials with any exterior nanoscale 
measurement or carrying the interior nanoscale texture structure” (ISO/TS 27,687 
2008; ISO/TS 80,004–1 2010). The US Food and Drug Administration (USFDA) also 
represents nanomaterials as “materials that contain at least one dimension in the range 
of approximately 1 to 100 nm and demonstrate dimension-dependent phenomena.” 
As per the European Union Commission, nanomaterials represent “a manufactured 
or natural material that achieves untied, aggregated, or agglomerated particles, where 
exterior dimensions are between 1 and 100 nm size ranges” [24]. The use of various 
descriptions across numerous domains is regarded as the most powerful impediment 
to regulatory measures because it demonstrates how to permit delay in involving regu-
latory strategies for imperceptible nanomaterials. As a result, the main purpose of 
developing a single transnational definition for nanomaterials is to persuade differing 
concerns.
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3 Category of Nanomaterials 

The broad category of nanomaterials, including organic, inorganic, and carbon-based 
materials, is presented in Fig. 1. 

3.1 Organic Nanomaterials 

Due to its strength, capability, and delivery approaches, the drunken medication 
procedure defines the separate kinds of benefits and effectiveness, however, of the 
material effects, including sizes, arrangements, and exterior morphologies. Organic 
nanomaterials have general use in biomedicine for targeted medicine delivery [25– 
29]. Such distinct elements generate an excellent prospect for medication delivery. 
Polymers or organic nanomaterials generally enclose dendrimers, micelles, lipo-
somes, ferritin, etc. Several of these particles, such as liposomes and micelles, have 
hollow structures known as nanocapsules that are sensitive to thermal and electromag-
netic radiation, including heat and rays, which is an abbreviation for biodegradable 
and non-toxic [30].

Fig. 1 General category of nanomaterials 
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3.1.1 Polymeric Nanomaterials 

This type is usually for organic-based nanomaterials, which practically have 
nanosphere or nanocapsule conditions and can be smoothly functionalized. 
Nanospheres are matrix particles with a wide solid assembly, and additional 
molecules are immersed in the spheroidal surfaces’ external surfaces. Nanocapsules 
are regular masses that have been encapsulated within a particle [31, 32]. 

3.1.2 Lipid-Based Nanomaterials 

These nanomaterials, varying in diameter between 10 and 100 nm, maintain the fatty 
acid element and have useful applications in considerable bioinformatics domains. 
They, like polymeric nanomaterials, consist of a solid substance made of lipids and 
a matrix containing lipotropic molecules, though the mixing or detergent stabilizes 
the extreme nature. They locate various applications in medicine carriers, delivery, 
and RNA release for treating cancer [25]. 

3.2 Inorganic Nanomaterials 

Metal and metal oxide-based nanomaterials are typically categorized below. 

3.2.1 Metal Nanomaterials 

Nanomaterials of decent metals, such as Au, Ag, and Cu, and alkali maintain an 
extensive adsorption elevation in the detectable area of the electromagnetic solar 
range; factors, sizes, and shape-observed metal Nanomaterials are highly valued 
as advanced developed materials [33–35]. These are entirely manufactured from 
metal prototypes. Given their standard localized exterior plasmon resonance (LSPR) 
effects, they want distinct optical-electrical features. 

3.2.2 Metal Oxide Nanomaterials 

Such nanomaterials show amazing characteristics in comparison with their metal 
analogs [36, 37]. Some samples are titanium oxide (TiO2), aluminum oxide (Al2O3), 
zinc oxide (ZnO), magnetite (Fe3O4), cerium oxide (CeO2), silicon dioxide (SiO2), 
and iron oxide (Fe2O3), which are frequently synthesized oxides. Mainly, metal oxide 
nanomaterials are synthesized because of their higher reactivity and significance.
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3.2.3 Ceramic Nanomaterials 

Ceramic nanomaterials are inorganic nonmetallic solids that have been synthe-
sized through reheating and successive freezing and exist in polycrystalline, 
viscous, unstructured, absorbent, or open structures with applications in catalyzed, 
photolyzed, and stunning applications [38, 39]. 

3.2.4 Semiconductor Nanomaterials 

Semiconductor materials have metal and nonmetal structures, and because of their 
expansive hole semiconductor laser, their components have changed significantly as 
the hole semiconductor laser has improved. As a result, they have simply dominant 
materials in photonics, photocatalysis, and photoelectronic procedure [40]. 

3.3 Carbon Founded Nanomaterials 

Carbon-based nanomaterials can be assembled along a nanometer scale within 
fullerenes, CNTs, GO, CNFs, black carbon, and periodically actuated carbon [41]. 

3.3.1 Fullerenes 

C60 is a spheroidal carbon particle formed active of carbon particles linked via sp2 

implants with approximately 28–1500 carbon particles, combining globular networks 
with diameters of 8.2 nm for different coatings and 4–36 nm for multidimensional 
[42]. 

3.3.2 Graphene 

A sheet of graphene has a consistency of about 1 nm [43, 44]. Graphene has one of 
the lowest concentrations of carbon. It has a hexadic grid created by a bore lattice of 
carbon particles on a two-dimensional surface. 

3.3.3 Carbon Nanotubes 

Carbon nanotubes are graphene nano-foils with a honeycomb lattice of carbon atoms 
that have been supported by a hollow cylinder, resulting in nanotubes as small as 
0.7 nm for a one-layered carbon nanotube and 100 nm for multilayered carbon 
nanotubes that range in size from a few micrometers to many millimeters. The ends 
of nanotubes may be unfilled or assembled via a half fullerene molecule [42, 45, 46].
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3.3.4 Carbon Nanofiber 

Equivalent to graphene, nano-foils have been utilized for making carbon nanofibers 
and carbon nanotubes. They pivot into a cone structure, ideally a standard conical 
pipe [47]. 

3.3.5 Carbon Black 

It has an amorphous carbon object that is usually rounded with a diameter in the range 
of 20–70 nm. The particles have a significant connection that leads to the binding of 
the wholes, so that about 500 nm-sized agglomerates are designated [48]. 

4 Synthesis of Nanomaterials 

Two primary processes have been arranged for the synthesis of nanomaterials and 
have large orders in top-down and bottom-up approaches (Fig. 2). 

Fig. 2 Traditional synthetic approaches for nanomaterials
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4.1 Top-Down Synthesis 

The upper-down procedure guides the reduction of bulk materials to nanometer-
gauge atoms with mechanical grinding, popping, nano-lithography, laser ablation, 
and thermal deterioration as the fabricated methods with wide-extent applications. 

4.1.1 Mechanical Milling 

Among the distinct top-down methods, mechanical milling has been one of the 
widely habituated approaches for developing additional nanoparticles and it has 
involved mill and post-anneal nanoparticles during syntheses, in which different 
elements are milled. Moldable deformation parameter influences the mechanical 
milling, which results in particle formation and fracturing resulting in the reduction 
in particle dimensions, and cold-welding, conducting to an addition in the particle 
size [49–51]. 

4.1.2 Nano-lithography 

The fabrication of nanometer-scale investigating designs with at least one measure-
ment in the size range of 1 to 100 nm is referred to as “nano-lithography,” with 
additional nano-imprint mixtures such as scanning probe, optic, multi-photon, lithog-
raphy, and electron light [52]. When available, lithography refers to the technique of 
publishing the planned form or design on light-sensitive materials, which destroys 
a portion of the materials for constructing the planned formation and design in a 
distinct way [53, 54]. 

4.1.3 Laser Ablation 

One of the famous methods for assembling nanomaterials in distinct solvents is laser 
ablation synthesis, which has entailed. The irradiation of metal submerged in a liquid 
by a laser ray reduces a plasma plume, thus causing the nanomaterials [55]. 

4.1.4 Sputtering 

Sputtering is the process of depositing NPs on the outside of a body by ejecting 
particles from it during a collision with ions [56]. The NPs’ sizes and conditions 
are specified by the layer consistency, annealing duration, temperature, and kind 
of substrate [57]. It usually entails depositing a light coating of NPs followed by 
annealing.
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4.1.5 Thermal Decomposition 

The thermal decomposition methodology guides the chemical deterioration via 
heating, which is endothermic and cracks down the chemical adhesives in the 
mixtures. Nanomaterials are formed by the deterioration of metal at specific 
temperatures, which causes a chemical reaction, resulting in secondary goods 
[58, 59]. 

4.2 Bottom-Up Synthesis 

Developing materials from particles toward clumps to nanomaterials is known as a 
“bottom-up” or “productive” technique with overall applications for creating nano-
materials via chemical vapor deposition (CVD), spinning, sol–gel, pyrolysis, and 
biosynthesis. 

4.2.1 Sol–Gel 

One of the overall bottom-up approaches is the sol–gel process because of its straight-
forwardness. Sol–gel is a wet-chemical method with a chemical resolution that has a 
prototype for discrete particles. The final system contains a solid and a liquid stage. 
A separate stage is involved for retrieving the nanomaterials via additional methods, 
including sedimentation, filtration, and centrifugation. Vapor is frequently further 
destroyed through drying [60, 61]. Afterward, the prototypes are sprinkled into a 
host liquid by mixing and shaking. Metal oxide and chloride are two prototypes that 
are usually deployed in the sol–gel technique [62–65]. 

4.2.2 Spinning 

A spinning disk reactor (SDR) has been utilized to synthesize nanomaterials through 
spinning, which has involved a spinning disk within a chamber in which material 
variables, including temperature, may be monitored. In widespread use, nitrogen 
or different inert gases are filled in the reactor to extract oxygen and avoid the 
chemical response. The disk rotates at different speeds, during which moisture and a 
prototype are pumped in. The spinning technique influences the fusion of molecules 
or particles, which has been observed in showers, supplies, and parching. The effects 
of the nanomaterials synthesized from SDR are distinguished by different functional 
variables such as disk characters, disk wheel acceleration, liquid ratio, liquid or 
precursor ratio, and spread background [66–70].
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4.2.3 Chemical Vapor Deposition (CVD) 

The benefits of CVD include higher purity, uniformity, and hardness, with the draw-
back that it requires particular mechanisms and gaseous by-products that would be 
highly lethal [71, 72]. The response results in the appearance of a light coating of 
effect on the substrate’s exterior, which is recyclable and reusable. The temperature 
of the substrate is one of the elements exploited by CVD. CVD refers to the deposit of 
a light coating of gaseous reactants over a substrate. The sedimentation procedure is 
completed at room temperature in a reaction compartment via a gas-molecule mixture 
in which the chemical response takes residence when a wild substrate structure with 
the mixed gas is present [73]. 

4.2.4 Pyrolysis 

The moisture or fluid form of the prototype is delivered into the furnace with improved 
stress via a small orifice for discharge [58]. Later, the outbreak or product gases are 
classified in order to save the nanomaterials. Pyrolysis, the burning of a precursor with 
a flame, is a technique with general application in industries with large-scale produc-
tion of NPs. Pyrolysis appreciates advantages such as clarity, efficiency, affordability, 
and a continual methodology with significant results. Several furnaces use lasers and 
plasma rather than flames to generate high temperatures for easy evaporation [74, 75]. 

4.2.5 Bio-synthesis 

Bio-synthesis is an eco-friendly approach for synthesizing nanomaterials, which is 
rather less harmful and has the probable benefit of biodegradable materials [76]. 
It deploys fungi, bacteria, manufacturer extracts, and enzymes with prototypes 
for designing nanoparticles, preferable to conventional chemicals for bio-reduction 
and limiting definitions. The biosynthesized nanomaterials have specific improved 
biocompatibility attributes that are valuable for biomedical applications [77]. 

5 Nanomaterials Features 

In widespread use, nanomaterial topographies are categorized into physical and 
chemical structures.
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5.1 Physical Features 

Electrical and magnetic elements, including conductivity, semiconductivity, and 
resistivity, provide the conditions for utilizing nanomaterials in modern electronics, 
thermal conductivity, and renewable power applications [33, 78]. Moreover, it 
concerns mechanical characteristics, including elasticity, flexibility, tensile strength, 
and flexibility, which contribute significantly to their application. Physical properties 
include optical aspects such as nanomaterial pigment, light penetration adsorption, 
consideration capabilities, UV adsorption, and thinking ability in a resolution or 
painted over a texture. Notably, several current companies use other elements such 
as hydrophilicity, hydrophobicity, suspension, dispersion, and determining effects. 

5.2 Chemical Features 

Chemical features affect the reactivity of the nanomaterials with their mark, strength, 
and sensitivity to variables such as sunlight, atmosphere, humidity, and heat that 
specify the applications of nanomaterials. Corrosive, anti-corrosive, oxidation, degra-
dation, and flammability properties of nanomaterials distinguish their applica-
tions [79, 80]. Antibacterial, anti-fungal, disinfection, and toxicity are excellent 
nanomaterial attributes for biomedical and environmental uses. 

6 Characterizing Nanomaterials 

Different description techniques have been designed, i.e., infrared spectroscopy 
(IR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), trans-
mission electron microscopy (TEM), field emission scanning electron microscopy 
(FESEM), Brunauer–Emmett–Teller (BET), and particle size analyses, to explore 
distinct physicochemical characteristics of nanomaterials. 

6.1 Morphological Properties 

FESEM is based on the electron scanning direction, which gives details regarding 
the materials at the nanoscale [81]. Different characterization techniques have been 
offered for morphological studies; yet, microscopic methods, including FESEM, 
polarized optical microscopy (POM), and TEM, are the most famous procedures. 
The morphological effects of nanomaterials have always been particularly assumed 
because morphology always involves a maturity of the nanomaterials’ characteristics.
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6.2 Structural Properties 

The structural characteristics are important for analyzing the composition and char-
acter of the crucial materials. XRD, EDX, XPS, Raman, IR, BET, and zeta potential 
and size investigation are the dominant systems utilized for analyzing the structural 
characteristics of nanomaterials [82]. 

6.3 Particle Size and Surface Area 

It has the potential to operate different techniques for evaluating the size of the 
nanomaterials, such as TEM, XRD, and FESEM, while the zeta possibility and size 
estimation by dynamic light scattering (DLS) may be involved in discovering the 
sizes of excessively minor nanomaterials [83]. 

6.4 Optical Features 

The optical characteristics are essential in photocatalytic applications, and the details 
of the instruments can be influenced by photochemical methods. Such characteris-
tics are consistent with the well-known Beer-Lambert’s law and the essential light 
regulations. Such approaches feed an understanding of the luminescence, absorption, 
reflectance, and glowing characteristics of the nanomaterials [84]. 

7 Applications of Nanomaterials 

7.1 Dental Applications of Nanomaterials 

An investigation has revealed that different types of nanomaterials imitate the host 
tissue parts [85, 86], though the facts of such characteristics among dental resi-
dents are not known. All of the overhead difficulties may be addressed via restora-
tive interventions and the application of biocompatible manufactured materials. 
Nanomedicines involved as dental materials maintain specific physicochemical and 
physical characteristics, which cause them to be outstanding for devastating flank 
outcomes connected to better traditional dental treatments [87]. Therefore, the current 
review concentrates on the features of different metal and polymer-based nanoma-
terials utilized in adhesive and beneficial dentistry, acrylic resins, periodontology, 
tissue engineering, endodontics, and implant dentistry [88–90] (Fig. 3). Injured dental 
tissues may result in dental caries, periodontal infections, tooth sensitivity, undesir-
able puffiness, and oral precancerous and cancerous diseases. Teeth perform in the
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Fig. 3 Dental applications of nanomaterials

active atmosphere of the oral hollow, wherein it has a great challenge to control 
tooth erosion. Because of the collected details ground on oral infections, preven-
tative dentistry has a crucial and recreates a meaningful role. Nanomaterials are 
used in preventative dentistry, such as working biofilms at the character of teeth 
with nano-apatites and demineralizing the early phase of submicron-sized enamel 
lesions [91, 92]. Periodontal conditions involving the hard and soft tissues near the 
teeth lead to gum infections, bone failure, and, in extreme situations, tooth failure. 
Periodontics is the extension of dental science that focuses solely on the tooth-
supporting systems such as the gingiva, the periodontal ligament, the cementum, the 
alveolar bone, and the mucosa, as well as the illnesses that influence them. Diverse 
medicines are available for the management of periodontal conditions; some of them 
contain both restorative therapy and surgical interventions. Medicine molecules in 
medicinal medicines are intrinsically macro-sized particles that seek to penetrate 
periodontal pockets. Contrarily, the nanoscale measurements of nanoparticles make 
it easier for them to reach subgingival provinces. For example, medication delivery 
via nanoparticle inclusion for periodontal medicine therapy with TCS has been used 
as a suitable sample [93, 94]. It has been employed by inserting a patch within the 
periodontal pocket, which releases the medication into the manufactured location 
in a sustained manner [95]. In another investigation, nanoparticles of carbonate and 
apatite crystals exhibited sufficient sealing of dentinal tubules, which is believed 
to be important for long-term therapy of dentinal hypersensitivity [96]. Tetracy-
cline nanoparticles (Tet NPs) have been examined for periodontal treatment as well. 
The commercially available tetracycline-packed microsphere patch was marketed as
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Arestin® (Valeant, Bridgewater, MA, USA) and Nanogen® (Orthogen, Springfield, 
IL, USA). The medicine and management of intraosseous periodontal defects were 
recently evaluated with nanocrystalline hydroxyapatite (HA), and it demonstrated 
approving effects [97]. Metal nanoparticles such as hydroxyapatite NPs and tita-
nium oxide NPs have better biological approval than conventional metals for the 
imitation of prosthodontic dentures. The expansion of nanofillers in polymethyl-
methacrylate (PMMA) in prosthodontics exhibits a significant increase in transverse 
resilience, suitable biological compatibility, and exterior hardness and reduces water 
sorption and solubility [98, 99]. Prosthodontics has dealt with the diagnosis, therapy 
planning, and protection of the normal oral position of patients with clinical needs 
related to cutting teeth or enunciating and maxillofacial tissues, using biocompatible 
expedients. The latest-generation materials, acrylic resins and dental implants, for 
example, have pleasant effects and are available for extensive prosthodontic restora-
tive approaches. Manufacturing dentures has employed nanoceramic materials that 
exhibit high resilience, color strength, and lower electrical and thermal conductivity 
[100]. The biological aging method, oral infections, or trauma can all influence the 
normal oral environment and cause tooth failure, necessitating a replacement for 
the regular oral environment. Multiple additional metal varieties have been used for 
creating a prosthodontic denture with titanium, cobalt-chromium, and molybdenum 
alloys [101, 102]. Their mixtures have exhibited exceptional mechanical effects and 
corrosion resistance to stainless steel or gold alloy [103, 104]. Developed nano-
materials exhibit superior biocompatibility and deliver outstanding outcomes over 
standard therapy possibilities [105]. Materials with low biocompatibility cause facial 
skin irritation, post-operative condition, and contusion. Localized nano-drug delivery 
can even assist in maintaining surrounding healthy tissues while targeting malignant 
tissue. Maxillofacial and oral surgery is the department of dentistry that concen-
trates on the therapy of oral infections with damages and deficiencies in the hard and 
soft tissues of the oral (mouth) and maxillofacial (jaws and face) provinces. Some 
oral conditions or trauma cause facial deformities and bone deficiencies that need 
surgical intervention to restore the normal facial characteristics. Oral bone implants 
or bone-forming biocompatible materials have been established to transform the 
facial formation of the patient. Several types of research have shown that magnetic 
nanoparticles could be utilized for the delivery of targeted cancer drugs. However, 
this therapy causes symptoms such as a burning mouth and hair loss. Nanotech-
nology can also help in decreasing systemic toxicity by lowering the mandated parts 
of anticancer medicines via specific localization and defeating cancer enclosures by 
nano-drug delivery [106]. They can also be used as platforms for fresh bone-building 
due to their ability to promote osteogenic differentiation and biomineralization in 
enclosures. Oral cancer has evolved into one of the most life-threatening oral condi-
tions and has been considered the main stake to human fitness. The biggest side 
effect of cancer therapy is the systemic toxicity induced by chemotherapy. They 
can be directly injected into the tumor location tissue via an intravenous route, and 
because of their nanoscale size, they require a lower dosage of medications, which 
reduces systemic toxicity and provides the expected outcome of tumor regression
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via precise targeting of medicine delivery [107–109]. Endodontics is the depart-
ment of dentistry associated with the biology of the regular dental pulp and the 
etiology and therapy of infections and harms of the dental pulp, along with asso-
ciated periradicular infections. A recently reported study showed the inclusion of 
biopolymeric NPs in root canal disinfectants provided powerful antibacterial action 
[110]. Nanotechnology can recreate the important role it played in the development 
of developed endodontic materials in endodontic therapies. The effects of endodontic 
materials can be enhanced through the application of nanotechnology by the inclusion 
of antibacterial nanoparticles, which can control recurrent disease and defeat root 
canal treatments [111]. There are several types of materials demanded in endodontic 
therapies, such as dental amalgam, glass ionomer cement (GIC), dental composite, 
gutta-percha, root channel disinfectant, and sealers. In another investigation, the 
inclusion of QPEI (quaternary ammonium polyethyleneimine) NPs enhanced the 
antibacterial action of the root canal sealer against biofilms of Enterococcus faecalis 
strains [112]. Microorganisms in the oral cavity can cause dental caries that guide 
various endodontic techniques such as root canal treatment, which is one of the most 
common causes of deep dental caries (Table 1).

Dentofacial and Orthodontic Orthodontics is the domain of dentistry that mainly 
trades with the diagnosis, prevention, and modification of malpositioned teeth. The 
teeth should be in the ideal position for the regular process of filling the hollow, but

Table 1 Role of nanotechnology in conservative dentistry endodontics 

S. no Role of nanotechnology Benefits References 

1 Therapy of dental 
hypersensitivity 

Carbonate hydroxyapatite 
nanocrystals in toothpaste for the 
interception of dentinal tubules to 
treat dental hypersensitivity 

[96] 

2 Nano-loaded glass ionomer 
types of cement 

Adequate mechanical and optical 
effects 

[113] 

3 Nanoparticle-filled restoring 
composite resins 

Higher filler loading, better 
mechanical effects, glossy exterior 

[113–115] 

4 Nano-loaded adhesion 
mechanisms 

More immune to degradation and 
adequate adhesion properties 

[116] 

5 Endodontic sealers Because of their antibacterial 
activity, Quaternary ammonium 
polyethylenimine nanoparticles 
(QPEI NPs) are used as a filler in 
commercially available endodontic 
sealers such as Guttaflow, Epiphany, 
and AH Plus 

[117] 

6 Remineralization of tooth 
design 

A variety of polyvinylpyrrolidone 
(PVP) and Amorphous calcium 
phosphate (ACP) nanofibers for 
remineralization of demineralized 
dentine in vitro 

[118–120] 
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orthodontic medicine is required due to insufficient oral soundness, malocclusion, 
tooth filling, or reaching between teeth. The nanoparticles acted as spacers, reducing 
texture irregularities, and even in high-load applications, the metal nanoparticle layer 
served as a solid grease film, allowing for extremely low conflict and comfortable 
gliding of orthodontic wire over the frame [121]. Nanomaterials with developed 
effects are constantly being researched and commercialized [122]. Conflict and 
mechanical resistance between orthodontic wires and frames can be facilitated by 
a layer of nanoparticles. A nanolayer of antibacterial nanoparticles in orthodontic 
materials can control dental plaque shape near the orthodontic devices and contain 
dental caries associated with orthodontic therapies. Kachoei et al. demonstrated in 
2006 that nano-coatings of globular metal nanoparticles reduced the conflict signif-
icance between arch wires and self-ligated stands. The use of nanotechnology for 
orthodontic applications is in its early stages of evolution. 

7.2 Nanomaterials in Oral Medicine and Radiology 

Organic and inorganic nanoparticles of silica, zirconia, HA, and titanium dioxide have 
been employed in oral treatment for medicinal applications [123]. Nanotechnology-
based oral medicinal techniques have several advantages over the traditional process. 
Nanoparticles have unmatched particles and an extensive exterior area that tends 
to form powerful chemical or material bonds that develop mechanical and phys-
ical effects. Oral medicine is the entity of dentistry that is affected by the clinical 
diagnosis and non-surgical direction of non-dental pathologies involving the verbal 
and facial provinces. Inadequate oral health can lead to innumerable oral infec-
tions. Keeping a healthy oral situation requires an earlier and more accurate diag-
nosis of oral infections. Nanotechnology has given us the credentials for the greatest 
imaging and adequate therapy of oral infections. Nanoimaging is a unique concept 
for dentistry. Digital imaging is tested with nanophosphor scintillators that rapidly 
radiate visual dawn when revealed to actually emit a very low amount of ionizing 
radiation. The nanoimaging process demands an extremely intense portion of the 
radiation to provide high-quality images corresponding to conventional techniques, 
which can be very useful for dental applications [124]. 

7.3 Nanomaterials in Restorative Dentistry 

In the last few years, resin-based dental restorative materials have made significant 
advances. The accumulation of nanoparticles in the dental compound resin matrix 
can greatly improve its mechanical effects, low polymerization shrinkage, increased 
abrasion resistance, and exterior hardness [125, 126]. A newly documented analysis 
indicated that the expansion of fluoro-aluminosilicate glass nanoparticles in GIC 
enhanced the mechanical and esthetic effects [113]. Newly, Nanoionomers (Ketac™
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Fig. 4 Fluorescent diagrams of L. minor origins. a Control, b, c plants exposed to L-cysteine-
capped and tannic acid-capped Se NPs, d–i TEM micrographs of L. minor root cells, d control e, 
f plants exposed to L-cysteine-covered Se NPs, and h, i plants uncovered to tannic acid plugged 
(Reprinted with permission from Tarrahi et al. (2021) [147]) 

Nano; 3M ESPE) have been sold for the clinical benefit [115]. Restorative dentistry 
has dealt with the diagnosis and management of illnesses connected to the teeth, and 
they are living systems. Advanced methods are requirements for the restoration and 
relief of injured tooth configurations, the restoration of tooth position, and adequate 
esthetics [127]. Nanotechnology has aided in the development of biocompatible, non-
toxic dental restorative materials such as GIC, dental composite, dental implants, and 
endodontic materials [114] (Figs. 4 and 5). 

7.4 In Vivo Toxicological Investigations 

Translocation in the plants can be branded by the material properties of NPs, and 
the opening can be described by the structural characteristics of TiO2 NPs [128, 
129]. In additional research, TiO2 NPs were found on S. polyrrhiza as brilliant spots 
in the tissues using fluorescence microscopy [130]. On the other hand, opposing
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statements have been documented [131] and demonstrated that TiO2 NPs were not 
toxic to L. minor and did not penetrate the chambers, though connected to the cell 
partition. TEM imaging of ZnSe and CdSe NPs documented their internalization and 
localization into the enclosure wall, cytoplasm, and multivesicular structures of L. 
minor with the succeeding collapse of organelles (Fig. 5). The same damages, as 
mentioned for L. minor and by Se NPs, have been revealed in these analyses [132, 
133] (Fig. 4). Fluorescence microscope analysis confirms the diffusion of awesome 
magnetic oxide NPs to the Glycine maximum. The investigation revealed that ZnSe 
NPs were internalized in L. little sources in a concentration-dependent manner [134]. 
Endocytosis is an available method for absorbing NPs as well as pores and plasmod-
esmata, which extend ways for NPs to penetrate plants. Larger NPs infiltrate via 
hydathodes, bloom stigmas, and stomata. Santos et al. reported that mercaptopropi-
onic acid-coated CdSe/ZnS QDs were current in cell recess cultures of Medicago 
sativa [132]. Further, black holes of CuO NPs were marked in an analysis employing 
a fluorescence microscope and Auramine O staining in the cores of S. polyrrhiza 
[135]. Also, images of internalized CdSe NPs were recorded as glossy bubbles in the 
root tissues of L. minor [133]. In the subsequent analyses, manufacturers revealed 
that Se NPs exhibited encouraging ignorant scars under fluorescent microscopy; in 
other words, NPs were evident in root tissues [136] (Fig. 4). Moreover, a comparable 
influence has been observed in soybeans affected by magnetite nanoparticles [137]. 
In the microscopic specimens, nanomaterials have been traced inside the manufac-
turer’s enclosures in different analyses. It is cracked that saturation has been done via 
a semi-permeable membrane, vessel pressures, or a crude trend [138]. Therefore, S. 
polyrhizal roots revealed to be L-cysteine-limited CdS nanoparticles exhibited iden-
tical areas under fluorescence microscopy [139]. The endoplasmic reticulum (ER) 
and mitochondria have been destroyed. The effects revealed that NPs have infiltrated 
the cell wall and are carried throughout the cytoplasm. Moreover, cellular remains 
(disrupted regions) have been detected to be affected by the impact of Se NPs on the 
organelles (Fig. 5). The existence of ZnO NPs in the core cells of Fagopyrum escu-
lentum as well as the collapse of organelles induced by NPs poisoning are reported in 
an investigation [140]. The extension of NPs to the exterior of enclosures can generate 
a shading development that can be described by a decrease in light absorption, thus 
reducing the rate of photosynthesis. Attaching NPs can also guide material collapses 
to partitions and nutrient impairment, controlling evolution and expansion [141]. It 
is proven that ER stress is interconnected with NP cytotoxicity, which eventually 
guides cells to apoptosis [142]. Moreover, glowing areas of mercaptopropionic acid-
coated CdSe/ZNS QDs, as well as Pt NPs, were observed in the cytosol, cell division, 
and organelles of Medicago sativa. In a work by Tarrahi et al., L-cysteine and tannic 
acid-checked Se NPs have been shown inside the enclosure wall and cytoplasm of L. 
minor. In other investigations, the internalization of Au and CeO2 NPs into the core 
enclosures of Arabidopsis thaliana and cotton has been proved by TEM [143, 144]. 
Moreover, CdSe NPs were evaluated by SEM images in Chlorella vulgaris (algae) 
and demonstrated substantial alterations in the cell morphology in comparison with 
the sound structure of the algae (prior to the treatment); deformation of the cell exte-
rior of the alga was evident behind the revealing of NPs [145]. One instance is related
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Fig. 5 TEM micrographs of L. minor root cells. a Control, b–d Cells treated with ZnSe NPs. CR: 
cell remnants (reprinted with permission from Tarrahi et al. (2021) [147]) 

to Ag NPs that generated different ER stress features in human THP-1 monocytes 
and a succeeding fast ER stress response [146]. 

7.5 Tissue and Cell Culture Nano Toxicological Studies 

The addition of NPs to culture medium has effectively led to a regime of microbial 
pollutants in plant tissue cultures [148, 149]. They can be an effective additional 
sample procedure that contributes valuable information to whole-plant investigations. 
Although nanotoxicology has been broadly analyzed using various entire plants, 
in vitro cultures have also been used to study the intrinsic genetic and metabolic 
abilities of plant cells in reaction to NPs. The effects showed the negative effect of 
modified NPs on metabolism and caused the display of protective blends [150]. Tissue 
culture is an essential technique involved in different areas of plant biology [151]. 
Tobacco BY-2 cell culture has been applied as a plant cell model, comparable to the
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Fig. 6 Engineering human tissue equivalents in vitro 

HeLa cells employed for creature cell cultures, to explore the effects of NPs on plants. 
All medicines except for whole NPs and Fe2O3-NH2 exhibited growth reduction at 
a lower concentration as compared to maintenance. Revised magnetic NPs caused 
significant changes in protein quantity, phytochelatin scopes, and glutathione S-
transferase activity. Several assay types, including the exhibit of ROS, cell viability, 
cell development, oxidative stress, and particle uptake assays, are the main issues 
in such experiments. In one investigation, tobacco BY-2 cells were exposed to 10, 
50, and 250 μg mL−1 of cerium oxide NPs for 24 h. The results demonstrated a 
concentration-dependent addition of Ca2+ and ROS at all cerium oxide NP therapies. 
Exposure of BY-2 cells to magnetic NPs (γ-Fe2O3) demonstrated no significant 
impact on cell viability, but the application of modified magnetic NPs (γ-Fe2O3-OH 
and Fe2O3-NH2) led to a significant reduction of cell viability at all concentrations 
(1, 10, and 100 ng mL−1) after 120 h of cure (Fig. 6). 

However, at concentrations of 50 and 250 g mL−1, significant DNA damage 
and changes in antioxidant defense systems were clearly discernible. Moreover, the 
effects of this investigation have indicated an unconventional autophagy-mediated, 
antioxidative activity and the geno-protective prospect of cerium oxide NPs [152]. In 
addition, a cell biology technique utilizing tobacco cell suspension cultures revealed 
the various toxic products of chemically and biologically synthesized CuO NPs. 
According to the physiological studies, chemically synthesized CuO NPs were 
more toxic than biologically synthesized CuO NPs [153]. But despite the favorable 
effects, plant tissue culture-based studies have demonstrated that NPs have poten-
tially toxic impacts on plants. In vitro investigations may conceal the complexity of 
the natural conditions or organismal methods; however, they supply a steady situ-
ation to investigate the toxicity mechanisms at a molecular level, which is difficult 
to perform in in vivo analyses. Nanoparticles have been widely used for distinct
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objectives such as improving minor metabolite exhibit, callus installation, organo-
genesis, somatic embryogenesis, somaclonal deviation, and genetic modifications 
[154]. Several reports indicate the positive results of nanoparticle application in 
plant tissue cultures. Tissue cultures such as calluses, cell suspensions, and hairy 
roots propose a mixture of experimental benefits, including practical convenience 
and speed, besides the results of microflora and translocation barriers compared with 
whole-plant systems [155]. The treatment of tobacco factory cells with water-soluble 
carboxy fullerenes demonstrated their existence on the cell wall, which disrupted 
the cell wall and membrane and, as a result, prevented cell development. Further-
more, a glycosyl peak persists after cell division, and ROS elevation in the treated 
cells suggested a possible protection mechanism for the manufacturer cells against 
fullerene stress [156]. Differences in multiple oxidative stress biomarkers, including 
a significant decrease in cell development and viability, a decrease in H2O2 scopes, 
an increase in ROS scavenging enzyme activities, and a decrease in phenolic and 
flavonoid compound scopes, confirmed that Ag NPs caused oxidative stress in N cell 
culture tabacum [157]. Analyzing the cytotoxic impact of SnO2 and Ag/SnO2 NPs 
in tobacco cell cultures as a prototype design explained the significance of struc-
ture modification in NPs’ toxic effects. SnO2 NPs were not toxic, but Ag-doping 
was effective in producing toxicity in tobacco cells via oxidative stress. Micro-
scopic examination with a neutral red (NR) vital stain not only revealed cell death 
in medicines with high levels of SnO2 NPs (0.5 mg mL−1) and precise low concen-
trations of Ag/SnO2 NPs (0.2 mg mL−1), but also revealed a high concentration of 
NR in the vacuole of tobacco cells, revealing the stress caused by NPs and the acid-
ification of vacuolar pH [158]. Arabidopsis break cultures have also been utilized as 
prototype cells to explore the potential toxicities of some NMs. The temperamental 
reaction was considered a potential toxic agent caused by the MWCNTs [159]. The 
toxic impacts were severely increased by lowering the size of the agglomerates of 
the MWCNTs. MWCNTs induced an increase in ROS, followed by a reduction in 
cell viability in Oryza sativa cell break cultures. The addition of mercaptopropionic 
acid-coated CdSe/ZnS quantum dots (QDs) to the broken culture of Medicago sativa 
demonstrated a substantial decrease in cell growth at a concentration of 100 mM after 
72 h. The accumulation of QDs in the cytoplasm and middle of the cells resulted 
in the generation of ROS that was dose- and time-dependent [132]. The toxicity 
of graphene (0–80 mg−1) on  A. thaliana (Columbia ecotype) T87 cells was docu-
mented as employing fragmented nuclei, membrane deterioration, and mitochondrial 
dysfunction. Graphene led to a 3.3-fold increase in ROS, which suggests that ROS are 
the main mediators in the cell death signaling pathway. Moreover, the migration of 
graphene into the cells and an endocytosis-like system were detected, which proposed 
graphene entry into the cells by endocytosis [160]. In the case of the tolerant combi-
nation, only the non-enzymatic antioxidant approach was stimulated, while in the 
exposed combination, both enzymatic and non-enzymatic pathways were stimulated 
for scavenging ROS [161]. Based on the data of cell dryness importance, cell viabili-
ties, cell chlorophyll amounts, and SOD activities, the agglomerates of multi-walled 
carbon nanotubes (MWCNTs) were discovered to be toxic to the Arabidopsis T87 
cells (Fig. 6). The endocytosis-like pathway was hypothesized as a means of cellular
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uptake for these NPs. The expansion of 20-nm gold and silver NPs to an increased 
medium of a cell suspension culture of A. thaliana (L.) Heynh was accompanied by 
an increase in the intracellular free amino acid pool (alanine, -aminobutyric acid, 
and valine), which is a factor in plant cell abiotic pressure reactions. Likewise, the 
NPS direction altered the design of extracellular proteins in the cell culture [162]. 
The authors hypothesized that the presence of person nanotubes at the cell wall 
could trigger a hypersensitive response signaling cascade, resulting in the produc-
tion of ROS [163]. Multifunctional silica NPs (CMB@SiO2, with a middle diam-
eter of 47 nm) and SiO2 NPs (29 nm) had no harmful impact on A. thaliana cell 
break cultures, despite the considerable toxicity of molybdenum octahedral group 
bromide (CMB, 1 nm). Exposure of silica NPs (19 nm, 48 nm, and 202 nm) in 
rice cell cultures revealed that Cd toxicity was noticeably reduced by reducing the 
size of silica NPs. Silica NPs induced an expansion in the Si uptake ability and a 
reduction in the Cd uptake ability, which led to the comfort of the toxicity of Cd 
in the cells [164]. Internalization of gold and silver NPs in Linum usitatissimum 
L. calli and regenerants has been demonstrated. It was suggested that the addition 
of the vacuum-deposited metal nanolayers on the powdered hormone in the culture 
medium could be applied for the delivery of metal NPs to plant cells [165]. Impact of 
Ag NPs and AgNO3 on MDA and H2O2 scopes of potato in vitro cultures revealed 
that the phytotoxicity of Ag NPs was more important than AgNO3, and the toxicity 
was probably due to the induction of oxidative stress [166]. Also, according to the 
altered actions of antioxidant enzymes and the deduction of glutathione and ascor-
bate in potato shoot cultures, it was supposed that Ag NPs included a more harmful 
development in comparison with the equivalent quantity of Ag ions [167]. Different 
types of cell cultures have also been utilized to estimate the phytotoxicity of NMs. 
A study of the interactions of fluorescein isothiocyanate-labeled mesoporous silica 
NPs (MSNs) with Liriodendron hybrid break cells revealed that MSNs (5–15 nm) 
were internalized by the plant cells via endocytosis. The cytotoxic and genotoxic 
outcomes of mercaptopropionic acid-coated CdSe/ZnS QDs (10, 50, and 100 nM) 
were displayed in M. sativa cells by the activation of both the DNA restoration 
genes and the ROS-releasing enzymes [168]. Because of the outstanding biocom-
patibility of MSNs, these NPs are suggested to be possible nano-carriers for walled 
plant cells [169]. The exposure of Corylus avellana L. cells to the various atten-
tions of Ag NPs (0, 2.5, 5, and 10 ppm) for 1 week reduced the cell viability and 
improved the movement of some extreme scavenging enzymes. Again, the amounts 
of H2O2, taxol, and phenolic combinations, as well as the action of phenylalanine 
ammonia-lyase, were increased [170]. It has been stated that both Ag NPs and silver 
ions demonstrated similar toxicity impacts on the stress-tolerant and stress-sensitive 
types of wheat. The obtained results described nanosilver toxicity mechanisms as 
morphology disorder, membrane damage, oxidative stress, and an increase in non-
enzymatic antioxidant production. Callus culture, an undifferentiated tissue, has been 
utilized as an essential mechanism in plant biotechnology. Investigators have used 
callus cultures to explore the effect of NMs on plants. Lower groups of CuO NPs (1 
and 15 mg L−1) showed poor renewal in Basmati 370 [171]. In vanilla node cultures, 
Ag NPs induce growth stimulation at 25 and 50 mg/L and excellent deterrence at 100
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and 200 mg/L. Production of ROS and mineral nutrition were identified as the main 
means of AgNPs-induced hormesis for vanilla in vitro cultures [172]. However, the 
high concentration (500 mg/L) reduced the growth and induced the production of the 
highest amounts of H2O2, with notably more polyphenol oxidase (PPO), peroxidase 
(POD), and secondary metabolic activities. Interaction of MWCNTs with plant cells 
can activate specific enzymes such as POD and NADPH oxidases, resulting in the 
production of ROS. The production of ethylene and jasmonic acid are signaling path-
ways provoked by carbon nanomaterials. The response of plants to carbon nanoma-
terials is similar to that of biotic elicitors such as pathogens or herbivore attacks. The 
biosynthesized CuO NPs (1–20 mg/L) utilizing the Azadirachta indica leaf section 
revealed a favorable influence on the callogenesis and resurrection of O. sativa L. 
According to the effects, the best renewal was noticed in Basmati 385 (92%) at a 
high concentration of 20 mg/L, Basmati 2000 (80%), Super Basmati (52%), and 
Basmati 370 (32%), respectively. The generated ROS oxidize polyunsaturated fatty 
acids (PUFA) to polyunsaturated fatty acid hydroperoxide (PUFA-OOH), which are 
transformed into oxylipins, resulting in the upregulation of genes incorporated in 
the production of secondary metabolites [173]. The growth of Satureja khuzestanica 
Jamzad calli was significantly aided by increasing CNT concentrations up to 50 mg 
L−1. 

8 Conclusion 

Nanomaterials attach directly to natural, random, or fabricated materials, including 
particles in unbound, agglomerated, or aggregated conditions. They are materials 
with essential structural units, particles, fibers, or other essential features smaller 
than 100 nm in at least one dimension. Nanotechnology can be characterized as the 
performance, control, and manipulation of materials, having measurements around 
the 1–100 nm range, where traditional physics breaks down. It has been seen that 
nanomaterials are diverse from their bulk moieties and cannot be studied as precisely 
as bulk or small molecules because of their distinct effects at the nanoscale. The 
properties of nanomaterials depend upon their design, chemistry, particle dimen-
sion, and relationships with different materials. The manufacturing of nanomaterials 
is accomplished mostly via two methods specified as “top-down” and “bottom-up” 
processes. Researchers consider nanotechnology to be the innovatory technology of 
the twenty-first century. Nanoscience and nanotechnology can deal with a lot of the 
universal challenges confronting the community today and enhance the quality of 
life. The device of nanotechnology continues to make momentous endowments to 
inventiveness, dental applications, and advantageous effects across wide areas. In 
fact, nanotechnology aims to develop novel functional smart materials and appara-
tuses with a broad field of devices, and it is important to put focus on the emergence 
of recent topics like nanoenergy, nanomedicine, nanoelectronics, and nanofood. The 
first way stands for cracking down the bulk material into fewer and fewer dimensions, 
while the second one is based on reducing the small clusters.
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Abstract Every day, millions of things are manufactured for the pleasant and 
delightful existence of humans, and the number is continually expanding with the 
growth of modern technology. The fascinating characteristics of composite materials 
have piqued the interest of the research community across the globe. Ever-increasing 
demands are now being made to develop cost-effective, eco-friendly, and efficient 
composite materials, thereby replacing the previously used monolithic technology. 
In the past few years, considerable work has been devoted in this field to designing 
an enormous variety of metallic composite configurations. Among the developed 
composite configurations, metal matrix composites are considered to be the most 
important because of their excellent characteristic features, such as wear, creep, 
fatigue, lightweight. Besides this, they also find a wide variety of applications in every 
aspect of life. In this book chapter, a brief introduction to metal matrix composites 
will be provided, followed by their different classifications based on their proper-
ties. Following that, a brief discussion of their significant properties is provided, 
providing the readers with in-depth knowledge. Besides that, an outlook on the 
different synthesis techniques as well as their applications in different technological 
aspects is presented in the chapter. 
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1 Introduction 

Modern technology has increased the demand for materials, and it is the neces-
sity of the hour to create new materials in order to overcome the constraints of the 
materials that exist now in terms of their applicability in many industries [1]. The 
materials researchers have a complex design challenge when selecting the proper 
components, but if done well, it may serve as the foundation for the material’s best 
usage and function [2]. Likewise, metallic composites are now at the forefront of 
materials technology with efficient characteristic parameters that lead to their high 
performance, which is suitable for high-demanding application areas. Besides that, 
they are also cost-effective and eco-friendly in nature [3]. Because of the remarkable 
features possessed by them, they are currently being used in different applications like 
lightweight equipment, transportation, sports equipment, aviation and automotive 
industries, construction, marine and space activities, electronics, computer systems, 
security, surveillance, and so on [4–9]. Metallic composites originally arose as a 
unique technology during a period when higher efficiency for sophisticated mili-
tary systems was a top priority for material development [5–13]. By the late 1970s, 
the materials development and commercialization orientation had shifted. Even in 
defense applications, the increasing reliance on price and increased sensitivity to risk 
made certifying new high-performance materials for applications more difficult [12]. 
However, functional qualities of metallic composites such as excellent dimensional 
efficiency, high durability, and appealing thermoelectric characteristics have enabled 
the transportation services (vehicles and railways), thermal management, aviation, 
industrial, recreational, and infrastructure industries. The term “metallic composites” 
itself expounds on the concept of a composite substance, which is a mixture of mate-
rials. When two or more constituent materials with considerably different physical 
or chemical properties get merged, a material with distinctive aspects independent 
of its constituent parts is produced [14]. In a similar way, metal matrix compos-
ites are made up of a continuous matrix of metal or alloy with reinforcement in 
the form of particles, small fibers or whiskers, or continuous fibers [15]. Aluminum 
(Al), magnesium (Mg), copper (Cu), and titanium (Ti) must make up the majority of 
the metallic matrix in metal matrix composites (MMCs), and the reinforcement can 
either be metallic fibers or be distributed ceramics consisting of oxides and carbides 
(tungsten, molybdenum, and lead). Nearly 50% of the total volume of the composite 
material is made up of reinforcement [14]. Excellent examples of composite mate-
rials include wood, which is mostly made up of fibrous chains of cellulose molecules 
in a matrix of the organic polymer lignin [14, 16]. The development of MMCs has 
made it feasible to combine the pliable, strong, and conductive properties of metals 
with the wear resistance, toughness, and hardness of ceramic materials involved in 
the metal composites [1, 12]. The matrix reinforcement involves materials with high 
strength, stiffness, and low thermal expansion, as it enables the MMCs to stand up to 
stress conditions. The reinforcement phase in composites is probably stronger than 
the continuous matrix [5, 14, 17, 18]. Many modern metal composite materials use 
metallic reinforcements, such as tungsten-reinforced copper, tungsten heavyweight
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alloys, copper–niobium, superconductors. Furthermore, the use of metallic compos-
ites has resulted in a decline in the wastage of food items and other eating products 
by employing revolutionary food-packaging methods that improve food storage life, 
safety, and quality, which has piqued academic and industry interest [19, 20]. In 
order to meet the needs of marine applications, metals have a substantially greater 
modulus than human hard tissues, while ceramics are both stiffer and brittle than 
naturally mineralized tissues. However, composite materials are more ductile than 
hard tissues and are not stiff enough to replace them in load-bearing applications [8, 
21]. They are also employed in a variety of marine applications, including hull mate-
rials for small boats and impact-resistant structures in the military sector. It is mostly 
employed in bulletproof vest applications and the bullet-proofing of vehicles used by 
the defense industry and VIPs [5, 18]. Many researchers have been creating various 
sorts of modern manufacturing procedures to boost productivity and efficiency [14, 
22, 23]. The different components of a metallic composite material have an impact 
on its qualities; therefore, it is necessary to systematically study their classification 
and distinguishing properties for future applications. This book chapter focuses on 
the different aspects of metallic composites. Firstly, an overview of the classification 
based on the matrix phase is provided, wherein the different classes of composite 
materials are briefly discussed. This section is followed by a brief discussion on the 
different properties of these composite materials. Finally, an overview of the various 
applications of composite materials in various fields is provided. 

2 Classification of Composite Materials 

Depending on their scale, reinforcement, matrix, and other characteristics, composite 
materials can be categorized in a variety of ways. Figure 1 provides a visual represen-
tation of many classes in the various classification schemes. The primary focus has 
remained on metallic composites, with polymers, ceramics, and metallic compos-
ites explored among the various classification schemes. Metal matrix composites 
have been briefly mentioned among the metallic composites, including those made 
of aluminum, magnesium, titanium, and other metals. Further, the classification is 
based on the various parameters, such as:

i. Scale: Composite materials can be classified based on the size parameter. This 
can be further subdivided into nano-sized composite materials. 

ii. Reinforcement: In this section of classification, the composite materials are 
classified based on the components of reinforcement materials such as fiber, 
particles, and many more reinforcing materials. 

iii. Matrix materials: The matrix is a monolithic substance that can be chosen 
according to the intended use of the composite material, which heavily influ-
ences the selection of acceptable matrix alloys. They can be further classified 
into polymers, ceramics, metals, etc.
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Classification of composite materials 
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Fig. 1 Pictorial representation of the classification of composite materials 

iv. Biocomposites: The materials that can be manufactured using biomaterials are 
described in this section. 

2.1 Ceramic Matrix Composites 

The matrix is a monolithic substance in which the reinforcement is generally incor-
porated and must be dispersed equally overall. Ceramic matrix composites (CMCs) 
are the material structures that generally consist of carbon, silicon carbide (SiC), 
aluminum oxide (Al2O3), and silicon nitride (SiN) fibers incorporated in a ceramic 
matrix structure [14, 24]. Ceramic materials seem to have substantial physical and 
mechanical properties, but their implementations in the applied field are limited due 
to their brittleness. Furthermore, particulate and fiber reinforcement have been used 
to optimize the strength, particularly the toughness, of brittle ceramics, despite their 
low efficacy [25]. Ceramic composites are utilized in those situations where reliable 
operation under harsh circumstances is demanded due to their outstanding character-
istics. A few examples of the CMCs used in aerospace rockets and gas turbine engines 
are wear-resistant elements (e.g., brake systems), heat pumps, furnaces, etc. [25, 26]. 
Traditional ceramic fabrication techniques include integrating the powder form of the 
matrix material with the reinforcing agent, then handling at high temperatures, such 
as hot pressing or sintering [26, 27]. During sintering, the inner phase and matrix 
are developed around the fibers’ gaseous or liquid precursors [14, 26–28]. Generally, 
ceramic precursors change the composition and microstructure of a ceramic matrix 
(polymer or gaseous). Hence, it was concluded that the commercialization of a wide 
range of composites with high ceramic yield and a cheap cost will open up new 
applications in the electrical, automotive, and aerospace sectors. In the recent years, 
the Astrium firm has worked closely with several partners to develop equipment for 
hypersonic engines and liquid rocket propulsion systems. Various hot-firing tests with 
subscale (scale 1:5) and full-scale nozzle extensions were carried out in the year 2000.
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This year saw another significant milestone in the field of tiny thrusters, with long-
term testing demonstrating the exceptional stability of the C/SiC material [29]. More-
over, continuous fiber-reinforced SiC ceramic matrix composites (FRCMCs-SiC) 
have become the dominant material for high-value hot-section components, safety– 
critical components, and braking components (in aerospace, energy, and transporta-
tion), sparking machining demand. DACC (South Korea) developed brake disks for 
the F16 fighter, which have been widely used in aircraft braking systems. The Ferrari 
Enzo, Mercedes-Benz AMG, and Corvette ZR1 are among the vehicles included, as 
are the French TGV NG, the British Heathrow Express train, and the South Korean 
TCV train [30]. Further, parallel to the development of novel ceramic composites with 
increased mechanical and thermal characteristics, the cost-effectiveness of material 
production procedures must be improved. 

2.2 Polymer Matrix Composite 

Polymer matrix composites (PMCs) are made up of a matrix phase of polymer that 
is typically reinforced with organic or inorganic fibers. They are usually made of 
woven fabrics linked together by a polymer matrix in a laminate structure [31]. 
A polymer contributes as the continuous matrix phase in a PMC, while long or 
short fiber particles or nanoparticles serve as the discontinuous reinforcement [33]. 
Epoxies, vinyl esters, and polyesters were popular polymer matrices used in struc-
tural composites [33]. The fiber/polymer interfacial region’s durability is critical to 
the structural stability and lifespan efficiency of fibrous polymeric composites [34– 
36]. Polymer composites have several useful properties, such as chemical abrasion 
resistance, electrical, magnetic, and optoelectronic properties, wear resistance, insu-
lation, high-frequency dielectric capabilities [37]. Polymer matrix composites can 
be produced using a number of fabrication techniques, as shown in Fig. 2. The kind 
of reinforcement, relative volume proportion, fiber orientation, stacking direction, 
and number of layers all have a significant impact on the physicochemical properties 
of polymer composites [37, 38]. Due to variations in physical and chemical prop-
erties, thermoplastic and thermosetting plastic are the two types of manufacturing 
procedures utilized to create polymer composites. With pultrusion, desired cross-
sectional shapes can be produced without length restrictions by dragging layers of 
cloth or fiber through a heated die while submerged in resin. The process yields 
high productivity, minimal material waste, excellent quality, and rapid processing 
of composite materials. However, the drawbacks of this procedure include fiber 
breakage, die jamming, and poor fiber wetting [38]. Similarly, another prominent 
method for producing thermosetting polymer composites is resin transfer molding. 
The pre-shaped dry reinforcements are pressed into a heated die mold. The procedure 
has the benefit of allowing huge, complicated shapes and curvatures to be created 
with automation at a low cost and with expert labor [39]. Furthermore, the other 
widely used techniques for creating thermoplastic composites are injection molding
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and screw extrusion (because of their low cost). Pellets of polymer grains and rein-
forcing particles are poured into the hopper. The slurry is then pushed into a heated 
barrel and placed into a split mold by a rotating feeding screw. The generation of 
feedstock filament for composite material additive manufacturing is the technique’s 
most notable advantage [40]. The different types of materials that are being used in 
the reinforcement, along with their properties and applications, are given in Table 1. 

2.3 Metal Matrix Composites (MMCs) 

Wrought iron and most ordinary steels can theoretically be considered MMCs 
because they have a metallic matrix reinforced with dispersoids of oxides, sulfides, 
carbides, etc. Several standard engineering alloys, including some steels featuring 
dispersion developed by shifting of the alpha–gamma interface, may also be included 
even after they are defined by microstructural design [45, 46]. It has been observed 
that at least one ingredient of MMC is a metal or alloy that produces at the most one 
circulating network, while the remaining component is encased in the matrix material. 
This phenomenon is known as reinforcement. To develop a metal matrix composite 
material, a high-strength substance called reinforcement is spread within the matrix 
material [47]. Owing to their improved strength-to-weight ratio, aluminum, magne-
sium, and copper have attained the status of being the most studied matrix materials 
[48, 49]. Silicon, zinc, magnesium, and copper are endowed with sufficient solubility, 
thus enabling them to be used as significant alloying elements [49, 50]. Particle size
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Table 1 Polymer matrix composites: implementations and qualities 

S. 
no. 

Matrix 
material 

Material of 
reinforcement 

Manufacturing 
methods 

Qualities Implementations References 

1 Epoxy resin Carbon 
nanotubes 

Resin transfer 
molding 

Superior 
tensile 
strength and 
conductivity 

Aviation 
industry, 
automobile 
industry, and 
sports 
equipment 
industry 

[37, 41] 

2 Plastic Boron Pultrusion Elasticity 
with a high 
modulus 

Space and 
aerospace 
programs 

[37, 42] 

3 Polyester Banana Compression 
molding 

Elastic 
strength and 
impact 
modulus, 
storage 
modulus 

For construction 
of materials 

[37, 43] 

4 Nylon Iron particle Injection 
molding or 
extrusion 

High 
elasticity 
with 
modulus 

Tolling at a 
breakneck pace 

[32, 37] 

5 Polyethylene Flax Extrusion Exceptional 
tensile 
strength 

Automobile 
equipment and 
construction 
material 

[38, 44]

is a very important property regarding MMCs. Grain refining can minimize thermal 
effects, resulting in enhanced matrix strength. The matrix’s strength improves as 
grain size decreases, but the overall output does not boost considerably. The rein-
forcement’s structure, size, and volume fraction all play a role in the composite’s 
strength [49, 51]. That is why MMCs have also made their way into the “physical 
world” of engineering disciplines, varying from well-known engineering materials 
(such as WC–Co hard metal) to newer specialized materials [10, 15, 52]. Furthermore, 
MMCs are extensively used in a variety of sectors, notably aerospace, automobiles, 
and construction, as a prospective class of materials used to produce lightweight 
components and structures. A strong demand for MMCs in the aircraft industry 
and automobile sector, in particular, confirms the universal need for these mate-
rials. Meanwhile, MMC’s development has a multitude of challenges, the majority 
of which come from its complex treatment and ineffective cost productivity [4, 53]. 
Metal matrix composites can be divided into several categories. In particle, layer, 
fiber, and composite materials, one categorization is the kind and contribution of rein-
forcement components as depicted in Fig. 3. Continuous fiber composite materials 
(multi- and monofilament) and short fiber composite materials (whisker composite 
materials) are two types of fiber composite materials [2]. Table 2 lists various MMC
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Fig. 3 Classification of metal phase reinforced MMCs 

Table 2 Reinforcements commonly used in metal matrix composites 

Type Aspect proportions Diameter (μm) Examples References 

Particle ~1–4 1–25 SiC, Al2O3, WC, TiC [15, 54] 

Continuous fiber >1000 0.1–25 C, B, W, NbTi, Nb3Sn [54] 

Short fiber ~10–1000 3–150 SiC, Al2O3, Al2O3 + 
SiO2, C  

[12, 49] 

parameters, such as aspect (length/diameter) ratios and diameters of some of the most 
common reinforcements used in metal matrix composites. MMCs are divided into 
numerous types based on the matrix materials typically deployed. The following are 
among the most frequently utilized metallic matrix configurations: 

2.3.1 Aluminum-Based Composites 

Aluminum and its alloys have a peculiar combination of characteristics that makes 
them ideal for composite manufacturing. Based on their reaction to precipitation 
strengthening, aluminum alloys are classified as heat treatable or non-heat treatable 
[55]. Aluminum alloys are widely used in the manufacturing of MMCs due to their 
significant properties. Some of these characteristics are high strength, low density, 
outstanding wear response, fatigue life, good thermal conductivity, corrosion resis-
tance, renewability, acceptable production costs, and flexibility in reshaping, rolling, 
drawing, extruding, and welding [56–58]. To improve these properties, the volume 
fraction, sorts, and sizes of the reinforcing particles could all be changed. As a conse-
quence, aluminum metal matrix composites (AMMCs) are employed to produce a 
variety of aerospace components to ensure increased wear resistance, frictional resis-
tance, and some remarkable mechanical properties [55, 59, 60]. These composites 
are designed to replace metallic alloys in aerospace applications such as wings and 
fuselage, as well as automotive components such as brake disks, drums, and pistons, 
at a cheaper price [55, 61, 62]. The number of studies conducted in the field of 
AMMCs has increased significantly over the previous decade. Different researchers 
have studied the different characteristics of the AMMCs. Stojanovic et al. [63] have
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observed that to increase the characteristics of the basic aluminum metals, there are 
different reinforcing elements that can be added in the form of particles, whiskers, 
or fibers in varied proportions, such as SiC, alumina (Al2O3), AL–Li, silicon nitride 
(Si3N4), boron carbide (B4C), titanium dioxide (TiO2). In this context, Vasudevan 
et al. [64] revealed that if lithium is employed as a primary alloying element with 
aluminum, then it has the ability to raise the elastic modulus while reducing the 
density of the alloy. Consequently, the aviation industry has been a major focus of 
this growth. Similarly, Ramnath et al. [65] described that silicon carbide is among 
the most broadly utilized reinforcement materials as it enhances the tensile strength, 
hardness, density, and wear resistance of aluminum. Furthermore, Cavaliere et al. 
[66] have employed the spark plasma sintering (SPS) procedure for synthesizing the 
AL–SiC composites. While analyzing, they observed that by applying the mentioned 
synthesis route, the hardness and tensile strength of the produced 6 wt% SiC compos-
ites were found to have risen by 34 and 26%, respectively. Afterward, Ekambaram 
et al. [67] applied the stir casting fabrication method for developing with 4, 6, and 8% 
alumina and found that the composites had fewer casting flaws than the aluminum 
alloy. Also, the analysis report has shown remarkable improvements in the hardness, 
ductility, and lightness of composite materials. Similarly, Gomez et al. [68] added that 
AMCs supplemented with B4C particle reinforcements can be easily manufactured 
via a solid-state processing technique. In addition to this study, the tribological prop-
erties of B4C composites have also demonstrated a higher friction coefficient with a 
lower wear rate than their equivalents, which might be very useful in braking appli-
cations. At the early developmental stages, the aluminum-based composites were 
developed by two methods: solid-state processing (powder metallurgy, mechanical 
alloying) and liquid-state processing. The combining, degassing, and sintering of 
metal alloys and reinforcements are part of the powder metallurgy process [58]. 
Mechanical alloying is a technique in which constituents interact to generate rein-
forcement. For the production of aluminum composites, stir casting is perhaps the 
most common and cost-effective approach so far [59, 69, 70]. A few examples of the 
most commonly used aluminum alloys, along with their properties, manufacturing 
method, and applications in different fields, are given in Table 3.

2.3.2 Magnesium-Based Composites 

Magnesium is the lightest metal on the planet and has great potential as little more than 
a structural alloy. It is around 35% lighter than aluminum [74]. Lightweight alloys 
and composites are gaining popularity among aerospace and automotive companies 
because they can be used in place of heavier metals such as steel, cast iron, zinc 
alloys, and even aluminum alloys [75]. Due to the expensive price of magnesium, its 
applicability seems to have been initially confined; however, due to their enhanced 
solidification properties over cast metals such as aluminum and copper alloys, magne-
sium alloys are gaining significant attraction. As an outcome, magnesium composite 
materials have emerged as a cutting-edge study subject in a variety of linked sectors 
[75, 76]. The studies have revealed that magnesium is not sufficiently strong in its pure
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Table 3 Properties and applications of commonly used aluminum alloys 

Matrix material Properties Manufacturing 
methods 

Application in 
various sectors 

References 

Pure Al Good recyclability, 
ductility, and 
workability 

Powder metallurgy Decorative foil for 
beverages, 
drinks, and snacks, 
as well as 
food-packing trays 

[55] 

AA2024 High fatigue 
strength, 
processability, and 
surface quality 

Powder metallurgy Automobile wheels, 
laboratory 
equipment, sheets, 
biomedical 
applications, and 
aircraft components 
are just a few 
examples 

[71] 

AA3003 Weldability. 
machinability, 
castability 

Vapor infiltration Heat exchangers, 
pressure vessels, and 
a storage tank 

[72] 

AA4043 Exceptional 
corrosion 
resistance 

Accumulative roll 
bonding 

Used as filler 
material 

[73]

state, so it is alloyed with different elements to achieve certain specialized features, 
specifically a high strength-to-weight ratio. Consequently, the use of varying sorts of 
reinforcements has addressed the limitations of monolithic magnesium qualities such 
as low elastic modulus, quick loss of strength with rising temperature, and poor creep 
resistance [77]. Some of the common reinforcing elements used in magnesium-based 
composites are silicon carbide (SiC), aluminum oxide (Al2O3), titanium carbide 
(TiC), etc. [78]. Lim et al. [79] found that during the dry sliding process, Mg-
based metal matrix composites augmented with silicon carbide particulates (SiC) 
exhibit substantially improved wear resistance under lower stresses. Squeeze casting 
methods were used by Jayalakshmi et al. [80] for developing composites from the 
magnesium alloy AM100 (Mg-9.3 to 10.7Al–0.13Mn) containing alumina (Al2O3). 
Jiang et al. [81] explored the fabrication of B4C (10, 15, and 20%) particle-reinforced 
magnesium matrix composites by powder metallurgy. It was found that the toughness 
and wear resistance were higher than those of as-cast Mg ingots and improved as the 
percentage of B4C particles rose from 10 to 20%. Similarly, Poddar et al. [82] used a  
stir casting technique to make MMC from SiC (15 vol%) reinforced cast magnesium 
matrix composite (AZ91D). Tang et al. [83] used squeeze casting to investigate the 
mechanical properties of magnesium matrix composites and discovered that 10% 
W14Al86 alloy particles improve mechanical strength. Dudina et al. [84] investi-
gated a magnesium alloy (AZ-911) matrix composite combined with metal glass 
using powder metal working. Compared to Mg alloy alone, the fabricated Mg alloy-
metallic glass composite was found to exhibit higher mechanical strength without
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a significant loss of flexibility. According to the International Magnesium Associa-
tion’s (IMA) projection, the usage of wrought die-cast magnesium alloy in automo-
tive sectors will increase significantly at an unprecedented yearly pace, indicating 
the massive and long-term expansion of die-cast automotive parts in the upcoming 
years [85]. Nowadays, industrialists are focusing on weight reduction processes 
in the automotive sector to increase mileage. For an increase in energy savings, 
weight reduction technology for automotive and structural materials is desired. As 
a response, it would also be extremely important to adopt high strength-to-weight 
ratio materials in large quantities, with the ability to replicate steel products compo-
nents [75, 86]. Also, magnesium-based composites and alloys are being used as 
an alternative to steel, zinc, and aluminum in the products and materials of the 
world’s largest automobile manufacturers. Magnesium alloys and composites have 
superior mechanical and tribological characteristics. Some of the most well-known 
automobile manufacturers, along with their versions and supplies, are included, like 
Honda, Ford, Lexus, Toyota, Alfa, Romeo, Volvo, BMW, Honda-City, etc. [75, 87]. 
Currently, there has been a surge in interest in producing magnesium (Mg)-based 
biomaterials that are biodegradable. Magnesium-based orthopedic implants have 
been used in clinical practice for over a century. In 1900, an Austrian physician 
named Erwin Payr pioneered the use of magnesium implants (plates and sheets) 
for musculoskeletal problems [88]. The biomaterials community has been placing 
close emphasis on the development of magnesium-based alloys with improved corro-
sion resistance and mechanical qualities that can be used in biomedical applications. 
Zn, Zr, Sr, Ca, Nd, Ce, Y, Gd, Mn, and Al are some common alloying elements 
used to improve the qualities [89–93]. Hydroxyapatite (HAP), α-tricalcium phos-
phate, ZnO, MgO, and other bioresorbable ceramic reinforcements in magnesium 
matrices are among the most frequently documented. Magnesium oxide is a bioactive 
ceramic that may be used in a variety of applications. MgO also has antibacterial 
characteristics, and its breakdown products are quite similar to those of calcium. 
Therefore, when MgO is combined with an Mg matrix, it results in an increase in 
a variety of mechanical and biological properties due to good interfacial interaction 
[94]. Similarly, nanozinc (ZnO) particles are widely used in biological domains such 
as biomedicine, bioimaging, and trauma treatments [88]. When incorporated in the 
metal matrix, significant improvements in the mechanical and corrosion character-
istics have been observed [95]. It is commonly utilized as a food additive and is 
included as a nutritional supplement in the FDA’s database program [96]. Hydrox-
yapatites are calcium phosphate mineral with the chemical formula Ca5(PO4)3(OH). 
In addition to the above-mentioned characteristics and properties, the magnesium 
matrix can also boost the composite’s resistance to corrosion, mechanical and phys-
ical characteristics, and biocompatibility [97]. Likewise, B-TCP has received a lot 
of interest in the orthopedic field for bone tissue healing [98]. There are a variety of 
production methods for manufacturing magnesium-based composites for different 
applications.
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2.3.3 Titanium-Based Composites (TMMCs) 

Titanium-based MMCs composites are the subject of significant research and devel-
opment programs across the world due to their unique features. Despite the fact that 
titanium-based composites (TMCs) are one of the most researched and sought-after 
materials, there are still an enormous number of loopholes that need to be addressed. 
However, constant attempts were made in the early days of TMC research, notably by 
NASA, to broaden its use for industrial purposes. One such example is the titanium 
matrix composite developed during the turbine engine consortium program. Tita-
nium and its alloys are now progressively becoming a central concern for a variety 
of industries, including the automotive and aerospace sectors. These materials are 
lighter in weight ratio and offer a variety of appealing qualities, including specific 
strength, chemical stability, and biocompatibility. Besides this, they also act as a 
decent choice for structural, biochemical, petrochemical, maritime, and biological 
applications due to their concoction of qualities [99]. It has Young’s modulus of 
115 GPa and a density of 4.5 g/cm3. The density of titanium alloys varies from 4.3 
to 5.1 g/cm3, whereas the elasticity can be varied from 80 to 130 GPa. It is neces-
sary to have high strength-to-weight and modulus-to-weight ratios. Titanium has an 
extremely high melting point (1672 °C) and high thermal conductivity and is also 
resistant to corrosive environments [15]. Therefore, aluminum alloys are not suit-
able at supersonic speeds because the aircraft’s surface gets enormously hot, and 
that is why titanium alloys have been used at such high temperatures [75]. Also, 
titanium is a reactive metal that reacts well with oxygen, nitrogen, and hydrogen. 
As a natural consequence, every step of the process of welding titanium requires 
protection from the environment. Due to titanium’s strong chemical reactivity, it is 
difficult to choose it as a reinforcing material and processing method for Ti matrix 
composites. Thus, mostly SiC and boron act as effective fiber reinforcements for 
Ti matrix composites. In recent years, coatings, such as boron fibers coated with 
SiC and amorphous B4C, have gained the most attention during the manufacturing 
of these materials. Meanwhile, the best mechanical properties were achieved by 
using a SiC fiber with an outer layer composition that is initially carbon rich and 
then returns to stoichiometric SiC (SCS-6, Textron) [74]. Titanium composites have 
been produced with a 1–5 μm carbon-rich layer coating on the SiC fibers to reduce 
and regulate the interfacial area during manufacturing and service. Recently, TiC 
particles, Ti3SiC2 bars, and ultrafine Ti5Si3 needle reinforcements for Ti64 matrix 
composites were successfully generated in situ by Liu et al. [100]. Particularly those 
composites comprising 5.0 vol% reinforcements and made using 0.5 m SiC, which 
resulted in a UTS of 1171 MPa and elongation of 5.3%, demonstrated a good blend 
of strength and endurance as compared to monolithic Ti64 alloy. In addition, Kim 
et al. [101] looked at the wear and frication behavior of titanium composites (TiB 
+ TiC). They combined granular B4C with practically pure (CP) Ti (Grade 2) and 
used vacuum induction melting to create TMCs. They discovered that increasing the 
frication characteristic at a 20% reinforcement content is the best course of action. As 
the reinforcement content is increased, the wearing loss also decreases as a result. 
In a different investigation, An et al. [102] created in-situ TiBw/Ti64 composites
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with a network architecture using a powder metallurgical process. According to their 
findings, the TiBw network border functioned as a “barrier wall” that successfully 
resisted abrasion, leading to a notable improvement in hardness and wear character-
istics over the Ti64 alloy. They also found that the network’s size has a significant 
impact on the wear attributes and process. The wear process switches from micro-
cutting to brittle debonding as the network size is increased from 60 to 200 m. 
They concluded that the best composite had a network size of 60 and contained 8.5% 
TiBw. Stanley et al. [103] recently examined the resistance to fatigue fracture growth 
from unbridged faults at room temperature from 300 and 450 °C in air and vacuum, 
respectively. Due to its effect on fiber failure, they found that the initially applied 
stress intensity factor range (delta Kapp) value significantly affects the composite’s 
crack arrest/catastrophic failure (CA/CF) transition. Modern jet engines (turbine and 
compressor shafts), fuselage sections, and other aviation parts are some of the appli-
cations for the titanium alloys [15]. TMCs are now more commonly acknowledged 
as potential biomaterials for use in the field of biomedical implants and devices. 
The utilization of these composites has risen for biomedical applications due to the 
proper balance of hydroxyapatite bioactivity and the advantageous mechanical prop-
erties of titanium. Furthermore, because hydroxyapatite (HA) is harmless, bioactive, 
and bioadaptable, implants and bones osseointegrate better as a result [104]. Powder 
metallurgy has been found to make it simple to create TiAl and HA composites. In 
this method, the sintered composites are made from powders of Ti and HA, with the 
HA particles acting as “islands” inside the Ti matrix. Over 40% of US combat aircraft, 
including the F-22, use titanium composites, according to a research conducted by 
ex-NASA engineers [105]. It is reasonable to infer that this number has increased 
given the development of cutting-edge, high-tech aircraft like the F-35. It has been 
discovered that the TMC replacement weighs 40% less than the traditional version, 
which was made of high-strength steel. In terms of corrosion and fatigue resistance, 
metallic composite materials perform better than steel and aluminum. Rolls-Royce 
has successfully conducted testing on a carbon/titanium composite for advanced 
ultra-fan engine designs. Fan blades made of these composite materials can save up 
to 1500 pounds per aircraft. This weight reduction corresponds to free transportation 
for an additional seven individuals. Additionally, the Trent engine will use 20% less 
fuel and release 20% less CO2 than the previous generation [99]. Hence, from the 
above discussion, it can be concluded that the TMCs are being used in almost every 
industrial sectors. 

2.3.4 Copper-Based MMCs 

Copper has strong electrical, thermal, and corrosive qualities; however, its uses at high 
temperatures are limited because of its weak mechanical properties [106]. Copper 
and its alloys are widely used in various technical and industrial sectors, such as autos, 
buildings, sanitary systems (underground or undersea drinking water pipelines), 
electrical equipment, and lead-frame substances for integrated circuit design [107]. 
Copper-based MMCs have been gaining popularity in the manufacturing area for
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some years because of their low density, improved fatigue strength, and specific 
strength. Nowadays, copper is used as a metal matrix in niobium-based supercon-
ductors, which is one of the most primary applications for the metallic composites 
[15]. The development of copper-based materials with both high tensile strength and 
good electrical conductivity is required for a wide range of technological purposes. 
The accessibility of Cu-based alloys that accomplish the distinguishable profile is 
extremely significant for the production of high field resistive and pulse magnets. As 
a result, efforts have been made to design materials with minimal Joule heating and 
outstanding strength to endure macroscopic Lorentz forces [108]. Numerous efforts 
have been made to enhance the mechanical and other characteristics of copper matrix 
using various reinforcements such as carbon nanotube (CNT), MoS2, SiC, Al2O3, 
TiO2,B4C, WS2, graphite, MoSe2, carbon fiber (CF) [106, 109]. Alloying is one of the 
most successful strategies for improving copper’s mechanical strength and corrosion 
resistance. As a result of the alloying action, the timeframe for safe operation rises. 
The reinforced hybrid composite shows improved friction and wear metrics in addi-
tion to a higher degree of hardness. Kavalchenko et al. [110] improved the tribological 
properties of copper and investigated the wear mechanism by combining MoS2 and 
MoSe2. Additionally, Santos et al. [111] developed a composite that was reinforced 
with ZrO2 and examined its mechanical properties, which showed enhanced strength 
and toughness. Li et al. created WC-reinforced materials with better mechanical prop-
erties [112]. Important aspects of matrix strengthening and power retention include 
the form, separation, high thermal stability, dispersion, diffusivity, and low solubility 
of the reinforcing components in the matrix. Hon et al. [113] explored a simple in-situ 
approach that is used for the manufacture of Cu matrix composites using rutile-TiO2 

nanoparticles as reinforcements. There were two approaches for the synthesis of Cu 
matrix composites. The first one is molecular-level mixing advancement, and the 
second method is vacuum hot-press sintering. Through the results and discussion, it 
was observed that the reinforcement with 1.72 vol% TiO2 in the composite displayed 
an enormous yield strength of 290 MPa. This is 1.6 times more effective than just 
copper alone (110 MPa). Similarly, Somani et al. [114] used powder metallurgy to 
examine the production of Cu–SiC composites with varied compositions. They used 
a V-shaped blender to mix the powder, then used a hydraulic press to condense the 
powder at a pressure of 250 MPa to create a solid structure, followed by sintering 
at 950 °C for around 60 min. The study discovered that adding SiC to Cu as a rein-
forcement increases its mechanical characteristics. There are so many applications 
of copper-based MMCs in various industrial fields, such as electrical brushes, elec-
trodes for automatic welding, as a composite material for the first-wall particles of 
nuclear reactors, and in electronic systems. Hence, a lot of studies and research are 
being done on these MMCs to fulfill the requirements of industrial applications. 
In this section, the advances in copper-based metal matrix composites have been 
discussed.
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2.3.5 Intermetallic Composites 

An intermetallic composite is a type of metallic alloy in which two or more metallic 
substances form an ordered solid-state compound. They can be ordered or disordered 
intermetallic composite materials. Long-range ordering, in which various atoms 
occupy specified places in the lattice, characterizes the structure of ordered inter-
metallic alloys [15]. It is being investigated how to significantly increase the manu-
facturing of advanced superalloys and other high-temperature alloys using ordered 
intermetallic. Because atomic diffusion and dislocation motion are more challenging 
in ordered alloys, they should have superior creep resistance than disordered alloys. 
Because they have properties that are halfway between those of metals and those of 
ceramics, intermetallic compounds are particularly appealing for high-temperature 
structural applications [115]. Even at low temperatures, some common intermetallic 
compounds, such as NiAl, have weak yield strengths, and in the desired tempera-
ture range, they frequently exhibit rate sensitivity. A high brittle-to-ductile transition 
temperature is a property of some other intermetallics that have superior strengths 
and sufficient creep resistance at high temperatures [116]. Reinforcements such as 
ceramic (Al2O3) or refractory metal (W, Mo) fibers, ceramic (SiC, TiB2), or metallic 
(Nb) particles, as well as ceramic (SiC, TiB2) or Nb particles, have all been used 
to solve the drawbacks of intermetallic composite materials. In intermetallic matrix 
composites, reinforcements are mostly employed to improve qualities like creep 
resistance, low-temperature damage tolerance, or both. There are various methods 
that have been used to fabricate intermetallic matrix composites. The reinforcing 
phase can be added to the matrix as fibers, whiskers, or other particles that can be 
separated from those made by in-situ reaction mechanisms, which is generally how 
these composites can be made. The microstructure of the reaction zone of a Ti3Al 
+ Nb/SiC composite was examined by Baumann et al. [117], who found that the 
matrix fiber reaction reduced the ductility of the Nb-rich phase near to the fiber 
matrix interface. The matrix area close to the interface becomes brittle as a result of 
the thermal expansion imbalance between the matrix and reinforcement, leading to 
radial cracks in the matrix that start at the contact. Ritchie et al. [118] investigation 
of a ductile TiNb-reinforced TiAl intermetallic matrix composite revealed that, in 
contrast to monolithic TiAl, which has a composite fracture toughness of just −8 
Mpa, it has a composite fracture toughness of greater than 30 Mpa. Hardening was 
significantly weaker under cyclic load because the ductile phase was more likely to 
experience fatigue failure. About 140 pm diameters are used to enhance the titanium 
aluminide (TiAl). One of the most extensively studied intermetallic systems in SiC 
monofilament is reviewed by Mackay et al. [119]. Significant gains in longitudinal 
strength and stiffness after electrical heating have been seen, with SiC/Ti-24-Al-11 
Nb composites frequently reaching 80–90% of their mixture strength. In order to 
strengthen N and Al with up to 20% volume percent of 12.5 pm diameter A and O3 

particles, Brennan et al. [115] used a powder metallurgy approach, and they were 
successful in achieving the requisite stability and strength preservation after 100 °C 
exposure. However, in a different study, they reinforced N and Al with A and O3 using
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melt infiltration, hot extrusion, and diffusion bonding procedures, and they discov-
ered that the strength and ductility were lower than those of an unreinforced alloy due 
to strong fiber bonding. Long considered an attractive material for high-temperature 
applications, and MoSi2 is an intermetallic combination. It is commonly used in 
electric heating elements that work at high air temperatures. It has a suggested oper-
ating range up to 1600 °C [115] based on its great oxidizing resistance, high thermal 
conductivity, acute melting temperature (202 °C), good heat resistance to corrosion, 
and low density (6.24 g/cm3). As a result, intermetallic composites have been the 
subject of much research and development to improve their properties and meet the 
demands of certain applications. 

