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Abstract

Sol-gel is a low temperature, highly controllable and cost effective method for production
of homogeneous, highly stoichiometric and high quality ultrafine nanostructures. Sol-gel
route is adoptable way to choose desired shape of the metal oxide (MO) nanostructures
such as nanospheres, nanorods, nanoflakes, nanotubes, nanoribbons, nanospheres and
nanofibers for shape-dependent applications and comparative accessibility. Biomedical
applications involving drug deliveries, mimicking of natural bone and teeth, anti-
microbial activities and pharmaceuticals employ sol-gel prepared MO nanostructures
because of their low temperature synthesis, homogeneity and purity. Apart from this,
sol-gel route is preferred for synthesis of MO-based nanostructures with several ranges
of applications such as magnetic applications, energy generation, conversion and stor-
age devices, electronic device applications and sensors and actuators materials. In this
chapter, we have discussed about the comprehensive ideas of sol-gel technique to syn-
thesis metal oxide nanostructures.

Keywords: sol-gel, metal oxides, nanostructures

1. Introduction

Sol-gel process have been extensively explored for producing metal oxide nanostructures in
the field of engineering and technological applications probably due to the controlled shape
and size exhibited by the obtained products. Since the synthesis of silica gel by Ebelman
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in 1846, this method has been developed progressively and sol-gel synthesized materials
have been implemented in several applications with excellent optical, magnetic, electri-
cal, thermal and mechanical properties [1]. Several forms of materials such as thin films,
nanoparticles, glass and ceramics can be achieved using sol-gel method in a cost-effective
way [2]. Low temperature chemistry, reproducibility and high surface to volume ratio of
obtained products are other features that add merit to this technology [3]. Apart from this,
sol-gel process have opened up some new avenues in bioengineering fields including drug
delivery, organ implantation, pharmaceuticals and biomaterial synthesis due to the purity
and quality of the yields from this process. These advantages have attracted researchers
and industrialists to utilize this method widely for past few decades [4]. Metal oxides are
class of functional materials with numerous applications and can be synthesized using
sol-gel process [5]. Sol-gel synthesis of metal oxide can be done at relatively low tempera-
ture compared to the solid-state reactions. In general, sol-gel process involves formation
of sol from homogeneously mixed solution, converting them into gel by polycondensation
process and finally heat treating the product according to the material required [6]. The
formation of crystalline materials such as nanoparticles or thin films and non-crystalline
materials like ceramics, xerosol, aerosol and glasses depends upon the final heat treatment
steps [7]. This chapter provides the fundamental steps involved in sol-gel process, various
controlling parameters, the size- and shape-controlled synthesis of various metal oxides
and application of sol-gel synthesized metal oxide nanoparticles in various fields.

2. Feasibility of sol-gel method

Figure 1 shows the schematic diagram of sol-gel method. The experimental set up is very
simple. Sol is obtained by either hydrolysis or polymerization reactions by adding suitable
reagents in the precursor solution. The sol can be deposited onto preferred substrates as thin
films using two techniques, viz. (1) spin coating and (2) dip coating. The gelation process done
through condensation of the sol or addition of polymers converts this sol to gel. This gel can
be used to form materials of different types such as nanoparticles, xerogel, glass or ceramics
depending upon the further processing steps involved. Nanoparticles and xerogels can be
obtained by simple evaporation of solvent. The obtained xerogel can be formed as ceramics by
heat treatment and glassy nature can be induced by melting techniques. Thus, sol-gel method
can be used to obtain different forms of materials, controlled phase and shape and size of the
derived materials [6].

The parameters that could be controlled in sol-gel method includes (1) concentration of
precursor used, (2) nature of solvent used, (3) pH of the solution, (4) type of additives added
and their concentration, (5) pre and post heat treatment of the materials, (6) aging of the solu-
tion and (7) nature of polymer used for condensation [8]. The particles formed in gel matrix
possess uniform shape and size that enhances the optical, electrical, magnetic and other
intrinsic nature of the materials. Low cost, low temperature chemistry, simple experimental
set up and highly controllable synthesis are the major advantage of this method over other
synthesis procedure. The large surface to volume of sol-gel-derived material makes it suitable
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Figure 1. Schematic diagram of sol-gel processing.

for catalytic applications. Apart from this, low temperature chemistry ensures less defects
to be induced in the materials formed. The purity and high quality yield with good physi-
cal properties makes researchers in biomedical and biotechnical field to adapt this method
mostly for biomedical applications [9].

