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Abstract
This paper provides a comprehensive overview of the classication, properties, 
synthesis, characterization, and applications of nanomaterials. Nanomaterials are 
dened as materials that have one or more external dimensions in the nanoscale, 
which range from 1 nanometer (nm) to 100 nm. They can be classied based on their 
origin, dimensionality, morphology, and composition. Common forms of 
nanomaterials include nanoparticles, nanowires, nanorods, and nanotubes, each 
possessing different dimensions within the nanoscale. The unique physical and 
chemical properties of nanomaterials arise from their small size and high surface area-
to-volume ratio. Additionally, the optical properties of these materials are heavily 
inuenced by their size. Because of these remarkable characteristics, nanomaterials 
are suited for a diverse array of applications, particularly in the elds of catalysis, 
imaging, medical advancements, energy research, and environmental solutions.
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1. Introduction
Nanostructure science and technology is a 
multidisciplinary eld that has recently 
gained signicant attention and experienced 
rapid development [1]. Nanoscience focuses 
on the fundamental principles of molecules 
and structures at the nanoscale, which ranges 
from 0.2 to 100 nanometers (nm). In contrast, 
nanotechnology involves the design, 
characterization, production, and application 
of structures, devices, and systems by 
controlling their shape and size at the 
nanometer scale. A nanometer is dened as 
10^−9 meters in length according to the 
I n t e r n a t i o n a l  S y s t e m  o f  U n i t s  ( S I ) . 
Nanomaterials serve as the foundation for 
both nanoscience and nanotechnology [2]. 
Nanomaterials are substances that exist 
within the nano-size range, specically those 
with dimensions that are smaller than 
macroscopic (bulk) materials but larger than 

individual atoms and molecules [3].. The 
unique properties of nanomaterials arise from 
several factors: their relatively large surface 
area compared to the same mass of bulk 
materials, the quantum effects that dominate 
the behavior of matter at the nanoscale, and 
their small size, which brings them into a 
realm where these quantum effects are 
signicant [4].

N a n o m a t e r i a l s  c a n  v a r y  w i d e l y  i n 
dimensions, shapes, and sizes, in addition to 
their material composition. They can be 
classied as zero-dimensional (where length, 
breadth, and height converge at a single 
point), one-dimensional (possessing only one 
dimension), two-dimensional (having length 
a n d  b r e a d t h ) ,  o r  t h r e e - d i m e n s i o n a l 
(incorporating length, breadth, and height) 
(Ealia & Saravanakumar, 2017). 
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Additionally, nanomaterials come in various 
shapes, including spherical, cylindrical, 
tubular, conical, hollow core, spiral, at, or 
irregular. Their sizes can range from 1 nm to 
100 nm, with surfaces that may be uniform or 
irregular and exhibit surface variations. Some 
nanomaterials are crystalline or amorphous 
and can be found as single or multi-crystal 
solids, either loose or agglomerated [6].

Due to their unique properties, nanomaterials 
have found applications across numerous 
elds, including energy, biomedicine, 
catalysis, and electronics –– [7]. Although 
research interest in this area has intensied 
recently, much remains to be understood 
about  the  fundamental  behaviors  of 
nanomaterials. Additionally, the global 
challenges underscore the need for thorough 
investigations into this subject, exploring 
potential applications. This review will 
discuss the classication, properties, 
synthesis, characterization, and applications 
of nanomaterials.