2.3.6 Stainless Steel-Based MMCs 

Steel and bronze are now often used as the matrix and reinforcing elements in the 
binder jet 3D printing process for MMC production. This is as a result of the appro-
priate moisture and the limited solubility of one material in another [120]. In subse-
quent investigations, Cordero et al. [121] filled gaps and decreased stress concentra-
tors at particle necks to increase MMC strength. They did this by using binder jet iron 
followed by bronze infiltration. Various stages, including sintered iron powder and 
bronze infiltration, were seen. The infiltrating portion showed a transverse rupture 
strength of 570 MPa, which was almost 4 times greater than the sintered specimen, 
according to the mechanical behavior of the manufactured part. A small amount 
of boron compounds was reportedly added to the mixture as a sintering additive 
element to enhance densification in subsequent investigations, according to Do et al. 
[122] study. The ultimate relative density of B99.7% was attained after binder-blasted 
stainless steel 316 L was combined with various concentrations of sintering additives 
(0.75 wt%) including B, BC, and BN. As expected, the sintering additives improved 
densification behavior and produced a smooth surface finish. 

3 Properties of Metallic Composites 

Materials must function according to the designer’s specifications and maintain the 
correct qualities in the environment throughout the standard work. According to 
market needs, equipment must be speedier, more comfortable, and less bothersome, 
and machinery must be increasingly cost-effective, eco-friendly, and lightweight. 
Every scientifically discovered material has certain characteristics depending on how 
it is applied in different aspects. Similarly, it has been observed that different classes 
of MMCs possess different properties depending on the technological field in which 
they are employed. As a result, prior knowledge of the properties of synthesized 
MMCs is required in order to use them for various applications. MMC is made 
from fibrous materials that have required features such as high wear and corrosion 
resistance, good hardness, strength. Unprecedented demand for enhanced lifespan
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and weight reduction, as well as lower production costs, drives the research and 
implementation of innovative materials. The rising usage of metallic composites is 
mostly due to their superior physical, mechanical, and tribological capabilities over 
matrix materials [57]. 

3.1 Physical Properties 

According to experts, the most influential physical property of composites is density. 
The assessment of the comparative “heaviness” of materials with a constant volume is 
known as density. Matrix and reinforcement in the composites are measured in weight 
fractions (w) or volume fractions (v) in the composites; therefore, their capabilities 
were affected by these changes. The inclusion of these reinforcements in the basic 
alloys increased the density of the composites. Furthermore, if the density of the rein-
forcements is lower than that of the matrix materials, the density of the composite is 
substantially reduced. A lot of reinforcement materials are being used to vary the char-
acteristics of the MMCs, such as Al2O3, SiC, B4C, TiC. Manoharan et al. [123] used  
separate casting and extrusion procedures to create the composite of AA 1050 as the 
base material and SiC as the reinforcement and test the density of these composites. 
The density of composite materials was said to rise as reinforcing content increased. 
The mixtures rule was used to calculate theoretical densities for the composites, 
which were then compared to experimental densities. Composites made by the extru-
sion process offered better results. The composite contains the maximum porosity, 
1.2%, and includes 8 wt% SiC. Similarly, the physical properties of magnesium 
alloys are influenced by their density, which makes them ideal to be used as a matrix 
in composite materials. Composite materials constructed of magnesium alloys rein-
forced with silicon carbide (SiC) dispersion particles exhibit 30–40% higher tensile 
strengths than unreinforced magnesium alloys. Another study by Reddy et al. [124] 
revealed the influence of reinforcing content (TiC) on the density of the composite. 
With the increase in reinforcement material, the authors saw a significant improve-
ment in density. When the reinforcement content was increased from 10 to 15%, the 
density increased rapidly compared to 5–10% reinforcement. Further, it can also be 
seen in the Mg-based MMCs that the physical properties of magnesium alloys and 
their unique mix of mechanical, density, and Young’s modulus characteristics make 
them particularly advantageous for use in various applications. Composite materials 
based on magnesium alloys reinforced with silicon carbide (SiC) dispersion parti-
cles have 30–40% superior tensile properties than unreinforced magnesium alloys 
while having a relatively low density of 2.0–2.1 g/cm3. There are now viable appli-
cations for composite materials based on magnesium alloys reinforced with ceramic 
particles; one such material is Melram, which is manufactured as composite pipes 
and is anticipated to be used in aircraft and automobile technologies. Akhlagi et al. 
[125] studied a matrix of aluminum (commercial-grade Al, 99% purity) and copper 
(97% purity and 40 mesh sizes) reinforcements and silicon carbide. They created 
a composite using the compocasting process and used various weight percentages
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of copper powder (0, 1, 2, 3, 4, and 5 wt%). Magnesium (99% pure ingots) was 
also used in tiny amounts (fixed weight percentage 4 wt%) to increase wettability 
between the metal matrix and reinforcing particles. As a result, they reported the 
density of the samples using the Archimedes principle. The mixture’s theoretical 
density may be estimated using a sample weighed in an electronic balance to an 
accuracy of 0.1 mg (density = %Al 2.71 + 4%Mg 1.7 + %Cu 8.93 + %SiC 3.21). 
Furthermore, the elemental magnesium turnings were studied in this work. The base 
material was 99.9% pure, while the reinforcing phase was made up of elemental 2.5% 
titanium particles with sizes ranging from 19,610 mm. With two separate volume 
percentages of time, the disintegrating melt deposition procedure was used to create 
monolithic and reinforced magnesium. The composite was created by superheating 
magnesium turnings with reinforcement particles to 750 °C in a graphite crucible 
in an Ar gas atmosphere. The density of polished Mg and Mg/Ti samples recov-
ered from extruded rods was determined using the Archimedes principle. Distilled 
water was used as the immersion fluid. It has been reported that Mg/5.6Ti was 
collected in wt%-to-vol% ratio (5.6:2.2), and the density is determined to be (1.815 
+ 0.004 g/cm3). As a result, when pure magnesium is reinforced with titanium, its 
dimensional stability improves. This indicates that the physical qualities improve 
[126, 127]. Again, copper was employed as the primary matrix in pure and spherical 
form, with Ti/SiCp reinforcing particles added, and the powder metallurgy technique 
was used to increase wear, hardness, and density. All of the additives chosen have a 
high hardness and a lower density than the matrix material. It was determined that the 
density of composite materials may decrease as the rate of reinforcement increases. 
At 1050 °C, the composite materials with 2% reinforcement had the greatest relative 
density values of 93.13% [128]. Hence, it can be concluded that density is the most 
promising function when considering physical properties. 

3.2 Mechanical Properties 

Many previous studies have looked at the effect of reinforcement on mechanical 
parameters such as hardness, tensile, compressive, flexural, and wear resistance. 
Hardness is the resistance of the material to deformation, indentation, or penetra-
tion under abrasion, drilling, impact, or scratching when these mechanical qualities 
are improved as needed. Brinell, Rockwell, and Vickers hardness tests are exam-
ples of hardness testing. Hardness and tensile strength are statistically associated 
with materials such as steel. Tensile strength refers to an object’s ability to endure a 
drawing force that causes it to expand and lengthen in the opposite direction. Its most 
common measurement unit is force per cross-sectional area. Tensile strength qualities 
are considered valuable in fields such as materials science, mechanical engineering, 
and structural engineering. In comparison to traditional materials, MMC has higher 
tensile and fatigue strengths. MMCs are used to strengthen materials like Al2O3, 
SiC, B4C, and others, increasing their elastic modulus, hardness, and wear resistance 
remarkably [129]. In particular, metallic composites with very low aspect ratios
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of particles had good toughness. Using various hardness testing methods, it was 
discovered that hardness accuracy is good. Microhardness testing, which would be 
a simple and easy procedure with direct observation, was performed to evaluate the 
interface bonding strength between the matrix and reinforcement. Lloyd et al. [130] 
studied the role of ceramic particles in increasing the bulk hardness of Al-MMCs 
and Mg-MMCs. Further, Uvaraja et al. [131] conducted tests on the hardness of Al 
7075 composites with B4C held constant at 3 wt% and SiC weight percent varying 
between 0 and 15. With SiC at 15% weight percentage, the maximum composite 
hardness was attained. According to the study’s findings, composites are harder than 
their base materials and their hardness rises as the proportion of reinforcement in the 
composite increases. Furthermore, Suresha et al. [132] hypothesized that the hard-
ness of a composite material made of SiC and graphite particles increased until a 
level of 2.5% of each was achieved, after which it started to decline as reinforcing 
concentration increased. We found that the porosity levels in the composite sample 
rose due to the strong influence of the reinforcing particles. As the porosity of metallic 
composites grew, their hardness dropped. Reddy et al. [124] looked at how the SiC 
and TiC contents affected the hardness of hybrid composites. The observation shows 
that the composites with reinforcement concentrations of 2.5 wt% SiC and 7.5 wt% 
TiC have higher hardness values. In addition, Krishnamoorthi et al. [129] reviewed  
that when Al is reinforced with different ceramic materials and produced by casting 
and powder metallurgy, it is observed that the mechanical and physical characteris-
tics of matrix composites vary depending on factors like reinforcement percentages, 
particle size and shape, and thermal processing, and their behavior is modified to yield 
significant goodness. It was also claimed that when there is an increase in hardness 
following particular reinforcement, the density matrix drops significantly, resulting 
in increased elastic modulus and tensile strength above the base alloys. Again, the 
fundamental matrix was pure and spherical copper with Ti/SiC reinforcing particles 
added, and the powder metallurgy method was employed to increase wear and hard-
ness. As a result of the testing, it was determined that samples sintered at 1050 °C 
had the highest hardness value. Further investigation revealed that the hardness of all 
test samples increased significantly in composites augmented with 6% powder parti-
cles before declining again. The strong cohesive force between the main matrix and 
the reinforcing particles influences the reported hardness values. In general, it has 
been discovered that the hardness rises as the reinforcement particle ratio increases 
[128]. An important aspect of the MMC’s overall perspective on characteristics is 
wear resistance. The host metal’s intrinsic wear resistance is increased by the pres-
ence of strong reinforcements. Weight loss and wear rate are commonly used to 
assess material wear. It has a greater impact on determining the wear property of the 
composite material since the precise wear rate, applied load, and wear distance are 
all taken into account [128]. In a broad sense, composites with particles with a low 
aspect ratio were found to have high hardness. Because of their lower density, high 
elastic modulus, and outstanding cutting and molding properties, Al–Si alloys are 
generally utilized in automotive accessories and aircraft components for the fabri-
cation of various sections, including exhaust valves, bearing components, and rotor 
blades. And their reduced friction factor and increased toughness, on the other hand,
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could extend the serviceability of these alloys throughout machinery operation at 
the extremities. As an outcome, this alloy must have excellent resistance properties 
and a low friction coefficient under load variations, as well as many other excep-
tional characteristics [133]. Nowadays, B4C particles are suited for usage as wear 
and corrosion-resistant materials due to their exceptional qualities on a large scale, 
that is, lowest density, melting temperatures, elastic modulus, and corrosion resis-
tance. The incorporation of SiC-graphite reinforcement in copper (Cu) enhances the 
wear rate of the copper as compared to that of pure cast copper. When 10% weight 
and volume of graphite-SiC reinforcement is applied to Cu, the wear rate is 50% 
lower than that of purely molded copper, and a lubricating coating forms on the 
edge. This material is protected against attrition and plastic deformation by a tiny 
SiC particle [134]. Radhika et al. [135] have synthesized Al-based LM13/AlN rein-
forced metal matrix composites with good efficacy. They emphasized that the wear 
rate and wear distance are greatly influenced by the force applied during the wear test. 
When inspected, it is clear that the sample wear rate (SWR) values fall as sintering 
temperatures generally rise. The lowest SWR values were found to be 1.9590 × 
106 mm3/Nm for 950 °C, 1.7248 × 106 mm3/Nm for 1000 °C, and 1.5545 × 106 
mm3/Nm at 1050 °C, respectively. The technique through which temperatures rise 
during the wear test is quite complicated. This process is influenced by a wide range 
of variables, including applied stress, shear rate, and heat conduction. The temper-
ature variations that occur during the wear test, dependent on the force applied and 
the strengthening ratio, may be observed in Fig. 4 [128]. It also demonstrates that 
for all test samples, temperatures rise in lockstep with increases in applied loads.

3.3 Thermal Properties 

Temperature and humidity are the key factors during the synthesis of composite 
materials, so it is essential to study them. There are various techniques used to deter-
mine the thermal characteristics of synthesized materials, such as differential scan-
ning calorimetry (DSC), oxidation induction time (OIT), thermogravimetric analysis 
(TGA), and dynamic mechanical analysis (DMA). The effect of temperature can 
have a deleterious influence on some raw materials used during the manufacturing of 
composite materials [136, 137]. Many studies on composite materials have recently 
been conducted, such as the production of nanocomposites using montmorillonite 
and a compatibilizer. In differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA), the samples were heated to temperatures between 20 and 
600 °C at a rate of 20 °C/min in either the nitrogen or the atmosphere. The samples 
had a mass of roughly 10 mg. Thermogravimetric and DSC signals were recorded 
simultaneously. Correlated DSC and TGA measurements made it possible to distin-
guish between exothermic effects caused by polypropylene thermo-oxidation and 
exothermic effects caused by a material’s decreased heat capacity and related to the 
emission of gas degradation products. It is now clear that a nanocomposite’s increased 
resistance to degradation, as measured by the TGA technique, is influenced by the
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Fig. 4 Illustration showing the creation of a uniform surface following wear. Reproduced with 
permission from [128]

actual decreased oxygen transport and perceived increase in resistance associated 
with the depressed release of degradation gas products [138]. The rate of thermal 
expansion of ceramic materials (fibers, whiskers, or particles) is often lower than that 
of most metallic matrices. When the composite is exposed to a temperature change 
(planned or spontaneous), thermal stresses are produced in both components because 
of the clear restriction provided by the interfacial adhesion [15, 139]. The use of a 
single-crystalline copper matrix made up of large diameter tungsten fibers served 
as a demonstration of the relevance of thermal stresses in MMCs. They employed a 
displaced etch-pitting technique to identify misalignments in a single-crystal copper 
matrix. True, thermodynamic mismatch is challenging to avoid in any composite. 
Similar to this, the circulation of the reinforcing phase, the amount of matrix, and 
the amount of reinforcement can all be employed to change a composite’s overall 
thermal expansion characteristics [140]. 

3.4 Fatigue 

Fatigue is a dynamic loading phenomenon that causes a material’s or product’s 
mechanical properties to degrade, resulting in failure. Several high-volume composite 
material functionalities, such as vehicle parts, are subjected to cyclic load. The rele-
vance of matrix microstructure on MMC fatigue behavior is exemplified by the
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case mentioned below, e.g., automobile components [141]. Numerous studies have 
examined the particulate Ti MMCs’ fatigue behavior, and the findings are promising. 
Increased TiB concentration, according to Saito et al. [142], led to a higher increase in 
fatigue strength. For a Ti–6Al–4V + 10 vol% TiB MMC that could endure more than 
107 cycles, it was possible to reach greater than 107 cycles at 600 MPa. Although the 
Ti–6Al–4V standard was not compared, this was superior to the Ti–6Al–4V alloy 
manufactured using the mixed element powder method. Unrelated to TiB particles, 
the material’s pores served as the source of crack initiation; if the crack came into 
contact with a particle, it first became trapped before cutting through it. This demon-
strates the TiB’s strong interfacial connection with the matrix. Increased whisker 
length was linked to further increases in fatigue crack growth rate, which was found 
to encourage tortuous crack paths and fracture-tip shielding. 

3.5 Electrical Properties 

The mechanical characteristics of a hybrid composite made of sisal and Kenaf fibers 
improved with increase in tensile strength, flexural modulus, and impact strength. 
Due to the remarkable electrical properties of metallic composites, the electronic 
and technological era has been growing rapidly [14]. And, the need for rechargeable 
battery packs in electronic items like digital cameras, laptops, and electric vehicles 
(EVs) has skyrocketed in the recent years. The worldwide market for lithium-ion 
batteries (LIBs) is expected to reach $32 billion in 2020, indicating a burgeoning 
technological future [143–146]. Lithium iron phosphate (LiFePO4) batteries are 
progressively replacing the traditional Pb (lead) acid batteries and are being used 
as electric car batteries. The resynthesis of LiFePO4 from used batteries has become 
more cost-effective and accessible due to the expensive costs of raw resources as well 
as the time-consuming processing method. The LiFePO4/reduced graphene oxide 
composite produced by the technique exhibits improved electrochemical behavior, 
comprising smooth CV curves, minimal electrochemical impedance, large capacity, 
flat voltage plateaus, and significant columbic efficiency, as well as consistent cycle 
outputs at 0.2C and 1C and outstanding rate capacity [14, 143]. Further, when talking 
about Cu-based MMCs, it should be noted that even a small amount of alloying 
elements can significantly reduce copper’s electrical conductivity. For example, 
adding 0.3 percent Zn to copper reduces its electrical conductivity to 85 percent 
IACS, 1.25% Al to 70% IACS, and 0.1% P to 50% IACS, while keeping in mind that 
pure copper has an electrical conductivity of 58 MSm-1, or 100% IACS. It was shown 
that the mechanical characteristics of traditional alloying techniques are significantly 
correlated with reduced electrical conductivity [147].
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4 Processing of Materials 

Metal matrix composite materials are designed by merging two or more materials 
together in such a way to achieve specified qualities. The final material will have the 
best of both the metallic matrix and the reinforcing components, offering more flexi-
bility in design [148]. Although the same composition and quantity of the constituents 
are involved, one can change the characteristic profile of materials by changing their 
manufacturing techniques, processing, and finishing as well as reinforcing compo-
nents [2]. A different type of deposition technique or an in-situ method of adding 
a reinforcing phase may be used for designing metal matrix composites [15]. The 
methodologies used to manufacture MMCs can be categorized based on their treat-
ment, whether the metal matrix is in liquid or solid form. Furthermore, both of these 
paths are classified in distinct ways, as seen in the diagram below. In this section, 
various manufacturing techniques like casting methods, plasma spray decomposition, 
powder metallurgy are briefly discussed. Some of the manufacturing techniques are 
shown in Fig. 5. 

Fig. 5 Schematic representation of production of MMCs by various techniques
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4.1 Liquid-State Processing 

Most of the time, liquid-state processing allows for the creation of complicated 
geometries with strong interfacial bonds and effective dispersion. The effective 
bonding and uniform distribution of reinforcement are what give the material its 
superior mechanical properties. Stir casting, squeeze casting, and other methods of 
liquid-state processing are the most popular. Here, both casting methods that can be 
used to produce MMCs are discussed. 

4.1.1 Production of MMCs by Casting Technique 

The most popular and well-known technique for producing MMCs is casting. It 
can affordably manufacture increasingly complex MMCs in a variety of materials. 
The reinforcement is mixed with molten metal, poured into a mold cavity, and then 
allowed to settle to produce the necessary casting [55]. Casting of MMCs with partic-
ulate or reinforcement may look remarkably similar to casting metals on the surface. 
Due to their low melting viscosities, metals can be casted into net-shaped product 
forms [15]. The combining process is generally carried out at atmospheric pressure, 
and reinforcing components should be wettable with the molten metal alloy [147]. 
Among the most popular manufacturing methods for MMCs are squeeze casting and 
pressure casting. In this process, the molten state of the material solidifies under 
very high pressure after just a slow mold filling, which results in a fine-grained struc-
ture. The manufacturing of composite materials is conceivable using both pressure 
casting procedures [2]. A two-stage procedure is frequently employed. The melt is 
forced into the form at low pressure in the first step, then solidified at high pressure 
in the second stage. This protects the product from being damaged by overly rapid 
penetration. Because the duration of the infiltration and, hence, the reaction time 
are very short with squeeze casting, relatively reactive materials can be used. Now 
there are two types of squeeze casting: direct and indirect. Direct squeeze casting 
is used to make composite pieces with a basic form, and they are inexpensive or 
easy to use. The use of indirect squeeze casting allows for the production of more 
complex composite parts, but it also necessitates the purchase of more expensive 
casting dies [147]. The advantage of this method is the ability to build complexly 
shaped structural components with partial reinforcement to strengthen regions that 
are subjected to high stresses during service. The more detailed demonstration is 
shown in Fig. 6 [149], along with the depiction of the casting setup. In this casting 
method, reinforcement materials have been pictorially represented, along with their 
properties and applicative areas. Furthermore, a very fine representation of additives, 
wetting agents, and challenges should be followed during fabrication.
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Fig. 6 Framework for producing better-quality AMMCs by a stir casting process. Reproduced with 
permission from [149] 

4.2 Solid-State Processing 

The process of connecting the matrix material and reinforcement during the solid-
state processing of MMCs involves a greater temperature and pressure, which causes 
mutual diffusion between the materials. Here, the most traditional process of fabri-
cation, namely powder metallurgy, is briefly discussed. However, there are a lot of 
other processes that follow the route of solid-state mechanisms [55]. 

4.2.1 Powder Metallurgy 

Powder metallurgy technique is focused on the classic mixing of matrix powders 
with reinforcing components (dispersion powders, platelets, and ceramics), accom-
panied by cold processing and sintering, and then plastic machining occurs (forging, 
extrusion). Whenever cold plastic processing is utilized, a green component is 
initially sintered, and when hot plastic working occurs, then cold pressing is applied 
[147]. Powder metallurgy technology also allows for matrix alloy composition 
and microstructural improvements that are only attainable with quickly solidified 
powders. Basically, low temperatures are used in powder metallurgy processing, 
which theoretically allows for greater control of interface kinematics [150]. The 
powder metallurgy manufacturing method also enables the use of matrix alloy 
composition and microstructural improvements that are only feasible with quickly 
solidified powders. Although composites have greater mechanical properties than 
alloys, flaws in composites such as porosity, poor wetting, and interfacial energies 
can be minimized using powder metallurgy, resulting in improved mechanical perfor-
mance. It is less expensive and more widely available when compared to other ways. 
Powder metallurgy MMCs have better strength and toughness. Using this technique,
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the reinforcing distribution is homogeneous and uniform. As a result, the produc-
tion of powder-based metal matrix composites has revolutionized both research and 
industry [151]. For the fabrication of ferrous and non-ferrous metal powders, a variety 
of manufacturing procedures are available, including atomization, chemical reduc-
tion, and milling. Each method of production has its own set of advantages. Following 
the compaction process, the synthesized powders are shaped into the proper size and 
shape. The billets are heated in a furnace for a certain time and temperature to remove 
porosity and produce high strength. Most of the pieces may be used right away after 
sintering, but others may require further processing to relieve tension [152]. 

Powder production (P/M): In the P/M process, the raw material is powder, which 
can be pure elements, elemental blends, or pre-alloyed powders. The powders are 
made using a variety of techniques. Atomization is the most frequent method for 
producing powders due to its particular properties. Powders of stainless steel, nickel 
alloys, and titanium can be made via this technique. Similarly, chemical reduction is 
an effective process for producing different types of powders such as iron, copper, 
tungsten, and molybdenum. Also, electrolysis may be used to create iron and silver 
powders [150]. 

Blending: It is the process of combining powders with the same basic content 
but different particle sizes and forms. It is done to obtain a uniform distribution of 
particle sizes and to minimize porosity [152]. 

Compaction: Utilizing proper punch and die to generate green compacts using 
mechanical or hydraulic presses, powder mixtures are typically compacted. Powder 
mixes are cold crushed at an appropriate pressure using a uniaxial press [152]. 

Sintering: The procedure of binding the particles collectively by heating them in 
mesh belt furnaces, walking beam furnaces, and batch furnaces is among the few that 
are used for sintering. According to the numerous studies, components with a high 
surface and desirable characteristics are produced at a maximum sintering temper-
ature. A controlled atmosphere in a furnace is referred to as “sintering.” Further, a 
pictorial representation of powder metallurgy is shown in Fig. 7 [153]. 

Using mechanical mills along with a hot extrusion process, the mechanical prop-
erties of AlCuMg-B4C nanocomposites were evaluated as a function of milling 
time and percentage of reinforcement material. The mechanical properties of the

Fig. 7 Pictorial representation of the different stages involved in the powder metallurgy process. 
Reproduced with permission from [153] 
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created composites were assessed after 25 h of milling the composite powder, which 
contained aluminum alloy and boron carbide powders. The composite powder was 
then hot pressed in a vacuum at 560 °C and 300 MPa. The amount of reinforcement 
and milling time increase as the hot-pressed density of the composite decreases. The 
composite with 15% B4C reinforcements milled for 25 h has a lower density than 
the alloy that is not reinforced. Tensile tests on all of the manufactured compos-
ites reveal that the 10% weight B4C content composite material that was milled for 
six hours had the greatest tensile, measuring 332 MPa [154]. Furthermore, using 
a 316 L/polycarbosilane (PCS) combination, steel matrix composites were created 
using a novel semi-powder metallurgy technique that comprised SPS and solution-
assisted wet mixing. By first coating the initial 316 L powder with PCS, then SPS, 
PCS, and 316 L powders were obtained. Tensile test results show that increasing PCS 
percentage enhances yield strength (YS) and ultimate tensile strength when compared 
to pure 316 L. The network structure, reinforced microstructures, and solid solution 
effects, as well as the high compatibility between M7C3 and the austenitic matrix, all 
contribute to the composites’ increased tensile strength [155]. Hence, it was observed 
that the powder metallurgy route is the traditional as well as conventional approach 
to fabricating various MMCs. 

5 Conclusion 

The composite materials have gained enormous recognition in the domains of 
research and manufacturing as they possess useful characteristics and meet neces-
sities that cannot be attained by the different constituting materials acting alone. 
This prominence can be attributed to the fact that composite materials have become 
more durable and lightweight. Up to this point, researchers have made attempts to 
combine a wide range of component materials in order to construct composites, 
and a number of experiments have been carried out to explore the characteristics of 
these composites and how they change their phase. Furthermore, in order to obtain 
the maximum possible material efficiency, researchers have adjusted the composi-
tion percentage as well as other key criteria that go into the construction of a better 
composite. Researchers have devised a large number of innovative manufacturing 
procedures in order to circumvent the inherent inefficiencies of traditional produc-
tion methods, which include delays in time and an increased level of complexity. The 
vast majority of them were successful in enhancing the qualities of the materials so 
that they might be used for possible applications in important industries, including 
aerospace, automotive, chemical, and sporting goods. But in the world, we live in 
now, biocomposites made from natural, biodegradable materials are taking over the 
market. This is due to the fact that these biocomposites are showing qualities that 
were previously unknown to be environmentally benign. Apart from the significant 
research initiatives that have been undertaken in the field of composite fabrication, 
there is a vast amount of room for improvement in the field of developing advanced 
manufacturing techniques in conjunction with automation that enables an increase
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in the productivity and efficiency of materials. It is worthwhile to do more research 
into the hybridization of natural biodegradable materials with synthetic elements as 
components of the composite structure. This combination will eventually help in 
increasing the material’s strength and stiffness while also being eco-friendly. 
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Methods for the Development 
of High-Performance Metallic 
Nanocomposites 

Vishnu Chauhan, Martina Saran, Jyoti Yadav, and Rajesh Kumar 

Abstract Synthesis, properties and characterization of metallic nanocomposites 
offer lots of attention in technological and environmental research fields for their 
several applications. Following the featured properties of the metallic nanocompos-
ites based on their synthesis and characterization techniques, their several applica-
tions are exhibited in biomedical, optics, data and energy storage devices, catalysis 
and optoelectronic devices. The current significant metallic nanocomposites cover 
the desirability of diverse applications. The study and investigations of metallic 
nanocomposites depend on their size, shape, surface chemistry that affects the particle 
performance for desired applications. The synthesis of metallic nanocomposites is 
preferred by chemical method as compared to the physical method due to their 
selective shape, size, composition and control over the growth, and these methods 
include sonochemical, reduction, microemulsion, chemical and electrochemical 
reduction, metal vaporization, solvothermal and microwave-assisted synthesis tech-
niques. Moreover, the properties of metal nanocomposites such as surface plasmon 
resonance, catalysis, optical, magnetic, electrical properties have been described. 
Characterization techniques play the vital role in assessing and declaring a sample 
as featured nanoparticles for their desired applications without using the sensitive 
and precise microscopy. Several characterization techniques, such as scanning elec-
tron microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy 
(TEM), X-ray photoelectron spectroscopy (XPS), Raman and Fourier transform 
infrared spectroscopy (FTIR), are used to determine their size, morphology, structure,
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composition, porosity, band gap, porosity, functional group and their thermal stability. 
So, it is very much evident to carefully choose the synthesis method and characteriza-
tion techniques to properly define the properties of grown metallic nanocomposites 
sample for their applications in diverse research areas. 

Keywords Metal nanocomposites · Synthesis · Properties · Characterizations ·
Applications 

1 Introduction 

In recent decade, metallic nanocomposites have attained much attention for 
researchers due to their micro to nanolevel transition that resulted in change in their 
physical and chemical properties for various implications. The changes include the 
small size, quantum confinement and increase in surface-to-volume ratio. Earlier, 
these nanocomposites were explored for size-dependent physical and chemical prop-
erties but nowadays these nanocomposites are investigated for commercial applica-
tions [1]. The feature of surface to volume ratio of metallic nanocomposites allows 
them to interact with other particles that make the diffusion faster and feasible at low 
temperatures. Metallic nanocomposites have been the subject of research because 
of their uniform size and sharp size distribution in nanoscale. Metallic nanocom-
posites depict unique properties with suitable functional group and their synthesis 
allows them to bind with drugs, ligands and antibodies. There are some unique char-
acteristics of metallic nanocomposites such as surface plasmon resonance (SPR) 
and optical properties. Metallic nanocomposites are made up of metal or alloy 
matrix in which other nanosized supplementing materials are embedded. The noble 
metallic nanocomposites of Ti, Al, Ag and Au have gained clear attention due to 
their applications in catalysis, automotive industry, anti-microbial agents, anticancer 
and photography [2]. 

Based on the starting materials or precursors metallic nanocomposites can 
be synthesized in two ways basically top-down or bottom-up approach. These 
techniques involve ball milling and mechanochemical, laser ablation, ion sput-
tering, physical vapor deposition method (PVD), pulsed laser deposition (PLD), 
chemical vapor deposition (CVD), sol–gel, chemical reduction, hydrothermal and 
solvothermal, electrochemical deposition, microwave-assisted and sonochemical 
reduction [3–5]. There are various characterization techniques that are used for the 
analysis of metallic nanocomposites such as absorbance and infrared spectroscopy, 
transmission electron microscope, scanning electron microscopy, atomic force 
microscopy, X-ray diffraction, Fourier transform infrared spectroscopy, extended 
X-ray absorption fine structure and X-ray photoelectron spectroscopy. Based on 
the optical properties, metallic nanocomposites have been used for imaging sensor, 
photocatalysis, biomedicine, rechargeable battery, electrode, shield, sensor, laser 
display and solar cell. Moreover, metallic nanocomposites have been used for 
thermal, electrical, mechanical and magnetic functions. They can be used as catalysis,
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fuel cell catalysts, optical detector, electrical conductive pastes, battery materials 
and, for medical treatment, can improve the macro- and microhardness, abrasion, 
scratch-resistant, to prevent environment pollution arising from coal and burning 
gasoline and sunscreen lotion. Metallic nanocomposites have been used for ther-
apeutic applications such as anti-infective agents, anti-angiogenic, tumor therapy, 
multiple myeloma, leukemia, rheumatoid arthritis, photothermal therapy, radio-
therapy and drug delivery [6, 7]. The focus toward the investigation of nanoparticles, 
nanocomposites, nanostructures and nanomaterial is conspicuous because of their 
significant use in catalysis, polymer synthesis, sensing and optoelectronic devices 
[8–13]. Molecularly imprinted silver nanocomposites are used for explosive tagging 
sensing [14]. Gold dendrimer nanocomposites (DNC) are hybrid nanoparticles that 
are formed by the dispersion and immobilization of guest atoms or small clusters in 
dendritic polymer matrices. These nanocomposites are used for imaging and drug 
delivery by utilizing bioactive guests or the incorporation of radioactive isotopes, like 
Au-198. Silver nanocomposites are used for antimicrobial and inflammatory, anti-
fungal, antibacterial and as antioxidant purposes [15, 16]. Moreover, silver nanocom-
posites have been successfully used for biomedical applications in pure or alloyed 
form [17, 18]. Yada et al. reported the mechanical milling: a top-down technique for 
the synthesis of nanomaterials and nanocomposites [19]. Sellinger et al. reported the 
continuous self-assembly of organic–inorganic nanocomposite coatings for automo-
tive finishes, hard coats and optical hosts. The organic and inorganic interfaces are 
linked covalently, and the continuous nature of dip-coating technique allows rapid 
synthesis of optically transparent coatings [20]. The tailoring of optical, electronic 
and electrical properties of metallic nanocomposites is challenge by controlling their 
size and shape. Synthesis, properties, characterization and applications of metallic 
nanocomposites are an active area of research. There are various methods (physical, 
chemical and biological) available for the synthesis of metal nanoparticles with some 
certain advantages and disadvantages. Firstly, the present chapter depicts the detailed 
synthesis information of metallic nanocomposites using top-up and bottom-down 
approaches. Second part presents the different properties of metallic nanocompos-
ites including structural, optical and chemical with their current prospects and future 
scope in different areas. Furthermore, the last section identifies the characterization 
techniques in systematic way for the possible applications in various research areas. 

2 General Methods for Synthesis of Metallic 
Nanocomposites 

Metallic nanocomposites can be synthesized basically by top-down and bottom-up 
approaches depending upon the starting materials or precursors. The foremost dissim-
ilarity in both methods is the initiated materials of nanocomposites synthesis. Bulk 
material is employed as the material for starting a process in top-down methods and
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Fig. 1 Schematic of various synthesis methods of metal oxide-Au NCs for biological applications. 
Reproduced with permission [21]

particle size is diminished (coarse into fine powders) to nanosizes via different phys-
ical/chemical or mechanical processes, likewise atom/molecules may be the mate-
rial in bottom-up methods to begin with. We try to discuss various methods in this 
chapter for the synthesis of metallic nanocomposites. Physical and chemical methods, 
namely electrochemical changes/chemical reduction and photochemical reduction 
mostly used for the purpose of synthesis and regulation of metallic nanocompos-
ites. The choice of synthesizing method is very critical because during synthesis, 
they show (i) kinetics of interaction with reducing agent, (ii) adsorption process 
of stabilizing agent and (iii) sundry experimental techniques generate strong influ-
ence on its morphology, i.e., change in structure/size and stability/physicochemical 
characteristics. Figure 1 shows the schematic of various synthesis methods of metal 
oxide-gold nanocomposites for biological applications [21]. In top-down methods, 
we generally get rough edges/deformed shapes of the nanoparticles obtained due to 
friction and milling processes. However, in bottom-up approach we get very smooth 
edges, regular and uniform shapes and sizes of the prepared nanoparticle samples. 
Figure 2 shows the depiction of bottom-up and top-down methods for metal nanopar-
ticles and the approaches, and methods of NPs synthesis are summarized in Fig. 3 
[7]. Table 1 shows the various synthesis processes carried out for preparing metallic 
nanocomposites. 

2.1 Top-Down Approach 

Here in this approach, firstly bulk or micromaterial is synthesized and next step 
to broken down these samples into small nanosizes. This method is basically 
depending on the size reduction of bulk or precursors by different physical and 
chemical processes [22]. It accommodates techniques primarily ball milling and 
mechanochemical which comes under mechanical milling. Similarly, thermal and 
laser ablation is also helpful for nanosample preparation. These methods are easy to
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Fig. 2 Illustration of bottom-up and top-down methods for metal nanoparticles. Reproduced with 
permission [7] 

Fig. 3 Illustration of synthesis of metallic NPs using bottom-up and top-down methods. Repro-
duced with permission [7]

introduce but it is not the best method for regular and uniform shape with signifi-
cantly small size particles. The crucial drawback in this method is change in surface 
chemistry/physical–chemical properties of metallic nanocomposites [23].
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Table 1 Various synthesis processes carried out for preparing metallic nanocomposites 

Top-down methods Bottom-up methods 

Type Technique Type Technique 

Mechanical milling Ball milling & 
mechanochemical 
method 

Solid state Physical vapor 
deposition (PVD) 
Chemical vapor 
deposition (CVD) 

Laser technique Laser ablation Liquid state synthesis Sol–gel method 
chemical reduction & 
hydrothermal method 
solvothermal method 

Sputtering Ion sputtering Gas phase Laser pyrolysis 
Flame pyrolysis 

Others Electrodeposition 
process 
Microwave-assisted 
reduction 
Co-precipitation 
method Sonochemical 
reduction

2.1.1 Ball Milling and Mechanochemical 

The principle of this method is reduction in the particle size through extensive high-
energy zircon or steel ball milling for several hours. John Benjamin originated this 
technique of particle size to reduce in nanoscales in the year 1970. This method is 
classified by the order of its milling which is either high or low energy that can be 
dependent on the mechanical energy to powder bulk mixture, whereas nanoparticles 
are most probably obtained via using the later method. 

The method of synthesis includes steps explained briefly, bulk/microcrystalline 
powder is added into a Teflon lined or alumina vessel along with many heavy balls 
mostly made up of hard materials such as zircon or steel which do not contaminate 
the sample. The particle size of the thus milled powder is depending upon the amount 
of time at high mechanical energy is bear on and was milled with high-speed rotating 
balls. There are various methods to use for high-energy milling, namely some are 
planetary ball milling, vibrating ball milling, low-energy tumbling milling and high-
energy ball milling [24]. The stated methods work on the basic principle of heavy and 
free moving balls, which must cause friction with the bulk/micropowder material in 
surrounding or beneath them [19]. Nanocomposites of Fe and Nd-Fe-B alloy with 
size of less than 20 nm have been produced with the help of this ball milling with 
high-energy method also using surfactant and organic carrier liquid. Rod-shaped 
nanoparticles were obtained by milling [25]. 

In mechanochemical synthesis, samples are obtained via frequent deformation, 
welding or fractures in the mixture of reactants happens. We all know that high-
temperature reactions are must for segregation of reactants into the final products,
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whereas in this method low temperature or room temperature without any external 
source of heating or cooling is required [26]. The reaction takes place during the 
process which is given by: SxC + yR = xS + RyC, where SxC and yR are reactant, 
Sx is product and RyC is by-product. This is simple yet efficient method of nanopar-
ticle preparation [27]. Iron and copper nanoparticles (Fe–Cu) were prepared through 
mechanochemical method and employed the iron (III) chloride (FeCl3) and copper 
(II) chloride (CuCl2) with sodium (Na) during ball milling process. The crystallite 
and particle size (mean) of thus synthesized and cleaned nanoparticles after 3.5 days 
of milling was found to be around 9 nm and 50 nm; the size of the crystallite remains 
still at around 14 nm, while the size of the particle increases as measured of the 
sample [28]. 

2.1.2 Laser Ablation 

In this technique, radiation of laser is fall upon on the bulk or microsample to reduce 
the particle size of a bulk material into nanosized level. Material is kept in between 
a thin layer and exposed to the beam of pulsed laser irradiation. Preferably, Nd:YAG 
laser and its harmonic at the wavelength of 106 μm and also Ti:Sapphire laser and 
copper (Cu) vapor laser are incorporated [29]. The relative amounts of atoms are 
ablated and, emerged particles are associated with the laser pulse time duration & 
energy [30]. This technique involves many variable criteria which influences ablation 
efficiency and characteristics of thus synthesized metal nanoparticle formed depends 
on duration of time, wavelength (λ), fluency of laser and surrounding of liquid 
solution medium in the presence or in the absence surfactant [31]. Altowyan et al. 
reported the effect of liquid media and laser energy on the synthesis of Ag NPs 
and their nanocomposites with Au nanoparticles using laser ablation technique for 
optoelectronic applications [32]. In the normal atmospheric conditions, the pulsed 
excimer laser radiation was used at wavelength of around 248 nm to prepare ~2 pm 
of silver (Ag), gold (Au) and permalloy of (Ni81%: Fe19%) by ablation method. 
Also, the mean particle radius was observed to be in the nanorange (5 to 50 nm) 
[33]. There is another technique of femtosecond laser radiation mostly used in a gold 
target in pure deionized or demineralized (DI) water to obtain colloidal gold sol (Au) 
nanoparticles. The procedure which involves heat free femtosecond ablation exhibits 
a very small 3–10 nm monodispersed gold colloids [34]. Silver (Ag) nanosized 
particles can be produced by laser of Nd:YAG at λ = 1064 nm by ablating the 
silver target dipped in different concentrations of salt (NaCl) solution along with 
in pure water (DI). Predominantly, the size of the silver (Ag) obtained in 5 mM 
NaCl solution ranged from ~5 to 50 nm in particle size (mean size of ~26 nm) [35]. 
Ablation of targets (silver (Ag) and gold (Au)) in water by a copper (Cu) vapor laser 
produces its sol formed after drying through evaporation are disk nanoshaped, with 
diameter (~20–60 nm) and thickness of few nanometers [36]. This method is used 
for synthesizing the stable NPs with the use of any chemicals or surfactants. For 
this purpose, this technique is used to synthesize the nanostructures, including core 
shells, nanocomposites, alloys and other complex structures. Mwafy et al. reported
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the functionalized cellulose nanofiber (CNF) with multi-walled carbon nanotubes and 
SnO2 forming the hybrid nanocomposite structure [37]. Laser-assisted technique was 
used for the synthesis of Ag/CdO nanocomposite thin film, and their structural and 
optical studies have been investigated. The spectroscopic techniques were used to 
inform optoelectronic characteristics changes observed after embedding and post-
thermal annealing effect [38]. 

2.1.3 Ion Sputtering 

Ion sputtering is the vaporization of a target solid material via sputtering with the 
help of beam of different ions of inert gases. Recently, this method is popular and was 
used for the metals accommodating magnetron sputtering of the targets. Here in this 
technique the mass nanostructures films can be assembled on silicon (Si) substrate 
via collimated beam of the nanoparticles, at usually pressure of ~1 mTorr [39]. Depo-
sition in sputtering method is carried via evacuated vacuum chamber, and a gas is 
introduced while sputtering and working pressure around ~0.05 to ~0.1 mbar are kept. 
The ionization of gas is done using kind of very high voltage to the cathode, and free 
electrons generated will then take spiral path through magnetic system and collides 
with sputtering gas (Ar) atoms; perpetual process shows glow discharge in plasma 
to ignite. Positive charge of gas ions attracts the target, impinges repeatedly and 
tends to the surface of the target material with energy above the binding energy (BE) 
and then an atom ejected [40]. The metal oxide-gold (Au) nanocomposites involve 
reduction of gold with photochemical from Au(III) to Au(o). The metal oxide-gold 
(Au) nanocomposites involve the reduction of gold with photochemical from Au(III) 
to Au(o). Also, the synthesis conditions can alter the size distributions during sample 
synthesis [41]. Tafur et al. investigated the optical properties of Ag NPs embedded 
in dielectric films grown by DC and RF sputtering. The nanocomposites are consti-
tuted by the intercalation of dielectric layers such as Teflon, SiO2 and TiO2, and the 
dipolar and quadrupolar plasmon resonances were observed and inferred in terms of 
the Mie theory [42]. This technique synthesized controllably of metal alloy nano-
sized particles, formation of silver copper (Ag–Cu) alloy in nanoform on a substrate 
of silica with average particle size ~17–32 nm analyzed using TEM [43]. Pt/Au 
alloy nanoparticles at room temperature synthesized carrying sputter deposition from 
working magnetron sources on the liquid PEG. Prepared nanoparticles were found to 
be alloyed with the face-centered cubic structure [44]. Cobalt nanocomposites can be 
synthesized at room temperature on SiO2/Si substrates by direct current magnetron 
sputtering and found that few nm to tens of nm in size can be obtained by applying 
positive substrate biases [45]. Magnetron sputtering commonly used techniques for 
the preparation of metallic nanoparticles. The formation of Silver (Ag) nanocompos-
ites films depends on the time during accumulation and smoothness of the substrate 
with RMS value of roughness (∼2 nm) for their morphological/topographical and 
optical properties [46].
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2.2 Bottom-Up Methods 

This is based on producing nanosized particles from small tiny molecules 
atoms/molecules or smaller particles after put them together. Here, nanosized struc-
tures constitute the nanoparticles initially processed and collect to produce final 
nanoparticles. 

2.2.1 Physical Vapor Deposition Method (PVD) 

Here, material is placed on the surface by either way as thin film or as nanosized 
particles. Physical vapor deposition such as pulsed vapor deposition is mostly accom-
panied for thin films’ synthesis. In the pulsed laser deposition, laser ablation is accom-
panied on the target that introduces the synthesis of plasma ablated type and therefore 
accumulated on a substrate to produce a thin film [47]. The properties of pulsed laser-
deposited nanocomposite NiO:Au thin films have been investigated for gas sensing 
applications. These nanocomposites thin films were analyzed as electrochemical 
hydrogen sensors and observed that the addition of the Au nanoparticles leads to 
enhance the sensor sensitivity considerably [48]. Synthesis of silver thin film of said 
thickness (~300 nm) on a quartz substrate, from using a pristine silver plate as a target 
material is also found in the literature prepared at room temperature [49]. The polyani-
line/gold (PANI/Au) and polyaniline/platinum (PANI/Pt) core–shell nanocomposites 
were usually fabricated through mini-emulsion polymerization of aniline monomer in 
the presence of chloroauric acid and chloroplatinic acid, respectively [50]. Rhodium 
(Rh) thin film on polish stainless steel substrates was observed to be in Rh(111) 
plane as shown in Fig. 4, consisting dense column of nanometric crystallites. The 
measured thicknesses of Rh1 = 3, Rh2 = 4 and Rh3 = 5 target–substrate distance 
(cm) are coming out to be ~86 nm, ~82 nm and ~54 nm, respectively. The thickness 
of Rh1 is maximum, deposited at target–substrate distance (Dts) = 3 cm [51]. 

Fig. 4 SEM images of the a Rh1, b Rh2 and c Rh3 films, respectively. Reproduced with permission 
[51]



98 V. Chauhan et al.

2.2.2 Chemical Vapor Deposition (CVD) 

It consists of a solid element which will deposit on a surface heated enough through 
chemical reactions which require activation energy for initiation above 900 °C of 
different phases either vapor or gas phase. Experimental chamber made up of gas 
supply inlet–outlet system, assembly and an exhaustion facility. Solid target material 
is given to the system in the form of highly volatile molecules and acts initiators 
and then number of reactions between the fragments, precursor and substrate to 
synthesize nanosized thin film [52]. Non-catalytic CVD to produce Cu–Sb alloy 
nanostructures by using the copper foils used as both the substrates and source, Cu– 
Sb alloy nanosized wires and nanoparticles with various shapes/sizes and phases 
were prepared by fluctuating the roughness, the temperature along flow rates [53]. 
Piszczek et al. reported the synthesis of Ag-metal oxide nanocomposites coatings on 
large substrates using CVD techniques in a single synthesis process and explained 
the antimicrobial activity, bio-integration and toxicity [54]. 

2.2.3 Sol-Gel Technique 

This technique has been majorly used for the preparation of metallic nanocomposites. 
Colloidal particles are large in size than the normal molecule or nanoparticle, and 
mostly on mixing with liquid colloids, they have a very bulky appearance but the 
nanosized molecules forms and looks clear. It occurs in stages such as hydrolysis, 
condensation, growth of particles and agglomeration of particles. Figure 5 shows the 
sol–gel synthesis of Ti/Co/Ni nanocomposites [55]. Co–Pt alloy nanoparticles with 
variation of concentrations of CoPt and copper were prepared at several temperatures. 
The pristine cobalt platinum (CoPt) and the CoPt–Cu nanosized particles (varying 
copper content and temperatures) are prepared. L10 cobalt platinum (CoPt) and (FCC 
CoPt) exist in pristine cobalt platinum nanoparticles, whereas a L10 phase formed in 
the CoPt–Cu alloy with 50 at.% copper doping at annealing temperature is 600 °C. 
Copper reduces the ordering temperature and induces the magnetization [56]. Gold 
(III) ions are reduced into nanoparticles through amino silica with particle size of 
18–20 nm in diameter [57]. Electrically conducting thin films of thickness around 
~2 nm have been synthesized by growing ultrafine particles of iron (Fe) and copper 
(Cu), respectively, and from using precursor sol can be modified by varying heat 
treatments [58].

2.2.4 Chemical Reduction 

In this well-established method, different reducing agents or stabilizing agents are 
accompanied in the medium through surfactants using ionic salts [59]. Stability in 
the dispersion was observed by the absorbance analysis [60]. The size/shape of 
nanocomposites via this method depends on the reducing agent, precursor of usually
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Fig. 5 Schematic of sol–gel synthesis of Ti/Co/Ni NCs by sol–gel methods. Reproduced with 
permission [55]

metal, choice of solvents, concentration, temperature and time involved in reac-
tion [61, 62]. Jeyaraj et al. reported on synthesis, characterization and biomedical 
application of platinum nanocomposites using chemical reduction method. These 
NCs have been focused on therapeutic purposes, and still the investigation has 
to be done for a comprehensive picture of biocompatibility versus toxicity of Pt 
NCs [63]. Copper (Cu) nanosized particles were prepared by chemical reduction of 
copper sulfate (CuSO4) and sodium borohydride (NaBH4) in the presence of H2O 
without inert gas, TEM and UV–vis spectrometry used for the determination of 
size and optical properties of the synthesized nanosamples (~10 nm), respectively 
[64]. Silver/poly(vinylalcohol) nanocomposites have been synthesized using chem-
ical reduction method of silver salt by using two different reducing agents and TEM 
measurements showed their particle size less than 10 nm and composite showed 
higher degradation temperature than the PVA alone that have been analyzed using 
TGA technique [65]. 

2.2.5 Hydrothermal and Solvothermal 

A sealed vessel (autoclave) is used in this method, where solvents can be heated till 
temperature above boiling points (B.P.) in vacuum ovens by increase in their auto-
genously produced pressures. Reaction is generally known as solvothermal method, 
or, in water as solvent, it is referred as hydrothermal method. The supercritical point 
of H2O is above around ~374 °C at 218 atm. and exhibits characteristics of liquid 
and gas. Platinum alloy nanoparticles showed prominent applications as electrocat-
alysts in oxygen reduction reaction (ORR) fuel cell cathodes, on the use of N,N 
dimethylformamide (DMF) as solvent and reductant in synthesis of platinum (Pt) 
alloy nanosized particles. Estimation of average nanoparticle from TEM micro-
graphs is between ~11 and 13 nm sized [66]. Antimony sulfide graphene oxide 
(Sb2S3-GO) nanocomposite has been synthesized using solvothermal technique for 
electrochemical excellent detection of dopamine, and results showed the sensitivity
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obtained by the Sb2S3/GO/GCE was 15 times by the RuS2/GCE and 100 times by 
the MnS/GO/GCE [67]. 

The synthesis of facile Fe3O4-loaded silver (Fe3O4–Ag) nanocomposite synthe-
sized using solvothermal method and in situ growth of silver nanowires for poten-
tial catalytic optics, medicine and catalysis performance [68]. Spherical silver (Ag) 
nanosized particles of ~10 nm in size were prepared using reduction of Ag+ ions in 
aq. Ag(NH3)2NO3 by poly(N-vinyl-2-pyrrolidone) (PVP) [69]. Polymer-stabilized 
ruthenium nanosized particles of 20–65 nm could be obtained using solutions of 
ruthenium chloride in E.G. in the presence of PVP as a stabilizing agent [70]. 

2.3 Other Popular Techniques of Nanocomposite Synthesis 

2.3.1 Electrochemical Deposition 

Nanostructures are produced by electrodeposition or template synthesis methods 
[71]. These are mechanically strong and uniform throughout. For the production 
of porous semiconductor structures, electrochemical anode dissolving processes are 
preferred [72]. The metal nanosample was prepared using baths containing metal 
salt, which could be acidic or basic in nature, and a 3-terminal potentiostat with 
negligible voltage applied for a suitable time. The shape, size and morphology can 
be controlled by altering various parameters like deposition time, voltage and current, 
which includes the preparation of nanocomposites, nanowires and nanorods [73, 74]. 
The ZnO nanocomposites are fabricated on PMMA powders via atomic layer depo-
sition, where PMMA powders are synthesized using the sol–gel method [75]. The 
effects of the gold–silicon interface elimination are good for mono-shaped copper 
nanostructure particles prepared by potentiostatic deposition on an ultrathin polypyr-
role (PPY) film on a Si (100) substrate sputtered coated with a thin gold film or gold 
film electrode (GFE) with a thickness of 80 nm [76]. A label-free immunosensor has 
been developed using the electrodeposition technique of highly conductive Au NPs 
and reduced graphene oxide (RGO) NCs for the detection of CA125 for endometriosis 
ELISA analysis. This immunosensor can be used for future prospective clinical diag-
nostic applications [77]. Cui et al. reported the electrochemical deposition of high-
quality Pd, Pt, Au and Ag sub–micron tubes composed of nanoparticles in a polar 
aprotic solvent [78]. 

2.3.2 Microwave-Assisted Reduction 

The microwave irradiation-induced reduction method is new to the synthesis of noble 
metal nanoparticles via the green route. Production is caused by the heating rather 
than the energy quantum of a microwave. When heating is produced by the connection 
of an electric field with the dipole moment of molecules, solvents with a high dipole 
moment are likely, while polar molecules like H2O and ionic liquids are among the
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best to choose. In contrast to heating (thermolysis), the formation achieves regular 
nucleation and a short growth period [79]. The technique was used for the synthesis 
of stable and monodisperse Ag nanosized particles by using microgels as a template 
for in situ reduction of silver nitrate with glucose as a reducing agent. TEM images 
show that the spherical particles had a diameter of around 8.5 nm and were found 
to be stable for more than 8 months [80]. Ag nanostructures were produced via 
microwave-assisted synthesis using green chemistry methods. Nanospheres with a 
mean diameter of 7.36 nm were successfully synthesized in 15 min by reducing Ag+ 

ions (from AgNO3) [23]. The polyol reduction technique was applied for prepara-
tion of core–shell gold and palladium nanocomposites; the thickness of the palladium 
shell was obtained 3 nm, and the gold core diameter was found to be ∼ 9 nm [81]. 
The reduction of nickel chloride and hydrazine hydrates using PVP in EG under 
microwave irradiation produced nickel nanosized particles with uniform, monomor-
phic, self-assembled flower-like microstructures. TEM and X-ray diffraction confirm 
the synthesized nickel nanoflower is the self-organized, assembled structure of about 
6.3 nm size [82]. Passivated gold nanoparticles may be synthesized in the presence of 
1-dodecanethiol, with particle sizes found to be 1.8 nm through HR-TEM and STEM. 
Copper-silver nanosized particles (CuAg) were created by reacting aq. copper (II) 
nitrate hemihydrate (Cu(NO3)2.25H2O), silver nitrate (AgNO3) and sodium acrylate 
(C3H3NaO2) at room temperature, yielding 21.5 nm spherical particles [83]. Sun et al. 
reported the microwave-assisted synthesis of graphene nanocomposites for recent 
advances in lithium-ion batteries with high capacity, long cycle life and impressive 
high-rate capability. This technique is quite significant for the synthesis of metal 
nanocomposites with controlled size and shape for energy storage applications due 
to its various advantages, such as quick, inexpensive, uniform and energy-efficient 
advantages [84]. 

2.3.3 Sonochemical Reduction 

High-intensity ultrasound shows potent technique for the nanocomposites produc-
tion. Implementation of strong ultrasound radiation around ~20 kHz to ~10 MHz 
creates the molecules to go through a reaction chemically. The physical known 
process responsible is the acoustic cavitation caused in the solvent or liquid by the 
ultrasonic irradiation [85]. The main and foremost event in sonochemical reduction 
is the bubble that occurs in the liquid solvent through formation, growth and collapse. 
Polymer polymer–metal nanocomposites have been synthesized and resulted in 
excellent catalytic performance. Moreover, the catalytic activity of polymer–Au and 
polymer–Pd NCs was investigated for aerobic alcohol oxidation and the Suzuki– 
Miyaura cross-coupling reaction. This technique can be expended for the utiliza-
tion of ultrasound for the preparation of polymer–metal NCs and encourages the 
catalytic applications of NCs [86]. Neppolian et al. successfully synthesized mono-
and bimetallic Au–Ag reduced graphene oxide NCs using sonochemical reduction 
method and the improved catalytic activity. Effectively, the less amount of Au with 
Ag and GO reduced the 4-nitorphenol. The catalysts loading on GO was found to
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be enhanced relatively low levels of added chemicals by applying dual frequency 
ultrasonicator [87]. Also, the research on gold-coated magnetic nanocomposites 
is subjected extensively due to their significant physical and chemical properties 
including biocompatibility, functionality and stability that endue their great appli-
cations in various fields. NIR-absorptive bifunctional gold shells are used for the 
targeted delivery and MRI diagnosis [88]. 

3 Properties of Metallic Nanocomposites 

The size, shape and various physical and chemical properties of metallic nanocom-
posites are greatly influenced by the parameters of an experimental condition and 
the kinetics of stabilizing agents. The physical and chemical properties of metallic 
nanocomposites, which differentiate them from bulk metals, find applications in 
various industries. These days, metallic nanocomposites have attracted attention 
in research because of their fascinating properties, like mechanical strengths, high 
surface areas, magnetic properties and many more. The properties of catalysts are 
important in applications of metallic nanocomposites [89]. The various properties of 
metallic nanocomposites have been addressed here. 

3.1 Optical Properties 

The morphology of MNPs impacts the oscillations of collective electrons on the 
surface which alters the optical excitation of surface plasmon resonances (SPR). The 
generated SPR results in giant enhancement of nonlinear optical response of MNPs. 
The size of MNPs plays important role in modifications of the optical properties 
and hence in various optical applications. The specific industrial applications are 
associated with the particular size of the MNPs. There are many ways by which 
the surface and structure of nanoparticles could be modified. The ion implanta-
tion technique can be used for almost any type of structure of metal nanoparti-
cles [90, 91]. The optical properties of MNPs find specific applications in different 
wavelength regimes. For instance, the strong nonlinear optical properties of MNPs 
allied in near-IR region find attention in telecommunications applications [92]. The 
opacity of metal NCs can be ascribed to the formation of 3D network of NPs 
within the polymer matrix. In practice, it hinders the transmission of light through 
the material. The optical properties of metal oxide (Fe2O3, TiO2 and NiFe2O4) 
dispersed high-density polyethylene (HDPE) nanocomposites have been evaluated. 
The (Fe2O3/TiO2/NiFe2O4)/HDPE composite was found to exhibit high light absorp-
tion in UV–vis range and TiO2/HDPE nanocomposite exhibited the lowest optical 
energy band gap (48.88%) [93]. The irradiation of nanoparticles has been proven a 
good approach for nonlinearity in optical phenomenon. The energy is transferred 
to electrons shell by using photographs in nanoparticles between intraband and
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interband transitions. When the electrons absorb the photon energy, then due to 
the e-e interaction and e-phonon scattering, a Fermi–Dirac state is formed. Thomas 
et al. investigated the size-dependent surface plasmon resonance in silver silica NCs 
obtained by the sol–gel technique. The phenomenon of surface plasmon resonance 
(SPR) bands occurs, and their evolution in the size range 5–10 nm is investigated. 
The decrease in NPs size causes the broadening of plasmon absorption, and redshift 
occurs that was modified Mie scattering theory [94]. 

3.2 Magnetic Properties 

The research reports on metallic nanocomposites showed the innovative and novel 
techniques for synthesis of nanoparticles. The shape and the size of nanoparticles 
are greatly dependent on the following method of preparation. A huge number of 
reports have collected their nature of production, characterization techniques and 
their exclusive applications in the field of biomedical and nanotechnology. The vast 
field of research in metallic nanocomposites stated that the magnetic properties are 
highly influenced with the synthesis parameters. The high surface-to-volume ratio 
associated with nanoparticles showed that magnets of nanoscale particles are differ-
entiated from their bulk. It is quite interesting that the factors which alter the magnetic 
properties of NPs not only improve but also adversely affect the same. Owing to 
correlation between their shape and size of metallic nanocomposites, a bunch of 
reports have been collected in their possible applications [95, 96]. The recent study 
showed the importance of embedded MNPs in multi-phase permanent magnet which 
strongly enhanced the coercivity via exchange coupling of hard phase and low phase 
[97, 98]. Zeng et al. reported that the enhanced magnetic properties FePt of high coer-
civity coupled with metallic nanocomposites. Also, the core shell of nanoparticles 
synthesized with Fe-Fe3O4 shell of lower coercivity greatly modified its magnetic 
properties by variation in the thickness of the core shell [99]. The reported hysteresis 
curve of the core shell FePt and Co-Fe3O4 showed the active coupling between core 
and the shell. There is found to be the inverse correlation between coercivity and the 
volume ratio of the core shell. The higher magnetization of Fe made it a better candi-
date for the potential applications in magnet industry. But with the greater chance of 
being oxidized, Fe has some limitations. In reported research, Qiang et al. studied 
the magnetization (Ms) value of the Fe core shell MNPs coated with Fe oxide. It is 
concluded that the diameter range of core shell between 2 and 200 nm resulted in Ms 
value of ~200 emu/g [100]. The interesting bonding of metallic nanocomposites with 
core shell seeks attention in the field of high magnetization by enhancement in the 
relaxation time of excited photons of the core shell [101]. Notably, the Fe core shell 
nanoparticles with oxides of different phases possess both types of features [102]. 

The various magnetic properties like the magnetization, coercivity, energy barrier 
are dependent on the size of the core shell metallic nanocomposites and find appli-
cations in hyperthermia [103]. The inherent characteristics of the metallic nanocom-
posites are reflected by the anisotropy constant (K). The specific absorption rate
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(SAR) which is dependent on the K value is crucial parameters for the development 
of an exchange-coupled magnet. Hence, firstly the composition has become the chal-
lenge for tunable magnetic properties. In the MRI applications and according to the 
compatible conditions for human beings, an SAR of 1 kW/g is essential at 100 kHz 
and 20 mT. The carbide and Fe MNPs showed a very value of SAR, i.e., 415 W/g 
at 96 kHz and 20 mT for 13.6 nm diameter of nanoparticles as per the report by 
Meffre et al. [104]. The exchange coupling within the core shell is responsible or 
the enhancement of SAR value and drastic increment from 1000 to 4000 W/g as 
compared to single MNPs from with SAR value from 100 to 450 W/g is reported by 
Lee et al. [105]. Similarly, in published report by Noh et. al. the SAR value for the 
coupled shell-core CoFe2O4-coated Zn0.4Fe2.6O4 MNPs is 10,600 W/g while for the 
single core it is only 4060 W/g [106]. 

A group of experiments on core shell and hollow shell of Fe-based nanoparticles 
are studied by Ong et. al. on the basis of the spin interaction. They have described 
that the Fe-Fe3O4 core–shell MNPs have high exchange magnetic field of 1190 
Oe while the hollow-shell MNPs showed quite low value of 133 Oe [107]. Due 
to the surface spin defects in core shell nanoparticles, the exchange bonds prevent 
from breaking while it is not possible in hollow nanoparticles. But in contrast to 
the above-mentioned statement, Khurshid et al. stated an sevenfold enhancement 
of exchange bias in hollow magnetite nanoparticles itself. With hollow shell, its 
value is ~96 mT in 18.7 nm while for core shell it is only ~17 mT observed in 
solid γ-Fe2O3 [108]. The surface anisotropy is attributed to the spin defects on 
the surface of the core shell nanoparticles, and this leads to the greater blocking 
temperatures for hollow nanoparticles which has been studied for NiFe2O4 MNPs in 
solid Ni33Fe67 core/NiFe2O4 shell and NiFe2O4 shell only [109]. In a nutshell, the 
surface properties tune the magnetic properties via disordering in surface spin. The 
coercivity is associated with the diameter of the core shell; for example, the 3.5 nm 
FePt nanoparticles showed coercivity value of 5.5 kOe, but the 4 nm Fe showed 200 
Oe. It is quite interesting that both FePt and Fe nanoparticles are ferromagnetic in 
nature at 10 K [110]. 

3.3 Electrical Properties 

The novelty in the method of synthesis makes the metallic nanocomposites important 
for their use in potential applications in electronic devices. The exclusive parameters 
like the shape and size result in modifications in their electronic structure and hence 
are able to tune the electronic properties. The modified electrical properties play 
important role in the catalytic, sensing, optical, and biosensing applications [111]. 
The electrical properties of silver-polytetrafluoroethylene (PTFE) nanocomposites 
prepared by magnetron co-sputtering have been investigated. The dielectric constant 
of NCs relies on the metal filling factor, and it increases with achieving the percola-
tion threshold and resistivity decrease from 107 to 10−3 Ω cm over a narrow range 
of metal content [112]. The polyethylene (PE)/aluminum (Al) NCs were prepared
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using solution compounding method. The dielectric permittivity and DC conduc-
tivity dielectric breakdown strength were also studied [113]. Jiang et al. reported the 
enhanced electrical properties carbon nanotubes—magnetite NCs using solvothermal 
technique. The addition of carbon nanotubes in composite increase the electrical 
conductivity by 32% from 1.9 to 2.5 Scm−1 [114]. The improvement in electrical 
properties of Al2O3-Ni nanocomposites (synthesized using mechanical alloying) has 
been explained. The electrical resistivity was found to be decreased with increasing 
the Ni concentration and sintering temperature. It is described that the pores exhib-
ited the nonconductive and charge carriers confront lower pore numbers at high 
temperature thus resulting in decrease of electrical resistivity [115]. The reduction in 
size of the nanoparticles greatly increases the conductance. The temperature of the 
solution containing nanoparticles as well as temperature are two crucial parameters 
responsible for increase in electrical conductivity (as reported in alumina nanofluid 
with Al nanoparticles) [116]. The changes in electrical properties are attributed to 
the polarization effect by nanoparticles on the surface [117]. 

There are many reports with different concentration and different fluids which 
affects the electronic configuration and thus the electrical conductivity. The ions in 
the water have the property of the absorber surfactant, and water and mixture of 
sodium dodecyl sulfate are studied with different concentrations by [118]. Guo et al. 
investigated the electrical properties of silica NCs with multiwall carbon nanotubes. It 
was found that the addition of multiwall carbon nanotubes transformed the insulating 
silica into conductive composites. The RT conductivities of NCs were compared 
with pure silica over the 14 order. Significantly, the electrical conductivity linearly 
increased with increasing temperature from 5 to 300 K [119] 

3.4 Surface Plasmon Resonance 

The interaction of the metallic nanocomposites when photon energy is incident on 
the surface resulted in a resonance effect with generation of plasmons on the surface 
is known to be surface plasmon resonance (SPR). The electron cloud in the shell of 
the metallic nanocomposites gets excited on absorption of incident photon. Since it is 
the matter of e-e interaction, the whole phenomenon is dependent on the morphology 
and dimensions of the metallic nanocomposites. Now these days, the size of metallic 
nanocomposites is in surge in plasmonic applications due to the associated resonance 
effect. The junction between the conductor and insulators achieved the excitations 
of the excited electrons and the collection of these excitations on the surface are 
called surface plasmons [120]. The van der Waals forces interplay in generation of 
SPR effect observed at different dimensions of the nanoparticles. The SPR effect 
is mostly reported in metal NCs due to which they are in demand of industrial 
applications. The presence of SPR effect in NCs makes them better candidate for 
tunable optical applications. The strong scattering on account of the SPR affects the 
metallic nanocomposites and finds the applications in biological applications as dark
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field imaging system [121]. While the other use is in the laser therapy of cancer 
because of the absorption of SPR [122]. 

4 Unique Properties of Metallic Nanocomposites 

4.1 Surface Atom and Quantum Dots as NCs 

The arrangement of electrons in the core shell structure of NCs gives rise to the 
concept of magic number. The term surface atoms are associated with the arrange-
ment of charge carriers within the nucleus. The surface atoms have greater tendency 
of being large in surface area in dispersed clusters of atoms. The surface atoms take 
part in the chemical reaction, and hence the higher surface area leads to the effi-
ciency of the chemical reaction and products as well. It is very important to study 
the dispersed and agglomerated atoms if we setting a chemical reaction. [123]. The 
term tiny particles are not of the same dimension; they are further characterized like 
the particles in nanometer range are called as quantum dots. The electronic structure 
plays crucial role in various electronic devices. The dimensions of the nanoparticles 
alter the electronic structure with possible transitions of electrons between the band 
gap. The highest energy occupied molecular orbital (HOMO) and lowest energy 
unoccupied molecular orbital (LUMO) make the excitations of electrons and seek 
applications in the field of laser technology. Thus, the band theory in semiconductors 
gives the wide concept of applications of MNPs in optical industry. The scattering 
of photons on account of dimensions of MNPs resulted in interference effect and 
distribution of energy between the energy levels. The various statistical features of 
the e-photon interaction are greatly influenced by the frequency of the photon [124]. 

4.2 Metallic Nanocomposites as a Catalyst 

The catalyst is the fuel for any chemical reactions, and the dimension of the metallic 
nanocomposites interplays with the efficiency of the catalytic functions. With opti-
mizing the synthetic parameters, some catalytic sites are generated intentionally on 
the surface of the metallic nanocomposites. This type of technique is meant to use 
the metallic nanocomposites in the field of chemical industry [125]. The metallic 
nanocomposites have a regular arrangement of atoms within their lattice, and there 
is inverse correlation between the size of particle and surface atoms. The metallic 
nanocomposites worked as efficient catalyst under specific and stabilized conditions 
resulted prevention from agglomerations [126]. The specific benefits of metallic 
nanocomposites in the field of chemical reactions as catalysts are discussed here:
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1. There is less evaporation of solvent in chemical reaction because the temperature 
of the catalyst is always lower. So, it the chemical reaction will be cost-effective 
in terms of the amount of solvent. 

2. Since the metallic nanocomposites are transparent, they are better candidate for 
the photocatalyst. 

3. The catalytic efficiency is dependent on the size of the particles, and this could 
be easily achieved in the metallic nanocomposites. 

4. The catalytic function of metallic nanocomposites even works for the solid state 
and gaseous state as well. 

5 Characterization and Sensing Applications of Metallic 
Nanocomposites 

5.1 Structural Analysis of Metallic Nanocomposites 

The structure and composition of the bulk materials as well as the surface are depen-
dent to each other. The reduction of the size in metallic nanocomposites resulted 
in the comparable properties on the surface and in the bulk layer. The analysis of 
the atomic structure is equally important to further study the important properties of 
the materials. The characterization of the pristine composition gives the idea of the 
technique-dependent study not the materials and bulk. The size and the structural 
arrangement of the metallic nanocomposites are very sensitive to the structure and 
thus alter the properties which structure- and size-dependent. Figure 6 shows the XRD 
patterns for Ag–ZnO nanocomposites at different concentrations of Ag [127]. Vara 
et al. reported the transition metal oxide nanoparticles on thermal decomposition of 
MONs (CuZnO, CoZnO and NiZnO), and structural properties were described using 
XRD. The obtained results indicated the uniform size distribution with some unspec-
ified reason larger than grain size determined using XRD [128]. The noble metal was 
used to with LaMnO3 nanocomposites using the green bio-reduction method, and 
these (Ag, Au, Pd, Pt-LaMnO3) nanocomposites offered the excellent activity for 
H2 production. The XRD results indicated the existence of noble metals crystal-
lites of synthesized NCs. The XRD patterns exhibited the additional reflections in 
Au-LnMnO3 NCs of FCC structure [129]. The particles of Ni, Co and Cu nanopar-
ticles in a polymer matrix synthesized using an aerosol single-drop reactor tech-
nique and structural properties have been investigated using XRD study [130]. The 
aerosols spray pyrolysis technique has been used for synthesis of metal NCs, and 
their structural properties have been investigated [131].

Moreover, the structural properties and images of synthesized nanosized metal 
materials at a spatial resolution equivalent to the level of atomic size dimensions 
can be imagined using TEM. It manifests size in the nm scale, degree of aggrega-
tion/agglomeration, dispersion and the heterogeneity/homogeneity of metal nanopar-
ticles. Bright and dark field images were produced regarding metal nanosized parti-
cles as it incorporated high-energetic electrons to dispense detailed knowledge about
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Fig. 6 XRD patterns for 
Ag–ZnO NCs a 1%, b 2%, c 
8%, d 10% Ag. Reproduced 
with permission [127]

morphology of sample, composition of material and crystallographic planes infor-
mation. Figure 7 shows the HR-TEM images of Au NPs and (ZnO–Au NCs) [132]. 
TEM image and SAED of nanostructured Al 2024 alloy under ECAP process have 
been reported and the preferred orientation {110} [001] was formed in Al2024 
alloy [133]. Torrisi et al. investigated the structural properties of metal-polymer 
nanocomposites synthesized using (Co)evaporation/(Co)sputtering technique. TEM 
analysis resulted in determination of average area, surface density and surface evolu-
tion for gold particles of different thickness synthesized on polystyrene surface 
[134]. Laser-synthesized gold/oxide nanocomposites (Au/TiO2 and Au/FexOy) have 
been analyzed using TEM with low- and high-magnification images [135]. The 
mixed metal oxides Cu0.5Sr0.5 and La0.2 doped Cu0.4Sr0.4 NCs were investigated for 
phase purity and structural analysis and SEM analyzed particle size of NCs ranging 
from (43–72) nm [136].

The images can be studied for the metal nanoparticles to study the size distribution, 
which usually depends on the reduction (method of synthesis) and the elemental 
composition of the product [137]. Structural as well as analytical characterizations 
of metal nanoparticles are very pivotal. Parameters like particle size/grain size, lattice, 
morphologic, crystallography, composition, phase and distribution can be obtained 
by this technique. 

5.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is used to determine change in the characteristic patterns of absorption band that 
clearly indicates a change in the metallic nanocomposites. It is useful in determining 
unknown elements, contaminants, additives, decomposition and oxidation. Every
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Fig. 7 HR-TEM images of a, b Au NPs (inset: SAED pattern) and c, d ZnO-Au NCs Reproduced 
with permission [132]

molecule of prepared metal nanoparticles has a distinctive fingerprint, implying 
invaluable method for chemical identification [138]. FTIR measurements have been 
used to identify functional groups (FG) in GO, TiO2, TiO2/GO-8 and TiO2/rGO NCs 
and identified the number of different oxygen-containing on GO [139]. Sacourbaravi 
et al. reported the synthesis of Ag NPs/Zn-MOF NCs and reported their application as 
antibacterial agents. In Zn-MOF, bands attributed vibrations of carboxylate groups 
and stretching vibration [140]. Also, a scheme of different roles of NPs in IR as 
analyte and tools is shown in Fig. 8 [7].

5.3 Raman Spectroscopy 

Raman spectroscopy is used to identify the phases and phase transitions of various 
metallic nanocomposites and other nanostructured materials. High Raman enhance-
ment is observed when the molecules are close to highly polarizable objects, as 
metallic nanoparticles, due to the intense localized electric fields generated by local-
ized surface plasmon resonance for resonant incident energies. Galaburda reported 
the Raman amplification in carbon-stabilized Cu/C, Co/C and Ni/C NCs exhibited 
G- (∼1590 cm−1) and D-bands (∼1350 cm−1) bands. Cu/C NCs demonstrated the 
most disordered nanographite evidenced by G- and D-bands. The most prominent 
peaks that appeared Co/C at 2.5 mW can be ascribed to Eg(475 cm−1), F2g(195, 516 
and 612 cm−1) and A1g (681 cm−1) bands of Co3O4 crystalline phase. Figure 9 shows 
the Raman spectra of Co/C, Ni/C and Cu/C nanocomposites [141]. Miedema et al.
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Fig. 8 Schematic diagram of different roles of infrared in the characterization of nanoparticles, 
and NPs as a tool for the determination of compounds and other NPs. Reproduced with permission 
[7]

reported the Raman spectra to study the H2 sorption properties of Li borohydride 
NCs. Raman resulted that the spectra of LiBH4–C are similar to bulk spectra LiBH4 

powder [142]. Raman spectra of GO, RGO, CeO2 and CeO2–RGO NCs exhibited 
the peaks of GO at 1360 cm−1 and 1599 cm−1correspond to the D and G bands and 
exhibited a ID/IG ratio of ∼0.98 with in plane crystallite size of ∼19.6 nm, signify 
that the defects are less existing in comparison with RGO [143].

5.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS is used for characterization of metallic nanocomposites because of its ability for 
detection of thin layer and impurity. XPS data is easy to combine with modeling and 
computational tool to determine the information about metal nanoparticles and thick-
ness of thin films. XPS technique has been used to determine the chemical compo-
sition and binding energy of rGO–SnO2. XPS confirmed the presence of elements 
present in nanocomposite and no trace of impurities have been observed. The binding 
states of Sn (Sn 3s, 3p, 3d, 4s, 4p and 4d) and O 1s ascribed to SnO2 and the addition 
peak of C 1s also have been observed. The binding energy of SnO2 on rGO shifted



Methods for the Development of High-Performance Metallic … 111

Fig. 9 Raman spectra of Co/C, Ni/C and Cu/C NCs measured at laser wavelength λexc = 488 nm 
and varied excitation power. Spectra are normalized to the intensity of the G-band. Reproduced 
with permission [141]

toward higher binding energy and peaks at 487.3 and 495.8 eV ascribed to Sn 3d5/2 
and Sn 3d3/2 [144]. Singh et al. reported the synthesis of Bi2O3-MnO2 NCs electrode 
for the application of wide-potential window high-performance supercapacitor, and 
XPS technique has been used to investigate the elemental composition and valence 
states of the ions present in NCs. The deconvolution of spin–orbit peaks signified 
the co-presence of Mn4+ and Mn3+ valence state at different binding energy states 
[145]. Fe3O4 NPs have been synthesized on rGO for biosensor applications, and 
XPS technique was used to determine the energy states (Fe 2P) and valance states 
Fe2+ and Fe3+ of NCs [146]. Figure 10 depicts the SEM images and XPS spectra 
of Cu-rGO NCs. Moreover, XPS measurements were carried out to investigate the 
mixture of the GO and Cu and Cu-rGO NCs electrode. These NCs were synthesized 
successfully for efficient electrochemical reduction of CO2 [147].
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Fig. 10 SEM images of the formed Cu NPs a and the Cu-rGO NC b on a Cu substrate. High-
resolution XPS spectra of the C1s region (c and e) and the Cu2p region (d and f) of the  CuSO4-GO 
thin film before the electrochemical treatment and the formed Cu-rGO NCs. Reproduced with 
permission [147] 

6 Sensors Developed Using Metallic Nanocomposites 

The unique properties of the nanoparticles are associated with their small dimen-
sion. The fantastic phenomenon observed in metallic nanocomposites differentiate 
from their bulk. This differentiation finds applications in variety of sensing char-
acterizations. Here we have discussed few novel metallic nanocomposites having 
applications in the field of sensors technology. Figure 11 depicts the various type of 
metal NCs-based sensors [150].
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Fig. 11 Classification of Sensors. Reproduced with permission [150] 

6.1 Electrochemical Sensors 

Metal nanoparticles have engrossed researchers’ consideration in electrochemical 
sensing applications for their unique electrocatalytic properties. Because of the 
possibility of the alteration in the dimensions of the nanoparticles, the electrocat-
alytic properties could be easily tuned. The high sensitivity of metallic nanocom-
posites leads the applications in sensing devices. The surface-dominated properties 
play important role in electrochemical sensors. However, metals in bulk form could 
not be used as good catalysts. The size is very crucial for metallic nanocompos-
ites to use it as electrochemical sensors, for example the size in range 1–10 nm 
showed higher response to electrochemical process in different species. The exten-
sive sought of NCs with electroanalytical systems to produce the silent features 
such as tunable microprobes, rugged instrumentation, portable, multiple analysis 
and miniaturization. Reddy et al. reported the MOx—MNCs modified electrochem-
ical (amperometric, voltammetric and impedimetric) sensors for application of toxic 
chemicals. The NCs consist of improved active surface area, excellent adsorption 
ability and electrocatalytic activity. The electrochemical sensor engenders subfemto-
molar detection limits as well as thrives in excellent selectivity [148]. Heavy metal-
based electrochemical sensor has been fabricated using layer-by-layer deposition 
of Ti3C2Tx/MWNTs NCs for detection of Cu and Zn ions that present in human 
biofluids. The sensor showed the excellent detection performance for Cu and Zn as 
0.1 and 1.5 ppb, respectively. The concentration of Cu and Zn was determined in 
biofluid, in urine (Cu: 10–500, Zn: 200–600 ppb) and sweat (Cu: 300−1500; and
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sweat Zn: 500–1500 ppb). Sensor exhibited the advantage of ultra-repeatability and 
improved stability [149]. 

