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Abstract 

Sol gel technique has come across as a convenient route to synthesize nanoparticles using various precursors. Starting from 

the earlier work on the silica material and now covering precursor like metal-oxides and organic-inorganic hybrids, this 

method has proved to be flexible, economical and less complex as compared to conventional routes for nanoparticle 

synthesis at relatively low temperatures. This process has been extensively used in the field of ceramics, glass and thin-film-

coatings. This review, sol-gel technique has been studied explaining its origin, processing, applications and advantages. Sol-

gel derived materials have a wide range of uses. This review is a study about sol gel derived materials, the process and its 

applications.  
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Introduction 

Sol-gel is a methodology of producing small particles in 

material chemistry. It is mostly used for the synthesis of metal 

oxides. The initial step of this process is converting monomers 

or the starting material into a sol, i.e., a colloidal solution which 

is the precursor for the further formation of a gel. This gel is 

made up of discrete particles or polymers. Most commonly used 

precursors are chlorides or metal alkoxides. These precursors 

are hydrolysed and polycondensed for the formation of colloids. 

Sol-gel process is preferred due to its economical feasibility and 

the low-temperature process which gives us control over the 

composition of the product achieved. Small amounts of dopants 

like rare earth elements and organic dyes can be used in the sol 

which homogeneously disseminates in the product formed 

finally. The synthesized product is used as an investment casting 

material in the processing and manufacture of ceramics. Thin 

metal oxide films can also be produced using this for further 

uses. Materials synthesized from Sol-gel technique have a wide 

area of applications in energy, space, optics, sensors, 

electronics, reactive material and separation technology (e.g., 

chromatography), medicine (e.g., controlled drug release). 

 

Steps Involved In Sol-Gel  

Sol or colloidal solution is a solution where distribution of 

particles of the size ~ 0.1-1 µm takes place in a liquid in which 

the only suspending force is the Brownian motion. A gel is 

formed when solid and liquid phases are dispersed in each other. 

In this process, initially, colloidal particles are dispersed in a 

liquid forming a sol. Deposition of this sol can produce thin 

coating on any substrate by the means of spraying, spinning or 

coating. The particles in the sol are left to polymerize by 

removing the stabilizing components and further produce a 

complex network gel. The remaining organic and inorganic 

components pyrolyze in the end by heat treatments to form 

amorphous or crystalline coatings
2-5

. Sol-gel comprises of two 

major reactions: alcoholic group hydrolysis and its 

condensation. 

 

Precursor sol which is obtained can be given a desired shape 

using appropriate casting container. It can also be deposited on a 

substrate to form a film by dip coating or spin coating or used to 

synthesize microsphere or nanosphere powders. 

 

Steps involved in sol-gel process 

Mixing: In this part of this method, a colloidal solution is 

formed via mechanical mixing of colloidal particles in water as 

a solvent at a precipitation preventing pH. The metal alkoxide 

precursor M(OR)4  reacts with water and undergoes hydrolysis 

and polycondensation reactions, the formation of  a colloidal 

dispersion of extremely small particles (1–2 nm) takes place that 

finally converts into a 3-D network of the corresponding 

inorganic oxide.  

 

Casting: Sol has a low viscosity which makes it easier for it to 

cast into a mold or shape. A suitable mold must be chosen in 

order to avoid the sticking of the gel to the casting container. 

 

Gelation: As process takes place, three-dimensional networks 

start forming from colloidal particles and condensed silica. The 

size of the particles and the gelation process decides the 

properties of the gel. In the gelation process, there is a 
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subsequent increase in the viscosity and this will result in the 

shape of casting container. Over the time, with controlled 

change in viscosity, fibers are spun together while the gelation 
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subsequent increase in the viscosity and this will result in the 

sting container. Over the time, with controlled 

change in viscosity, fibers are spun together while the gelation 

occurs.  Gelation results into agglomeration with colloidal 

particle which is due to interactions among the components 

which can be electrical in nature
2
. 