2.0 Classication of Nanomaterials
Nanomaterials can be classied based on their 
origin, dimensionality, morphology, and 
composition [4,8].
There are two primary categories of 
nanomaterials based on their source: natural 
and anthropogenic nanomaterials[9]. Those 
with a natural and incidental origin are 
referred to as ultrane particles. Natural 
sources of inorganic nanomaterials include 
erupting volcanoes, crashing sea waves, forest 
res, sandstorms, and soil. Anthropogenic 
nanomaterials, on the other hand, are 
unintentional  by-products  of  human 

activities. These include emissions from 
internal combustion engines, power plants, 
incinerators, jet engines, metal fumes (from 
processes like smelting and welding), 
polymer fumes, heated surfaces, cooking 
methods (such as baking, frying, broiling, and 
grilling), and electric motors [8].
Based on dimensionality, nanomaterials can 
be categorized into zero, one, two, and three 
d i m e n s i o n s  w i t h i n  t h e  n a n o s c a l e . 
Nanomaterials with all external dimensions at 
the nanoscale, specically between 1 and 100 
nm, are classied as zero-dimensional (0D). 
Examples of 0D nanomaterials include 
quantum dots, which are semiconductor 
nanocrystals with sizes less than 10 nm that act 
as potential wells and are used in electronics to 
conne electrons and holes. Other 0D 
nanomaterials encompass various types of 
nanoparticles, such as full spheres like anatase 
titanium dioxide, highly symmetrical 
branched macromolecules  known as 
dendrimers, and hollow spheres made of 
carbon (such as fullerenes)  [10].

One-dimensional (1D) nanomaterials possess 
two external dimensions at the nanoscale, 
with the third dimension typically at the 
microscale. Examples of 1D nanomaterials 
include nanobers, nanotubes, nanowires, 
and nanorods. Two-dimensional (2D) 
nanomaterials have only one external 
dimension at the nanoscale; examples include 
thin lms, nanocoatings, and nanoplates. 
Three-dimensional (3D) nanomaterials have 
internal nanoscale features but do not have 
any external dimensions at the nanoscale. This 
category encompasses nanocomposites and 
nanostructured materials [11].
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Fig. 1 Dimensionality of nanomaterials 
( ).h�ps://www.slideserve.com/milly/nanomaterials-for-biological-applica�ons
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Nanocomposites are multiphase solid 
materials, with at least one phase having a 
nanoscale external dimension. The term 
"nanocomposite" is typically used to describe 
nanollers dispersed within a bulk matrix.

The classication of nanomaterials according 
to their morphology (shape and size) divides 
them into low- and high-aspect ratio particles. 
High-aspect ratio nanomaterials can take 
v a r i o u s  f o r m s ,  s u c h  a s  n a n o w i r e s , 
nanohelices, nanozigzags, nanopillars, 
nanotubes, or nanobelts. Low-aspect ratio 
nanomaterials can also have diverse shapes, 
including spherical, helical, pillar-like, 
pyramidal, and cubic forms.

According to their composition, nanoparticles 
can be made of a single material, either 
compact or hollow. Nanomaterials may also 
consist of two or more materials, which can be 
arranged as coatings, encapsulations, 
barcodes, or mixtures. Based on their 
uniformity, nanoparticles can be categorized 
as isometric (uniform) or inhomogeneous 
(uneven). Regarding their agglomeration 
status, nanoparticles can be either dispersed or 
agglomerated. The degree of agglomeration 
depends on their electromagnetic properties, 
including surface charge and magnetism. 
W h e n  s u s p e n d e d  i n  a  l i q u i d ,  t h e i r 
agglomeration can also be inuenced by their 
surface morphology and functionalization, 
which can impart hydrophobic or hydrophilic 
characteristics [4].

3.0   Properties of Nanomaterials

A signicant change in nanomaterial 
properties can be observed when reduced to 
the nanoscale. As we scale up from the 

molecular to the nanoscale, the electronic 
properties of materials change due to the 

quantum size effect –[12,13]. Mechanical, 
thermal, and catalytic properties also shift, 
inuenced by the increased surface area to 

volume ratio at the nanoscale [14]. At 
nanoscale dimensions, many insulating 
materials exhibit conductive behavior. 
Additionally, as we approach nanoscale 
dimensions, unique quantum and surface 
phenomena emerge.