6.2 Biosensors 

The changes in the climatic conditions make it is important to continuously monitor 
the health chart. Hence, the need of biosensors comes into effect to check the amount 
of essential nutrients like proteins, minerals and vitamins. The biosensors work on 
the principle of mobilization of biomolecules and their absorption in the body. The 
high specific area-related advantages in the metallic nanocomposites provide access 
to high surface energy. This peculiar property of nanoparticles makes it possible to 
absorb a greater number of biomolecules as the large area is available for absorption. 
The schematic diagram of biosensor is represented in Fig. 12 [150]. Selectively, the 
gold-based NCs biosensors are synthesized in nanorod structure that identifies E. 
coli. and detected the E. coli in meat, milk and in egg-shell with Au-based NCs 
biosensor. With immobilization of proteins and passing through the bonds between 
the interface, the metallic nanocomposites used as effective biosensors [150, 151]. 
The diverse applications of biosensor are depicted in Fig. 13 [150]. The Au-based NCs 
are of great importance in the field of biosensors because of their unique properties 
their biocompatibility and easy to synthesis with desired modifications [152]. There 
is another parameter which is important for the effective biosensors, i.e., the non-
functionalization of nanoparticles. The biomolecules like ssDNA are also absorbed 
by the Au NPs and hence could be used as sensor for DNA detection as reported by 
Li et al. [153]. There are many industries where biosensor which are based on MNCs 
is used like food industry [154]. The MNCs biosensor is also used or the treatment 
of cancer due to the bond’s formation over the cell early-stage cancer is detectable. 
The sensing of monoclinic antibodies is studied by Pal et al. [155]. The biosensors 
are based on rGo/Ag NCs functionalized textiles using advanced e-beam irradiation 
technique for the detection of adrenaline (epinephrine). The sensor was investigated 
by square wave, linear sweep and differential pulse voltammetry. The fabricated 
flexible textile biosensors consist of high sensitivity and strong catalytic performance 
for epinephrine detection. Under standard conditions (0.5–100.0 μL), low limit of 
detection (LOD) was found to be 9.73 nM (S/N = 3) for the detection of cotton and 
polyester biosensors. Figure 14 depicts the cyclic voltammetric profiles at 100 mV/s 
for the nanocomposite cotton and polyester fabrics. However, the fabricated electrode 
stands for encouraging analytical sensor for the investigation of pharmaceutical and 
biological samples [156].
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Fig. 12 Schematic representation of biosensor. Reproduced with permission [150] 

Fig. 13 Applications of biosensors. Reproduced with permission [150]
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Fig. 14 CV curves in an 
aqueous solution 0.1 M 
Na2SO4 + 0.5 M KCl  at  
100 mV/s for modified 
electrodes a cotton and b 
polyester fabrics. 
Reproduced with permission 
[156] 

6.3 Photovoltaic Sensors 

The tunable band gap with modifications in metallic nanocomposites by the 
customization of their shape and size attracts attention in photovoltaic applications. 
A bunch of reports showed the efficiency of metallic nanocomposites in the solar 
cells. The light harvesting is another important field where the unique characteristics 
like generation of surface plasmons seek matter of attention. The permittivity of the 
absorbing materials and the thickness plays crucial role in deciding the applications. 
The thick layer of the substrate reduces the scattering, and a greater number of photos 
are absorbed. According to the survey, an array of metallic nanocomposites which 
are embedded in the materials could be able to produce permittivity up to 3 + 0.1i. 
However, the effective absorbing medium can reach up to the value of 12.51 + 1.91i. 
The applied field is associated with the possible transition within the band gap to 
generate the surface plasmons and absorbs the photons. This is how the field value
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is directly related to the area and the number of metallic nanocomposites absorbed. 
Hence, there is high photon–lattice interaction when there is absorption of metallic 
nanocomposites [157]. 

6.4 pH Sensors 

The easy-to-tune size and the morphology of metallic nanocomposites by using 
unique method of synthesis opens the door to many sensing applications. This 
access is associated with the luminescent spot generated on the surface and also 
with different properties. pH sensor plays a vital role in considering the physio-
logical/pathologic mechanism, and it is known as the abnormal pH signifies many 
diseases including cancer, stroke and Alzheimer’s. Dual-emitting fluorescent metal– 
organic framework (MoF) NCs have been fabricated a broad-range pH sensor for the 
application of fluorescence imaging. MoF has been fabricated by summarizing the 
DBI-PEG-NH2 functionalized Fe3O4 into the Zr-MOFs and reacted with rhodamine 
B isothiocyanates (RBITC). Further, the sensor could see pH change in living cells 
and in water cells [158]. The sensing to pH is dependent on the equilibrium of proto-
nation–deprotonation. The central core region of the Zn and the solution changes 
the fluorescence intensity of PCN-225 which is able to detect the pH value. It is 
observed that the range 7 < pH < 10 is the most sensitive range for fluorescence 
intensity responses [159]. The properties of the metallic nanocomposites such as the 
large surface area and the high density allow them to remain in the solution for the 
longer time. The remained metallic nanocomposites are helpful in the removal of 
heavy metals from the water which are harmful to our health by measuring the pH 
value. 

6.5 Photocatalytic Sensors 

Nowadays, the ability to tune the band gap is very effective to semiconducting 
industry. The metallic nanocomposites are known to be the better candidate for the 
application of photocatalyst as the size is easy to adjustable. The use of all transitions 
of solar spectra finds application in various chemical industries. The small size of 
the nanoparticles provides large surface area and allows access to all-possible transi-
tions. With the metallic nanocomposites are exposed to the light then the absorption 
of light excites the electrons to the higher level. The energy is released and used in the 
chemical reactions, and thus the metallic nanocomposites show the quality competent 
photocatalyst [160]. The Ag-based NCs play important role in photodegradation of 
dyes when exposed to UV light as reported by Tamuly et al. [161]. The large specific 
surface-to-volume ratio allows the higher area to degrade the dyes like methyl orange 
and blue which are harmful to the water bodies. Thus, the metallic nanocomposites act 
as barrier for the harmful effects of dyes and find applications in the dyes industries.
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In recent days, the metallic nanocomposites are cluster with the semiconductors as 
they are affecting the photocatalytic action. The starch on leaves of the plants is also 
synthetically synthesized and using this the leaves absorbed the sunlight and comes 
out the product of photosynthesis. Similarly, the water is split to protons and O2 

using the photocatalytic activity of the embed metallic nanocomposites. However, 
very high amount of photon energy is required since the photocatalytic action is 
quite endothermic. The water splitting and the higher area are very interesting in the 
production of hydrogen gas. Therefore, the network of the metallic nanocomposites 
plays important and crucial role in semiconducting industry. The metallic nanocom-
posites are a good candidate which is good supplement to the action of semiconduc-
tors. However, the activity of the photocatalyst is dependent on the various electrical 
properties [162–164]. 

7 Conclusion 

Metallic nanocomposites play a major role in nanotechnology and nanoscience. 
This chapter concludes the description of the synthesis, properties and character-
izations of metal nanoparticles. In summary, a substantial amount of work has 
been devoted to the growth of innovative methodologies for metal nanoparticles. 
Different techniques have been used to analyze and characterize the synthesized 
NPs, including size, shape, the surface of the NP, size distribution and confirma-
tion, to have enough information to obtain their applications in various aspects. This 
chapter provides access to the metal nanoparticles of a large variety of metals, each 
showing different properties. The characteristics and properties of metal nanopar-
ticles are influenced by their synthesis method. The main techniques that can be 
used to investigate the characteristics of NPs have been described and summarized, 
including optical, spectroscopic, FTIR, SEM, TEM, XRD, Raman, etc. Moreover, 
the applications of metal NPs, especially for sensors such as those developed using 
metal NPs, electrochemical sensors, biosensors, photovoltaic, PH and photocatalytic 
sensors, have been discussed here. A multitude of opportunities for study exists to 
evaluate the performance of metallic nanocomposites with tunable properties. This 
chapter comprises the various parallel opportunities to learn the effects of arrange-
ments of metal nanoparticles in systems and develop multifunctional materials. This 
provides an in-depth look at the synthesis and characterization of metal nanoparticles. 
Advances in synthesis techniques and their characterization will extend the limits of 
metal nanoparticles and open the door to new possible multifunctional applications. 
The applications associated with metallic nanocomposites began with a tradition of 
empirical work that evolved into a methodology for materials to attain improved 
performance. Moreover, metallic nanocomposites have shown their importance in 
the medical, biomedical and pharmaceutical applications of nanotechnology. 
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Metallic Nanoparticles: Status 
and Prospect 

Umer Mehmood, Sadia Yasmeen, Rabia Nazar, and Santosh K. Tiwari 

Abstract Metallic nanoparticles (NPs) have fascinated scientists all over the world 
for over a century. They grab this attention because of their huge potential in nanotech-
nology. Nanoparticles are a very special class of materials, with sizes ranging from 1 
to 100 nm. The uniqueness of these nanoparticles is due to the fact that their proper-
ties—physical, chemical, optical, and mechanical—are sensitive to their size, shape, 
and structure. They can be grouped into fullerenes, metal nanoparticles, ceramics, 
and polymeric-based nanoparticles. The most important application and industrial 
demand project is the use of these specialized materials in various fields like coatings, 
nanolubrication, and catalysis. In this chapter, a brief introduction to metal nanopar-
ticles followed by their synthesis methods is presented. The main objective of this 
chapter is to discuss the principles underlying the mechanical properties of these 
metal nanoparticles, e.g., hardness, creep, adhesion, and friction. Pursuant to these, 
several of the main applications, i.e., lubricant additives, nanoparticles in nanoman-
ufacturing, and nanoparticle-reinforced composite coatings because of their special 
mechanical properties are discussed. 

1 Introduction 

Nanotechnology is the science concerned with managing nano-sized matter that is 
one billionth part of a meter (10–9). It encompasses the study of matter at a submicro-
scopic level to manipulate it into newer products, designs, and structures. A nanopar-
ticle is in the size range that falls between the macro and atomic level, very small than 
everyday objects as concerned with Newton’s laws of motion but larger than sizes 
concerned with quantum mechanics like atoms or molecules. Generally, nanopar-
ticles vary from 1 to 100 nm on a size scale. Different characteristics of metallic
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nanoparticles like mechanical strength, lower melting points, specific optical prop-
erties, higher specific surface areas, magnetization, etc., are in contrast compared to 
the bulk metals. This feature can be important in different industrial applications. 
This is the reason that these metal NPs qualify to be a potential candidate to be 
used in different applications such as catalysis, photonics surface-enhanced Raman 
spectroscopy (SERS), nanoelectronics, and biological and physical sense [1–7]. The 
inherent properties of metal NPs can be tuned further by manipulating their size and 
shape which facilitates their use in a variety of medical and industrial applications 
[8]. In catalysis, the exposed facets, and defects of crystals (including the corners 
and edges) are dependent on the shape of the crystals that affect their selectivity and 
reactivity toward different chemical compounds [9, 10]. The catalytic performance 
of NPs is enhanced in the presence of high-index planes of these nanocrystals which 
show higher activity in fragmenting chemical bonds [11]. 

A lot of endeavors have been going on to develop innovative synthesis routes 
for controlling the shape of nanoparticles and to investigate and tune properties 
dependent on their shape. Particularly wet synthesis methods have been widely used 
to produce several morphologies of crystals like spherical, wires, cubical, plates, 
cages, polyhedral, spikes, meatballs, flowers, snowflakes, prisms, combs, and various 
unique shapes [2, 5, 10, 12–17]. Despite the availability of a wide range of synthetic 
shapes, it is quite challenging to produce these metal nanostructures in high yields 
and devise a synthesis method that can produce different controllable morphologies 
by adjusting the reactant compositions [2]. Solution phase synthesis method that 
employs surfactants or polymers as capping agents has been studied for developing 
effective strategies. This owes to the advantage of precise morphological control 
with the production of metallic nanocrystals in bulk quantities when solution phase 
synthesis is used. The presence of both hydrophilic and hydrophobic groups makes 
them amphiphilic organic compounds. Due to their strong interactions with metal 
particles that control nucleation, the kinetics of their growth, and hence the final 
morphology. 

A deeper study and understanding of growth mechanism aids in the selection of 
chemical precursors, seed utilization and physical stimuli (e.g., pH, electromagnetic 
field, temperature, etc.) is a crux of designing newer synthesis routes. These variables 
have a controlling effect on the kinetics of growth and nucleation. The investigation 
of shape and dimensional variations of metallic nanoparticles in their growing stage 
is carried out with the help of microscopic characterization techniques like scanning 
electron microscope (SEM) and transmission electron microscope (TEM). These 
techniques enable the interpretation of samples up to a sub-nonmetric scale. Different 
spectroscopic techniques like energy dispersive spectroscopy (EDS), selected area 
electron diffraction (SAED), X-ray diffraction (XRD), and X-ray photoelectron spec-
troscopy (XPS) can provide basic information regarding the chemical constitution, 
configuration, and crystalline assembly of NPs. This chapter is focused on metal-
based nanoparticles, no complicated procedure is involved in the synthesis of these 
metals with different shapes, and they also have a wide range of applicability. For 
example, silver NPs, are broadly used in drug delivery systems owing to their biocom-
patibility and photo-thermal characteristics, which allow for localized heating. The
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anti-bacterial and anti-fungal characteristics of these NPs make them suitable for 
application in bioengineering, health, and wastewater treatment [18]. Furthermore, 
Ag and Au NPs have a high affinity for binding to a variety of biological molecules 
due to their narrow plasmon resonance, which has sparked a number of research 
initiatives and technology applications [3, 5, 19, 20]. 

The optical feature is one of the prime attractions and characteristics in the case 
of nanoparticles, for instance, a gold nanoparticle 20 nm in size has a distinctive 
wine-red color. The Ag NPs will give off yellow color. The NPs have been utilized 
since remote ages for visual appeal in paintings and architecture earlier in the fourth 
century AD. 

This unique cup is the only intact historical example of dichroic glass, an extraor-
dinary glass type that changes color on exposure to light. It turns from a translucent 
glow to red when light is incident internally through it, which happens when the angle 
of incidence is 90° from the viewing direction. The glass contains a tiny amount of 
silver and gold NPs in an estimated 14:1 fraction which gives it these remarkable 
photosensitive qualities. These nanocrystals are the reason behind the special color 
display of the Lycurgus Cup. This amazing relic is on display in the British Museum 
[21]. All the developments related to nanoparticles have been studied and summa-
rized by Astruc and Daniel [19]. Francisci Antonii who was a philosopher as well as 
a medical professional wrote a book about colloidal gold in 1618, which became the 
first book to be published on the said topic. The book entails that soluble gold was 
first discovered around the fourth or fifth century B.C. in China and Egypt. Industrial 
manufacturing of these with stained glass started in the seventeenth century (1676) 
by Kunckle, who also published a book, Chap. 7 of that book contains information 
about drinkable gold composed of a slightly pink and neutral solution of metallic 
gold which has curing power for different diseases [22]. He summarized the discus-
sion with the deduction that aqueous gold solutions must contain gold within a limit 
that should not be observable to the naked human eye. The “Purple of Cassius” 
which is a colloid made from Au particles and tin oxide and used as a colorant for 
glasses, remained quite popular around the seventeenth century. Helcher published a 
comprehensive dissertation on colloidal gold in 1718 [23]. He wrote about the use of 
different thickeners to prepare the consumable gold solution. This was quite common 
at that time; this can also be found in the French chemical dictionary dating to 1796 
[24]. Another scientist, Fulhame claimed in a book published in 1974 that gold solu-
tion was used to dye the silk [25]. The color difference was observed while preparing 
various drinkable colloidal gold solutions like pink gold solutions containing gold 
in a very fine subdivision, whereas the yellow color is observed when the finer 
gold particles aggregate together. The famous publication of Michael Faraday that 
appeared in 1857 described that deep red colloidal gold solution could be formed 
by reducing the aqueous chloroaurate (AuCl4−) solution with phosphorus in CS2 
environment that forms a two-phase system. Faraday further explains about optical 
properties of dried colloidal in the form of thin films that show a reversible change 
in color when mechanically compressed (change between bluish-purple and green 
color). Since then, metallic nanoparticles have remained under intensive research 
and many scientific papers were published regarding the synthesis, assembly, and
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alteration of the properties of the NPs by employing various solvents and substrates 
[26, 27]. 

2 Methods of Nanoparticle Synthesis 

Since ancient times, two methods are known for manufacturing sub-microscopic 
particles. One approach is called the top-down method, in which an external force 
is applied to a solid substance, converting it into small particles. The bottom-up 
approach, which involves the synthesis of nanoparticles initiated with atoms of gas 
or liquids is another technique that is further classified into dry and wet grinding. 
The grain refining process has the advantage that it increases the surface energy by 
increasing the aggregation of particles. The dry grinding method grounds the solid 
substance by compression, shock, or friction, which is achieved through the shearing 
mill, hammer mill, shock shearing mill, ball mill, and tumbling mill. It becomes 
difficult to obtain particles smaller in size than 3 μm with the refining grain method 
because condensation and pulverization are taking place simultaneously whereas, wet 
grinding employs a wet jet mill, agitating bead mill, ball mill, vibratory ball mill, 
and annular gap bead mill. The wet process is recommended because it does not 
allow the condensation of the nanoparticles that are produced, thus highly dispersed 
particles can be obtained easily. Bottom-up approaches include gaseous and liquid-
phase procedures. Particles produced by the gaseous phase method contain lesser 
organic impurities than those produced by the liquid phase method, but they are 
complicated because of the necessary vacuum equipment required that is expensive 
and less productive. 

Gaseous phase chemical vapor deposition produces 1 μm ultrafine particles. In the 
gas phase, nanoparticles within the 10–100 nm range can be obtained by controlling 
the parameters of the chemical reaction. Different heat sources like chemical flame, 
plasma process, laser, or electronic furnace are required because the chemical reaction 
must be performed at high temperatures. Physical vapor deposition involves the 
evaporation of solid or liquid material, which forms vapors that are then rapidly 
cooled, producing nanoparticles. The arc discharge method can be used for achieving 
evaporation. The thermal decomposition procedure is very productive for obtaining 
metal oxide or other particles; hence, it is an extensively used industrial process for 
this purpose. 

Liquid phase approaches have been the most common way of nanopar-
ticle synthesis for many years, further divided into sedimentation and liquid/liquid 
methods. Facile fabrication of different nanostructured particles can be achieved by 
the chemical reduction of metal ions. In this approach, fine-tuning the morphology 
of NPs is possible by controlling the reaction time, temperature, and the number of 
dispersing agents. By chemical reduction the metal ions can be converted to their 
0-oxidation state (i.e., Mn + → M0); the chemical reduction method does not require 
complicated equipment and is a low-cost procedure to produce nanoparticles in bulk.
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Microwave radiation is another type of heat source in this procedure and is partic-
ularly compelling as it is a fast technique and can synthesize nanoparticles of high 
quality. Reduction techniques other than direct reduction by the chemical way with 
the addition of reducing agents, such as γ rays, UV rays, and ultrasonic waves can 
also be employed. 

As there is no need for reducing agents in these methods, hence extraneous impu-
rities in nanoparticles can be avoided which is an attractive feature of these methods. 
Other methods include spray drying, spray pyrolysis, solvothermal synthesis, and 
supercritical method, extensively applied for metal oxide nanoparticle fabrication. 
By hydrolysis, a solution of a metal alkoxide becomes a sol, which is then polycon-
densed to produce a gel. The description of a sol–gel process is given in many books 
(see e.g. [28]). The liquid phase or wet process ensures high nanoparticle disper-
sivity in comparison to the dry method. However, if these resulting nanoparticles 
are dried, the particles begin to clump together. To address this problem, re-dispersion 
is required which can be carried out as done for the solid-phase method. Scheme 1 
summarizes various techniques; some characteristics are the same for all the methods 
following that synthesis procedure satisfies the conditions listed below. 

Scheme 1 Different approaches for nanoparticles synthesis
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• Particle size, shape, crystal structure, size distribution, and component distribution 
are all under control 

• Lower impurities in the nanoparticles 
• Preventing agglomeration 
• The physical structures and reactants are stabilized 
• Greater reproduction ability 
• Scale-up and mass production with lower cost 
• Alteration of size, shape, and structure as needed 

3 Morphology Control of Nanoparticles (Size, Shape, 
and Structure) 

3.1 Size Control of Nanoparticles 

The chemical and physical characteristics of nanoparticles are particle size 
[29] and shape-dependent [30]. One of the examples of the dependence of particle 
size on different properties of NPs is shown in Fig. 1, i.e., when the particle size of 
gold nanoparticles is increased, the visible light spectrum shifts to a longer wave-
length side from 530 to 600 nm [31]. It can be concluded that optical properties are 
sensitive to the size of nanoparticles. 

The size distribution of nanoparticles becomes a very essential issue in optical 
applications of nanoparticles. The slow development of NPs after the seeds are rapidly 
produced is necessary for obtaining nano-dispersed particles [32]. Reduction in the 
size of nanoparticles increases the surface energy facilitating aggregation. Thus, the 
addition of dispersing agents is important so that particulate matter can be stabilized 
once the desired size is obtained. 

Dispersing agents have long been used in the synthesis of nanoparticles; for 
instance, Lea et al. reported Ag colloids protected by citrate in 1889 [33]. In case of 
an unusually high concentration of nanoparticles, stabilization will be decentralized 
because aggregation can no longer be prevented by the action of organic substrate 
(citrate) that has weakened. 

As a result, multiple investigations of dispersing agents that aid in achieving high 
nanoparticle dispersivity at varying compositions are available. As per the hard and 
soft acid bases rule [34], Pt2+, Au+, Ag+, and Pd 2 +, etc. are all Lewis acids, while 
substrates with thiol and phosphine group are grouped as soft bases; they have shown 
to be satisfactory dispersing agents [35]. 

Brust and coworkers [36] researched organic thiol compounds as suitable disper-
sion agents., if 1-dodecanethiol is employed as the dispersing agent in the synthesis 
of gold nanoparticles, a monolayer will be formed on the surface as shown in Fig. 2. 
This stabilizes the dispersion of nanoparticles. Since 1965 this publication is said to 
have had a notable impact in the field of chemistry and is the third most cited article 
in the scientific journal [26].
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Fig. 1 Visible-light spectrum of gold NPs with different particle diameters [31] 

Fig. 2 Metallic NPs capped with 1-dodecanethiol [26] 

Furthermore, increasing the size of the nanoparticles by modifying the alkyl chain 
length from 1-dodecanethiol to alkyl chains of octane, decane, and hexadecane, or by 
minimizing steric hindrance. 1-dodecanethiol which is a dispersion agent can thus 
be used to modify particle size. Studies have been done to use polymers as dispersing 
agents. Their protective action is determined by the surface affinity of the NPs and the 
polymer’s molecular weight; this also made a significant impact on chemistry. The 
images of the state of aggregation are shown in Fig. 3. A randomly dispersed form is 
shown in Fig. 3a. The fractal form manifests the electronic properties (Fig. 3b). On 
the other hand, electronic transport properties are due to the structural orientation as 
shown in Fig. 3c. The closed-packed structure demonstrates the optical properties 
(Fig. 3d), whereas the orderly structure shown in Fig. 3e, f tells about the physical, 
optical, magnetism, and electronic properties.

Many methods have been established to separate desired particle sizes from the 
colloidal solutions of nanoparticles. These methods are (i) gel filtration column, (ii) 
gel electrophoresis, (iii) centrifugal separation, and (iv) separation by precipitation. 
Each of these screening methods is suitable, but precipitation separation is well suited 
to large distributions of nanoparticle colloids in solutions. Narrow-size distribution
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Fig. 3 Different structural orientation of NPs; a Random form b fractal form c alignment; d 
close-packed structure; e dispersed-ordered structure; f dense form of ordered structure [37]

solutions of colloidal nanoparticles should be screened with centrifugal separation 
and gel filtration. Gel electrophoresis separates nanoparticles based on the charge 
density difference between the nanoparticles. It is also a better way to separate 
particles having smaller cluster sizes. For best screening, these methods should be 
employed in combination instead of relying on one method alone. 

However, one of the limitations of these methods is that screening of nanoparticles 
by the stipulated procedure will yield only a fraction of nanoparticles, and they 
cannot be collected in large quantities. To counter this problem, digestive ripening 
and melting techniques can be employed [38]. 

3.2 Shape Control of Nanoparticles 

The shape of nanoparticles is also a very important characteristic that governs the 
nature of the surface plasmon resonance band. Figure 4 shows the absorption spectra 
of various nanorods of Au in the visible spectrum with respect to the change in 
aspect ratio. In this experimentation, Au nanorod-shaped particles had a diameter 
in the range of 5–20 nm and lengths between 20 and 150 nm. It was observed that 
any change in the size of the crystal face was related to the other aspects of the 
physical form of nanorods. As shown in Fig. 4, the wavelength of the absorption 
spectrum shifts to a higher wavelength with the increase in L/D ratios of nanorods. 
The spectroscopic features can be improved by changing the physical arrangement 
of the nanorods; many studies have been done to understand these characteristics.

Yu and coworkers [38] reported on the use of surfactants in the manu-
facture of Au nanorods. Gold nanorods were made by ultrasonically irradi-
ating an Au anode with a template made of the cationic surfactant hexadecyltrimethy-
lammonium bromide (CTAB). After the interaction with the CTAB micelle (above 
CMC concentration), Au particles will cluster together from the electrode and form 
the shape of a rod. CTAB acts as a dispersing agent being adsorbed selectively on 
the Au crystal faces [99, 100] in the growth of nanorods. 

A rod-shaped metallic nanoparticle is attained with the growth of the crystal faces. 
Many reports are available on the use of CTAB as a dispersing agent and that led to 
newer research on the nanoparticles. Adsorption of dispersing agents using different 
techniques leads to nanoparticles of various forms and shapes. A special composition
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Fig. 4 Visible-light spectra 
of gold rod-shaped NPs with 
different aspect ratios [39]

of branched nanoparticles of Au was reported by Chen et al. who achieved this 
because of higher contents of dispersing agents CTAB. 

It is concluded that there is a strong effect of molecular associations of surfactants 
and dispersing agents on the shape of metallic NPs. 

Au nanorods prepared with a hard template like mesoporous alumina have similar 
physical characteristics to those prepared with soft templates like CTAB. According 
to an early report, Au nanoparticles of rod shape can be synthesized in fine pores of 
soft template mesoporous alumina [40]. Initially, the nanosized porous electrodes of 
alumina are produced with electrochemical deposition of metal in form of fine pores 
to make a firm mold. This short-axis diameter of the Au nanorod growing in those 
pores can be controlled by pore size. Afterward, the mold of alumina is removed 
when it is dissolved, and the nanoparticles produced are taken out. Nanorods with 
multiple layers of various metals can be fabricated with this procedure, such as 
Au–Ag–Au. Thus, the formation of nanoparticles with distinctive unique features 
is possible. Applied research on multiple-layer fabrication can produce nano size 
system that can function as a nanosized bar code [41].

3.3 Structure Control of Nanoparticles 

Nanoparticles containing two or more metal elements that will have different 
properties from their uni-metal nanoparticles. 

Categorically, such a class of metallic nanoparticles has been further divided into 
the following: 

(a) Random alloy structures in the crystal lattice (Fig. 6a)
(b) Core–shell assembly where the central metal atom is different from the boundary 

or peripheral atoms (Fig. 6b)
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Fig. 5 a TEM image of a tripod-shaped NP and b HR-TEM image of the tripod nanocrystal; c 
the directions of pod and planes in a crystal. The second row of Fig shows the different stages 
of development of particles: d initiation of a trilateral form, e monopod, f V-shaped bipod, and g 
Y-shaped tripod [42]

Fig. 6 Illustrative description of bimetal nanoparticles: a alloy form, b core–shell form c and 
heterojunction assembly of complex metal NPs 

(c) Double hemisphere structure where two hemispheres are joined together to form 
a twinned assembly 

Phase separation can occur as a result of the heterojunction arrangement (Fig. 6c). 
Complicated metal nanoparticle structures can obscure many of the new features. It 
is comparatively easy to produce the core–shell structure due to the easy fabrication 
of complex metallic nanoparticles with efficient functional control. Many reports and 
literature are available in this regard. These heterojunction structures influence the 
color of dispersions, e.g., the purplish-red of Au NPs and the yellowish appearance 
of Ag NPs changes to orange-red when Au and Ag core–shell structure is formed,
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Fig. 7 SEM image of gold 
nanoparticles cross-section 
(broken by sonication). The 
gold nanotubes were 
produced by silver nanowires 
reaction with an aqueous 
HAuCl4 solution [44] 

instead of a single metal structure. Other properties are also important like in the case 
of magnetic structured matter, for instance, the core should be based on magnetite 
particles and the shell should be composed of the other metal so that the resulting 
assembly now has both magnetic and optical characteristics. 

Core–shell NPs can be produced by different methods classified as simultaneous 
reduction reactions and sequential one-electron reduction. Consider the synthesis via 
simultaneous reduction reaction, in which the core is synthesized of Pt NPs and a shell 
made up of Pd NPs entities [43]. The oxidation potential difference of both metals 
should also be considered during the synthesis and one such unique method has 
been proposed [44], in which an oxidation–reduction reaction takes place after silver 
particles are added to HAuCl4 solution (Eq. 1) and gold gets deposited on the Ag 
NPs surface forming the desired core–shell structure. With the development of this 
method, Ag nanotubes can be fabricated by employing Ag nanowires in pentagonal 
prismatic as a template (Fig. 7). 

3Ag(s) + HAuCl4(aq) → Au(s) + 3AgCl(aq) + HCl(aq) (1) 

4 Physicochemical Properties of NPs 

As previously said, these specialized particles are exclusive in nature and due to their 
special physical and chemical characteristics can be employed in a wide variety of 
applications. In the following section, some of their most crucial characteristics are 
reviewed.
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Fig. 8 Graphical demonstration of LSPR on an outer surface of the nanoparticle [47] 

4.1 Electronic and Optical Properties 

The electrical and optical characteristics of nanoparticles are related to each other 
such that they are interdependent. The optical characteristics of noble metals are size 
dependent, and the UV–vis spectrum of their nanoparticles exhibits an ‘extinction 
band’ that is not present in the spectrum of bulk material. The extinction band called 
localized surface plasma resonance (LSPR) is formed because the frequency of inci-
dent radiations (photons) is constant with the combined excitations of conduction 
electrons. This type of excitation results in selective absorption of wavelength and 
a high coefficient of molar excitation; the resonance ray light scattering takes place 
with an efficiency comparable to ten fluorophores. The spectroscopies are enhanced 
by better electromagnetic fields near the surface of NPs.The shape, size, spacing 
between nanoparticles, dielectric properties, and environment that includes a solvent, 
substrate, and adsorbent are all factors that affect the peak wavelength in the LSPR 
spectrum [45, 46]. Gold colloidal NPs caused the rusty hues found in marred glass 
doors and windows, whereas silver particles are typically yellowish. The surface-free 
electrons of these NPs can easily move throughout the nanomaterial. The free path 
of Ag and Au is about 50 nm which is in fact greater than their particle size. As a 
result, following light engagement, no dispersion is predicted from the bulk; instead, 
a standing resonance is observed which is responsible for the LSPR spectrum of 
these nanoparticles (Fig. 8). 

4.2 Magnetic Properties 

The magnetic properties of NPs favor their use in different domains like biomedicine, 
data storage, or magnetic fluids. They are also of interest in heterogeneous and
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homogenous catalysis, MRI and water purification, etc. As per the literature, the 
best properties are exhibited by nanoparticles when their size is between 10 and 
20 nm, which is less than the critical value [48]. They are valuable in a wide range of 
applications because their magnetic characteristics are very dominant at such small 
scales [48–51]. The magnetic properties of NPs are due to their unequal electrical 
dispersion. These features are also reliant on synthetic protocols and methodology 
[52, 53]. 

4.3 Mechanical Properties 

4.3.1 Strength 

The most significant parameter to consider when designing structural components is 
strength. The evaluation of material strength is required in functional materials and/or 
microelectromechanical systems (MEMS) to increase their reliability. According 
to a recent study, bending or tensile tests are used to determine strength. Because 
of machinability, tensile tests are frequently used to determine metallic materials’ 
strength. If grain sizes are larger than a micrometer, according to the Hall–Petch 
relationship, the strength will increase as grain size decreases. 

Furthermore, the metallic material is ductile, and exhibits work hardening. Work 
hardening is limited as grain refining progresses. As a result, as grain size falls, 
strength diminishes (inverse Hall–Petch relationship). Tensile tests are used to 
compare ceramics to metallic materials. In tensile testing, a specimen having 6 mm 
dia and a gauge length of almost 30 mm is recommended. The radius of curvature 
at the gauge’s shoulder must be greater than 30 mm, and a universal joint should 
be used for specimen holding to avoid any bends or twists. Because ceramics are 
more difficult to process than metallic materials, making accurately shaped tensile 
test samples is difficult. 

4.3.2 Fracture Toughness 

Strength is measured with the help of fracture toughness KIC and flaw size. 
As a result, fracture toughness is a crucial metric for determining strength and 
dependability. JIS G 0564 and ISO 12737 govern the measurement of plane-
strain fracture toughness in metallic materials. The test for fracture toughness 
(JIS R1607) is standardized as an indentation fracture method and a single-edge-
precracked-beam (SEPB) method. The SEPB method ISO 15732:2003, the surface 
crack in flexure method ISO 18756:2003, and the chevron notched beam method 
ISO/DIS24379:2003 are all ISO standards.
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4.3.3 Creep/Plasticity 

Design engineers must understand the mechanical reaction of nanoparticles to utilize 
them in structural applications. An applied force will lead to a change in shape which 
is called deformation. When it comes to elastic deformation, it is reversible. On the 
other hand, plastic deformation is permanent and cannot be reversed. Creep is the 
process through which a substance continues to swell over time after being stressed. 
As the grain size of metals approaches the nanoscale, a new type of material emerges. 
The grain boundaries reveal where an increasing number of atoms in the solids are 
discovered. Diffusional creep occurs at a temperature range between (0.5–0.4 Tm) 
since grain boundary diffusion increases the strain rate significantly higher than in 
normal microcrystalline materials [54]. Creep is a mechanical strength property of 
nanocrystalline materials. Superplasticity, on the other hand, refers to a polycrys-
talline solid’s propensity to exhibit extremely significant elongations in tension at 
high temperatures [55]. When the grains are very tiny, i.e., even lesser than a few 
microns for metals and almost 1 μm for ceramics, this property is very noticeable in 
metals, alloys, intermetallic, and ceramics. 

The unique and distinctive mechanical characteristics of NPs help research for 
finding new uses in various fields, including nanomanufacturing, nanofabrication, 
surface engineering, and tribology. The actual mechanical nature can be calculated 
with the help of some metrics like elastic modulus, stress, strain, hardness, and 
friction. As well as some other characteristics like surface coating, coagulation, and 
lubrication are also helpful to modify the mechanical performance of nanocrystals 
(see Scheme 2).

The mechanical nature of nanoparticles is substantially different from their respec-
tive micro and bulk entities. Indentation of nanoparticles or their distortion in lubri-
cated/greased contact is dependent on stiffness contrast between NPS and contacting 
external surface when the contact pressure applied is very high. The behavior of 
nanoparticles in a contact environment can be predicted from this. The surface quality 
can be easily enhanced by fine-tuning the mechanical properties of NPs and control-
ling surface interactions. In order to provide useful results in these sectors, a detailed 
understanding of the fundamentals of the mechanical properties of nanoparticles is 
essential [56]. 

4.3.4 Hardness and Elastic Modulus of Nanoparticles 

A correct choice of particle design to be utilized further in specific applications, the 
fundamentals of different mechanical characteristics of nanoparticles, e.g., hardness 
and elastic modulus are needed to help in assessing their functions and mecha-
nisms. In the last few decades, the measurement of the mechanical characteristics of 
microparticles has been developed. The micro-indentation technique was employed 
to measure the hardness of microparticles with indented areas of more than 100 μm2 

and an indenter size of 20 μm2. Shorey et al. utilized nanoindentation to test the 
elastic characteristics of particles around 10 years ago. [57] Instead of monitoring
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Scheme 2 Different mechanical properties and their applications [56]

individual particles, their approaches were designed to measure the film of parti-
cles. The deformation behavior of polystyrene microspheres was studied by Biggs 
and Spinks by using AFM on a mica surface for the first time in 1998 [58] After  
that discovery, rapid progress is witnessed in the development of techniques for 
determining the mechanical properties of nanoparticles by using AFM. 

Indentation measurements are needed in order to evaluate elastic moduli for the 
nanoparticles, which can be done by conversion of AFM force versus displacement 
graphs to force versus indentation graphs. This is done because force indentation 
curves cannot be obtained directly. Hooke’s law describes a new method in which 
the force was applied with the help of a cantilever to the surface’s tip. In order to 
determine the elastic modulus of NPs, the depth of indentation was measured, for 
which we need to transform force vs. displacement data into force vs. indentation 
curve. Directly obtaining the latter is difficult. Hooke’s law may be used to explain 
the load P applied to the tip through the cantilever (k being its spring constant). 

P = k · δc (2) 

where δc is the deformation of a cantilever. The depth of indentation ‘h’ on the 
surface is given by:
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Fig. 9 Particle AFM tip 
system displays relative 
displacements and 
deformations. Left: the tip of 
AFM brushes against the 
particle, causing it to deform. 
Right: the AFM tip applies 
force to the particles, causing 
them to deform [56] 

h = z − δc (3) 

Figure 9 depicts the indentation mechanism. Due to thermal drift in a system, it 
is important to consider the deflection offset, δc0. Eq.  (2) may be rewritten as: 

P = k · (δc − δc0) (4) 

Initially, if the tip is touching the surface of the sample at another position, height 
offset z0 should be incorporated, Eq. (3) takes the form of, 

h = (z − z0) − (δc − δc0) (5) 

Analyzing slope of loading region on the force versus indentation curve, elastic 
modulus of the nanoparticles can be determined. Further information on how to 
calculate the elastic modulus of compressed NPs can be obtained from these refer-
ences [59–61]. The elastic modulus of different nanoparticles has been determined, 
largely by using AFM, by compressing or bending particles. The hardness values 
along with the elastic modulus are given in Table 1. It is shown that these properties 
significantly from their bulk forms, and few of them exhibit size-dependent behavior.

The following three categories can be used to categorize typical related outcomes 
and underlying mechanisms.

1. There is no same mechanical behavior observed for spherical-shaped NPs 
till now. Hydrated ionic functional groups cause the compression moduli of 
polystyrene nanoparticles with a diameter of 200 nm to be smaller than their 
bulk form [62]. Instead, the elastic moduli of polypropylene NPs were found to 
be greater than that of bulk material [60]. There are different reasons reported 
for such behavior. The deformation of the polymer chain inside the particle can 
be influenced by many factors like glass transition temperature (Tg), crystalline 
phase, and crystallinity, resulting in a change in the elastic modulus of the particle. 

2. Contrary to general assumption, crystalline metallic nanoparticles do contain 
dislocations inside their structure, and this is one of the contributing factors of
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change observed in the mechanical behavior of nanoparticles. The hardness and 
elastic modulus of gold nanoparticles were greater than that of the bulk phase, 
according to the experimental work done by Ramos et al [63]. Mordehai and 
Nix et al. [64, 65] demonstrated single-crystal gold nanoparticles on sapphire 
substrate deformation behavior with nanoindentation and compression testing 
collectively with theoretical simulation. Interestingly the strength of particles 
that are under indentation is increased with the lateral dimension as a result 
of competitive dislocation formation and drainage under the indenter [57]. The 
lateral dimension of the particle caused an increase in the particle strength under 
indentation due to the competition between the generation of dislocations beneath 
the indenter and their drainage from the particle. Because the nucleated dislo-
cations resulted in a stress gradient along the slip planes, the compressive stress 
of the particle rose as the particle size decreased when compressed with a flat 
diamond punch [64]. As shown in Fig. 10, in situ TEM nanoindentation tests, 
revealed the existence of dislocations in metal nanoparticles during deformation, 
but they vanished after the unloading process. Wang et al. [66] recently revealed 
a new type of stacking defect in gold nanocrystals that may nucleate, move, and 
annihilate under mechanical stress applied with in situ TEM and MD simulation. 
Gerberich et al. [67] discovered comparable behavior with silicon nanoparticles, 
claiming that their hardness (particle diameter: 40 nm) was four times greater 
than that of bulk silicon. They explained that the key reasons for resisting high 
pressures are dislocations or line faults inside the particle. Zhang et al. [68] 
used atomistic modeling to establish that the super-hard silicon nanoparticles 
were formed by the nucleation and migration of dislocations. Changes in the 
lattice strain and the bond energies of nanoparticles in response to compressive 
stress have been hypothesized as another mechanism for the strengthening and 
weakening of nanoparticle mechanical characteristics [69].

3. The elastic modulus has an inverse relationship with the radial diameter of silver 
and leads nanowires. The scientists suggested that the modulus increase was due 
to the impacts of surface stress, oxidation layer, and surface roughness, or the 
surface tension effect [70, 71]. The bulk modulus of Ni/Ni3Al nanowires rose 
as the wire perimeter size grew, while the surface energy dropped [72]. Surface 
influences, on the other hand, influenced only the fracture characteristics of ZnO 
nanowires, not their elastic behavior, due to the existence of surface cracks and 
flaws [73]. 

Therefore, it is concluded that determining the mechanical characteristics of indi-
vidual nanoparticles is a complicated process with numerous variables that might 
influence the results. 

4.3.5 Friction and Adhesion of Nanoparticles 

The frictional forces and adhesive forces are crucial in many of the nanoparticle 
applications like nanofabrication, lubrication, micro/nanodevice design, colloidal
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Fig. 10 HR-TEM images of a silver NP before and after compression: a No compression; b an 
edge dislocation is highlighted after compression at an earlier phase; c two more dislocations can 
be observed after further compression; d no dislocation observed after removing the compression 
[74]

stability, and drug delivery. Characterization of the adhesion and friction properties 
of nanoparticles has piqued researchers’ interest in this area during the last decade 
[75]. AFM has already been shown to be a useful technology for the determination 
of friction and adhesion of a nanoparticle and a solid substrate. The AFM tip is also 
considered a NP, and the adhesion and friction forces can be easily determined by 
the deflection of the cantilever [76, 77]. The tip material and geometric shape, on the 
other hand, limit the application of AFM. The force between a solid substrate and NP 
was measured by Ducker et al. [78] by connecting the force sensor to the particle in 
the microscope. Because the connected particle’s parameters, such as size, shape, and 
substance, could be controlled, inaccuracies in force measurement induced by the 
AFM tip’s irregular form could be avoided. As a result, the colloidal probe approach 
is more successful in measuring micro/nanoparticle adhesion and friction [79, 80]. 
Nonetheless, the attachment of one NP with a diameter of fewer than 1 μm to the  
force sensor of AFM is extremely challenging; most references use colloid probes 
with diameters more than 1 μm [79]. Au NPs (20–40 nm) were placed on the tip of
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an AFM cantilever individually by Vakarelski et al. using a chemical technique to 
quantify the adhesion force between NPs and mica [81]. Ong and Sokolov [82] used  
epoxy glue to bind 50 nm cerium oxide NPs to the AFM tip in order to calculate the 
adhesion force between a flat surface and NPs. Other approaches include evaluating 
the tip’s adhesion force to a coating of nanoparticles and fabricating a cantilever tip 
with a particular shape via thermal oxidation, among others [83, 84]. 

4.3.6 Movement of Nanoparticles 

When nanoparticles are present in any particular medium, their motion is governed 
and influenced by several factors, like the Brownian diffusion motion, viscous flow 
forces, forces acting on the surfaces, and gravitational forces, which will be consti-
tuted by the buoyancy forces [85, 86]. However, the tiny size of particles prevents 
the use of the most regularly used imaging methods, and investigations for direct 
observation of nanoparticle mobility are limited. Fortunately, advances in measuring 
technology have made it possible to detect specific nanoparticles. Several approaches 
are utilized in the past to make high-resolution measurements of single nanoparticle 
motion. The approaches may be divided into two categories: passively tracking the 
movement of the particle without adding major external load and measuring particle 
movements under external mechanical forces. 

The first method uses fluorescence technology to track particles. A fluorescence 
microscope is used in which fluorescent core–shell SiO2 NPs of a particular size are 
employed as seed NPs [87]. The system was used to observe and study the Marangoni 
flow, the velocity profile in a channel flow, and nanoparticle–wall collision behaviors. 
As demonstrated in Fig. 11, a stagnation point is seen during the Marangoni flow 
in a droplet when the orientations of surface flow, surface tension gradient, and 
temperature gradient are altered. 

The detection of nanoparticle motion is a very complex phenomenon due to many 
reasons, e.g., complex forces involved in it, the environment, and the medium of their 
synthesis. Therefore, there are qualitative studies available on the nanoparticle’s 
movement; in the future, more accurate methods and instruments are needed for 
the quantitative analysis of their movement. Previous research on the mobility of a 
single nanoparticle was primarily qualitative. However, in the future, more accurate 
measuring techniques or tools are required for quantitative analysis.
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Fig. 11 Movement of particles in a droplet of water through the evaporation process [88] 

5 Applications 

5.1 Nanoparticles in Coatings 

Nanocomposites can be designed by adding different types of NPs in a metal or 
polymer-based matrix to provide superior mechanical characteristics. Nanocompos-
ites are divided into two groups, which are outlined below. 

(a) Metal or composite materials are mostly used due to some of the matrix’s 
intrinsic qualities, such as wear resistance, superior thermal and electrical prop-
erties, greater strength, and modulus. Compared to polymeric composites, metal 
alloy matrix composite coatings have significant benefits. Ceramic (Al2O3, 
TiO2, etc.) is used in these coatings. Carbon-based (graphite and CNTs) and 
silicon-based (SiC) nanoparticles are often used [89–92]. 

The reasons behind using ceramic-based particles as reinforcement are given 
below: 

• The high strength and hardness of particles 
• The particles in the matrix can prevent grain boundary migration and 

dislocation motion [92] 
• The influence of heterogeneous nucleation in metals and metal alloys [93] 

On the one hand, adding graphite NPs or carbon nanotubes (CNTs) to a metal 
substrate might lower the pure metal coating porosity level, making it more impen-
etrable and compact with fewer fractures. Alternatively, the inclusion of nanopar-
ticles might refine the size of crystals in the coatings. Another major component 
contributing to the strengthening effect is the chemical and structural stability of 
carbon nanotubes, which have better stiffness and strength than the metal matrix. 

Adding inorganic or organic nanoparticles to a polymer-based matrix can change 
its physical characteristics, resulting in novel polymer features. Inorganic nanoparti-
cles embedded polymer composite coatings can prevent the beginning of fracture and
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its propagation, fill voids, and can promote crack bridging, deflection, and bending. 
In general, numerous variables influence the mechanical characteristics of polymer-
based nanocomposites, however the availability of larger quantity of interfacial area 
with respect to volume, that is result of synergy between the nanofillers and polymer 
chains, plays a prominent role [90, 94]. As a result, a good nanocomposite design 
considers the complex interaction of matrix, interface, and nanoparticles may tune 
the composite material system to have ideal physical characteristics. 

The contact between the NPs and matrix can be improved with the increase in 
interactions either chemical or physical. 

(b) Good mechanical qualities of nanocomposite coatings need uniform NPs disper-
sion in the matrix because the particles with a larger surface area have an 
inadequate maximum filling capacity. When the nanoparticle concentration of 
nanocomposite coatings hits a certain threshold, Particle agglomeration would 
occur at a critical value, causing mechanical characteristics to deteriorate, i.e., 
an inverse relationship of young’s modulus decreases with the rate of wear 
observed. 

Appropriate preparation and processing methodology are required to produce 
excellent particle dispersion. The interface resulting between the polymer matrix 
and the nanoparticle filler may be carefully changed on the molecular or atomic 
level to generate some fascinating shapes, such as core/shell hybrid nanoparticles 
by employing molecular assembly, atomic layer deposition (ALD) or any other such 
techniques [95]. 

5.2 Nanoparticles in Catalysis 

Because at least one catalytic process is involved in approximately 90% of manufac-
tured chemicals, catalysis plays a critical role in modern chemical industries [96]. 
The rapid development of catalysis science is dependent on the quick growth of 
nanoscience and nanotechnology [97]. Nano-catalysis in which nanoparticles are 
exploited as catalytically active materials, has grown rapidly in recent decades as an 
important field of nanoscience because it combines the advantages of fast turnover in 
homogeneous catalysis with recyclability in heterogeneous catalysis [98]. Because 
of their high surface-to-volume ratio, abundant active surface atoms, and distinct 
electronic structures compared to their bulk counterparts, metal nanoparticles show 
considerable potential in heterogeneous catalysis. 

Metal NPs were known as part of heterogeneous catalysts (see, for example, the 
pioneering research of Sabatier [99] and Rampino and Nord [100]), but there has been 
a shift in interest in the creation of better-defined systems in the last three decades 
[101]. Surprisingly, most of the erstwhile heterogeneous catalysis community is now 
integrating into the nanoparticle community. As can be seen, by a large number of 
research publications, significant efforts are being devoted to finding better routes
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for the synthesis of metal nano species even at an atomic level for greater precision, 
[102–104] as well as the study of their properties. 

The physical and chemical characteristics of nano-sized metal species are influ-
enced by their specific matter state and electronic parameters. Small nanoparticles are 
generally referred to as nanoclusters, however as elucidated by the molecular orbitals 
and bigger NPs characterized by their energy band structures, there is a continuous 
range from molecules to solid state. The number of atoms of metal, the nature of the 
stabilizing ligands, and the dispersion of these distinct kinds varied. The molecular 
assembly of polymer and metal with ligands, whose X-ray crystal structure is defined 
can be referred to as clusters and nanoclusters. On the other hand mixtures of poly-
disperse nanoclusters as defined by a histogram that is shown by TEM analysis, are 
referred to as nanoparticles [105]. Nanosized metal particles have unique features 
that make them appealing materials for a variety of applications, including optoelec-
tronics or optronics, sensor technology, bio-medicine, catalysis, energy conversion, 
and energy storage to name a few [106–108]. Because of their high surface-to-
volume ratio, metal nanoparticles are an especially attractive catalytic species. Metal 
nanoparticles in the size range of even below 1 nm are called sub nanoparticles, this 
ratio is promising since the number of surface atoms might be more than 90%, which 
results in many active potential sites. 

5.3 Nanoparticles in Lubrication 

Properties of nanoparticles related with aspects of friction, wear and lubrication 
of interacting surfaces, termed as tribological properties of nanoparticle lubricated 
systems are strongly influenced by its mechanical properties. Mechanical properties 
affect the tribological properties of the nanoparticles as lubricant additives, which 
vary with the different materials. Tribofilms, creation of third body layer, sliding, 
and rolling, as briefly explained in the following sections, are the key causes for the 
improved lubricating behavior after introducing nanoparticles [109]. Nanoparticles 
that are present in the lubricated contact regions will have very low friction and wear; 
this is highly reliant on specific variables, such as the shape, size, and concentration of 
nanoparticles in the lubricant [110]. Sliding mode of NPs can also minimize friction 
and wear. When a particle is not perfectly spherical and has poor adhesion to the 
tribopair surfaces, sliding friction occurs. Another element that could cause sliding 
friction during shearing is particle aggregation in the contact area. The nanoparticles 
operate as a spacer in this scenario, preventing direct contact between the two surfaces 
two shearing surfaces’ irregularities. 

The nanoparticles operate as a spacer in this scenario, preventing direct contact 
between the two surfaces and two shearing surfaces’ irregularities [111, 112].
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5.4 Nanoparticles in Nanomanufacturing 

CMP is an essential flattening aid in the nanomanufacturing of ICs. To create a flat 
surface on a wafer small topographic characteristics should be physically ground 
and eliminated chemically. The abrasiveness of NPs plays a critical role in the slurry, 
allowing for regulated material removal without sacrificing planarity. The surface 
quality and rate of removal depend on the mechanical interface between the wafer 
surface and NPs. There are two models to understand the mechanical behavior of 
the material removal process, the hydrodynamic model and the solid contact model 
[113, 114]. 

(1) In the first model, a thin liquid film separates the wafer from the polishing pad; 
material removal is predominantly caused by abrasive nanoparticles colliding 
with the wafer. Various factors like the effects of incidence speed, particle 
size, and angles on nanoparticle-wafer surface collisions have been studied. 
If the angle of incidence and the speed of impact of NPs were increased, the 
surface of the wafer may be damaged. For example, there were several dents 
and scratches on the surface with 45° incidence angle and 50 ms−1 speed, mixed 
and substantial deformation on the surface layer was recorded with the help of 
TEM. The action of nanoparticles colliding onto a silicon or on surface of silica 
has been studied through Molecular Dynamic (MD) simulations, proving that 
with increasing incident angle, the damage might be minimized. Furthermore, 
the incidence angle, not the particle size, influences the threshold velocity for 
pile-up development on the surface of silicone. 

(2) Analyzing with the solid contact model, it can be seen that the surface of a wafer 
is in direct contact with a segment of the polishing pad. The particles implanted 
move against the substrate surface. Those particles which are absorbed in the 
slurry which is present between the wafer and the pad are called free particles. An 
experimental setup (fluorescence based) was devised to observe and study the 
motion of discreet particles present between the solid surface and the polishing 
pad. The results obtained showed that a few of these particles become trapped 
and get rotated along with the polishing pad, and the rest of the particles get 
transmitted along with the flow of the slurry, moving freely. The number of fixed 
particles to free particles ratio is very important in the material removal mode. 

6 Challenges and Future Prospects 

Numerous theoretical and experimental literature research on nanotechnology and 
nanomaterials have been published recently. Effective manipulation and modifica-
tion of materials at nanoscale for various applications will have a great role in 
shaping future technologies. Development and effective application of nanomate-
rials, however, brings in some new challenges. One of the major challenges is search 
for economically viable synthesis route for nanomaterials. Large-scale production of



Metallic Nanoparticles: Status and Prospect 153

high-quality nanomaterials is hindered by requirement of advanced equipment and 
controlled environment. This issue becomes more evident and challenging in case of 
2D nanomaterials synthesis. The majority of low-cost techniques adopted for large 
scale production, however, result in low-quality materials with defects. Controlled 
production of nanomaterials is still a challenge at present. For example, in synthe-
sizing carbon nanotubes, attainment of chiral selectivity, conductivity, and precise 
controlled diameters becomes critical challenge [115]. The only method to obtain the 
theoretically predicted properties stated in the literature is to be able to reach struc-
turally pure nanomaterials. To create novel synthesis techniques that overcome the 
drawbacks of existing ones, more concentrated efforts are needed. The aggregation of 
particles at the nanoscale level is a fundamental problem that gravely impairs perfor-
mance in pertinent disciplines. When nanomaterials interact with one another, the 
majority begin to aggregate together. Agglomeration can be caused by physical entan-
glement, electrostatic interactions, or high surface energy. Graphene agglomeration 
is also triggered by the basal planes of graphene sheets because of p-p interactions 
and van der Waals forces. CNTs can also aggregate due to van der Waals interactions 
and form bundles, which makes it challenging to align or distribute them properly 
in polymer matrices [116]. Some basic properties of graphene for example its high 
surface area, become effected as a result of severe aggregation. High-throughput elec-
trode materials or composite materials cannot be used practically because of these 
obstacles [117]. With ever increasing demand of nanomaterials in industry owing 
to their applications, there is growing need for higher rates of nanoscale material 
synthesis. Furthermore, the research in nanotechnology has a very broad scope; with 
the exploration of new nanomaterials with intriguing properties, new fields will be 
unveiled in the future. One of the keys about nanomaterials that cannot be disre-
garded is their toxicity, which is still not well recognized, and is a substantial issue 
to regard in light of their domestic, environmental, and industrial use. Uncertainty 
exists over the potential role of nanoparticle-based compounds in cellular toxicity 
[118]. The scientific community needs to work to close the information gap between 
the rapid development of nanomaterials and possible in vivo toxicity. For the safe 
design and commercialization of nanotechnology, a thorough understanding of how 
nanoparticles interact with organisms, tissues, and proteins is essential. 

Nanotechnology breakthroughs are connected with the future of modern tech-
nology. The development of nanomaterial-based engineering techniques is making 
the goal of producing clean energy a reality. Nanomaterials have shown propitious 
results, leaving us more optimistic for future. They have produced novel types of solar 
and hydrogen fuel cells, served as effective catalysts for water splitting, and demon-
strated good hydrogen storage capabilities. Nanomedicine holds a bright future for 
nanomaterials. Therapeutic compounds can be delivered via nanocarriers.
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7 Conclusions 

This book chapter introduced the different methods to synthesize metal nanoparticles, 
their physicochemical properties, and their applications in various fields. However, 
the major focus here was to discuss the different factors affecting the mechanical 
properties of these metal nanoparticles and their applications related to their mechan-
ical properties. Research studies show that the mechanical nature of nanoparticles 
is substantially different from their respective micro and bulk entities. The surface 
quality of MNPs can be easily enhanced by fine-tuning their mechanical proper-
ties. A lot of data is available stating the electronic, magnetic, and optical properties 
of metal nanoparticles. But, the area related to the mechanical properties and their 
industrial production still needs to be explored. Some studies on the improvement of 
mechanical properties and their subsequent use in industrial sectors have achieved 
substantial results. However, in order to provide useful results in industrial sectors, a 
detailed understanding of the fundamentals of the mechanical properties of nanopar-
ticles is essential. The unique properties of nanomaterials allow for a wide range of 
potential uses and significant value in the future. Therefore, a continuous investiga-
tion of metal nanoparticles and modification methods to improve their properties is 
needed. 
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Abstract Precious metals including Au, Pd, Pt, Ag and Pd and other metals such 
as Fe, Co, Mg and Ni as solid powder, dispersion in solution and deposition as 
thin films have attained wide interest in the last decades. They have induced intense 
research interest in nanotechnology due to their exciting properties including good 
conductivity, magnetic recording, localized surface plasmon resonance, antibacterial 
and catalytic effects [1, 2]. This chapter will introduce several main synthesis and 
characterization methods of metallic nanoparticles (NPs). The unique feature, key 
parameters and especially advantages and disadvantages of top-down (i.e. physical 
vapour deposition, bill milling and lithography) and bottom-up (e.g. chemical vapour 
deposition, sol–gel, hydrothermal/solvothermal, etc.) methodologies are discussed 
to trigger advances in nanotechnology advancement. Alternative green synthesis 
approaches are also included in this chapter. Furthermore, the basic characteriza-
tion techniques for metallic NPs are pointed out for improving synthesis strategies, 
deciphering the topography evolution and comprehending the potential applications. 
Finally, emphasis has been placed on some main properties of metallic NPs for the 
potential of a wide range of applications. 
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1 Introduction 

Nanoparticles (NPs) have attracted research interests for over a century and are 
strongly believed to be the key to future technology due to their large proportion of 
high-energy nanosized surface atoms compared to bulk materials, which gives rise to 
outstanding chemical, magnetic, physical, mechanical, catalytic and optical proper-
ties. NPs have emerged as an amazing class of materials which is defined within the 
dimensional range of ~1–100 nm. Depending on the overall shape, these materials 
can be zero-, one-, two- or three-dimensional. For decades, researchers have been 
paying more and more attention to different metal NPs such as Au, Ag, Pt, Pd, Fe, Co, 
Mg and Ni, focussing on their synthesis method, characterisations and applications 
in energy, magnetic imaging, drug delivery, information technology and optoelec-
tronics. Numerous synthesis methods are being established to either enhance the 
properties or reduce production costs. Furthermore, synthetic techniques and fabri-
cation tools have been continuously studied to permit the production of reproducible 
nanostructures. It is worth noting that various parameters should also be monitored 
when NPs are stored due to the changes with time in various environments. Compared 
to bulk materials, it is sometimes incomplete and inherently difficult to properly 
analyse the nanomaterials due to the small size and low quantity (i.e. laboratory-
scale production). Moreover, the arrangement of particles or atoms in nanostruc-
tures brings forth unusual, sometimes exotic forms (e.g. core–shell NPs, fullerenes, 
nanostructured metals, dendrites, etc.). The NPs characterization is understudied 
and therefore demands reproducing and validating both theoretical and experimental 
findings for better scientific understanding, which will benefit the development of 
new technologies and address important issues, e.g. product lifetimes, etc. Hence, 
it is important to update new development in the synthesis and characterization of 
nanomaterials, especially the analysis of their structures, which is believed essential 
for further progress in nanotechnology. Here in, we explore the nature and causes of 
a few main NPs synthesis methods and their analytical encounters. 

2 Method in Metallic Nanoparticles Synthesis 

A wide range of methods have been introduced to produce metal nanoparticles 
which are categorized into two main types as top-down and bottom-up approaches 
depending on the starting materials. Hence, bulk materials are usually used as starting 
materials for the top-down approach while atoms or molecules are typically used for 
the bottom-up process (Fig. 1). Ball milling, physical vapour deposition (PVD) and 
lithography are typical top-down methods, while laser pyrolysis, chemical vapour 
deposition, hydrothermal, sol–gel and electrodeposition are classic methods for the 
bottom-up approach. However, these all-synthesis techniques are toxic, resulting 
in environmental contamination; thus, biological methods as an alternative green
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Fig. 1 Summary of metallic nanoparticle synthesis process from both top-down and bottom-up 
approaches 

synthesis were found to be less toxic and environmental friendly. Different prepa-
ration methods of metallic NPs create various single or multiple metal (alloy) with 
different sizes, shapes and structures because of the variation of the parameters during 
the synthesis process (e.g. stabilizing agent for metallic NPs during the adsorption 
process, etc.). 

2.1 Top-Down Methods 

2.1.1 Mechanical Ball Milling 

In this method, bulk material which is usually in the micro-dimensions is grounded 
down to the nanoscale by applying strong mechanical shear forces. Four types of attri-
tion devices are generally used, namely vibration mills, planetary ball mill, tumbler 
ball milling and attrition mill (as shown in Fig. 2).

Among all top-down methods, ball milling has been widely used for the synthesis 
of various alloy nanoparticles and composites such as Al, Co, Mg, Ti, Cu and Fe
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Fig. 2 Different types of ball milling and its working principles: a Planetary ball milling,bTumbler 
ball milling, c Attrition ball milling and d Vibration ball milling (where f is vibration frequency, A 
is vibration amplitude and ω is angular velocity) [3]

[4–8]. By using this technique, the nanostructures are fabricated by mechanical attri-
tion, where kinetic energy from grinding balls is used to reduce the size of material 
[9]. Milling conditions including the size of the milling vial, type of mills (low- or 
high-energy), milling speed, shape of milling media (balls or rods), milling atmo-
sphere (e.g. inert gas or hydrogen), ball-to-powder weight ratio, milling time, milling 
environment (dry or wet milling) and milling temperature have a direct effect on 
properties, stoichiometry, particle size distribution and degree of disorder or amor-
phization of the final products. A more comprehensive control and monitoring of the 
milling conditions are suggested to improve the quality of the products. 

The raw material’s temperature influences the defect concentration and diffu-
sivity inside it, which also influences the phase transformations during milling [10]. 
Meanwhile, processing time is also a significant factor for this technique. Based on 
the literature, an increase in time of milling process improves the microhardness of 
as-prepared materials [11]. Generally, the rate of the internal structure refinement
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(e.g. crystallite size, particle size, lamellar spacing, etc.) is roughly logarithmic with 
processing time and thus the size of the starting materials is relatively unimportant. 
The lamellar spacing usually becomes small, and the grain size is refined to nanoscale 
within a few minutes to an hour (Fig. 1); therefore, the milled powders will exhibit 
increased lattice strain while decreased grain size, hence the resulting milled powders 
will be in a highly energetic condition [3]. 

Advantages: Ball milling is well known as a simple, low-production-cost and 
sustainable technique, and it also possesses the capability to achieve very high 
yields. The nanoparticle’s size ranging from 2 to 20 nm can be achieved through 
the different speeds of the rotation of the balls. This technique is one of the most 
reliable, easy-operation and reproducible process because of the speed and energy 
controls; moreover, it is suitable in both dry and wet conditions for a wide range of 
materials [4, 7, 12]. 

Disadvantages: Key serious issue with the milling of fine powders is the possibility 
of significant contamination from the milling atmosphere or media [4, 7, 9]. Iron 
contamination can be a problem for steel balls and containers. It has been reported 
that 10 atomic percentage of the iron contamination in some refractory metallic 
powders have been found by extended milling times in a high-energy shaker mill. 
On the other hand, if milling is carried out in open atmosphere, contamination with 
nitrogen or oxygen can occur. However, optimized milling speed and milling time 
may effectively help to minimize the contamination issue. 

2.1.2 Nanolithography 

Nanolithography is one of the most accurate and classic methods for the synthesis 
of nanoparticle pattern, and it provides high-resolution structures over large areas 
(>1 cm2) with good control of all the dimensions (length, width, height) and other 
features such as roughness, edge shape and inter-diffusion of the as-prepared mate-
rials [13]. This technique is widely used in integrated circuits manufacturing and 
nanoelectromechanical systems [14]. Lithography can be categorized into 2 main 
types including masked and maskless lithographies. Masked Lithography utilizes 
the mask or template to transfer pattern over the large area. The form of mask lithog-
raphy includes soft lithography, nanoimprint lithography, [15] X-ray lithography 
and photolithography. On the other hand, maskless lithography technique (including 
electron beam lithography, Scanning Probe Lithography, etc.) fabricates subjective 
patterns by a series writing without the use of the mask. In general, the masked 
lithography has better controllability compared to maskless lithography. Masked 
lithography is commonly used to prepare nanomaterials that are highly dependent 
on the specific shape and size of the selected template. The principle of a few different 
types of lithography is presented in Fig. 3.

Additionally, mask can be classified into 2 types, soft mark and hard mask. Surfac-
tant molecules (e.g. CTAB, TEOS, etc.) are usually used as a soft mask, while poly-
meric materials (e.g. PDMS PMMA, PS, PFPE and other elastomeric material) are 
usually used as hard mask [17]. In general, the lithography technique is a three-step
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Fig. 3 Different type of mask and maskless lithography technique [16]

process: (1) preparation of a colloidal crystal mask made of nanospheres; (2) depo-
sition of the desired product through the mask; and (3) etching of the mask from the 
layer. 

Sub-10 nm Mo gratings have been successfully prepared by using photolithog-
raphy [18]. However, the photolithography demands the use of a stepper, which is too 
expensive to be afforded by a standard research laboratory. Dot arrays can either be 
achieved using four-beam interference lithography or achromatic Talbot lithography 
(i.e. high-resolution photolithography) [19, 20]. E-beam lithography can produce 
features as small as 20 nm of Au NPs, [21] but is very expensive and time-consuming. 
Hence, it would be reasonable to use photolithography for 5 min while using e-beam 
lithography for approximately another 5 h to complete a lithographic process. Pros 
and cons of each lithography techniques are outlined in Table 1.

2.1.3 Physical Vapour Deposition (PVD) 

PVD involves either high-temperature evaporation or ions bombardment of solid 
form materials in vacuum atmosphere; meanwhile, the reactive gas is also introduced 
into the system to form a compound with metal vapour and then deposited onto the
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substrate as a highly adherent thin film or NPs [26]. PVD can be separated into 
different types such as electron beam evaporation deposition (EBD), Ion plating 
(IP), thermal evaporation deposition (TED), pulsed laser deposition (PLD), atomic 
layer deposition (ALD), cathode arc deposition (CAD), dynamic ion mixing (DIM), 
electrophoretic deposition and sputtering technique. The type of evaporation source 
and deposition substrate is the essential parameter that affect the deposition quality 
and efficiency. The evolution of size, sharpness and phase of the product also depends 
on the gas pressure and deposition temperature in the deposition chamber [27]. 
Typically, this process takes place at the temperature in the range of 100–600 °C and 
is widely used for fabrication of inorganic thin films (thickness less than 5 μm). PVD 
coating can be used in a broad range of applications in automotive, aerospace, optical, 
medical, thin films (e.g. food packaging, Window tint, etc.) and textile industry. 

Among all PVD techniques, PLD is carried out at low substrate temperatures 
with a stoichiometry of the target retained in the evaporated films; hence, it is often 
used for the thin film electrolytes deposition [28]. Two advantages of PLD are the 
simplicity in process design and the multi-choice of the target forms (e.g. sintered 
pellet, powder, single crystal, etc.). For the EBD technique, both the conductor and 
insulator can be used as a target. Meanwhile, EBD of organic materials is limited by 
the decomposition of the molecules. In general, a vacuum environment of 10−2 − 
10−4 Pa, with deposition rates of at least 25 μm/min, is typical condition required for 
EBD [29]. Moreover, components are commonly preheated in vacuum at tempera-
tures between 800 and 1100 °C, and rotation process is required during the deposition 
period. EBD is a more efficient choice for evaporating materials with high melting 
point than other PVD heating and evaporate techniques. However, it is limited for 
coating the inner surface of complex geometries with the thickness of thin film below 
5 nm. The filament degradation in the electron gun could be a cause of non-uniform 
evaporating rate. The deposition rate of EBD can be obtained up to 100 μm/min 
depending on the materials and set up conditions [30]. 

TED technique involves heating a solid material (located in evaporation source, 
e.g. boat, coil and basket at the bottom of the chamber) to its melting point [31]. 
The evaporated metal constitutes vapour steam inside a vacuum chamber and then 
travels across the chamber to the deposition target (located at the top of the chamber), 
sticking to it as a coating or film. In general, TED of metals with low to moderate 
deposition rates at 10–100 nm/min provides a simple and reliable manner to produce 
nanoparticles with a wide range of size; nevertheless, this method is not applicable to 
substances with high cohesive energies that require high temperature for the evapo-
ration [32]. Material holders are normally made from W, Ta, Mo or ceramic materials 
that capable of bearing high temperatures. Many materials can be deposited using 
this method, including Al, Ag, Ni, Cr, Mg, etc. The selection of the PVD technique 
depends on the material type and possible application. If we are looking for growing 
thin metallic film, EBD might be the preferred choice compared to the TED. None 
of PLD technique is better in all aspects. If we are looking for a good step coverage, 
faster deposition rate, and efficiently, EBD can be preferred, while the sputtering 
gives you good control on the thickness and density of the films.
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Sputtering is good for the deposition of high melting point materials like refrac-
tory metals and ceramics, which are tough to be transformed to nanomaterials by 
evaporation technique. It has been reported that the deposition rates of sputtering tech-
nique are much lower than the EBD route (i.e. up to 50 μm/h for a magnetron system 
or about 10–20 μm/h for a diode system) [33]. Additionally, sputtering offers greater 
stoichiometric control of the thin film compared to the TED techniques. Thin films 
from sputtering generally have a higher density than those thin films obtained from 
the evaporation process while the evaporated films are likely to cause less contami-
nation than those sputtering films because of the lower purity of the sputtering target. 
Inert gas condensation (IGC) is a PVD method with extra function of using the 
inert gas to reduce the mean value of the free path of the species. IGC technique 
involves two steps: evaporation of target materials in nanoscale and rapid conden-
sation of the evaporated material. Several different techniques have been employed 
to evaporate inorganic or metallic materials into a vaporized form, e.g. Joule-heated 
refractory crucibles, laser/plasma heating or electron beam evaporation devices, etc. 
Typically, inert gas including He, Ne, Ar, helium, neon, argon, Kr, Xe and Ra with 
pressures >3 mPa is required during the process [34]. The size and shape of the 
as-prepared NPs can be managed by different factors including the temperature and 
pressure of the chamber, evaporation rate and molecular weight of the inert gas 
that injected into the chamber. A high pressure in the growth region could obtain 
large particle size due to the consecutive agglomeration and less sintering can be 
used to synthesize high-purity metallic/bimetallic nanoparticles. It also offers a high 
surface cleanliness and well-defined grain size with a narrow size distribution of the 
as-prepared NPs compared to other PVD method. The cost of operation for ultra-
high vacuum-based deposition systems of IGC is remarkably high. IGC involves an 
extremely slow process and suffers from other limitations, e.g. temperature ranges, 
the source-precursor incompatibility, dissimilar evaporation rates in an alloy, etc. 

Advantage: PVD technique can be utilised to deposit a virtually wide range of 
inorganic materials including metal alloys, ceramics, glass and polymer as well as 
some of the organic materials. Moreover, it is more environmentally and user friendly 
compared with other top-down process. The process demands the high vacuum condi-
tion to minimize an unwanted reaction within the free space, which helps to shape the 
film composition easily and causes less contamination on any substrate surface [35]. 
The purity of the deposited film depends on the vacuum and the quality of the source 
material. Coating thin film on materials via this technique will offer higher hardness 
value, more corrosive resistance, good impact strength and excellent abrasion. 

Disadvantage: Difficult to coat undercuts and similar surface feature, high capital 
cost but low deposition rate. Some PVD processes are typically required to be carried 
out under high temperature and high vacuum, which cause a high-energy consump-
tion and demands extra attention for operation. Water cooling systems are also needed 
to dissipate the large heat loads (Table 2).
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2.2 Bottom-Up Methods 

2.2.1 Laser Pyrolysis (LP) 

LP technique involves the use of a continuous flowing of CO2, leading to molecular 
decomposition to form vapours to initiate nucleation, followed by the growth of 
NPs [48]. On the other hand, some of the other gases such ammonia (NH3), sulphur 
hexafluoride (SF6) and ethylene gas (C2H4) are also in use [49]. Next, NPs will be 
further transported to a filter by an inert gas depending on its amount. The main 
criterion is that either reactant or precursor should be able to absorb the energy that 
is supplied through the resonant vibrational mode of infrared CO2 laser radiations. 
Inside the system, in most of the time, gaseous precursors are used in LP synthesis; 
however, solid or liquid precursors can be preferable in many cases, due to safety 
issues or the cost and availability of the precursor; hence, volatile precursor is not 
abundantly available for some metals. 

LP provides superfast heating and quenching of particle growth on a small area, 
hence resulting in rapidly nucleation within few ms. It has been acknowledged that 
coalescence is higher at the high temperature, resulting in spherical particles, while 
other shapes are obtained at low temperature. In addition, the final particle size also 
depends on the aggregation of the initial nuclei. Gas pressure plays a significant role 
in determining the particle size and their distribution. Moreover, other parameters 
including laser intensity, the pressure in the reactor cell, the temperature of precursor 
were also varied in order to obtain different crystallinity and particle size [50]. In 
general, LP provides more possibilities for NPs with narrow size distribution of 
5–200 nm. 

Advantage: LP mode provides a very rapid, in-depth heating to a steady-state 
temperature, offering a high and continuous production of well-dispersed NPs [51]. 
Moreover, it is the simplest method for producing many nanostructures even at pilot 
plant dimensions by balancing CO2 laser exposure and continuous flow of reactor. 

Disadvantage: Elevated costs are the main constraints of this method. The 
requirement of a specific reagent/laser resonance with a specific installation is 
essential. 

2.2.2 Sol–Gel 

Sol–gel is a well-known wet-chemical process where a chemical solution acts as a 
precursor for an integrated system of discrete particles. Among bottom-up synthesis 
routes, sol–gel is one of the most preferred methods because of its simplicity, easy 
control of the particle morphology and size, as well as the ability for large volume 
production of metallic nanomaterial. In general, the method involves two main reac-
tions including hydrolysis of the precursor in the acidic or base mediums (reaction 
1) and polycondensation of the hydrolysed products (reactions 2 and 3) [52, 53].
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≡ M − OR + HOH ⇄≡ M − OH + ROH (1) 

≡ M − OH+ ≡  M − OH ⇄≡ M − O − M + HOH (2) 

≡ M − OH+ ≡  M − OR ⇄≡ M − O − M + ROH (3) 

In hydrolysis reaction, an alkoxy group [OR] is replaced with a hydroxyl [OH-]. 
The part of hydrolysed alkoxide molecules may either react with another OH–species 
by removing water or react with alkoxy group to produce an alcohol molecule. The 
hydrolysis reaction rate can be accelerated by using catalyst such as HCI and NH3. 
Other parameters such as reagent concentration, ageing and drying process are also 
important for the structure and properties of final materials network for sol–gel 
method. 

Metal alkoxides (Mx (OR)y) and chloride compounds are usually used as 
starting precursors and dissolved in a suitable solvent, which is often ethanol. After 
completing the hydrolysis/polycondensation reaction process, wet gel product will 
be dried to obtain the final material (i.e. Aerogel, Xerogel or Cryogel). Ageing 
process could help to cushion a warping and cracking phenomenon of the gel matrix. 
Generally, the drying temperature is in the range of 300–500 °C to remove residual 
organics. Additional calcination or sintering process (temperature up to 800 °C) can 
also be applied to remove the organic liquid and densify the product in the final step, if 
required. Normally, the sintering is used for improving the density and reducing of the 
pore volume and surface area of as-prepared products. On the other hand, calcination 
often helps in term of mechanically stable of the materials. Xerogel can be obtained 
from the uncontrolled drying process. It is characterized by disordered porosity in 
the absence of structure directing agent. Meanwhile, well-controlled drying process 
to achieve moderate shrinkage of the gel matrix will offer the aerogel type. Hence, 
drying is the key process to minimize the impact on the porous structure of gel matrix. 
Figure 4 shows the schematic of sol–gel process from precursor to aerogel.

Parameters such as the ratio of water to alkoxide, the nature of the R-group (e.g. 
inductive effects) and amount of catalysts strongly affected the reaction of sol–gel 
process [55]. As an example of silica preparation, the sol–gel chemical reaction 
normally requires either base or acid catalysts as the neutral reaction is very slow. 
The structure of the synthesized gel is substantially different depending on the type of 
additional catalyst as it can offer different in the relative rates of the hydrolysis and 
condensation reactions. Example of some metallic nanomaterials that synthesized 
via sol–gel technique is presented in Table 3.

Advantage: This method is simple, highly controllable, economical and efficient 
to produce high quality and high yield of nanoparticles. Moreover, it can be used 
for a thick coating to provide protection layer that help to against corrosion of 
substrate surfaces or used for thin layer coating to ensure a great bond between 
the top layer and substrate. This method consumes less energy compared to other 
techniques, especially top-down techniques. There is no need to reach the melting 
temperature of the precursors for low temperature reaction.
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Fig. 4 Schematic of sol–gel process: from precursor to aerogel [54]

Disadvantage: The products often shrinkage and there could be crack formation 
during drying process, making it difficult to attain a large monolithic piece. The cost 
of the precursors is high. The process in general involves the use of organic solution 
that is toxic and harmful to environment. It is hard to avoid residual porosity and 
OH groups. Finally, the agglomeration issue might occur during the heating process 
[56]. 

2.2.3 Chemical Vapour Deposition (CVD) 

The key difference between CVD and PVD is that the raw material/percussors for 
CVD is presented into the reaction chamber in the vapour phase, while the percussors 
are in solid form for the PVD process. The reaction of CVD process prefers to 
occur at the substrate rather than in the gas phase. Generally, the temperature ranges 
from 300 to 1200 °C (higher than PVD process) at the substrate and gas pressures 
are suggested to be in the range of 0.1 to 1.0 torr. Different factors can affect the 
deposition process and final produce quality including the precursor delivery method, 
carrier gas and its chemical properties, the reactor chamber pressure, deposition 
time and rate, substrate temperature, flow rate of precursor vapour and substrate 
properties [65]. CVD can be categorized into several types, such as low-pressure, 
atmospheric-pressure, photo-enhanced, metalorganic and thermal activated CVDs 
[66]. 