3. MO nanostructures using sol-gel

The synthesis of solid materials often involves wet chemistry reactions and sol-gel chemistry
based on the transformation of molecular precursors into an oxide network by hydrolysis
and condensation reaction [9-11]. Morphology plays a vital role in improving the properties
of any material by enhancing high surface to volume ratio. The control of shape, size and
packing structure of the particles in materials plays a crucial role for building next-gener-
ation devices and therapeutic materials [1]. Sol-gel method is an excellent tool to deploy
a controlled architecture in material chemistry to fabricate metal oxide nanostructures
(MONSs). Sol-gel prepared metal oxides have shown to exhibit excellent optical and electri-
cal properties. The review of important MONSs derived from the sol-gel method helps us to
understand the factors that could be taken into account for controlling the shape and size of
the particles. In general, the solvents, additives, aging time and post heat treatment are few
important factors that determine the shape and size of the building blocks of materials being
synthesized [6, 12].
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ZnO is a multifunctional material, which is widely being explored by many researchers
for several years. Sol-gel method is preferably a low-cost simple method for preparation of
numerous ZnO nanostructures with implementation in abundant scientific and industrial
applications. As an example, XRD pattern of sol-gel dip coating route prepared ZnO thin
film is given in Figure 2. The polycrystalline nature hexagonal structure of ZnO is exhibited
with (002) preferential orientation at 20 = 34.48°. Also, low intensity peaks are exhibited with
(100), (101), (102), (110), and (103) lattice orientations as shown in Figure 2. Li et al. [13] illus-
trated that the aging time of sol influenced on the morphology of nanoparticles. They found
that the longer time aged sol had better morphology than as synthesized particles. Also, they
suggested that the possible reason for this trend may be due to the uneven distribution of
colloidal particle size. Previously, the effect of solvent on the growth of ZnO nanorods was
explained by Foo et al., where they used ZnO seeds obtained from hydrothermal method
as seeds for growth of nanorods [14]. With the advent of technology, flexible electronics is
becoming popular in recent past. Low temperature synthesis is mandatory for materials to
be coated onto the flexible substrates as the thermal stability of substrate materials has to be
taken into account. Sol-gel method opens up a new avenue for low temperature deposition
of MONS onto flexible substrates for construction of flexible electronic devices. In this view
point, Sun et al. successfully reported uniform sol-gel-derived ZnO thin films at relatively
low temperature (<200°C) that can function as efficient transporting layer in inverted solar
cells [15]. Kim et al. fabricated sol-gel-derived ZnO on plastic substrates and demonstrated
potential for Al/Sol-gel ZnO/Al for low cost flexible memory devices [16]. Xu et al. showed
the control of thickness and packing density of the thin films by number of dips and post
heat treatment of ZnO sols and their influence on the optical properties of the thin films [17].
ZnO nanowires synthesized by sol-gel route were investigated for photoconductivity studies
and origin of the photoresponse was also analyzed by Ahn et al. [18]. Qu et al. demonstrated
deposition of ZnO nanorod arrays as an antireflective layer in the polycrystalline Si solar cells
[19]. Ghosh et al. adapted a cooling for the sol-gel deposited ZnO films at different cooling
rates and uniform nanospheres were attained as a result. They showed that the films exhibited
tuning of the optical emission and ultraviolet photosensing properties [20]. Moreover, metal
doping is possible by sol-gel dip coating technique [21, 22]. As an example, Chandramohan et
al. [22] have prepared Al-doped ZnO thin films and plausibly explained its variation of opti-
cal properties by increase of doping composition (Table 1). They demonstrated that estima-
tion of various optical constants like band gap (E)), refractive indices (1, k), dielectric constant
(e), optical conductivity (o), average excitation energy (E ), oscillator strength (E,), effective
mass (m*), plasma frequency (x,), static dielectric constant (¢,) and carrier concentration (N).
Figure 3 represented that the SEM micrographs and EDX patterns of undoped and Al-doped
ZnO thin films. The highly transparent thin films showed nanowires protruding from stacked
nanorods on SEM inspection that signifies the suitability of these thin films for gas sensors.