Physicochemical properties of nanomaterials 
include particle size, shape, chemical 
c o m p o s i t i o n ,  c r y s t a l  s t r u c t u r e , 
physicochemical stability, surface area, 
surface energy, and more. With an increased 
surface area to volume ratio, nanomaterial 
surfaces become more reactive to themselves 
and other systems. Nanomaterial size 
signicantly impacts their pharmacological 
behavior. When nanomaterials interact with 
water or other dispersing media, they can alter 
their crystal structure. Their size, composition, 
and surface charge also inuence aggregation 

states [15].

4.0  Synthesis of Nanomaterials

Figure 2 provides a simplied overview of 
various nanomaterial (nanoparticle) synthesis 
methods. These methods are categorized into 
bottom-up and top-down approaches. The 
bottom-up, or constructive, method involves 
assembling materials from atoms to clusters 
and then to nanoparticles. Common bottom-
up techniques include sol-gel, sonochemical 
methods, spinning, chemical vapor deposition 
(CVD), pyrolysis, and biosynthesis.
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The top-down, or destructive, method reduces 
bulk materials to nanoscale particles. Widely 
used top-down techniques for synthesizing 
nanomaterials include mechanical milling, 
mechanical grinding, arc discharge, electron 
beam lithography, sputtering, and thermal 

decomposition [16,17].

5.0 Characterization of Nanomaterials
Various characterization techniques are 
employed to  analyze nanomater ia ls ' 
physicochemical properties. These include 

methods like X-ray diffraction (XRD), 
Scanning electron microscopy (SEM), 
Transmission electron microscopy (TEM), X-
ray photoelectron spectroscopy (XPS), Fourier 
transform infrared (FTIR) spectroscopy, 
R a m a n  s p e c t r o s c o p y ,  B r u n a u e r – 
Emmett–Teller (BET), and particle size 
a n a l y s i s .  T h e  o p t i c a l  p r o p e r t i e s  o f 
nanomaterials can be examined through UV-
Vis  spec t roscopy  and  luminescence 
spectroscopy –– [7].

 Fig. 2 Synthesis methods of nanomaterials
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5.1 Morphological and Chemical Composition 
Characterizations
The morphological characteristics, such as 
s t r u c t u r e ,  s h a p e ,  s i z e ,  a n d  p a r t i c l e 
distribution, can be analyzed using SEM and 
TEM (Mbakaan et al., 2020). SEM and TEM 
remain the most widely used microscopy 

techniques.  SEM and TEM images of 
nanomaterials are shown in Fig. 3. Energy-
dispersive X-ray (EDX) spectroscopy, often 
attached to a eld-emission scanning electron 
microscope (FESEM) or TEM, is used to assess 
the chemical composition of nanomaterials.

 

Fig.3 Images of nanomaterials (nanoparticles and nanorods) produced by (a) 
SEM and (b) TEM respectively ( ).h�ps://www.google.com/search?q=TEM
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5.2 Structural Characterizations
X-ray diffraction (XRD) is a crucial technique 
for determining nanomaterials' structural 
properties, providing information about 
crystallinity and phase. XRD also estimates 
particle size using the Debye-Scherrer formula 
[14,18], making it effective for identifying both 
single and multiphase nanomaterials.
5.3 FTIR, Raman, and X-ray Photoelectron 
Spectroscopy (XPS)
FTIR, Raman, and XPS are key methods for 
examining the structural properties of 
nanomaterials. These techniques reveal 
bonding elements and atomic vibrations 
within the nanomaterials ––––[1921].
5.4 Optical Characterization
Optical characterization provides insights into 
nanomaterials' absorption, reectance, and 
luminescence properties [18,22,23]. Metallic 
and semiconductor nanoparticles exhibit 
diverse colors, which align well with photo-
related applications. Understanding these 
materials' absorption and reectance values 
helps clarify the mechanisms for various 
applications. A UV/vis-diffuse reectance 
spectrometer (DRS) measures optical 
absorption, transmittance, and reectance, 
and is ideal for determining the bandgaps of 
nanoparticles and other nanomaterials, 
essential for assessing photoactivity and 
conductivity.