From Fig. 5, the deposition process can be summarized as three main stages 
(1) the volatile precursors are introduced to the reactor chamber via carrier gas; 
(2) the precursor vapours are adsorbed on the substrate surface and then form the 
intermediate products; and (3) these products are decomposed on the heated substrate, 
nucleated and grown as the solid layer/grains. The volatile by-products are generated 
and removed from the chamber by the carrier gas. Growth rate and quality of the
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Fig. 5 Reaction in the chemical vapour deposition [67] 

thin film depend on the gas pressure inside the reaction chamber and the substrate 
temperature. 

Advantage: CVD offers high uniformity and good reproducibility and adhe-
sion, with acceptable deposition rate [51]. It is not limited to a line-of-sight 
deposition which is a general characteristic of most of PVD processes. Complex 
three-dimensional configurations like recesses and holes can be relatively easily 
coated. 

Disadvantage: The synthesis of nanostructures using CVD technique is limited by 
reason of the involvement of toxic precursors, trace impurities, processing time and 
prolonged reaction [51]. Possible chemical hazards due to toxic, corrosive and explo-
sive precursor gases. The process typically happened at high temperatures depending 
on the evaporation temperature of the precursor. Size is limited to reaction chamber 
capacity. 

2.2.4 Hydrothermal/Solvothermal 

Hydrothermal/solvothermal synthesis is a solution reaction-based approach, and the 
reaction temperature could be in a wide range (typically between 100 to 1000 °C). 
Briefly, the mixed percussor solutions was transferred into lined Teflon and sealed 
in autoclave made of stainless steel, followed by heating in an oven at a specific 
temperature and reaction time [68]. Various metal NPs such as Ag, Ni, Cu and Ru 
[72, 75–78] have been successfully synthesized by using hydrothermal/solvothermal. 
An image of different NPs is shown in Fig. 6. Crystals with different morphologies 
(3D-sphere, 2D-rod or 1D-wire structures) are formed by varying the solvent type, 
concentration of precursor and kinetic control (e.g. reaction time and temperature, 
etc.).

In general, the reaction medium of hydrothermal synthesis is aqueous solution, 
while the chemical reaction of solvothermal synthesis happens in various organic
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a b c 

d e 

f 

Fig. 6 SEM image of (a) Ag NPs, synthesized at 200 °C for 6 h [71], (b) Cu NPs, synthesized at 
100 °C for 10 h, (c) Au NPs, synthesized at 110 °C for 12 h [72], (d) CuS nanostructure, synthesized 
at 150 °C for 5 h [73], TEM image of (e) Al/Zn NPs, synthesized at 200 °C for 6 h [74] and  (f) Ru@C  
nanocomposites, synthesized at 200 °C for 24 h [75]

mediums. Water has a low boiling point which limits its ability to many reactions that 
require high-temperature condition. Moreover, water has a high polarity which unable 
to solubilize many organic and non-polar molecules; hence, capping agents/surfactant 
(e.g. oleic acid (OA), polyethylenimine (PEI), Ethylenediaminetetraacetic acid 
(EDTA) and cetyltrimethylammonium bromide (CTAB)) might be needed to stabilize 
inorganic nanomaterials [69, 70]. Typical precursors for hydrothermal are usually 
metal-nitrate, -chloride or -acetate compounds. 

Advantage: The compositions of nanomaterials can be well simplified and the 
size, shape distribution and crystallinity in hydrothermal synthesis can be precisely 
controlled through varying parameters, e.g. temperatures and time of the reaction, the 
types of precursors, surfactants and solvents. The process can be used to prepare many 
geometries including bulking powders, single crystals, thin film and nanocrystals. 

Disadvantage: Safety issue during the reaction process, high equipment cost (i.e. 
autoclave) and low products yielded could be the main drawbacks of this tech-
nique. Moreover, the reaction process during the reaction cannot be observed. Similar 
to sol–gel technique, hydrothermal/solvothermal require long time reaction period. 
This method requires soluble precursor, and large amount of solvent waste can be 
generated.



182 K. Thummavichai et al.

2.2.5 Green or Biological Synthesis 

Typically, NPs can be achieved by using either microorganisms (such as bacteria, 
yeast, actinomycetes and fungi) or plant tissues (such as leaf, fruit, root, stem, peel 
and flower). The synthesis of NPs using a biological system can be categorized 
into 3 options: (1) using of the solvent medium, (2) using of an eco-friendly and 
environmentally benign reducing agent and (3) using of a non-toxic material as a 
capping agent [76]. Several plants and microorganisms have been successfully used 
for efficient extracellular synthesis of different metal NPs such as Co, Cu, Ag, Au, 
Pd and Pt as presented in Table 4. Factors including pH, reaction time, reactant 
concentration and reaction temperature can be adjusted to control the size, shape, 
yield and stability of as-prepared NPs from the biological synthesis [77].

NPs produced by bacteria offer a very good stability, well dispersion and activities 
against various pathogens. Fungi are able to produce metal nano- and meso-structures 
by reducing enzyme intra- or extra-cellularly with the biomimetic mineralization 
procedure [77]. Using different species of fungi as nano-biofactories for synthesis 
process is considered more straight forward and easy for stable production of NPs 
as compared to bacteria. Fungi offers several advantages over bacteria including 
(1) higher bioaccumulation of metabolites, (2) higher biomass and easy mode of 
culture, (3) higher wall binding capacity of metals and (4) higher tolerance and 
uptake capability of metals.78 Yeasts according to invention are classified into the 
kingdom Fungi and class Saccharomyces. One main advantage of using yeast cells 
as NP-carriers is simple encapsulation mechanism which implies that the synthesis 
process does not require stabilizers compared to other NP-carrier system. 

Advantage: Green synthesis eliminates the use of chemicals and offers non-toxic 
products and by-products. Moreover, it can also generate a large amount of highly 
stable NPs with a better-size distribution than those chemical and physical methods 
due to non-nutrient bioactive compounds (as stabilizing agents) that are used in the 
reaction act [79]. 

Disadvantage: The large-scale production protocols of this technique require 
further modification to make them cost-effective and comparable to other methods. 
Instability and aggregation of NPs, control of morphology, crystallization and size 
of NPs via this technique are under the development stage. Moreover, the separation 
and purification process of NPs is another key issue that needs further exploration. 

3 Methods Used in Metal Nanoparticles Characterization 

Understanding the characteristics of NPs benefits in validating the fabrication tech-
nique, succeeding the morphology evolution, improving the method protocols and 
realizing the potential applications of the NPs. Characterization techniques can be 
classified based on the concept of the techniques used, the provided information or 
the types of materials that required for the technique. The main features of the tech-
niques and their key benefit, advantages and limitations are explained and pointed
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out in this session. Table 5 summarizes the techniques that are suitable for different 
focus characterized parameter of NPs. 

Table 5 Characterization techniques for NPs parameters [103, 104] 

Entity characterized Suitable characterization techniques 

Size (structural properties) TEM, XRD, DLS, NTA, SAXS, HRTEM,  
SEM, AFM, EXAFS, FMR, DCS, ICP-MS, 
UV–Vis, MALDI, NMR, TRPS, EPLS, 
magnetic susceptibility 

Shape TEM, HRTEM, AFM, EPLS, FMR, 
3D-tomography 

Elemental-chemical composition XRD, XPS, ICP-MS, ICP-OES, SEM–EDX, 
NMR, MFM, LEIS 

Crystal structure XRD, EXAFS, HRTEM, electron 
diffraction, STEM 

Size distribution DCS, DLS, SAXS, NTA, ICP-MS, FMR, 
superparamagnetic relaxometry, DTA, 
TRPS, SEM 

Chemical state–oxidation state XAS, EELS, XPS, Mössbauer 

Growth kinetics SAXS, NMR, TEM, cryo-TEM, liquid TEM 

Ligand 
binding/composition/density/arrangement/mass, 
surface composition 

XPS, FTIR, NMR, SIMS, FMR, TGA, 
SANS 

Surface area, specific surface area BET, liquid NMR 

Surface charge Zeta potential, EPM 

Concentration ICP-MS, UV–Vis, RMM-MEMS, PTA, 
DCS, TRPS 

Agglomeration state Zeta potential, DLS, DCS, UV–Vis, SEM, 
Cryo-TEM, TEM 

Density DCS, RMM-MEMS 

Single particle properties Sp-ICP-MS, MFM, HRTEM, liquid TEM 

3D visualization 3D-tomography, AFM, SEM 

Dispersion of NP in matrices/supports SEM, AFM, TEM 

Structural defects HRTEM, EBSD 

Detection of NPs TEM, SEM, STEM, EBSD, magnetic 
susceptibility 

Optical properties UV–Vis-NIR, PL, EELS-STEM 

Magnetic properties SQUID, VSM, Mössbauer, MFM, FMR, 
XMCD, magnetic susceptibility
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3.1 X-Ray-Based Techniques 

• X-ray diffraction (XRD) is a basic technique for NP characterization which 
provides the information of the crystalline structure, phase, lattice and grain size 
of NPs [105]. XRD is commonly used for powder or thin film samples. The 
composition of the NPs can be identified by comparing the position of the 2-theta 
peaks with the standard patterns (i.e. ICDD, or known as JCPDS) database [103]. 
In general, the intensity of X-ray source is about [108] times lower than that of 
the electron diffraction. 

• X-ray photoelectron spectroscopy (XPS) is a highly surface-sensitive analysis 
method, giving information of electronic structure of NPs and charge transfer 
between constituent elements in alloy and/or heterostructure NP’s surface [106]. 
Moreover, it is also possible to extract the element and phase composition of 
the NPs from surface analysis data. Binding energy presented an information of 
the element, whereas the peak intensity reflects the relative concentration of the 
elements [107]. Background subtraction and peak fitting methods are required for 
an analysis of the complex element that has several oxidation states. 

• X-ray absorption spectroscopy (XAS) includes both extended X-ray absorption 
fine structure (EXAFS) and X-ray absorption near edge structure (XANES, also 
known as NEXAFS). XAS is involved in the measurement of X-ray absorption 
coefficient of NPs as function of energy (Fig. 7.) [108]. In principle, each element 
has a set of characteristic absorption edges (i.e. K, L, M, etc., absorption edges) 
according to the different binding energies of its electrons, offering XAS element 
selectivity. In other words, this technique offers result of the chemical composi-
tion, unoccupied electronic states and bonding information of the NPs [109]. A 
highly sensitive EXAFS techniques can be used to gain the information about the 
interatomic distances, near neighbour coordination numbers and lattice dynamics. 
On the other hand, XANE gives information about the oxidation states, vacant 
orbitals, electronic configuration and site symmetry of the absorbing atom. 

• Energy-dispersive X-ray spectroscopy (EDS) and X-ray scattering (SAXS) are 
used for the elemental analysis or chemical characterization of NPs. Each chemical 
element has characteristic X-ray energy that emitted from the specimen. EDS is 
typically combined with SEM and TEM, allowing a clear identification of the 
composition of elements heavier than oxygen.

Fig. 7 XAS spectrum shows 
the edge XANES (within ca. 
50 eV) and the edge EXAFS 
(>1000 eV above) of the 
structured absorption [110] 
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3.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is used for studying the vibration of the functional groups associated with NPs. 
FTIR records the absorption of electromagnetic radiation with wavelengths within 
the mid-infrared region (400–4000 cm−1) [111]. If a molecule of NPs can absorb 
infrared region radiation, the dipole moment somehow changed, and the molecule 
becomes IR active. A spectrum not only offer the information of band position related 
to nature and strength of bonds, but also determine the specific functional groups, 
which can help to obtain the information of molecular structures and interactions of 
NPs. In general, powder samples will be grounded with KBr (about 5% of the weight 
of the samples) and pressed to form the hard pellet [112]. 

3.3 Transmission Electron Microscopy (TEM) 

The interaction between an electron beam with uniform current density and a thin 
sample can be observed by using TEM as the beam is transmitted through that thin 
film samples to form an image. In general, the energies of the electron beam are within 
a range of 60–150 keV. TEM is the most common technique to analyse morphologies 
of NPs as it can provide not only direct images of the sample but also the most 
accurate estimation of the NPs homogeneity due to its powerful magnification with 
the potential of over 1 million times compared to other SEM techniques. 

High-resolution TEM (HRTEM) is an imaging mode of TEM that uses phase-
contrast imaging, using the combination of transmitted and scattered electrons to 
produce the image of the internal structure of NPs (i.e. the arrays of atomic level in 
crystalline structures of NPs). It is worth mentioning that the internal structure char-
acterization of amorphous-based structure is not always practicable by this HRTEM 
technique due to the random orientation of their crystals relative to the electron 
beam; hence, the atom directions are not well aligned, obtaining a complex image 
that cannot be directly used for structural analysis. Selected area electron diffraction 
(SAED) or an electron backscatter diffraction (EBSD) in TEM is used for the study 
of the crystal structure of NPs, obtaining the reverse space of the lattice planes as it 
can be used to determine the d-spacing value of the crystal planes of the NPs. 

3.4 Scanning Electron Microscopy (SEM) 

SEM is another common technique for imaging of nanomaterial surface with a reso-
lution down to about 1 nm [113]. SEM uses electrons where the incident beam of 
electrons transversely scans the sample, offering data on the composition of atoms 
along with the physical feature of NPs [114]. The focussed beam of electrons can 
be able to create a magnified image with much improved magnification of 10 to
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1,000,000 times. SEM usually uses three analysis modes including (1) secondary 
electron (SE) mode, (2) backscattered electron (BSE) mode and (3) X-ray energy 
dispersive spectroscopy [115]. A classic SE mode can obtain image with up to 1 nm 
resolution. However, SEM is limited when used to characterize non-conductive mate-
rials and coloured images (i.e. SEM only provide black and white image), or when 
used to acquire the height of the specimen. Coating the samples (sputter coating) 
with an additional conductive material layer of ~3–10 nm (such as Pt, Ag, Pd and 
Au) is required, especially for non-conductive sample to remove charging effects and 
get better quality images of the sample. However, the thin layer of conductive mate-
rials (from sputtering) may affect the atomic percentage and elemental composition 
analysis of the NPs. 

3.5 Atomic Force Microscopy (AFM) 

AFM is capable of creating 3D images of surfaces with high magnification. The 
measurement of this technique is based on the interacting forces between the sample 
surface and a probe. AFM can scan under three different modes (i.e. contact, non-
contact and tapping mode) depending on the degree of proximity between the probe 
and the sample. Parameters including tip curvature radius and elasticity and surface 
energy of NPs influence the final topological values. AFM does not require any 
surface modification or coating prior to imaging; hence, it does not require a coating 
of conductive layer on the surface of non-conductive materials as SEM technique. 
Moreover, the topological analysis of small NPs (≤6 nm) can be obtained by AFM 
without requirements of the special treatment. Low density materials, which present 
poor contrast in electron microscopy, can also be characterized. For comparison, 
Fig. 8 shows the image of copper/1,4-benzenedicarboxylate (N-Cu(BDC) composite 
that taken by AFM, TEM and SEM. 

SEM TEM AFM 

Fig. 8 An example of SEM, TEM and AFM of N-Cu(BDC) composite [104]
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3.6 Dynamic Light Scattering (DLS) 

DLS provides the measurement of the size of the NPs from the scattered light in a 
solution; hence, it is difficult to imaging dried samples and very sensitive to agglom-
eration and dynamic aggregation [116]. As the DLS directly characterizes particles 
in dispersion, dispersion conditions including the effect of salt or pH on colloidal 
stability an be monitored [117]. This method can be used to analyse in a great diam-
eter ranging from nano- to micro-scale. However, it cannot directly observe the size 
of NPs from the DLS result as the mechanism of method is based on diffusion coef-
ficient value, and the spherical shape of the particles is therefore assumed. Hence, 
the dimensions of a particle can only be defined by using an assumption of shape by 
Stokes–Einstein equation [115]. 

3.7 Zeta Potential Measurement 

Zeta potential or an electrokinetic potential is a measurement of the “effective” 
electric charge at the slip plane between the bulk of base solution and the bound 
layer of diluent molecules that surrounds the NPs. Hence, this technique measures 
the charge stability of colloidal NPs, which is a key parameter that governs the 
electrokinetic behaviour of NPs in the solution [118]. In general, NPs with a zeta 
potential value between −10 and +10 mV are considered as neutral, while NPs with 
zeta potentials value of less than −30 mV or greater than +30 mV are considered 
strongly anionic or strongly cationic [119]. Zeta potential is dependent on pH and the 
conductivity of the dispersing medium; thus, it is important to accurately measure 
and report it. For example, if acid is added in nanofluid, pH will decrease, leading 
to the increase of positive charges on the particle surface. The minimum concentra-
tion required for analysis depends on the relative refractive index and particle size. 
Additionally, this technique some time can be used to predict the long-term stability 
of colloidal NPs. For example, NPs with zeta potentials larger than ± 60 mV have 
great stability, whereas when zeta values of NPs are between −10 mV and +10 mV, 
a rapid agglomeration can be observed unless they are sterically protected [120]. 

3.8 Secondary Ion Mass Spectrometry (SIMS) 

SIMS is one of the key techniques for surface chemical and imaging analysis in the 
field of material sciences. This technique is recognized as isotopic surface analysis 
and the most sensitive elemental analysis technique. In the chamber, the sample is 
bombarded with an ion beam in vacuum atmosphere; thus, the secondary ions are 
sputtered from the sample and conveyed into a mass spectrometer for analysis [121]. 
The SIMS technique provides a unique combination of extremely high sensitivity
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which limits down to the ppm level for all elements from Hydrogen to Uranium and 
above. Moreover, it also offers high lateral resolution imaging (≥40 nm), and a very 
low background that allows more than 5 decades of dynamic range. 

3.9 UV–VIS Spectrophotometry 

It is widely known that metallic NPs possess muti-colours and, therefore, best 
matched for photo-related applications. Figure 9 shows characteristic colours and 
properties of Au NPs with the variation of sizes and shapes, which can be utilized 
in imaging-related applications [105]. Ultraviolet–visible (UV–Vis) and photolumi-
nescence (PL) are the well-known techniques for the optical study of NPs materials 
[105]. Both techniques offer extra information about the absorption or emission 
capacity of the NPs and their effect on the overall excitation time of photo-excitons. 
Additionally, UV–Vis can quantitatively monitor the formation and provide informa-
tion about the size of NPs through different responses to the electromagnetic waves, 
ranging from 200–700 nm [122] (Table 6). 

Fig. 9 Colour dependence 
of Au NPs on size and shape 
[105]



Synthesis, Properties and Characterization of Metal Nanoparticles 195

Ta
bl

e 
6 

Su
m
m
ar
y 
of
 a
dv
an
ta
ge
 a
nd

 li
m
ita

tio
n 
of
 th

e 
te
ch
ni
qu

es
 th

at
 a
re
 u
se
d 
fo
r 
N
Ps
 c
ha
ra
ct
er
iz
at
io
n 
in
 th

is
 p
ap
er
 [
12
3,
 1
24
] 

R
ol
e

A
dv
an
ta
ge

L
im

ita
tio

ns
Se

ns
iti
vi
ty

R
ef
er
en
ce
s 

SE
M

To
po

gr
ap
hi
ca
l, 
m
or
ph

ol
og

ic
al
 

an
d 
co
m
po
si
tio

na
l i
nf
or
m
at
io
n 

(i
.e
. c
om

bi
ne
d 
w
ith

 E
D
S 
sy
st
em

) 

• 
Im

ag
in
g 
at
 a
ll 
di
re
ct
io
ns
 th

ro
ug

h 
x–
y-
z 
(3
D
) 
ro
ta
tio

n 
of
 s
am

pl
e 
is
 

po
ss
ib
le
 

• 
E
as
y 
to
 b
e 
in
te
gr
at
ed
 w
ith

 d
ig
ita

l 
ca
m
er
a 
sy
st
em

s 
fo
r 
da
ta
 s
to
ra
ge
 

an
d 
an
al
ys
is
 

• 
A
llo

w
s 
a 
la
rg
e 
am

ou
nt
 o
f 
th
e 

sa
m
pl
e 
to
 b
e 
fo
cu
ss
ed
 a
t o

ne
 ti
m
e 

co
m
pa
re
d 
to
 T
E
M
 

• 
L
im

ite
d 
to
 s
ol
id
 s
am

pl
e 
an
d 
m
us
t 

be
 o
pe
ra
te
d 
un

de
r 
va
cu
um

 
co
nd

iti
on

s 
• 
SE

M
 m

us
t b

e 
in
 a
n 
ar
ea
 f
re
e 
of
 

an
y 
po

ss
ib
le
 e
le
ct
ri
c,
 m

ag
ne
tic

 o
r 

vi
br
at
io
n 
in
te
rf
er
en
ce
 

• 
L
ow

 r
es
ol
ut
io
n 
co
m
pa
re
d 
to
 T
E
M
, 

us
ua
lly

 u
p 
to
 s
ub

-m
ic
ro
n 
or
 a
 f
ew

 
hu
nd

re
ds
 o
f 
na
no
m
et
re
s 

• 
R
eq
ui
re
d 
su
rf
ac
e 
st
ai
n-
co
at
in
g 

w
ith

 m
et
al
s 
fo
r 
el
ec
tr
on

 
co
nd

uc
tin

g 

D
ow

n 
to
 1
 n
m

[1
25
] 

T
E
M

M
or
ph
ol
og
y 
(p
ar
tic
le
 s
iz
e 
an
d 

sh
ap
e)
; c
ry
st
al
lo
gr
ap
hi
c 

in
fo
rm

at
io
n 
(d
et
ec
tio

n 
of
 a
to
m
ic
 

sc
al
e 
de
fe
ct
s)
; c
om

po
si
tio

na
l 

in
fo
rm

at
io
n 
(S
T
E
M
);
 th

e 
ph

as
es
 

th
at
 p
re
se
nt
 (
i.e
. l
at
tic

e 
sp
ac
in
g 

m
ea
su
re
m
en
t)
 

• 
T
E
M
 o
ff
er
s 
th
e 
hi
gh
es
t r
es
ol
ut
io
n 

co
m
pa
re
d 
to
 o
th
er
 m

or
ph

ol
og

ic
al
 

an
al
ys
is
 te
ch
ni
qu

e 
• 
D
ir
ec
t i
m
ag
in
g 
of
 c
ry
st
al
lin

e 
la
tti
ce
 o
f 
sa
m
pl
e 

• 
N
o 
m
et
al
lic

 s
ta
in
-c
oa
tin

g 
is
 

re
qu

ir
ed
 to

 a
ss
ig
n 
th
e 
de
fe
ct
s 

in
si
de
 th

e 
sa
m
pl
e 

• 
R
eq
ui
re
d 
ul
tr
a-
th
in
 s
am

pl
e 

(t
hi
ck
ne
ss
 b
el
ow

 2
00

 n
m
) 

• 
Sa

m
pl
e 
m
ig
ht
 b
e 
da
m
ag
ed
 b
y 

el
ec
tr
on

 b
ea
m
 d
ur
in
g 
pr
oc
es
s 

• 
E
xp

en
si
ve
 e
qu

ip
m
en
t i
ns
ta
lla

tio
n,
 

i.e
. v
ac
uu

m
 s
ys
te
m
, i
s 
re
qu

ir
ed
 f
or
 

at
om

ic
 s
ca
le
 r
es
ol
ut
io
n 

• 
T
he
 d
if
fic

ul
ty
 in

 q
ua
nt
if
yi
ng

 
m
ut
i-
pa
rt
ic
le
s 
or
 m

is
le
ad
in
g 

im
ag
es
 d
ue
 to

 o
ri
en
ta
tio

n 
ef
fe
ct
s 

• 
L
im

ite
d 
to
 s
ol
id
 s
am

pl
e 

0.
1 
nm

[1
24
, 1

26
] 

A
FM

Sh
ap
e,
 te
xt
ur
e 
an
d 
ro
ug
hn

es
s 
of
 

in
di
vi
du

al
 p
ar
tic

le
s 
an
d 
th
ei
r 

di
st
ri
bu
tio

n 
fo
r 
an
 a
ss
em

bl
y 
of
 

pa
rt
ic
le
s 

• 
C
an
 b
e 
op

er
at
ed
 in

 
va
cu
um

/a
ir
/li
qu

id
, u
nl
ik
e 
T
E
M
 

an
d 
SE

M
 th

at
 r
eq
ui
re
d 
to
 o
pe
ra
te
 

in
 th

e 
va
cu
um

 c
ha
m
be
r 

• 
H
ig
h 
la
te
ra
l m

ag
ni
fic

at
io
n 
is
 n
ot
 

re
qu
ir
ed
 f
or
 A
FM

, w
hi
le
 la
te
ra
l 

m
ag
ni
fic

at
io
n 
is
 a
n 
im

po
rt
an
t 

fa
ct
or
 in

 T
E
M
 a
nd

 S
E
M
 m

et
ho
d 

• 
In
ca
pa
bl
e 
of
 c
ha
ra
ct
er
iz
in
g 
th
e 

he
ig
ht
 o
r 
z-
ax
is
 o
f 
N
Ps
 

• 
A
FM

 h
as
 s
lo
w
er
 s
ca
nn

ed
 ti
m
es
 

th
an
 a
ny
 k
in
d 
of
 e
le
ct
ro
n 

m
ic
ro
sc
op
y 

• 
T
ip
 s
ha
pe
 c
an
 b
ec
om

e 
co
nv
ol
ut
ed
 

w
ith

 m
ea
su
re
m
en
ts
 

• 
U
na
bl
e 
to
 o
bt
ai
n 
qu

al
ita

tiv
e 
or
 

qu
an
tit
at
iv
e 
in
fo
rm

at
io
n 
of
 th

e 
sa
m
pl
e 
co
m
po

si
tio

n 
(i
.e
. c
an
no

t 
pr
ov
id
e 
di
re
ct
 c
he
m
ic
al
 

in
fo
rm

at
io
n)
 

1 
nm

 (
X
Y
),
 0
.1
 n
m
 (
Z
)

[1
04
]

(c
on

tin
ue
d)



196 K. Thummavichai et al.

Ta
bl

e
6

(c
on
tin

ue
d)

R
ol
e

A
dv
an
ta
ge

L
im

ita
tio

ns
Se

ns
iti
vi
ty

R
ef
er
en
ce
s

D
L
S

M
ea
su
ri
ng
 th

e 
hy
dr
od
yn
am

ic
 

si
ze
 a
nd

 s
iz
e 
di
st
ri
bu
tio

n 
of
 

m
ol
ec
ul
es
 a
nd

 p
ar
tic

le
s 

• 
Fa
st
, e
as
y 
ha
nd

lin
g,
 n
on

-i
nv
as
iv
e 

an
d 
us
ed
 u
nd

er
 a
 w
id
e 
va
ri
et
y 
of
 

so
lv
en
t c
on

di
tio

ns
 

• 
R
eq
ui
ri
ng
 a
 lo

w
 v
ol
um

e 
of
 th

e 
sa
m
pl
e 
an
d 
ca
n 
be
 e
as
ily

 
im

pl
em

en
te
d 
as
 a
n 
in
-l
in
e 
qu

al
ity

 
co
nt
ro
l m

et
ho

d 
• 
le
ss
 la
bo

ur
 in

te
ns
iv
e 
an
d 
an
 

ex
te
ns
iv
e 
ex
pe
ri
en
ce
 is
 n
ot
 

re
qu
ir
ed
 f
or
 r
ou
tin

e 
m
ea
su
re
m
en
t 

• 
Fa
st
, n
o 
sa
m
pl
e 
pr
ep
ar
at
io
n 
an
d 

sa
m
pl
e 
pr
es
er
va
tio

n 
fr
om

 
do
w
ns
tr
ea
m
 a
na
ly
si
s 

• 
M
ea
su
re
m
en
t o

f 
si
ze
 is
 in

ac
cu
ra
te
 

w
ith

 h
et
er
og

en
eo
us
 s
am

pl
es
 

• 
R
eq
ui
re
s 
ad
ap
te
d 
sa
m
pl
e 
di
lu
tio

ns
 

• 
O
ff
er
in
g 
hi
gh

ly
 s
en
si
tiv

e 
an
al
ys
is
 

of
 N
Ps
, w

hi
ch
 m

ig
ht
 b
e 
po
ss
ib
le
 

to
 d
et
ec
t u

nw
an
te
d 
si
ze
 f
ra
ct
io
ns
 

fr
om

 u
nc
le
an
 la
b-
w
ar
e,
 d
us
t a
nd

 
ag
gr
eg
at
ed
 s
am

pl
e 

• 
C
an
no

t s
ep
ar
at
e 
pa
rt
ic
le
s 
an
d 

ag
gl
om

er
at
io
ns
 

3
nm

[1
24
, 1

27
, 1

28
] 

X
R
D

Si
ze
 a
nd

 c
ry
st
al
 s
tr
uc
tu
re
 (
lo
ng

 
ra
ng
e 
or
de
r)
 m

ea
su
re
m
en
t o

f 
N
Ps
-
la
tti
ce
 p
ar
am

et
er
, i
nt
er
na
l 

st
re
ss
/s
tr
ai
n 
(e
la
st
ic
),
 c
oh

er
en
tly

 
sc
at
te
ri
ng

 d
om

ai
n 
si
ze
 

(c
ry
st
al
lit
e 
si
ze
) 

• 
T
he
 m

os
t c
on
ve
ni
en
t, 
in
ex
pe
ns
iv
e 

co
m
pa
re
d 
to
 th

os
e 
ot
he
r 
te
ch
ni
qu

e 
• 
B
es
t m

et
ho

d 
fo
r 
ph

as
e 
an
al
ys
is
 

• 
H
ig
h 
in
te
ns
ity

 x
-r
ay
 b
ea
m
 

re
qu

ir
ed
 (
i.e
. s
yn
ch
ro
tr
on

 x
-r
ay
 

so
ur
ce
) 

• 
X
-r
ay
 d
o 
no
t i
nt
er
ac
t v

er
y 
st
ro
ng
ly
 

w
ith

 li
gh

te
r 
el
em

en
t 

• 
C
om

pl
ex
 c
om

po
si
tio

n 
of
 N
Ps
 a
nd

 
pl
as
m
on
 c
an
no

t b
e 
fo
un

d 
• 
T
he
 s
hr
in
ka
ge
 o
f 
th
e 
la
tti
ce
 s
pa
ce
 

by
 X
R
D
 m

ay
 b
e 
co
m
pl
ic
at
ed
, a
s 

in
st
ru
m
en
ta
l p

ar
am

et
er
s,
 r
efl

ec
tio

n 
br
oa
de
ni
ng
 d
ue
 to

 a
 v
er
y 
sm

al
l N

P 
si
ze
 a
nd

 m
at
ri
x 
ef
fe
ct
s 
ca
n 
le
ad
 to

 
un

cl
ea
r 
X
R
D
 r
es
ul
ts
 

D
ow

n 
to
 1
 n
m

[1
29
] 

X
PS

Q
ua
lit
at
iv
e 
an
d 
qu

an
tit
at
iv
e 

el
em

en
ta
l c
om

po
si
tio

n 
of
 th

e 
su
rf
ac
e 
la
ye
rs
, c
he
m
ic
al
 s
ta
te
 

id
en
tifi

ca
tio

n 
an
d 
de
ns
ity

 o
f 

el
ec
tr
on

ic
 s
ta
te
s 

• 
H
ig
h 
ac
cu
ra
cy
 in

 id
en
tif
yi
ng

 
sa
m
pl
es
 

• 
Su

ita
bl
e 
fo
r 
bo

th
 c
on

du
ct
iv
e 
an
d 

no
n-
co
nd

uc
tiv

e 
m
at
er
ia
ls
 

• 
Su

ita
bl
e 
fo
r 
bo
th
 in

or
ga
ni
c 
an
d 

no
n-
or
ga
ni
c 

• 
V
er
y 
ex
pe
ns
iv
e 
te
ch
ni
qu

e 
• 
Sl
ow

 p
ro
ce
ss
 (
30

 m
in
–8

 h
 p
er
 

sa
m
pl
e)
 

• 
H
 a
nd

 H
e 
ca
nn

ot
 b
e 
id
en
tifi

ed
 

• 
Sa

m
pl
e 
m
us
t b

e 
co
m
pa
tib

le
 w
ith

 
hi
gh

 v
ac
uu

m
 e
nv
ir
on

m
en
t 

• 
10

%
 r
el
at
iv
e 
er
ro
r 
in
 r
ep
ea
te
d 

an
al
ys
es
 

3–
92
 n
m

[1
06
–1
07
, 1

30
[]

(c
on

tin
ue
d)



Synthesis, Properties and Characterization of Metal Nanoparticles 197

Ta
bl

e
6

(c
on
tin

ue
d)

R
ol
e

A
dv
an
ta
ge

L
im

ita
tio

ns
Se

ns
iti
vi
ty

R
ef
er
en
ce
s

X
A
S

A
bs
or
pt
io
n 
en
er
gy
, e
le
m
en
t 

va
le
nc
e 
st
at
e,
 c
ha
rg
e 
tr
an
sf
er
 a
nd

 
ty
pe
 o
f 
bo
nd
in
g 
in
fo
rm

at
io
n 

• 
C
an
 f
oc
us
 o
n 
on

e 
el
em

en
t w

ith
ou

t 
in
te
rf
er
en
ce
 f
ro
m
 o
th
er
 e
le
m
en
ts
 

pr
es
en
t i
n 
th
e 
sa
m
pl
e 

• 
A
bi
lit
y 
to
 a
na
ly
se
 a
lm

os
t a
ny
 ty

pe
 

of
 s
am

pl
es
 in

cl
ud

in
g 
am

or
ph

ou
s 

(n
on

-c
ry
st
al
lin

e)
 m

at
er
ia
ls
 

• 
D
et
er
m
in
at
io
n 
of
 th

e 
el
em

en
t 

ox
id
at
io
n 
st
at
e,
 d
at
a 
w
hi
ch
 o
ft
en
 

di
ffi
cu
lt 
to
 o
bt
ai
n 
by

 o
th
er
 

sp
ec
tr
os
co
pi
c 
m
et
ho

ds
 

• 
C
an
no

t b
e 
us
ed
 to

 s
tu
dy

 lo
w
 

at
om

ic
 n
um

be
r 
el
em

en
t 

• 
D
if
fic

ul
t t
o 
de
co
nv
ol
ut
e 
th
e 
bu
lk
 

da
ta
 w
he
n 
th
e 
sa
m
pl
e 
is
 c
om

po
se
d 

of
 a
 m

ix
tu
re
 o
f 
st
ru
ct
ur
es
 o
f 
th
e 

ab
so
rb
er
 e
le
m
en
t 

5–
6 
Å

[1
08
, 1

31
, 1

32
] 

E
D
S

E
va
lu
at
io
n 
of
 c
he
m
ic
al
 

co
m
po

si
tio

n 
of
 th

e 
pa
rt
ic
le
s 

• 
C
om

po
si
tio

n 
of
 N
Ps
 c
an
 b
e 

an
al
ys
ed
 v
ia
 v
ar
io
us
 m

od
es
, i
.e
. 

E
le
m
en
ta
l m

ap
pi
ng

, p
oi
nt
 

an
al
ys
is
, l
in
e 
an
al
ys
is
 a
nd

 a
re
a 

an
al
ys
is
 

• 
E
D
S 
is
 g
en
er
al
ly
 n
ot
 a
 p
ar
tic

ul
ar
ly
 

se
ns
iti
ve
 te
ch
ni
qu

e.
 I
f 
th
e 

co
nc
en
tr
at
io
n 
of
 a
n 
el
em

en
t i
n 
th
e 

sa
m
pl
e 
is
 to

o 
lo
w
, E

D
S 
m
ig
ht
 n
ot
 

be
 e
no

ug
h 
to
 a
de
qu

at
el
y 
m
ea
su
re
 

its
 p
ro
po
rt
io
n 

• 
E
D
S 
ge
ne
ra
lly

 d
oe
s 
no
t w

or
k 
fo
r 

el
em

en
ts
 w
ith

 a
 lo

w
 a
to
m
ic
 

nu
m
be
r, 
e.
g.
 H
 a
nd

 H
e 

<
2 
nm

[1
04
] 

FT
IR

N
at
ur
e 
of
 b
on

ds
 a
nd
 f
un
ct
io
na
l 

gr
ou
ps
 m

ea
su
re
m
en
t 

• 
FT

IR
 p
ro
vi
de
s 
th
e 
fa
st
es
t s
ca
n 
ra
te
 

am
on

g 
al
l o

f 
th
e 
di
sp
er
si
ve
 

in
st
ru
m
en
ts
 

• 
T
he
 F
T
IR
 in

st
ru
m
en
t d

oe
s 
no
t 

lim
it 
th
e 
am

ou
nt
 o
f 
lig

ht
 r
ea
ch
in
g 

th
e 
de
te
ct
or
 u
si
ng

 a
 s
lit
, u

nl
ik
e 

ot
he
r 
st
ru
ct
ur
e 
in
st
ru
m
en
ts
 (
he
nc
e,
 

m
or
e 
en
er
gy

 r
ea
ch
es
 th

e 
sa
m
pl
e,
 

th
us
 le
ss
 r
efl

ec
tiv

e 
lo
ss
es
 o
cc
ur
) 

• 
T
he
 c
ha
ng

es
 in

 th
ei
r 
sp
ec
tr
a 
ar
e 

no
t s
ig
ni
fic
an
t e
no

ug
h 
to
 p
ro
vi
de
 

cl
ea
r 
ev
id
en
ce
 f
or
 n
an
oc
om

pl
ex
 

fo
rm

at
io
n 
(b
ec
au
se
 o
f 
lo
w
 

se
ns
iti
vi
ty
 o
r 
pe
ak
 o
ve
rl
ap
pi
ng

) 
• 
St
ru
ct
ur
e 
an
d 
si
ze
 o
f 
N
Ps
 c
an
no

t 
be
 m

ea
su
re
d 

20
 Å
–1
 μ
m

[1
12
, 1

33
]

(c
on

tin
ue
d)



198 K. Thummavichai et al.

Ta
bl

e
6

(c
on
tin

ue
d)

R
ol
e

A
dv
an
ta
ge

L
im

ita
tio

ns
Se

ns
iti
vi
ty

R
ef
er
en
ce
s

SI
M
S

Pr
es
en
ce
 o
f 
su
rf
ac
e 
co
at
in
gs
 o
r 

co
nt
am

in
an
ts
 o
n 
co
lle

ct
io
ns
 o
f 

na
no
pa
rt
ic
le
s,
 f
un
ct
io
na
l g

ro
up
s 

on
 s
ur
fa
ce
 o
f 
N
Ps
 

• 
C
an
 p
ro
vi
de
 m

ol
ec
ul
ar
 

in
fo
rm

at
io
n 
ab
ou
t fi

lm
 a
nd

 
pa
rt
ic
le
s 
su
rf
ac
es
 

• 
D
et
er
m
in
e 
th
e 
pr
es
en
ce
 o
f 
tr
ac
e 

el
em

en
ts
 

• 
M
os
t i
ns
tr
um

en
ts
 c
an
no
t 

ch
ar
ac
te
ri
ze
 in

di
vi
du

al
 p
ar
tic

le
s,
 

th
er
ef
or
e 
re
qu

ir
es
 a
 c
ol
le
ct
io
n 
of
 

pa
rt
ic
le
s 

• 
N
ee
ds
 a
pp

ro
pr
ia
te
 s
am

pl
e 

pr
ep
ar
at
io
n 
an
d 
ha
nd

lin
g 
to
 

m
in
im

iz
e 
in
fo
rm

at
io
n 
lo
ss
 

• 
Sp

ut
te
r 
ra
te
s 
ac
ce
le
ra
te
d 
fo
r 

na
no

pa
rt
ic
le
s 

• 
N
an
op

ar
tic

le
s 
ca
n 
m
el
t o

r 
tr
an
sf
or
m
, s
pu
tte

ri
ng

 c
an
 d
es
tr
oy
 

th
e 
si
ze
, s
ha
pe
 a
nd

 c
om

po
si
tio

n 
of
 

th
e 
pa
rt
ic
le
s 

• 
R
eq
ui
re
s 
va
cu
um

 

50
 n
m
 (
x,
 y
),
 1
 n
m
 (
z)

[1
34
] 

U
V
–V

IS
O
pt
ic
al
 p
ro
pe
rt
ie
s,
 c
on

ce
nt
ra
tio

n 
an
d 
sh
ap
e 
of
 N
Ps
 c
an
 b
e 

m
ea
su
re
d 

• 
R
ap
id
 a
na
ly
si
s,
 r
el
ia
bl
e,
 e
as
y 
to
 

ha
nd

le
, h
ig
h 
pr
ec
is
io
n 
an
d 

ac
cu
ra
cy
 

• 
A
va
ila

bl
e 
on

 v
ar
io
us
 s
am

pl
e 

fo
rm

s,
 e
.g
. c
ol
lo
id
al
 s
ol
ut
io
ns
, 

su
sp
en
si
on
s,
 th

in
 fi
lm

s 
an
d 

po
w
de
rs
 

• 
So

lid
 p
ar
tic

le
s 
in
 a
 h
et
er
og

en
eo
us
 

sa
m
pl
e 
sc
at
te
r 
lig

ht
 m

or
e 
th
an
 

th
ey
 a
bs
or
b 
it;
 h
en
ce
, t
he
 d
at
a 
ar
e 

do
ub

tf
ul
. R

es
tr
ic
tio

n 
to
 tu

rb
id
 

sa
m
pl
es
 

U
V
–v
is
ib
le
 r
eg
io
ns
 2
00
–8
00
 n
m

[1
24
, 1

35
]



Synthesis, Properties and Characterization of Metal Nanoparticles 199

4 Basic Properties of Metallic Nanomaterials 

4.1 Surface Plasmon Resonance Properties 

Among metals, noble metals including Au, Ag, Cu, Pd and Pt gain a great attention 
due to their exclusive optical properties on account of their surface plasmon resonance 
(SPR), which can be applied in a broad range of applications such as photocatalysis, 
biomedicine, surface-enhanced Raman spectroscopy (SERS), plasmonic devices, 
sensors and photothermal therapy [136, 137]. Among these plasmonic NPs, silver 
and gold are most used as plasmonic metals because of their chemical stability and 
visual colour change to the naked eye. On the other hand, Pt or Pd exhibit only broad 
absorption which continuously extend throughout the near UV and visible range. 

Noble metal NPs exhibit a strong UV–vis absorption band, which is not possessed 
by bulk metals. This absorption band is provided by the collective oscillations of elec-
trons in the conduction band that excited by light with appropriate frequency from 
both visible and near-infrared ranges, which is known as localized SPR [138]. The 
position of the plasmon band (extinction spectrum) is best measured on a conventional 
UV–visible spectrophotometer, observing a band with high extinction coefficients 
(up to 1011/M.cm) [139]. The optical features of the localized SPR (e.g. peak absorp-
tion, peak extinction wavelength, scattering, linewidth) depend on the size, shape, 
composition of the metal NP, surface-adsorbed species, surface charge, interparticle 
interactions and the refractive index of the surrounding medium [140]. An example 
of optical value change of Au and Ag NPs that depend on their shape is present in 
Fig. 10.

4.2 Magnetic Properties 

Magnetic properties of metal NPs are of great interest for a wide range of disciplines, 
such as magnetic fluids, catalysis, biomedicine, magnetic energy storage, informa-
tion storage and spintronics [141]. Fine particle magnetism comes from size effects, 
which are based on the magnetic domain structure of ferromagnetic materials. When 
the size of single-domain particles is reduced below a critical diameter (<15 nm 
for the common materials), the coercivity is zero and such particles become super-
paramagnetic, which is caused by thermal effects. Each potential application of the 
magnetic nanoparticles requires different properties. Materials that hold ferromag-
netism (e.g. Fe, Ni and Co) have aligned atomic magnetic moments of equal magni-
tude; thus, their crystalline structures allow for direct coupling interactions between 
the moments, which helps to enhance the flux density of material [142]. Many studies 
have confirmed low toxicity of AuNPs compared to other metal-based NPs [143], 
Au (3.9 ± 0.2 nm) has been used to decorate peI-Fe3O4 (Au@PEI-Fe3O4) NPs and 
their DC magnetization. The estimated effective magnetic anisotropy constant (Keff,
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Fig. 10 A different shape of Au and Ag NPs can directly influence the change in their optical 
performance. Vial 0 presented the aqueous solution of 4 nm Au nanospheres and Vial 1–5 presented 
the higher aspect ratio gold nanorods [140]

at 5 K) was 2.0 × 104 j/m3, nearly 50% larger than Keff of bulk magnetite (1.1–1.3 
× 104 j/m3) (Fig. 11) [144].

4.3 Mechanical Properties 

The mechanical properties of NPs have gained a lot of attention over the last few 
years especially the tribological properties for lubricants and as reinforcements for 
composite coating technologies [145, 146]. In general, the mechanical properties 
of material involve elastic–plastic deformation, hardness, bulk modulus, Young’s 
modulus, scratch resistance, time-dependent creep and relaxation properties, residual 
stresses, fracture toughness, fatigue and yield strength. Au NPs thin films have been 
well studied for their high hardness, creep and strain rate effects [147]. However, 
the obtained results are still insufficient and some are controversial [148, 149]. 
There is still no conclusion whether the elastic modulus of NPs is affected by the 
particle size and the indentation depth. Additionally, their frictional and mechan-
ical behaviours have not been fully understood. A study has recently reported the 
ultra-high compressive strength of the Ni NPs of 34 GPa (D ≈ 210 nm), as shown 
in Fig. 12 [150].
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(c)(a) 

(b) 

Fig. 11 a DC magnetization curves gained in zero-field-cooled (ZFC, lower branch) and field-
cooled (HFC = 2.39 kA/m, upper branch) modes for PEI-Fe3O4 (filled black circles) and Au@PEI-
Fe3O4 (open red circles) NPs. b M vs.  H curves at T  = 300 K. Inset: magnification of the low-field 
region of the hysteresis loops. c TEM of Au@PEI-Fe3O4 NPs, inset: the histogram of particle fitted 
with a lognormal distribution (solid line) [145]

Fig. 12 a Load–displacement curves for different particle sizes of NPs. b Stress–strain curves 
demonstrate that the strength increases with decreasing particle diameter. c Compressive strength 
as a function of particle diameter [150] 

4.4 Thermal Properties 

Water, phase change materials, oil and ethylene glycol are typical heat transfer fluids, 
and they are mostly used as cooling fluid in many thermal engineering applications. 
In general, the thermal conductivity of a standard heat transfer fluid is lower than 
<1 W/mK [151]. Among them, water offers the highest value of thermal conductivity 
(0.613 W/mK at 303 K). This is still not comparable to the value that metal NPs 
can offer. Ag, Al, Cu, Fe and Au NPs can offer the high thermal conductivity of
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429 W/mK at 300 K, 237 W/mK at 273 K, 401 W/mK at 273–373 K, 80.4 W/mK 
at 273–373 K and 318 W/mK at 273–373, respectively [152, 153]. For this reason, 
the heat transfer fluid, which is known as nanofluid (a combination of traditional 
heat transfer fluids with metallic NPs that have size less than 100 nm and at very 
low concentration of less than 1%), has attracted huge attention to researchers in 
the past decade [154]. It has been reported that thermal conductivity of water can 
be improved by 54% through an addition of 0.1% weight of 20 nm Ag NPs [152]. 
Many reports agree that size, shape and volume fraction of NPs can directly affect 
the thermal conductivities of typical heat fluids [154, 155]. In the case of Ag, the 
thermal conductivity of nanofluids increases with decreasing size and increasing the 
concentration of nanoparticles [156]. 

For given volume fraction and temperature, the thermal conductivity of nanofluid 
containing rectangular nanoparticles was higher than those with NPs in spherical 
shape. Additionally, metal nanoparticles can be added into polymers, such as epoxy, 
to enhance thermal conductivity and to maintain electrical insulation below percola-
tion threshold. Compared with the electrical properties in metal–polymer compos-
ites, thermal transport does not show any dramatic increase [157]. However, similar 
trend for metal/heat transfer fluids, it has been reported that Ni NPs with the size 
of 40 nm show higher thermal conductivities of 0.37 W/mK due to its wider-spread 
aggregation structures in epoxy compared to those larger Ni NPs with size of 70 nm 
(0.31 W/mK) [158]. 

5 Conclusion 

Bottom-up techniques are more precise than top-down techniques in controlling 
particle size distribution. Controlling the component concentration, reaction time and 
temperature can be achieved with different particle sizes and shapes, or NPs. Despite 
the fact that these growth conditions are extremely sensitive to process variables, 
limiting the variation of NP morphologies and structures, top-down methods, on the 
other hand, have advantages over bottom-up methods, such as simple production, 
the use of non-organic precursors and the high potential for large-scale production 
with high yields. The size distribution can be controlled via the evaporation rate, 
system pressure or system geometry. Although many researchers have successfully 
prepared various types of NPs using various techniques, the precise information of 
the parameter conditions of each technique that allow to optimize the designed size 
and shape of various types of NPs is unclear and necessitates additional research for 
an accurate reproduction process. Mass production could be taken into consideration 
for further development of the metal NPs. The long-term stability of NPs and their 
toxicity, especially in biotechnologies, are still unclear. An intensive study must be 
conducted to investigate the composition, morphology, size, shape, structure and 
side effects of metal NPs for diverse applications in the fields of magnetic, thermal, 
optical, etc.
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Abstract Nanoparticles have scientific importance because they act as a link 
between bulk materials and atomic or molecular structures. The physical properties 
of the bulk material are constant because of its size, but in the case of nanoparticles, 
size-dependent characteristics are observed. Particle size reduction to the nanoscale 
reveals unexpected and improved characteristics such as particle size distribution and 
shape. The large surface area of nanoparticles is attributable to their remarkable and 
unexpected characteristics, and this exceeds the contributions made by the small bulk 
of the materials. Due to these properties, nanoparticles have been used in different 
industries such as energy, electronics, optical, medicine, mechanical, and pharma-
ceutical in recent years. Different approaches are being used for the synthesis of 
nanoparticles, such as bottom-up and top-down approaches. Metal nanoparticles are 
increasingly being used in biomedicine and other fields around the world. Because 
of their prominent features, metal nanoparticles, nanostructures, and nanomaterial 
production are currently gaining the attention of researchers. Various aspects of 
the synthesis of metal nanoparticles and the advantages and disadvantages of metal 
nanoparticles are summarized in this chapter.
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1 Introduction 

Nanotechnology is a branch of science concerned with the fabrication of nanoparti-
cles with average particle sizes ranging from 1–100 nm using various synthesis tech-
niques [1]. Because of their small dimensions, nanomaterials have unique features 
such as excellent electrical, mechanical, and thermal characteristics, a large surface 
area, and good optical and magnetic properties [2, 3]. Nanomaterials are being used in 
various fields nowadays, such as molecular biology, physics, mechanical engineering, 
material science, wastewater technology [4, 5]. Various nanostructures and hybrid 
nanomaterials are currently being studied by many researchers for the preparation 
of composite polymers [6], disease diagnosis and treatment [7], sensor technology 
[8, 9], catalysis [10], and labeling of optoelectronic recorded media due to their 
unique properties [11]. Figure 1 depicts a few metal nanoparticles that are crucial 
in a range of applications. The first category of nanomaterials includes the metals 
such as titanium, platinum, silver, copper, gold, zinc, magnesium, iron, and algi-
nate nanoparticles. Metal oxide nanoparticles, such as titanium dioxide, silver oxide, 
and zinc oxide, make up the second category of nanomaterials. The third type of 
nanoparticle is thought to include doped metal, metal oxide, and metal nanomate-
rials [12, 13]. Furthermore, metal–organic frameworks (MOFs) and metal sulfide 
nanomaterials have drawn a lot of interest because of their intriguing properties 
and potential uses in a number of biological fields. Nanoparticles made of Zn, Cu, 
AgS, CuS, FeS, MOF, and Mn-based MOF are frequently used in drug delivery and 
have antibacterial properties [14]. The creation and stability of metallic nanoparticles 
are frequently achieved by a variety of physical and chemical techniques [15–17]. 
Their morphology (structure and size), stability, and physicochemical properties are 
strongly influenced by choice of metallic nanoparticle preparation processes, such as 
the kinetics of metal ions’ interaction with the reducing agent, the adsorption process 
of a stabilizing agent with metal nanoparticles, and various experimental techniques 
[17].

In mechanical engineering, using nanoparticles as additives in nanofluids and 
nanolubrication is a relatively new concept. The major benefit of employing nanolu-
bricants is that they are generally temperature-insensitive and have fewer tribochem-
ical interactions [18]. Another benefit of using nanoparticles in lubricating oils is that 
they do not get trapped in filters [19]. Another application of these metal nanoparticles 
in the mechanical sector is metal matrix nanocomposites (MMNCs). The nanoma-
terials have a significant impact on the characteristics of metal matrix composites 
(MMCs). It is now simple to create MMNCs with a variety of increased properties 
thanks to recent advancements in the synthesis of nanoparticles, such as those with 
a size smaller than 100 nm. It is anticipated that MMNCs will be able to overcome a
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Fig. 1 Different types of metal-based nanomaterial

few MMC drawbacks, including limited ductility, machinability, and fracture tough-
ness [20]. Because of a combination of Orowan strengthening, grain refinement, and 
high-temperature creep resistance, MMNCs have dramatically improved mechanical 
properties, especially when lightweight metals like Al or Mg are used as the matrix 
[21, 22]. Metal nanoparticles are progressively being used in medical, engineering, 
and related fields across the world. In this context, the present chapter is an assort-
ment of the different roots of the fabrication of metallic nanoparticles, the advantages 
and disadvantages of these metallic nanoparticles, and their application. 

2 Routes of Fabrication 

According to the starting material for nanoparticle preparation, two categories of 
approaches are employed to synthesize metallic nanoparticles: a bottom-up approach 
and a top-down approach. The starting material, as depicted in Fig. 2, is the  main  
distinction between the two procedures. Atoms or molecules are used as the starting 
material in the bottom-up technique, whereas bulk material is used in the top-down
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Fig. 2 Routes for the fabrication of nanomaterials 

approach. Top-down approaches use a variety of physical, chemical, and mechanical 
methods to reduce particle size from micro- to nanoscale [23, 24]. 

2.1 Top-Down Approach 

This method results in the creation of small nanoparticles from bulk material. The first 
step in the creation of nanoparticles is the size reduction of the starting material using 
a variety of physical and chemical procedures [25]. Processes, including ball milling, 
mechanochemical synthesis, laser ablation, and ion sputtering, are examples of top-
down methods. Although the top-down method is easy to apply, it cannot produce 
very small and irregularly shaped particles. This method has a significant problem 
with changes to the surface chemistry and physicochemical properties of nanoparti-
cles. The advantages and disadvantages of the top-down approach are summarized 
in Table 1.

2.1.1 Ball Milling Technique 

A powerful method for creating high-strength materials with a precise microstruc-
ture and metastability is ball milling [26]. Reduced particle size is achieved through 
mechanical milling, also referred to as high-energy ball milling [27]. This method 
was developed by Johan Benjamin in 1970; it reduced particle size while simul-
taneously creating novel phase and surface qualities. High-energy ball milling is a 
common method for creating nanoparticles, and it is particularly popular for creating 
intermetallic nanoparticles. The ball milling method applies significant mechanical 
energy to the bulk powder by means of these high-speed rotating balls. The bulk 
powder is placed in a container with a number of heavy balls. Several types of ball
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Table 1 Advantages and disadvantages of the top-down approach 

Top-down approach Advantages Disadvantages 

Ball milling technique This method can be used to 
create high-purity nanoparticles 
with exceptional physical 
properties on a wide scale [29, 
31]. This method gives the 
component several new and 
enhanced qualities [29] 

It takes a lot of energy and a 
long time to grind something 
[32] 

Mechanochemical synthesis The use of nanoparticles in this 
technique is relatively 
straightforward and effective 
[35] 

Long-term milling is necessary 
for the creation of smaller-sized 
particles (less than 20 nm) [35] 

Laser ablation technique A method that is both simple 
and effective for creating lots of 
nano-sized particles in 
suspension. Nanoparticles can 
develop in a liquid medium 
without the need for a 
surfactant [30] 

Long-term laser ablation causes 
the colloidal solution to produce 
a lot of nanoparticles, which 
restrict the laser path and lower 
the ablation rate [36] 

Ion sputtering technique In this method, the target 
material’s composition and the 
sputtered material’s 
composition are the same [31] 
Impurities are created in 
smaller amounts than those 
created by chemical processes 
Better compositional alloy 
nanoparticles can be produced 
than those from other chemical 
reduction techniques [37] 
This method is flexible and can 
produce large-sized ionic 
nanoparticles [38] 

Sputtering gases (He, Ne, Ar, 
Kr, and Xe) alter the surface 
morphology, composition, 
texture, and optical properties of 
nanocrystalline [39]

mills, such as low-energy tumble mills, attrition mills, vibrating mills, planetary 
mills, and high-energy ball mills, can be used to reduce particle size (Fig. 3). 

2.1.2 Mechanochemical Synthesis 

Mechanochemical synthesis is a process that involves repeatedly deforming, welding, 
and breaking a reactant mixture. At the interface of nano-sized particles, many chem-
ical changes occur during the milling process. For a variety of reasons, including 
isolating the reacting phases from the product phase, high temperatures are often 
needed to initiate chemical reactions. In a ball mill, nanoparticles can be produced at 
low temperatures without the need for extra heating [28]. The reactants are distorted, 
separated, and welded during the milling process. High-temperature reactions can
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Fig. 3 Schematic diagram of ball milling technique 

happen at low temperatures without the use of external heat sources, thanks to the 
numerous chemical reactions that occur at the interface between the substrate and 
the reagent’s surface [29]. 

2.1.3 Laser Ablation Technique 

The particle size is reduced to the nano-level by using the laser ablation technique 
and pulse laser irradiation. Ti: sapphire (titanium-doped sapphire) lasers, Nd: YAG 
(neodymium-doped yttrium aluminum garnet) lasers, and copper vapor lasers are 
the most often utilized lasers in this technology [30]. The solid material disinte-
grates into tiny particles known as nanoparticles when it is exposed to laser light. 
These particles remain in the surrounding liquid and combine to produce a colloidal 
solution. The laser pulse duration and energy are used to calculate the quantities of 
ablated atoms and particles produced [31]. The ablation effectiveness and character-
istics of produced metal particles are influenced by several parameters, such as the 
effective surrounding liquid medium, wavelength, laser fluency, laser pulse duration, 
and ablation time [32]. 

2.1.4 Ion Sputtering Technique 

In this method, the solid material is vaporized by sputtering with an ion beam from 
an inert atmosphere. Using magnetron sputtering of metal targets, this technique 
was recently employed to create nanoparticles from several different metals [33]. 
Utilizing sputtering gas, sputter deposition occurs in a sealed vacuum chamber at a
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constant operating pressure (between 0.05 and 0.1 mbar) (argon). High voltage is 
delivered to the target (cathode) during the sputtering process. As a result of the high 
voltage, a magnetic system pushes free electrons in a spiral direction, where they 
smash with atoms of the sputtering gas (argon), which causes gas ionization. This 
ongoing process produces a glow discharge (plasma), which is used to ignite the 
fuel. The target is shifted in the direction of the positively charged gas ions, which 
continue to impact it [34]. In a vacuum container, persistent collisions between gas 
molecules and metal atoms result in atom scattering and the creation of a diffuse 
cloud [34]. 

2.2 Bottom-Up Approach 

Biological systems, where nature has employed chemical forces to produce nearly 
all of the structures required for existence, serve as an inspiration for bottom-up 
approaches. Nanomaterials are created using a bottom-up approach by combining 
atoms or tiny molecules, as well as by using forces that operate at the nanoscale 
for chemical and physical reactions. Bottom-up methods are very important and an 
alternative to the top-down method in nanofabrication as the particle sizes get smaller. 
Additionally, in this procedure, the final nanoparticle is created by combining the 
nanostructured building blocks that were initially created [40]. The advantages and 
disadvantages of the bottom-up approach are summarized in Table 2.

2.2.1 The Physical Vapor Deposition Technique 

“Physical vapor deposition” refers to a group of vacuum deposition techniques used 
to create thin films and coatings. The process of a substance transitioning from a 
condensed to a vapor phase and then returning to a thin-film condensed phase is 
known as physical vapor deposition. Thermal evaporation and sputtered deposition 
are two methods used in the physical deposition technique to deposit material as 
a thin film or as nanoparticles on a surface under the control of a highly regu-
lated vacuum [41]. A solid target is ablated with a laser in pulsed laser deposition, 
producing plasma of ablated molecules. The resulting film, as depicted in Fig. 4 [42], 
is subsequently put on a substrate. Carbon nanotubes are frequently coated with thin 
coatings and metal nanoparticles using this technique. PVD thin-film technology 
includes processes including reactive evaporation, ion plating, and electron-beam or 
hot-boat evaporation. 

2.2.2 Chemical Vapor Deposition Technique 

Using the CVD technique, solid nanomaterials of higher quality and greater perfor-
mance can be created. This method of deposition forms a thin film on the surface of
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Table 2 Advantages and disadvantages of bottom-up approach 

Bottom-down approach Advantages Disadvantages 

Physical vapor deposition 
technique 

An easy method for producing 
thin metal films 

This is very expensive method 
for creating the nanoparticles 

Chemical vapor deposition 
technique 

Nanostructure particle 
characteristics such as surface 
morphology and crystal 
structure can be altered in this 
technique 
The chemical vapor deposition 
coating technique has good 
film durability and controlled 
surface morphology 

Chemical hazards are possible 
as a result of toxic, corrosive, 
and explosive precursor gases 
In this technique, 
multicomponent material 
deposition is difficult 

Sol–gel approach Easiest approach. Controlling 
particle size and shape is 
achieved by systematic  
monitoring of reaction 
parameters [49] 

Hydrothermal approach Desired size and shape of 
nanoparticles can be prepared 
[35] 
Well-crystallized powder with 
high crystallinity can be 
formed [50] 

Hydrothermal processes are 
difficult to control 
In this approach, there are 
limitations in terms of reliability 
and reproducibility [35]

a target material by utilizing a chemical reaction and a gaseous molecule containing 
atoms that are advantageous for film formation [43]. The precursor material, which 
is the target material, is released as an explosive molecule. A series of chemical 
interactions between the precursor, substrate surface, and explosive molecule result 
in the development of a thin-film coating. In this technique, a surface chemical 
process is commonly used to produce atomic layer deposition thin films [43–45]. 
The instrument’s schematic is shown in Fig. 5. Through the control valve, the gas 
stream is introduced into the dynamically pumped vacuum chamber at a controlled 
rate. The pressure in the chamber is kept low by high-speed pumping (1–50 mbar). 
The precursor’s molecules begin to break up and mix during the brief holding period 
in the heated tube to generate tiny clusters or particles. The cluster or particle beam 
rapidly expands near the reactor’s exit in order to prevent particle growth and agglom-
eration. The powders can then be scraped off and collected while the particle beam 
condenses on a rolling platform that is chilled with liquid nitrogen [46, 47].

2.2.3 Sol–Gel Approach 

The sol–gel method of making nanomaterials entails one of three steps: (a) open 
mixing of metal and metal oxide or nanoparticles in a pre-hydrolyzed silica sol;
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Fig. 4 Schematic image of physical vapor deposition technique 

Fig. 5 Schematic diagram of chemical vapor deposition technique
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(b) mixing of prefabricated metal (oxide) colloids with a sol containing the matrix-
forming species, followed by gel formation; or (c) metal reduction and complexation 
with silane before hydrolysis [48]. This method uses gelatin and colloidal suspen-
sion (sol) to create a network in a continuous phase. The two types of silane most 
frequently used to create silica gel are tetramethoxysilane (TMS) and tetraethoxysi-
lane. Metal alkoxides are water-immiscible organometallic precursors for a variety 
of metals, including titanium, silica, aluminum, and many others, where alcohol is 
a common solvent. In the process of making a sol–gel, there are four basic stages: 
hydrolysis, condensation, particle growth, and particle agglomeration [24]. Usually, 
silica sol is heated at a low temperature to precipitate the metal oxide particles, and 
this method is mostly used to prepare thin films. 

2.2.4 Hydrothermal Approach 

The hydrothermal approach relies on the interaction of vapors from an aqueous 
solution with a solid while under extremely high pressure and heat. In this process, 
the cations precipitate as polymeric hydroxides, which are further dehydrated to 
promote the formation of the metal oxide crystal structure. The base is introduced to 
the metal salt solution without complex hydroxide being produced, resulting in the 
development of the second metal cation, which helps control the particle formation 
process [35]. 

3 Advantages of Metal Nanoparticles 

3.1 Surface Plasmon Resonance 

Surface plasmon resonance is the term used to describe the resonance effect caused by 
the oscillation of conduction electrons on a material’s surface when they interact with 
the incident light and form energetic plasmonic electrons (SPR). Localized surface 
plasmon resonance (LSPR) is the term used to describe when plasmons are contained 
within a nanostructure that is considerably smaller than the wavelength of light [51]. 
It is a phenomenon whereby photons of light struck at a specific angle activate 
conduction electrons on a metal surface [52]. SPR has been observed in materials 
with a small positive imaginary and negative real dielectric constant. The excitation of 
SPR by metallic nanoparticles results in the enhancement of a local electromagnetic 
field, which highly affects the absorption of molecules on the surface of nanoparticles 
[53]. SPR highly depends upon the shape, size, and material of nanoparticles [53, 54]. 
It also depends on the surrounding environment of nanoparticles, such as the dielectric 
constant of air or a solvent. At high temperatures, the tips of triangular nanoparticles 
become rounded and ultimately hemispherical, which reduces the electromagnetic 
(EM) enhancement. SPR and LSPR occur mostly in metals such as gold and silver.



Advantages and Disadvantages of Metal Nanoparticles 219

Fig. 6 Schematic diagrams of: a SPR and b LSPR. Reused with permission from [53] 

LSPR is also dependent on the interaction between the surrounding nanoparticles, 
and this is measured by the change in the interparticle spacing of nanoparticle arrays. 
LSPR is shifted toward a lower wavelength when the lattice spacing reduces [53], 
as  shown in Fig.  6. A strong electric field is produced when metal nanoparticle 
surfaces are present, which has sparked a lot of interest in the study of the plasmonic 
excitation of metal nanoparticles in recent years. The detection of chemical signals 
is one application for this characteristic [54]. 

Pereira et al. [55] reported the optical properties of a nanocomposite system 
consisting of plasmonic Au nanoparticles embedded in a CuO semiconductor matrix, 
resulting in the coupling between localized surface plasmons (LSPs) and excitons 
(free carrier interbond transition). The shape of the absorption band line is non-
Lorentzian, which is similar to the typical Fano spectrum in the case of the overlap-
ping of narrow band exciton transitions with nanoparticle surface plasmon resonance 
(SPR). Such nanostructures, beyond the improved catalytic properties, also enhance 
the sensitivity. 

3.2 Surface-Enhanced Raman Scattering 

Being a weak phenomenon, the Raman effect has some disadvantages. Raman scat-
tering happens to one out of every 107 photons. Low analyte concentrations or inad-
equate Raman scattering both contribute to the comparatively weak Raman signal. 
Sometimes, the Raman signals are hidden by the molecule’s intense fluorescence. 
Surface-enhanced Raman scattering (SERS) objective is to considerably boost the 
Raman signals from molecules [56]. SERS is a method that produces considerably 
increased scattering effectiveness when molecules are adsorbed on metal colloidal 
nanoparticles or rough metal surfaces [57]. In some cases, by factors of 108 or 
even more, molecules’ inelastic light scattering is dramatically amplified when they 
are adsorbed onto corrugated metal surfaces, such as silver or gold nanoparticles, 
allowing for single-molecule SERS (NPs). A powerful imaging approach known 
as tip-enhanced Raman scattering (TERS), which combines SERS with the tips of
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AFM or STM techniques, has also been developed. SERS varies from many other 
analytical techniques due to the wealth of vibrational spectroscopic information it 
provides. As a result, it has found use in a number of fields, including electrochem-
istry, catalysis, biology, medicine, art conservation, materials science, and others. 
Since the low intensity of Raman scattering is evidently insufficient for many prac-
tical applications, it is frequently advantageous to find methods to improve the Raman 
process. The significant optical field augmentation produced by correctly resonant 
components enables such a technique. The strength of the local electric field around 
the molecule, which plasmons in noble metal nanostructures can greatly increase 
in comparison to the intensity of incoming light, is particularly important for the 
early absorption phase. It is preferable to use a more complex structure, such as 
sandwiching the molecules between two metal particles in the space between them 
(referred to as hotspots), which enables intensities of up to EF 105–106 to be achieved 
on a regular basis [58]. Although SERS can be achieved by increasing the electric 
field at a single NP, this method is not as effective as using a more complex structure. 

Saviello et al. recommended using Raman and SERS spectroscopy to examine 
various blue and black writing inks on paper surfaces. Raman and SERS spec-
troscopies were used to analyze black and blue writing inks that were applied to 
the paper in order to identify the primary dye components. SERS measurements 
were performed by placing a microscopic droplet of plasmonic nanomaterial on the 
analytical surface. When compared to Raman spectra and SERS spectra obtained 
at 514 nm illumination wavelength using Au nanopaste, blue and black Bic and 
Staedler inks treated with Ag nanopaste produced SERS spectra with significantly 
higher intensities. The interaction of EM, CT, and MR effects was said to be the 
main cause of the noticeable improvement. SERS also evaluated the deterioration of 
blue writing inks using simulated aging techniques that involved exposure to light 
and high temperatures. Interestingly, it was discovered that different types of ancient 
colored paper had very different colors despite having an initially comparable blue 
tone. The Pilot paper had very slight color differences, the Bic paper had a darker 
blue hue, and the Staedler-colored paper was almost completely discolored. The 
Staedler pen included both triarylmethane dye and phthalocyanine dye, whereas the 
Bic pen contained solely triarylmethane dye. This was due to the different chemical 
compositions of the inks. In light of the spectrum findings, a degradation pathway 
involving N-demethylation of triarylmethane components was proposed. However, 
the extreme browning in the Staedler pen showed that photoreduction processes were 
also producing colorless leucon forms [59]. 

3.3 Enhanced Rayleigh Scattering 

Rayleigh scattering is the elastic scattering of radiation by particles that are much 
smaller than the wavelength of the radiation and is inversely proportional to the 
fourth power of the radiation’s wavelength [60]. Backscatter reflectometry uses the 
refractive index variation of the optical distribution characteristics along the sensing
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fiber to measure temperature and strain. It has been widely used in civil engineering 
and aerospace engineering for structure health monitoring. Because the sensor used 
to measure these parameters depends on the intensity of backscattered light, one 
of the method’s drawbacks is the low strength of the scattering signal due to the 
inherent refractive index variation of the optical fiber [61]. Backscatter reflectometry 
can benefit from the addition of nanoparticles (NP) into the optical fiber’s core to 
enhance the scattered light signals. Blanc and Dussardier [62] reported the techniques 
for making NP-doped silica optical fiber and used Rayleigh scattering to measure the 
optical intensity loss. Molardi et al. [63] conducted additional research on the charac-
teristics of MgO-doped optical fiber and achieved a 50 dB amplification of scattered 
light in the laboratory. They suggested that this kind of spatial multiplexing might be 
used in optical backscatter reflectometry. Beisenova et al. [64] presented the exper-
imental results of 3D shape sensing in a spatial multiplexing device for an epidural 
needle using a MgO-doped optical fiber. Bulot et al. [65] showed the enhanced 
stability of temperature sensing at a high temperature by employing zirconia-coated 
gold NP-doped optical fiber in optical frequency domain reflectometry (OFDR) 
distributed sensing. These studies show that doping NPs into the core of optical 
fibers for distributed sensing is favorable and practicable. 

3.4 Targeting Capabilities 

Recently, efforts to enhance biological detection and imaging have been sparked 
by nanomaterials because of their distinctive passive, active, and physical targeting 
characteristics. The concentrations of local contrast agents have risen a little in tumors 
as a result of the enhanced permeability and retention (EPR) effects of nanoparticles 
in tumors [66]. The size of a nanoparticle is among its most crucial characteristics for 
tumor imaging. Nanoparticle size influences biodistribution, blood circulation half-
life, cellular absorption, tumor penetration, and targeting [67]. Nanoparticles smaller 
than 10 nm are easily excreted by the kidneys since the normal renal filtration pore 
is 10 nm in size [68, 69]. On the other hand, macrophages, which are found in 
organs with the mononuclear phagocyte system (MPS), such as the lymph nodes, 
liver, spleen, and lung, are able to recognize nanoparticles larger than 100 nm [70]. 
In addition, numerous reviews discovered that nanoparticles with diameters ranging 
from 10 to 60 nm consistently enhanced cellular absorption [67, 71]. By precisely 
binding to target receptors in lesions, nanoparticle surface labeling with different 
ligands for target receptors might improve imaging contrast agent localization in 
addition to passive targeting techniques [72–74]. For the purpose of imaging prostate 
cancer cells, the CT density of gold nanoparticles coated with a prostate-specific 
membrane antigen RNA aptamer has been shown to be greater [75]. Additionally, 
lung tumors can be targeted by MRI using nanoscale superparamagnetic iron oxide 
agents that have been surface coated with a high-affinity anti-EGFR antibody [76].
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3.5 Biocompatibility 

Due to their similar size (nanoscale range), biocompatibility, and simplicity of inter-
action with receptors, proteins, and nucleic acids, metal nanoparticles have been used 
widely in biology and medicine [77, 78]. Additionally, it has been found that metal 
nanoparticles can bind medicines, peptides, nucleic acids, antibodies, and targeted 
agents after being properly functionalized, as illustrated in Fig. 7 [79, 80]. Addition-
ally, numerous studies have demonstrated that metal nanoparticles are eliminated 
through urine and feces, demonstrating their biodegradability [81–85]. Because of 
this, researchers have spent a lot of time over the past few decades developing alterna-
tive therapeutic and diagnostic nanomedicine approaches using metal nanoparticles 
to treat a number of diseases such as cancer, diabetes, ischemia diseases, neurode-
generative diseases, and others [79, 86–88]. Numerous papers [89, 90] claim that 
these metals’ nanoparticulate forms, such as nanoparticles, nanorods, nanospheres, 
may be used for in vivo medical applications due to their distinct and peculiar 
physicochemical and biological properties in comparison to their bulk forms. 

Fig. 7 Nanoparticles used as targeting agents. Reused with permission from [80]
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3.6 Anti-friction and Antiwear Effect in Nanolubrication 

Nanomaterials have the potential to be additives for lubricants that are good for the 
environment. Compared to organic chemicals, which are typically used as lubri-
cant additives, they have a number of advantages. Nanomaterial additions can aid 
in energy conservation, improve dynamic transmission efficiency, dampen vibra-
tions, and reduce noise by increasing lubricity, lowering friction, reducing wear, 
and boosting load-bearing capacity. Nanoparticles have been used as lubricant addi-
tives to improve traditional lubricants due to their small-scale effects, temperature 
insensitivity, and high tribological qualities [91]. Different nanoparticle additions 
can work in different ways. By reducing wear and friction through the colloidal 
effect, rolling effect, small-size effect, protective layer effect, and third-body effect, 
lubricants containing nano-additives can improve boundary lubrication [92]. Soft 
nanomaterials function as cohesive third bodies that can be positioned between two 
surfaces. Under stress, they exhibit extreme deformation, and they predominantly 
adhere to surfaces and shear in the bulk medium to adjust for changes in surface 
velocities. Hard particles with limited cohesion, known as granular nanomaterials, 
can maintain their spherical shape under stress and correct for variations in surface 
velocity by sliding and rolling at low shear rates [93]. The degree to which friction 
and wear can be decreased depends on the characteristics of nanoparticles, including 
size, shape, and concentration [94]. 

3.7 Combined Propertied in Nanocomposites 

Because of the potential applications for nanomaterials in electronics, nonlinear 
optics, and magnetics, there has been a lot of interest in these fields recently. The 
extensive distribution of the tools needed to characterize these materials has facil-
itated development in this area. Because they have the potential to exhibit unusual 
mechanical, electrical, or chemical behavior, nanocomposites, which combine the 
properties of two or more distinct materials on a nanoscale, are of significant interest. 
Metal nanoparticles (NPs) have properties that set them apart from bulk metal, such 
as peculiar electrical, optical, and chemical behavior, as a result of quantum size 
effects. Shape, size, interparticle spacing, and the dielectric environment can all be 
controlled using different methods. Additionally, attempts are being made to organize 
NPs in two and three dimensions in order to build nano-electric devices based on these 
materials. The habitat for metal NPs in conjugated materials with p-conjugated back-
bones is particularly notable. Recently, a range of metals, conjugated polymers, and 
oligomer linkers have been used to create nanocomposites of conjugated materials 
and metal NPs [95].
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4 Disadvantages of Metal Nanoparticles 

4.1 Particle’s Instability 

Despite the frequent use of nanolubricants in friction testing, little is known regarding 
their stability and degree of dispersion in viscous liquids [96–99]. Colloidal nanopar-
ticles are thermodynamically unstable in ambient circumstances because of their high 
Gibbs energy [100]. Primary nanoparticles interact with one another to generate 
aggregates that eventually settle, as shown in Fig. 8 [101]. When nanoparticles are 
subjected to chemical, mechanical, and thermal stressors while an engine is running, 
the likelihood of agglomeration increases [101]. 

Research on colloidal stability under challenging and ambient circumstances is 
essential to prevent a change in the thermal conductivity and tribological properties of 
the nanolubricant over time [96, 98, 99, 102]. It is obvious that strong liquid dispersion 
of the nanoparticles is necessary for optimal colloidal nanoparticle stability. The topic 
of inadequate nanoparticle dispersion in viscous liquids has been discussed in the 
scientific community. When Mahbubul et al. came across inconsistent assertions 
in the literature about the influence of chemical and physical factors on colloidal 
viscosity, they turned to poorly dispersed colloids to help explain their findings [97]. 
These poorly distributed colloids are created through a two-step synthetic process 
that includes synthesis and then dispersion in oil. In order to obtain high nanoparticle 
dispersion, the nanoparticles are first mechanically processed using ultrasonication 
or a planetary ball mill [103]. Prior to tribological studies, the level of dispersion

Fig. 8 Agglomeration of nanoparticles. Reused with permission from [101] 
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was not further studied. Most researchers choose this two-step approach due to its 
simplicity [97], even if it is improper for metals [103]. 

4.2 Toxicity in the Human Body 

Serious concerns concerning the safety of using manufactured nanoparticles in 
human applications are emerging as they are used increasingly frequently in biolog-
ical applications. Due to their tiny size and unique characteristics, nanoparticles 
(NPs) are frequently used in nanomedicine and as therapeutic nanocarriers [104, 
105]. Figure 9 shows how many of their characteristics, including their size [106], 
morphology, surface functional groups [107], and dose-dependent qualities [108], 
may make them poisonous to healthy, normal human cells, tissues, and organs. 
Because they contain synthetic chemicals as surface functional and capping agents, 
chemically synthesized nanoparticles (NPs) are much more hazardous to human 
cells than biosynthesized nanoparticles with benign surface functional groups [109]. 
However, some biologically generated nanoparticles have the potential to cause harm 
when they come into contact with cells, degrade into smaller sizes, or aggregate [110, 
111]. 

The ratio of surface area to volume rapidly increases as nanoparticle size falls, 
boosting biological and chemical reactivities [112]. For instance, when the NP size 
is reduced from 30 to 3 nm, the percentage of expressed surface molecules rises 
from 10 to 50% [113]. Contact between a nanomaterial’s surface and a biological 
component causes cytotoxicity. As a result, depending on surface area and particle

Fig. 9 Toxicity effect of nanoparticles on the human body. Reused with permission from [106] 
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size, nanoparticles with the same chemical composition may exhibit considerably 
varying levels of cytotoxicity. To put it another way, NPs pose a greater risk than 
larger particles with similar compositions [114]. The epithelial cells of the stomach 
and gill showed cellular uptake of spherical-shaped carbon nanomaterial and tubes 
constructed of multi-graphitic sheets but not of cube-shaped carbon nanoparticles 
[115]. In zebrafish (Danio rerio) embryos, silver nanoplates were said to be more 
harmful than silver nanospheres [116]. Cells absorb spherical nanoparticles more 
frequently than other types [117]. Compared to gold nanospheres, gold nanorods 
induce reduced autophagosome accumulation [118]. The cytotoxic effects of gold 
nanoparticles (gold NP) on human fetal osteoblast, osteosarcoma, and pancreatic 
duct cell lines were investigated by Steckiewicz et al. [119] using the MTT assay. 
The gold nanoparticles that resemble stars are the most hazardous for human cells 
[114]. 