Iron oxide is a versatile material, which can be used in many applications such as magnetic
storage, drug delivery, sensor and electrochromic applications. Sol-gel process ascertains iron
oxide with improved physical and chemical properties due to uniform particle size distribu-
tion, controlled phase synthesis and morphology. Dhanasekaran et al. have shown the influ-
ence of precursor concentration on the morphology of highly dispersed, single phase Fe O,
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nanostructure formed using sol-gel method. The nucleation and growth kinetics affected by
the shape and size of the material was elaborated. Figure 4 shows SEM micrographs of the
Fe,O, nanostructures at different FeCl,:FeCl, concentrations ratio. They have obtained satura-
tion magnetization (M) and coercivity values (H ) at 35 T and 58 A/m, respectively, for Fe,O,
nanostructures prepared at FeCl,:FeCl, molar ratio of 1:1.5 [23]. This observation shows that
ferrous oxide nanostructures with low coercivity and high saturation magnetization value
could be used as core materials in recording media.

Sol-gel-mediated synthesis of Fe,O, nanorods was described by Woo et al. [24]. They showed
that the diameter and length of the rods could be controlled by addition of (H,O/Oleic acid)
and the phase could be controlled by the temperature, atmosphere and hydrous state of the
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Figure 2. XRD pattern for sol-gel dip coating prepared ZnO thin film.

Sample E, E, M, M, E, £ w x10® s m* Nx10" cm™
Pure-ZnO 1.866 4.694 2.515 0.722 3.21 6.97 2.054 0.184 1.594
Al doping—0.01mM  1.910 3.939 2.062 0.565 3.23 5.8 1.855 0.185 1.635
Al doping—0.03 mM  2.062 3.808 1.846 0.434 3.29 491 1.848 0.187 1.137
Al doping—0.05 mM 2224 3.858 1.732 0.350 3.33 4.598 1.830 0.189 1.055

E, average excitation energy; E , oscillator strength; E , band gap; ¢_, static dielectric constant; w_, plasma frequency; m*,
g o P
effective mass and N, sheet carrier concentration.

Table 1. Calculated optical and dispersion parameters of undoped and Al-doped ZnO films [21].
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Figure 3. (a) SEM micrograph of ZnO thin film with inset EDX pattern and (b) SEM micrograph of Al-doped ZnO thin
film with inset EDX pattern [21].

Figure 4. SEM micrographs of sol-gel route synthesized Fe,O, nanostructures using different FeCl,:FeCl, molar ratios
such as (a) 1:1.0, (b) 1:1.5 and (c) 1:2.0.
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gel during the crystallization. Liu et al. described a-Fe,O, ultra-fine powder with an average
particle size of 6-26 nm preparation by a sol-gel process. The temperature dependence of
the electric conductance of the elements made of nanocrystalline a-Fe,O, shows that the gas-
sensing properties are strongly related to its surface. The elements exhibited good sensitivity
and selectivity to ethyl alcohol, indicating that it is a promising alcohol-sensing material [25].
Leonardi et al. prepared iron oxide nanoparticles prepared by electrospinning and sol-gel
method for ethanol sensing properties. Highly uniform shaped spherical rods were obtained
using sol-gel method. They concluded that both the methods exhibited a good sensing
response. This report also attributes the advantage of low temperature simple sol-gel method
over other expensive techniques [26]. Sanchez et al. reported simple one pot sol-gel synthesis
of epsilon polymorph of iron oxide stabilized in a silica gel. These reports provide an insight
that sol-gel not only controls the shape and size of the material synthesis but also provides an
excellent phase control and formation of different polymorphs in an orderly trend [27].