6.0 Applications of Nanomaterials
Due to  the  dist inct ive  propert ies  of 
nanomaterials, they are applied across diverse 
elds, including aerospace, automobiles, 
c h e m i c a l s ,  c o n s t r u c t i o n ,  c o s m e t i c s , 
nanoengineering, electronics,  energy, 
environment, food, medicine, military, and 
textiles.

6.1 Applications in Medicine
Inorganic nanomaterials (nanoparticles), 
whether simple or complex, exhibit unique 
physical and chemical properties and are 
increasingly signicant in developing new 
nanodevices for physical ,  biological , 
biomedical, and pharmaceutical applications 
[24,25]. Nanomaterials have gained traction in 
medicine due to their ability to deliver drugs 

at optimal doses, often enhancing therapeutic 
efcacy, reducing side effects, and improving 
patient compliance [24,25].

6.2 Applications in Electronics
Printed electronics has gained attention for its 
use of traditional silicon techniques and 
potential for low-cost, large-area electronics 
for exible displays and sensors. Functional 
inks containing nanoparticles such as metallic, 
organic electronic molecules,  carbon 
nanotubes, and ceramic nanoparticles are 
expected to enable mass production of new 
electronic devices [26]. The unique properties 
of one-dimensional semiconductors and 
metals position them as key elements for a 
new generation of electronics, sensors, and 
photonic materials [27]. New semiconductor 
discoveries have spurred innovation from 
vacuum tubes to transistors and ultimately to 
microchips. Nanoparticles are especially 
valuable due to their ease of manipulation and 
reversible assembly, which facilitate their 
integration into electronic, optical, and 
electrical devices.

6.3 Application of Nanomaterials in Energy 
Harvesting
Fossil fuel depletion has led scientists to 
explore renewable energy from accessible, 
low-cost resources. Nanomaterials, with their 
large surface area, optical behavior, and 
catalytic properties, are ideal for this purpose. 
They are extensively used for energy 
generation through photoelectrochemical 
(PEC) and electrochemical water splitting [28]. 
Besides water splitting, electrochemical CO  2

reduction, solar cells, and piezoelectric 
generators provide advanced energy 
generation methods [29,30]. Nanomaterials 
are also integral to energy storage, allowing 
energy to be stored at the nanoscale. The 
development of nanogenerators, which 
convert mechanical energy into electricity 
using piezoelectric materials, is a remarkable 
achievement [31].

7.0 Conclusion
This paper presents a comprehensive review 
of nanomaterials. The classication of 

5559



nanomaterials into 0D, 1D, 2D, and 3D 
structures has been thoroughly examined, 
highlighting the spatial connement of 
nanoparticles within distinct nanoscale 
dimensions. The properties of nanomaterials, 
such as reduced size and increased surface 
area, place them in a domain where quantum 
effects dominate, signicantly inuencing 
their magnetic, optical, and electrical 
properties. These unique characteristics of 
nanomaterials have led to their broad 
application across elds such as medicine, 
energy, electronics, and aerospace, among 
others.
References