4.3 Toxicity in Plants 

Plants have a huge basic impact because of photosynthesis and the release of oxygen 
into the atmosphere. Plants may be more impacted by NP contamination than other 
living things since all of their parts, including their roots, branches, and leaves, are 
in close contact with the environment’s matrix, which includes the air, water, and 
soil. The stomatal openings on leaves allow NPs from the air to enter the plant, 
whereas roots are preferentially able to absorb NPs from water and soil [120]. It 
has been established that NPs harm plants and obstruct their growth. The primary 
contributor to plant toxicity is ROS production, which leads to lipid peroxidation, 
damages DNA, and lowers the amount of soluble protein, photosynthetic pigments, 
and biomass in plants [288]. Although enzymatic and non-enzymatic antioxidants 
are a part of plants’ defense mechanism against oxidative stress, they may lose their 
effectiveness at higher oxygen concentrations [121]. In Dunaliella tertiolecta and 
Chlorella vulgaris green algae, Ag NPs demonstrated enhanced levels of lipid perox-
idation and reactive oxygen species (ROS) formation [122]. Additionally, Pithophora 
oedogonia and Chara vulgaris were shown to be adversely affected by Ag NPs in 
terms of growth and development [123]. DNA damage in plant cells can be used 
to detect genotoxicity, whereas morphological and physiological alterations can be 
utilized to assess the phytotoxic effects of NPs on plants. The phytotoxicity levels 
of NPs on plants can be determined using a variety of physiological indicators, 
such as germination, biomass output, leaf number, photosynthetic capacity, root and 
shoot lengths. The simplest method for observing how genotoxic compounds affect 
plants is to examine the cytology of plant roots for the detection of mitotic index, 
chromosomal abnormalities, etc. [124].



Advantages and Disadvantages of Metal Nanoparticles 227

4.4 Contamination During Synthesis 

Ionic liquids based on imidazolium are increasingly exploited as intriguing dual-
function solvents and stabilizers in the production of metal nanoparticles [125–128]. 
For instance, 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BF4) has been 
successfully used to create silver nanoparticles (Ag NPs) of varied sizes and shapes 
using a range of reducing agents [129–131]. Ionic liquids are thought to stabilize 
metal nanoparticles by coordinating to their surfaces in a manner similar to that 
of conventional surface ligands, but it is generally believed that these interactions 
are much weaker than those of conventional ligands (such as thiols, carboxylates, 
and amines) [127]. Ionic liquids based on imidazolium have a condensed phase that 
appears to be very well ordered, with supramolecular networks stacking between 
imidazolium rings and connected by hydrogen bonds [132]. The local hydrophilic 
and hydrophobic zones that are produced as a result of the prolonged ordering of 
ionic liquids based on imidazolium may affect the size and shape of the developing 
metal nanoparticles [133, 134]. It is well known that impurities in reagents and 
solvents can change the quality of the nanoparticles made in different syntheses 
from batch to batch. For instance, it has been shown that halide impurities in a 
surfactant, which are necessary for the production of gold nanorods, substantially 
limit the formation of the nanorods [135, 136]. A common solvent used in quantum 
dot synthesis has been demonstrated to include certain impurities that are necessary 
for the creation of high-quality Cd-Se nanocrystals [137]. According to Lazarus et al. 
[138], silver nanoparticles in various batches of commercially produced BMIM-BF4 
with similar preparation showed significantly different LSPR bands in their UV–vis 
spectra. This revealed that potential impurities in the ionic liquid BMIM-BF4 had 
a negative impact on the final nanoparticle quality, which is consistent with past 
research that demonstrated how highly susceptible the catalytic performance of ionic 
liquids is to impurities. Purified BMIM-BF4 was spiked with trace amounts of 1-
methylimidazole, chloride, and water, which are all known to be typical impurities 
in imidazolium-based ionic liquids, in order to examine the impact of impurities on 
the production of Ag NP. Each of these contaminants has a negative impact on the 
quality of Ag NP. 

4.5 Challenges in Their Synthesis 

For the synthesis of size-, shape-, and composition-controlled noble metal NPs, 
solution-based batch techniques, such as the reduction or breakdown of the salt 
precursor in the presence of capping and stabilizing agents, have proved extremely 
successful [50, 139–143]. Despite the advancement and achievement, there are 
still some difficulties. Diluted media are widely used in solution-based syntheses, 
resulting in suspensions with low nanoparticle concentrations. Scaling up and 
concentrating the suspension through precipitation and/or centrifugation are essential
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for many practical applications. Reproducibility problems could result from the scale 
up, and the necessary workup could change or agglomerate the nanoparticles. To get 
rid of excess surfactants and unreacted precursors, purification is also necessary. The 
synthesis of NPs can be extremely sensitive to changes in the reaction parameters 
and microscopic quantities of ions in the solvent or solution, which presents another 
problem with repeatability [144]. Another factor is the customary requirement for 
high temperatures in solution-phase synthesis techniques such as polyol [145, 146] 
and the Turkevich or Frens processes [147–150]. Compared to the current stage of 
development of solution-phase synthesis, the mechanochemical synthesis of noble 
metal NPs still faces a number of challenges. The reactivity of solid reductants differs 
from that of the solution phase (it remains poorly understood how different reducing 
agents affect the kinetics and shape of the resulting NPs). The diffusion mechanisms 
in the liquid and solid phases are altered. Surfactants or stabilizers should interact with 
the growth species differently in the mechanochemical synthesis than they do in the 
solution phase. The reactivity, reduction kinetics, and morphology/size of produced 
nuclei can all significantly vary as a result of these events, which do not take place 
in mechanochemistry. Before reduction or breakdown produces the growth species 
from the metal NP precursors, the metal might dissociate or form dimers in solution 
[139]. 

5 Conclusions 

Based on the many origins of fabrication, the benefits and drawbacks of synthesis 
techniques, and metal nanoparticles, this chapter can be concluded. Although the 
top-down method produces nanoparticles using very simple methods, it consumes 
a lot of energy. A bottom-up strategy can produce the correct shape and size, but 
it is costly to make thin films using this strategy. Nanoparticles’ surface plasmon 
resonance feature is particularly helpful in improving metals’ surface sensitivity 
and in molecular detection methods. Metal nanoparticles are highly advantageous 
to utilize in the optical industry due to their improved Rayleigh scattering property, 
such as in the doping of nanoparticles in the core of the optical fiber. They are 
helpful in the realm of biological detection and imaging, such as the identification 
of cancers, due to their strong targeting capabilities. They are frequently utilized in 
medication delivery, medicine, and the treatment of cancer because of their good 
biocompatibility. Nanoparticles are excellent for nanolubrication because of their 
rolling impact. Due to their great tensile strength and toughness, metal nanoparticles 
are frequently employed in nanocomposites. It is highly challenging to synthesize 
nanoparticles that are precisely sized and devoid of contaminants. One of the biggest 
issues facing the lubrication business is the aggregation of nanoparticles in lubricants. 
Chemically produced nanoparticles have the potential to be extremely harmful to 
plants and humans and can be toxic in nature.
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Recent Trends in Metallic 
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and Electrochemical Devices 

Beauty Pandey and Daya Shankar 

Abstract Recent years have witnessed an exponential rise in the development of 
sensor devices with enhanced characteristics. The research arena of sensing has been 
devoted to increasing the sensitivity, stability, scalability, selectivity, responsiveness, 
reactivity, cost-effectiveness, and ease of operation. Nanocomposites, owing to their 
size and shape-dependent interatomic bond lengths, exceptional mechanical proper-
ties, high chemical reactivity, good optical and electronic features, specific biocom-
patibility, and other excellent physiochemical properties, have exhibited immense 
potential in the intensification of these properties in sensors. Electrochemical devices 
employed for sensing have emerged as one of the most significant types of sensors. 
Electrochemical sensors are characterized by their reactivity, which depends on elec-
trochemical signals, and their functionality is determined by ion and electron trans-
portation, which in turn is measured in the form of electrical responses. Metallic 
nanocomposites have triggered greater attention in electrochemical detection due to 
their ability to impart high strength, better stiffness, improved toughness, increased 
wear and corrosion resistance, high melting points, low density, increased catalytic 
activity, and other improved characteristics even at very low concentrations. The main 
thrust is to offer a comprehensive review highlighting the ongoing and upcoming 
research in the trajectory of metallic nanocomposite-based electrochemical sensors 
for different applications such as gas sensing, metal trace detection, biosensing, etc. 
The emphasis will be on the performance of metallic nanocomposites with different 
carbon-based nanomaterials such as graphene, carbon nanotubes (CNTs), etc. in 
electrochemical sensors. Carbon nanomaterial-based electrochemical sensors have 
an edge over other systems because they aid in better electron transfer, thereby 
promoting the adsorption of molecules. The key aspect here is to understand the 
mechanical attributes of nanocomposites; hence, the role of metallic nanocomposites-
based flexible sensor actuators will also be concisely discussed. In this case, the 
emphasis would be on investigating the mechanical robustness and compliance of 
metallic nanocomposite-modified flexible sensors.
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1 Introduction 

The increasing infiltration of the global population within urban conurbations has 
made sensing an extraordinarily fascinating issue universally. Consequently, an ever-
growing demand to resource, study, and utilize a vast array of materials for sensing 
has been witnessed both by the scientific and technological communities. It won’t be 
wrong to state that in today’s scenario, sensors represent a class of devices of extreme 
importance not only for research but also in terms of applications. The reason behind 
this is that, though the worldwide economic expansion and industrial developments 
essential to cater to the needs and the continued sustainability of our day-to-day 
living have been immensely appreciated, the by-products of human activities in the 
form of the releases from a multitude of chemical procedures, agricultural outputs, 
energy conversions, and various other applications have elevated pollution. Such 
anthropogenic processes have acted as major contributors to the contamination of 
the atmosphere, waterbodies, food products, and everything around us. The critical 
impact of modern living conditions on environmental safety is hazardous and elicits 
concern [1–5]. As a result of the indiscriminate release of a wide range of hazardous 
analytes and chemicals into the atmosphere from airborne, water, and solid waste as 
a result of escalating international development and manufacturing, various safety 
measures are being implemented globally. This has incited the development of new, 
highly efficient, sensitive methods and sensors. In simple terms, a sensor can be 
identified as a device that produces an alert in response to some stimulus. It is typi-
cally capable of detecting electronically variable quantities such as mass, electrical 
conductivity, or capacitance and converting the measurement into specific signals. 
Depending on the diversity, stability, selectivity, and accuracy of the information 
extracted, sensors empower us to not only sense the environment around us but also 
to utilize that information for varied purposes [6–8]. 

The widespread usage of sensors ranges from the detection of gases and chemicals 
to tracing heavy metals and biological species in the atmosphere and surroundings. 
The past few years have seen a surfeit of research in the field of sensing owing to its 
applicability in the analysis of environmental pollution, the monitoring of industrial 
emissions and process assessment, the investigation of medical conditions, the diag-
nosis of public security, the control of agriculture, and a variety of other industries. 
The major attributes of a good sensing system are its specificity, sensitivity, relia-
bility, portability, possibility of miniaturization, real-time analysis, and user-friendly 
operation. The field of sensors has significantly evolved compared to the last decade, 
owing to an increasing demand for the development of screening methods that are 
simple, robust, fast, cost-effective, scalable, flexible, small, have quick responses, are 
capable of in situ analysis, show rapid recovery, and are field portable [1–5, 9–11]. 
Sensors denote a category of devices that have an active sensing element along with
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a signal transducer, which serve to transmit the signal from a specific material or 
from some kind of shift in a reaction without any amplification. These devices then 
generate the output signals in electrical, thermal, or optical form, which are translated 
into digital signals for further processing [12]. Over time, various sensing mecha-
nisms and associated devices have been configured. Based upon sensing mechanisms, 
there are several types of sensors, such as chemical sensors, field-effect transistors 
(FET), biosensors, and micro-electromechanical systems (MEMS) [9, 10]. From the 
humongous range of chemical sensors that are available, electrochemical sensors are 
one of the simplest, widely explored and employed in practical applications. 

Electrochemical sensors belong to a class of sensors where the electrode is the 
transducer element. As evident from their name, such sensors are electrochemical 
in nature and are generally based on redox reactions involving a particular chemical 
species in the electrolyte at the working electrode. Electrochemical sensors detect the 
target material quantitatively as an oxidation or reduction current, producing output 
as a varying electrical signal. Electrochemical sensors are among the most inves-
tigated and enjoy tremendous benefits over conventional analytics for their simple 
measurement procedure, adaptability, compactness, fast response, sufficient sensi-
tivity, and selectivity. Though there are various other chemical sensor systems that 
utilize chemical reactions to convert the response from target species to measurable 
quantities with fairly high sensitivity, they are not equipped for in-place measure-
ments since they are based on indirect detection of target analytes. On the contrary, 
an electrochemical sensor system can effortlessly track changes to facilitate real-
time and in situ investigations of the materials present in the host without causing 
much damage to the host system. Additionally, they have innate accuracy and speci-
ficity, are flexible, and are easy to set up. Not to mention that they are portable 
and lightweight, making them simple to use and resulting in faster research data 
acquisition and arrangement [13–19]. Regardless, all of the desirable characteristics 
of electrochemical sensors are heavily dependent on the appropriate composition, 
design, and structure of the electrode, because it is the electrode that comes into 
direct contact with any chemical analyte. Hence, in order to establish the varsity 
and improve the performance of the electrochemical sensors, modifications to the 
electrode surface are a necessary obligation and are carried out consistently. To fulfil 
these criteria, researchers have been designing and developing sensitive materials 
with different compositions, structures, and morphologies for the working electrode 
in an electrochemical sensor. 

Owing to this, the practice of applying nanomaterials and nanostructures as elec-
trochemical sensing tools has been progressively growing [20–22]. Subsequently, 
being associated with nanotechnology, electrochemical sensors have displayed 
improved selection and volatility and are also becoming increasingly precise, specific, 
and highly sensitive. Nanoscale materials are materials or structures that lie on the 
nanometer scale in one, two, or three dimensions [23–25]. Their advent has led to the 
emergence of numerous innovative materials that have brought forward various tech-
nological, commercial, and scientific developments. Nanomaterials have obtained 
such great prominence on account of their exceptional size-dependent physicochem-
ical properties such as large surface area, high chemical reactivity, unique melting



240 B. Pandey and D. Shankar

points, thermal and electrical conductivities, improved properties of light absorption, 
scattering, and optical sensitivity, better wettability, and catalytic activity, making 
them exhibit remarkably excellent performance over the bulk [24, 26]. Figure 1 
provides the classification of nanomaterials as per their dimensionality. A qualitative 
analysis of the characteristics of 0D, 1D, 2D, and 3D materials has been presented. In 
view of these extraordinary properties, nanomaterials have evolved as one of the most 
favourable candidates to meet the desired requirements for the construction of highly 
sensitive electrochemical sensors. With remarkable achievements in nanotechnology 
and nanoscience, metal nanoparticles have shown tremendous potential in the design 
of new and improved sensing devices, especially electrochemical sensors [27–31]. 

Depending upon the role and the system, nanoparticles of gold (Au), silver (Ag), 
platinum (Pt), palladium (Pd), copper (Cu), nickel (Ni), titanium (Ti), magnesium 
(Mg), and cobalt (Co) have been widely employed by the researchers while designing 
and fabricating electrochemical sensors. The metal nanoparticles exhibit diverse 
effects on the response of the electrochemical sensor besides improving their mechan-
ical, thermal, and electrical properties. They aid in the immobilization of molecules, 
the improvement of electrochemical catalysis reactions, and the enhancement of elec-
tron transfer. Moreover, metal nanoparticles may also perform as analytical trans-
ducers as well as signal amplification elements [27, 32, 33]. Recent years have 
witnessed increasing interest in nanocomposites due to their improved properties as 
compared to single metal nanoparticles [34–36]. Generally, a nanocomposite mate-
rial is defined as a mixture or matrix wherein different materials join to develop 
unique properties while also ensuring that at least one phase is in the range of 1– 
100 nm [37–39]. Consequently, as dimensions reach the nanometer scale, largely

Fig. 1 Dimensional classification of nanomaterials [19]
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improved interactions occur at the phase interfaces, which enhance materials’ prop-
erties further. Thus, the metallic nanocomposites can have an amalgamation of strik-
ingly different electrical, mechanical, optical, thermal, catalytic, and electrochem-
ical properties from their components [38, 40–43]. Such novel nanocomposites with 
astonishing new and sometimes interesting properties that are created by combining 
different metal nanoparticles with different functional materials greatly enhance the 
range of sensing applications. Some of the interesting and excellent properties of 
nanocomposites are depicted in Fig. 2.

On account of its unique electrochemical properties, carbon has long been 
employed as an electrochemical sensing interface [44]. Following their discovery, 
carbon nanomaterials such as carbon quantum dots, carbon nanotubes (CNTs), 
graphene, and others became very popular sensing materials due to their extraor-
dinary properties such as increased surface area, improved environmental stability, 
and exceptional mechanical, electrical, thermal, and chemical properties [10, 45–47]. 
They also have incredible conductivity, electrochemical properties, tunable surface 
functionality, and biocompatibility [48–54]. Also, these carbon nanomaterials offer 
superb adsorption, possess high electron transportation, enable fast recovery, have 
flexibility, and are very robust. Though these novel carbon nanomaterials appeared 
to be promising alternatives for achieving enhanced performance of electrochemical 
sensors, they also suffered from some serious disadvantages, such as low selectivity, 
poor repeatability, and non-homogeneity of the functional groups [55–57]. Thus,

Fig. 2 Enhanced properties of nanocomposites. Adapted with Permission from [20] Copyright 
(2018) Elsevier
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without forfeiting the advantages of carbon-based nanomaterials, their nanocom-
posites with metals have been extensively investigated as different sensing mate-
rials [10, 29, 45, 59]. These new classes of metallic nanocomposites with carbon-
based nanomaterials have exhibited tremendous performances as electrochemical 
sensors because they were able to yield a synergistic effect among conductivity, 
compatibility, and catalytic activity of all the constituents, which not only acceler-
ates the signal transduction but also amplifies the recognition of events that lead 
to highly sensitive sensing with quick outcomes and visual responses, suitable for 
being used in resource-controlled environments. To exploit this potential of carbon 
nanomaterials-based metallic nanocomposites as sensors, intensive research efforts 
have been made in recent years, resulting in a wide range of scientific breakthroughs 
in electrochemical sensing applications.

Notwithstanding anything, the intervention of sensors has largely revolutionized 
our world and helped in improving the day-to-day living standards of humans. As 
already discussed, the passage of time witnessed the rapid expansion of sensing 
technologies [57–61]. Sensors can now be broadly classified as non-flexible or rigid 
sensors and flexible sensors. Initially, non-flexible or rigid sensors were designed 
using conventional techniques. Although rigid sensors are widely popular owing to 
their ability to work in extreme environmental conditions, the ease with which they 
integrate into systems or modify them, their low power consumption, their small 
thermal constant, their low hysteresis, and their excellent signal-to-noise ratio, they 
have certain disadvantages that restrict their applications. Their limitations include 
their rigidity in capturing analytes efficiently, stiffness, intransigency, high cost, 
poor quality signal transduction, complexity in designing and fabricating, and their 
inability to perform all the different kinds of sensing. These shortcomings become 
even more prominent when the sensing system is employed to monitor any physio-
logical parameter of an individual or is associated with any application that causes 
prominent stress on the sensor, thereby damaging the sensor. These discrepancies 
in non-flexible sensors led the scientists to look for an alternative where the sensor 
can be used dynamically to negate any personal inconvenience or any damage to the 
sensor in stress-involving applications. This marked the advent of flexible sensors 
that can be twisted and turned to a certain degree depending upon the mechanical 
characteristics of the electrodes or substrates. In this chapter, the different sensing 
activities of metallic nanocomposites incorporated with carbon-based nanomaterials 
will be discussed. The monograph will also focus on the modification of the mechan-
ical properties of flexible sensors on account of the inclusion of carbon-based metallic 
nanocomposites.
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2 Electrochemistry 

The expansive interest in electrochemical sensors can be connected to their econom-
ical cost, relatively fast time-response, operational simplicity, and robustness of elec-
trochemical measurements [61–63]. Electrochemical sensors are based on electro-
chemistry, which is an umbrella term to describe all typical dynamic processes occur-
ring at the electrode–electrolyte interface. Basically, electrochemistry is a group of 
electroanalytical methods used to study the relationship between chemistry and elec-
tricity by monitoring different signal outputs in the form of electric current, charge, 
potential, phase, frequency, etc. derived from a chemical reaction [64]. Fundamen-
tally, an electrochemical sensor is nothing but an anode and a cathode, immersed in 
an electrolytic solution to allow the transport of ions between both electrodes [16– 
19, 65–68]. Consecutively, the response from an electrochemical sensor is typically 
obtained from the electrical signal obtained in the presence of an analyte. The analyte 
of interest is either oxidized or reduced by the electrode. Basically, electrochemical 
sensors function by translating the information related to electrochemical reactions 
between an electrode and an analyte into a relevant qualitative or quantitative signal 
and can produce digital signals from these electronic outputs for further analysis. 
Figure 3 demonstrates the workings of a typical electrochemical sensor. An elec-
trochemical sensor consists of a receptor that binds the sample, or analyte, and an 
electrode that converts the reaction into a measurable electrical output [67–73]. In 
principle, an electrochemical sensor can work with a minimum of two electrodes, 
which serve as the sensing electrode and counter electrode [16–19, 65–68, 73]. These 
two electrodes are connected by an electrically conducting medium in the form of an 
electrolyte and via an electric circuit externally. A general set-up of a two-electrode 
electrochemical cell is shown in Fig. 4. The electrodes are made with materials having 
catalytic properties such that chemical reactions take place and an effective three-
phase boundary having an analyte, catalyst, and electrolyte is created. However, a 
two-electrode sensor system has many shortcomings.

An increase in the analyte concentrations leads to higher currents in the sensor, 
which further creates a voltage drop, changing the pre-set voltage of the sensor, 
leading to ambiguous measurements or, in some cases, stopping the chemical reaction 
occurring within the sensor and causing an error in the measurement. Henceforth, 
a third electrode that functions as a reference and is located away from the current 
flow is added to the sensor. Mainly, the reference electrode serves as a constant 
potential source, and with respect to its potential, the sensor voltage is measured 
continuously. An electrochemical sensor comprising a three-electrode configuration 
is illustrated in Fig. 5. This modification to the two-electrode sensor configuration 
with a third reference electrode improves measurement quality in terms of linearity 
and selectivity while also supporting a longer lifetime.

In addition to the reference electrode, there are two other conductive and chemi-
cally stable electrodes; one is a working electrode, and the other is a counter or auxil-
iary electrode. The working electrode is known as the sensing or redox electrode and 
acts as the transduction element in the reaction, whereas the counter electrode is used
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Fig. 3 Schematic representation of working of a typical electrochemical sensor. Adapted with 
Permission from [16] Copyright (2017) Elsevier 

Fig. 4 Schematic 
representation of a 
two-electrode 
electrochemical cell. 
Adapted with Permission 
from [16] Copyright (2017) 
Elsevier

to establish a link with the electrolyte to maintain a current supply at the working 
electrode. Hence, all conventional electrochemical sensors are primarily designed as 
a three-electrode system. As the reactions are mainly sensed in the close vicinity of 
the electrode surface, the electrodes play a decisive role in the output performance 
of electrochemical sensors. Depending upon the chosen operation of a particular 
electrode, its material, modification of its surface, or dimensions greatly affect its 
detection quality.
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Fig. 5 Schematic representation of a three-electrode electrochemical cell. Adapted with Permission 
from [16] Copyright (2017) Elsevier

As previously mentioned, that in spite of the development in the electroanalytical 
techniques, there was a requirement for potential control. Fundamentally, as per 
the Nernst equation (Eq. 1) [16, 70], the potential of an electrochemical system is 
controlled by the activity of the analyte or its concentration. 

E = E0 + 
RT 

nF 
ln 
[RED] 

[OXI] (1) 

where E = cell potential; E0 = standard potential of a half-reaction; R = universal 
gas constant; T = temperature; n = number of electrons (eq. mol−1) involved in the 
half-reaction; F = Faraday constant; [RED] = activity of the reduced species; and 
[OXI] = activity of the oxidized species. With the progress in the reaction, there 
is a decline in the analyte concentration that changes the cell potential. This kind 
of potential control also evades the complications associated with the application of 
overpotential, which is the sum of additional potential with that of the thermodynamic 
potential and is needed to overcome the influences of electric and kinetic resistance 
as well as activation energy [16, 70]. It’s important to note that under the ideal 
conditions, reference electrodes must be based on a reversible reaction that satisfies 
the Nernst equation and should possibly have a low dependence on temperature [16, 
65, 70]. Some of the common reference electrodes which meet these requirements 
are the normal (or standard) hydrogen electrode (NHE or SHE), saturated calomel 
electrode (SCE), and saturated silver/silver chloride electrode (EAg/AgCl). The metal 
electrodes (SCE and EAg/AgCl) are more frequently used and thus serve as an important
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factor in the usage and outcome of the electrochemical sensors, since they are more 
mechanically resilient and can be preserved. 

2.1 Modes of Operation 

The operation of an electrochemical sensor depends upon the electrons and other 
electrochemical species that are generated or consumed during the interaction 
process [19, 65, 71–74]. These electrochemical species produce an electrochem-
ical signal, which is measured by an electrochemical detector. Thus, electrochemical 
sensors extract information about the sample from the measurement of some or 
another electrical parameter. Electrochemical sensors are classified as (i) ampero-
metric, (ii) voltammetric, (iii) potentiometric, (iv) conductometric, and (v) impedi-
metric based on different electroanalytical techniques and transduction principles. 
Figure 6 exhibits the schematic diagrams of these different modes of operation of 
electrochemical sensors.

Fig. 6 Schematic representation of different modes of operations for electrochemical sensors; a 
amperometric/voltammetric, b potentiometric, c conductometric biosensors, and d equivalent circuit 
of the impedimetric sensor (Cdl = double-layer capacitance of the electrodes, Rsol = resistance 
of the solution, Cde = capacitance of the electrode, Zcell = impedance introduced by the bound 
nanoparticles, and Rcell and Ccell are the resistance and capacitance in parallel) [19]
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(i) Amperometric Sensors: These sensors utilize an applied potential for causing 
oxidation or reduction of the analyte. The sensing is done by recording the change 
in current response with change in time and the concentration of the analyte [74, 
75]. Basically, if during as electrochemical reaction a measurable current is to be 
detected between the two electrodes, amperometric technique is used. Their limit of 
detection can be as low as 10–5 M. They are one of the most popular electrochemical 
sensors owing to their sensitive detection and ease of use.

(ii) Voltammetric Sensors: These sensors operate by scanning a certain region 
of potential, and the current response is depicted in the form of a peak or a plateau 
[74, 76]. The resultant signal is proportional to the analyte concentration available 
in the system. The voltammetric techniques that are more generally used consist 
of linear sweep voltammetry (LSV), cyclic voltammetry (CV), differential pulse 
voltammetry (DPV), and square wave voltammetry (SWV) [74, 76, 77]. Although 
all these techniques work on the same principle, the potential region is scanned in 
differently. The detection limits respectively, for LSV, CV, DPV, and SWV are 10−5, 
10−5, 10−7, and 10−8 M [76]. Hence depending upon the scanning methods, DPV 
and SWV are the most sensitive voltammetry techniques [78]. 

(iii) Potentiometric Sensors: These sensors record a potential difference between 
the two electrodes in an electrochemical reaction. For this technique, as opposed to 
amperometry, the change in current is minimal while the change in potential is 
measurable [74, 79]. Since the potentiometric sensors are often constructed in such a 
manner as to produce signals with regard to changes in concentration of a particular 
ion, they are more commonly known as ion selective electrodes (ISEs) [79]. Apart 
from the working principle, potentiometric cells differ from amperometric or voltam-
metric cells on account of their set-ups. Potentiometric sensors use two reference 
electrodes to determine the potential change with changing target concentrations, 
as opposed to the one reference electrode employed in traditional electrochemical 
sensing techniques. These sensors enjoy widespread usage because of their small 
size, low limit of detection, rapid response, and ability to operate in conditions that 
are independent of sample volume. 

(iv) Conductometric Sensors: These sensors function by detecting the conduc-
tance or resistance between the electrodes in an electrochemical cell. The conduc-
tance or resistance change in this technique is assessed from the response of inter-
actions taking place in the analyte [74, 80]. They usually determine the changes in 
the ionic strength in the electrochemical cell arising due to catalytic modifications 
to estimate target molecules qualitatively and quantitatively [80, 81]. These sensors 
are preferred modes for conductivity detection as they can be employed for sensing 
electroactive as well as electroinactive species. This technique uses a conductivity 
measuring electrode that can either be in direct contact with the sample analyte or is 
covered with a thin insulating layer. This detection method can sense all the prop-
erties with respect to a particular class of compounds or even an individual analyte 
[82]. 

(v) Impedimetric Sensors: These sensors determine impedance (both resistance 
and reactance) between the electrodes in an electrochemical cell. They perform by 
monitoring the change in resistance and capacitance occurring at the interface of
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the working electrode with respect to the varying concentration of analyte [74]. 
The impedimetric technique is also called electrochemical impedance spectroscopy 
(EIS) technique. The impedimetric sensors carry out the measurements by applying 
an alternating current that affects the voltage, and the change in the resultant voltage 
signal is recorded as a function of frequency (1 × 10−5 to 0.7 V) [83]. Impedimetric 
sensors are stable and have good reproducibility in their responses. They possess the 
ability to respond to a wide linear range, have low power requirement, and are highly 
sensitive to slight changes in impedance [57, 74]. Additionally, few other types of 
electrochemical sensor but potentiometric, amperometric, and conductometric are 
the most widely used electrochemical detection techniques as the electrical signals 
recorded in these can be easily linked by Ohm’s Law of electricity which states that 
“the product of current in amperes and the resistance in ohms equals the potential 
difference in volts” [71]. 

2.2 Parameters Defining Performance 
of Nanomaterial-Based Sensors 

Ever since the incorporation of nanomaterials was reported to influence the perfor-
mance of detection techniques, extended efforts have been undertaken to fabricate, 
design, and employ various nanomaterial-based sensors for different sensing appli-
cations [2, 84, 85]. As this review aims to discuss the impact of nanocomposites on 
the operation of sensors, an understanding of the important parameters that deter-
mine the working of the sensing devices is imperative before delving deep into the 
magnanimous expanse of sensors and actuators. An amalgamation of parameters that 
extended the improvement in sensor functionality has been widely investigated in 
relation to this cause. Some of these factors are shown in Fig. 7 and are discussed 
below.

Fig. 7 Important 
performance parameters of 
nanomaterial-based sensors. 
Adapted from [2]
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(a) Sensitivity

The sensitivity of a sensor is described as the ratio between minimum input of a 
physical parameter and a detectable output created due to that physical parameter 
[2]. In simple words, sensitivity (S) measures the output change (ΔY ) with respect 
to the input change (ΔX). It has been noted that nanomaterial-based sensors have 
displayed an improved sensitivity that has been ascribed to the increased surface-to-
volume ratio of the nanodimension [2, 86]. This improved sensitivity is accounted to 
an increase in conductivity which arises due to the controlled shapes and dimensions 
of the nanomaterials. 

(b) Linearity 

Linearity or non-linearity is a parameter in the operational window [2]. The linearity 
expression of the senor is defined by the extent of departure of the calculated curve of 
the sensor from its ideal one. Linearity or non-linearity is basically the deviation of 
the output curve of the sensor from a particular straight line. Nanorange sensors have 
demonstrated good linearity in their calibration curves owing to the reproducible and 
uniform nature of the adopted nanomaterials [2, 87]. 

(c) Limit of Detection [LoD] 

The limit of detection (LoD) of the sensors is defined as the reliable detection of 
the lowest signal or the lowest concentrations to be determined from the signal by 
the sensor [2, 88]. It gives the smallest amount of the analyte present that can be 
distinguished confidently or statistically from zero and intertwines both the sensi-
tivity and the resolution. Traditional sensors suffer greatly from poor linearity in 
calibration curves, which results in an overestimation or underestimation of analyte 
concentration [2, 84]. Owing to their reproducibility and their uniformity of shape 
and size, nanomaterial-based sensors have evolved as a feasible solution by enabling 
the generation of linear calibration curves that result in the enhanced sensitivity of 
the target species. Moreover, the miniaturization of materials provides an increased 
surface area in the nanorange, which lowers the limit of detection significantly [2, 85]. 

(d) Selectivity 

The selectivity of a sensor refers to its capability to display the maximum response 
of a specific analyte while simultaneously discriminating the interference from other 
molecules. It is the ability of the sensor to generate the maximum output of the target 
species while distinguishing the response of other competing substances [2, 89]. 
Traditional sensors face a major drawback in terms of low selectivity. However, 
nanomaterial-based sensors with unique shapes have been fabricated that selec-
tively target the analyte from a sea of competing substances present in the complex 
sample. Furthermore, due to the rise in the surface-to-volume ratio of the nanoma-
terials, the binding sites also amplify, resulting in the increased selectivity of the 
nanorange sensors [89, 90]. As a result, by fine-tuning the sensor’s structure in the 
nanodimension, selectivity improves significantly.
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(e) Response Time 

The response time is typically the time required for a sensor to convert its output 
from a previous state to a final settled value, such that the final value should be within 
a tolerance band of the correct new value. The responsiveness of a sensor measures 
the time or frequency taken by an applied input parameter to produce an effective 
change [91]. The sensors do not change output immediately but take a certain period 
of time to indicate this effect with a change in an input parameter. This time is known 
as the response time and is basically the time that a sensor requires for its output to 
transform from its previous value to a final value under the action of an input change 
[2, 90]. Nanomaterial-based sensors have exhibited response times lower than those 
of traditional sensors [92]. This depicts a quicker response to the change in input for 
the nanomaterial-enabled sensors. 

(f) Reproducibility, Repeatability, and Stability 

Reproducibility and repeatability of sensors are parameters to measure precision 
on an intra- and inter-day basis, respectively. Reproducibility assesses whether an 
entire sensing experiment can be reproduced in its entirety, while repeatability refers 
to the variation in measurements from a single instrument or person under iden-
tical conditions [2, 93]. Together with reproducibility and repeatability, stability is 
also an important factor that determines the efficiency of a sensor. The sensor’s 
stability is defined by its ability to withstand hostile environments and long oper-
ational hours [94]. It tells about the degree to which sensor characteristics remain 
constant over time. Nanomaterial-based sensors are found to hold their structure even 
after functioning repeatedly for a longer duration of time without significantly losing 
their precision or performance, in contrast to traditional sensors, whose performance 
often degrades if used for a long time in aggressive environments [95]. Hence, it 
has been widely acclaimed that sensors exhibit good reproducibility, repeatability, 
and stability in the nanorange [93–95]. Now that the major parameters determining 
the performance of the sensing mechanism have been identified and investigated, 
various rigid and flexible sensor actuators developed from metallic nanocomposites 
for different applications will be reviewed. 

3 Review of Metal Nanocomposite-Based Electrochemical 
Sensors 

3.1 Gold (Au) Nanocomposite-Based Electrochemical 
Sensors 

Au Nanocomposite-Based Traditional Electrochemical Sensors: Gold nanoparti-
cles (AuNPs), due to their exciting physiochemical properties have been momen-
tously used in electrochemical sensors. The interesting properties of AuNPs include
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their high conductivity that allows an intensive electron exchange between the elec-
trode and the analyte [96, 100], their small size, their stable and uniform surface 
that enables functionalization which further leads to improved selectivity and sensi-
tivity of the electrochemical sensors [97]. Researchers have shown that combining 
AuNPs with rGO, nitrogen-doped graphene, and other conductive materials enhances 
their electrochemical detection capability [98, 99]. Ting et al. [100] demonstrated 
that cysteamine-capped AuNPs functionalized with graphene quantum dots (GQDs) 
exhibited LODs of 0.05 and 0.02 nM, and high sensitivities of 3.69 and 2.47 
µA/nM for the electrochemical detection of Copper (Cu2+) and Mercury (Hg2+) 
ions, respectively. They attributed the high activity of the electrochemical sensor 
to the synergetic effect between cysteamine-capped AuNPs and GQDs. Sakthivel 
et al. [101] fabricated an amperometric sensor using carbon black—polytyramine— 
AuNPs for the assessment of hazardous contaminant hydroquinone. Govindasamy 
et al. [102] assembled gold nanorods on multiwalled carbon nanotubes to deter-
mine the effect of dopamine neurotransmitter in biological and drug samples. They 
found that due to their speediness, selectivity, and sensitivity, this electrochemical 
sensor was well matched for the detection. Majhi et al. [103] prepared a p-type 
gas sensor from gold (Au) and nickel oxide (NiO) core–shell nanoparticles. They 
found that the response of p-type Au and NiO core–shell NPs enhanced as compared 
to pure NiO NPs and was 2.54 for 100 ppm of ethanol at working temperature 
of 200 °C. A sensing interface for finding serotonin using molecularly imprinted 
polymers (MIPs) incorporated with AuNPs anchored on reduced graphene oxide 
(rGO)/polyaniline (PANI) nanocomposites was created by Xue et al. [104]. This 
material was helpful in not only improving the selectivity and sensitivity for sero-
tonin sensing, but also enhancing the conductivity of the membrane and was also 
able to prohibit interferences from endogenous complexes. Ma et al. [105] achieved 
sensitive detection of glucose by modifying glass carbon electrode with AuNPs— 
polypyrrole—two-dimensional MoS2 nanosheets. Wang et al. [106] were able to 
develop a selective, sensitive, and exceptionally reusable sensor for electrochemical 
estimation of mercury ions from thymine-modified AuNPs/rGO nanocomposites. A 
versatile sensor designed by modifying of carbon paste electrodes with AuNPs was 
reported by Abdel-Raoof et al. [107] for voltammetric detection of brexpiprazole. 
Integrating AuNPs increased the sensitivity of the carbon paste electrodes towards 
brexpiprazole. The advancement in synthesis of non-enzymatic electrodes from high-
performance Au-graphene nanocomposites for high reliability evaluation of glucose 
was comprehensively discussed by Shu et al. [108]. Jiao et al. [109] constructed 
high-sensitivity electrode from Au-reduced graphene oxide/poly (diallyldimethy-
lammonium chloride) (PDDA) nanocomposites through a facile, cost-effective, one-
pot technique. This sensor displayed a large linearity range for determination nitrite 
ions present in water supplies, meat, and dairy products. Meng et al. [110] investi-
gated the ethanol gas sensing properties of gold/tin oxide/reduced graphene oxide 
(Au/SnO2/rGO) nanocomposites. They exhibited that Au/SnO2/rGO nanocompos-
ites sensors had low operating temperature as well as excellent reproducibility with 
linearity in wide range of 1 to 1000 ppm. Turcheniuk et al. [111] reviewed high 
sensing applications of graphene—graphene—Au NPs hybrid materials for DNA
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study, and also for analysing proteins, dopamine, and hydrogen peroxide (H2O2). 
They also reported fabrication of a non-enzymatic H2O2 electrodes for sensitively 
detecting H2O2 levels in human serum obtained from human cervical cancer cells. 
A highly sensitive nanotube hybrid developed from CNT/Au/SnO2 nanotubes was 
applied by Du et al. [112] to detect carbon monoxide (CO) gas at ambient temper-
ature. The present gas sensor indicated a high level of sensitivity of about 70 and 
with a recovery time of less than 20 s for 2500 ppm concentration of CO and showed 
superior response. 

Au Nanocomposite-Based Flexible Electrochemical Sensors: Lee et al. [113] 
synthesized a flexible and transparent gas sensor from single-walled carbon 
nanotubes (SWCNT) decorated with AuNPs. They observed that this gas sensor 
functioned as a detector for determining even very low concentrations of ammonia 
gas (NH3) with a sensitivity of up to 255 ppb (parts per billion) at room temper-
ature. This detection was done in terms of the deviation of electrical resistance of 
SWCNT films and is reported as one of the lowest values of concentration estimated 
for nanotube-derived sensors. Sershen et al. [114] investigated the working of a 
microfluidic device embedded with an optically controllable hydrogel valve prepared 
from AuNPs immobilized in thermosensitive polymers. These composite hydrogel 
actuators had a response time of less than 5 s. Shi et al. [115] constructed a photo-
thermal hydrogel actuator that demonstrated a precise finger-like bending on light 
treatment. To obtain this one-by-one bending during illumination, the hydrogel actu-
ator was prepared by combining the hydrogel with AuNPs and non-thermoresponsive 
polyacrylamide. They illustrated that the nanocomposite actuators produced by this 
method were flexible and achieved reversible bending as well as non-bending move-
ments after being irradiated with light. Zhu et al. [116] designed a layered hydrogel 
nanocomposite consisting of AuNPs and AuNSs (Au nanosheets). They discovered 
that this hydrogel actuator underwent a spatially anisotropic deformation upon light 
irradiation. It was observed that the composite hydrogel continued to change its shape 
until it reached equilibrium after 15 min, and turning off the light restored it to its 
original state approximately after 5 s, indicating its high reversibility. Lim et al. [117] 
integrated gold–carbon nanotube–gold (Au/CNT/Au) sensors together with flexible 
thin-film circuits and implanted them on a soft elastomeric membrane to create 
a sodium detection system. The nanocomposite sensor had high stability and, even 
with continuous bending, exhibited mechanical robustness as well as reliability. This 
sensor-circuit integrated system demonstrates stable sodium measurements when 
mounted on the skin with minimized motion artefacts. The sensitivity of this fully 
flexible sodium sensor was found to be 55.5 0.3 mV/decade and showed less than 
3% change when mounted on the skin. The present study revealed immense potential 
for the development of a wireless all-in-one wearable sensor system for monitoring 
health conditions. Figure 8 establishes the mechanical reliability and describes the 
performance characteristics of the Au/CNT/Au wearable sensor system.

A flexible non-enzymatic electrochemical device assembled from flexible 
AuNPs/PANI/carbon cloth (CC) for glucose sensing was reported by Xu et al. 
[118]. The electrochemical measurements revealed that that even after repetitive 
bending of the flexible electrode for 300 times, the response remain unchanged. The
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Fig. 8 Mechanical and performance reliability of the all-in-one flexible system. a Cyclic bending 
test to validate the mechanical reliability of the flexible system (500 cycles; the radius of curvature: 
3 mm). b Change of electrical resistance of the system during the cyclic bending showing the 
negligible change. c Device that is encapsulated by an elastomeric membrane except the solution 
contact opening on the sensors. d Photos of the wireless thin-film electronics mounted on the hand 
with repetitive hand movements to make a closed fist and open hand. Reprinted with Permission 
from [117] Copyright (2021) Elsevier

experiments displayed broad linear range (10.26 µM to 10.0 mM), high sensitivity 
(150 µA cm−2 mM−1), and a detection limit (3.08 µM), for the AuNPs/PANI/CC 
non-enzymatic glucose sensor. The accumulation of metal NPs and catalytic leaching 
during harsh processes hinders the catalytic and electrocatalytic operations of 
metal NPs. Consequently, high surface area catalysts that are stable and leaching 
free are not only extremely desirable but are also challenging. Patil et al. [119] 
investigated the sensing activities of AuNP-hosted mesoporous nitrogen-doped 
carbon matrix, fabricated from bovine serum albumin (BSA) through calcination 
(AuNPs@NBSAC). AuNPs@NBSAC-flexible sensor system indicated outstanding 
linear response towards dopamine throughout the concentration range from 1 to 
50 µM with a detection limit of 0.05 µM. The nanohybrid sensor also demonstrated 
a brilliant response towards uric acid, for a wide detection range from 5 to 200 µM 
with its limit of detection being 0.1 µM. 

3.2 Silver (Ag) Nanocomposite-Based Electrochemical 
Sensor 

Ag Nanocomposite-Based Traditional Electrochemical Sensors: Silver nanopar-
ticles (AgNPs) have emerged as one of the most essential nanoparticles due to
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distinctive electrical, optical, and thermal characteristics. Furthermore, they also 
possess properties such as brilliant chemical stability and a terrific electron transfer 
rate that are based upon their size and distribution on the surface [120]. On being 
combined with conductive carbon materials and other nanomaterials, they have 
demonstrated an enhanced sensitivity in electrochemical sensing [121, 122]. Eksin 
et al. [123] described an electrochemical sensor that was developed from folic acid-
functionalized AgNP-integrated pencil graphite electrode for Hg2+ detection in tap 
water samples. These AgNP-based sensors were rapid and had high selectivity and 
sensitivity. The LoD and the linear range under optimized conditions were achieved 
as 8.43 and 10–25 µM, respectively. Kumar et al. [124] designed an electrode from 
AgNPs embedded with nitrogen-doped SWCNT for non-enzymatic electrochemical 
sensing of urea. They reported increased catalytic activity with significant surface 
area and electrical properties from the AgNP-based electrode. Mirzaei et al. [125] 
synthesized Ag/Fe2O3 nanocomposites have core–shell structure by two-step reduc-
tion process and utilized them for evaluating electrical and gas sensing properties 
of low concentrations of ethanol. It was found that unusual nanoarchitecture as well 
as the chemical and electronic sensitization effect caused by AgNPs in Ag/Fe2O3 

sensors modulated the gas sensing properties of pristine Fe2O3 sensors. Zhang et al. 
[126] put forward a facile strategy for construction of an OTA aptasensor for elec-
trochemical tracing of ochratoxin A(OTA) by depositing AgNPs on polydopamine 
nanospheres (PDANSs). The following AgNPs/PDANSs-based OTA aptasensor had 
a low detection limit of 0.57 pM and provided a wide linearity in the range of 1.0 × 
10−6 to 1.0 × 10−2 µM. It also successfully detected OTA in red wine samples 
displaying its capability for electrochemical analysis of various toxic molecules 
with outstanding stability, specificity, and reproducibility. Yao et al. [127] created 
an electrochemical sensor from copper porphyrin metal organic frameworks (Cu-
MOFs) embedded with multiwalled carbon nanotubes (MWCNT) and decorated with 
Au@Ag core–shell nanoparticles to determine the concentrations of acetaminophen 
and dopamine. Photochemical methods for synthesis of Ag nanoparticle anchored 
on porous graphitic C3N4 (p-g-C3N4) were reported by Jiang et al. [128]. These 
Ag/p-g-C3N4 nanocomposites indicated brilliant electrocatalytic reduction of H2O2. 
Additionally, the cyclic voltammetry and amperometry measurements of Ag/p-g-
C3N4 nanocomposite electrochemical sensor yielded exceptional analytical response 
to H2O2, with rapid response, wide linear range, and low detection limit. Figure 9 
describes cyclic voltammograms (CVs) of the bare GCE (glassy carbon electrode), p-
g-C3N4/GCE (porous g-C3N4-modified GCE), a-Ag/p-g-C3N4/GCE (Ag-deposited 
p-g-C3N4 in the absence of N-GQDs), and Ag/p-g-C3N4/GCE (Ag-deposited p-g-
C3N4 in the presence of N-GQDs) in N2 saturated 0.2 M pH 7.4 PBS (phosphate-
buffered saline) containing 5.0 mM H2O2. N-GQDs here stand for nitrogen-doped 
graphene quantum dots. The CVs reveal that the bare GCE and p-g-C3N4/GCE 
exhibit weak responses towards the reduction of H2O2, whereas the presence of Ag 
nanoparticles, in a-Ag/p-g-C3N4/GCE, results in a good H2O2 reduction response.

Nantaphol et al. [129] investigated the electrochemical performances of AgNP-
modified glassy carbon. They determined enzymatic assay of cholesterol by carrying 
out cyclic voltammetry and chronoamperometry. The estimated results showed an
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Fig. 9 Cyclic 
voltammograms (CVs) of 
bare GCE, p-g-C3N4/GCE, 
a-Ag/p-g-C3N4/GCE, and 
Ag/p-g-C3N4/GCE in 
N2-saturated 0.2 M PBS at 
pH 7.4 in the presence of 
5.0 mM H2O2, scan rate: 
50 mV s−1. Reprinted with 
Permission from [128] 
Copyright (2011) Royal 
Society of Chemistry

extensive linear range from 3.9 to 773.4 mg/dL with 0.99 mg/dL detection limit. The 
proposed sensor with high specificity indicated its potential application for other 
important biomarkers as well. Zahran et al. [130] prepared an AgNP-dependant 
sensor for electrochemical detection of atrazine (Atz), a toxic herbicide. The tracer 
was fabricated by immobilizing dissolved organic matter (DOM) with AgNPs which 
was then implanted on a glassy carbon electrode. The electrode traced Atz with a 
linear range of 10–140 µg/L and had acceptable recovery values. A highly sensi-
tive electrochemical immunosensor based on AgNP-coated graphene (AgNPs-G) for 
the ultra-sensitive detection of avian influenza virus H7(AIV H7) was designed by 
Huang et al. [131]. This technique exhibited better signal amplification and showed 
a dynamic working range of 1.6 × 10(−3)∼16 ng/mL, with a low limit of detec-
tion ~1.6 pg/mL. The novel immunosensor displayed high specificity and sensitivity 
towards AIV H7 and showed possibility for quick discovery of other pathogenic 
microorganisms. Ozcelikay et al. [132] described simple voltammetric sensor built 
on glassy carbon electrode from benzalkonium chloride, and AgNPs were the highly 
sensitive analysis of antiviral drug tenofovir. The nanocomposite sensor displayed a 
linearity range from 6.0 × 10−8 to 1.0 × 10−6 M, with a superb detection limit of 
2.39 × 10−9 M. Traiwatcharanon et al. [133] produced an electrochemical sensor 
for estimating sodium ions (Na+) by cyclic voltammetry. The electrode was devel-
oped by accumulating AgNPs with graphene oxide (GO) on a screen-printed silver 
electrode. The nanocomposite sensor was found to be highly sensitive with value of 
0.269 mA/mM/cm2, showed a low limit of detection of 9.344 mM, and exhibited 
linear relationship of 0–100 mM for food application. Moreover because of high 
selectivity, good stability, excellent reproducibility, they had real-time usage for 
Na+ detection in fish sauce, seasoning powders, and other food samples. Imran et al. 
[134] explained the synthesis and working of sensitive electrochemical sensor for 
determining lipopolysaccharide (LPS) that provides a useful information regarding 
the indirect detection of various pathogens. The proposed sensor was based on AgNPs 
functionalized with positively charged chitosan-modified glassy carbon electrodes.
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The nanocomposites accomplished detection over an extensive concentration range 
from 0.001 to 100 ng/mL and from 10 to 107 CFU/mL. 

Ag Nanocomposite-Based Flexible Electrochemical Sensors: Amjadi et al. [135] 
reported the preparation and application of a highly flexible and sensitive strain 
sensor grown from silver nanowire (AgNW) embedded in a polydimethylsiloxane 
(PDMS) elastomer in one of the pioneering works on flexible and wearable elec-
tronic devices. The developed AgNW/PDMS elastomer strain sensor demonstrated 
strong piezoelectricity with gauge factors tunable in the ranges of 2–14, along with 
an increased stretchability of up to 70%. The extensive applicability of the proposed 
strain sensor was demonstrated by creating a smart glove integrated with five stretch-
able strain sensors that was utilized for the real-time detection of finger motions. The 
employability of the strain sensors in the smart glove was demonstrated by using 
the finger postures to control the finger motion of an avatar in the virtual environ-
ment. This AgNWs/PDMS nanocomposite strain sensor for detecting human motion 
is depicted in Fig. 10. As revealed by the figure, there is an exceptional agreement 
between the loading profile and the sensor response. Neella et al. [136] made a flex-
ible temperature sensor based on Kapton sheets from RGO-Ag nanocomposite films. 
The RGO-Ag sensor’s electrothermal performance in a hot–cold temperature set-up 
demonstrated outstanding temperature sensing characteristics, a quick response time 
of 470 ms, good stability, and repeatability.

Shengbo et al. [137] proposed a strain sensor constructed from AgNPs and 
AgNWs. This sensor demonstrated improved activity in terms of electronic skin 
and was found to possess high sensitivity and stretchability. The Ag NPs and NWs 
strain sensors exhibited strong piezoresistivity, a tunable gauge factor, and a linear 
increase in the strain rms of electronic skin and was found to possess high sensitivity 
and stretchability. The AgNPs and NWs strain sensors exhibited strong piezoresis-
tivity, a tunable gauge factor, and a linear increase in the strain. The high gauge 
factor demonstrates the irreplaceable role of Ag NPs in the sensor. Furthermore, 
this strain sensor had an enhanced capacity to sense human movements like talking, 
finger bending, wrist raising, and walking. Ko et al. [138] reported the fabrica-
tion of a flexible, stretchable, and piezoresistive physical sensor from AgNPs/CNT 
nanocomposite films that can be used as a wearable medical device or electronic skin 
for continuous monitoring of human health. The AgNPs/CNT tracing material was 
highly sensitive, had a quick response, and revealed good electrical conductivity with 
remarkable sensing performances. They successfully operated at low voltages and 
displayed good mechanical stability under different conditions of pressure, loading, 
bending, and elongations. Zhang et al. [139] synthesized a flexible strain sensor based 
on carbon black and AgNPs embedded in a thermoplastic polyurethane matrix for 
human motion detection. The prepared wearable strain material had high stretcha-
bility and possessed brilliant static as well as dynamic stability. In contrast to a bare 
carbon black-based strain sensor, the carbon black/AgNPs nanocomposite strain 
sensor indicated an improvement of 18 times in sensitivity at 100% strain. Owing 
to its excellent strain-detecting response, this carbon black/AgNPs strain sensor can 
offer extensive possibilities in the sensing of finger bending, wrist rotation, elbow 
flexion, and various other human motions.
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Fig. 10 Human motion detection by the sandwich-structured AgNWs_PDMS nanocomposite 
strain sensors: a response of the sandwich-structured strain sensor to the bending angles from 
0° to 120° (inset: photograph of the artificial finger); b response of the strain sensor under repeated 
bending/relaxation cycles (10° to 90°): c motion detection of index and middle fingers; d control 
of avatar fingers in the virtual environment using wireless smart glove system. Reprinted with 
Permission from [135] Copyright (2014) American Chemical Society. Adapted from [137]

3.3 Platinum (Pt) Nanocomposite-Based Electrochemical 
Sensors 

Pt Nanocomposite-Based Traditional Electrochemical Sensors: Niu et al. [140] 
presented an innovative biocompatible carrier for protein/enzyme synthesized from 
Platinum-3D graphene oxide aerogel (Pt-3DGA) nanocomposite. They aimed for 
improving electron transfer efficiency between redox protein/enzyme and electrode 
from this nanocomposite. Electrochemical measurements showed excellent elec-
trocatalytic reduction with a broad range of detection and good recovery in real 
samples. Zhang et al. [141] constructed an aqueous ammonia sensor from PtNPs 
polypyrrole/nickel foam (Pt-PPy/Ni foam) for direct detection of ammonia in water. 
Electrochemical analysis revealed good electrocatalytic oxidation of ammonia and 
demonstrated a detection limit of 12.36 nM, with a sensitivity of 4.19 µA µm−1 

and an extensive linear range from 0.5 to 400 µm.  Cui et al.  [142] prepared an 
electrode by implanting a novel ordered flower-like PtNPs on helical CNTs for 
electrochemical biosensing of bovine serum albumin. One-step synthesis of a non-
enzymatic glucose sensing from an electrochemical sensor based on rGO supported 
Pt–nickel oxide nanoplate arrays (Pt–NiO/rGO) was reported by Wang et al. [143].
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The vertically arrayed nanocomposite was stable, highly sensitive and showed superb 
selectivity and repeatability. They demonstrated very good electrocatalytic activity 
for glucose oxidation with a detection limit of 2.67 µM and indicated a wide 
range of linearity 0.008–14.5 mM. Leonardi et al. [144] fabricated electrode of 
Pt and titanium dioxide (TiO2) nanoparticle-modified rGO for the amperometric 
detection of H2O2 in milk. The electrochemical characteristics of Pt–TiO2–rGO 
nanocomposites showed very good sensitivity and broad linear response proving 
its suitability for analysis of toxic chemicals in milk. Ong et al. [145] developed 
a hybrid organic (polyvinylidene fluoride) PVDF–inorganic M–rGO–TiO2 (M = 
Ag, Pt) nanocomposite for detecting H2 gas released from photocatalytic degra-
dation of volatile organic compounds, at room temperature. The synergistic effect 
of TiO2 nanotubes, Ag/Pt nanoparticles and rGO, facilitates the charge transfer, 
and the presence of both promotes mechanical reinforcement as well as flexibility. 
The proposed nanocomposites have tremendous potential to introduce an econom-
ical, easy-to-maintain, and highly durable technology for environmental remediation 
and solving global energy crisis. Ma et al. [146] assembled sensing nanocomposites 
from PtNP-functionalized WO3 (tungsten oxide) (Pt/WO3) for tracing and measuring 
carbon monoxide (CO). The obtained Pt/WO3 nanocomposites were highly sensi-
tive, selective, had quick recovery, and showed brilliant catalytic response to CO even 
at low concentrations. Yang et al. [147] presented an electrochemical sensor based 
on PtNP-decorated rGO sheets (Pt–rGO) for analysing the electrocatalytic activity 
of nitrite ions. The cyclic voltammetry results indicated that the Pt–rGO nanocom-
posite demonstrated increased electron transfer rate and significant progress in the 
electrochemical activity for the nitrite oxidation. Amperometric studies revealed 
high sensitivity, good linearity, quick response, better stability, fine reproducibility, 
and a low detection limit in the performance of Pt–rGO nanocomposite towards 
nitrite sensing. Xu et al. [148] reported the electrochemical sensing of dopamine 
(DA) and uric acid (UA) in the presence of high concentration of ascorbic acid 
from Pt/rGO-modified GCE. The cyclic voltammetry and differential pulse voltam-
metry measurements exhibited good performance by the Pt/rGO-modified electrode 
towards detection of DA and UA individually as well as simultaneously in the pres-
ence of 1.0 mM ascorbic acid. Li et al. [149] built an electrochemical sensor on 
glassy carbon electrode (GCE) by electrodepositing PtNPs on mesoporous carbon 
(MC) surface and combining Nafion with Pt-MC composites. The electrochemical 
measurements of the obtained sensor displayed outstanding electrocatalytic oxida-
tion of dopamine. The sensor was highly stable, reproducible, and selective as well as 
showed a sensitivity of 12.23 µAmM–1 with a limit of detection of 0.034 µM towards 
dopamine detection. Upan et al. [150] synthesized an electrochemical aptamer-based 
sensor from PtNP-functionalized carboxylated-graphene oxide (PtNPs/GO-COOH). 
(PtNPs/GO-COOH)-modified electrode was utilized for sensing alpha-fetoprotein 
(AFP). The fabricated aptasensor offered a linear range from 3.0 to 30 ng mL−1 with 
a detection limit of 1.22 ng mL−1. Furthermore, it was highly selective, stable, and 
sensitive towards the sensing of AFP in human serum samples with good recovery 
rate. Peng et al. [151] constructed a simple and high-performance electrochem-
ical sensor for determination of N-nitrosodiphenylamine (NDPhA), considered as a
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carcinogen that is used widely in daily human necessities as an additive. They fabri-
cated poly(diallyldimethylammonium chloride)-stabilized graphene/PtNPs (PDDA– 
Gr/PtNPs) for NDPhA detection by wet-chemical approach. PDDA–Gr/PtNP-based 
sensing platform exhibited outstanding electrooxidation of NDPhA and demon-
strated good linearity with a range of 1.0 × 10−7–5.0 × 10 − 5 mol  L−1 and low 
detection with a limit of 3.3 × 10−8 mol L−1. Mazzotta et al. [152] investigated 
electrochemical tracing of H2O2 by using glassy carbon electrode functionalized 
with tunable PtNPs. The amperometric measurements indicate effect of size on elec-
trocatalytic properties of PtNPs demonstrating high performances by smaller NPs 
in the detection of H2O2 in the concentration range of 25–750 µM, with a limit of 
detection of 10 µM. The as-prepared electrodes reveal good sensing of H2O2 in tap 
water samples as displayed by their sensitivity, selectivity, repeatability, and stability 
analysis. 

Pt Nanocomposite-Based Flexible Electrochemical Sensors: Tanner et al. [153] 
obtained a controllable strain gauge factor from a strain sensing device fabricated by 
depositing a two-dimensional layer of PtNPs between interdigitated Au electrodes 
on an oxidized silicon substrate. They found that the nanoparticle array demonstrated 
semiconducting characteristics when their density was less than a threshold value, 
beyond which they exhibited metallic behaviour. They reported that a PtNP-based 
device at room temperature revealed strain sensitivity that was more than an order 
of magnitude higher as compared to continuous metallic films. PtNP arrays have 
the potential to achieve highly sensitive strain gauges and can be easily integrated 
on silicon or flexible substrates. Tanner et al. [154] produced a strain sensor based 
on PtNPs with diameters of 4–5 nm synthesized by room temperature sputtering. 
The strain sensing devices made from these films have a high sensitivity that is 
controlled by the nanoparticle density. They also showed a good temperature sensi-
tivity that can also be controlled by the nanoparticle density, providing an additional 
degree of design flexibility. Skotadis et al. [155] reported on the electrochemical 
tracing of ethanol using a sensor made of PtNPs and poly(2-hydroxyethyl methacry-
late) (PHEMA) deposited on flexible polyimide substrates. On being exposed to the 
vapours of ethanol or humidity, the resistance or capacitance of the sensor changes, 
indicating their applicability in the detection of such gases. Nguyen et al. [156] 
presented the fabrication of amperometric biosensor electrodes synthesized from 
PtNPs-MWCNTs and a conductive polymer deposited on a flexible substrate for the 
in vivo determination of glutamate. The proposed sensor was designed to monitor the 
extracellular dynamics of glutamate and other potential biomarkers that may arise in 
the event of a spinal cord injury. The results obtained revealed that the implantable 
biosensors are highly sensitive, selective, flexible, stable, and can be easily inserted 
into the spinal cord for in vivo evaluation. Liu et al. [157] investigated a flexible 
temperature sensor developed from platinum and indium oxide (In2O3). The Pt/In2O3 

temperature sensors implanted on flexible polyimide substrate exhibited a maximum 
voltage of 34.33 mV as output with an ultra-high sensitivity of 204.35 µV/°C, for 
the low-temperature recordings. The sensor was found to have good repeatability, 
stability, and the temperature drift, allowing for its probable usage in the areas of 
industrial robot and biomedicine.



260 B. Pandey and D. Shankar

3.4 Palladium (Pd) Nanocomposite-Based Electrochemical 
Sensors 

Pd Nanocomposite-Based Traditional Electrochemical Sensors: Johnson et al. 
[158] built hydrogen sensor based on palladium (Pd)-functionalized multilayer 
graphene nanoribbon networks. The sensors reflect a good sensitivity to hydrogen 
even at low concentration levels with a quick response rate and recovery time. Li 
et al. [159] proposed a hydrogen sensor prepared by depositing PdNP-elaborated 
PMMA (polymethyl methacrylate) organic sol on silica microfiber. Owing to the 
synergistic effect of silica microfiber and amorphous structure of PMMA film, the 
PdNPs effectively absorb H2 molecules causing a shift in resonance wavelength and 
a change in refractive index. The electrochemical sensing measurements of these 
sensors demonstrate an average sensitivity of 5.58 nm/%. Lu et al. [160] developed 
an amperometric sensor for bromate detection. For sensor fabrication, glassy carbon 
electrode was modified by incorporating PdNPs in graphene oxide nanosheets. Gao 
et al. [161] presented gas sensor for H2 detection by decorating silicon (Si) nanomesh 
structure PdNPs. The PdNP-modified H2 sensor reveals excellent sensitivity for H2 

gas as compared to an Si thin-film sensor. Furthermore, the sensing device displays 
good stability, quick response, and improved selectivity towards H2 gas determi-
nation. He et al. [162] achieved H2O2 sensing by preparing PdNPs assembled on 
multiporphyrin array ultra-thin films. These films demonstrated a shift of 6 nm 
in their absorption band on being exposed to an aqueous solution of H2O2. They  
were also found to act as light-harvesting units by generation of photocurrent. Hu 
et al. [163] constructed a sensing device for sensing chromium [Cr(VI)] in water. 
The sensor was prepared by depositing AuPdNP-functionalized electrochemically 
reduced graphene oxide (AuPdNPs/ERGO) nanocomposite on glass carbon elec-
trode. The fabricated AuPdNPs/ERGO nanocomposite-modified electrode demon-
strates good detection of 0.013 µM in two concentration ranges from 0.05 to 5 µM 
and 5 to 1000 µM. Furthermore, the proposed sensor is highly selective, sensitive, 
and stable and displays a high rate of recovery towards Cr(VI) detection. Phan et al. 
[164] presented the synthesis and working of Pd-graphene nanocomposite-based H2 

sensors. These sensors were resistivity type and were utilized to evaluate different 
concentrations of H2 and interfering gases at various temperatures. Pd-graphene 
sensors displayed good sensitivity, selectivity, and linear response and detected H2 

with very low limit of 0.2 ppm in concentrations ranging from 1 to 1000 ppm. The H2 

sensor exhibited robust mechanical nature, structural stability, long-term durability, 
and high resistance to oxidation. 

Pd Nanocomposite-Based Flexible Electrochemical Sensors: Sun et al. [165] 
fabricated high-performance H2 sensors with outstanding mechanical flexibility from 
PdNPs embellished CNTs implanted on thin plastic substrates. These sensors showed 
sensitivity of ∼75% for 0.05% hydrogen and with a quick time of response of ∼3 s.  
The H2 sensor exhibits unchanged performance even after being bent to a radius of 
7.5 mm and after being operated for 2000 cycles of bending/relaxing. Chung et al. 
[166] prepared flexible sensors for hydrogen gas determination by PdNP-decorated
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graphene. The Pd-graphene sensor provides 33% response on being exposed to 
1000 ppm H2 and can detect low concentrations H2 at room temperature. The flex-
ibility of the sensor is excellent and can withstand bending up to a radius of 3 mm 
making it suitable for a wide-ranging application that involves mechanical dura-
bility and high gas response. Electrochemical bending tests as illustrated in Fig. 11 
were carried out to investigate the flexible sensing application of Pd-graphene H2 

sensor. Zhang et al. [167] fabricated pH sensor from a composite PdNPs/nitrogen-
doped carbon (NC) attached to the polyethylene terephthalate film. This proposed 
device from PdNPs/NC functions as strip-based solid-state economic pH sensor and 
exhibits flexibility, transparency, disposability, and user-friendliness. The prepared 
pH sensor demonstrated high selectivity and specificity and possessed a sensitivity 
of 55 mV/pH unit with a relative standard deviation of 0.79%. The sensor showed 
great potential for its usage in investigation of biological samples, such as saliva 
and gastric juices. Su et al. [168] reported the construction of a novel and flexible 
H2 gas sensor that was achieved by assembling Pd-based complex on multiwalled 
CNTs (MWCNT-Pd) which was further erected on a polyester (PET) substrate. The 
MWCNT-Pd-based H2 gas sensor displayed gas sensing response that was greater 
than the rigid sensors at room temperature. Nuthalapati et al. [169] developed a flex-
ible sensor based on a nanocomposite of rGO and Pd (rGO-Pd) that combined with 
a polydimethylsiloxane (PDMS) substrate. The rGO-Pd nanocomposite device with 
high sensitivity and quick response was tested as a strain sensor as well as a tempera-
ture sensor. The strain sensor demonstrated high durability even beyond 1000 cycles, 
quick response of ~39 ms, and a gauge factor of ~22 to ~198 in the strain range of 
0.05–0.625%. The temperature sensing activity by the rGO-Pd nanocomposite was 
characterized with excellent sensitivity and linearity for both negative and positive 
temperature coefficients.

3.5 Other Metal Nanocomposite-Based Electrochemical 
Sensors 

Rikhari et al. [170] presented the corrosion resistance and biocompatibility studies 
of titanium (Ti) coated with polypyrrole/chitosan (PPy/CHI) composite. Ti-PPy/CHI 
composite displayed improved microhardness and adhesion strength. The corrosion 
protection ability as measured by dynamic electrochemical impedance spectroscopy 
demonstrated enhanced impedance PPy/CHI-coated Ti. Keerthi et al. [171] devel-
oped titanium nanoparticles (TiNPs) embedded in functionalized multiwalled carbon 
nanotube-based disposable electrochemical sensor for detecting ractopamine (RAC). 
The proposed sensor exhibited excellent electrochemical sensing ability with an 
extensive range of linear response (0.01–185 µM) and possessed ultra-low limit 
of detection (0.0038 µM). Additionally, this electrochemical sensing device showed 
satisfactory stability, reproducibility, repeatability, and demonstrated effective practi-
cability with substantial recovery rate. You et al. [172] fabricated a detection electrode
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Fig. 11 Bending test for 
flexible sensing application. 
a The normalized resistance 
of the sensor with respect to 
bending radius. The red plot 
presents the normalized 
resistance when the sensor 
returned to the release state. 
b The sensing responses 
exposed to 1000 and 
500 ppm hydrogen with 
respect to the bending radius 
of the sensor. Reprinted with 
Permission from [166] 
Copyright (2022) Elsevier

from nickel nanoparticles (NiNPs) dispersed in disordered graphite-like carbon (Ni-
NDC) for using it in high-performance liquid chromatography (HPLC). The modified 
electrode possessed superb electrocatalytic ability, good stability to the electrooxida-
tion of sugars and accomplished advanced detection limits for sugars. The electrode 
on being employed in HPLC was able to provide a good separation of four sugars 
(glucose, fructose, sucrose, and lactose) at low constant detection potential with a 
linearity of over 3 orders of magnitude. Comparative HPLC tests using Ni-NDC film 
electrode and a Ni-bulk electrode for detection of glucose, fructose, sucrose, and 
lactose are given in Fig. 12. Jia et al. [173] constructed a sensing device based on 
NiNP-implanted nanoporous carbon nanorods (Ni/NCNs) for glucose detection. The 
as-prepared Ni/NCN glucose sensor exhibited outstanding electrocatalytic behaviour 
with ultra-low detection limit, a broad linear detection, quick response time, and 
excellent stability and was utilized to examine glucose concentrations in human 
blood samples.

Wang et al. [174] built an electrochemical sensor from a nanocomposite 
comprising of cylinder-like NiNPs/nitrogen-doped carbon nanosheet/chitosan
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Fig. 12 Liquid 
chromatogram separation of 
mixture of glucose (1), 
fructose (2), sucrose (3), and 
lactose (4) at 0.8% Ni-NDC 
(A, C) and Ni-bulk (B) 
electrodes carried out with 
0.03 M NaOH as mobile 
phase. Reprinted with 
Permission from [172] 
Copyright (2003) American 
Chemical Society

nanocomposite (NiNP/NCN/CS). NiNP/NCN/CS nanocomposite modified the 
glassy carbon electrode and was used for finding bisphenol A (BPA). The BPA sensor 
was stable and produced two linear differential pulse responses in the concentration 
ranges of 0.1–2.5 mM and 2.5–15.0 mM with a detection limit of 45 nM. Cui et al. 
[175] synthesized NiNP-designed graphene–diamond hybrid electrodes for electro-
chemical glucose detection. The NiNP-modified electrodes show good selectivity in 
glucose sensing with a linear range of 2 µM–1 mM and a detection limit of 2 µM. 
Riaz et al. [176] investigated the application a highly active electrocatalyst made 
from a nanocomposite of cobalt (CoNPs) and carbon for efficient H2O2 sensing on 
different sensing platforms. The CoNPs/carbon-modified glassy carbon electrode 
demonstrated an extremely high sensitivity of 300 µA/cm2 mM with a detection 
limit of 10 µM. Due to its satisfactory performance in multiple sensing interfaces, 
this CoNP-based nanocomposite electrocatalyst can lead to numerous portable appli-
cations for practical sensing of H2O2. Hammud et al.  [177] fabricated sensors for 
detecting fructose based on nanocomposites of hierarchical porous carbon incor-
porated with CoNPs. The cyclic voltammetry measurements using CoNP-modified 
carbon electrode possessed a limit of detection of 0.5 mM, whereas impedimetric 
measurements displayed broad dynamic range of 8.0–53.0 mM with a sensitivity
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of 24.87 Ω mM−1 for fructose sensing. Švorc et al. [178] applied an electroanalyt-
ical approach for the estimation of ibuprofen in pharmaceuticals and human urine 
samples by using bare boron-doped diamond electrode as sensor. The elaborated 
electrochemical protocol provided low detection limits of 4.1 × 10−7 and 9.3 × 
10−7 mol L−1 in with satisfactory intra-day repeatability. The modified electrodes 
possessed reasonable selectivity and was also used to analyse the effect of possible 
endogenous compounds such as ascorbic acid, dopamine, caffeine, uric acid, and 
glucose present in the samples. In another work, Švorc et al. [179] investigated an 
electrochemical sensor to be utilized in practical applications of food quality control. 
They prepared the sensor from a miniaturized boron-doped diamond electrode for 
reliable determination of theobromine in chocolates. The electrochemical voltam-
metric measurements demonstrated low limits of detection of 0.42 and 0.51 µM with 
sufficient intra-day repeatability. 

4 Conclusion 

This chapter discusses reports on electrochemical sensors modified with different 
metallic nanocomposites to obtain an understanding of the recent trends in the arena 
of sensing devices. The efforts made to improve electrochemical sensing by incor-
porating metallic nanocomposites with various carbon-based nanomaterials were 
reviewed. The focus has been on metallic nanocomposites-based rigid and tradi-
tional electrochemical sensing systems as well as on innovative flexible sensors and 
actuators. These electrochemical sensors developed from metallic nanocomposites 
have widespread applications ranging from gas sensing, metal detection, biosensing, 
healthcare, wearable human–computer interface devices, food control, and environ-
mental monitoring. The nanocomposite-based detection system has the capability to 
strengthen essential requirements that reinforce and advance the transition from tradi-
tional sensors towards fully integrated electrochemical sensing. Depending upon our 
literature analysis, it would not be wrong to say that the field of new electrochemical 
tracing techniques built upon metallic nanocomposites is continuously growing. It 
is expected that the rapidly evolving area of flexible and stretchable electrochemical 
sensing systems will become highly imperative in the future with their significant 
usage in different utilities related to human–machine interfaces in different segments 
of our day-to-day lives. Nonetheless, additional efforts are still needed to be under-
taken to increase the functionalities and modalities while simultaneously addressing 
the existing challenges to achieve further developments in the realm of electro-
chemical sensing. The past few decades have witnessed rapid progress and increased 
applications of electrochemical sensing technology owing to their cost-effectiveness, 
quick response, simplicity, and mechanical strength. We have summarized the elec-
trochemistry and the different electroanalytical techniques on which the workings 
of electrochemical sensors are based. Electrochemistry is a broad term that encom-
passes all of the typical dynamic operations that occur at the electrode–electrolyte 
interface. Electroanalytical techniques are employed to investigate outputs resulting
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from variations in electric current, charge, potential, phase, frequency, etc. due to 
chemical reactions occurring at the electrode–electrolyte interface. An electrochem-
ical sensor comprises electrodes immersed in the analyte solution and operates by 
monitoring the electrical responses obtained at the electrodes. As the electrodes play 
a major role in recording the signals, their composition, morphology, surface func-
tionalization, and mode of operation significantly influence the sensing potential of 
the electrochemical sensors. 

Based upon the different electrical parameters recorded during the electro-
analytical measurements, electrochemical sensors can be broadly categorized as 
amperometric sensors, potentiometric sensors, voltammetric sensors, conducto-
metric sensors, and impedimetric sensors. The performance of sensors is investigated 
in terms of their sensitivity, limit of detection, repeatability, reproducibility, stability, 
selectivity, response time, etc. The impact of metallic nanocomposites on the different 
sensor parameters has been reviewed to demonstrate their effectiveness for different 
applications. Carbon nanomaterials like graphene, CNTs, and their derivatives, on 
account of their low density, easy functionalization, higher surface area, abundant 
adsorption sites, high charge mobility, electrical tunability, etc., have become one 
of the preferred choices for sensing applications, as reflected by the research trends. 
To further extend their applicability and to improve their response time, selectivity, 
and sensitivity, composites of carbon nanomaterials with metal nanoparticles and 
nanostructures are widely being used all over the world. The present work has been 
focussed on evaluating the electrochemical sensing capabilities of nanocomposites 
of metals with carbon nanomaterials, in both rigid and flexible configurations. Also, 
considerations about the sensors being mechanically compliant along with techno-
logical efficiency have been of paramount importance for this chapter. The presence 
of strong adhesion and reversibility is one of the most vital characteristics that needs 
to be targeted for flexible and stretchable sensors to ensure their high performance. 

Our literature study has been aimed at providing a comprehensive review of the 
enhanced detection characteristics of nanocomposites of metals such as Au, Ag, Pt, 
Pd, Ti, Co, etc. with carbon nanomaterials. AuNP-based sensors have usage in the 
sensing of toxic gases and biological compounds, monitoring the quality of food 
and dairy products, glucose, and copper ion detection, etc. Flexible sensor actu-
ators fabricated from AuNPs have displaced enhanced reversibility and excellent 
bending responses to light irradiation. On the other hand, Ag nanocomposites are 
used for the detection of mercury ions, hazardous chemicals, pathogens, choles-
terol, etc. AgNP-modified flexible strain sensors have demonstrated extremely high 
stretchability and strong piezoresistivity. They have shown a remarkable ability to 
detect any kind of human movement and have been successfully employed in wear-
able electronics. Likewise, the effectiveness of nanocomposites PtNPs and PdNPs 
as electrochemical sensors was investigated. Pt nanocomposite sensors have been 
reported to exhibit increased sensitivity towards CO sensing, protein assays, and 
the tracing of toxic chemicals. Pt-functionalized flexible sensors have better strain 
as well as temperature sensitivity and can serve as biomarkers. Moreover, the Pd 
nanocomposites show good responses to H2 and chromium. Flexible PD sensors are 
applied for the investigation of biological samples, such as saliva and gastric juices.
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In summary, metal nanocomposite-based electrochemical sensors have distinctive 
merits and have great potential for an extensive range of various applications, making 
them immensely popular. However, various aspects of the diverse areas of their 
usage should be brought together to facilitate the generation of new ideas and the 
eradication of prevailing limitations. Owing to technical revolutions and material 
evolutions, new avenues for exciting applications are continuously emerging in this 
field. Consequently, tremendous prospects for the further development of metallic 
nanocomposites-based electrochemical sensors exist. The constant progress in this 
fast-paced arena is expected to yield numerous opportunities as well as provide 
exciting breakthroughs. 
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Carbon–Metal Hybrid Nanomaterials 
for High Technologies 

Priyambada Mallick, Ankita Subhrasmita Gadtya, Debajani Tripathy, 
Santosh Ku. Satpathy, and Srikanta Moharana 

Abstract Carbon–metal-based hybrid materials have recently received encouraging 
results from scientists, researchers, and industrialists. Hybrid materials are distinct as 
their attributes are not only the sum of their individual characteristics but rather their 
synergy. These advanced hybrid nanomaterials provide an extra degree of freedom 
(DOF) that might result in the emergence of advanced or enhanced mechanical, 
electrical, magnetic, catalytic, and optical properties when building novel materials. 
Carbon nanotube and carbon nanofiber hybrids, in addition to metal, metal oxide, 
or inorganic nanoparticles, can have the ability to overcome energy storage device 
challenges. As a result, this research area has tremendous potential for the evolution 
and growth of high-efficiency materials. In the meantime, further research into the 
similarity and affinity among carbon-based nanomaterials and metals is required to 
enhance the usage of these hybrids in electrical, magnetic, optical, mechanical, envi-
ronmental, and biological applications. Furthermore, a deeper interpretation of the 
characteristics of producing carbon–metal-based hybrids will allow for the progress 
of novel procedures that will produce innovative purposes for more cost-effective 
and dependable approaches for the manufacturing of advanced carbon–metal-based 
hybrid materials. 

