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Abstract
Aerogels are 3-D nanostructures of non-fluid colloidal interconnected porous networks consisting of loosely packed bonded 
particles that are expanded throughout its volume by gas and exhibit ultra-low density and high specific surface area. Aerogels 
are normally synthesized through a sol–gel method followed by a special drying technique such as supercritical drying or 
ambient pressure drying. The fascinating properties of aerogels like high surface area, open porous structure greatly influence 
the performances of energy conversion and storage devices and encourage the development of sustainable electrochemical 
devices. Therefore, this review describes on the applications of inorganic, organic and composite aerogel nanostructures 
to dye-sensitized solar cells, fuel cells, batteries and supercapacitors accompanied by the significant steps involved in the 
synthesis, mechanism of network formation and various drying techniques.
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Introduction

The demand for energy in these days is extremely high as 
the consumption is increasing steeply due to the increase 
in world population and industrialization [1]. According to 
the international energy outlook 2018 (IEO2018), the pro-
jected energy requirement for the entire world in 2020 is 
178 × 109 MWh and which will increase to 193 × 1010 MWh 
in 2030. Presently, most of the energy demand is supplied 
by fossil fuels such as coal, oil and natural gas. However, 
the depletion of these fuels and the environmental pollutions 
associated with their refinement processes have encouraged 
the development of sustainable and environmentally benign 
energy technology [2]. To address growing global energy 
demand, sustainable energy technology is needed to reduce 
fossil fuel dependence, environmental impact and the cost. 
Besides, it is possible to decrease the emissions and waste by 

adopting clean energy technology in our day to day life [3, 
4]. Accordingly, solar cells, fuel cells, rechargeable lithium 
batteries, supercapacitors and photocatalytic water splitting 
were extensively studied, so as to get high-performance 
energy conversion and storage devices [5]. The innovations 
and breakthroughs happening in materials chemistry play 
a vital role in enhancing the performance of these devices 
[6]. Particularly, nanotechnology and nanomaterials have 
the potential to make cost-effective and high-performance 
devices for realizing the objective of renewable and sustain-
able energy technologies [7].

The development of nanostructured materials has 
received much attention due to their interesting physical and 
chemical properties as the size becomes smaller and smaller 
to nanometer scale. Consequently, 0-, 1-, 2- and 3-dimen-
sional nanostructures such as nanospheres, nanoparticles, 
nanotubes, nanorods, nanowires, nanosheets and intercon-
nected network structures were reported for different appli-
cations. 1-D nanostructures such as rods, wires and tubes, 
are well-known for transport properties but the low surface 
area of one-dimensional nanostructures limits their applica-
tion in many fields [8]. Therefore, 3-D nanostructures are 
extensively studied in recent years, in which lower-dimen-
sional nanomaterials are anisotropically arranged in a 3-D 
manner and forms an interconnected network structure. The 
3-D interconnected network structure offers large internal 

 * X. Sahaya Shajan 
 shajan89@gmail.com

1 Center for Scientific and Applied Research, PSN College 
of Engineering and Technology (An Autonomous Institution 
Affiliated to Anna University, Chennai), Melathediyoor, 
Tirunelveli, Tamil Nadu 627152, India

2 Department of Chemistry, V.S.B. Engineering College, 
Karur, Tamil Nadu 639111, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s40243-020-00168-4&domain=pdf


 Materials for Renewable and Sustainable Energy (2020) 9:7

1 3

7 Page 2 of 27

surface area, high carrier mobility, ultra-low density and 
high interfacial area. Also, excessive porosity and tunable 
pore sizes assist in accommodating bulky molecules and 
reactants to improve performance [9].

Aerogels are one such fascinating 3-D nanostructures of 
non-fluid, colloidal, interconnected, porous networks con-
sisting of loosely packed bonded particles that is expanded 
throughout its volume by gas and exhibit ultra-low density 
and high specific surface area. Aerogels are derived from wet 
gels when the pore liquid is replaced by air and the intercon-
nected network structure is retained without any shrinkage. 
The electron microscopic images of the porous, continuous 
network structure of aerogels are shown in Fig. 1. There-
fore, aerogels are airy materials i.e. 95% of the volume is 
occupied by air and their density is exceptionally low [10]. 
In addition, aerogels are considered to be a new state of 
matter, an intermediate state between liquid and gas, since 
the density of aerogel is between liquid and gaseous state 
[11]. Indeed, the popularity of the aerogel was continuously 
increased after they have been used in space applications 
[12].