[1]H. Chang, S.Q. Sun, Silicon nanopar�cles: 
Prepara�on, proper�es, and applica�ons, 
Chinese Phys. B. 23 (2014) 114. 
h�ps://doi.org/10.1088/1674-
1056/23/8/088102.[2]A. Alagarasi, 
Introduc�on to Nanomaterials, 2011. 
h�ps://doi.org/10.1002/9781118148419.
[3]R. Konwar, A.B. Ahmed, Nanopar�cle: 
an Overview of Prepara�on, 
Characteriza�on and Applica�on, Int. Res. 
J. Pharm. 4 (2013) 4757. 
h�ps://doi.org/10.7897/2230-
8407.04408.[4]C. Buzea, I. Pacheco, 
Nanomaterials and their Classi fi ca�on, 
2017. h�ps://doi.org/10.1007/978-81-
322-3655-9.[5]M. Ealia, M.P. 
Saravanakumar, A review on the 
classifica�on , characterisa�on , synthesis 
of nanopar�cles and their applica�on, in: 
IOP Conf. Ser. Mater. Sci. Eng., 2017: p. 
032019. h�ps://doi.org/10.1088/1757-
899X/263/3/032019.[6]S. Machado, J.G. 
Pacheco, H.P.A. Nouws, J.T. Albergaria, 
Science of the Total Environment 
Characteriza�on of green zero-valent iron 
nanopar�cles produced with tree leaf 
extracts, Sci. Total Environ. 533 (2015) 
7681. 
h�ps://doi.org/10.1016/j.scitotenv.2015.
06.091.[7]C. Mbakaan, I. Ahemen, A.N. 
Amah, A.D. Onojah, L. Koao, White-light-
emi�ng Dy3+-doped amorphous 
SiO<inf>2</inf> nanophosphors derived 
from rice husk, Appl. Phys. A Mater. Sci. 
Process. 124 (2018). 

h�ps://doi.org/10.1007/s00339-018-
2156-6.[8]P.I. Dolez, Classi fi ca�ons , and 
Applica�ons, 2015. 
h�ps://doi.org/10.1016/B978-0-444-
62747-6.00001-4.[9]B. Mekuye, B. Abera, 
Nanomaterials: An overview of synthesis, 
classifica�on, characteriza�on, and 
applica�ons, Nano Sel. 4 (2023) 486501. 
h�ps://doi.org/10.1002/nano.202300038
.[10]A.M. Smith, S. Nie, Semiconductor 
Nanocrystals : Structure , Proper�es , and 
Band Gap Engineering, (2010).[11]J. 
Jeevanandam, A. Barhoum, Y.S. Chan, A. 
Dufresne, M.K. Danquah, Review on 
nanopar�cles and nanostructured 
materials : history , sources , toxicity and 
regula�ons, Beistein J. Nanotechnol. 9 
(2018) 10501074. 
h�ps://doi.org/10.3762/bjnano.9.98.[12]
A.B. Asha, R. Narain, Nanomaterials 
proper�es, Elsevier Inc., 2020. 
h�ps://doi.org/10.1016/B978-0-12-
816806-6.00015-7.[13]C.K. Ghosh, 
Quantum Effect on Proper�es of 
Nanomaterials BT - Introduc�on to Nano: 
Basics to Nanoscience and 
Nanotechnology, 2015. 
h�ps://doi.org/10.1007/978-3-662-
47314-6.[14]I. Khan, K. Saeed, I. Khan, 
Nanopar�cles : Proper�es , applica�ons 
and toxici�es, Arab. J. Chem. (2017). 
h�ps://doi.org/10.1016/j.arabjc.2017.05.
011.[15]F. Tro�a, A. Mele, 
Nanomaterials : Classifica�on and 
Proper�es, (2019).[16]R. Namita, 
Methods of Prepara�on of Nanopar�cles- 
A Review, Int. J. Adv. Eng. Technol. 7 
(2015) 18061811.[17]N. Baig, I. 
Kammakakam, W. Falath, I. 
Kammakakam, Nanomaterials: A review 
of synthesis methods, proper�es, recent 
progress, and challenges, Mater. Adv. 2 
(2021) 18211871. 
h�ps://doi.org/10.1039/d0ma00807a.[18
]C. Mbakaan, I. Ahemen, A.D. Onojah, 
A.N. Amah, K.G. Tshabalala, F.B. Dejene, 
Luminescent proper�es of Eu 3 + -doped 
silica nanophosphors derived from rice 
husk, Opt. Mater. (Amst). 108 (2020) 
110168. 
h�ps://doi.org/10.1016/j.optmat.2020.11