Keywords Nanomaterial · Carbon nanotubes · Graphene · Composites ·
Supercapacitor · Energy storage 

1 Introduction 

Efforts to investigate nanostructured materials and their derivatives are critical for 
developing innovative materials with exceptional qualities. It has been proven that by 
employing various manufacturing procedures, it is possible to generate new sophis-
ticated nanomaterials with amazing properties for a diverse set of applications [1]. 
Nanomaterials have extraordinary physiochemical performances, including melting
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point, thermoelectric activities, photo-absorbing properties, reactivity, scattering, 
and optical activities, with enhanced catalytic properties in comparison with their 
polycrystalline equivalents. These structural, electrical, and magnetic properties of 
the material are greatly affected by the content of nanomaterials, the process of 
fabrication, grain size, and grain boundary structures. Researchers and scientists 
have recently investigated the thermomechanical nature of nanomaterials based on 
these characteristics. In the era of nanostructured materials, carbon-based hybrid 
materials have several diverse performances because of the availability of various 
allotropies such as diamond, graphene, carbon nanotubes (CNTs), fullerenes, carbon 
nanofibers (CNFs), and their derivatives such as graphene oxide, graphene quantum 
dots, carbon-based quantum dots, and nanodiamond ranging from 1 to 3D struc-
tures [2]. Single carbon and its multiple derivatives are very adaptable substances 
with a wide range of distinct qualities that have been employed in technology and 
human life for ages. Each allotropy of carbon has been used as an energy material 
due to its tremendous properties, including structural diversity, surface functionaliza-
tion, mechanical, thermal, electrical, biological, optical, etc. These hybrid materials 
can also be used in several sectors, including metallurgy, energy, industry, medicine 
[3], environmental protection, and technological applications [4]. However, the rapid 
progress of industries requires finer materials with novel mechanical, electrical, elec-
trochemical, thermal, catalytic, optical, and biological properties for better use in the 
future. The solution was discovered in the development of carbon–metal hybrid nano-
materials, which involve the incorporation of two or more carbon allotropes with a 
possible combination of appropriate metals or metal oxides into advanced hybrid 
materials that not only exhibit emergent features but also synergistic effects. All the 
superior characteristics of carbon-based nanomaterials open up advanced avenues for 
the creation of innovative, effective, and multifunctional nanostructured composites 
by a possible combination of metals, including Si, Au, Ni, Cu, Pt, and others [1]. 

Furthermore, the design and synthesis procedures of carbon-based hybrid mate-
rials (e.g., carbon nanotubes, carbon nanofibers, graphene, graphene oxide, and 
fullerenes) have opened advanced avenues for the study and application of these 
materials in the fields of electronic and chemical sensors, supercapacitors, batteries, 
and other energy storage devices [5]. For this, the synthesis and design approach must 
be manageable and quotable, enabling technique scale and device downsizing [2]. 
These hybrid nanomaterials have the potential to provide a viable interface between 
the worlds of living and non-living [6–8]. 

With the improvement of the global economy, one of the greatest challenges 
in the world is to meet energy requirements, which are exponentially rising and 
are projected to triple by 2050. To solve the problems, the energy supply must be 
increased. According to researchers and scientists, carbon–metal hybrid nanomate-
rials are hopeful and suitable (when employed as energy materials) for mitigating 
the threat. Carbon–metal hybrid nanomaterials have recently been used in a wide 
range of applications in many diverse areas, including photovoltaic technology, field 
emission transistors, electronics [1], sensors, scanning probe microscopy, fuel cells, 
supercapacitors, batteries, and other energy storage, etc. As a result, the incredible 
characteristics of these hybrid materials, such as their various preparation techniques,
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industrial-scale production, and greener and more environmentally friendly nature, 
are unquestionably essential. Thus, the amazing future of these smart carbon–metal 
hybrid nanomaterials can be considered the central point of research for many scien-
tists and technologists in the twenty-first century [8]. This chapter aims to provide 
a summary of new improvements in carbon-based nanomaterials, their synthesis 
techniques, characteristics, and applications. 

2 Overview of Carbon-Based Hybrid Nanomaterials 

Carbon-based nanomaterials span the entire dimensional spectrum, including zero-
dimensional (0D) fullerenes, one-dimensional (1D) carbon nanotubes (CNTs) and 
carbon nanofibers (CNFs), two-dimensional (2D) graphene and its derivatives, three-
dimensional (3D) nanodiamonds (NDs), and fullerenes. CNTs, CNFs, graphene, 
fullerene, graphene quantum dots (GQTs), and nanodiamonds [9] have piqued the 
scientific community’s interest as promising building blocks for creating a wide range 
of hybrid nanostructures with applications in electronics, optics, supercapacitors [10], 
energy storage applications, and biomedicine [11]. True hybrids and pseudo-hybrids 
are the two types of carbon-based hybrid materials [6]. A structure in which carbon 
nanofibers are formed on top of a nickel-deposited diamond thin film as a functional 
substrate is an example of a real carbon-based hybrid nanomaterial. In this case, the 
diamond-like carbon film transforms the CNF structure from tubular to platelet by 
functioning as extra carbon during the early phases of growth and providing good 
electrical and mechanical connections. Carbon nanotubes placed on the surface of an 
aqueous solution, on the other hand, are not actual hybrids but rather pseudo-hybrids. 
Electrochemical energy storage devices (EESD) and renewable energy sources (RES) 
are necessary for meeting the energy demands of the future and mitigating the asso-
ciated risks. The EES devices aid in the provision of consistent power distribution. 
Furthermore, there is an increasing demand for portable energy devices, which can 
be met by producing hybrid energy storage devices (ESDs) [12]. The solar cells 
and hybrid supercapacitors, along with Li-ion batteries, which are part of hybrid 
renewable energy producing devices (HREPDs), can enhance the performance of 
the hybrid ESDs (as shown in Fig. 1). To protect the life cycle and capacitance 
of the ESDs, core nanostructure electrodes containing carbon-based materials like 
graphene, graphene oxide, carbon nanotubes are important for them. The passage 
of electrons and charges is relatively easy in these carbon structures, which makes 
them more useful.

Researchers have become more interested in 2D materials such as graphene due 
to their excellent properties such as maximum surface-to-bulk ratio, high density 
of surface-active sites, high thermal durability, and thermal conductivity. Apart 
from these properties, a few more electrical properties also help in enhancing their 
performance. Batteries and supercapacitors (SC) are most useful for energy storage 
purposes [12–14]. The SC has advantageous properties like greater power density 
and a higher charge–discharge rate. Li-ion batteries are one of them, having a more
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Fig. 1 2D nanomaterial 
architectures showing 
nano-sheet network 
structures incorporating 
carbon-based nanomaterials 
[12]

specific capacitance. Li-ion batteries are mostly used as portable energy storage 
devices, like in the case of smartphones, which require more energy density because 
of their large display [15]. These carbon-based hybrid nanomaterials are the most 
appropriate materials for hybridization with an external suitable metal, metal oxide, 
or other ceramic for improved device performance and multi-functionality in the 
fields of electronics, optics, photovoltaic cells, thermal devices, and drug delivery 
because of their well-established tremendous characteristics such as high electric and 
thermal conductivity, superior optical properties, and strong mechanical properties. 
Some of the carbon-based nanoparticles that were attracted are described in detail 
below. 

2.1 Carbon Nanotubes (CNTs) 

Carbon nanotubes (CNTs) have piqued the interest of researchers as a new generation 
of nanoprobes because of their tremendous structural, mechanical, electrocatalytic, 
electrical, and optical capabilities. Because of their high aspect ratio, unique surface 
roughness, high electron mobility, high conductivity, chemical stability, and sensi-
tivity, they are ideal for energy storage applications. CNTs have a reputation for 
being promising materials for enhancing electron transmission, making them ideal 
for merging electrochemical and electrical sensors [4]. Following Iijima’s discovery 
of CNTs in 1991 [16, 17], interest in carbon-related nanomaterials increased. They 
are composed of a one-atom-thick layer of hexagonally bonded carbon atoms rolled
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up as cylinders. CNTs are an excellent starting point for the development of donor– 
acceptor (D-A) hybrid structures including photo- or electro-active organic compo-
nents because of their exceptional electrical conductivity and chemical durability 
[18]. CNTs, in particular, were discovered to considerably improve heat transmission 
in polymer composites because of their structure, high aspect ratio, and high electrical 
and thermal conductivity [19]. Furthermore, most research found that incorporating 
CNTs with metals or metal oxide materials increased the selectivity and sensitivity 
of the hybrid materials [20]. Carbon nanotubes are classified into three types: (i) 
single-walled carbon nanotubes (SWCNT), which are composed of rolling up a 
single graphene sheet having a high aspect ratio; (ii) multi-walled carbon nanotube 
(MWCNT), which has a few graphene sheet layers in the rolling pattern and has nearly 
3.4 Å interlayer spacing due to van der Waals forces; and (iii) double-walled carbon 
nanotube (DWCNT), which has properties of both SWCNTs and MWCNTs [18]. 
These nanotubes can be classified into three types based on their electrical conduc-
tivity: armchair, zigzag, and chiral. Armchair carbon nanotubes are conductors, but 
zigzag and chiral carbon nanotubes can be either conductors or semiconductors. 
Another essential attribute is the insolubility of carbon nanotubes in most liquids, 
including water, polymer resins, and practically all solvents. To facilitate and stan-
dardize nanotube dispersion in liquids, functional groups or polar compounds can 
be inserted onto the walls without materially changing their characteristics [21]. 

2.2 Graphene 

Graphene is a two-dimensional (2D) material composed of a sp2-hybridized carbon 
network with a carbon–carbon covalent bond with a distance of approximately 1.42 
and an interlayer spacing of 3.4. It possesses several exceptional properties, including 
high electronic conductivity, good thermal stability, high mechanical strength, high 
elasticity, a primarily large surface area [21], and the absence of mechanical impuri-
ties [22], all of which contribute to its potential suitability for energy storage appli-
cations. Besides these properties, graphene possesses semiconductor behavior with 
a zero band gap, which favors battery, PV cell, and other energy storage applica-
tions. This single-atom-thick honeycomb-patterned sheet of carbon is the strongest, 
finest, and stiffest material [23], as well as an efficient heat and electrical conductor 
[11]. Wallace analyzed the electrical structure of graphene in 1947 [24], and McClure 
determined the associated wave equation in 1956 [25]. Mouras and colleagues coined 
the term “graphene” in 1987 as “graphitic intercalation compounds (GIC)” [26]. 
Graphene research has exploded in the past two decades, with scientists discov-
ering a slew of novel features. Its exceptionally huge surface area, chemical purity, 
hydrophilic characteristics, and free p electrons make it an excellent option for energy 
storage applications as well as for the adsorption or detection of heavy metal ions 
[20].
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2.3 Graphene Quantum Dots (GQDs) 

GQDs, a zero-dimensional (0D) graphene sheet with less than 100 nm of lateral 
dimension in one or few layers, are another recently created and advanced smart 
material from the carbon family. Due to quantum confinement, these materials have 
exceptional photoluminescence behavior. GQD has a better chance in biomedical 
applications than graphene or graphene oxide due to its small size. However, before 
designing GQDs for practical applications, biocompatibility and toxicity remain 
major concerns. The size of a GQD has a significant impact on its toxicity, surface 
functionalization, and ability to cross biological barriers. More systematic studies 
involving the size of GQDs are still required in the future. Unlike graphene, GQDs 
show a nonzero band gap, which extends their application beyond energy storage. 
Surprisingly, GQDs have greater biocompatibility and photobleaching resistance. 
Furthermore, GQDs have graphene-like properties such as strong photolumines-
cence, a large surface area, available p electrons, low toxicity, cost-effectiveness, 
excellent solubility, and environmental friendliness, making them one of the best 
smart nanomaterials for a wide range of applications such as lithium-ion batteries, 
PV cells, sensors, and energy storage applications [27], imaging, cancer therapy-
targeted drug delivery, sensors, photothermal therapy, and environmental friendli-
ness. GQDs can be prepared by using several techniques, but hydrothermal and 
microwave techniques are very popular because they can enhance physical, chemical, 
optical, electrical, and other properties for use in high-tech applications. However, 
the increased availability of high-quality GQDs to the scientific community will 
encourage more in-depth studies of their unique properties as well as the development 
of new applications. 

2.4 Nano-diamonds 

Nanodiamonds have grown in importance in science and technology because of their 
superior properties, like extreme hardness, excellent mechanical properties, high 
surface areas, chemical inertness, excellent photo stability, high thermal conductiv-
ities, good biocompatibility, wide optical transparency, and tunable surface struc-
tures. Besides these properties, nanodiamonds show excellent fluorescent, biocom-
patibility, and surface modification properties. Furthermore, when stimulated by a 
laser, defect centers inside the ND release photons capable of penetrating tissue, 
making them ideal for biological imaging and therapeutic applications [11]. As these 
materials exhibit excellent mechanical and electrical/thermal conductivity, they can 
be applied in the field of energy storage devices. As nanodiamonds are non-toxic in 
nature, they can be widely used in mass spectrometry, biosensors, magnetic resonance 
imaging, and energy storage devices such as EDLCs (electrochemical double-layer 
capacitors), PV cells, and batteries. Although several reviews have been published 
on the synthesis and applications of nanodiamonds, research on the high-tech aspects
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of NDs is still in its infancy, and some challenges must be overcome before practical 
applications can be implemented. 

2.5 Carbon Nanofibers 

Carbon nanofibers (CNFs) are defined as non-continuous one-dimensional (1D) 
materials of cylindrical or conical shape made up of stacked and curved graphene 
sheets organized in a variety of ways [28]. They are commonly sp2-based linear fila-
ments with diameters within the 50–200 nm range and aspect ratios greater than 100 
[29]. CNFs offer unique surface shapes, stable structure characteristics, and surface 
attributes that can be altered chemically to achieve a specific aim, and they are widely 
available [17]. In comparison with CNTs, CNFs are novel carbon-based nanomate-
rials. CNFs exhibit low toxicity when compared to other traditional adsorbents, such 
as CNTs [30]. Furthermore, carbon nanofibers have several advantages over CNTs, 
including more active functional sites, a relatively large surface area, ease of func-
tionalization, and tightly bound metal ions. As a result, they are widely utilized in a 
variety of energy storage applications such as fuel cells, sensors, batteries, and field 
effect transistors, among others. Zhang created bimetallic (Pt-Au)-based CNFs for 
heavy metal ion detection utilizing an electrospinning approach in 2017 [31]. The 
high conductivity of CNFs resulted in the great sensitivity of the Pt-Cu-CNF-based 
sensor [32]. The selectivity and sensitivity of carbon–metal-based hybrid materials 
can be increased because of the remarkable conductivity and sorption ability of 
nanoparticles such as sulfur, nitrogen, platinum, and copper [20]. 

2.6 Fullerenes 

A fullerene can show a variety of shapes, including hollow spheres, ellipsoids, tubes, 
or a variety of other configurations. Fullerenes have a different structure than CNTs, 
CNFs, and graphene. Fullerenes are closed, hollow cages made of five or six sp2-
hybridized carbon rings, with each atom connected to three other carbon atoms in 
the x–y plane and by a weakly delocalized electron cloud along the z-axis, and 
arranged into pentagons and hexagons based on the total number of carbon atoms 
[33]. Because of the presence of both pentagonal and hexagonal carbon, fullerenes 
have distinct electrical and morphological properties. The existence of pentagons is 
required because they introduce curvature and so allow the cage to be closed [17]. 
Although the presence of carbon nanoallotrope fullerenes (C60, C70, and C84) with 
hybridization between sp2 and sp3 was predicted in 1970, C60 was only discovered 
in 1985. Most fullerenes (e.g., C60) have spherical shapes; however, oblong shapes 
like a rugby ball are also possible (e.g., C70) [3]. C60 is the most prevalent and 
has received the most attention to date. In 2018, Ciotta and his colleagues created 
UF-FQDs (unfolded fullerene quantum dots) by oxidation techniques and discovered
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their great sensitivity to heavy metal ions, including Cu, As, Pb, and Cd ions [34]. Due 
to their outstanding electrical and structural features, these investigations revealed 
that fullerenes are efficiently exploited for the detection of heavy metal ions. However, 
a lot of study and research is required to understand the properties of fullerenes, which 
can benefit numerous applications, such as the detection of heavy metal ions, energy 
storage, and biological sensors [20]. 

3 Synthesis of Carbon-Based Hybrid Nanomaterials 

The multiplicity of synthesis pathways and the relative simplicity of hybrid materials 
are key advantages. Their surface structures are exceedingly complex and are deter-
mined by the raw materials as well as the manufacturing method and pre-treatment 
process [21]. Ex situ and in situ technologies can be used to create carbon-based 
hybrid nanomaterials. The ex situ approach entails preparing the inorganic materials 
separately in the appropriate size and morphology (often spherical nanoparticles), 
then attaching this component to the carbon surface via covalent, non-covalent, or 
electrostatic interactions. On the other hand, the in situ technique entails the produc-
tion of an inorganic component in the presence of initial or functionalized CNTs 
and CNFs, on which the component develops as particles, nanowires, or thin films. 
Carbon–metal-based hybrid nanomaterials can also be manufactured in two ways: 
bottom-up and top-down. These nanomaterials can be synthesized at low temper-
atures via sol–gel and hydrothermal reactions and in a variety of morphologies, 
including three-dimensional structures, thin films, and nanoparticles. The kind and 
purity of carbon-based nanomaterials, as well as their surface functionalization, influ-
ence the synthesis process of carbon-based hybrids and the degree of their syner-
gistic impact [2]. Covalent and non-covalent procedures as well as in situ and ex situ 
synthesis techniques such as chemical vapor deposition (CVD), the hydrothermal 
method, reduction, electrostatic-force guided assembly, and Hummer’s techniques 
are commonly used to combine carbon-based nanomaterials with appropriate metals, 
metal oxides, or other ceramics. The primary benefits of covalent and non-covalent 
techniques are their ability to customize the shape, size, structure, and size of suitable 
metals. Before attaching to the surface of carbon-based nanomaterials, the desired 
hybrids can be synthesized using developed or well-defined procedures that are free 
of the effect of carbon materials. Meanwhile, utilizing the covalent approach, external 
nanocrystals can be precisely positioned on a specific region of carbon materials. In 
situ synthesis is thought to be important for creating hybrid nanomaterials with inno-
vative structural designs, optimal compatibility, and numerous capabilities. Chemical 
vapor deposition (CVD) development of graphene shells on the surface of Fe, Cu, 
and Au nanoparticles is one example [35].
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3.1 Sol–Gel Method 

Inorganic and organic/inorganic hybrid material creation and processing are both 
generically referred to as “sol-gel” in the literature. Sol-gel processing generally 
involves the creation of colloidal suspensions (referred to as “sol”), which are then 
transformed into gels and finally 10 into solid material. The formation of a sol, 
a colloidal suspension, is the first step in the sol-gel process. Colloid precursors 
feature a metal atom surrounded by ligands, which can be either inorganic anions or 
organic alkoxides. In this context, “sol” refers to dispersed solid colloidal particles 
in a solution solvent, whereas “gel” refers to a 3D porous, interconnected network 
structure in the liquid phase. In this process, sol is transformed into a gel by following 
several steps. Dispersed solid nanoparticles (sols with a diameter of 1-100 nm) 
are mixed in a homogeneous liquid medium and agglomerated to form a contin-
uous three-dimensional network (gel) with pore diameters in the sub-micrometer 
domain in the liquid phase. In sol-gel synthesis, monomeric alkoxides are typically 
utilized [36, 37]. Materials that are a composite of carbon and metal have remarkable 
mechanical, electrical, thermal, and optical properties. In addition, composites made 
from a combination of carbon nanotubes, nanofibers, and inorganic nanoparticles 
are receiving increasing interest. The synergistic impacts of design and morphology-
driven charge and energy transport processes make it feasible to include less material 
while improving output. This is made possible by the fact that these processes are 
driven by morphology. As a result of their fundamental nanostructure, high surface 
region, substantial strength, and adsorption limit, carbon-metal nanomaterials are 
relevant to a wide range of fields [38, 39]. The sol-gel method is widely used, so 
it is reasonable to assume that it represents some novel type of combination. With 
this combined approach, inorganic particles are uniformly dispersed on the surface 
of carbon nanomaterials. This cycle is controlled by dispersion, and when the pH 
changes, the precursors start to bond together and shape the inorganic particles. 
Ahmed et al. [40] have reported the use of the sol-gel technique to load silver-doped 
titanium dioxide (TiO2/Ag) with single-wall nanotubes (SWNTs) and multi-wall 
nanotubes (MWNTs). By decorating SWNTs and MWNTs with Ag-TiO2 nanopar-
ticles, it was hoped that a novel hybrid would be produced, one that combines the 
antibacterial capabilities and cytotoxicity of two functional resources to achieve a 
more potent inhibitory impact on bacteria and cancer cells. Further, neither the cyto-
toxicity of CNTs against uterine cancer (SiHa) cells nor that against normal human 
(WRL68) cells have been reported in the literature. Ag/TiO2-CNT conjugates’ cyto-
toxicity and biocompatibility are discussed. Similarly, through the sol-gel method, 
Mohammad et al. [41] have created agarose-doped TiO2 nanoparticles covered in 
carbon nanotubes. A nanocomposite with strong antibacterial activity against E. coli 
and S. aureus has been examined for its various morphological features. Yang et al. 
[42] used the sol-gel process to create a carbonaceous material, ZnS nanoparticles, 
by combining nitrogen and sulfur co-doped with carbon nanosheets (ZnS@NSC). 
Carbon nanosheets are employed for 11 sodium ion storage due to their most active 
locations, and they are also used to improve electrical conductivity. The composite
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Fig. 2 a Schematic diagram for the synthesis of ZnS@NSC-x-700 and b–d SEM micrographs of 
ZnS@NSC-x-700 [42] 

CeSeZn bonds provide good structural stability for ZnS particles to pin on the 3D 
carbon framework. The bridging effect gives electrons a way to move from the 
conductive framework to the active materials. It can also make the material more 
conductive by allowing free electrons to move directly between C, S, and Zn atoms 
(as shown in Fig. 2). 

Based on the TG results, Liu et al. [43] made Ti2Nb10O29/C nanoparticles with 
13% carbon. This was done with an in situ sol–gel strategy (as shown in Fig. 3). 
Small grain size and carbon variation can influence the pseudo-capacitive impact 
of Ti2Nb10O29/C nanoparticles, boosting their exceptional rate capability, particu-
larly at high current rates. Ti2Nb10O29/C nanoparticles, in contrast to Ti2Nb10O29 

nanoparticles, are blended using a simple and effective process in a sol–gel scheme 
due to the carbon layer. The carbon layer not only works on the pseudo-capacitive 
effect and electric conductivity, but also acts as a flexible obstruction to support the 
pressure of the volume change caused by the release and charge processes. This 
results in spectacular rate limitation and massive cycle implementation.

3.2 Hydrothermal Treatment 

Hydrothermal synthesis (also known as solvothermal synthesis) is a single-step 
process to prepare the ultrafine nanomaterials in a hydrothermal environment (i.e., 
neither the solution is non-aqueous nor aqueous) at a low temperature in the range 
of 100–374 °C without the use of a calcination process. The basic principle of the 
technique is a reaction in an aqueous solution or suspension of the precursors at high 
temperature and pressure. Under fixed pressure and temperature, the hydrothermal 
technique is carried out in specific equipment known as an autoclave. The autoclave
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Fig. 3 Ti2Nb10O29/C nanoparticles (TNO/C) and Ti2Nb10O29 nanoparticles’ growth mechanisms 
(TNO) [43]

is loaded with reagents and then placed in the oven for some time, allowing the reac-
tion to take place without direct supervision. This procedure is performed at high 
temperatures. This method allows for hydrolysis. Navrotskaya and his colleagues 
recently used this technique to create core–shell-structured carbon nanofiber-Titanate 
nanotubes (CNF-TiNT) and observed an increase in surface area, which is respon-
sible for CNF-TiNTs’ effective photocatalytic activity [2]. The addition of elemental 
oxide to the surfaces of CNTs or CNFs alters the properties of hybrid materials. 
Using a simple acid-based hydrothermal technique, Li and his co-workers [44] 
have created a composite that includes a heteroatom-doped nanostructured hollow 
graphitic carbonaceous (Fig. 4). This approach is used to break down the remaining 
indistinct carbon and functionalize the resulting graphitic hybrid carbon. According 
to their findings, N-doped hollow graphitic carbon hybrid material shows tremendous 
promise as being superior to carbon-based anodes for lithium-ion batteries (LIB). 

He et al. [45] have described in their study the one-step hydrothermal synthesis 
of a hybrid material made of MoO3 nanobelts and oxide multi-walled carbon 
nanotubes (MoO3-CNTs). To plan uniform MoO3-CNT films, an altered vacuum

Fig. 4 Schematic diagram of the formation of the functionalized N-doped hollow graphitic FNHG-
CNT/CNS hybrids [44]
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Fig. 5 Graphical 
representation of friction and 
wear process of a GF/EP, b 
MoO3-CNTs/GF/EP, c 
f-MoO3-CNTs/GF/EP 
composites [45] 

filtration approach was used (f-MoO3-CNTs) (as shown in Fig. 5). These MoO3-
CNTs and f-MoO3-CNTs were used to improve the tribological characteristics of 
a glass-textured epoxy (GF/EP) composite constructed using the vacuum-assisted 
resin transfer molding (VARTM) technique. They discuss how distinct organic and 
inorganic nanofiller structures with carbon-based fillers and metallic oxide-based 
carbon nanotubes (CNTs) are regularly employed to increase matrix performance 
and generate high electrical conductivity in the study. In comparison to the ideal 
GF/EP composite, the MoO3-CNTs- and MoO3-CNTs film (f-MoO3-CNTs) modi-
fied GF/EP composites show exceptional tribological performance, notably the 
f-MoO3-CNTs/GF/EP composite.

Bakhtiarzadeh and his co-workers [46] have developed a novel process for 
constructing a composite containing core–shell carbon coated with Fe3O4 nanoparti-
cles (Fig. 6). By using hydrothermal treatment, these nanoparticles are combined with 
MnO2 nanosheets to form polymorphous and crystalline-type structures of MnO2 

nanosheets. In their study, they discuss the use of a newly created Fe3O4@Cg/MnO2 

nanostructure catalyst for the selective oxidation of BzOH (phenol) to BzCHO 
(benzaldehyde) using oxygen as a green oxidant treatment, and these nanoparti-
cles are combined with MnO2 nanosheets to form polymorphous and crystalline-
type structures of MnO2 nanosheets. In their study, they discuss the use of a newly 
created Fe3O4@Cg/MnO2 nanostructure catalyst for the selective oxidation of BzOH 
(phenol) to BzCHO (benzaldehyde) using oxygen as a green oxidant. The newly 
created nanostructured catalyst could also be recycled and utilized for six runs without 
losing substantial catalytic activity or stability. The main benefits of this method are 
that it is easy to use, quick to set up, very selective, and can be used more than once.

Sabeeh et al. [47] have created a carbonaceous material with a nanostructure that 
has many unique qualities, such as strong conductivity, a greater surface area, good 
chemical stability, and a distinctive structure. As a result, these materials have a high 
likelihood of improving the electrochemical presentation of transition metal-based 
pseudo-capacitive resources. They discuss the investigation of the hydrothermal 
process, which is utilized to organize copper sulfide nanochips. By putting together,
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Fig. 6 Schematic diagram of MnO2 on CHO substrate through hydrothermal technique [46]

a nano-hybrid with both conductive and capacitive CNTs, the sample was made to 
have better electrical conductivity and capacitance. 

3.3 Chemical Vapor Deposition (CVD) 

In the semiconductor sector, this process is commonly employed to generate high-
clearance solid materials or thin films. In this technique, the substrate (i.e., catalyst) 
is typically immersed in the vapor precursor, after which the reaction creates the 
required chemical. This method is utilized to produce clean carbon nanomaterials 
by first producing CNTs and CNFs. Catalyst particles serve as both a substrate 
beneath the developing carbon nanomaterials and an arming dopant in this case. 
Catalysts must be non-toxic or reduce the toxicity of carbon-based nanoparticles 
before they may be used in ecology or medicine. The position and growth of carbon 
nanomaterials on the plane can be regulated using this technology. This procedure 
is straightforward, low cost, and precise. The concept of hybridizing CNTs with 
Al2O3 is based on CNT agglomeration prevention owing to Van der Waals interac-
tion. Epoxide compounds, including CNTs-Al2O3, exhibit compressive strength and 
Young’s modulus amplification greater than 100%. The insertion of nanocatalysts 
using this method is intended to improve the thermal characteristics of CNMs [2]. 
Chemical vapor deposition (CVD) is an important technology for creating a thin, 
high-purity coating. At lower temperatures, different types of catalysts are used for 
the deposition of metallic coatings. Rashid et al. [48] discuss in their review various 
acceptable transition metals such as palladium, platinum, gold, and nickel, which 
have been proven to be excellent catalysts for metal deposition on polymers. Hoyos-
Palacio et al. [49] used chemical vapor deposition to create multi-walled carbon



286 P. Mallick et al.

nanotubes (MWCNTs) by combining carbon nanotubes coated with silver nanopar-
ticles. SEM, TEM, Raman, XRD, and XPS were used to characterize the MWCNTs-
Ag. The results showed that the silver nanoparticles were evenly distributed across the 
MWCNTs’ outer surface. Finally, the produced CNT-Ag may find usage in improved 
nanocomposites, antimicrobial products, and sensors. The investigation of multi-
walled carbon nanotubes (CNTs) formation utilizing two different chemical vapor 
deposition (CVD) techniques—low pressure plasma-boosted and atmospheric pres-
sure thermal CVD—is discussed by Moshkalyov and his co-workers [50]. Here, the 
utilization of long, straight carbon nanotubes is coupled with thermal CVD (chem-
ical vapor deposition), employing methane (CH4)-based gas mixtures and thinner 
Ni films, as a catalyst, which have been created to produce nickel nanoparticles that 
perform better. Bachmatiuk and his co-workers [51] investigate the graphitic nanos-
tructure, which is made up of carbon nanotubes and graphene. In the study, SiO2 is 
used as a catalyst to create the SiC compound. SiO2 nanoparticles are employed in 
the chemical vapor deposition (CVD) of graphitic carbon nanostructures. This work 
enables a better understanding of the growth mechanisms at work in the production 
of carbon nanotubes and carbon nanofibers utilizing SiO2 catalysts. Ni et al. [52] 
have created pony-size Cu nanoparticle-based catalysts utilizing a chemical vapor 
deposition (CVD) technique with floating Cu atoms and mesoporous C-N support. 
By modifying the electronic structure of Cu, mesoporous C-N with a large surface 
area is used to stabilize scattered Cu nanoparticles and boost the electrocatalytic 
activity of Cu. Furthermore, their paper mentions the significant catalytic stability 
and remarkable methanol-tolerant characteristics that encourage the use of Cu-based 
oxygen reduction reaction (ORR) electrocatalysts in fuel cells. Similarly, Yadav et al. 
[53] investigated the structure of carbon nanotubes cotton (CNT-c) using two distinct 
sulfur precursors via floating catalyst chemical vapor deposition (FC-CVD) (Fig. 7). 
It has been discovered that single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs) can be formed using carbon disulfide and 
thiophene, respectively.

3.4 Hummer’s Method 

Recently, the Hummer’s method has attracted much more attention from scientists, 
researchers, and industrialists for the preparation of carbon–metal-based hybrid nano-
materials. This technique possesses high efficiency and reaction safety. This synthesis 
takes place basically in two steps: (i) Toxic gases are first removed through an oxida-
tion process, and then residual materials are purified. This technique increases the 
reaction yield and reduces the toxicity of the carbon–metal-based hybrid nanomate-
rials. The enhanced Hummer’s process is less hazardous and has various advantages 
in terms of the synthesized product. In 2013, Chen and his groups successfully 
prepared graphene oxide by using the improved Hummer’s method to decrease the



Carbon–Metal Hybrid Nanomaterials for High Technologies 287

Fig. 7 Diagram illustrating the growth mechanisms of SWCNTs and MWCNTs using thiophene 
and carbon disulfide as sources of sulfur, respectively [53]

cost of graphene oxide [48]. Later in 2017, Zaaba and his co-workers also success-
fully synthesized graphene oxide with low cost and low toxicity using this technique 
[49]. 

4 Polymer-Supported Carbon–Metal Hybrid 
Nanocomposites for Energy Storage Applications 

Current research and development have primarily concentrated on energy storage 
devices [50–52], including supercapacitors, electronics, fuel cells, sensors [19], 
lithium-ion batteries, etc. Supercapacitors have a high power density, Columbia effi-
ciency, long cyclic stability, and a shorter interval for full charge–discharge cycles 
than batteries. Carbon-based nanomaterials, including CNTs, graphene, and meso-
porous carbon electrodes, gained much more interest in the field of energy storage 
devices due to their large specific surface area and excellent electrical conductivity. 
Carbon-based nanomaterials, combined with other suitable metals, are excellent 
candidates for batteries, supercapacitors, and other applications [53]. Carbon nano-
materials, such as 1D carbon nanotubes, 2D graphene, 3D mesoporous carbon, and 
their metal oxide composites, have been greatly used as electrodes in supercapacitors, 
batteries, and PV cells to enhance capacitance, electrochemical performance, energy, 
and power density. The specific capacitance of carbon–metal hybrid nanomaterials 
can be raised by an order of magnitude: typically, 100–1000 F/g. The energy density 
of carbon nanomaterials can be greatly increased by combining them with other 
metals. Although combining graphene and carbon nanotubes (CNTs) with appro-
priate metals is a viable strategy for supercapacitors (SCs) with high flexibility and
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strain resistance [54], these characteristics make the battery, SCs, and other energy 
storage devices appropriate for diverse applications, including hybrid electric cars, 
renewable energy storage devices, and portable electronics. There are, however, still 
some issues that must be solved to enhance the performance, characteristics, and 
applications of carbon–metal-based nanomaterials [53]. 

Carbon nanoparticles have been shown to successfully inhibit tin expansion, 
resulting in good cycling capabilities. Carbon-tin-based or other carbon–metal-based 
nanomaterials ranging from zero to multi-dimensional have been employed as anode 
materials for Li-ion batteries. The role and contribution of various carbon compo-
nents (e.g., graphene, carbon nanotubes, etc.), as well as their interaction with other 
metals (e.g., Sn, Si, Ni, Au, etc.), were introduced [35]. Because of the superior char-
acteristics of silver nanoparticles, the performance of CNT-Si hybrid nanoparticles 
for energy storage applications can be improved [54]. It can also boost the antibac-
terial activity of textile fibers. CNTs coated with highly conductive and catalytic 
metals like Pt, Pd, and Ru have the potential to develop the mechanical, electrical, 
thermal, and catalytic properties of electrode materials for use in the fuel cell, Li-
ion batteries, and supercapacitors [11]. These successful applications demonstrated 
carbon–metal hybrid nanostructures’ significant potential as innovative materials. 
Certain significant problems limit the performance of carbon–metal-based hybrid 
nanomaterials, such as uneven architectures, agglomerations, limited lifetimes, and 
low dependability. Importantly, the low reliability and limited lifetime are mostly 
driven by the weak bonding strength between carbon and metals. To solve these 
issues and increase the performance of carbon–metal-based hybrid nanomaterials, it 
is critical to boost bonding strength [55]. 

The primary goal of developing energy storage supercapacitors is to increase 
energy density without sacrificing high power density. These two measures assess 
supercapacitor performance. The quality of electrode materials can be improved 
by rigorous development at a higher level. Because of their superior electrical and 
mechanical properties, various carbon-related materials, such as three-dimensional 
porous carbons, two-dimensional graphene, and its derivatives, and others, have been 
used in supercapacitors. Based on the storage mechanisms, these materials have fast 
discharge and charge as well as high cycle capacities [56]. 

Zhang et al. have worked on carbon-based nanocomposite interface engineering 
for enhanced electrochemical energy storage. They found that when nanocompos-
ites interact, there are synergistic effects that make the electrochemical perfor-
mance better. By employing carbon nanocomposites and combining them with other 
materials and chemicals, such as metal oxides, conducting polymers, and various 
metals, they created a variety of composites with improved super-capacitive prop-
erties. For instance, they created electrodes with high reversible capacity, excellent 
rate capability, and increased cycle stability using core–shell structured graphene 
that was combined with Fe2O3 nanocomposite [57]. Electrical double-layer capac-
itors (EDLCs) and pseudo-capacitors, which are both supercapacitors, are mostly 
employed for this energy storage purpose. By building up charge at the double-
layered interface between the electrode and electrolyte, electrochemical energy is 
stored in EDLCs. Therefore, the capacitive performance is investigated by computing
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Fig. 8 A Supercapacitor presentation [60] 

the electrode’s surface area. However, in pseudo-capacitors, the Faraday reaction 
occurs at the surface of electrically active species to store electrochemical energy 
[58, 59]. Carbon nanotube (CNT)-related supercapacitor performance (Fig. 8) is  
related to several physical factors in EDLCs, like surface area, pore size, conduc-
tivity, and so on. Its performance is determined by the CNTs’ mix, pre-treatment, 
and post-treatment. Different techniques, such as functionalization and doping, can 
improve supercapacitor performance, resulting in increased diffusivity, conductivity, 
and capacitance values. The introduction of functional groups can also increase 
stability [60]. 

To demonstrate the relationship between void and lithium-ion for storage perfor-
mance, Cui and co-workers constructed a pomegranate-like silicon-carbon nanocom-
posite with varying void space. For the larger energy storage goal to be maintained, 
there must be a clearly defined void space between the silicon and the carbon 
composite [61]. Heydari et al. [62] have synthesized a nanocomposite of CoFe2O4-
carbon microspheres for electrochemical energy storage applications by the precip-
itation method. In this work, they have found out that the carbon/cobalt ferrite elec-
trode has shown high specific conductance along with great cycling stability and 
high-rate capability, which shows the great capability of the electrode to become a 
supercapacitor. The cycling life test shows 81% retention, which is very good for 
storage purposes. They have also concluded that nanocomposite shows good energy 
and power density, which are helpful in the energy storage system. To store energy 
efficiently, Siwal and his groups have described a carbon-based polymer nanocom-
posite [63, 64]. Supercapacitors have made considerable use of carbon nanocompos-
ites as the active electrode due to their higher surface area and improved electrical 
and mechanical qualities. These supercapacitors have electrodes created through 
stacking, a 3D pillared graphene-CNT system, and edge functionalities. For instance, 
they have taken polypyrrole (PY) and enhanced its electrical performance by doping
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it with carbon nanotubes (CNTs). Extreme strength and durability can be attained 
from the manufactured composite. The supercapacitor has an increased electrical 
density of about 101.0 Wkg-1 and a power density of 17,186 Wkg-1. The compounds 
based on graphene make excellent energy storage devices. The addition of polymeric 
nanocomposites to graphene-based materials improves their specific capacitance. 
The large surface area, excellent electrical conductivity, and robust mechanical qual-
ities of these materials make them ideal for use as electrodes in a supercapacitor 
[65]. 

The development and design of complex nanomaterials for energy storage have 
been suggested by Liu et al. [66]. Lithium-ion batteries have great significance in 
electrochemical energy storage. The Li-ion batteries require a fundamental shift in 
electrodes to aid lithium integration, where the expandability is accompanied by 
remarkable bond cleavage, low ionic conductivity, high volumetric variation, and so 
on. Carbon-based composites are being used in Li-ion batteries due to their better 
electrical properties and good coulomb force proficiency. Because of their chemical 
resistivity, electrical properties, and lightweight, carbon-based polymeric composites 
such as CNTs and graphene increase the rate of Li-ion batteries as well as the integra-
tion of different polymers such as polypyrrole. Philip et al. [67] doped polyaniline, 
a conducting polymer, with CNT to examine the electronic interaction and improve 
the chemical and electrical properties. The interaction of CNT and polyaniline not 
only widened the applicability but also improved the nanocomposite’s homogeneity. 
They observed that the nanocomposite had higher conductivity than the polymer due 
to greater uniformity and charge delocalization power. This contributes to effective 
delocalization on the polymer rather than the main chain. They used a phenyl-amino 
group for functionalization to distribute CNTs uniformly, and this dispersion resulted 
in a uniformly formed polyaniline shell. The produced nanocomposite has been cova-
lently functionalized with the polymer polyaniline. Naoi and his co-workers created 
a new generation nano-hybrid supercapacitor using an in situ material processing 
technique known as “Ultra Centrifugation (UC) treatment” to generate an ultrafast 
electrode material known as LTO (Li4T5O12). They found that the UC treatment 
boosts cohesion power, resulting in the created supercapacitor and battery not only 
satisfying the power needs but going beyond the capacity of storing current energy. 
They discovered that the nano-hybrid supercapacitor has a much higher power density 
(approximately 16 kWL-1), and it can store three to five times as much energy. The 
composite showed 107 mAh g-1 at 3000 C and 78 mAh g-1 at 120 C, proving that 
the nano-hybrid composite has a high retention capacity rather than a rapid charging 
rate [68]. Frackowiak and his team have developed a nanocomposite material by 
combining the polymer poly (3,4-ethylene dioxythiophene) known as PEDOT with 
CNT by electrochemical polymerization, which has resulted in the highest capac-
itance for the supercapacitor. The manufactured nanocomposite material exhibits 
excellent cycle performance and a high rate of stability. The volumetric energy is 
greatly increased because of the high density of PEDOT. Since CNTs have an open 
mesoporous network, the interface between the electrode and the composite mate-
rial is easily accessible for charge propagation. While the charging and discharging 
cycles proceeded, the supercapacitor stored a large quantity of energy in the PEDOT.
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By boosting the voltage of the supercapacitor using activated carbon as the nega-
tive electrode, they also improved its power and energy density. In this scenario, the 
researchers have seen a voltage of 1.8 V and a rotational frequency of almost 10,000 
cycles when the measurements were made in an aqueous medium [69–74]. 

Asen et al. integrated graphene oxide (GO), polypyrrole (PPy), and V2O5 using 
the electrochemical deposition process to create a ternary phase nanocomposite [75]. 
The specific capacitances of the PPy, V2O5, and GO drop as the scan rate increases 
since the relationship between the two is inverse. But because of the low scan rate, the 
ions and electrode interact more effectively, which contributes to increased capacitive 
behavior. An excellent specific capacitance of 750 F/g at 5 A/g, or around 83%, and 
3000 charge–discharge cycles were displayed by the produced nanocomposite. The 
greatest power density and current density of the nanocomposite device were 27.6 
Wh/kg and 13,680 W/kg, respectively. All of these results demonstrated the super-
capacitor’s excellent performance rate. Rao et al. [76] created the nanocomposite 
material CNT/metal sulfides as an electrode for energy storage and conversion appli-
cations. The CNT network provides an electron channel for the metal sulfide. The 
nanocomposites produced have a power conversion efficiency of 6.41%. The super-
capacitor demonstrated an astounding specific capacitance value of 398.16 F/g and 
an energy density of 35.39 Wh/Kg, as well as an improved cycling stability of 98% 
capacity retention after 1000 cycles with better flexibility [77, 78]. Heli and Yade-
gari used an electrochemical synthesis approach to create an effective supercapacitor 
electrode using graphene and the conducting polymer poly (ortho-aminophenol). 
The charge of the Pt/GNS/POAP electrode is substantially higher than the sum of 
the charges of the Pt/POAP and Pt/GNS electrodes for all potential sweep rates [as 
shown in Fig.  9a]. [79]. The changes in specific capacity by cycle number are depicted 
in Fig. 9b. The polymer amino phenol was chosen because it has two oxidizable 
functional groups, –NH2 and –OH. The nanocomposite developed exhibits excep-
tional super-capacitive behavior, with a specific capacitance value of 281.1 F/g. This 
specific capacitance value is three times greater than graphene’s typical specific 
capacitance value. This increased value is owing to the EDLC’s synergistic impact. 
Because of hydrogen bonding and stacking, the nanocomposite has a higher specific 
capacitance value, as well as rate capability and cycling stability. After 1200 cycles, 
the cycle’s retention capacity was found to be greater than 99% [80].

5 Conclusions 

The formation of unique multifunctional hybrid nanomaterials having advanced 
mechanical, chemical, electrical, optical, and thermal behavior can be achieved 
by combining carbon-based nanomaterials, including CNFs, CNTs, fullerenes, and 
graphene and their derivatives, with metal, metal oxide, or other ceramics. This 
chapter summarized several methodologies for the preparation of carbon–metal-
based hybrid nanomaterials with varied structures ranging from zero to high dimen-
sions and their practical application in supercapacitors, Li-ion batteries, PV cells,
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Fig. 9 a Variation of total charge value and b specific capacitance of the electrode as a function of 
cycle number [79]

and other energy storage devices. The primary goals and benefits of hybridizing 
carbon with metal hybrid nanomaterials are: (1) to obtain hybrid nanomaterials with 
complementary and combined features or performance; (2) to improve mechanical, 
chemical, electrical, and thermal stability for the application in energy storage appli-
cations; and (3) to produce vast quantities of composite nanomaterials at a minimal 
cost (it is still a major challenge at present). However, the majority of the hybrid nano-
materials from 0 to 3D were made using in situ approaches due to their simplicity, 
low production cost, and feasibility for large-scale production. Furthermore, in situ 
synthesis usually results in direct interaction between carbon-based nanomaterials 
and suitable metals, whereas non-covalent and covalent techniques can result in 
ligands or residues at the surface of carbon-based nanomaterials and metals or metal 
oxides. 

As a result, the potential improvement in favorable features of these carbon-based 
hybrids could have a wide-ranging impact, including on solar energy, batteries, light-
driven catalysis, supercapacitors, other energy storage devices, electrical/biosensors, 
drug administration, and other biocompatible devices. Even though considerable 
progress in structural design and production for carbon–metal hybrid nanomaterials 
has been made in recent years, the advancement has not yet reached a point where 
these nanocomposites may be used in practical applications. As a result, additional 
effort and research are required in the future. First, perfect control of the size, shape, 
and location of external nanocrystals on the surface of carbon materials remains a 
challenge. Although covalent and in situ techniques can partially accomplish this, 
researchers prefer to develop simple methods to achieve these objectives. Second, 
the underlying mechanism of hybrid nanomaterials is still poorly understood. Third, 
because nanoscale heterostructure research has typically been undertaken in scientific 
labs, large-scale repeatability and productivity are major barriers. Fourth, the present 
research is mostly based on the investigation of individual hybrid nanomaterials. 
However, to be useful, these hybrid nanomaterials must be packed or integrated into 
a bulk material.
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Nanomaterials for Fabrication 
of Thermomechanical Robust Composite 

Priyambada Mallick, Santosh Ku. Satpathy, and Srikanta Moharana 

Abstract Nanomaterials have received a lot of interest as an emerging material 
because of their small size, surface effect, and tunneling effect, along with their poten-
tial utilization in traditional materials, electronic devices, energy storage devices, and 
other industries. Nanoparticles are nanomaterials with dimensions ranging from 1 
to 100 nm. Nanomaterials with remarkable structural, mechanical, catalytic, optical, 
electrical, and magnetic characteristics that differ significantly from the bulk mate-
rials can be created. They can be categorized differently based on their qualities, 
forms, and sizes. There are different nanomaterials, including metals and ceramics 
are reinforced in the polymeric matrix to obtain composites with improved physical 
and chemical characteristics. A lot of research has been extensively reported on the 
impact of introducing nanomaterials into the polymeric matrix. The effect of nano-
material selection, synthesis technique, grain size, and boundary structures on the 
mechanical characteristics of nanomaterials is presented in this chapter. Hybrid poly-
meric composites have undergone significant development and utilization for energy 
applications in recent times. However, future applications in the fields of engineering, 
industry, and medicine can be made possible by progressing further research on the 
molding technique of nanomaterials. Therefore, scientists and researchers put efforts 
into investigating the molding and fabrication technique as well as strengthening the 
process of an advanced, robust nanocomposite to fulfill the essential needs in future 
application. This chapter provides an overview of nanostructured materials along 
with composite preparation processes and discusses the effect that these approaches 
have on the thermomechanical performance of nanomaterial-based robust compos-
ites. However, future applications in the fields of engineering, industry, and medicine 
can be made possible by progressing further research on the molding technique of 
nanomaterials. As a result, scientists and researchers are investigating the molding 
and fabrication technique, as well as strengthening the process of an advanced robust 
nanocomposite to meet the critical needs in a future application. 
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1 Introduction 

Nanotechnology has piqued the interest of many over the last two decades due to 
its potential for the development of novel nanomaterials and device structures with 
exceptional physical and chemical characteristics. Recently, nanomaterials having 
a size of one dimension with a scale of 1–100 nm in 3D space are gaining much 
more attention as emerging materials. Due to its small size, surface morphology, 
different phases, and quantum tunneling effect, it has a lot of remarkable potential 
applications in the fields of electronics, automotive, electrochemical, biomedical, 
photochemical, electrical, medical, and industrial. Nanomaterials have extraordi-
nary physiochemical performances, including melting point, thermoelectric activ-
ities, photo-absorbing properties, reactivity, scattering, and optical activities, with 
enhanced catalytic properties in comparison with their polycrystalline equivalents. 
Efforts to investigate nanostructured materials and their derivatives are critical for 
developing innovative materials with exceptional qualities. It has been proven that by 
employing various manufacturing procedures, it is possible to generate new sophisti-
cated nanomaterials with amazing properties for a diverse set of applications. These 
structural, electrical, and magnetic properties of the material are greatly affected 
by the content of nanomaterials, the process of fabrication, grain size, and grain 
boundary structures. A lot of research has been extensively reported on the impact 
of introducing nanomaterials into the polymeric matrix. The effect of nanomaterial 
selection, synthesis technique, grain size, and boundary structures on the mechanical 
characteristics of nanomaterials is presented in this chapter. Researchers and scien-
tists have recently investigated the thermomechanical nature of nanomaterials based 
on these characteristics [1]. But the problem and issues related to the improvement 
of the thermomechanical properties of advanced robust nanocomposites have not 
been completely solved till now [2]. The most important thermomechanical parame-
ters in nanocomposites include stiffness, glass transition, storage and loss modulus, 
coefficient of damping (tan), distortion heat, temperature, and coefficient of thermal 
expansion, among others [3]. To improve their function, the thermomechanical and 
mechanical properties must be thoroughly investigated. Herein, we have only focused 
on the thermomechanical properties of a robust composite. Also introduced is the 
current progress in research and application range of nanomaterials, which is remark-
able for the development of thermomechanically robust composites [4]. To improve 
mechanical and thermophysical properties, nanoparticles are dispersed in a matrix 
material such as metals, ceramics, or polymers. Polymer nanocomposite materials 
have found use in critical domains such as the automobile and aerospace indus-
tries. A material’s mechanical properties define how it behaves under a variety of 
circumstances and stresses. Mechanical characteristics such as brittleness, strength, 
plasticity, toughness, hardness, ductility, yield stress, rigidity, and elasticity are the 
ten standard components of conventional materials’ mechanical properties in metals. 
Most inorganic and non-metallic materials are brittle and lack desirable mechanical 
qualities, including plasticity, toughness, elasticity, ductility, etc. In addition, unlike
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inorganic materials, organic ones can be pliable without exhibiting traits like brit-
tleness or rigidity. Because of the size, shape, and quantum nature of nanoparticles, 
nanomaterials exhibit remarkable mechanical capabilities. When nanoparticles are 
incorporated into a polymeric material, the grain boundary is strengthened, and the 
material’s mechanical characteristics are enhanced due to the formation of an intra-
and intergranular structure [4–7]. For example, adding 3 wt/% nano-SiO2 to concrete 
can improve its compressive strength, bending strength, and splitting tensile strength 
[8]. 

It is feasible, for example, to increase the compressive strength, bending strength, 
and splitting tensile strength of concrete by adding 3 wt/% nano-SiO2 [9]. The tensile 
strength, elongation at break, and impact strength of kenaf epoxy composites are 
significantly enhanced by the addition of 3% nano-sized oil palm empty fruit string 
filler. Because of their outstanding mechanical properties and unique traits not seen in 
macroscopic materials, nanomaterials have a wide range of potential uses. To identify 
possible technical applications and industrial productions, we must first determine the 
mechanical properties of various nanomaterials and composite materials. In this book 
chapter, an overview of nanomaterials, synthesis methodologies, and the mechanical 
properties of nanomaterials and their composites is presented. 

2 Overview of Nanostructured Materials 

In recent years, researchers and industrialists have shown a lot of interest in the prepa-
ration and development of advanced nanostructured materials [10] with excellent 
performance. The high surface areas and enlarged chemical reactivity, combined with 
the improved mechanical strength of the nanostructured materials, have gained them 
worldwide attention. In general, nanomaterials are categorized as natural (obtained 
from nature and obey all the laws of nature), incidental (by-products obtained from 
industry like coal dust), and engineering nanomaterials (obtained from advanced 
synthesis techniques with complex shapes) [11]. In general, nanostructured mate-
rials are materials that look mostly like crystallites and have at least one nanoscale 
dimension in terms of grain size and thickness (layer) that is less than 100 nm. Based 
on the dimensions of the features, these nanomaterials can be categorized into four 
types: [12]: 

(i) Zero-dimensional (0D) nanomaterials having nanoscale dimensions in all 
directions, e.g., nanospheres, nanoparticles, quantum dots, etc. 

(ii) One-dimensional (1D) nanomaterials have comparatively large-scale dimen-
sions in one direction than others, e.g., nanorods, nanotubes, nanowires, 
nanobelts, nanoribbons, nanostars, etc. 

(iii) Two-dimensional (2D) nanomaterials having comparatively large-scale dimen-
sions in any two directions than others, e.g., graphene nanosheets, nanoplates, 
nanodisks, etc. [13]
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(iv) Three-dimensional (3D) nanomaterials have comparatively large-scale dimen-
sions in three directions than others, e.g., nanotetrapods, nanoflowers, 
nanocombs, etc. 

Nanostructured materials have become a fascinating domain in the diverse fields of 
biotechnology, bioengineering, the medical field, condensed matter physics, material 
chemistry, and ionics engineering, as well as the academic, industrial, and commer-
cial sectors [14]. Nanostructured (NS) materials usually exhibit various excellent 
characteristics such as high strength and hardness, increased diffusivity, and useful 
sintering properties [15, 16]. On the basis of composition, nanomaterials may be 
classified into four different types [11]. 

(i) Carbon-based nanomaterials: Carbon nanotubes, graphene, porous carbon, 
etc., with high conductivity and stability play a crucial role in the practical 
applicability and advancement of multifunctional interdisciplinary areas. 

(ii) Metal-based nanomaterials: These materials are made up of various metals such 
as gold (Au), silver (Ag), platinum (Pt), and copper (Cu) and have excellent 
physical, chemical, and catalytic properties. They can be applied for sensors, 
paints, cosmetics (sunscreen), and dental care. [17] Also, metal oxide nano-
materials such as zinc oxide (ZnO), tin oxide (SnO2), and copper oxide (CuO) 
have a wide range of applications in the fields of electronics and photonics, 
optoelectronics, solar cells, energy, etc. 

(iii) Polymer-based nanomaterials: These are composed of a matrix and a filler, 
such as polyaniline, polypyrrole, poly(dopamine), and others, and have a high 
sensitivity for direct application in sensors and bioengineering [18]. 

(iv) Composite nanomaterials: These are mixtures of simple nanoparticles or 
compounds such as nanoclays and nanoflowers. There are several nanostruc-
tured materials found in the form of composites [19–21], capsules, porous 
materials [22], and fibers on a nanometric scale. 

The other types of nanostructured materials (ceramics, optical materials, poly-
mers, and metal nanocoats) and various nanodevices related to sensing switches, etc., 
have been reported [23]. Various applications of nanostructured materials include a 
wide range in pharmaceutical, industrial chemistry, electronics, space applications, 
energy storage applications [24–26], materials and metallurgy, biological fields, and 
the food and medical industries [27]. 

Recently, nanostructured materials used in the field of nanomedicine may lead to 
an important contribution to the fields of drug delivery, nanomedicine, and medical 
imaging [28]. Siwick and his team [29] have developed a nanostructured material with 
a special emphasis on the structure of a photonic crystal for application in 3D optical 
data storage with high density. Vaqueiro et al. [30] have reported on thermoelectric 
materials for the better utility of earlier resources of energy like building power manu-
facturing systems, which extract valuable electrical power from the wasted heat. It has 
paved the way for improvements in thermoelectric performance achieved through 
nanostructured materials. Ozturk and his group have synthesized a carbonaceous 
material [sandwiched graphene-fullerene composites (SGFC)], which is formed
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via a covalent bond (junction) among layers of graphene and non-homogeneously 
distributed fullerene. The outcome of this study opened a new path for potential 
candidates for application in hydrogen storage applications (ultra-lightweight) due 
to their superior surface ratio and adaptable porous microstructure [31]. It has been 
reported that nanostructured materials have a great influence on tissue engineering, 
with distinctive performances demanding significant applicability in rigid and flex-
ible tissue engineering [32]. The polymeric nanofibers from the domain of organic 
nanomaterials might be utilized as an aid in the cultivation of cells [33] and also have 
more opportunities for various inorganic nanomaterials [34–36]. Recently, polymeric 
nanostructured materials (PNMs) have played a considerable role in the diagnosis 
and treatment of diseases. These nanostructured materials have a broad range of 
applications in the food sector, such as nanofood, probiotics, nanocoating in edible 
form, and modern packaging [34]. Kumar and his colleagues discovered that silver 
epoxy nanocomposite [37] had the highest thermal conductivity, Young’s modulus, 
and tensile strength values when compared to sole epoxy nanocomposite. 

3 Nanomaterial Fabrication Techniques 

The enhancement of thermomechanical properties such as thermal energy trans-
port, melting point, thermoelectric activities, photo-absorbing property, reactivity, 
scattering, and optical activities in nanomaterials does not depend only on the 
nature of individual components but also on the various fabrication techniques, the 
morphology, and the nature of the interface. One of the major critical issues with 
nanomaterials is the loss of their original properties during fabrication, which limits 
their applications. Various fabrication techniques, including physical and chemical 
methods, use surfactants to prevent the agglomeration [38] of nanomaterials, which 
is crucial for developing the mechanical and thermomechanical properties. A lot of 
nanomaterials have been prepared over the last century by the old technique, which 
comprises grinding and mixing ingredient powders and then calcining them in a 
furnace at a high temperature. But chemical methods are more considerable because 
of the strong covalent bonds under different conditions [39]. Some of the most suitable 
chemical techniques for the fabrication of nanomaterials are chemical vapor depo-
sition (CVD), molecular beam epitaxy (MBE), the sol–gel technique, hydrothermal 
synthesis, molecular self-assembly, lithography, etc., which are discussed in detail 
below. 

(i) Chemical Vapor Deposition (CVD) 

Chemical vapor deposition (CVD) is a very promising technique that is mostly used 
in the semiconductor industry for the synthesis of nanometric layers of inorganic 
materials on the surface of 3D substrates and for depositing thin films of various 
materials [38]. Chemical vapor condensation or chemical vapor synthesis occurs 
when solid films are deposited on surfaces. There are four successive steps involved 
in this process: (a) introduction of the volatile or vaporized precursors (which may be
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solid, liquid, or gas under ambient conditions) by carrier gas to the reactor chamber; 
(b) adsorption of the substrate to one or more volatiles at a high temperature, which 
favors homogeneous nucleation to form by-products; (c) breakdown of these products 
on a heated substrate, followed by heterogeneous nucleation and solid layer or grain 
development; and (d) the creation and extraction of volatile products under certain 
conditions (temperature, pressure, substrate, etc.) from the chamber by the carrier 
gas [39]. 

The quality of the by-products produced through CVD techniques is influenced 
by various factors, such as type and quality of precursors, desired volatility, thermal 
ability, temperature and pressure in the chamber, chemical properties of the substrate 
and gas carrier, and time and rate of deposition. Based on the type of chamber and 
precursors, the CVD techniques are categorized into various types, which are given 
in Fig. 1. 

One of the most widely used precursors for the fabrication of nanoparticles in 
CVD techniques is silver nitrate (AgNO3). In 2018, Piotr Piszczek synthesized silver 
nanoparticles using CVD techniques, which reduce the cytotoxicity of silver-based 
nanoparticles [40]. Wang and his colleagues recently used this technique to create 
pure, structurally uniform, single-crystalline semiconducting oxides free of defects 
and dislocations, such as ZnO, In2O3,Ga2O3, CdO, PbO2, and SnO2. Zhao discovered 
in 2019 that the CVD technique is the most advantageous synthesis technique for 
surface modification of nanomaterials [38]. The CVD process enables control over 
the structure, shape, and development of the robust nanocomposite that is formed. 
However, the CVD method has some disadvantages, such as long reaction times 
(1 min to hours) and low-temperature processes (in the range of 700–1473 K) [41], 
which can be overcome by using modern technology.

Fig. 1 Different types of 
chemical vapor deposition 
techniques
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(ii) Molecular Beam Epitaxy 

One of the most time-consuming, technically demanding, and challenging physical 
evaporation experimental techniques is molecular beam epitaxy (MBE) [42], which 
allows for the layer-by-layer expansion of thin films of various novel nanomaterials 
without the innovation of any chemical reactions. It can also be used to deposit 
a wide range of materials, including metals, semiconductors, magnetic materials, 
oxides, organic molecules, chalcogenide layers, etc. For the development of chemical 
sensors, the nanomaterials should be synthesized using a novel technique that can 
control the structure, composition, and morphology of the surface. Molecular beam 
epitaxy (MBE) is the most favorable process for the preparation of nanomaterials. 

This method works on the principle of vacuum evaporation, where thermal molec-
ular and atomic beams directly impinge on a heated substrate under ultra-high 
vacuum (UHV) conditions [43]. The UHV condition helps with minimal impuri-
ties and surface modification to extract high-purity nanomaterials. MBE, as a low-
temperature process, reduces autodoping, allows for precise control of the doping 
process, and keeps the growth rate between 0.01 and 0.3 m per minute. A typical 
MBE experimental setup consists of two or more Knudsen effusion cells (K-Cells) 
containing pure solid elements like selenium, silicon, bismuth, gelinium, etc., a UHV 
chamber (where the growth of materials takes place), and a sample holder with a 
substrate. The first step in the MBE growth process is to heat the K-cells to the 
appropriate temperatures until the elements in each cell sublimate. The shutters are 
then opened, allowing physical vapor from each K-cell to permeate into the chamber 
until it reaches the substrate, where it is deposited, and the thin film gets formed. The 
final composition and stoichiometry of the film will be determined by the temperature 
and surface atomic structure of the substrate, as well as the flux ratios of individual 
components reaching the substrate. The substrate can be continually turned at modest 
rotation speeds (1–2 revolutions per minute) using a stepper motor coupled to the 
magnetic manipulator for more uniform development. In 2013, Lorenzo Morresi 
concluded that the evaporation and growth of materials can be influenced by temper-
ature controllers, shutters, beam flux monitors, mass analyzers, and reflection high-
energy electron diffraction (RHEED) systems [43]. Ishikawa reported that the MBE 
technique is a novel process for the preparation of robust composites [44]. Asghar 
and his team successfully prepared zinc oxide (ZnO) nanoparticles by using this 
technique [45]. Growth of porous nanostructures in GaN with low dimension can be 
obtained by synthesizing the nanomaterials using molecular beam epitaxy (MBE) 
techniques [46]. Later, E. Fadaly and his team synthesized InAs nanowires on silicon 
(Si) by using this technique and observed catalyst-free growth of the nanowires [47]. 

(iii) Sol–gel Synthesis 

Although the sol–gel process is one of the outdated chemical synthesis techniques 
that was developed in 1940 [47], the importance of this process in material fabri-
cation has been growing rapidly. Sol–gel processes have a remarkable advantage 
for preparing superfine nanopowders of metal oxides (MO) as well as non-oxide 
materials. The mechanical and chemical stability of the materials can be improved
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by fabricating with this technique, which is very useful for the development of the 
sensor. Inorganic and organic/inorganic hybrid material creation and processing are 
both generically referred to as “sol–gel” in the literature. Sol–gel processing gener-
ally involves the creation of colloidal suspensions (referred to as “sol”), which are 
then transformed into gels and finally into solid material. The formation of a sol, 
a colloidal suspension, is the first step in the sol–gel process. Colloid precursors 
feature a metal atom surrounded by ligands, which can be either inorganic anions 
or organic alkoxides. Sol denotes dispersed solid colloidal particles in a solution 
solvent, whereas gel denotes a 3D porous, interconnected network structure in the 
liquid phase [48]. In this process, sol is transformed into a gel by following several 
steps. Dispersed solid nanoparticles (sols with a diameter of 1–100 nm) are mixed 
in a homogeneous liquid medium and agglomerated to form a continuous three-
dimensional network (gel) with pore diameters in the sub-micrometer domain in the 
liquid phase (Fig. 2). 

The properties of sol-gels depend on important parameters such as pH, type of 
solvent, temperature, time, catalysts, and agitation mechanisms [38, 41]. Rahman 
used the sol–gel technique to create silica nanoparticles with improved mechanical, 
thermal, physical, and chemical properties [49]. In a recent study [29], a sol–gel 
processing technology was developed to generate a wide range of ceramic materials, 
including Al2O3, Fe2O3, SiO2, TiO2, and others. In 2021, Kumar and his team 
prepared TiO2 nanoparticles using this technique and observed excellent interfacial 
bonds of the nanoparticles with epoxy materials and glass fibers [50].

Fig. 2 Flow diagram for the different steps of the sol–gel technique
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(iv) Hydrothermal Synthesis 

Hydrothermal synthesis (also known as solvothermal synthesis) is a single-step 
process to prepare the ultrafine nanomaterials in a hydrothermal environment (i.e., 
neither the solution is non-aqueous nor aqueous) at a low temperature in the range 
of 100–3740 °C without the use of a calcination process. The basic principle of 
the technique is a reaction in an aqueous solution or suspension of the precursors 
at high temperature and pressure [51, 52]. Recently, the hydrothermal process has 
gained much more attention for the synthesis of nanomaterials as grain size, shape, 
crystalline state, and surface morphology of materials can be changed by control-
ling various factors such as the property of the solvent, concentration of reactants, 
temperature, aging, pH time, and additives in this technique [36]. Under fixed pres-
sure and temperature, the hydrothermal technique is carried out in specific equipment 
known as an autoclave. The autoclave is loaded with reagents and then placed in the 
oven for some time, allowing the reaction to take place without direct supervision. 
This procedure is performed at high temperatures. This process produces chemi-
cally synthesized nanostructured powders with excellent consistency and particle 
uniformity and an appropriate particle size that has higher mechanical or electrical 
properties. The nanomaterials that are synthesized by using this process have world-
wide applications in the fields of solar cells, batteries, MLCCs, etc. [18]. Benega 
and his colleagues reported in 2021 that carbon-based nanocomposites prepared by 
hydrothermal synthesis had superior physiochemical properties than others [53]. 
Kigozi observed that the metal oxide-based nanocomposite that is prepared using 
this technique can be used in energy storage applications with enhanced stability 
[54]. 

(v) Molecular self-assembly 

One of the most successful chemical synthesis routes for designing complex nanos-
tructures in the range of 1–100 nm is molecular self-assembly (MSA), in which atoms 
or molecules assemble in equilibrium conditions to form a stable and well-defined 
nanophase via non-covalent bonds [55]. It is the most attractive bottom-up process 
because it is technologically feasible and cost-effective and provides well-defined 
and functional geometries with structural freedom under specific, controllable ther-
modynamic conditions. All natural organic and inorganic nanomaterials that are 
prepared using this technique are thermodynamically stable, relatively defect-free, 
and self-healing [56]. But the important challenge of the MSA process is the lack of 
knowledge on the development of molecular shape, the nature of non-covalent forces, 
the interplay between enthalpy and entropy, etc. Besides these, the most promising 
avenues for self-assembly are presently based on organic compounds, and organic 
compounds, as a group (although with exceptions), are electrical insulators. As a 
result, the methods used in the self-assembled system must be redesigned or devel-
oped to produce advanced types of organic molecules with appropriate properties for 
information processing and electrical or mechanical transduction. Ozin reported that 
the molecular self-assembly process is scientifically popular for the fabrication of 
nanocomposite by providing enhanced properties such as electrical, magnetic, and
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optical, which can develop the future of nanotechnologies as well as the daily lives 
of human beings and our surrounding environment [56]. Recently, Arul and his team 
prepared different types of nanostructures successfully to provide structural freedom 
for application in intracellular drug delivery [57]. 

(vi) Lithography 

Lithography is the process where a substrate (like glass, silicon, gallium arsenide, 
etc.) coated with a photosensitive or radiation-sensitive polymer called resist is illu-
minated. When this resist is radiated, its physical properties change to form struc-
tures [58]. The size of formed structures is affected by the choice and thickness of 
the resist. Lithography is used for prototyping in electronics, microfluidics, optics, 
lab-on-a-chip, etc. The performance of a lithography can be determined from three 
parameters: (i) resolution (the minimum feature dimension that can be transferred 
with high fidelity to a resist film on a semiconductor wafer), (ii) registration (a 
measure of how accurately patterns on successive masks can be aligned or overlaid 
with respect to previously defined patterns on the same wafer), and (iii) throughput 
(the number of wafers that can be exposed per hour for a given mask level and is 
thus a measure of the efficiency of the lithographic process) [53]. We can produce 
nano and microstructures with different resolutions by using different lithography 
techniques, which are given below [59] (Fig. 3). 

4 Robust Composite Fabrication Techniques 

Robust composites can provide a variety of benefits, making them desirable in many 
high-performance applications. As a result, composites are increasingly being used

Fig. 3 Different types of lithography and their applications
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not only in high-performance applications like racing cars, airplane components, 
and sporting goods, but also in lower-cost, higher-volume industries like automo-
tive. With increased use comes an increased demand on manufacturing processes 
to maintain high quality while combining higher volumes and lower costs. Robust 
composite materials have many desirable properties that make them suitable for 
various applications [60]. To fabricate the robust composite, the researchers should 
handle the material in a safe and healthy environment by using protective gear and 
following policies. There are various fabrication techniques to shape resins and rein-
forcements, which are classified into two categories: (i) open molding and (ii) closed 
molding techniques (Fig. 4).

(i) Open Molding technique 

Contact molding, or “open molding,” is a low-cost process used for the production 
of large, robust composites where the raw materials are exposed to air before the 
fabrication. First, a one-sided mold is applied with a release agent and gel coat. 
Then, the molding materials or reinforcements are placed on top of the mold using 
either the spray-up process or the hand layup process. Additional layers of laminate 
are added to build thickness and strength as desired. The air is then rolled out of 
the laminate by hand, and the part is left to cure. In addition to reinforcements, 
low-density core materials such as balsa wood, foam, or honeycomb can be added 
to stiffen the laminate without adding significant weight. Open molding utilizes 
different processes where hand layup, spray-up, and filament winding techniques 
are mostly used, which are discussed below in detail. 

(a) Hand layup 

Hand layup is the most basic, simplest, and oldest technique of robust composite 
fabrication. The process involves laying the molding materials or reinforcements on 
top of the mold by hand and then acquiring the desired thickness of the laminated 
materials by stacking them up layer by layer. If the resin is applied to the layer of 
laminated material by using a brush or roller, then the process is known as wet layup, 
which is a different version of hand layup. A resin having high molecular weight and

Fig. 4 Various fabrication 
techniques for robust 
composite
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low viscosity can be used in this process to enhance its thermal and mechanical prop-
erties. Also, these properties are greatly influenced by factors such as resin mixing 
and the quality and content of the laminate resin. The hand layup fabrication process 
is mainly used in marine and aerospace structures. Although this method is successful 
for fabricating the robust composite, it has various disadvantages. It requires a large 
amount of time and a lot of skilled employees. Recently, Abas et al. have demon-
strated the effect of silicon carbide (SiC) concentration in polyester nanocomposite 
on the thermomechanical properties like hardness, distortion of bending, thermal 
conductivity, coefficient of thermal expansion, etc., that are prepared by using the 
hand layup technique [61].

(b) Spray Layup 

Spray-up, also known as “chopping,” is another open-mold automated technique that 
is faster to produce chopped laminate using multiple molds. This process depends 
more on the operator than the hand layup process to control the thickness and consis-
tency of the process. Although the production volume per mold is low, it is feasible 
to produce substantial production quantities using multiple molds. This process uses 
simple, low-cost tooling, and simple processing. Portable equipment permits on-site 
fabrication with virtually no part-size limitations. The process involves three impor-
tant stages such as (i) application of gel coat to the double-sided mold; (ii) deposition 
of resin on the mold through a chopper gun; (iii) addition of chopped laminate layers 
to acquire the desired thickness. Roll stock reinforcements, such as woven roving or 
knitted fabrics, can be used in conjunction with chopped laminates. The same core 
materials and molds as in hand layup techniques are used in this process. 

(c) Filament winding 

Another open molding technique is filament winding, which is a continuous, low-
cost, highly automated, and computer-controlled fabrication method. This technique 
is controlled by a computer, which reduces the number of employees. Filament 
winding uses a rotating mandrel (made up of steel or aluminum) as the mold, which 
helps in the production of a laminate surface with a high strength-to-weight ratio 
on the outside of the product. The uniformity of by-products and fiber orientation is 
highly controlled by this technique. The process of filament winding follows three 
steps to produce highly engineered structures with maximum tolerances.—(i) provide 
strand roving in a resin bath and keep it on a rotating mandrel; (ii) add filament on the 
mandrel to achieve the desired strength; and (iii) cure the laminate on the mandrel 
after the addition of appropriate layers. If the chopping or spray-up process is involved 
in filament winding, then that process is called the “hoop chop process.” 

(ii) Closed Molding Technique 

According to Composites World, closed molding is also the low-cost process used 
for faster and more consistent production of large, robust composites where the raw 
materials are exposed to air before the fabrication. But a two-sided mold is applied 
with a release agent and gel coat. This technique has various advantages, such as



Nanomaterials for Fabrication of Thermomechanical Robust Composite 309

(i) less waste production, (ii) better surface cosmetics, and (iii) suppressing post-
work. Besides these, it meets the needs of local and state manufacturers by emitting 
less radiation. These processes are automated, reducing the number of dependent 
workers. This technique utilizes different processes such as vacuum bag molding, 
vacuum infusion process, and compression molding, where resin transfer molding 
(RTM) and pultrusion techniques are mostly used, which are discussed below in 
detail. 

(a) Resin Transfer Molding (RTM) 

One of the widely used intermediate-volume closed molding processes is resin 
transfer molding (RTM) for the fabrication of nanocomposite materials. This process 
is significantly more reliable because it provides a faster rate of production, high 
consistency even at room temperature, and is also cheaper than the open molding 
processes. The steps involved in these techniques are (i) injection of resin inside a 
mold that is coated with a gel under low pressure, (ii) laying up the raw materials 
and orientation (like 3D reinforcements) inside the mold cavity, and (iii) control 
of thickness and temperature by different tooling. Vacuum assist can be used to 
increase the flow of resin inside the mold cavity. RTM can utilize either hard (such 
as aluminum, electroformed nickel shells, or machined steel molds) or soft tooling 
(such as polyester or epoxy molds) depending upon the expected duration of the run. 
Tooling can range from very low-cost to high-cost, life-long molds. 

(b) Pultrusion 

The pultrusion method is a smooth, continuous, cheap, and automated technique 
without any post-processing methods for the fabrication of nanocomposites with both 
simple and complex shapes having high structural, mechanical, and thermal proper-
ties. The portmanteau term “pultrusion” is the combination of “pull” and “extrusion,” 
which means pulling of the material. A die pulls inserted fiber reinforcement in a hot 
bath of resin with specific shapes in this process. Then, that die (which may be hot 
oil or electric) is continuously heated to cure the resin and control the ratio of resin. 
The resin is inserted directly inside the die in the most recent technology, eliminating 
the need for an external resin bath. 

5 Different Factors Influencing Mechanical Performance 
of Nanomaterials 

The mechanical, thermal, as well as structural properties of nanomaterials are greatly 
affected by different factors such as their size, the quality of their raw materials, 
different fabrication techniques, and temperature. Nanomaterials exhibit various 
mechanical properties, including brittleness, strength, plasticity, hardness, toughness, 
fatigue strength, elasticity, ductility, rigidity, yield stress, etc.
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(i) Selection of Nanoparticle 

Different nanoparticles exhibit excellent mechanical properties. Thus, for the 
enhancement of the mechanical properties of nanomaterials, the selection of nanopar-
ticles plays a vital role. Xu investigated whether the mechanical properties of robust 
composites improved first and then decreased as the amount of titanium diboride 
increased. Further, he increases the mechanical properties by adding aluminum 
trioxide (Al2O3) [62]. Thus, the addition of a large number of nanoparticles reduces 
the mechanical nature of nanomaterials. So, for the modification of nanomate-
rials with improved mechanical properties, we should focus on the amount, ratio, 
nanoparticle size, etc. 

(ii) Production process 

Besides the selection of nanoparticles, the production process also influences the 
mechanical nature of nanomaterials. Processing parameters such as sintering and 
calcination temperatures, synthesis techniques, processing time, choice, and concen-
tration of nanoparticles can control the mechanical properties like hardness, rigidity, 
elasticity, ductility, etc., of nanomaterials. Karimzadehet al. reported in 2014 that the 
value of Young’s modulus and hardness initially increases with increasing sintering 
temperature and then decreases after 1200 °C [63]. Different sintering temperatures 
have different influences on the mechanical properties of materials. 

(iii) Grain size 

Because nanomaterials are made up of grains and grain boundaries, we should 
concentrate on the various shapes and sizes of grain sizes in order to improve the 
mechanical properties of nanomaterials. Recently, a large number of scientists and 
researchers [64] investigated the effect of grain size on the mechanical properties of 
nanomaterials and concluded that grain size enhances the mechanical strength [65] 
and toughness [66] and also influences the fracture resistance [67] of nanomaterials. 

(iv) Grain boundary structure 

In robust composites, besides grain size, the structure of the grain boundary is a vital 
factor for the enhancement of mechanical properties. However, the density, chemical 
bond, and structure of the grain boundary influence the mechanical properties of 
nanomaterials. It has been discovered that the parameters influencing the structure of 
grain boundaries can have an effect on the mechanical properties of robust composites 
[68].
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6 Effect of Thermomechanical Performance 
Nanomaterial-Based Robust Composites 

The robust composite is a combination of matrix and nanomaterials with an improved 
thermomechanical nature. A large number of articles about the thermomechanical 
properties of nanocomposites containing nanoplatelets, nanospheres, and nanocylin-
ders are available in the literature [69]. Surface modification of nanoparticles and 
adjusting the properties of the interfacial polymer layer by using proper chemistry and 
physics are crucial issues to enhance the thermomechanical properties of nanocom-
posites [70]. Recently, scientists and researchers have mainly focused on the thermo-
mechanical factors such as coefficient of damping, modulus loss, storage, and coef-
ficient of thermal expansion to enhance these properties by modifying the surface 
morphology of nanoparticles [71]. There has been a lot of research on 3D hybrid 
nanostructures with the goal of incorporating their exceptional qualities into poly-
meric matrices to create high-performance nanocomposites. It has been reported 
that the material’s mechanical characteristics, including hardness, tensile, and flex-
ural strength, have improved [72–75]. Usually, thermomechanical properties can 
be enhanced if the nanoclay is intercalated or exfoliated. In 2016, Yasmin et al. 
observed that the intercalation of nanoclay in epoxy composites enhanced the elastic 
and storage modulus and also reduced the coefficient of thermal expansion [76]. 
Rafieian et al. observed that the addition of cellulose nanofibrils (CNF) in the robust 
composite can greatly affect the mechanical properties rather than the thermal prop-
erties [77]. The addition of a carbon tube in reinforced nanocomposite can influence 
and obtain the values of thermal conductivity and other thermomechanical prop-
erty parameters as needed [78]. Similarly, Araby et al. [79] have demonstrated the 
construction of conductive three-dimensional networks. They suggest that 1D nanos-
tructures act as nanowires that transmit electrons and stress to 2D nanostructures 
(graphene nanoplatelets, GNPT). Therefore, 1D–2D interconnected nanostructures 
function as conductive channels. In addition, the hybrid reinforcement dispersion in 
the elastomeric matrix has also improved. 