Figure-1 

Scheme of sol-gel technique
1 

Figure-2 

Hydrolysis and polymerization while mixing step in sol gel process 
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occurs.  Gelation results into agglomeration with colloidal 

particle which is due to interactions among the components 
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Aging: This part of sol-gel process is also called Syneresis. It 

includes the maintenance of the cast object for a period which 

can vary from hours to days.  During the aging process, 

polycondensation continues along with solution it is immersed 

in and the gel-network will reprecipitate. This process will 

increase the thickness of interparticle necks and decrease the 

porosity. Hence, the potency of the gel increases with this and 

produces a product which is resistive to cracking while drying. 

 

Drying: In the drying process, excess of solvent is removed 

from the complex network. During drying, a large capillary 

stresses can develop when the pores are small. These stresses 

cause the gels to crack instantly and can only be stopped if the 

during process is controlled by decreasing the liquid surface. 

This can be done by elimination of very small pores or addition 

of surfactants, by hypercritical evaporation, which can stop the 

solid and liquid portions to interact. The aerogel becomes of low 

density after drying. It gains a very good thermal insulation 

when it is placed between the glass plates and is finally 

evacuated. 

 

Densification: The gel produced is heated at elevated 

temperatures which will cause densification of the gel. This will 

also eliminate the pores in the gel and makes the density 

approximately around fused quartz or silica. The temperature of 

densification depends on the pore dimension, pore connectivity 

and its surface area
3
.  

 

Historical Background 

Sols and gels are among many naturally occurring matters not 

only in biological system where they consist of the blood, 

serum, eye vitrea but also in clay and silica gels in materials 

science
4
. In 1861, Graham found the colloidal material science

7
 

although Faraday made the oldest sol from gold colloidal 

particles in a laboratory in 1853
5
. Ebelmen, in 1846, made the 

first stable silica gel ever. The following century, a 

tremendously huge variety of oxides, complex mixed oxide and 

some non-oxides compositions were produced by sol–gel 

technology. Silicates were the most studied among all other 

compositions
8
. Various feild of sciences has contributed to lay 

the background of the sol-gel technology. The later domains 

consists the formation of sol particles, stabilization of sol, 

coagulation and precipitation and its gelation process. It also 

includes the recent coordination chemistry advancement to 

prepare novel precursors with which even further elaborate sol–

gel products can be prepared. La Mer introduced a logical 

explanation for the controlled formation of colloidal particles by 

proper growth from solutions of appropriate starting materials
9
. 

 
Information provided by La Mer was successfully applied for 
growth of homogeneously sized particles by Matijevic

10
. The 

electrostatic interactions between the colloidal particles will 
control the coagulation or stabilization of sol. Further studies of 

this aspect of colloids was done by Derjaguin, Verwey, Landau 
and Overbeek in a theory currently compiled under the tag of  

D.LV.O theory representing the scientist’s initials
11

. This theory 
was awarded with Nobel Prize in Physics. It is also possible to 
control the coagulation by grafting various organic polymers on 
colloidal particles. In this case, interactions between the grafted 
polymers and the solvent are critical. The steric theory that 
unifies the underlying science is derived from a theory on the 
behaviour of polymer solutions, by Flory and by Huggins

11
. The 

former scientist was granted the Nobel Prize in chemistry. Next, 

Flory and Stockmayer established a precise definition of the 
gelation phenomenon, for polymer solutions undergoing growth 
by condensation reactions. The gel point was defined as the 
critical value of the extent of condensation reactions, where for 
the first time a 3D continuous network was formed. This 
network was only limited by the size of the container, but the 
critical value was itself independent of the size of the container. 
The theory of Flory and Stockmayer was found to correspond 
with Hammersley’s possible percolation models. Mandelbrot

12
 

in fractal geometry showed the gel complex network 
architecture after the gelation. Other mathematical techniques 
termed diffusion limited aggregation (DLA) were developed for 
dense colloidal particles. 