Aerogels were employed as particle detectors and cosmic 
dust collectors in space applications due to their extraordi-
narily low refractive index. They have the lowest thermal 
conductivities of all solids which make this material as a 
best thermal insulator. The above applications of aerogel 
nanostructures were reviewed well by Lawrence [13]. Also, 
aerogel based drug delivery systems were reviewed by Ulker 
et al. [14]. The applications of aerogel nanostructures were 
extended to various energy conversion and storage devices 
such as dye-sensitized solar cells, water splitting, batter-
ies, fuel cells and supercapacitors in recent times. As far 
as energy conversion and storage devices are concerned, 
adsorption and ionic mobility are very crucial properties for 
the fabrication of high-performance electrochemical energy 
devices. Accordingly, the beneficial physical and chemical 
properties offered by aerogel nanostructures are considered 
to be imperative for energy conversion and storage appli-
cations. The high specific surface area of aerogel provides 
more space for molecular adsorption at the solid–liquid 
interface and the open porous structure facilitates ionic 

mobility and electrolyte diffusion for fabricating high-
performance energy conversion and storage devices. For 
instance, the adsorption of large dye molecules on the semi-
conductor surface and electrolyte diffusion at the interface is 
very important for dye-sensitized solar cells [15]. Likewise, 
the accumulation of charges on the surface is valuable for 
supercapacitor applications and Li-ion mobility is significant 
for battery applications [16]. Besides, the modifiable sur-
face chemistry of aerogels made these materials as attractive 
candidates for energy conversion and storage applications. 
Therefore in this review, we present an overview of the key 
steps involved in aerogel synthesis and mainly focuses on the 
applications of aerogel nanostructures to energy conversion 
and storage devices.

Classification of aerogels

Aerogels are classified in a number of ways based on the 
convenience since there is no IUPAC classification for aero-
gels. Based on the physical state the aerogel is classified 
into three types as monoliths powder and film. Based on the 
preparation it is classified as aerogel, xerogel, cryogel and 
hydrogels. However, the classification based on the compo-
sition seems to be more convenient for studying and under-
standing the properties of aerogels [11]. Thus, the aerogels 
are classified into three major categories based on their 
composition. They are inorganic aerogels, organic aerogels 
and aerogel composites. Inorganic aerogels include transi-
tion metal oxide aerogels, metallic aerogels and chalcoge-
nide aerogels generally derived from inorganic precursor 
materials such as metal alkoxides or metal salts. Organic 
aerogels include carbon aerogels, carbon nanotube aerogels, 
graphene aerogels and polymeric aerogels prepared from 
organic precursor materials such as phenol formaldehyde 
resin. Composite aerogel includes mixed oxide aerogels, 
metal oxide-based aerogel composites, aerogel-MOF com-
posites and carbon aerogel-based composites and other 
aerogel based composites prepared by the combination of 
both inorganic and organic precursors depending upon the 

Fig. 1  Microscopic images of 
highly porous, continuous 3-D 
network structure of aerogel 
layer
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required composite aerogels. The schematic diagram of the 
classification of aerogel is shown in Fig. 2.

Synthesis of aerogels

The synthesis of aerogel involves the formation of primary 
nanoparticles or the building blocks through hydrolysis fol-
lowed by the condensation of the building blocks to form 
a network structure and finally the removal of pore liquid 
without disturbing the network structure. The hydrolysis 
and condensation are the competing processes that occur 
during synthesis. In addition, the network formation and 
the drying are the two key steps involved in the synthesis 
of aerogels. Various synthetic strategies employed for the 
synthesis of aerogels from molecular routes, the assembly 
of nanoparticles and the fundamental mechanism of network 
formation is reviewed by Rechberger et al. [17]. Different 
methods adopted for synthesizing aerogel nanostructures are 
summarized (Table 1) in the following section.

Methods

Sol–Gel method

The most common technique used for the preparation of 
aerogel nanostructure is sol–gel method in which the metal 
alkoxides are hydrolyzed to form primary nanoparticle or the 
building blocks which undergo aggregation [18]. The sche-
matic diagram of aerogel synthesis by sol–gel route from 
molecular precursors undergoing hydrolysis and condensa-
tion reactions is presented in Fig. 3. A colloidal suspen-
sion of solid particles with a diameter ranging from 1 nm to 

1 µm is called sol. These colloidal particles are condensed 
together and form an irregular, three-dimensional network 
that extends through the entire volume of the solution [19]. 
Now, the pores of the 3-D solid network are filled with a 
liquid and the resulting network is called gel. The gelation 
process is normally initiated by changing the pH or tem-
perature of the sol.