7 Mechanical Properties of Nanomaterial-Based Robust 
Composites 

Different nanomaterials exhibit excellent mechanical properties such as elasticity, 
plasticity, tensile strength, stress, strain, Young’s modulus, rigidity, hardness, and 
toughness under different external forces and environments due to the volume, 
surface, and quantum effects of nanoparticles [80]. Hence, by the addition of nano-
materials such as SiO2 and nanooil, the grain boundary as well as the mechanical 
properties of the robust composite can be improved [81]. Ajeesh et al. investigated 
in 2016 that the content of carbon nanofiber helps to increase the storage modulus as
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well as thermal conductivity in polyetherketone [82], which can be applied for high-
temperature applications. Zhang et al. have demonstrated that the value of thermal 
conductivities increases with the addition of silica to epoxy nanocomposite, but the 
value of shear and elastic modulus reduces, which helps in the improvement of the 
thermomechanical nature of nanocomposite [83]. Due to the unique mechanical prop-
erties of nanomaterials, they will have a wide range of applications in future. With 
progress in further research on nanomaterials, future applications in the fields of engi-
neering, industry, and medicine can be possible. Methods for modifying the surface 
of graphene using both covalent and non-covalent functionalization were reported 
by Kulkarni and his co-workers [84]. They explored how the electrical, mechanical, 
and thermal properties of graphene-epoxy composites change depending on manu-
facturing techniques, filler dispersion, and filler surface modification. In their analysis 
of graphene, carbon nanotubes (CNTs), and hybrid graphene-CNT-reinforced epoxy 
composites, Singh et al. [85] have fabricated epoxy-based composites with mechan-
ical, thermal, electrical, and flame-retardant properties that were examined along 
with their sensitivity to the filler type and functioning. These composites are used 
in the application of airplane bodies, electromagnetic shielding, corrosion-resistant 
coatings, etc. Szeluga et al. [86] investigated the influence of graphene fillers on the 
mechanical, thermal, electrical, and flame-retardant properties of epoxy composites. 
Epoxy composite qualities were summarized in relation to filler size, exfoliation level, 
and functioning. Epoxy composites enhanced with graphene were examined by Atif 
et al. [87]. The mechanical, thermal, and electrical properties of the resulting epoxy 
composites were linked to the filler size, morphology, and level of functionalization. 
In order to enhance the damping qualities, Jin and his co-workers [84] have fabricated 
an IPN based on epoxy resin and polyurethane pre-polymers. However, this material 
has a lower tensile modulus and strength than pure epoxy. Epoxy matrix toughening 
is also demonstrated. By providing a wide surface area, nanoparticles facilitate the 
establishment of primary valence bonds at the filler/resin contact and efficient stress 
transfer across the interface [84]. 

8 Conclusions 

Nanostructured materials are widely investigated for their utmost potential as the 
material of electrodes, especially owing to their thermomechanical performance in 
the domain of energy storage applications in recent times. In this chapter, an overview 
of nanostructured materials with their various fabrication techniques and thermome-
chanical properties is discussed in detail for a better understanding and future perspec-
tive. Also, this chapter focuses on important factors such as the selection of nano-
materials, processing parameters, grain size, and grain boundary structure that influ-
ence the thermomechanical behavior of nanomaterials. A robust composite having 
advanced thermal and mechanical properties can be obtained by using advanced 
fabrication techniques such as CVD, molecular beam epitaxy (MBE), the sol–gel 
technique, hydrothermal synthesis, molecular self-assembly, and lithography. The
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various open and closed molding processes are also described minutely for under-
standing the structural stability of robust composites for intended future applications. 
It has been proven that by employing various manufacturing procedures, it is possible 
to generate new sophisticated nanomaterials with amazing properties for a diverse set 
of applications. These structural, electrical, and magnetic properties of the material 
are greatly affected by the content of nanomaterials, the process of fabrication, grain 
size, and grain boundary structures. The thermomechanical properties of nanomate-
rials endow them with broad application prospects and huge potential value in future. 
But the problem and issues related to the improvement of the thermomechanical prop-
erties of advanced robust nanocomposites have not yet been completely solved. The 
most important thermomechanical parameters in nanocomposites include stiffness, 
glass transition, storage, and loss modulus, coefficient of damping (tan), distortion 
heat, temperature, and coefficient of thermal expansion, among others. A lot of 
research has been extensively reported on the impact of introducing nanomaterials 
into the polymeric matrix. The effect of nanomaterial selection, synthesis technique, 
grain size, and boundary structures on the mechanical characteristics of nanomate-
rials is presented in this chapter. This chapter provides an overview of nanostructured 
materials along with composite preparation processes and discusses the effect that 
these approaches have on the thermomechanical performance of nanomaterial-based 
robust composites. Hybrid polymeric composites have undergone significant devel-
opment and utilization for energy applications in recent times. However, future appli-
cations in the fields of engineering, industry, and medicine can be made possible by 
progressing further research on the molding technique of nanomaterials. As a result, 
scientists and researchers are investigating the molding and fabrication technique, as 
well as strengthening the process of an advanced robust nanocomposite to meet the 
critical needs in a future application. 
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80. Güler Ö, Bağcı N (2020) J Mater Res Technol 9:6808 
81. Ajeesh G, Bhowmik S, Sivakumar V, Varshney L, Kumar V, Abraham M (2017) J Compos 

Mater 51:1057–1072 
82. Zhang X, Wen H, Wu Y (2017) Polymers 9:430 
83. Kulkarni HB, Tambe P, M Joshi G (2018) Compos Interfaces 25:381 
84. Singh NP, Gupta VK, Singh AP (2019) Polymer 180:121724 
85. Szeluga U, Pusz S, Kumanek B, Olszowska K, Kobyliukh A, Trzebicka B (2021) Crit Rev 

Solid State Mater Sci 46:152 
86. Atif R, Shyha I, Inam F (2016) Polymers 8:281 
87. Jin H, Zhang Y, Wang C, Sun Y, Yuan Z, Pan Y, Cheng R (2014) J Therm Anal Calorim 117:773



Progress in Metal Nanoparticles-Based 
Elastic Materials 

Rakesh Shrestha, Sagar Ban, Gaurav Khatiwada, Saroj Raj Kafle, 
Santosh K. Tiwari, and Rajendra Joshi 

Abstract Metal nanoparticles incorporation in several materials have greatly 
enhanced their properties and also resulted in some unique features that can be 
very beneficial for the future. These nanoparticles show potential for devices such 
as polymers, biomedical devices, hydrogels, glass composites, printable electronics, 
and superhydrophobic materials. The materials, thus formed, have favorable phys-
ical as well as chemical properties and have shown enhancements in modulus of 
elasticity, impact strength, hardness, optical properties, thermomechanical proper-
ties, low dielectric loss, self-healing properties, biocompatibility, excellent durability, 
and more. The advancements achieved in several elastic-material applications over 
the last decade, with the incorporation of several metal nanoparticles, have been 
discussed in detail in this chapter. 

Keywords Metal nanoparticles · Nanocomposites · Elastic modulus · Hydrogels ·
Superhydrophobic materials · Printable elastic electrodes 

1 Introduction 

Nanoparticles and the scope surrounding them are extremely broad, with 
numerous research goals and applications. Nanoparticles, of metal in particular, 
have found applications in the development of elastic materials that are applicable
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in devices such as polymers, biomedical materials, hydrogels, glass, printed boards, 
and electronics [1]. At present, the preparation of materials with enhanced func-
tionality is highly desired; for instance, the nanoparticles adhering to the surface of 
the materials, the deformation behavior, and enhanced elasticity without the loss of 
strength [2]. The significant difference that exists between the biological tissues and 
the elastic modulus of the metals has resulted in the resorption phenomena occurring 
in the carbon nanostructured implants (CNI) [3]. With favorable physical as well as 
chemical properties, metal nanoparticles are gaining widespread popularity [4]. The 
most significant feature of the metallic nanoparticles is their ratio of surface area 
to volume, which allows their interaction with other particles. The change in the 
shape, size, and composition of the metal nanoparticles, when incorporated in the 
material to be prepared, can change their properties significantly to meet the required 
properties in applications like biomedical, coating, storage materials, polymer, super-
hydrophobic materials, and much more. Moreover, the metal nanoparticles improve 
the modulus of elasticity, impact strength, hardness, and optical properties of the 
host materials. 

Different noble metal nanoparticles have been discovered and practiced in indus-
trial processes, like hydrogels for catalysis, and non-industrial processes, like bio-
applications. Besides the improvements in the properties, the nanoparticles also aid in 
the preservation and increasing the life cycle of the devices [5]. The metallic nanopar-
ticles are also utilized in the preparation of products with antimicrobial activity. This 
implies that the shelf life of the materials is improved and which will attract the 
attention of researchers to combine the biopolymer with the metal nanoparticles 
and prepare a hybrid system comprising a multi-functional property. These recent 
advancements in the application of the elastic materials incorporated by the metal 
nanoparticles are discussed in the following sections. 

2 Stretchable Conductive Composites and Dielectrics 

The need for health care sensors, flexible and electronic displays, and electronic skins 
is increasing, resulting in increased research interest in stretchable materials. With 
low-loss and a high dielectric constant, stretchable conductive composites have also 
been used in solar cells, epidermal electronics [6], health monitoring, robotics, and 
prosthetics [7]. Several recent advances on stretchable electronic systems that show 
desirable properties such as high conductance and its retention even with mechan-
ical deformation, and a strong adhesive tendency to the composite matrix, without 
compensation for any of the properties, have been reported. The dielectric permit-
tivity of polymeric materials can be significantly enhanced by incorporating conduc-
tive fillers such as metal nanoparticles [8]. With 20% silver nanoparticles (AgNPs) 
added to the polydimethylsiloxane (PDMS) matrix, the permittivity was 5.9 with a 
dielectric strength of 13.4 V·m−1. Likewise, with a strain at a break of 800% and, 
at 100% strain, a low elastic modulus of 350 kPa was also observed. Furthermore,
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the silver flakes showed independence from the polymer matrix and provided flexi-
bility in matrix selection [9]. Likewise, the dielectric permittivity further increased 
to 21 at 31% vol. filler, and these materials with their increase in permittivity, and 
large strain, led to their application in energy harvesting devices that operate with a 
low electric field [10]. The permittivity can be further increased with the addition of 
AgNPs and nickel nanoparticles (NiNPs) to the PDMS matrix, and when compared 
to the PDMS alone, there was a low dielectric loss of 0.009 while the dielectric 
constant significantly increased by 1146% [11]. They also stated that the low elastic 
modulus of 3.57 kPa combined with a strain at break of 139.68% made it suitable 
for use in wearable electronics. 

Carbon black (CB) particle incorporation in the PDMS matrix led to the condensa-
tion of Si–OH groups with the remaining Si–OH group from the elastomer surface, 
resulting in a large deformation of 200% [12]. Likewise, there was no loss in the 
conductivity even after 10,000 cycles, which resulted in stretchable electrodes that 
are highly conductive and suitable for dielectric elastomers. The resistivity of conven-
tional stretchable electrically conductive composite materials increased with contin-
uous stretching [13]. The silver-dendrites incorporation at high-volume ratio in the 
composite showed a 78% decrement in resistivity from 5 × 10-4 Ω ·cm at 100% elon-
gation owing to the lower percolation threshold of the silver dendrites as compared 
to conventional electrically conductive composites [14]. Materials with functional 
resistive sensing properties could be created by coating flexible capacitive sensors 
with conductive nanoparticles and polymers. Figure 1 shows graphene oxide (GO)-
coated polyester fibers on a polyurethane fiber at 0% strain. Under 50% strain, the 
fiber angle and distance increased. This sensor has the potential to be attached to a 
human body and measure physiological signals [15]. 

The liquid metal nanoparticles possess properties like low viscosity and vapor 
pressure, self-repairing ability, and large surface tension [16]. At 500% strain, the 
printable and stretchable electrodes, which are highly conductive with a conduc-
tivity of 2.4 × 104 S·cm−1, were formed from the polymers incorporated with liquid 
metal nanoparticles such as eutectic gallium indium (EGaIn) particles. Liquid metal 
nanoparticles that are gallium-based possess several abilities, such as the ability to

Fig. 1 Fiber for flexible and wearable respiratory sensors [15] 
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self-heal, change shape, and form a liquid–solid core shell structure [17]. The permit-
tivity can also be controlled by altering the surface hardness of elastomers and the 
diameters of liquid metal nanoparticles. These stretchable materials are extensively 
attractive for application in deformable electronics like bio-integrated devices and 
robotic sensory skins [16]. The enhancement in thermal transport phenomena was 
observed when surface-modified EGaIn nanoparticles were incorporated in a PDMS 
matrix. Even with the composite containing EGaIn particles having a high volume 
ratio, it possessed a 6.91 kPa modulus of elasticity, which is very low, and under 
thermal and mechanical stress, it also showed electrical insulating properties. The 
resulting thermoelectric performance of the composite has a promising application 
in thermo-sensing devices [18]. 

The study on nanocomposites and amorphous metals is gaining growing research 
interest, with the conductors showing improvements in strength as well as strain. 
With a conductivity of 1.25 × 104 S·cm−1, the highly flexible conductors derived 
from armored nanofibers and gold nanoparticles (AuNPs) showed toughness as well 
as Young’s modulus of 1.3 MJ·m−3 and 5.29 GPa, respectively. The conductor 
showed properties comparable to amorphous metals, which also exceeded most of 
the composite materials [19]. The AuNPs incorporated PDMS to form a nanocom-
posite termed a piezoelectric nanogenerator (PNG), which showed 1.8% efficiency 
in energy conversion. The PNG delivered 8.34 mW·m−2 peak power density [20]. 
This indicated the potential for application in energy conversion. The application of 
dielectric polymer nanocomposites is rapidly emerging in the fields of solar cells, 
electronic transistors, light emitting diode applications, and energy storage devices 
[21]. A flexible polytetrafluoroethylene (PTFE) and polyethylene terephthalate (PET) 
composite with grown thin films of copper using an ion beam sputtering technique 
was observed [22], with reported electrical conductivity increments of 9.65 × 10–7 
S·cm−1 for Cu/PET and 9.24 × 10–7 S·cm−1 for Cu/PTFE composites. It was also 
reported that the dielectric constant also increased, to 19 for Cu/PET and to 2.25 
for Cu/PTFE composite. This property of the flexible nanocomposites could find 
application in modern electronic devices that could resist harsh environments and 
have widespread lifetimes. 

3 Shape Memory Application 

Alloys for shape memory applications (SMA) should possess unique thermomechan-
ical characteristics. The shape memory effect (SME) usually occurs when a material 
is subjected to a substantial amount of plastic strain and which recovers its previous 
shape by applying heat. Heat applied internally or externally raises the temperature 
over the phase transition point, causing SMA to revert to its original structure [23]. 
The superelasticity of SMA is another important property owing to which, when a 
load or stress is removed, the SMA recovers its original shape from nonlinear strain 
quickly [24, 25]. Some rapid progress has been observed in material science and 
nanotechnology, where nanoparticles have been largely incorporated. Temperature
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sensitivity has also been discovered in polymer nanocomposites with shape memory 
properties. Generally, there is a decrease in the elastic modulus of an alloy with 
a rise in temperature, while when SiO2 nanoparticles were added, the modulus of 
elasticity of the nanocomposite showed a nonlinear rise and a decrease in Poisson’s 
ratio [26, 27]. 

Over the recent years, NiTi alloys have been the most commonly used SMAs 
in various engineering and medical applications [28, 29]. The binary Ni–Ti shape 
memory alloy possesses unique mechanical–functional properties that include 
superelasticity and a shape memory effect [30]. The shape memory alloy based on 
NiTi, which was formed via laser powder bed fusion (LPBF) technology, has coarse 
columnar B2 grains that possess 70 GPa elastic modulus with higher stiffness, and 
fine equiaxed B19’ grains that show 30 GPa elastic modulus, showing that the alloy 
exhibits good mechanical deformation behavior [31]. Superelasticity degradation 
has also been observed in nano-scaled NiTi alloys with some amorphous regions. 
The main reason behind the observed degradation is the plastic deformation accu-
mulation and the martensite that originate from the crystalline and shape memory 
alloy regions, which could be resolved by heating the alloy at a higher temperature 
and at a lower maximum stress as it avoids the phase transformation [32]. There 
was a significant increment in the strain recovery when LaB6 was increased to 1.5 
wt%. However, strain related to the shape memory effect of 2.04% and 4.14% elastic 
recovery added up to 6.18% of the maximum recoverable strain in the composites 
of NiTi when the LaB6 amount was adjusted to 0.97 wt% [33]. 

Antimicrobial properties of biomedical implants have been significantly preferred 
to reduce problems associated with infection during implantation [34, 35]. Silver ions 
are typically released within the toxic limit in Ag-containing alloys [36]. As a result 
of silver’s antiseptic properties against infection after surgery and wound therapy, 
treated Ti-16Nb-Ag alloy with different martensite variants demonstrated a good 
combination for biomedical applications. With the increase in Ag content, the alloy 
showed a high strength of 840 MPa as well as a low modulus of elasticity, as shown in 
Fig. 2 [37]. However, brittleness presented an issue in the metallic alloys composed 
of Ag. Embrittlement was observed during a tensile test with cyclic loading and 
unloading with the alloy with the most phases, which eventually failed in the early 
elastic region, whereas strain deformation performance was 29% when the alloy 
contained a significant amount of the one phase. This biocompatible alloy has, thus, 
attracted increased interest due to the requirement for biomedical shape memory 
alloys [38].

4 Polymer Composite 

Metal nanoparticles have found increased application in technologies for vibration 
reduction with the need for damping materials that have high performance [39]. In 
a study by Jiang et al., metal nanoparticles were deposited over the carbon nanoma-
terials’ surfaces, and it was found that the modulus of storage of CuAlMn/polymer
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Fig. 2 Modulus of elasticity, work hardening rate, and ultimate tensile strength dependence on Ag 
content [37]

composite was above 3500 MPa, whereas for CuAlMn/polymer/(CNT + CNF + 
GNS) composite, it was about 1000 MPa [40]. Similarly, Yang et al. 2019 deposited 
CNT (1.5%) and Gr (1%) over the bitumen binder and found an enhancement of 
elastic recovery properties [41]. The mixture of CNT, alumina, and glass fibers 
were deposited over the polymer-based composite along with consideration for the 
crosslinking of epoxy molecules, and it was reported that the addition of fibers to 
pure polymers increased the elasticity by 89% [42]. 

The elastic modulus of the polymer composite is also affected by inclination. Joshi 
et al. discovered that the effective modulus of elasticity in CNT-based nanocomposite 
increased with lateral and axial inclination. A multiwall carbon nanotube with three-
dimensional nitrogen doping (N-MWCNT) was synthesized using chemical vapor 
deposition (CVD) [43]. Experimentally, the modulus of elasticity increased with an 
increase in the diameter of N-MWCNT [44]. 

CuO nanoparticles were incorporated as nanofillers in a polyvinyl alcohol using 
the film-casting method, and surface morphology and elastic modulus were studied. 
The effect on mechanical properties of different loadings of MWCNTs in polyvinyl 
alcohol-based hydrogels has been shown in Fig. 3 [45]. Furthermore, a vacuum-
assisted resin transfer molding process was used to create polyester composites 
based on woven carbon fiber and a combination of copper and graphene oxide. 
The composite showed 61.2% enhancement in strength and 57.5% in moduli [46].

The ultrasonication dispersion technique has also been used to prepare the rein-
forced epoxy nanocomposite by using TiO2 spherical nanoparticles, and it was found 
that a maximum enhancement of 27% in modulus of elasticity was observed [47]. 
Lakshmikandhan et al. developed a polybenzoxazine nanocomposite by varying 
the weight percentages of TiO2 and Al2O3 and found a higher value for its elastic 
properties [48].
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Fig. 3 Mechanical properties of hydrogels made of MWCNTs—PVP/PVA. a Graphs showing 
tensile stress and tensile strain for neat 0.5%, 1%, 1.5%, and 2% by weight loading. b, c, and  
f Comparison of different loading on mechanical properties. d and e Actual and schematic 
representation of measuring tear strength [45]

5 Flexible Hydrogels 

Hydrogel products possess the capability to store water in their three-dimensional 
networks, allowing them to be applied in industries, medicine, and environmental-
related applications [49]. Owing to their flexible nature, hydrogels are mostly used 
as human motion sensors, for tissue engineering in the medical field, in robotics 
engineering, and in electric circuits [50, 51]. Rafieian et al. experimented with 
different nanoparticles to form a hydrogel network and prepared different nanocom-
posite hydrogels to improve the drawbacks of hydrogels and increase their flexibility 
and self-healing capability [52]. Some of the advancements related to the metal 
nanocomposite hydrogels are presented. 

Reduced graphene oxide coated with dopamine (rGO@PDA) was added to 
prepare hydrogels that are highly flexible and also possess self-healing properties, and 
it was found that the interaction of boron–oxygen and metal ligands formed reversible 
dynamic networks [53]. This significantly improved the mechanical strength of the 
biomass as well as its self-healing efficiency. rGO@PDA showed enhanced conduc-
tivity and flexible properties, and these self-healing hydrogels showed a large strain 
of 728%. Polydopamine (PDA), graphene oxide (GO), and polyvinyl alcohol (PVA)-
based nanocomposite hydrogels showed enhanced mechanical and electrical prop-
erties with 146.5 kPa tensile strength and 2580% fracture strain [54]. This hydrogel 
could continuously monitor human body motion as well as parameters related to 
physiology with the aid of its self-adhesive, conductive, and self-healing properties.
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A porous hydrogel prepared from GO-stabilized pickering aqueous foam 
templates consisted of PVA and a copolymer of acrylamide (AM) and N-
(3-sulfopropyl)-N-methacroyloxyethyl-N,N-dimethylammonium betaine (SBMA) 
[55]. This porous composite reportedly exhibited 400% tensile strain and 80% 
composite strain. This strain-sensitive composite hydrogel could be used to detect 
various human motions as well as to develop flexible wearable strain-sensing 
materials. Strain sensors that are flexible and also have self-repairing abilities 
were developed using poly (AA-co-SMA)/c-CNF/Fe3+ nanocomposite hydrogels. 
With hydrophobic association and ionic interaction in supramolecular cross-linked 
nanocomposite hydrogels, there is the possibility for self-repair, if damaged, and 
nanocomposite hydrogels also possess the ability to recover sensing [56]. 

A highly ductile conductive nanocomposite hydrogel, with increased toughness 
and fatigue resistance, was created by immersing gelatin and silver-coated copper 
(Ag@Cu) nanoparticles in Na2SO4 solution in a single step [57]. With the uniform 
distribution of these nanoparticles in hydrogel over a wide range of strains, it was 
found that the electrical conductivity was excellent, and it also showed high tensile 
strength sensitivity which was also reported to be stable. Due to its sensitive and stable 
nature, it can successfully be used for fabricating electronic skin for bionic robots. 
Silver flakes with sizes suspended in a polyacrylamide–alginate hydrogel matrix 
have electrical conductivity and mechanical deformation resistance despite being 
partially dehydrated. The electrical conductivity was greater than 300 S·cm-1 and 
was also capable of maintaining soft compliance and deformability while delivering 
a direct current [58]. The SEM images in cross-sectional view are shown in Fig. 4, for  
different volumes of N,N '-methylenebisacrylamide (MBA) on a nanocomposite of 
poly (acrylamide) and poly (ethylene glycol) and silver (PAM–PEG–Ag) [59].

A one-step in-situ polymerization technique was used to fabricate a self-healing, 
highly stretchable, and strain-sensitive hydrogel from acrylic acid, GO, ammonium 
persulfate, and iron ions without the use of a chemical crosslinker. The hydrogel 
showed improved stretchability of 1185.53% break elongation due to the dual 
crosslinking effect of polyacrylic acid–GO, which also showed self-healing effi-
ciency of 88.64% [60]. This strain-conductive and strain-sensitive hydrogel showed 
potential to be used for monitoring the human body as a flexible sensor. An experi-
ment was conducted using deformable liquid metal droplets in combination with 
sonication to initiate and gel acrylic acid, this LM-induced hydrogel provided 
stretchability, softness, and notch-insensitive toughness while also offering modality 
and exceptional self-healing properties, showing a new hydrogel application. The 
hydrogel shows potential for wearable devices and in energy storage devices as a 
solid electrolyte, as well as in tissue engineering [61]. 

6 Polymeric Membrane 

The nanoparticle Al2O3 addition on membranes has enhanced membrane elasticity, 
but excessive amounts of this particle on membranes cause elasticity to decrease with
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Fig. 4 a–d SEM images of nanocomposite of PAM–PEG hydrogel and silver with different 
volumes, i.e., 0.2, 0.4, 0.8, and 1.6 ml of MBA

a decrease in membrane elongation [62]. Zhang et al. added carbon nanotubes (CNT) 
to Al2O3, and large elastic deformation, that is tunable, was observed [63]. However, 
when Al2O3 nanoparticles were combined with polyurethane (PU) additives and 
added to the polycarbonate (PC) membrane, the elasticity improved [64]. Chemical 
modification of TiO2 was carried out by Bet-Moushoul et al. in order to produce a 
hollow fiber PES membrane in which good thermal resistance was seen, but elasticity 
was low [65]. A phase inversion technique was used to prepare a new nanowire 
ultrafiltration membrane by dispersing TiO2, and thermal gravitational and FTIR 
analysis were performed; a slight increase in the elasticity of polymeric chains was 
reported [66]. Lin et al. also added Ag to the TiO2 membrane, which resulted in a 
greater improvement in elastic properties [67]. 

A wet chemical method was carried out in a polymer membrane by the addition of 
ZrO2 nanomaterials with a structure-controlling agent, poly (ethylene oxide), poly 
(phenylene oxide), and poly (ethylene oxide) (PEO-PPO-PEO, P123). The method 
showed that the interparticle elasticity could be enhanced by P123 [67]. Further-
more, a recast and impregnation method was carried out in which Nafion®/Zr-0 
was doped, and it was found that the elastic modulus of the formed membrane was 
higher [68]. Sigwadi et al. reported enhanced elasticity with a 10 to 50 mm/min 
strain rate with a 10 mm/min increment after adding ZrO2-CNT nanofiller within 
the Nafion® membrane [69]. Electrospinning techniques have been carried out for
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the fabrication of novel polyvinylidene fluoride (PVDF)—(0.5–2%) Ag and PVDF— 
(0.5–2%) Ag–1% graphene oxide (GO). 0.5–2% AgNPs were added to PVDF, which 
markedly improved the elastic modulus [70]. Furthermore, Benavente et al. incor-
porated AgNPs in the cellulosic membrane, which further improved the mechanical 
strength [71]. 

7 Glass Composites 

Platinum ions were implanted over the silica glass matrix, and nanoindentation tests 
were carried out by Torres-Torres et al., and it was found to increase the elasticity [72]. 
Gutiérrez-Menchaca et al. distributed platinum nanoparticles in the SG substrate with 
ion implantation and its subsequent annealing, and the effective elastic modulus was 
reportedly increased [73]. The distribution of Ag particles over SiO2 glass particles 
showed that even a 1.4 vol% addition of silver particles changed the elasticity [74]. 
Similarly, sol–gel techniques were carried out for the production of agglomeration-
free silica nanoparticles in SiO2, and with 15% silica nanoparticle loading, a greater 
elastic modulus was obtained than the neat resin [75]. Single fiber fragmentation 
tests were carried out on polypropylene glass, and the addition of various types and 
amounts of nanoparticles led to an incredible improvement in the elastic modulus in 
that matrix [76]. Conventional melt quenching techniques were carried out to make 
the ternary phosphate glasses, and pulse-echo techniques measured the elastic prop-
erties. When PbO was added, it was discovered that the elastic properties improved 
[77]. Furthermore, a series of binary (PbO)x(P2O5)1−x lead phosphate glasses were 
created using the same technique that resulted in the increase in Young’s modulus of 
elasticity [78]. Sayyed et al. added both lead (Pb) and bismuth (Bi) to the six different 
glasses, and an ultrasonic wave showed enhancement in elastic properties [79]. 

Spraying and electrophoretic deposition were carried out to make the antibacte-
rial system, and silica gentamicin nanoparticles were implanted in glass, and it was 
found to increase the elastic modulus of the elastic system [80]. The mechanical and 
thermal properties of glass fiber-reinforced polymer (GFRP) embedded with Al2O3 

nanoparticles have been improved for use as composites in marine environments. 
When 0.1 wt% Al2O3 nanoparticles were included in the GFRP composites, there 
was a 12% boost in flexural strength, an 11% increment in the interlaminar shear 
strength in dry conditions, and the saltwater diffusion coefficient was lowered by 
17%, which creates an opportunity for this nanocomposite to be used in marine 
environments [81]. Also, nano-TiO2 particles of various concentrations have been 
combined to increase the mechanical capabilities of the epoxy polymer matrix. Even 
when nano-TiO2 particles were added at 0.1 wt% to the matrix, a 15% increment 
in seawater diffusivity was observed. The nanocomposites that were seawater-aged 
showed 15% and 23% increments in flexural and interlaminar shear strengths, respec-
tively [82]. It can be concluded that the mechanical properties of glass fiber-reinforced 
polymer (GFRP) composites could be improved and used in marine environments 
by embedding nanofillers in the epoxy polymer matrix.
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The low-cost sodium silicate was used in a low-ambient-pressure drying process to 
create the water–glass-based silica aerogel, which was then used as an epoxy system 
filler. There was 80% gain in flexural modulus when compared to pure epoxy, and a 
strength gain of 40% was also reportedly attained due to the fact that silica aerogel 
based on water–glass held great application as the low-cost filler in polymer compos-
ites [83]. The addition of silica nanoparticles to polymers reinforced with kenaf fiber 
(KFRP) and woven glass (GKFRP) showed that tensile as well as flexible charac-
teristics improved greatly even for the 25 wt% nano-silica loading. When epoxy 
polymer was mixed with nano-silica, a stiffer matrix was formed, which improved 
load transfer capability to the fibers as well as mechanical properties [84]. 

Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) are commonly used in 
fixed partial prostheses and dental applications, such as crowns. However, because of 
faults in its microstructure generated during the fabrication, Y-TZP have restricted 
applicability. A powder metallurgy method was used to fabricate SiO2 nanocom-
posites to reduce the limitations of Y-TZP, and it was found that enhanced thermal 
properties along with micro-shear bonding and strength of bending were observed 
for the sample with 15% silica, indicating that it could be used in dental applications 
[85]. 

Despite aluminum alloys showing potential to be used as ideal lightweight engi-
neering materials having low density, high specific strength, and strong corrosion 
resistance, their low strength and stiffness, when compared to Ti alloys and steel, 
still limit their use. A combination of powder metallurgy and hot extrusion was used 
to create a novel aluminum-based composite that is reinforced by metallic glass 
nanoparticles that are Ti-based for increased strength. Because the metallic glass 
nanoparticles were dispersed densely and uniformly in the Al matrix, the strength 
was greatly increased without compromising the plasticity, resulting in a super-high 
specific yield strength [86]. 

Metallic glass films containing nanostructured Zr50Cu50 with exceptionally 
tunable mechanical characteristics were deposited with pulsed laser deposition. In 
these films, a hardness of 10 and a 140 GPa modulus of elasticity were observed 
along with exceptional total elongation to failure greater than 9%. These charac-
teristics aided in obtaining a balance between ductility and strength that may also 
be modified by manipulating film design. Thus, they show potential to be used in 
microelectronics as well as in formulating coatings [87]. 

A high-strength metallic glass based on CoFe was used for making strong, and 
ductile in tension, Co-Fe-Ta-B-O oxide glass at room temperature. The dual-phase 
structure within supra-nanometer sizes was present in the developed metallic-glass-
reinforced oxide glass matrix nanocomposite. The nanocomposite showed 29% 
greater tensile strength than glasses made of single-phase oxide due to dispersion 
strengthening effects. Furthermore, enhancement of tensile plasticity to 2.7% was 
observed with a mixture of dual-phases having continuous glass/glass interfaces in 
the formed nanocomposite [88].
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Fig. 5 Fabrication scheme of Ti3C2Tx/Ni/AS composite [89] 

Titanium carbide MXene, which show both elasticity and electromagnetic attenu-
ation propeties, could be used to make microwave-absorbing composites. The meso-
porous Ti3C2Tx/Ni/AS glass composite was created by sintering a hybrid Ni ion-
exchanged EMT zeolite/MXene composite at ultra-low temperatures, as shown in 
Fig. 5. When MXene was added to the composite, the hardness was improved by 40% 
to 700 MPa for AS glass, which also corresponded to the high modulus of elasticity 
of Ti3C2Tx [89]. 

8 Superhydrophobic Materials 

At present, electrodes that can withstand large mechanical deformations with retained 
activity and which show electrical stability have been highly desirable. For this, 
largely scalable metallic nanowires which are coated on a stretchable fabric showing 
wide range of compatibility have been developed. AgNPs which are percolated inside 
the electro-spun poly (styrene-block-butadiene-block-styrene) (SBS) rubber fibers 
have contributed to the high conductivity of the mat. When the ε was at 0.2  for a  
single fiber, the conductivity showed large reduction. Likewise, the conductivity of 
2.2 × 103 S·cm−1 was attained, which was also reported to be proportional to the 
fiber mat thickness for a 150 μm thick mat at 100% strain [90]. 

Wearable electronic sensors with real-time human activities detection, which 
have shown enhanced flexibility for use as an apparatus for power storage and are
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corrosion-resistant for operating under humid conditions, have also shown signif-
icant progresses. A facile-spraying of polystyrene-b-poly(ethylene-co-butylene)-b-
polystyrene (SEBS) and 1-octadecanethiol modified silver nanoparticles (M-AgNPs) 
on a natural rubber, which is pre-stretched, have shown superhydrophobicity with 
sensitive response to bending as well as stretching [91]. Under the application of 
mechanical forces, strong acid/alkali and heat, the coatings showed exceptional dura-
bility. The coating provided more than 160° of contact angle and a 10-Ω resistance 
as well as high conductivity. However, at strain of 200%, 100%, and 0%, the resis-
tance was shown as 10, 58.5, and 165 Ω with gradual increments for the coating. 
The sputter-deposited NiNPs on a fluorine-containing coating onto cellulose filter 
papers coated with silver nanowires (AgNWs) for developing electromagnetic inter-
ference (EMI) shielding papers were reported [92]. These shielding papers showed 
excellent electrical conductivity, EMI shielding performance, and magnetic proper-
ties. At 0.013 mg·cm−2 loading of 0.109 vol% AgNWs, EMI shielding effectiveness 
of 88.4 dB was shown by the resultant papers. For CS30N0 papers, the AgNWs’ 
volume content was 0.38% while the corresponding wt% was 8.72 wt%. The elec-
trical conductivity of CSxN0 papers increased by more than 200%, to 6331.4 S·m−1 

when the cycles of dip-coating was increased by three times. Similarly, with increased 
conductivity, the shielding effectiveness also increased to 69.6 dB for CS10N0 paper 
and 76.1 dB for CS20N0 paper. 

In another study by Xu et al., CuO spheres were in situ incorporated on polyimide 
(PI), following hydrothermal method for developing an acid/alkali corrosion resistant 
surface, which could withstand high as well as low temperatures. The composite 
showed high Young’s modulus and good flexibility. The superhydrophobicity was 
retained, even after bending, exhibiting a water contact angle of 153° and a rolling 
angle of 6.5° [93]. The PDMS surface was placed on the top of the silicon stamp 
to obtain the adhesion as well as the conformal contact under the application of 
high vacuum of 9.5 × 10–5 Pa. The NPs were moved to the PDMS surface after 
the composite was baked at 60 °C for 6 h. Figure 6 shows the AFM images of the 
PDMS surface with and without nanoparticles. The droplet motion was observed 
after examining the contact angle hysteresis by the deposition of droplet over a tilted 
surface. The superhydrophobic surface with nanoparticles presented an extraordinary 
water repellency when the droplet was subjected at a low roll-off angle of 3° as shown 
in Fig. 7 [94].

9 Printable Elastic Electrodes and Sensors 

Sensors and electrodes that have high conductivity, and are intrinsically stretchable, 
show large potential in applications related to stretchable transistors, actuators, and 
LED arrays, as well as other devices used for energy harvesting [95]. Apart from this, 
these electrodes and sensors are lightweight, and they provide comfort, curvilinear-
fit flexibility for body shapes of different types, and breathability as breakthrough
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Fig. 6 AFM showing PDMS surface a without nanoparticles and b with nanoparticles [94] 

Fig. 7 Optical images showing mobility of water droplet at a low roll off angle of 3° on the 
superhydrophobic surface [94]

developments in wearable health monitoring devices [96]. In order to develop high-
performing conductors as well as electronic devices that show stretchable properties, 
it is vital to understand the features of these nanocomposites and determine the 
feasibility of their manufacture. Some recent advances in the manufacture of printable 
elastic electrodes and sensors, as well as their applications, are discussed. 

Single-walled carbon nanotubes (SWCNTs) containing AgNPs were produced 
using NaBH4 as a reductant. With these stretchy electrodes, a conductivity of 4.9 
× 103 S·cm−1 was obtained, which also exhibited stability over 10,000 cycles at a 
strain of 20%, when exposed to high irradiation energy. The sensors and electrodes 
formed with silver nanoparticles embedded in CNTs could find application in soft 
as well as wearable electronics [97]. 

Polystyrene spheres coated with silver (PS@Ag) were mixed with liquid poly-
dimethylsiloxane (PDMS) and printed on a screen with geometry of desirable dimen-
sions to fabricate a high-performing stretchable and printable conductive elastic 
composite based on a strain sensor. This strain sensor shows the possibility for
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versatile application with robust mechanical properties in flexible and wearable elec-
tronics due to its potential to be fabricated at a large-area scale [98]. Low-cost and 
flexible silver NPs electrodes on polyurethane were created using a simple screen-
printing technique for use in wearable and stretchable electronics. At 3-mm linewidth, 
the resistance of the AgNP-electrodes, which are screen-printed, remained constant 
until strains of 20% (wavy pattern) and 15% (plain pattern) were applied (horseshoe 
pattern). Similarly, with less than 1 mm inner as well as outer bending radii, the elec-
trodes showed high flexibility in applications. Furthermore, they could interconnect 
LEDs and develop strain sensors [99]. 

A sandwich structured hybrid of single-walled carbon nanotubes (SWCNTs) and 
silver nanowires (AgNWs) was used to fabricate electrode films that showed high 
stretchability, flexibility, and transparency. These electrodes, which were produced 
by embedding AgNWs–SWCNTs, between layers of PU films and PDMS, showed 
20% stretchability and also showed environmental durability when exposed to 85 °C 
and a humidity of 85%, with no appreciable performance loss [100]. Strain sensors 
with good stretchability were created by printing multi-walled carbon nanotubes 
(MWCNTs) and AgNPs conductive patterns with microscale pores onto PDMS. 
This highly sensitive printed sensor showed a maximum strain limit of 74%, which 
could be applicable in soft robotics, wearable electronics, and also human–machine 
interfaces [101]. 

Despite their increased conductivity and stretchability, metal–elastomer nanocom-
posites have limited practical applications due to their low cyclic stability and long-
term durability. These shortcomings were improved by a composite consisting of 
an elastomeric binder matrix containing metal fillers and nanofibers of polyvinyli-
dene fluoride that are electrospun. The resulting electrode showed outstanding cyclic 
endurance and was also highly conductive with a stretchability property of nearly 
800% [102]. 

A nanocomposite with the ability to detect as well as differentiate temperature-
induced strain could be developed with titanium carbide (MXene), AgNW–PEDOT: 
PSS tellurium nanowire. The sensitivity as well as stretch properties of the sensing 
devices were considerably improved by the synergistic impact between MXene 
nanosheets and PEDOT: PSS. This stretchable physical sensor could detect stimuli 
such as temperature variation and mechanical deformation and could play a critical 
role in skin-mountable electronics [103]. 

Due to the limited area electrochemical performance of stretchable micro-
supercapacitors (MSCs), their application has been largely limited. With the appli-
cation of 3D printing and pseudoplastic nanocomposite gels that are unidirectionally 
frozen, an intrinsically stretchable MSCs can be fabricated, where the gel is composed 
of Ti3C2Tx MXene nanosheets, MnO2 nanowire, AgNWs, and fullerene [104]. 
At 10 mV·s−1 scan rate, this MSC which is 3D-printed, achieved an unparalleled 
216.2 mF·cm−2 areal capacitance when impregnated with a polymer gel electrolyte. 
Further, the electrolyte showed stability after 1000 stretch/release cycles and when 
stretched to 50%. This stretchy MSC also had a high-rate capability and a high areal 
energy capacity and outperformed all other reported stretchable MSCs [105].
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10 Conclusion 

The incorporation of several metal nanoparticles—AgNPs, NiNPs, EGaIn particles, 
liquid metal nanoparticles, AuNPs, and CuNPs—has found application in stretch-
able conductive composites and dielectrics as health care sensors, flexible elec-
tronic displays, electronic skins, solar cells, epidermal electronics, and more. These 
stretchable materials are extensively attractive for application in deformable elec-
tronics with properties such as a high dielectric constant, low dielectric loss, high 
conductivity, the capability to maintain good conductivity, and strong adhesion to the 
composite matrix. Furthermore, significant improvements in dielectric permittivity, 
lower dielectric loss, and low elastic modulus at high strain have been achieved for 
use in energy harvesting. Likewise, several coatings of nanomaterials have trans-
formed flexible capacitive sensors into functional resistive sensing materials, and 
liquid metal nanoparticles have enhanced abilities to self-heal, change shape, and 
form a liquid–solid core shell structure with good energy conversion efficiency. 

SMAs incorporated with nano-scaled Ni–Ti alloys, Ti-16Nb-Ag alloys, and 
AgNPs with enhanced thermomechanical characteristics, superelasticity, and good 
mechanical deformation have also been reported for their application in the field 
of material science and their biocompatibility for medical applications. However, 
problems related to brittleness still limit their widespread applications. 

Likewise, polymer composites of Cu, Al, Mn, CuO nanofillers, spherical TiO2 

nanoparticles, and Al2O3 have been used in vibration reduction technologies with 
their enhanced storage modulus, increased elasticity, and composite strengths. On the 
other hand, iron nanoparticles, silver-coated copper nanoparticles, and liquid metals 
containing hydrogels have shown enhanced flexibility and self-healing capability 
for applications in robotic engineering, electrical circuits, monitoring human body 
motion, and much more. Superhydrophobic materials containing AgNPs, NiNPs, 
AgNWs, and CuO nanoparticles have been developed that could withstand large 
mechanical deformations, provide high conductivity, show excellent durability, and 
exhibit outstanding magnetic properties with the ability to withstand high as well as 
low temperatures. They have found applications in electrodes with retained activity 
and electrical stability and that are corrosion resistant under humid conditions for 
wearable electronic sensors that are sensitive to bending as well as stretching. The 
presented progress of metal nanoparticles for several elastic material applications 
makes research in the related field very appealing to future researchers. 
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Abstract During the last three decades, several groundbreaking research projects 
linked to materials research have been carried out, especially in the field of the 
fabrication of new materials with excellent thermo-mechanical properties. Inno-
vative lightweight metallic alloys with high strength and toughness have been in 
high demand for use in aerospace, automotive parts, structures, and the 3C indus-
tries (computer, communication, consumer electronics). While previous methods 
for enhancing metallic mechanical properties included alloying with other metals 
and related materials, and developing new heat treatment and molding processes, 
the property enhancements were exclusive. Recent research trends have favored 
optimum nanoparticles incorporation in the metal matrix for yielding high strength 
while retaining ductility, increased hardness as well as toughness, and improved 
fatigue and creep. Furthermore, several studies on the mechanism of mechanical 
property enhancement have paved the way for a more comprehensive understanding 
and more detailed future research. This chapter provides a brief overview of the 
recent advances in improving the thermo-mechanical properties of nanomaterials 
incorporated into metal alloys for a variety of applications. 
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1 Introduction 

Alloys of metals such as Al and Mg serve as lightweight components showing 
good isotropic mechanical properties, great castability, excellent corrosion resistance, 
high-strength and for low-cost applications in automotive, aerospace applications, 
electronics, and 3C (computer, communication, and consumer electronics) indus-
tries [1–4]. Steels also have obvious advantages of rich resource, providing stable 
performance at low cost and have found wide applications. However, the uses of these 
alloys have been limited by the inadequate mechanical properties at elevated temper-
ature [5]. In addition, problems related to low modulus of elasticities, ductility, poor 
creep, abrasion resistance, and high corrosion rate reduce their applicability since 
these are the core properties of the metallic alloys as shown in Fig. 1. Even when 
hardened, there have been problems associated with corrosion, cracking, and loss of 
mechanical credibility with time [6]. Therefore, there has been a need for developing 
lightweight composites to counter these inadequacies. 

Fig. 1 General properties of alloys (applicable less than four components’ systems)
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Previous efforts toward enhancing the mechanical properties of the metals 
included adding metal elements to metal matrices for alloying as well as opti-
mizing composition, and developing noble heat treatment processes along with newer 
processes for manufacture and molding [7]. In spite of these developments, simul-
taneous improvement of strength and ductility was not attained. A new approach to 
enhancing mechanical properties of nanomaterials has surfaced where grain refine-
ment and increased toughness have been observed when nanoparticles served as a 
site for heterogeneous nucleation during solidification for metal grains. The grain 
coarsening was inhibited by these particles that occurs during the heat treatment 
owing to pinning effect of the grain boundary as a result of these nanosized particles. 
In other words, enhancement in mechanical strength of metallic matrices owing to 
incorporation of the small amount of nanomaterials attributed to nanosizing effect 
[8]. 

Research in the area has suggested incorporating a small trace of ceramic parti-
cles in the matrices for effective improvement of the mechanical properties at a low 
cost and for high performance, without the loss in weight so as to create metal 
nanocomposites [9, 10]. Uniform distributions of some trace nanoparticles such 
as oxides (TiO2, Al2O3, Y2O3, ZrO2), borides (TiB2, ZrB2, SiB6), carbides (SiC, 
TiC, B4C, VC), nitrides (AlN, TiN, BN), and carbonaceous materials have provided 
more heterogeneous nucleation sites, and these trace nanoparticles restrain dendritic 
growth by allowing other nanoparticles to adsorb onto the solid–liquid interface (a 
tree-like structure morphology of crystals growing during the metal solidification) 
and thus significantly refining the grain sizes of the primary γ- and δ-Fe phases [11]. 
The addition of particulate reinforcements has yielded high strength, high modulus, 
and wear properties, maintained toughness, and also exhibited high strengthening 
effect. Even 3% addition of these reinforcements significantly show superior mechan-
ical properties while striking a balance between strength and plasticity [1]. The rein-
forcements usually contribute to less than 3 vol%, for avoiding agglomeration which 
can often have negative effect on strength and ductility. The general principle is 
to avoid surpassing certain optimum loading in the matrix, which would otherwise 
have a deleterious effect on the mechanical properties. The following sections give a 
comprehensive view toward incorporation of nanomaterials in the metal matrix and 
their effect on the mechanical properties. 

2 Strength and Ductility 

The strength increment of the alloys with ceramic nanoparticles is attributed to 
strengthening effect of the grain refinement, Orowan strengthening (strength owing 
to the dislocations passing resistance provided by the hard particles that are closely 
spaced) effect, and thermal expansion coefficient strengthening. The nanocomposite 
yield strength increment has been explained with the classical Hall–Petch relationship 
relating the reduction in the grain size by the relation (1) where k represents the mate-
rial constant and dnanocomposte and dmatrix are the average sizes of the nanocomposite
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grains extruded and homogenized alloy matrix, respectively [12]. Figure 3 illustrates 
the mechanism for grain refinement by TiC nanoparticles addition in as-cast steel [7]. 
The TiC nanoparticles incorporation to as-cast steel led to the grain refinement, thus 
affecting both mechanical properties and microstructure of the steel. While process 
of nucleation was improved by some trace TiC nanoparticles and also refining the 
primary austenite grains, others adsorbed onto interface separating solid–liquid and 
restricted dendritic growth [7]. Ceramic nanoparticles addition to metal compos-
ites also stabilizes against grain growth, and the strengthening is then attributed to 
Orowan mechanism [13, 14], where the presence of second-phase particles impedes 
the dislocation movement resulting in the increment of shear stress that are resolved 
for the basal slip. Thus, increased yield strength is as stated in the Orowan rela-
tion (2) where Gm is the matrix shear modules, b represents Burger vector, dp is the 
second-phase particle’s average size, and Vp is its volume fraction. The enhancement 
of the yield strength also occurs due to differences in thermal expansion coefficient 
(CTE) as given by the relation (3) where β is a constant,Δ    α is the thermal expansion 
coefficient difference of the matrix from the nanoparticle phase, and the difference 
in the temperature of the hot deformation and tensile test is given as Δ    T. Finally, the 
presence of the hard ceramic nanoparticles and matrix also shows the load transfer-
ring effect and improves the yield strength as given by the relation (4), where σ m 

represents yield strength of the alloy and reinforcement’s aspect ratio is represented 
by s [15].

Δ    σHall - Petch = k ·
(
d−1/2 
nanocomposite − d−1/2 

matrix

)
(1)

Δ    σOrowan = 0.13 · Gm · b 
dp ·

[(
1 

2Vp

) 1 
3 − 1

] ln 
dp 
2b 

(2)

Δ    σCTE = β · Gm · b 
/
12 · Δ    α · Δ    T · Vp 

b · dp · (1 − Vp) 
(3)

Δ    σload = 
1 

2 
σm · Vp · s (4)  

The combined strengthening effects of the above-mentioned relations have been 
cited. 2 wt% addition of TiN in Al7075 alloys increased the ultimate compressive 
strength (UCS) by 71% and strain by 38% [16]. Similarly, reinforcing aluminum 
metal matrix composite (AA6061) with 0.2 wt% inorganic nanotubes (INT) and 
fullerene-like (IF) nanoparticles of WS2 [17] improved tensile yielding strength 
(TYS), ultimate tensile strength (UTS) as well as ductility by up to 68%. Mean-
while, deleterious effect on the tensile strength was observed when WS2 nanotubes 
were increased by 0.5 wt% resulting in INT agglomeration. The effect is attributed, 
through metallography microstructural analysis, to grain size reduction by 48.4% and
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increasing wt% of WS2 INT or IF nanoparticles in the Al metal matrix composite as 
compared to neat AA6061 alloy ingot. 

The grain refinement can also be illustrated as shown in Fig. 2, where the fine 
particles of second phase act as the crystalline primary phase nucleation sites in 
the molten steel which increases the rate of nucleation. On the other hand, those 
nanoparticles that do not get involved in the nucleation will get trapped in the solid– 
liquid interfacial dendrites (Fig. 3). The dendritic growth will be further hindered 
and result in the refinement of grains of the solidification microstructure [11]. 

Al2O3 also reduces the grain sizes, hinders the dislocation motion [19] and has the 
potential for inducing greater hardness than enhancing tensile properties only. Adding 
Al2O3 and other oxides such as TiO2 and ZrO2, as reinforcements on A356 Al alloy, 
via casting route [20] showed maximum UTS and ductility at 2 wt% Al2O3 with 3% 
TiO2 addition. Similarly, Al2O3 enhanced the strength and ductility (tensile as well

Fig. 2 Dendritic growth effect of nanoparticles of SiC NPs in Mg alloys. a–d, i–l represents evolu-
tion of dendrites in Mg alloys without nanoparticles and e–h, m–p evolution of dendrites containing 
nanoparticles [18]
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Fig. 3 Grain refining mechanism of the as-cast steel by the TiC nanoparticles addition [7]. While 
the process of nucleation was enhanced by some trace TiC nanoparticles alongside the primary 
austenite grains refinement, others restricted the dendritic growth by getting adsorbed onto the 
solid–liquid interface

as compression levels) of cast magnesium alloys (AZ31 and ZK60A). For tension 
level, 19% higher TYS, +21% UTS, +113% failure strain, and +162% work of 
failure (WOF) for Al2O3 containing AZ31 as compared to monolithic AZ31 and for 
compression level, Al2O3 containing AZ31 nanocomposite exhibited +5, +5, −4, 
and+11% change in the compressive yield strength (CYS), UCS, lower failure strain, 
and WOF, respectively, have been reported [2]. Similarly, as compared to monolithic 
ZK60A, for tension level, −4% lower TYS, +13% UTS, +170% failure strain, 
and +200% WOF for Al2O3 containing ZK60A and for compression level, Al2O3 

containing ZK60A nanocomposite exhibited −10, +7, +15, and +26% change in 
the CYS, UCS, lower failure strain, and WOF, were reported, respectively. 

Al2O3/7075 alloy fabricated using the solid–liquid mixed casting with loading 
increased to 1.5 wt% increased the tensile properties but, these properties, began to 
decline beyond 1.5 wt%. The increase in the UTS was only 29% while the hardness 
increased by 67% as compared to as-cast 7075 Al alloy [19]. Likewise, the UTS and 
yield strength were enhanced by 18.1% and 21.68%, respectively, when Al2O3 at 
0.4 wt% was reinforced in 2024 Al alloy by stir casting technique [21]. 

Similarly, increased hardness, chemical stability, and melting point have been 
provided by other ceramic nanoparticles such as TiC while increased strength, 
Young’s modulus, and resistance to thermal shock have been provided by SiC 
nanoparticles. TiN, an inorganic nitride ceramic material, possess good microhard-
ness, superior wear and corrosion performances, high melting point, and good thermal
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as well as chemical stability. TiC nanoparticles addition in trace amount to 40Cr 
steel showed increased yield strength and enhanced tensile strength than unrein-
forced 40Cr steel by 19.7 and 30.4%, respectively [7]. The enhanced properties were 
attributed to strengthening due to fine grain, second phase, and thermal mismatch 
as previously stated. Likely, SiC nanoparticles (<500 nm) addition to 6061 Al alloy 
had significant improvement in Young’s modulus and strength while having remark-
able ductility [22]. The particle volume fractions increment also increased the yield 
stress, ultimate tensile strength, and Young’s modulus. Likewise, its powder metal-
lurgical addition to Mg has also shown largest flow stress and lowest creep rates 
[23]. TiN has promoted the solution of the alloying elements, retained Al–Zn–Mg– 
Cu alloy fine grains during the process of solid solution, and showed enhancement 
in the Vickers hardness of the alloy that is solution treated [24]. The TiN nanoparti-
cles have enhanced the yield stress, ultimate tensile strength, and elongation better 
than with only Ti or without refiners [24]. The TiN nanoparticles incorporation to 
Ti–7Al–1Mo ternary alloy, at 3 wt%, increased CYS by 323 MPa [25]. For ZrO2 

addition, the maximum tensile strength and ductility were attained with 3% and 5% 
loading, respectively [20]. 

TiB2 addition to Mg matrix composites showed reinforcement with alternating 
fiber-like nanoparticle-rich (NPR) and nanoparticle-free (NPF) zones and conse-
quently showed bimodal properties of enhanced hardness and modulus of elasticity, 
in fiber-like NPR zones, and high plasticity, in NPF zones as can be seen in Fig. 4. 
It showed combination of high tensile strength of 388 MPa and ductility of 10.1% 
[12]. Even when 1.5% TiB2 addition to A356 Al matrix increased the tensile prop-
erties and elongation, Akbari et al. found that an increase in the porosity content 
tangibly decreased the tensile properties with increasing casting temperatures [26]. 
Meanwhile, Al–Mn–Mg 3004 alloy at elevated temperature of 300 °C with 3 wt% 
TiB2 has shown 13% improved yield strength [27].

Similarly, B4C possesses properties of low thermal expansivity coefficient, high 
hardness, wear resistance, hardness, and good chemical stability at low density. 
Furthermore, a very good bonding characteristic was observed with aluminum alloys 
[28]. AA7075 alloy with 6 wt% B4C nanoparticles has shown highest tensile and 
compressive strength of 240 and 329 MPa which declined on further increment of 
the loading [29]. Higher tensile yield along with good ductility was observed when 
TiO(C) nanoparticles were non-uniformly distributed on CoCrFeNiMn high entropy 
alloy [30]. The ultra-fine-grained region (UFG) and coarse-grained regions showed 
enhancements with structural heterogeneity to multiple levels. Young’s modulus 
differences and strain gradient provided by the nanoparticles enhanced the back 
stress. Furthermore, non-uniformly distributed nanoparticles also showed resistance 
to forward stress as illustrated in Fig. 4. 

However, there have been reported problems of performance deterioration of 
steel associated with ex-situ addition of ceramic nanoparticles with poor wetta-
bility between the ceramic reinforcement and matrix phase under harsh conditions. 
Furthermore, during casting, reduced strengthening effect may also be observed 
of the molten steel with the ceramic nanoparticles floating and agglomerating on 
the surface. Indeed, wettability may be improved by coating the nanoparticles with



346 S. Ban et al.

Fig. 4 Mechanism for enhancement in back stress due to the presence of strain gradient, higher 
Young’s modulus, and non-uniformly distributed nanoparticles’ resistance to forward stress

surface tension lowering agents. Besides, in-situ addition has been favored with the 
method providing cleaner interface, better thermal stability, fine sizes, and more 
uniform particle distribution at the interfaces of filler and matrices. 

3 Fatigue  

Most structural materials are a subject to repetitive amount of stresses that may 
produce permanent damage to the materials, starting from the surface and then 
propagating to the interior of the material, known as fatigue failure. Fatigue can 
be encountered in a large number of service-providing components such as aircraft, 
automobiles, turbines, pumps, compressors, and others [31]. Material selection, thus, 
plays an indispensable role in the component application. Besides the effects of 
mechanical loading of homogeneous materials, increased attention should be paid 
to microstructure alterations due to brazing and welding, coating techniques, or any 
kind of degradation that is environmentally assisted such as cracking due to stress-
corrosion and corrosion-creep interactions [32]. Figure 5 gives a simple step-wise 
overview of designing a material that begins with a material selection and finally 
provides a safe service life. The challenge lies on future research, in the field of 
material fatigue, to include fatigue-life prediction methods.

At present, it has been estimated that 80–90% of the mechanical failures in mate-
rials are attributed to fatigue [33]. Nevertheless, fatigue resistance can be significantly 
enhanced with gradient nanostructures in the material surface for both the low- and 
high-cycle fatigue regimes [34]. In both low-cycle and high-cycle fatigue regimes,
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Fig. 5 Fatigue-life 
prediction in the engineering 
design process

the nano-grained sample’s fatigue life is significantly longer as compared to conven-
tional grain samples under the same stress and strain amplitude application. The 
limit for fatigue endurance was observed to be more than 107 cycles with maximum 
stress of 100 MPa for nano-grained Cu [35]. A similar phenomenon was observed, 
when surface mechanical rolling treated (SMRT) 316l austenitic stainless steel with 
controlled temperature was prepared. Here, at 175 °C, a surface layer of gradient 
nanostructure was formed with a controllable martensite fraction. The fatigue life 
was increased by three times as compared to conventional grain samples [36]. The 
grain size reduction of the steel, after heat treatment, can also decrease the fatigue-
crack growth rate [37]. Similarly, when ZnO and Al2O3 nanoparticle were doped 
in AISI-1020 (low carbon steel), the fatigue strength improved by 14.1% for Al2O3 

and 12.2% for ZnO. This showed that Al2O3 coated samples exhibited better perfor-
mance than ZnO coated samples or uncoated samples [38]. In a low-cycle fatigue 
regime, equal channel angular pressing (ECAP) prepared ultra-fine-grained (UFG) 
alloys exhibited fatigue lives that were shorter. However, if ECAP followed a suit-
able heat treatment method, the fatigue life could be further enhanced. At high stress 
level, a strong reduced cycling softening with higher fatigue-life enhancement was 
observed when AA6061 aluminum alloy which was ultra-fine-grained was treated 
at 165 °C following ECAP [39]. 

Nanostructured Ti and NiTi alloys, prepared by the means of severe plastic defor-
mation technique (SPD), are excellent choices for the engineering of implants appli-
cable in medical devices that include orthopedics and dentistry [40]. The applied
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loading scheme, 67.75 N force in the nano-Ti, allowed diameter reduction of the 
implant by 10%; however, the device’s fatigue strength was unacceptable when 
the diameter was reduced by 20% [41]. A super elastic NiTi nanocomposite, in 
a crystalline and amorphous form, can also be formed via SPD followed by low-
temperature annealing. The produced-nanostructured alloy possesses the endurance 
of 108 reversible-phase-transition cycles under the application of 1.8 GPa stress. The 
synergistic properties of the two phases showed an effective way for improving the 
fatigue resistance [42]. 

Aluminum-based alloys are primarily used in structural applications such as 
aircraft and automobiles. Therefore, fatigue and tensile properties are some of the 
major concerns. As TiO2 nanoparticles have properties like good wear resistance, 
thermal stability, and hardness, when 9 wt% TiO2 was added in Al 7075 alloy via 
stir casting technique, a uniform distribution of TiO2 in the matrix with an improve-
ment in fatigue properties were observed. The endurance of the alloy reached 108 

cycles under the application of 81.7 MPa stress [43]. Similarly, when 4 wt% ZrO2 

was added as reinforced material in AA7049 under a constant loading of 108 cycles, 
the fatigue-life factor increased by 66% [4].  When 9 wt%  Al2O3 was added and 
90 MPa stress was applied, the fatigue life increased by 17.4% than when the stirring 
temperature was 800 °C as compared to those with 0, 5 or 7 wt% Al2O3 [44]. Upon 
comparison, the AA6061/Al2O3 nanocomposite, prepared at a stirring temperature 
of 850 °C, has provided the best fatigue properties. 

Enhanced physicochemical and mechanical properties such as high strength, 
abnormal thermal, and superior catalytic properties were exhibited by nanocrystalline 
alloys. The Joule heating technique, when applied for the formation of nanocrys-
talline NiCoP alloy under the application of 200 °C, provided the fatigue endurance 
limit in the range of 750–825 MPa. The material exhibited a high yield and tensile 
strength that did not degrade significantly [45]. Similarly, the nanocrystalline Cu and 
Cu–Al alloys, processed by high-pressure torsion, possessed a significantly improved 
tensile strength and reduced strain localization within stress bands. However, the 
fatigue limits did not show an appreciable improvement with their monotonic strength 
owing to a decrease in stacking fault energy [46]. 

4 Hardness 

Hardness is the resistance of a metallic alloy to permanent indentation under static or 
dynamic load. If the alloy is uniform in structure and composition, hardness measured 
is the hardness of the bulk of the alloy on the surface layer. The hardness measurement 
can lead to determining the tensile or compressive flow curve upto certain plasticity. In 
the years between 1900 and 1939, for metallic systems, there were some widely used 
hardness tests such as Rockwell, Shore, Vickers, Knoop, and Brinell. As the Brinell 
hardness (HB) test is accurate and applicable for most metals, it has been the most 
preferable one. Although hardness measurement cannot substitute the measurement 
of test associated with different mechanical properties, it may give a rough idea about
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other mechanical properties too [47]. The determination of hardness (H) obtained 
from hardness data can be calculated by a relation (5) introduced by Tabor, where 
the yield stress is represented by σ and an influence of the sharp indenter geometry 
is included with a constant factor, C. Under Vickers indentation test, a value near 3 
is obtained for ductile alloys [48, 49]. 

H = C · σ (5) 

The hardness value, thus obtained, is significant for analyzing the resistance 
against wear mechanisms such as corrosion, scratching, and mechanism [50]. Simi-
larly, strength of alloys can be analyzed alongside fatigue-life prediction and can, 
also, give the idea of the phase transformation. 

The demand for high-strength alloys has been increasing in various engineering 
sectors. For this, a modification in the physical properties of an alloy is required. 
During cooling after heat treatment, high dislocations present around nanoparticles 
have also partially increased the hardness of the alloys [51]. These are generated 
due to differences in the thermal expansion coefficient. The stresses, generated due 
to thermal expansion coefficient mismatch, are relaxed which leads to punching out 
of the dislocations at the reinforcement–matrix interface. Thus, the composites may 
show peak hardness than the unreinforced alloy. 

A gradient in hardness from the edge to the center of the surface was observed 
when alloying cobalt or cerium in aluminum by laser gazing technique [52]. The 
hardness of the metal can be enhanced by reinforcing different amounts of Al2O3 in 
the metal matrices. The HB hardness was improved by 15.78% when 0.4 wt% Al2O3 

was reinforced in 2024 Al alloy by stir casting technique. The casting temperature 
obtained was 850 °C [21]. Similarly, increasing the amount of TiO2 in the metal 
matrices of AA6061 and AA6082 showed significant improvement in the hardness 
of the composites, where a similar casting technique was employed. The hardness 
tended to be improved owing to the increased cohesion between the alloy components 
and TiO2 and a high dislocation density after heat treatment. When 1.5 wt% TiO2 was 
used, the HB hardness increased by 32% for AA6061 and 12.1% for AA6082 [53]. 
Al2O3 addition on A356 alloy showed increased hardness with increased loading, 
while the value reached a maximum and declined in the case of TiO2 and ZrO2 [20]. 
Similarly, TiN addition on Ni/W alloys has had significant effects on microhardness, 
wear resistance, and friction coefficient. Fine metal grain strengthening effect at 8 g/L 
TiN loading in Ni/W-TiN composite showed hardness of 897.6 HV. Similarly, the 
composite produced at 8 g/L possibly decreased the friction coefficient resulting in 
fine surface morphology [54]. Similarly, the hardness of the composite formed with 
adding B4C nanoparticles on AA7075 alloys, as shown in the SEM image of B4C in  
Fig. 6, improved with increasing the wt% of the B4C loading, and reached 89 HV 
at 7 wt% loading [29]. The increase in the hardness has been highly attributed to 
Orowan strengthening mechanism.

As Tungsten Carbide (WC) nanoparticles possess advanced properties like high 
strength, melting point, and excellent wear and corrosion resistance, the addition of 
WC to the metal matrices can enhance hardness [55]. In a study by Borodianskiy
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Fig. 6 SEM image of B4C powders  [29]

and Zinigrad, the hardness was increased by 7.3% when WC nanoparticles were 
incorporated into Al A356 alloy followed by gas dynamic treatment (GDT). The 
elongation of the metal was also enhanced by 60%, while the tensile and yield 
strength remained unchanged [56]. The performance of an aluminum alloy can be 
improved when a protective layer with excellent adhesive properties is deposited on 
the surface of alloy, providing resistance to corrosion and also high strength. A similar 
phenomenon was observed when Zr was coated on the aluminum alloy surface by 
high current pulsed electron beam (HCPEB) equipment. The surface hardness and 
corrosion resistance were significantly improved and were highest after 30 pulse 
irradiations [57]. Likewise, the hardness can also be improved by altering the pulse 
radiation from HCPEB. The increment was 14% when Cr was alloyed with a Ni 
substrate forming a nanocrystalline Cr–Ni alloy, and the irradiation was 20 pulses. 
The wear properties were also enhanced as the HCPEB pulse number increased [58]. 

The properties such as yield strength, Young’s modulus, and ultimate tensile 
strength could be enhanced by nanostructured carbonaceous materials such as 
nanodiamond, fullerene, carbon black, and graphene reinforced in the Al matrices. 
The hardness was also significantly increased. The hardness was 210% more for 
nanodiamond-aluminum nanocomposite than pure aluminum powder. Similarly, 
the value increased to 79 HV from 59 HV for fullerene-aluminum nanocomposite 
compared to pure aluminum powder. This is due to the ease of homogeneous disper-
sion of these reinforcements in the metal matrices [59]. Also, carbon nanotubes 
filled aluminum prepared using mechanical ball milling and hot-pressing techniques 
exhibited five times higher hardness in comparison with base aluminum. Graphene
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incorporation via chemical vapor deposition showed a 39% improvement in the hard-
ness of the composite. The HV was also 23.4% higher for covetic material in the 
presence of carbon nanomaterials [60]. 

5 Fracture and Toughness 

Alloys are subjected to several stresses during their service which may be tensile, 
compressive, shear, or torsional. These stresses may result in an undesirable sepa-
ration of the alloys to two or more pieces known as fracture. Temperature, during 
application of stress, is relatively low, below the melting temperature of the metallic 
alloy. The mechanical performance of materials can be also improved by fracture 
mechanics application which relies on the physics of stress and strain and also helps 
to predict the macroscopic mechanical failure through microscopic examination [61]. 
During fracture, the failure occurs by the initiation of crack and its extension followed 
by either opening, sliding, or tearing mode as shown in Fig. 7. 

Brittle fracture is unstable and can be catastrophic, where the crack propagation 
direction is perpendicular to the applied tensile stress direction with no plastic defor-
mation taking place. Meanwhile, extensive plastic deformation takes high energy 
absorption before fracture, during ductile fracture as shown in Fig. 8. So far, surface 
treatment and heat treatment have been the best tools for the protection against frac-
ture [61]. Fracture of the metallic alloys can be improved by incorporating nanoma-
terials into the metal matrix as these nanomaterials hinder the expansion dislocation. 
Similarly, at elevated sintering temperature, an optimum nanomaterial loading within 
the matrix has also shown highest fracture toughness. Nano-Al2O3 incorporation has 
improved fracture along with the ductility of the alloys.

Hydrothermal and powder metallurgy processes were carried out by Cui et al., 
where fine ZrO2 was distributed inside Mo grain, while slightly larger particles were 
distributed on the grain boundary. As a result, ZrO2 hindered the expansion disloca-
tion and improved Mo fracture [62]. Likewise, nano-ZrO2 particulates of 3, 6, 9, 12, 
and 15 wt% were dispersed in the aluminum alloy by melt deposition method, and 
NMMC containing 12 wt% ZrO2 showed the highest fracture toughness [63]. By 
mechanical milling method, Al2O3–ZrO2–Ni nanopowder was prepared in which Ni 
particles were uniformly dispersed in the Al2O3–ZrO2 matrix and sintering temper-
ature was maintained at 1550 °C. Increasing the Ni content increased the fracture

Fig. 7 Various modes of 
fracture 



352 S. Ban et al.

Fig. 8 Stress and strain 
relation for brittle and ductile 
materials

toughness of the alloy [64]. A conventional stir casting method was applied to fabri-
cate AA7475 matrix composite containing nano-Al2O3, and the surface morphology 
as seen in Fig. 9 was observed. It was found that in AA7475 alloy, fracture mode 
is ductile with dimples shaped structure where fracture was improved [65]. Further-
more, mechanical stirring method was carried out with micro and nano-TiB2 powders 
with average sizes of 20 and 5 nm into molten A356 aluminum matrix at various 
casting temperatures of 750, 850, and 900 °C. It was found that toughness increased 
with an increase in the reinforcement in comparison with non-reinforced alloy [26]. 

Heat treatment of Al–10Si–Mg alloy was carried out, and supersaturated silicon 
solid was dissolved into the Al matrix forming Mg2Si nano-precipitate. It was found 
that heat treatment enhanced the ductility and formed Mg2Si nano-precipitates which 
improved the wear resistance. The maximum and minimum erosion rates occurred 
at 30° and 90°, which decreased the impact toughness [66]. Upon the solution heat 
treatment of Al–10Si–Mg, Si gets precipitated from the supersaturated Al matrix. 
Sizes of precipitated Si increased with temperature, and thus, variation of Si sizes 
had great impact on mechanical properties of the Al–10Si–Mg alloy. After treat-
ment, the fracture strain increased from 5 to 24% [67]. Heat treatment is one of the

Fig. 9 SEM images of as-cast AA7475 alloy on the left and with 5% Al2O3 loading on AA7475 
alloy on the right [65] 
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best methods for the reduction of matrix crack and shear bands of the nanocompos-
ites [68]. But for copper, model based on segregating dopants over grain boundary 
was best for the improvement of fracture toughness [69]. Delamination toughening 
alongside transformation-induced plasticity has improved fracture resistance and 
has also provided higher yield strength of nearly 2 GPas [70]. It was found that 
controlled cracking at Mn-enriched prior-austenite grain boundaries normal to the 
primary fracture surface dramatically improved the overall fracture resistance. 

6 Corrosion and Wear 

There are several strategies for the prevention of corrosion in the case of metallic 
systems. One of them, to prevent metal alloys from wear and corrosion, is by adding 
nanofillers [71]. Many nanoparticles also simultaneously give self-healing proper-
ties to the alloys applicable for places, where regular maintenance is difficult, and 
metals are prone to wear and corrosion. From the recent developments, these kinds 
of alloy could find application from the depth of the ocean to the satellites. The AA 
2024 alloy which has high durability and easy processing can be used on a wide 
range of applications such as for architecture and aviation but is subjected to a range 
of different environmental factors that can cause corrosion. To overcome this issue, 
polydimethylsiloxane (PDMS) matrix, fabricated with TiO2 nanoparticles, formed a 
nanocomposite coating on AA 2024 via the spin coating method and improved the 
anticorrosion ability of metal. The electrochemical test showed the composite coating 
with 8 wt% TiO2 nanofillers had excellent anticorrosion properties [62]. The graphite 
nanoparticles addition in electrolyte used for producing plasma electrolytic oxida-
tion (PEO) coatings for AZ91 and AZ80 magnesium alloys showed improvement in 
corrosion and wear resistance [72]. The graphite nanoparticles provided increased 
thickness, producing dense coating which sealed the pores on the surface. Also, when 
silicon nitrite (Si3N4) nanoparticles were added into the reaction electrolyte of PEO 
coatings on AZ31 Mg alloy, a Mg2SiO4 phase was observed. A 2 g/L Si3N4 nanopar-
ticles addition in electrolyte for PEO coating had the best resistance to corrosion, 
with increased hardness, good adhesive property, and low friction coefficient [73]. 

With good resistance to corrosion, strength, good magnetic properties, and elec-
trical conductivity, CuFe alloys have received much attention from researchers. The 
properties of a mechanically milled mixture of Cu-25wt% Fe powder and Al2O3 at 5 
vol% were studied, and it was found that the presence of Al2O3 caused the wear mech-
anism to change to abrasive from adhesive, due to which a good wear resistance in the 
nanocomposite was obtained. Also, a 75% reduction in corrosion rate was observed 
with the addition of Al2O3 nanoparticles [74]. Carbon steel has found application 
in petrochemical, transportation, pipelines, marine, etc., with very good mechanical 
property and at a low price. But these types of steel show low corrosion resistance 
in outdoor environments especially under the harsh conditions (high temperature– 
pressure). A low carbon steel was surface modified by Nd-PAA-BI (neodymium-
polyacrylic acid-benzimidazole), uniformly precipitated Nd oxide/hydroxide, and
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Nd complexes film over the steel surface, and it resulted in increased roughness and 
resistance to corrosion and at highest contact angle; the SEM image is shown in 
Fig. 10 [75].

Lignin nanoparticles (LNP) which are fabricated from micro-lignin, obtained from 
industrial and agricultural wastes, show anticorrosive behavior. The lignin nanopar-
ticles with the size ranging 15–20 nm can be used in carbon steel as anticorrosive 
nanofillers for protection against stringent corrosive conditions. The studies from 
physio-mechanical and electrochemical impedance spectrometry suggest that epoxy 
matrix which is dispersed with LNP, to form epoxy-nanocomposite coatings, shows 
better protection against corrosion in base materials [76]. 

When Elaeis guineensis (a palm oil leaf) doped with silver nanoparticles (AgNPs) 
acted as a novel green corrosion inhibitor (EG/AgNPs) in steel-reinforced concretes. 
It was found that the steel-reinforced concrete with 5% EG/AgNPs incorpora-
tion formed a protective thin layer of extra calcium silicate hydrate (C–S–H) 
gel over the steel-reinforced surface providing enhanced corrosion resistance. The 
maximum inhibition efficiency was 95% and could be used as an optimum corro-
sion inhibitor to achieve durable concrete structures [77]. The organically modi-
fied silicate (ORMOSIL) coating well dispersed with reduced graphite oxide/silver 
nanoparticles (AgNPs@rGO) nanocomposite can be used as excellent corrosion and 
fouling inhibitor for copper metals. With strong binding strength between AgNPs 
and thiol functionality of the sol precursor, AgNPs/rGO nanocomposites were well-
dispersed into the ORMOSIL sol. This would fill the original defect of the coating 
and effectively improve the corrosion resistance. Apart from this, the antifouling test 
showed these nanocomposites filled ORMOSIL coatings had excellent antibacterial 
and antialgae properties [78]. 

With the help of covalent grafting of graphene oxide (GO) with N,N-
dimethylethanolamine and isophorone diisocyanate followed by a non-covalent 
grafting of GO with dodecylbenzenesulfonate, an amphiphilic graphene derivative 
was prepared [79]. This modified graphene oxide (IP-GO) coating showed excellent 
performance against corrosion in metal surfaces, particularly used in oil pipelines, 
coastal transmission towers, ships, and other metal equipment. The study suggested 
that the superior mechanical properties were observed with the composite material of 
waterborne polyurethane (WPU) coating with 0.3 wt% IP-GO nanosheets along with 
the lowest water absorption and a significant increase in anticorrosion performance. 
The IP-GO nanosheet can form a perfect network structure to block the intrusion of 
corrosive media in the polymer. 

7 Creep 

At elevated temperatures under stresses much lower than the yield stress, a form 
of time-dependent plastic deformation, creep, is observed in metallic alloys which 
limits their widespread applicability. Nanoparticles, when incorporated on the metal 
matrix, hinder the dislocation movement by pinning the grain boundary sliding which
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Fig. 10 FESEM micrographs showing a1–a2 untreated samples and b1–b2 Nd, c1–c2 Nd-PAA, 
d1–d2 Nd-BI and e1–e2 Nd-PAA-BI treated samples [75]
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enhances the creep resistance. The addition of ZnO and Ag nanoparticles in the metal 
matrix has led to an increase in the creep lifetime. Similarly, SiC, AlN/Al, Zr, Sc, 
and TiB2 nanoparticles incorporation has led to improved creep resistance at elevated 
temperature. 

With the absence of lead, a potential substitute for Pb–Sn solder alloy is Sn– 
Ag–Cu solders. A strong adsorption effect was observed with the incorporation of 
ZnO nanoparticles (ZnO NPs) into Sn–3.0Ag–0.5Cu (SAC305) at 900 °C, when ZnO 
powders were melted and mixed mechanically for 2 h into SAC305. Furthermore, the 
modification with ZnO NPs, hindering dislocation slipping, is following a standard 
dispersion strengthening mechanism. The creep test result after the addition of 0.7 
wt% ZnO NPs showed a decrease in the steady-state creep rate, while there was an 
increase in the creep lifetime of the plain SAC305 solder [80]. 

An Mg–Al-based alloy, AZ91, has found application in the interior parts of 
vehicles with properties of high mechanical strength along with retained ductility, 
providing corrosion resistance, and also with die-castability features. But, due to its 
reduced creep resistance above 130 °C, its application is restricted. Nevertheless, 
superior creep resistance was observed when SiC nanoparticle, formed by utilizing 
squeeze-casting method, was added in AZ91–2.0Ca–0.3Sb alloy [81]. 

AlN/Al nanoparticles were fabricated in Mg–2.85Nd–0.92Gd–0.41Zr–0.29Zn 
(Elektron21) alloy by a high shearing dispersion technique (HSDT) to increase its 
creep resistance in elevated temperatures. A reported improvement of one order 
magnitude in creep resistance of Elektron21 alloy was observed when 0.5% AlN/Al 
NPs were reinforced within the alloy at 240 °C and with an applied stress of 70– 
140 MPa as compared to unreinforced alloy. The creep resistance was improved due 
to the influence of AlN NPs by pinning the grain boundary sliding which hinders the 
dislocation movement [82]. 