 

 
Figure-3 

Gelation to form Cross linked 3-D network
6
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Figure-4 

Aging process
6 

 
Advancement and improvement in sol-gel technique: Gel 

drying is a vital process for significant applications of the sol-
gel technique. Kistler

13
 studied the supercritical drying for the 

first time which led to the production of aerogels with an 
exceptionally high pore volume of up to 99.8%. The discovery 
of miscellar materials took place by doping of sols with 
chemical additives. Chemical synthesis in co-ordination 
chemistry has led to the recent developments in the sol-gel

14
. 

One of major issue is to produce materials with different surface 
functions such as inducing hydrophobic nature. Besides this, 
grafting, chemical immobilization via chemical compounds like 
molecular catalysts, enzymes, or other bio-molecules is 
required. Inorganic-organic hybrid materials with interesting 
properties can be developed by organic molecules capable of 
polymeric gelation. 
 
Advantages of Sol Gel: Improved adhesion between substrate 
and the top coat. Due to the gel state, materials can be molded 
into complex geometries. High-purity products are obtained due 
to the ceramic oxides precursors which are dissolved in 
appropriate solvent for the sol-gel transformation. It is a low 
temperature using process (200-600°C). It is a simple, economic 
and effective method to produce high quality coatings. 

 

Disadvantages of Sol Gel 

Due to some limitations, the sol-gel technique cannot achieve its 
full industrial potential. Some of them are having high 
permeability, low wear-resistance, weak bonding, and hard 
porosity control. For a crack-free property, 0.5 µm is the 
maximum coating thickness limit. Thick coatings might turn out 

a failure during the thermal process. Presently, sol-gel 
technology suffers a drawback due to the thermal mismatch and 
its surface-dependence. Clearly, lack of scientific understanding 
of this complex reaction is one of the major drawbacks of this 
technique

15
. One of the drawbacks of sol-gel method is its 

expensive raw materials, drying and sintering and its time-
taking process

16-20
. 

 

Applications of Sol-Gel 

Ceramics: Ceramics is a word derived from Greek term 
Keramos which means potter’s clay. A ceramic material is a 

non-metallic, inorganic, material and is generally crystalline. It 
is one of the most important non-metals and we should know 
the tools and techniques for high quality good cost effective 

processing of ceramic material.  In recent works, different types 

of ceramics have been used like alumina and silicon carbide. All 

the ceramics have low density and are ductile. They have high 
corrosion resistance, hardness and wear resistance. In the sol-gel 

methodology for making concentrated colloidal suspensions 
(sols) of a hydrous oxide, oxide ceramics or hydrous hydroxide 
precursor are dehydrated to form gels which then yield an oxide 
upon calcinations. Previously, all the work has been done with 
glass forming systems (specifically silica and alumina) but now 
the work on sol-gel is being done with a broader range including 
metal alkoxides

21
. Current work involves producing bulk 

monolithic parts, fibres, powders and composites
22

. This route is 
comparatively simple and is done under mild conditions. 
Simplification of the bulk sintered metal oxide ceramics can 
done along with broadening of the variety of materials that can 
be produced, specially mixed-oxide ceramics

23,24
. The time 

taken in the processing of the sol-gel technique if slow drying of 
the gel is necessary. The solvents required are potentially 
dangerous, there is a need for controlled atmospheres during 
raw material preparation and handling and the raw materials 
used are expensive

25
. The preparation of ceramic precursor 

powders by a sol-gel process has to be done in a liquid phase, 
hence, the pickup of impurities and production of dust is 
minimal

26
. Also the use of alkoxides when they are carefully 

purified, decrease the chances of ionic impurities and then 
produces organic products which can be easily volatilized. All 
of these are those critical considerations which should be taken 
care of when working with toxic materials or with highly pure 
technical ceramic. 
 