Tin oxide is an important transition metal oxide widely being studied for electronic and sensor
devices. The additives also influence the morphology of materials in sol-gel process. The SnO,
nanostructure was grown on ALO, substrates by a sol-gel spin coating method by Khadhim
et al. A novel H, gas sensor based on a SnO, nanostructure was operated at room temperature
(25°C). They observed that the addition of glycerine as additive to the sol solution increased the
porosity of the SnO, nanostructure surface, which increased the adsorption/desorption of gas
molecules leading to the high sensitivity of the sensor [28]. Seval et al. fabricated homogeneous
nanostructured SnO, films using sol-gel spin coating method from tin (II) acetate solutions.
A p-n heterojunction diode was proposed by depositing SnO, film formed at 600°C on p-Si
substrates by them. They determined that the interface states played an important role in the
conduction mechanism of the diode [29]. The role of polymerization agent was described by
Bagherian et al., in their report where SnO, nanosheets were synthesized through sol-gel method
using gelatin as the natural polymerization agent. The calcination temperature variables such
as 650, 700 and 750°C were found to influence the resultant optical and structural properties.
Morphological studies manifested that wide area SnO, nanosheets were obtained by using
gelatin at the chosen calcination temperatures. Being a conductive semiconductor, this unique
structure will have prospective applications as a conductive transparent substrate [30].

CuO is one of the most broadly studied metal oxides in semiconductor processing-based
applications. Dhanasekaran et al. have demonstrated the influence of bath temperature on dip
coating of CuO sol onto glass substrates on the structural and morphological properties of the
thin films obtained. Homogeneous distributions of ellipsoidal granular-shaped particles were
observed on the surface of the films. These films were exploited to have single phase structure
and have excellent optical and magnetic properties. Shrividhya et al. [31] have demonstrated
the effect of precursor concentration on the morphological properties of CuO thin films using
sol-gel dip method (Figure 5).

The copper oxide nanostructures were synthesized using 0.2 and 0.6 M copper nitrate con-
centrations by a sol-gel method [32]. The X-ray diffraction pattern revealed that the prepared
structures are polycrystalline in nature. All the reflections in these patterns could be indexed
to standard diffraction patterns of copper oxide (JCPDS card no. # 89-5899). The typical X-ray

7
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Figure 5. CuO nanostructures prepared by sol-gel dip coating method at (a) 5 mM, (b) 7 mM and (c) 9 mM CuSO4 salt
concentrations [31].

diffraction pattern of CuO nanostructures prepared at 0.2 M copper nitrate concentration is
shown in Figure 6(a). The refined unit cell parameters (a =4.650 A, b=3.518 A and ¢ =5.225 A)
conformed well to the reported values of a =4.689 A, b=3.420 A and c=5.130 A. The highly dif-
fracted peak is observed at an angle 20 = 35.511 corresponding to the (—111) lattice orientation.
The various diffraction peaks such as (-111), (111), (-202), (112), (-113) and (-311) are observed
for copper oxide nanostructures prepared at 0.2 M copper nitrate concentration. The full width
at half maximum (FWHM) value of a predominant orientation peak is 0.43°. Also the novel
reflection plane (110) of the Cu,O phase emerged on the CuO nanostructures prepared at 0.6 M
copper nitrate concentration (Figure 6(b)). This may be due to the increase of copper content
in the nanostructures. The prepared thin films exhibited good optical properties [32]. Bibi et al.
explained the varying annealing temperature on the CuO nanostructures. The morphological
changes in turn greatly altered the optical, dielectric and electrical properties [33]. Moreover,
NiO thin films prepared by sol-gel technique using different concentrations of nickel sulfate
(NiSO,) and their XRD patterns are presented in Figure 7(a). XRD patterns revealed face-cen-
tered cubic polycrystalline nature of NiO thin films oriented along (200) lattice preferential
orientations (JCPDS — 89-7130). Moreover, (111) and (220) lattice-oriented XRD reflections are
exhibited with low intensity for NiO. The higher concentration of 0.40 M NiSO, using prepared
NiO optical transmission and absorption spectrum provided in Figure 7(b,c) [34].
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Figure 6. XRD patterns of sol-gel route prepared CuO nanoparticles using (a) low (0.2 M) and (b) high (0.6 M) copper
nitrate concentrations [32].
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4. Size-controlled synthesis for various applications