Age hardenable aluminum alloys have different applications in modern engi-
neering, but it is necessary to carefully perform the heat treatment at a controlled 
manner in order obtain an increase in their strength. However, heat treatment changes 
limit the tunability gradually. Recently, it has also been found that nanostructural Sc 
addition to Al alloys can provide resistance to both coarsening and high-temperature 
creep. The dislocation motion was likely resisted by nanometer-sized coherent Al3Sc 
(L12 structure) dispersoids in the alloys. Further, these dispersoids provided stability 
against coarsening up to 300 °C by pinning down the grain boundary [83]. 

An alloy of the Al–Si–Mg, A356, even though having great casting and fluidity, 
low thermal expansion coefficient, and good resistance to corrosion resistance, has 
degraded mechanical properties at high temperatures, due to microstructural insta-
bilities. Under the applied stress of 480–680 MPa, the impression creep behavior of 
the cast A356 alloy with the addition of 0.25 and 0.5 wt% Zr at the temperature range 
of 220–280 °C was studied. It was found that the Zr refined the α-Al grains, and also 
it was found that the eutectic structure was also modified, providing higher creep 
resistance [84]. Also, the result from the addition of 0.25 and 0.5 wt% rare earth Er 
showed similar creep resisting behavior in A356 alloy [85]. It was finally found that 
creep mechanism that was dominant in all the alloys was the lattice self-diffusion 
climb controlled creep.
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Sn–9Zn is a cost-effective material with good mechanical properties considered 
as one of the best choices for application in green electronics replacing the traditional 
Sn–37Pb alloy. Although the use was limited by its poor resistance to oxidation and 
formation of micro-void, it can be fixed by the influence of Ag NPs. There was 
significant alteration of morphology of the Zn-rich phase by Ag NPs addition and 
increased microhardness, elastic properties that are temperature dependent, damping 
capacity, and finally creep resistance [86]. 

With the dispersoids formation that is thermally stable at 250–350 °C, Al–Mn– 
Mg 3xxx alloys are among the most promising candidates in light alloys for elevated 
temperature application. But during solidification, the Mn gets depleted and resulting 
in dispersoid free zones (DFZ) and thus decreasing the properties of the alloy. There 
has been reported reduction in volume fraction of the dispersoid free zones when TiB2 

NPs are introduced in Al–Mn–Mg 3004 alloy with the nanoparticles being distributed 
in the interdendritic grain boundaries. The creep rate then reduced by inhibiting the 
grain boundaries motion and dislocation motion at elevated temperatures [27]. 

8 Deformation 

The main reason for the defect on the grain boundaries is due to irregular arrangement 
of atoms on the grain boundaries, which directly leads to high energy storage in the 
materials. As a result, the boundaries become the source of defects for the alloy. 
The presence of these defects leads to the deformation of the alloy. A study on 
deformation mechanism directly relates to the better understanding of mechanical 
properties. In recent years, nanomaterials incorporation into the metal matrix has 
highly resolved these problems [87]. Magnitude of the imposed stress and its effect 
on strain of the alloy, as given by the Hooke’s relation (6), has great impact on the 
alloys’ deformation. 

Mathematically, 

σ = E · ε (6) 

The proportionality constant E is called Young’s modulus of elasticity, which is 
different for different metal alloy. The slope of curve of interatomic force separation 
at equilibrium spacing was found proportional to this modulus as given by relation 
(7). 

E ∝
(
dF 

dr

)

at r = r0 
(7) 

Tungsten has the highest value of Young’s modulus of elasticity as compared to 
other metals, namely magnesium, aluminum, brass, copper, or steel. In the case of 
gray cast iron, concrete, and many polymers, the stress–strain curve is not linear, 
and hence, tangent and secant modulus are generally used. However, for elastic
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deformation, stress is proportional to the strain. It is also called non-permanent 
types of deformation and time dependent. Elastic deformation remains only to strain 
of about 0.005. Beyond this point, stress is not proportional to strain and plastic 
deformation occurs [61]. 

Magnesium alloy is considered a light engineering material with broad applica-
tion prospectives. However, the strength of its alloy is very low and also difficult 
to improve. The grain boundary strengthening based deformation process and the 
deformation mechanism transition are among the best techniques for preparation 
of high-strength Mg alloys [88]. Surface mechanical attrition (SMAT) method has 
produced A231 Mg alloy with nanocrystalline surface layer and gradient nanos-
tructure wherein the grain size in the surface is refined to nanoscale. After SMAT 
process, SEM photograph has shown better plasticity of the matrix [89]. Various 
tensile stages of one-sided gradient structured AZ31 Mg alloy including initial stage, 
plastic deformation, elastic, and plastic deformation were observed. It was reported 
that internal granular cracks initiated with grain deformation and crack between the 
grains. Further, these were followed by continuous formation of parallel slip lines, 
initiation, and growth of trans-granular cracks. It was also found that fine-grained 
microstructure was alleviated of AZ31 Mg alloy along with effective obscuration of 
localized deformation and strain concentration [90]. 

Al alloy, as a lightweight material, has found application as a structural compo-
nent in automobile and aerospace. Various microstructure modification processes and 
plastic deformation based manufacturing routes are performed to develop UFG mate-
rials Al matrix nanocomposites [91]. The Al alloying effect on the hot deformation 
behavior of bearing steel was studied by developing GCr15SiMo and GCr15SiMoAl 
steels, where the Al alloying increased the activation energy of deformation. After 
the hot deformation process, blemishes were observed for most of the GCr15SiMoAl 
specimens, indicating reduction in the high-temperature plasticity of the steel by Al 
alloy. Furthermore, the precipitated AIN particles, even at small amount, increased 
the strength and decreased the high-temperature plasticity [92]. In alloys EN AW 
5182, EN AW 1085, and EN AW 6016, various mechanisms for deformation between 
room temperature and cryogenic temperature of −196 °C are already present, and 
when compared, an overall increase in UTS, elongation, and yield strength was 
observed [93]. 

Various electrodeless deposition, spark plasma sintering, and hot rolling process 
have strengthened carbon nanotubes with copper. Enhancement of properties such 
as high strength, high plasticity, and good electrical conductance was witnessed 
[94]. When cold drawn at room temperature, Ni2Si nanofiber had abnormal plastic 
deformation in Cu matrix, which ultimately increased the strength and conductivity 
of  the Cu alloy [95]. Rotary electroplating has been used to obtain nano-twin copper 
and Cu ion concentration effect on microstructure, and mechanical properties of 
nano-twin cu foil showed increased elongation by 22%, whereas UTS and yield 
tensile strength decreased by 8.3% and 3.9% [96].
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9 Conclusion 

Mechanical properties of alloys have been improved by incorporation of ceramic 
nanoparticles, which have led to grain refinement with grain size reduction and 
hindered motion of dislocations and grain growth stabilization. Likewise, the yield 
strength has also been improved with the presence of hard ceramic nanoparticles 
along with increased hardness, chemical stability, and melting point. Similarly, 
gradient nanostructures have enhanced fatigue resistance for both the low- and high-
cycle regimes. There has also been enhancement in physicochemical and mechan-
ical properties such as thermal and superior catalytic properties with nanocrys-
talline alloys. Some nanocrystalline alloys also showed reduced strain localization 
within stress bands. The hardness of the resultant alloys consisting nanoparticles 
has improved owing to the increased cohesion. Similarly, nanomaterials hindered 
the expansion dislocation and thus improved the fracture as well as creep of the 
metallic alloys. Nanoparticles have given self-healing properties which have resulted 
in increased resistance of metallic alloys to wear and corrosion. The presence of nano-
reinforcements has resulted in excellent mechanical properties combinations in the 
alloyed metals which are far superior to their homogeneous equivalent. Inhomoge-
neous plastic deformation mechanisms with gradients in strain, new dislocations, 
and grain coarsening, which are mechanically driven, have been attributed for the 
improved mechanical properties. The high-strength and crack propagation resistance 
make these nano-reinforced metal alloys suitable for application where critical safety 
is required such as automobile, aerospace, microelectronics, and more. However, 
there are still studies required for exploring physical and chemical properties of 
these nano-reinforced alloys to realize their safe and robust application. 
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Metal-Based Nanoparticles: Synthesis 
and Biomedical Applications 

Amandeep Singh, Sovan Lal Banerjee, Aparesh Gantait, Kamlesh Kumari, 
and Patit Paban Kundu 

Abstract Nanotechnology deals with the possibility to exploit materials at 
nanoscale with an aim to get desirable properties. Nanotechnology aims to enhance 
the properties of materials by taking advantage of their nanoscale properties. The 
scope of nanotechnology covers a wide variety of fields including electronics, catal-
ysis, sensing, automobiles, and medical. In recent years, particular interest in the 
scientific community has been drawn to the biomedical applications of nanomate-
rials. They differ significantly from their bulk counterparts due to their peculiar and 
improved characteristics. Nanomaterials, including metal nanoparticles, are being 
increasingly used for different biological and medical applications. Metal nanoparti-
cles are potential candidates for novel biocides and antibiotic treatments. The novel 
properties of nanoparticles, especially the physical properties of size and shape, 
enable them to penetrate all living organisms easily. Several methods are involved 
in synthesizing metallic nanoparticles, and in general, it can be categorized into 
either bottom-up or top-down approaches. The top-down method consists of cutting 
down the bulk materials into nano-sized particles through physical, chemical, or 
mechanical treatments, whereas, in a bottom-up approach, nanoparticles are formed 
by joining individual atoms or molecules. The top-down approach produces metallic 
nanoparticles in naked form, which can further agglomerate and are not suitable for 
biomedical applications. The bottom-up approach involves solid-state, liquid-state, 
gas-phase, biological, microfluidic technology-based, and other methods. Chem-
ical reduction in the bottom-up approach is the most common method of metallic 
nanoparticle synthesis, which is flexible, simple, inexpensive, and produces particle
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in a homogenous shape. Biosynthesis of nanoparticles has recently gained popularity 
due to its toxic-free nature, affordability, sustainability, and eco-friendliness. 

List of Abbreviations 

NPs Nanoparticles 
QDs Quantum dots 
IONPs Iron oxide nanoparticles 
PNCs Polymer nanocomposites 
PTT Photothermal therapy 
OA Optoacoustic contrast 
LOT Localization OA tomography 
SERS Surface-enhanced Raman scattering 
MRI Magnetic resonance imaging 
CT Computed tomography 
PLA Pulsed laser ablation 
BSA Bovine serum albumin 
PBS Phosphate-buffered saline 
PDMS Polydimethylsiloxane 
GO Graphene oxide 
PVD Physical vapor deposition 
CVD Chemical vapor deposition 

1 Introduction 

Nanotechnology is anticipated to transform the domains related to the biomedical 
advances by giving most sensitive and specific imaging systems, nanodevices, and 
nanorobotics in order to detect the biochemical changes at earliest, guided and less 
toxic targeted drug delivery, and regenerative treatment. As per the US National 
Nanotechnology Initiative, nanotechnology is a branch of understanding as well 
as control of matter at measurements nearly from 1 to 100 nm which facilitate 
size-dependent distinctive characteristics [1, 2]. This size range may resemble to 
the singular particles for polymers as well as other macromolecules but may also 
comprise higher-degree associations to the NPs. But for the angstrom-sized smaller 
atoms/molecules, the range of size (1–100 nm) may involve small aggregations or 
clusters. As far as biological systems are concerned, the range of size in nm is consid-
ered to be perfect in order to enabling NPs to circulate in blood stream, then traverse 
the tissues, and ultimately enter into the cells. 

Metal-based nanoparticles have numerous applications in scientific fields as well 
as in the industries. Nanoparticles (NPs) show reasonably different characteristics
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than that of native precursor. Usually, it may be because of that NPs expose a greater 
proportion of the surface of their atoms as compared to the bulk material. For instance, 
NPs of size 3 nm (approximately 1000 atoms) can expose approximately 40% of the 
total atoms on to the surface. Apart from the surface exposure concept, quantum 
confinement effect is also important which causes an alteration in the properties of 
the metals. The larger ratio of surface area to volume (surface area/volume) leads 
to bring the variations in the chemical reactivity as well as quantum confinement 
effects. It has been observed that the electronic structure of NPs gets changed from 
that of native bulk metal. For instances, ferromagnetic materials-derived NPs can 
be paramagnetic and conducting bulk material-derived NPs can be poor conductors. 
Since change in the properties of NPs depends upon the size, therefore, the proper-
ties of NPs are said to be tunable. It gives a free hand for tailor-made preparation of 
nanoparticles. Moreover, the quantum effect makes metal NPs unique and suitable 
for plasmon absorption, IR photoluminescence, and superparamagnetism. The multi-
functional IONPs shows several applications such as biosensing and pathogen detec-
tion, magnetofection and gene therapy, MRI, drug delivery and targeted cell killing, 
biomarker tracking, bioimaging and therapeutics, hyperthermia and chemotherapy, 
microbe targeting as well as destruction, stem cell detection and therapy, immune 
system activation and nanovaccines, tissue engineering and organ transplant, etc. 
[3]. Furthermore, the uses of polymer nanocomposites (PNCs) consisting metal-
based NPs as nanofillers are ever developing. The notable characteristic of NPs is 
matched with the polymer matrix and developed a hybrid structure comprising several 
advanced properties. However, the efficacies of metal-based nanofillers matter the 
end-use applications in various fields such hydrogels, drug delivery, shape memory 
PNCs, bioimaging, tumor therapy, bio-implants [4]. 

This chapter explains about various types of metal-based nanoparticles, methods 
of synthesis, and their applications in various biomedical applications. 

1.1 Metal-Based Nanoparticles 

Metal-based NPs have attracted the attention of scientists from across the globe for 
over time span of a century. As of now, such NPs are comprehensively used in different 
biomedical purposes. Metal-based nanoparticles are in the focus of attention due to 
their massive prospective in the nanotechnology [5–8]. Magnetic NPs such as iron 
oxide (Fe3O4), gold (Au) NPs, silver (Au) NPs are widely used for the diagnostic 
imaging and therapy of cancer, drug carriers, and as bioimaging agents. Further-
more, NPs like quantum dots (QD) [9], Au NPs [10], and magnetic NPs [11] have  
potential to be used in therapy as bioimaging agents or as drug carriers [12–14]. 
Thereafter, plasmonic NPs such as Au NPs are commonly used in photothermal 
therapy (PTT) to demolish the brain tumor cells [15]. The QD and magnetic iron 
NPs are used for the bioimaging purposes [16, 17]. Magnetoferritin, ferritin conju-
gated to iron oxide magnetic NP, is widely used to penetrate to blood–brain barricade, 
thus used in treatment of brain cancers [18, 19]. Apart from the above mentioned
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ones, several other NPs such as cadmium sulfide, bimetallic nanoparticles (such as 
iron platinum (Fe-Pt) and iron cobalt (Fe-Co)), and metal oxides (such as silica 
(SiO2), titanium dioxide (TiO2), zinc oxide (ZnO), cerium dioxide (CeO2)) too have 
various biomedical applications as reported in the coming sections of this chapter. 

Metal-based nanoparticles can be classified further into several categories as 
mentioned below. 

1.2 Elemental Nanoparticles 

The nanoparticles derived directly from the elements are called elemental nanopar-
ticles. It consists of C, Al, Ti, Fe, Cu, Co, Ag, Ce, Pt, Au, etc. 

1.3 Magnetic Nanoparticles 

Magnetic nanoparticles are a class of nanoparticle that can be manipulated using 
magnetic fields such as ferrites. 

1.4 Metal Oxide Nanoparticles 

Metal oxide nanoparticles are one of the most used nanoparticles in biomedical 
application, for instances, TiO2, ZnO, Al2O3, CrO2, CeO2, etc.  

1.5 Bimetallic or Alloy Nanoparticles 

Bimetallic nanoparticles are composed of two different metals and exhibit a number 
of distinct and improved properties. A bimetallic nanomaterial may take the form of 
an alloy, a core–shell structure, or a contact aggregate. 

2 Synthesis of Metal-Based Nanoparticles 

Till date, a number of methods are known to synthesize the metal-based NPs. Still, 
to develop NPs in the large amount with certain shapes, sizes, as well as crystalline 
properties is a challenging task and needs extra advancements. In a broader term, 
the preparation of metal-based NPs is categorized into two groups on the basis of 
precursor being used: one is top-down method and another is bottom-up method. As
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far as top-down method of NPs’ synthesis is concerned, a bulk metal material acts 
as precursor. On the other hand, in the bottom-up method, individual nuclei/atoms 
serve as precursors. 

2.1 Top-Down Methods 

As stated earlier, it includes downsizing of bulk material into desired nano-sized 
material by using any of method, i.e., chemical, physical, or mechanical method of 
treatments. As per the opted kind of method, the top-down method includes mechan-
ical milling, laser ablation, and sputtering techniques. All these methods are described 
below in detail. 

2.1.1 Mechanical Milling 

Mechanical milling method consists reduction in the particle size with the help 
of great energy ball milling also called mechano-chemical milling. First, the bulk 
metallic material is taken in vessel, and heavy balls are added to them. There-
after, high mechanical energy is created with the help of a rotating ball at very 
high speed. In the result of that, size of particles gets reduced in required form. 
The NPs synthesized by this method consist of excellent physical properties, for 
instance, enhanced solubility. However, this method have some drawbacks, i.e., high 
energy requirement, time consumption, chance of contamination of powder, and not 
suitable for synthesis of sensitive NPs, whereas, in mechano-chemical based ball 
milling method, bulk metallic substance is taken with proper stoichiometry and then 
milled. During milling, the taken material undergoes frequent distortion, welding, 
and fracture. Also, some chemical reactions may occur at the interface of substrate 
and reagent. Though this method seems to be simple one, the prepared NPs are very 
reactive toward grinding parameters and a prolonged milling is required to synthesize 
possible smallest sized NPs. In a recent study, Shojaei et al. [20] have synthesized and 
characterized CuAlS2 NPs using mechanical milling. In this method, CuAlS2 chal-
copyrite nanocrystalline structures were prepared using combination of high-energy 
mechanical milling and homogenization annealing. The stoichiometric mixture of 
precursor elements, i.e., Cu, Al, and S, was alloyed together mechanically. The 
process was completed in argon atmosphere to avoid oxidation of NPs. In the same 
order, Velasquez et al. [21] have synthesized magnetite–maghemite NPs with the 
help of mechanical milling of sub-micrometric hematite in the presence of a stabi-
lizing medium (polyethylene glycol). Bonding of stabilizing medium with surface 
of nanoparticles permits to obtain the particles with comparatively less aggregation. 
It has been found that the use of stabilizing medium narrows down the particle size 
distribution.
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2.1.2 Laser Ablation 

In laser ablation method, the irradiation of laser is required to prepare the NPs from 
the bulk substance. Fragmentations of precursor bulk solid particles into NPs take 
place by irradiation of laser energy. Thereafter, obtained NPs remain suspended in a 
liquid and form colloidal solution. It has been found in this method that the amount of 
ablated atoms and produced NPs relies upon energy of laser as well as pulse duration. 
Also, ablation efficiency and characteristics of obtained NPs depend upon pulse 
duration, wavelength of laser being used, laser fluence, as well as on ablation time. 
Laser ablation method shows a number of benefits over counter methods, i.e., easiness 
and efficiency, properties of NPs are tunable, and NPs are synthesized without using 
any surfactant. Nevertheless, one main disadvantage is that the exposure of laser for 
prolonged time can decrease the ablation rate. 

2.1.3 Sputtering 

In sputtering method of NPs’ synthesis, a bulk material is vaporized using inert gas 
ions. The vaporization process is performed in vacuum chamber by supplying the 
sputtering gas under pressure. Thereafter, free electrons are generated using high 
voltage in cathode. These electrons flow in a spiral path, where free electrons ram 
into the atoms of sputter gas and result to the ionization of gas. Cations move to 
the target and get continuously impact. This process gets repeated over and over. 
Sputtering method is found to be most suitable to synthesize alloy NPs [22]. 

2.2 Bottom-Up Methods 

Bottom-up method is a term to be given to a method if in it the precursors of NPs are 
atoms or molecules. The NPs are developed from such precursors using chemical 
reactions and various techniques. The techniques used in bottom-up methods include 
gas-phase synthesis, liquid-phase synthesis, solid-phase synthesis, microfluidic-
based synthesis, biological method, etc. Out of all the methods, initially building 
block precursor is generated, and thereafter, their assembling takes place to synthesize 
required sized and shaped NPs. 

2.2.1 Solid-Phase Method 

In this method, precursor material is deposited onto the surface in form of a thin film 
using either physical vapor deposition or chemical vapor deposition method. A laser 
ablation method is used in PVD technique that leads to the development of plasma 
of ablated target, which is deposited onto the substrate in order to develop a thin 
film. Generally, the metal NPs are deposited onto the carbon nanotubes. However,
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said method seems to be simple but not able to produce the material in higher 
quantity as well as the procedure is quite expensive. In CVD, a chemical reaction 
between the gaseous molecules/atoms in order to develop thin film is used to deposit 
onto the substrate. Basically, three types of CVD are developed, namely plasma-
enhanced chemical vapor deposition, thermally active chemical vapor deposition, 
and photo initiated chemical vapor deposition. In case of several volatile molecules, 
the target material is used to be deposited onto the surface of substrate. However, 
for temperature-sensitive material, for instance polymer substrate, TACVD method 
cannot be used. For PECVD technique, the plasma is produced inside a void vessel 
using inductively induced electric current and microwave. The surface morphology 
as well as crystal structure can be precisely managed in CVD than other methods 
discussed above. Moreover, the coating of thin film shows good durability, and also, 
it is very easy to further scale-up [23]. Both of the techniques of solid-state method, 
PVD and CVD, are typically used to form thin films onto the substrate. There-
after, corresponding NPs are prepared. It has also been observed that the composites 
consisting Ag NPs developed through solid-state methods were found appropriate 
for the biomedical uses attributed to their inbuilt non-toxic and antimicrobial nature. 

2.2.2 Gas-Phase Method 

This method includes flame pyrolysis, laser pyrolysis, and spray pyrolysis. The spray 
pyrolysis is carried out using an apparatus having three segments: one unit nebu-
lizer for spraying vapor form precursor in the hot reactor, a vessel reactor having 
temperature setting between 120 and 200 °C, and one unit of precipitator to collect 
NPs. However, an apparatus can be, if required, further reformed by exchanging the 
nebulizer unit with ultrasound unit. The benefits of using spray pyrolysis include 
simplicity, low-cost, easiness in controlling the size of particles, and the repro-
ducibility. This method is significantly suitable for synthesizing the metal oxide 
as well as mixed metal oxide-based NPs. Furthermore, the laser energy is utilized 
in order to activate the homogeneous nucleation reaction after exposing the laser to 
the precursor material in laser pyrolysis technique. Widely used laser energy is IR 
CO2 laser energy that is simply absorbed by the inert photosensitizers such as sulfur 
hexafluoride. After reaching to adequate quantity of supersaturation of product in 
vapor phase, CO2 pyrolysis process gets started. The synthesis of NPs with uniform 
size distribution can be achieved using this method. Particle size can be tuned by 
regulating the flow rate of reagents by pyrolysis reaction. However, in the flame pyrol-
ysis method, liquid precursor is directly sprayed in flame that results to the supply 
of precursors in vapor form. Therefore, this method is said to be beneficial for less 
volatile precursor materials. The flame pyrolysis method is said to be a favorable one 
to develop metal oxide-based NPs.
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2.2.3 Liquid-Phase Method 

This method of NPs’ synthesis consists of chemical reduction, sol–gel, solvothermal, 
and hydrothermal method. Sol–gel method comprises the development of linkages of 
gelatine and colloidal suspension (sol) in the liquid phase which is accomplished in 
three means: first, the development of colloids of metal oxide and mix them with sol 
containing matrix-forming species resulting to form a gel; second, the direct mixing 
of metal and metal oxide within a pre-hydrolyzed silica sol; and third, development 
of compound of metal with silone followed by the reduction of the metal before 
hydrolysis process. In general, the colloids are prepared from metal alkoxides and 
alkoxysilanes ions. For instances, silica gel is prepared ordinarily from the tetram-
ethoxysilane and tetraethoxysilane. The development of sol–gel consists of several 
steps, namely hydrolysis, condensation, particle growth, and followed by agglomera-
tion. This method offers the liberty to control the morphology as well as particle size. 
Liquid-phase method is usually employed to prepare zinc peroxide nanostructures, 
thin films, and metal oxide-based NPs such as iron oxide, nickel oxide. [24]. 

The hydrothermal method consists of a chemical reaction between the solid mate-
rial and solution vapor at elevated temperature and pressure. The cations get precip-
itated in form of polymeric hydroxide dihydrate which accelerates the formation of 
metal oxide crystals. On addition of a base to solid material, another cation is devel-
oped. Such cations are important to control the formation of particles by inhibiting 
the formation of complex hydroxide. However, the particles with high crystallinity 
are able to prepare using this technique, but the overall processes are quite compli-
cated to be controlled. This method is said to be most suitable to synthesize the NPs 
in powdered form. 

Further, the solvothermal-based method of NPs’ formation includes the synthesis 
of NPs in liquid-phase solvents, i.e., water, methanol, polyol, ethanol, etc. Such 
solvents are able to get heated over to their boiling points in a closed vessel. This 
method needs a metallic precursor, a reducing agent, a solvent medium, and specific 
capping agents for controlled synthesis. Narrow-sized distribution of monodispersed 
crystals of NPs can be obtained through solvothermal method. Various metal-based 
NPs such as Pd, Rh, Au, Pt, Ni, Co, Ru, and Ag NPs can promptly be prepared using 
solvothermal method. 

2.3 Biology-Sourced Methods 

Till date, the biological techniques are emerging approaches to synthesize the metal-
based NPs. Biological methods overwhelmed the restrictions related with conven-
tional methods such as safety issues, reaction complications, and high cost. Also, the 
temperature, high pressure, toxic chemicals, and energy are not used in this method. 
Therefore, biological sourced synthesis of NPs is regarded as green or biomimetic 
synthesis. This method of NPs’ synthesis includes the applications of microorgan-
isms and their enzymes, plant extracts, plant products, etc. Generally, this broader
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method can be grouped into two types: first one is the bioreduction and second one 
is the biosorption. Briefly, in bioreduction method, various metal ions are reduced 
to a comparatively stable biological form using microorganisms and their enzymes. 
Thereafter, obtained NPs are separated from the specimen. Obtained NPs were fond 
stable and chemically inert, whereas in biosorption process, the metal cations get 
joint to cell wall of organism in the aqueous media. Reaction between peptide and 
cell wall forms quite stable NPs [25]. 

2.3.1 From Fungi 

The metal salts can be reduced using protein and enzymes produced by the fungi. 
For this purpose, most common used fungi are Aspergillus fumigatus, Trichoderma 
reesei, and Fusarium oxysporum. Out of all the NPs, Ag NPs can easily be synthe-
sized by this method because Ag NPs can easily bind with cytoplasmic membrane. 
Therefore, Ag nuclei can be developed by reducing the metal ions which further 
get aggregate to form NPs. The location of NPs synthesis is either intracellular or 
extracellular. However, the Pt NPs can also be prepared using fungi, i.e., Neurospora 
crassa and Fusarium oxysporum. The  Neurospora crassa-based NPs preparation 
contains bioreduction of proteins which results in single-crystalline, quasi-spherical, 
and round nanoaggregates. The bioreduction of various enzymes within the Fusarium 
oxysporum results to crystalline-natured Pt NPs with spherical shape. Contrary, biore-
duction of hydrogenase enzyme results to rectangular, triangular, and monodispersed 
spherical NPs. However, the pentagonal, hexagonal, square, spherical shaped, and 
circular Pt NPs can also be prepared using peptides and bioprecipitation of enzymes 
in Fusarium oxysporum [26]. Recently, Mohamed et al. [27] have given a detailed 
explanation about the synthesis of metal NPs from entophytic fungi and their possible 
biological applications. In recent years, the endophytic fungi have attained substantial 
curiosity for synthesizing the NPs. There is several unique properties of endophytic 
fungi such as metal tolerance, metal absorption, and accumulation capabilities. The 
fungi are excellent alternatives for synthesis of metallic NPs as compared to other 
sources. This method provides several benefits including: easy isolation from soil or 
plants, fungi secrete a variety of metabolites/extracellular enzymes which help in the 
reduction of metal ions into NPs, and due to their quick growth, fungi are simple to 
scale-up. Since most of the fungi grow in a wide range of pH, temperature, and NaCl 
concentrations, therefore, it is simple to alter the culture conditions to form different 
NPs. 

2.3.2 From Bacteria 

In recent time, Ag, Au, Pd, and Pt NPs have been effectively prepared using bacteria. 
The most common used bacteria for this purpose are Lactobacillus species (i.e., 
Klebsiella pneumoniae and Enterobacter cloacae), Bacillus species for producing 
Ag NPs, Rhodococcus species for Au, and E. coli for Pd, Pt, and Ag NPs. Because
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of the ability to survive in the environment and its richness in nature, the prokary-
otes are receiving more consideration for the synthesis of metal NPs. However, the 
productivity is lower as compared to fungi because bacteria secretes less amount of 
protein as compared to the fungi. Furthermore, the spherical shaped Ag NPs can be 
prepared from endophytic bacterium Bacillus siamensis strain C1 extracted from the 
plant Coriandrum sativum. Recently, Wang et al. [28] have showed that the combi-
nation of nanotechnological method and bacterial therapeutic method may increase 
the safety and efficacy of focused ultrasonic ablation surgery. Researchers aimed 
to develop a new biological targeting system consisting of genetically engineered 
bacteria (GVs-E. coli) and multifunctional NPs. In order to escape the influence 
of excessive particle size, after the combination of GVs-E. coli with multifunctional 
NPs, separate delivery and self-assembly in vivo approach were used [29]. The GVs-
E. coli synthesized from genetic engineering was injected into the tumor-bearing 
mice to infiltrate the tumor target areas by taking advantage of their tumor-targeting 
capability. 

2.3.3 From Plant Parts 

Generally, metal NPs such as Au, Ag, Pt, Cu, and Zn are effortlessly synthesized using 
plant extracts. Primary and secondary metabolites are found in the redox reactions of 
plant metabolism. The plant extracts are found to be a source of secondary metabolites 
such as phenolic acid, flavonoids, alkaloid, and terpenoid. These metabolites specif-
ically reduce the metal ions which results to the formation of NPs. Such metabolites 
also act as stabilizing/capping agent in the synthesis process of NPs. The photoreme-
diation of several heavy metals is possible using some specific plants, i.e., Brassica 
juncea (brown mustard), Clethra barbinervis (Japanese clethra), Sesbania drum-
mondii (rattlebox), and Acanthopanax sciadophylloides. Thereafter, plant extraction 
is mixed with an aqueous solution of metal precursor properly. Numerous spon-
taneous chemical reactions take place at room temperature and is resulting to the 
formation of nanostructures. However, in order to fasten the synthesis process, small 
amount of Cd can be added to the reaction mixture. The plant-based synthesis of NPs 
is favored over other available biological-based technique because of its ease of avail-
ability, bulk production, and due to production of eco-friendly products [30]. Several 
plant parts such as leaf extract, fruit, herb extract, dried leaves, crusts, and tuber extract 
are being utilized to prepare Pt NPs having different sizes and shapes. Most usual 
plants being used for synthesizing the Pt NPs are date palm (Phoenix dactylifera), 
pomegranate (Punica granatum), tulsi (Ocimum sanctum), and vajradanti (Barleria 
prionitis).
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2.4 Microfluidic Method 

Microfluidics method is a part of micro-electromechanical technique that includes 
the movement of 10−9 to 10−18 liters fluid through micron-sized vessels. Because 
the dimensions of channel are small, the fluid flowing by this microfluidic channel 
exhibits several interesting properties different from any macro system. These prop-
erties include laminar flow, electro-osmotic flow for the charged elements, and ability 
to control the water inside the channel. Furthermore, the main property of microflu-
idic device is high ratio of surface area to volume which permits rapid transfer of 
heat and mass which results in rapid cooling and heating of the reagents. The intake 
of the reagent in microfluidics is least which reduces the synthesis cost. The develop-
ment of reactions in spatial and temporal field is potential in the microfluidics. The 
reaction can be altered by controlling the flow rate of the reactant. The production 
of the products can be increased by employing a parallel setup at the same time. 
Furthermore, it is very easy to incorporate the reagents and simple to quench the 
on-going reaction after the formation of the product. The NPs in the microfluidics 
are prepared with the help of a single solvent (for single-phase) or multiple miscible 
solvents (for various phases). In order to synthesize metal NPs, two types of flow 
along with different mixing geometries are employed. The diffusion mixing of the 
reagents occurs in the continuous flow microfluidic. However, the segmented flow 
uses gas–liquid flow or liquid–liquid flow. The gas phase is used due to the inlet 
air or the air which is produced during the reaction, whereas the liquid phase is 
used due to the injection of immiscible liquid [31]. The shear force and interfacial 
tension within the two immiscible liquids produce the droplets, and it is accom-
plished using several geometries, i.e., flow focusing, T-junction, and co-flow. The 
winding and distributed mixing modules are generally employed in the laminar flow 
mixing. T-junction as well as Y-junction geometries are comparatively modest and 
easy to use, where the particle size can be tuned by controlling the channel width 
and flow rate. The geometries and the flow condition regulate the particle size in 
case of cross-channel geometry microfluidics [32]. Out of all the methods defined 
above, NPs synthesized using microfluidics technology showed excellent properties 
in the targeted cancer imaging, enhanced therapeutic efficiency, low sensing detec-
tion limit, and higher catalytic activity [33, 34]. A smart construction as well as 
design of microfluidic device is needed so that metal NPs with required shape, size, 
and crystallinity can be accomplished. Several parameters, i.e., concentration ratio 
of reactants, flow rate, seed quantity, seed aging time, residence time, temperature, 
heating time, and micro-channel wall thickness impact the synthesis of metal-based 
NPs.



376 A. Singh et al.

3 Biomedical Applications 

3.1 Gold Nanoparticles 

3.1.1 Biomedical Imaging, PTT, and Drug Delivery 

Gold and its compounds are used for several medical applications since its existence 
about 5000 years in the past. Among the metallic NPs, Au NPs are widely explored 
in detail across the globe and have delivered new comprehensions, particularly in 
the field of biomedical domain. Gold metal is regarded as noble one. Au NPs show 
exceptional characteristics like physicochemical catalytic, gets easily functionalized, 
non-toxicity, as well as several biological features. Attributed to the above mentioned 
unique properties, Au NPs are used for various applications such as therapeutics, 
biomedical imaging, drug delivery, sensing, analytical science, catalysis, and medical 
diagnosis [35–37]. Au NPs possess unique electronic and optical features along with 
the chemical inertness. These NPs have ability to get surface functionalization that 
is attributed to the presence of negative charge onto the surface of Au NPs. Due to 
the unique electronic and optical properties, Au NPs are being utilized in biosensors, 
PTT, and bioimaging. The ability of gold to get easily functionalized using organic 
compounds permits them to get conjugated with the ligands, antibodies, and drug 
molecules to be used for the active/passive drug delivery. The Au NPs show excellent 
biocompatibility in both of setups, in vitro and in vivo, due to their chemical inertness. 
Gold nanoparticles (Au NPs) have great potential for the biomedical applications and 
are being used since a decade as shown in Table 1.

3.1.2 Cancer Treatment 

Au NPs and its compounds are being used for cancer treatment since a long time. 
Recently, Meir et al. [53] have developed a technique to be used in tracking tumor-
specific T-cell via non-invasive longitudinal and quantitatively. This method is a 
combination of an imaging modality and labeling agents Au NPs. The results obtained 
from in vitro cytokine release as well as proliferation assays showed about the Au NP 
labeling being not obstructing the functioning of T-cells. The labeled cells then shifted 
into mice bearing melanoma. The CT imaging showed the circulation, migration, as 
well as perseverance of the cells inside tumorous tissue. T-cell tracking process as 
well as aggregation of directed T-cells in tumor is shown in Fig. 1. Prior to the 
injection, small tumor was not observable using CT scans (Fig. 1 IIA). A clear CT 
scan image can be seen (Fig. 1 IIB) after 24 h of the inoculation T-cells labeled with 
Au NP in tumorous tissue. This can be attributed due to the amount of Au NPs within 
T-cells which keep migrating toward the tumorous tissue. It has been observed that 
post 48 h, the signal gets strengthened which indicates a rise in concentration of 
targeted T-cells around the tumor spot (Fig. 1 IIC). Thereafter, signal gets decreased 
(Fig. 1 IID).
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Fig. 1 I T-cell tracking process: T-cells were labeled with Au NPs in vitro; the cells were then 
injected to mice and tracked in vivo using CT imaging. II Time-dependent accumulation of targeted 
T-cells at the tumor. a Before T-cell injection, b 24 h post injection, c 48 h post injection, and d 
72 h post injection. [Reused with due permission from [53] 

In the same order, Abdulateef et al. [61] have used pulsed laser ablation (PLA) 
method for synthesizing the Au NPs. In this method, bovine serum albumin was 
used along with simulated body fluid. In this research, BSA was used as a stabilizer, 
reducing, and capping agent to develop Au NPs of size in the range of 3–10 nm. 
Agglomeration as well as precipitation of obtained Au NPs was confirmed by occur-
rence of BSA in the reaction solution by electrostatic repulsion among the Au NPs 
and BSA. Results showed the stability of synthesized Au NPs-BSA conjugates gets 
enhanced with addition of BSA. Also, the obtained Au NPs show high biocompati-
bility and low toxicity and thus are capable to use for drug delivery. This research has 
presented an environmental-friendly, effective, and a simplistic method for synthe-
sizing the multifunctional Au NPs through PLA method, applicable for potential and 
efficient therapeutic cure of cervical cancer. 

3.1.3 Tissue Engineering 

The Au NPs have an excellent potential to be used in tissue engineering application. 
Cutroneo et al. [62] have developed PDMS sponge having 50–900 μm size with the 
help of sugar template. Thereafter, obtained sponges of PDMS were adsorbed with 
the GO and Au NPs developed by laser ablation method in liquid. The outcomes 
of this research exhibit that PDMS composites as well as adopted processing were 
found to be biocompatible after confirming by analyzing the cytotoxicity of PDMS 
composites toward various cell cultures.
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3.2 Silver Nanoparticles 

Apart from the Au NPs, Ag NPs and its compounds are also used for biomed-
ical applications since its discovery. Ag NPs have characteristic physicochemical 
features like good thermal conductivity, excellent catalytic activity, adequate elec-
trical conductivity, appropriate antibacterial activity, greater optical properties, and 
adequate chemical stability. Such unique features of Ag NPs allow them to be used 
in photonic, disinfectant applications, antimicrobial activities, and in electronic. 
Usually, Ag NPs are being utilized in wound dressings, medical industry for fabrics, 
and coating of devices because of their extraordinary antimicrobial activity. Other 
applications of NPs consist of development of biosensors, drug delivery, and PTT 
[63–74]. 

3.2.1 Antimicrobial 

Silver nanoparticles are well-known to have antimicrobial properties [75, 76] 
and luckily seem to be potent and efficient antimicrobial agents as compared to 
other noble metal nanomaterials, owing to their characteristic properties like large 
surface to volume ratio, toxicity, possible interaction with the sulfur and phosphorus 
compounds present in the cells [77], crystallographic characteristics, and so on, which 
enable them to be useful agents for treating various microbial infectious diseases 
and also can serve as useful agents to overcome the microbial resistance against the 
conventional drugs, either used alone or in conjugation with therapeutic antimicro-
bial formulations [78]. Silver nanoparticles have also been researched and proved to 
be efficient antifungal and antiviral agents. 

Furthermore, the Ag NPs can be conjugated or loaded with antibiotics or antimi-
crobials for synergistic and enhanced antimicrobial effects, resulting to the develop-
ment of efficient, potent, highly biocompatible, broad-spectrum, and least resistant 
antimicrobial formulations. One of the studies conducted by Bonde et al. has reported 
strong antimicrobial activity of Ag NPs (size 40–80 nm) synthesized from Murraya 
koenigii against human pathogens like Pseudomonas aeruginosa, Escherichia coli, 
and Staphylococcus aureus. The synergistic enhanced antibacterial activity of Ag 
NPs loaded with tetracycline and gentamycin was observed [79]. 

3.2.2 Cancer Treatment 

In recently reported research work, Shejawal et al. synthesized Ag NPs using 1% 
aqueous extract of the carotenoid phytopigment named lycopene, isolated from 
tomato, extracted in benzene and observed their anticancer activity. The lycopene Ag 
NPs were tested on Hella, COLO320DM, H29 cancer cell lines, and it was reported 
through MTT assay with the percent inhibition of 40.9 ± 0.69, 41.41 ± 0.41, and 
35.43 ± 0.67 against Hella, COLO320DM and H29 cancer cell lines, respectively
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[80]. In another study conducted by Lin et al., it was found that Ag NPs act as 
anticancer agents by induction of autophagy of cancer cells through activation of 
the Ptdlns3K pathway. Furthermore, they observed that inhibition of autophagy by 
autophagic inhibitor like wortmannin results in enhanced cancer cell killing efficacy 
in the mouse melanoma cell model (B16 cell lines) [81]. Shejawal et al., in their 
research work, synthesized iron and Ag NPs ranging in size from 50 to 100 nm by a 
green synthesis method from a polyphenolic bioactive phytocompound “proantho-
cyanidin”, isolated from grape seed, and successfully evaluated various biological 
activities of synthesized nanoparticles. They reported significant anticancer activity 
against different colon cancer cell lines (COLO320DM and H29) through SRB and 
MTT assays. According to the SRB assay, proanthocyanidin Ag NPs inhibited the 
growth of COLO320DM (inhibition: 71.61.97%) and H29 (inhibition: 69.211.86%) 
cell lines. MTT assay reveals that proanthocyanidin Ag NPs showed 64.27± 1.63 and 
63.34 ± 1.64% inhibition against COLO320DM and H29 cell lines, respectively [82]. 
In another research work carried out by Mittal et al., biosynthesized silver nanoparti-
cles from plant extracts of Potentilla fulgens caused cytotoxicity in a dose-dependent 
manner in the U-87 and MCF-7 cell lines. The IC50 value was found to be 8.23 and 
4.91 μg/mL in U-87 and MCF-7 cell lines, respectively [83]. Researchers carry out 
the desired conjugations with Ag NPs to have enhanced cytotoxicity toward cancer 
cells. Preethi and Padma observed the enhanced anticancer activity of silver nanobio-
conjugates synthesized from the leaf extract of Piper betle and its active polyphenol 
compound “eugenol”. The cytotoxicity to oral “KB” cancer cell lines was found to 
be elevated by the application of nanoconjugates in comparison to non-conjugates 
or crude parts of the plant [84]. Yuan et al. reported synergistic enhanced cytotox-
icity and apoptosis of Hela cancer cells with combinatorial therapy of Ag NPs and 
camptothecin (CPT) [85]. Venkatesan et al. biosynthesized porous chitosan–alginate 
Ag NPs and revealed that the nanocomposite has potential anticancer and antimi-
crobial properties. The nanocomposite was tested in vitro on MD-MB-231 (breast 
cancer cells), and the IC50 value is reported to be 4.6 μg/ml [86]. Gomathi et al. 
synthesized Ag NPs by using the fruit shell of Tamarindus indica, and the resulting 
biosynthesized nanoparticles proved effective in a dose-dependent manner against 
the MCF-7 cell line (human breast cancer) [87]. 

In vitro anticancer activity of green synthesized silver nanoparticles from the 
aqueous extract of D. ciliolata seaweed extract was evaluated by Venkatesan et al. 
[88]. Silver nanoparticles exhibited 82% toxicity to A549 cells with an IC50 value 
of 5 μg/mL. The nanoparticles induced DNA fragmentation and also inhibited cell 
migration in A549 cells. Antiangiogenic activity was exerted by the synthesized 
silver nanoparticles, as evidenced by the inhibition of tertiary blood vessel formation 
in CAM assay. The developed silver nanoparticles exerted potential anticancer and 
anti-angiogenic activity on non-small cell lung cancer cells.
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3.2.3 Bio-implants 

Ti implants are highly biocompatible and allow orderly bone growth but, unfortu-
nately, in the first five years after implantation, 5–10% of them fail due to poor 
osseointegration and to the presence of bacterial infections in prosthesis. Ag NPs 
have been described to damage bacterial cell via prolonged release of Ag+ ions as 
a mode of action when immobilized on a surface. The deposition of these nano-
materials on porous Ti substrates was previously fabricated using the space-holder 
technique. After silver nanoparticles were deposited on the porous Ti substrates, 
microstructural characteristics and antibacterial behavior were evaluated against the 
proliferation of Staphylococcus aureus on the Ag NPs functionalized substrates. 
Finally, the preliminary qualitative analysis showed the presence of inhibitory halos, 
being more relevant in the substrates with larger pores [70]. 

Jung et al. [89] have developed chitosan-Ag NPs hybrid 3D porous structure as a 
SERS substrate. The SERS substrate with chitosan-Ag NPs (chitosan-Ag NPs) hybrid 
3D porous structure was fabricated simply by a one-step method. SERS enhancement 
by the chitosan-Ag NPs substrate was experimentally verified using rhodamine B as 
an analyte. Thiolated single-stranded DNA was also measured for atopic dermatitis 
genetic markers (chemokines CCL17) at a low concentration of 5 pM. Chitosan-Ag 
NPs SERS substrate has a simple, low-cost, large area, and excellent biocompatibility. 

3.3 Iron Oxide Nanoparticles 

Iron oxide NPs are considered as one of the widely utilized magnetic nanoparticles in 
biomedical stream since they possesses several characteristic biological, chemical, 
as well as magnetic features. These NPs show adequate biocompatibility, greater 
magnetic susceptibility, high saturation magnetization, non-toxicity, and also greater 
chemical stability. The iron oxide shows various oxidation numbers, for instances, 
+3 in Fe2O3, +2 in FeO, and both +3 and +2 in Fe3O4. It has been found that 
Fe2O3 shows various crystalline polymorphs. These crystalline polymorphs are α-
Fe2O3, β-Fe2O3, γ-Fe2O3, and ε-Fe2O3. The  γ-Fe2O3 and Fe3O4 NPs were found to 
be very much biocompatible, but Fe3O4 NPs is widely utilized biomedicine appli-
cations. Though Fe3O4 NPs are sensitive to get oxidize, thus a coating with some 
biocompatible shell such as a suitable polymer, ceramic, or metal is compulsory. 
Coating with a shell imparts numerous benefits; for instances, it inhibits the agglom-
eration and aids the functionalization and conjugation with enzymes, proteins, anti-
cancer drugs, and antibodies. Various iron-based NPs are explored and studied for the 
targeted drug delivery, magnetic hyperthermia treatment, contrast agents for MRI, 
and for some other biomedical uses. The magnetic features of such NPs are further 
enhanced by the means of doping of magnetically sensitive atoms, i.e., Ni, Co, and 
Mn. However, the ferrites doped by Co as well as Mn are widely used in biomedical 
applications. CoFe2O4 NPs were found to have high magnetocrystalline anisotropy, 
moderate magnetization saturation, high Curie temperature, chemically stable, and
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high coercivity. Therefore, such NPs are potentially being researched for to make 
them feasible for magnetic hyperthermia applications and as possible contrast agents 
in MRI. The MnFe2O4 NPs possess greater magnetization, good magnetic suscep-
tibility with appropriate relativities, and biocompatibility. Therefore, MnFe2O4 NPs 
too are widely explored for magnetic hyperthermia applications as well as contrast 
agents in MRI. 

3.3.1 MRI and Biomarker Tracking 

Magnetic resonance imaging (MRI) is an efficient bioimaging method that gives 
both 3-D and cross-sectional images of delicate tissues without the use of radioac-
tive radiations. Magnetic IONPs act as contrasting agent in MRI, and additionally, 
they are able to track the specific biomarker, cell, or organ by MRI in diseases like 
stroke, cancer, aortic or cerebral dysfunctions, etc. Therefore, magnetic IONPs are 
considered as multifunctional due to their synergistic properties of bioimaging and 
biomarker tracking [90]. Ferromagnetic and superparamagnetic IONPs are currently 
used in biomedical industry as they shorten T1 spin–lattice relaxation time and T2 
spin–spin relaxation time. This results in brighter and sharp image. They can modify 
spin–spin relaxation effects by inducing local field inhomogenicity and thus shorten 
T1 and T2 relaxation times [91]. To improve biocompatibility, hydrophilicity, and 
degradability, magnetic IONPs are surface modified with polyethylene glycol (PEG) 
polymers and other functional entities. 

3.3.2 Hyperthermia and Chemotherapy 

Hyperthermia is considered as a supporting treatment for chemotherapy, surgery, 
or radiotherapy. It is based on the principle of heating tumor region by generating 
minimal damage to healthy cells. Cancer cells are comparatively more sensitive 
to temperature than normal ones. When IONPs are under influence of changing 
external magnetic field, heat production occurs due to the magnetic hysteresis loss 
and Brown and Neel relaxation that destroys cancer cells. This therapy can be imple-
mented for brain, breast, prostate, melanoma, lymph node, glioblastoma, cervical 
cancers. IONPs are surface modified with several biocompatible molecules (dextran, 
polyethylene glycol, folate, etc.) to achieve specific targeting and destruction. Appli-
cations of external magnetic field and temperature for specific period of time promote 
the destruction of targeted cells. Outcome depends upon IONP particle size and their 
distribution, susceptibility of magnet, temperature control, and immune response 
activation. Magnetic guided drug targeting provides efficacy, reduces unwanted side 
effects, and therefore establishes potential of IONPs in the diagnosis and treatments 
of cancer. Major technical issue in hyperthermia is the damage causes to healthy 
tissues near tumor region. Nanomaterial benefits spatial absorption by cancer cells 
and inhibits specific target. Hence, scientists are emphasizing on combination therapy 
consisting of magnetic hyperthermia and chemotherapy. It may conquer individual
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Fig. 2 Working mechanism of iron oxide NPs against CSCs. Reused with due permission from 
[92] 

treatment problems like magnetic hyperthermia contract cancer cells and enlarges 
space between cells. This allows drug to spread at tumor site and demolish cancer 
cells. Heat generation due to IONPs triggers drug release. This enables consistent 
anticancer drug release by using IONPs; moreover, magnetic hyperthermia may 
destruct cancer cells by potentiating drug effect. 

Mortality rate of metastatic breast cancer is linked to the cancer stem cells’ 
(CSCs) aggressive features. Abu-serie et al. [92] The nanoformulations of DDC with 
green chemically synthesized ferrous oxide nanoparticles (FeO NPs) and ferric oxide 
(Fe2O3 NPs) were prepared. Due to nanoparticle characters and synergistic effect 
between iron oxide NPs and DDC, nanocomplexes (DFeO NPs and DFe2O3 NPs, 
respectively) exhibited the strongest antimetastatic cancer potency in vitro. Because 
of corresponding iron oxide nature, DFeO NPs demonstrated better therapeutic effi-
cacy than DFe4O3 NPs, in mammary tumor liver metastasis-bearing mice, in terms of 
tumor size, histological analysis, immunostaining % of ki-67+ and caspase 3+, and 
gene expression of p53 and BCl2. The potent antitumor effect of DFeO nanocomplex 
is attributed to the maximum elevation of reactive oxygen species and lipid peroxi-
dation (ferroptosis hall marker) with severe depletion of GSH and Nrf2 selectively 
in both tumor tissues, causing CSC eradication with halting metastatic activity. The 
mechanism is shown in Fig. 2. 

3.3.3 Magnetofection and Gene Therapy 

Magnetofection is associated with the non-viral gene vectors in the form of magnetic 
IONPs that transfects gene into the targeted region inside the body. Magnetic IONPs 
provide a novel tool for high-throughput gene delivery. Such delivered genes once 
reach to the target, either knock-down or knock-up the functionality of specific gene 
or translated protein. Such manipulations lead to the gene therapy in case of various
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genetic disorders and tumor destructions. Therefore, magnetic IONPs possess multi-
functional approach with respect to magnetofection and gene therapy [93]. IONPs 
are incorporated for effective gene therapy to treat various diseases. One of the 
common applications of gene therapy is to insert a specific gene as a replacement of 
an abnormal gene. Likewise, other applications are swapping, repairing, or altering 
an abnormal gene for normal gene. Surface of nanomaterials must be functionalized 
with different components for efficient gene binding [94]. 

3.3.4 Nanovaccine and Immune System Activation 

Furthermore, IONPs conjugated vaccines increase immunogenicity of the vaccine. 
It has been reported that IONPs promote immune cells’ activation and thus cytokine 
production that induces strong humoral as well as cellular immune response. This 
established a potent vaccine delivery platform using nanovaccines [95]. For example, 
IONP-based nanovaccine has been designed as an adjuvant for Avian influenza virus 
(AIV) subtype H9N2 vaccine delivery and immune system activation [96]. 

3.3.5 Tissue Engineering 

Tissue or organ replacement needs spatial and temporal regulation over biological 
circumstances and in situ monitoring. Targeted delivery of biomolecules like genes, 
growth factors, protein inhibitors, and contrast agents is crucial step in monitoring 
the engineered tissues. In such cases, it has been reported that nanoparticle-based 
scaffolds provide contrast for bioimaging as well as control for scaffold movements. 
As per the application, nanoparticles are synthesized and surface functionalized with 
different polymers, ceramics, metals, biomolecules, etc. [97]. Composites made up 
of combination of different biopolymers (like bovine serum albumin, chitosan, etc.), 
calcium phosphate (CP), and IONPs have been demonstrated as biocompatible rela-
tively slow degraded scaffolds for in vivo tissue engineering studies [98]. It has 
been reported that composite of calcium phosphate and MNPs is used for osteoin-
duction of stem cells with potent biocompatibility. Composites accelerated biolog-
ical organization of seeded stem cells that resulted into bone tissue regeneration 
[99]. Michelle et al. have reported the IONP-based nanoenzymes for effective tissue 
engineering and regenerative medicine. It has been reported that they possess high 
stability, catalytic action, and effective enzymatic nature that help in cardioprotection 
in the angiogenesis and heart-related therapies, wound healing, as well as bone tissue 
engineering. 

3.3.6 Stem Cell Therapy and Regenerative Medicine 

The current emergence of nanobiotechnology is expected to expedite the field of 
stem cell and regenerative medicine that covers damaged tissue or organ repair,
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replacement, and regeneration to restore their original function with nanoparticles. 
Specifically, IONPs with characteristic physicochemical properties, higher surface 
area, provide promising platform for advance diagnosis and therapeutic in the field 
of regenerative medicine. IONP-based applications cover drug delivery and release, 
tissue regeneration, cancer stem cells destruction, transplanted cell tracking, cell 
proliferation and differentiation regulation, channels and signal pathway, etc. IONPs 
bind to ion channels by specific and non-specific interactions to regulate in situ ion 
channels and manipulate the stem cell function with an externally induced magnetic 
field. This generates the mechanical force or heat that controls adhesion and differen-
tiation of stem cells and intracellular tissue regeneration signaling. IONPs embedded 
in scaffolds tend to promote adhesion, proliferation, and growth of stem cells by regu-
lating interactions between cell and scaffolds [100]. IONPs provide diagnostic as well 
as therapeutic effects when modified according to the need. Small interfering RNAs 
(siRNA) are considered as potent gene therapeutic agent for their gene knockout 
ability. However, due to their polyanionic and unstable nature, their entry inside the 
cells becomes difficult by passive diffusion. It has been reported that IONPs loaded 
with siRNA cross cell membrane and are transported to specific gene site with induced 
external magnetic field. It has been reported that specific biomolecule such as cancer 
stem cell (CSC) membrane conjugation with IONPs targets the tumor-specific site 
and shows potent antitumor in vivo activity [101]. IONP-mediated targeted destruc-
tion of CSCs is possible in combination with hyperthermia and chemotherapy that 
establishes potent cancer therapeutic platform [102, 103]. 

3.3.7 Drug Delivery 

IONPs are one of the most popular theranostics agents in the field of nanomedicine for 
targeted and controlled drug delivery. IONPs are prominently being in focus as vital 
components in medical industry, biomedicine, and biotechnology. IONP-mediated 
cancer treatment was first performed in 1957. Due to small size and less cytotoxicity 
of IONPs, it is possible to perform in vivo studies by targeting specific sites. Stable 
suspensions of IONPs are in colloidal form dispersed in liquid organic and inorganic 
carriers. Bare IONPs possess hydrophobic surfaces containing high surface area 
to volume proportion, particle agglomeration, large cluster formation, and larger 
particle size. These properties limit superparamagnetic characteristics and initiate 
opsonization. Hence, surface functionalization is necessary for better activity of 
IONPs. Polymers such as polyethylene imide (PEI), polyethyleneglycol (PEG), poly-
L-lysine (PLL) are coated on surfaces of IONPs to change surface of nanomaterial 
and thereby exist a new multifunctional IONP system [104, 105]. Magnetite provides 
comparatively better biocompatibility. Surface functionalization not only stabilizes 
IONP suspension but also lessens remnant magnetization. Functionalization provides 
biostability, biodegradability, and non-toxicity [106]. Natural and synthetic polymer-
coated IONPs have biomedical drug delivery functions. Therefore, magnetic IONPs 
tend to deliver drugs at specific targeted region and destruct cell functioning by
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killing or inhibiting them. This provides the multifunctionality to the IONPs with 
synergistic biomedical potential. 

3.4 Zirconium Nanoparticles 

3.4.1 Antimicrobial and Antioxidant 

In a recent work, scientist has synthesized a green and eco-friendly Zr NPs (size 20– 
60 nm) from fruit peels of Punica granatum (pomegranate). Antimicrobial activity 
of synthesized Zr NPs was tested against gram-positive strains (Bacillus subtilis, 
Staphylococcus aureus), gram-negative strains (Escherichia coli, Klebsiella pneumo-
niae), and fungi (Aspergillus niger) by agar well diffusion method. Zr NPs showed 
maximum zone of inhibition against S. aureus (19 mm) and A. niger (18 mm) at 
the maximum concentration of 200 μg/mL. The antioxidant scavenging activity 
of obtained Zr NPs was analyzed using DPPH radical scavenging activity, hydroxyl 
radical scavenging activity, ferric reducing antioxidant power, and hydrogen peroxide 
radical scavenging activity. Considering the tolerance of zirconium toward human 
body, it can also be used as antimicrobial coating material on human implants 
[107, 108]. 

3.4.2 Bone Tissue Engineering 

To satisfy the stressed zone criterion, biomaterial scaffolds must have sufficient 
mechanical strength [109]. Additionally, in order to enable the development of 
osteoblasts, vasculature, and new bone, these scaffolds must possess specific osteoin-
ductivity and cytocompatibility qualities as well as the connectivity structure. 
Through the replication process, researchers have created porous nano-ZrO2 scaf-
folds [110]. Various materials are available for the functionalization of zirconium 
dioxide utilized in bone and tissue applications. The investigation’s main goal is 
to use various functionalization techniques to promote the regeneration of broken 
bone or tissue, which will substantially impact the usage of ceramic materials in 
biomedical applications [111]. 

3.4.3 Bone Resorption 

Wear debris and periprosthetic osteolysis of medical implants have a significant role 
in loosening prosthetic implants. Zirconium dioxide is typically used to manage 
debris and inflammatory reactions to wear products. Comparing osteoblast, fibrob-
last, and macrophage cell proliferation to CoCrMo alloy and zirconia particles 
perform better [112]. In osteoarthritis and rheumatoid synovial cells, Liagre et al. 
investigated the effects of zirconia or aluminum particles on the production of
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proinflammatory interleukin and the metabolism of arachidonic acid. In this study, 
Ramaswamy et al. investigated the attachment of human osteoclasts grown in vitro to 
resorbable bioceramics with various surface properties and chemical compositions 
to affect osteoclast resorption and the creation of resorption lacunae. Specifically, 
the researchers were interested in how these factors could affect the resorption of 
bone. Using a mouse coculture with osteoblast-like cells on bone slices, Sabokbar 
et al. showed how the addition of zirconium dioxide nanoparticles increased tartrate-
resistant acid phosphate (TRAP) expression and bone resorption in the system 
[113]. 

In the same order, in another research, Imran et al. [114] have used the sol–gel 
method to synthesize of zirconia NPs as shown in Fig. 3. The  ZrOCl2·8H2O is utilized 
as a precursor material, Fe3O4 NPs as a stabilizer, and deionized water as a solvent 
to synthesize Zr NPs. The Fe3O4 NPs prepared by sol–gel method stabilizes the 
Zr NPs. A maximum scavenging antioxidant activity and a weak hemolytic activity 
were perceived in the optimized parameters. Therefore, for conclusion, it states that 
the optimized NPs, i.e., tetragonal Zr NPs stabilized using basic Fe3O4 in 6 wt% 
amount, can be a potential material for therapeutical and pharmaceutical uses. 

Fig. 3 Sol–gel route for the synthesis of zirconia NPs and their properties. Reused with permission 
from [114]
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3.5 Titanium Oxide Nanoparticles 

The metal oxide-based NPs, i.e., TiO2 have a great impact on advancements in the 
nanotechnology. A number of research papers have been reported in past several years 
being focused onto metal oxide NPs due to their greater biological, chemical, as well 
as magnetic features such as non-toxicity, chemical stability, high saturation magne-
tization, excellent biocompatibility, as well as greater magnetic susceptibility. Due 
to such features, metal oxide NPs are being used in several biomedical applications, 
i.e., bioimaging, hyperthermia, drug delivery, cell labeling, and gene delivery. TiO2 

is one of the widely studied materials, and it is being used in several photocatalytic 
and photovoltaic devices. TiO2 NPs are also used in food coloring, paint, cosmetics, 
and toothpaste. The TiO2 NPs possess several characteristic features, i.e., chemical 
stability, biocompatibility, as well as optical properties. Due to above mentioned 
unique features, TiO2 NPs have a great potential to be used for biomedical uses, i.e., 
bioimaging, photoablation therapy, drug delivery, and biosensors. 

3.5.1 Protein Adsorption 

Recently, this method was adopted by Pantaroto et al. [115] to synthesize various 
crystalline phases in sputtered TiO2 films as shown in Fig. 4. These phases were 
custom-made to regulate their morphology as well as electrochemical characteristics, 
apatite layer formation on TiO2 implant material, and protein adsorption. The deposi-
tion parameters of TiO2 crystalline phases, anatase and rutile, are recognized. There-
after, these phases were grown onto the commercially pure titanium (cpTi) using 
magnetron sputtering in order to prepare several groups, namely A-TiO2 (anatase), 
M-TiO2 (anatase and rutile mixture), and R-TiO2 (rutile). The results exhibited that 
M-TiO2 sample has reflected normal cell adhesion and morphology. It has been found 
that the amalgamation of anatase and rutile structures in order to develop TiO2 layers 
is an encouraging approach to advance the properties of biomedical implants such as 
higher protein adsorption, greater corrosion protection, non-cytotoxicity effect, and 
bioactivity.

3.5.2 Antimicrobial 

In the same manner, Song et al. [116] have used co-sputtering method to develop TiO2 

thin films consisting Ag NPs on commercially pure titanium substrates in order to 
maximize the bactericidal property along with the sustained biocompatibility. Corre-
lation between the dispersion of Ag NPs throughout the film and their antibacterial 
efficiency was analyzed. The outcomes revealed that two major factors affect the 
bacterial inhibition addition to the surface of sample: surface structure and release 
kinetics of Ag ions. Furthermore, the MTT assay findings showed that no cytotox-
icity toward fibroblast cells for any of the group was found. Therefore, magnetron
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Fig. 4 Proposed mechanism of sputtered bi-phasic rutile and anatase TiO2 film on the electro-
chemical and biological behavior of cpTi substrate. Reused with due permission from [115]

sputtered Ag NPs coated with TiO2 are potential candidate as antibacterial agents 
along with sustained biocompatibility. 

3.5.3 Implants 

A method was developed to coat the nanomembrane using SiC–TiO2–graphene with 
varying percentages of Azadirachta indica (neem) extract. The nanomembranes have 
been synthesized by electrospinning machine over aluminum foil paper using the raw 
materials PVA grain, SiC, TiO2, graphene, and neem. No toxic effects were observed 
from the membrane during the cytotoxicity test. The concept of this type of nanofi-
brous–nanofiller membrane can be used in dental implants to mitigate the compli-
cation of stress shielding and implant-related infections and inadequate osseointe-
gration problem [117]. The surface of Ti6Al4V alloy widely used for the fabrication 
of implants was modified by incorporating a novel biocompatible and antibacterial 
coating composed of multiple layers of hydroxyapatite (HA) and Ag deposited on 
a TiO2/TiN/Ti trilayer. In vitro biological response was evaluated by cell viability
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tests with mouse mesenchymal stem cells, while bacterial viability was evaluated 
with Staphylococcus aureus strain. Meanwhile, there was a relief in the residual 
stresses of >50%, which generated increases of up to 74% in the adhesion of the 
coatings to the substrate. The biological tests showed that biocompatible coatings 
with high antibacterial potential were obtained. Such material can be used for implant 
applications [118]. 

3.6 CeO2 Nanoparticles 

Another metal oxide NPs’ material that is gaining the attention for being used 
in biomedical stream is cerium oxide (CeO2) NPs, also known as nanoceria. The 
nanoceria possesses a specific feature and that is its ability to get switched between 
various oxidation states. Generally, CeO2 NPs have defects on the surface which act 
as oxygen vacancies. Thus, CeO2 NPs have facility to shift the oxidation number 
between +4 and +3 and these oxidation states may also coexist. This property of 
CeO2 NPs has taken them in the focus of research, especially as a possible biolog-
ical antioxidant. CeO2 NPs are being used in several biomedical streams including 
biosensor and cancer treatment. Recently, simple sol–gel combustion method was 
used by Elayakumar et al. [119] to prepare spinel copper ferrite (CuFe2O4) NPs doped 
by various amount of rare earth element cerium (Ce3+) ions. The Ce3+ ions were doped 
within spinel lattice of CuFe2O4 NPs without further distortion. Magnetic behavior 
of Ce3+-doped CuFe2O4 NPs was analyzed by VSM method at room temperature. 
Magnetic properties were changed after incorporation of Ce3+ ions into CoFe2O4 

lattice. In application point of view, antibacterial potential of Ce3+-doped CuFe2O4 

NPs was examined and found to be increased with increase in Ce3+ amount. 
Unarguably, the most important and highly explored property of CNPs is their 

inherent ability to act as antioxidant in an environment-dependent manner. The 
case is further strengthened by possession of “redox switch” to confer them auto-
regenerating capabilities by automatically shifting between Ce4+ and Ce3+ oxidation 
states [120]. The nanoparticle form of cerium oxide is superior as compared to the 
bulk cerium because it can alter the ratio of different oxidation states in its nanopar-
ticle form. In the nanoparticle form, cerium oxide exists as a mixture of Ce3+ and 
Ce4+ on the surface of CNPs. Further, with a decrease in the diameter of CNPs, there 
is an increase in number of surface oxygen vacancies and Ce3+. To offset the oxygen 
loss from surface, the oxidation state of two atoms changes from Ce4+ to Ce3+ [121]. 

3.6.1 Cancer Treatment 

The basal levels of ROS are already higher in cancer cells, and a further increase in 
ROS by CNPs due to their oxidant properties in acidic pH results in crossing of the 
threshold levels causing cellular death. Although a number of different redox active 
nanomaterials are useful to combat cancer, the uniqueness of CNPs lies with their
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ability to regenerate themselves, reduce the levels of increased ROS without affecting 
basal levels in normal cells and selective pro-oxidant activity in case of cancer cells 
ultimately leading to ROS-induced cell death in cancer cells. The pro-oxidant effects 
of CNPs selectively in cancer cells were demonstrated by Alili and associates, where 
they showed that CNPs induced cytotoxicity in melanoma cells by causing a two-fold 
increase in the intracellular ROS levels, without affecting ROS levels in fibroblasts 
[122]. The similar results were obtained by Pesic et al., on different cancer cell lines 
including adenocarcinoma DLD1, NCI-H460, 518A2, HT-29 and normal cells such 
as lung fetal fibroblasts, MRC-5, and keratinocytes, HaCaT cells [123]. 

However, CNPs modified with different ligands were also tried to improve 
targeting capabilities in cancer. Hijaz et al. used folic acid tagged CNPs to induce 
cytotoxicity in ovarian cancer [124]. Similarly, Sulthana et al. also used folate conju-
gated CNPs to actively target the NSCLC and used a combination of doxorubicin 
(DOX) and Hsp90 inhibitor, Ganetespib, to achieve significant cellular death [125]. 
Further, Vassie and group also decorated CNPs with folic acid to provide active 
targeting of folate receptor expressing ovarian cells [126]. The surface modification of 
CNPs with folic acid increased the uptake of CNPs by folate receptors which resulted 
in induced ROS to a greater extent in ovarian cells, in contrast to, colon carcinoma 
cells where folic acid-tagged CNPs actually reduced the ROS generation. Fernandez-
Varo et al. demonstrated the efficacy of CNPs in diethylnitrosamine-induced hepato-
cellular carcinoma (HCC), where CNPs administration was associated with cellular 
apoptosis, decreased macrophage infiltration, reduced inflammatory gene overex-
pression, and increased survival in rats [127]. A schematic presentation of cellular 
environment-dependent activity of CNPs is shown in Fig. 5. 

Fig. 5 Cellular environment-dependent activity of CNP. Reused with due permission from [128]
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3.6.2 Wound Healing 

The improvement in wound healing by CNPs could be well attributed to prolifera-
tion enhancing and cytoprotective activities on different cells such as fibroblasts and 
keratinocytes. Chigurupati and associates showed accelerated effects of topical appli-
cation of water-soluble CNPs on cutaneous wound healing by accelerating migration 
and proliferation of skin keratinocytes and fibroblasts along with an enhanced tube 
formation by vascular endothelial cells (VECs). The findings were also supported 
by in vivo results, where CNPs accelerated wound healing in C57BL/6 mice and 
showed an increase in the immunoreactivity for α-smooth muscle actin (α-SMA), 
a marker for differentiated myofibroblasts [129]. Further, CNPs were reported to 
enhance the proliferation of embryonic fibroblasts in vitro by ROS reduction and 
increasing the expression of antioxidant genes. However, the authors also observed 
that high concentrations of CNPs significantly reduced ROS below the physiolog-
ical levels. Lord and group coated hyaluronan on CNPs to target CD44 and ROS 
in human fibroblast and reported that HA-conjugated CNPs showed better cellular 
uptake, improved ROS reduction, and induced autophagy in the cells [130]. Another 
report demonstrated that CNPs preserved mitochondrial functions and improved the 
energy balance in basal as well as pro-oxidant conditions in primary cultured skin 
fibroblasts [131]. In addition, Naseri-Nosar et al. incorporated CNPs on the poly(ε-
caprolactone)/gelatin films by electrospinning method to develop wound dressing 
material with enhanced wound closure activity [132]. Zgheib et al. conjugated CNPs 
with miRNA-146a, a “molecular break” for the inflammatory processes, and found 
that conjugated CNPs accelerated wound healing without inducing any pathologic 
abnormalities post healing. Further, it also decreased inflammation and increased 
angiogenesis for improved wound healing [133]. 

3.6.3 Antimicrobial 

Babu et al. investigated antibacterial activity of gold-supported CNPs against 
different bacterial cultures including E. coli, S. enteritidis, B. subtilis, and S. aureus 
monoculture, though the inhibitory effect was found to be moderate modest on 
different bacteria [134]. Kasinathan et al. synthesized photocatalytically active 
cerium-doped TiO2 nanocomposite using hydrothermal method and reported potent 
activity against gram-positive bacteria, E. coli at 10 μg/ml level [135]. Further, 
Alpaslan et al. showed antibacterial activity of CNPs against gram-positive as well 
as gram-negative bacteria depending on the pH as the CNPs were able to show much 
more effectiveness at basic pH of 9 as compared to acidic pH [136]. Mohamed and 
associates used a green method to synthesize CNPs using fruits of Hyphaene thebaica 
and found them to possess excellent biological properties including antioxidant, 
antimicrobial, and antiviral [137].
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3.7 Zinc Oxide Nanoparticles 

ZnO NPs are another metal oxide NPs being used for bioimaging and drug delivery. 
Though the surface of ZnO NPs is required to be altered in order to protect because 
these NPs are dissolvable in water and acidic solutions. ZnO [138–140], ZnO tetrapod 
materials [141, 142], etc., are being explored since a long duration of time for medical 
uses. Recently, El-Gendy et al. [143] have synthesized and characterized ZnO NPs 
with the help of laser ablation at several ablation times. By applying laser ablation 
method, it has been found that the synthesized ZnO NPs were found to be spherical 
shaped having the average size as 10.2 and 9.8 nm using ablation times as 20 and 
30 min, respectively. In order to know their antimicrobial properties, synthesized 
ZnO NPs were subjected against two ophthalmological bacteria: one was Pseu-
domonas aeruginosa and second was methicillin-resistant S. aureus. A substantial 
decline was observed in bacterial growth when treated with synthesized ZnO NPs. 
Furthermore, the obtained ZnO NPs were analyzed for their antioxidant property as 
well as biocompatibility for the retinal epithelial cells and were found reasonable 
antioxidant too. However, the synthesized ZnO NPs using 20-min ablation time were 
found to be safer and most biocompatible as compared to synthesized using 30-min 
ablation time. 

3.7.1 Antimicrobial 

ZnO NPs can be selected as an antibacterial material because of its superior prop-
erties, such as high specific surface area and high activity to block a wide scope of 
pathogenic agents. But recently, the antibacterial activity of ZnO NPs is still scarcely 
known. Prior reports had suggested that the main antibacterial toxicity mechanisms 
of ZnO NPs were based on their ability to induce excess ROS generation, such 
as superoxide anion, hydroxyl radicals, and hydrogen peroxide production [144]. 
The antibacterial activity may involve the accumulation of ZnO NPs in the outer 
membrane or cytoplasm of bacterial cells and trigger Zn2+ release, which would cause 
bacterial cell membrane disintegration, membrane protein damage, and genomic 
instability, resulting in the death of bacterial cells [145, 146]. 

Epidemic disease cholera, a serious diarrheal disease caused by the intestinal 
infection of gram-negative bacterium V. cholera, mainly affects populations in 
the developing countries [147, 148]. Aiming at the development of nanomedicine 
against cholera, Sarwar et al. carried out a detailed study about ZnO NPs 
against Vibrio cholerae (two biotypes of cholera bacteria (classical and El Tor)). 
ZnO NPs were observed to be more effective in hindering the growth of El Tor 
(N16961) biotype of V. cholera, which was closely associated with ROS production. 
These results would damage bacterial membrane, increase permeabilization, and 
substantially modify their morphology [149]. They also detected the antibacterial 
activity of the ZnO NPs in cholera toxin (CT) mouse models. It was found that ZnO
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NPs induce the collapsing of secondary structures by interrupting the CT binding 
with GM1 anglioside receptor [150]. 

3.7.2 Bioimaging 

ZnO NPs exhibit efficient blue emissions and near-UV emissions, which have 
green or yellow luminescence related to oxygen vacancies, therefore further 
extending its application into bioimaging field [151]. Using a simple sol–gel 
method, Xiong et al. prepared stable aqueous ZnO@polymer core–shell nanopar-
ticles (ZnO@poly(MAA-co-PEGMEMA)) for the first time. The ZnO@polymer 
core–shell nanoparticles exhibited high quantum yield and very stable broad photo-
luminescence in aqueous solutions. As shown in Fig. 3, within human hepatoma cells, 
ZnO-1 (derived from LiOH) with an average size of 3 nm showed green fluorescence, 
while ZnO-2 (derived from NaOH) with an average size of 4 nm appeared yellow. It 
was worth to note that these nanoparticles did not show any remarkable toxicity for 
human hepatoma cells when their concentrations were less than 0.2 mg/mL. Further-
more, the luminescence was very stable during cell culturing, and the cells were 
alive at 45 min of exposure. So, as a type of safe and cheap luminescent labels, the 
ZnO@polymer core–shell nanoparticles can be used as fluorescent probes for cell 
imaging in vitro [152]. 

3.8 Bimetallic Nanoparticles 

The bimetallic NPs, iron cobalt (Fe–Co), possess excellent magnetic features, i.e., 
elevated Curie temperature, superparamagnetism property, as well as greater satura-
tion magnetization. But, their ability is to being get oxidize easily and their biocom-
patibility limits their applications. In order to resolve this issue, a coating of some 
biocompatible material over Fe–Co NPs is required. Since Fe–Co NPs have high 
saturation magnetization, thus are used as magnetic hyperthermia as well as contrast 
agents for the MRI. Further, iron nickel (Fe–Ni) NPs too show high saturation 
magnetism feature along with elevated Curie temperature and thus are primarily 
utilized in MRI as contrast agents. Thereafter, the copper nickel (Cu–Ni) NPs exhibit 
magnetic features and elevated Curie temperatures and thus are chiefly being used in 
magnetic hyperthermia. Iron platinum (Fe–Pt) NPs own characteristic magnetic and 
chemical properties, i.e., elevated Curie temperature, high X-ray absorption, chem-
ical stability, superparamagnetization, and greater saturation magnetization. Such 
unique features allow these NPs to be used in MRI, hyperthermia treatment, biosen-
sors, and drug delivery. Apart from these, Ag–Fe3O4 [153], Au–Ni [154], Ag–Au 
[155–157], Pd–Pt [158], Ag–Pd core–shell [159], Ag–Ni [160], PEG–Fe–Au alloy 
[161], Ag–Pt-modified TiO2 [162], (Pd–Pt)/SiO2 [163], Pt–Co [164], Ni–Pd@MIL-
101 [165] are biomedical relevant bimetallic NPs. Bimetallic NPs such as iron cobalt
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(Fe–Co) [166–168] as well as iron platinum (Fe–Pt) [169, 170] are also very much 
clinically relevant and are being used since a long time. 

4 Conclusion 

Synthesis of nanoparticles using several known methods fulfills maximum demand 
of the nanomaterial to be used in biomedical sector. However, each method is most 
suitable to some of the specific type of nanoparticles and also depends upon the 
end-use applications. The progress in nanotechnology is facilitating us to resolve the 
obstacles faced in our basis routine life. However, numerous approaches are still at 
the clinical stage or pilot stage, and these methods are required to be established at 
the ground level. The healthcare workers including doctors, nurses, and scientists get 
blessed with nanotechnology for the specific drug target delivery, healthier diagnosis, 
and the utilization of requirement-based compatible implants. Various nanomaterials 
assist the different health associated dimensions like treatment, therapy, surgery, 
implants, tissue engineering, etc. In summary, nanoparticles have great potential to 
offer numerous multimodal diagnostic stages and therapeutic uses for human health. 
The efforts are presently in the process to interpret such scientific advancements for 
the clinic uses, and definitely, it will bring new paradigm in the biomedicine world 
[171]. 

5 Challenges and Future Aspects 

Synthesis of nanoparticles has several challenges, especially, as far as their end-
use applications are considered. The challenges for nanotechnology in biomedical 
applications are added on daily basis. New and new NPs are being discovered to 
counter novel diseases. However, there are some basic challenges those need to be 
effectively resolved prior to the remarkable prospective of nanotechnology for the 
biomedical uses which is completely comprehended. Though unique characteristics 
of various NPs are used for several medical science applications, NPs should also 
be scrutinized for their possible potential dangerous side effects to ensure the health 
safety. However, the agglomeration of nanotechnology with medicine domain gives 
hope to improve the human health, but their toxicological aspects should also be 
analyzed thorough in vitro and in vivo manner. The main challenge in diagnostics is 
to make affordable and robust point-of-care set of systems to detect human diseases 
at their early stage with highest sensitivity and specificity. In current time, cancer 
diagnosis and treatment are in main focus. However, one of the major challenges is 
to spread the advancements and technologies to the mass of people to aware them 
about infectious diseases those are considered to be the biggest killers. Preferably, 
the in vitro diagnostic platforms with the help of nanotechnology should be devel-
oped for communicable diseases. In addition to that, as far as the circular economy
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concept is considered, the cost of raw material and processing, their availability, 
their sustainability toward end-use, as well as recyclability is must to take under 
consideration [172–176]. 
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