Preparation of multicomponent materials is also facilitated by 
sol-gel reactions; the mixing of sols can provide a high degree 
of homogeneity which is important in making electronic 
ceramics. Although some complexing might to occur in 
solution, order to obtain particles which are homogeneous on 
the microscopic scale, the reaction rates of the mixed alkoxides 
must be similar. Recently, work has been done on producing 
bulk ceramics by sintering gels directly as monolithic shapes. 
The availability of the highly pure and homogeneous has 
motivated the same. A large amount of shrinkage occurs due to 
the amount of liquid used in the process. Sol-gel processes for 
the direct production of ceramics appear to be most attractive as 
a method of preparing films, but even when films are prepared, 
one can encounter poor lubrication to the substrate and crazing. 
The film thickness, the relative thermal expansion coefficients 
of film and substrate, and the chemical homogeneity of the 
dried, unsintered film are important. 
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Applications of sol gel derived ceramics: The use of ceramic 
parts in gas turbine engines has many advantages over 
conventional parts, such as higher operating temperatures, 

improved fuel efficiency, reduced weight and greater thrust -to -
weight ratio. Using ceramic materials also decreases the 
dependence on strategic materials. Ceramics are inherently less 
dense than metallic alloys while they retain their strength at 
higher temperatures. Because of their bonding, most monolithic 
ceramics are brittle and lack fracture toughness.  In ceramic 

engine parts, these characteristics have led to catastrophic 
failure due to point contact stresses. Recently developed fiber-

reinforced ceramic matrix composites offer the promise of 
overcoming these problems. The fracture toughness for these 
composites is significantly higher than for monolithic materials.  

Further applications are: 
 

Sol gel derived Ceramic-Carbon Composite Electrodes: 
CCEs have numerous propertied=s viz, rigidity, porosity, 

having a renewable external surface and chemically modifiable. 
Ceramic-Carbon electrodes are relatively stable to the carbon 
paste electrodes. As compared to the organic and monolithic 
composite carbon electrodes, these are more agreeabke towards 
chemical modification

27
.   

 

Sol gel derived ceramic membrane: In order to improve the 
gas separation performance, sol-gel modification of mesoporous 
alumina is a technique that has proven to be successful. A fine 
microporous top layer is formed which results in activated 
transport and molecular sieve-like separation

28
. 

 

Sol-Gel-Derived Ceramic-Carbon Nanotube Nanocomposite 
Electrodes: Fabrication of nanocomposite electrodes made of 
sol-gel-derived ceramic-carbon nanotube can be done in a 
silicate gel matrix by doping mutliwalled carbon nanotubes 
(MWNTs). An elaborate study has been done on the 
electrochemical behavior and potential electrochemical 
applications of the ceramic-carbon nanotube nanocomposite 
electrodes (CCNNEs)

30
. 

 

Thin Film Coating 

Extremely thin layers of materials such as TiO2, SiO2, MgF2, 

gold, aluminium which can be applied to the surface of a 

substrate like metal, crystals, glass or ceramics, to effect a 

change in its optical properties come under the category of thin-

film coatings. These coatings can produce several effects like 

reflection, refraction, conductivity and anti-reflection. This 

modification can be carried out by the number of coating layers, 

expert calibration of material selection considering the 

thicknesses of each respective thin film layer which is relative to 

the incidental wavelengths of light. Many hi-tech devices are 

entirely dependent on thin-film coatings, e.g. flat panel TV 

screens and solar cells, spectacle lenses, smart phones, etc. 