Nanomaterials exhibit a vast shape and size-dependent properties and have found
applications in diverse fields, including optics, electronics, mechanics, drug delivery and
catalysis. Nanostructures as building block for bottom approaches to material integration
encourage functional architecture. Such materials receive considerable interest due to their
interesting application-specific properties. Researchers have given extensive reports on such
size-controlled applications. As we have already discussed in detail, sol-gel method provides
a fine control over the size and shape of the MONS especially for the applications using sur-
face interface chemistry like catalytic activity, optics and electronic devices. SEM images of
dip-coated ZnO (ZnS0O, as a source) thin films which assembled by nanoflower- and nano-
plate-like grains are shown in Figure 8.

NiO is another functional metal oxides mainly explored for energy-related applications.
Dhanasekaran et al. [34] have demonstrated that shape selective synthesis of NiO nanostruc-
tures for hydrazine oxidation as amperometric sensor. They synthesized NiO NPs, having
pellet, rod, dot and cuboid shapes, using a variety of reducing agents via a simple and low-
cost sol-gel approach (Figure 9). Also, NiO-silica core-shell (NiO@SiO,) NPs were prepared
using tetraethyl orthosilicate (TEOS) as a source of the porous silica. They concluded nano-
pellet shape NiO exhibited the better electrocatalytic performance of 953 mAg™ for hydrazine
oxidation. NiO and nickel manganite composite nanostructures have been synthesized by
sol-gel route based on sorbitol as a chelating agent. Magnetic properties of the synthesized
nanoparticles were analyzed [35]. Mutkule et al. deposited NiO nanostructures by sol-gel
synthesis and their ability to sense LPG gas was analyzed by them [36].

Recently, Dhanasekaran et al. [37] demonstrated magnetic properties induced due to the
size-controlled preparation in CuO nanoleaf structures (Figure 10). The reported satura-
tion magnetization and coercivity values were at 0.24 T and 355.5 Oe, respectively, for
nanoleaf structure of CuO (bath temperature at 95°C). Kato et al. illustrated the depen-
dency of physical and chemical properties on size and shape of metal oxides [38]. Verduraz

Figure 8. Nanoflower- and nanoplate-like morphological properties of ZnO nanostructures prepared by sol-gel dip
coating.
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o

Figure 9. TEM images of NiO nanostructures prepared using different reducing agents (a) NaOH with PEG, (b) NaOH
without PEG, (c) NH, and (d) Na,CO, [34].
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Figure 10. Morphological variations by adjusting bath temperatures for dip-coated CuO nanostructures (a) uneven and
rough surface properties at 75°C, (b) elongated ellipsoidal-like grains at 85°C and (c) nanosheet-like morphology with
regularly arranged surface at 95°C and (d) M-H hysteresis spectra for different bath temperatures (75, 85 and 95°C) using
prepared CuO nanostructures [37].
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et al. have reviewed the effect of shape and size control of MONS for catalytic applications
[39]. Anandan et al. have presented a report on size and shape effect of NiO nanoparticles
on their optical properties [40]. These fundamental understanding of size and shape effect
on the properties of materials and knowledge about sol-gel processing would provide
researcher a deep insight toward improving the existing properties of materials in a cost-
effective and proficient way.

5. Conclusion

In summary, sol-gel method can be used for synthesize of MONSs in a bottom-up approach
with perfect control over the shape and size of the derived products. The various steps
involved in sol-gel material processing are elaborated. Also, a good level of understanding on
the mechanism of shape and size control due to the controlling parameters like aging period,
precursor concentration, solution pH, bath temperature and post heat treatment is achieved
from the existing literature and also from our work. Uncomplicated and powerful ideas can
be executed through simple cost-effective sol-gel processing to advance the technology to the
next level.
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