5660



0168.[19]S. Mourdikoudis, R.M. Pallares, 
N.T.K. Thanh, Characteriza�on techniques 
for nanopar�cles: Comparison and 
complementarity upon studying 
nanopar�cle proper�es, Nanoscale. 10 
(2018) 1287112934. 
h�ps://doi.org/10.1039/c8nr02278j.[20]
M.A. Isaacs, J. Davies-Jones, P.R. Davies, 
S. Guan, R. Lee, D.J. Morgan, R. Palgrave, 
Advanced XPS characteriza�on: XPS-
based mul�-technique analyses for 
comprehensive understanding of 
func�onal materials, Mater. Chem. Front. 
5 (2021) 79317963. 
h�ps://doi.org/10.1039/d1qm00969a.[21
]R.S. Das, Y.K. Agrawal, Raman 
spectroscopy: Recent advancements, 
techniques and applica�ons, Vib. 
Spectrosc. 57 (2011) 163176. 
h�ps://doi.org/10.1016/j.vibspec.2011.08
.003.[22]H. Chen, Biogenic silica 
nanopar�cles derived from rice husk 
biomass and their applica�ons, Texas 
State University, 2013.[23]Y. Ishikawa, S. 
Kawasaki, Y. Ishi, K. Sato, A. Matsumura, 
White photoluminescence from carbon-
incorporated silica fabricated from rice 
husk, Jpn. J. Appl. Phys. 51 (2012). 
h�ps://doi.org/10.1143/JJAP.51.01AK02.[
24]A. Loureiro, N.G. Azoia, A.C. Gomes, A. 
Cavaco-paulo, Albumin-Based 
Nanodevices as Drug Carriers, (2016) 
13711390.[25]A.P. Nikalje, 
Nanotechnology and its Applica�ons in 
Medicine, 5 (2015) 8189. 

h�ps://doi.org/10.4172/2161-
0444.1000247.[26]A. Kosmala, R. Wright, 
Q. Zhang, P. Kirby, Synthesis of silver nano 
par�cles and fabrica�on of aqueous Ag 
inks for inkjet prin�ng, Mater. Chem. 
Phys. 129 (2011) 10751080. 
h�ps://doi.org/10.1016/j.matchemphys.2
011.05.064.[27]M. Holzinger, A. Le Goff, 
S. Cosnier, Nanomaterials for biosensing 
applica�ons : a review, 2 (2014) 110. 
h�ps://doi.org/10.3389/fchem.2014.0006
3.[28]V. Avasare, Z. Zhang, D. Avasare, I. 
Khan, Room-temperature synthesis of TiO 
2 nanospheres and their solar driven 
photoelectrochemical hydrogen 
produc�on, Int. J. Energy Res. 39 (2015) 
17141719. 
h�ps://doi.org/10.1002/er.[29]M.B. 
Gawande, A. Goswami, T. Asefa, X. 
Huang, R. Silva, X. Zou, R. Zboril, R.S. 
Varma, Cu and Cu-Based Nanopar�cles : 
Synthesis and Applica�ons in Catalysis, 
(2016). 
h�ps://doi.org/10.1021/acs.chemrev.5b0
0482.[30]D. Li, H. Baydoun, C.N. Verani, 
S.L. Brock, D. Li, H. Baydoun, C.N. Verani, 
S.L. Brock, Efficient Water Oxida�on 
Using CoMnP Nanopar�cles Efficient 
Water Oxida�on Using CoMnP 
Nanopar�cles, (2016). 
h�ps://doi.org/10.1021/jacs.6b01543.[31
]Z. Wang, X. Pan, Y. He, Y. Hu, H. Gu, Y. 
Wang, Piezoelectric Nanowires in Energy 
Harves�ng Applica�ons, 2015 (2015).

5761


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9