Plastic substrates when applied with these coatings produce 

products with light weight and better performance than 

conventional materials. When we replace glass with plastic, the 

costing is cut by half. The non-coated plastic substrates cannot 

bear exposure to environmental conditions like UV radiations, 

rain, varied temperatures which may cause wear and tear like 

abrasion damage, chipping, scuffing, etc. Thin film formation 

can be done by centrifugal or gravitational draining followed by 

drying. Sol-gel technique is deeply related to chemistry due to 

the presence of colloidal suspensions. In 1846, Ebelmen
31

 

observed the hydrolysis and polycondensation of 

tetraethylorthosilicate (TEOS) which is better known as 

tetraethoxysilane after which it was applied and opened a new 

technology. The first patent of sol-gel was published in 1939 

comprising of optical properties of the prepared SiO2 and TiO2 

for. In 1955, the potential of sol-gel in the fabrication of high-

purity glasses -using methods not possible with traditional 

ceramic-processing techniques- was recognized
32

 which resulted 

in production of homogeneous multicomponent glasses. Sol-gel 

technique was used for the synthesis of coatings for glass 

surfaces reported in 1965 by Schroeder
33

. Although they were 

mainly interested in single-oxide optical coatings of SiO2 and 

TiO2, mixed-oxides coatings were also produced. During the 

late 1980s and 1990’s, sol-gel technology also found uses in a 

variety of technology fields, such as biomedical applications. 

Numerous amount of literature work is available which cover 

the ceramic oxide system applications derived from the sol-gel 

route
34

. 
 

In 1989, sol-gel technology for powder and coating purposes 

was introduced in Australia by collective efforts of groups of 

scientists from University of Technology, Sydney, University of 

NSW, ANSTO, Monash University, DSTO and Silicon 

Technologies Pty Ltd (later Sustainable Technologies Pty Ltd) 

which were supported by ARC, ERDC and GIRD grants which 

gave rise to a large number of publications which covered a 

range of ceramics from titanates, ceramic superconductors, 

single and mixed oxides and calcium phosphate
35

.  
 

 
Figure-5 

Sol –gel derived synthesized silica membrane and the underlying alumina substrate in a) Cross- section and b) top surface
29
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Marikkannan M et al prepared metastable orthorhombic SnO2 

coating (figure-6) via sol-gel route which initiated the idea that 

the method of fabricating tin oxide is promising and in order to 

determine the viability of these films for various TCO 

applications further work is needed to analyze the electrical 

properties of the films
36

. 

 
Applications of sol gel derived thin films coatings: Electronic 

Films:  Bulk materials generally are observed to have constant 

physical properties irrespective of their dimension. A material 

develops significant canges when it reaches nanoscale size. 

With the change in the surface area to volume ratio, As the 

surface area to volume ratio changes, different properties tend to 

appear such as localized surface Plasmon resonance in some 

noble nanoparticles, quantum confinement in semiconductor 

particles(Q-dots), superparamagnetism in metal oxide material 

and some nanocomposites and electrocatalytic properties. 

Memory devices, optoelectronic devices, and biosensors have 

been applied with all these new properties
37-38

. 

 

Porous Films: Porous films have a wide variety of uses because 

of their large surface area. Some of these areas are solar cells 

and surface reactions. For the areas involving large surface 

reactions, porous TiO2 thin films with large surface areas are 

favourable
39

. 

 

Nanoparticle 

Nanoparticle remains the most significant part in the creation of 

any nanostructure. Metallic nanoparticles have distinctive 

physical and chemical properties from mass metals (e.g., lower 

liquefying focuses, high specific surface ranges, optical 

properties, mechanical qualities and specific charges), properties 

that may demonstrate appealing in different modern 

applications
40

. Different routes can be taken to prepare Nano 

hybrids namely sol gel, solvothermal, microwave, co-

precipitation and aqueous techniques. Preparation of nano 

materials may be arranged into chemical and physical systems 

of substance. The physical methods are taking into account 

subpart of mass metals like mechanical smashing or pounding 

of mass metal, curve release between metal terminals, and so 

forth. Metal nanoparticles subsequently created are typically 

huge in size and have wide size distribution. 

 

 
Figure-6 

AFM images showing the morphology of sol gel derived Sn-O thin films 
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A few physical strategies have been accounted for the 

amalgamation of nanosized particles. These incorporate vapour 

build-up techniques, shower pyrolysis, mechanical misshaping, 

thermochemical disintegration of metal-natural antecedents in 

fire reactor, and other airborne procedures given name after the 

vitality sources connected to give the high temperature amid gas 

particle change
41

. Alteration of physiochemical properties can 

be done by varying their size i.e. particles change the color, by 

decreasing the size, semiconducting materials exhibit metallic 

properties and non magnetic particles become magnetic
42

. Sol-

gel route to synthesize nanoparticles relatively needs less 

expensive instruments. In this method, particles are built up by 

molecule-by-molecule addition in the molecular synthesis. A 

controlled nucleation and particle growth is required during the 

process of nanoparticle as the particles easily form agglomerates 

and clumps. This technique is based on soft chemical processes 

chemistry at low temperature and pressure) which is why it has 

risen its interest in the nanosciences. In addition to that, it 

produces particles with constant composition, high purity, no 

toxicity and reproducibility. Also, their use is permitted in 

materials in contact with food and in pharmaceutical 

applications
43

. 

 

Nanohybrid 

 Hybrid as per material science means a material composing 

different materials together which were conventionally called 

composites. Other than the solvent, organic molecules can be 

added to the sol and become physically entrapped upon gelation 

in the cavities formed in the network. The reaction takes place 

under the standard conditions of the sol-gel process, namely pH 

of the system and the aqueous conditions. Hence, the hydrolysis 

of the organic groups becomes intolerable, but can be partially 

neglected if buffer solution is used which is necessary due to the 

entrapment of the biological molecules in the gel. Phase 

separation or leaching occurs due to the differences in polarity 

which is due to the unstable materials obtained in physical 

entrapment. Organic moieties like trialkoxyxilanes can be 

chemically modified to overcome such problem. The 

unnecessary further linkages and co-condensation is the main 

cause of physical entrapment. Chemical linkage between the 

inorganic and organic components is the preferential route. 

Sometimes, it is necessary to perform a controlled phase 

separation between sol-gel particles and the entrapped 

molecules.  

 

Starting materials with stable Si-C bonds are used for co-

condensation reactions with tetraalkoxysilanes besides the 

entrapment of organic systems. Smaller species may also be 

formed in the organo trialkoxysilane based sol–gel process. 

Generally, organic moieties have a huge effect on the properties 

of the final hybrid product. The network density is reduced as 

the degree of condensation of a hybrid material prepared by 

trialkoxysilanes is generally smaller than in the case of 

tetraalkoxy silanes. Also, the functional group incorporates 

changes the properties of the final material
44

. Bioactive hybrids 

are applicable in bioreactors and biosensors in the field of 

biotechnology. They have high activity of enzymes, anti-bodies 

to perform certain specific reaction which is unlikely to happen 

via general chemical routes. Immobilization of active biospecies 

takes place in order save them from denaturation and for reuse. 

This bio-immobilization can be done via natural and synthetic 

polymers (polysaccharides, polyacrylamides, alginates, etc.) 

through entrapment. Inorganic materials such as sol–gel 

processed glasses and ceramics offer significant advantages 

over organic polymers. They exhibit better thermal, chemical 

stability and mechanical strength. Moreover they don’t swell in 

most solvents preventing the leaching of entrapped bio-

molecules. A new kind of hybrid biosensor is developed based 

on change in enthalpy during the enzymatic oxidation of 

glucose recorded as a thermometric peak by a sensitive 

thermistor which has been recently described in order to detect 

glucose in fruit juice, Coca Cola and human blood serum. 

Hybrid sol–gel immunosensors have been developed for the 

analysis of pesticides
45

. 

 

Conclusion 

Sol-gel technique intends to desirably control the dimensions of 

a material on a nanometer scale of from the initial stages of 

processing. Chemical processing, controlled high purity, and 

better homogeneity can be used to enhance the property of 

materials. This lower temperature processing technique is a 

major advantage over the conventional techniques of the 

nanoparticle synthesis. Other advantages of this process include 

net shape casting, film coating and fiber pulling.  
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