Self‑assembly method

Self assembly is a potential tool for the preparation of large 
and complex structured systems at a macroscopic level from 
their molecular level building blocks [20]. It includes the 
isotropic assembly of 0-D nanostructures or the anisotropic 
assembly of 1-D or 2-D nanostructures [21]. This method 
was employed for the synthesis of chalcogenide aerogels 
such as CdSe, CdS, ZnS and PbS comprising the formation 
of naoparticle building blocks through thiolate capping and 
initiating the gelation through controlled surface group loss 
followed by supercritical drying. The study revealed that the 
method is an excellent strategy for the synthesis of a vari-
ety of aerogels since the resulting aerogel retains the pho-
tophysical properties of quantum confined building blocks 
[22]. Recently, carbonitride aerogels were synthesized by a 
self-assembly method without using any cross-linking agents 
for gelation [23]. It involves the formation of nanoparticle 
building blocks by temperature-induced condensation of 
melamine and potassium thiocyanate and self assembly 
without any assistance followed by freeze drying.

It is believed that the self-assembly method is a pow-
erful tool for preparing aerogels for various functional 
applications. Also, this method is advantageous over 
sol–gel because of the high crystallinity of the final aerogel. 

Fig. 2  Classification of aerogels
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However, the assembly of lower-dimensional nanostructures 
or the building blocks is difficult to control and that can be 
achieved by adding templates in order to get a more ordered 
arrangement.

Emulsion method

Alnaief et al. established an emulsion-based method. This 
method is advantageous for synthesizing aerogels in micro-
spherical form by maintaining the internal structural prop-
erties identical to that of monolithic aerogels [24]. This 
method involves the preparation of dispersed phase by 
sol–gel process and emulsification in a continuous phase 
followed by crosslinking reaction within the dispersed phase 
to form stable microspheres. The oil–water emulsion func-
tions as the cross-linking medium. They synthesized the 
microspherical particles of both inorganic  (SiO2) and poly-
meric aerogels (Starch, Alginate) by this method [25, 26]. 
The aerogel in the form of microspheres or granules is also 
equally important for energy conversion and drug delivery 
applications. But, it is very difficult to obtain microspherical 
particles simply by grinding or milling the monolithic form 
generally obtained through the sol–gel method.

3‑D printing

Three dimensional (3-D) printing is a hybrid modern tech-
nology evolved for the fabrication extremely lightweight 
3-D porous nanostructures by combining 3-D printing and 

nanotechnology [27]. 3-D Printing is a process of fabricat-
ing 3-D structures by assembling the building blocks layer 
by layer based on the virtual model of the structure [28]. 
This method is beneficial for the fabrication of composite 
and polymeric aerogels [29]. For example, nickel cobalt 
sulphide/grapheme composite aerogels were prepared by 
3-D printing technology [30]. Cellulose nanocrystal based 
aerogels with a dual pore structure were obtained by a 3-D 
printing technique [31]. Moreover, aerogels were fabricated 
with diverse nanostructures such as octet cube, pyramid and 
honeycomb type demonstrate the flexibility of 3-D printing 
technology [32].

Mechanism of network formation

As it is described earlier, the formation of the aerogel net-
work involves two fundamental steps namely hydrolysis of 
the precursor and condensation of primary nanoparticles. 
The formation of the network depends on these two funda-
mental steps. In the first step, the alkoxide precursor under-
goes nucleophilic substitution by hydroxyl groups during 
hydrolysis. In the second step, the cross-linking reactions 
occur between M–OH groups with the elimination of water 
or between M-OH and M-OR groups with the elimination 
of alcohol during condensation [17, 33]. The cross-linking 
reactions and the internal structural changes continue to 
occur until the development of a mechanically stable net-
work structure. The general mechanism involved in aerogel 
network formation may be represented as follows.

Table 1  Different methods adopted for synthesizing various aerogel nanostructures and their advantages and disadvantages

S.No Synthetic method Advantages Disadvantages Aerogels synthesized

1 Sol–Gel Simple and widely studied Aerogels are amorphous Inorganic oxide aerogels, carbon aero-
gels and composite aerogelsMonoliths can be obtained Hydrolysis and condensation are 

very fast
Time consuming

2 Epoxide addition Hydrolysis and condensation can be 
controlled

Aerogels obtained are amorphous ZnO,  Fe2O3,  Cr2O3,  Co3O4,  Gd2O3, 
 Ta2O5

The properties of the final aerogel can 
be tailored based on the necessity

Time consuming

2 Self assembly Large and complex structures can be 
obtained

Difficult to control the assembly of 
building blocks

Chalcogenide, Carbonitride, Inorganic 
oxide aerogels, Metallic aerogels

Crystalline aerogels are obtained
3 Template Highly crystalline aerogels are 

obtained
Removal of templates are difficult 

and damages the aerogel network
Functional aerogels

Assembly of building blocks can be 
controlled

4 Emulsion Aerogels can be obtained in micro 
spherical and other forms

Difficult to remove the emulsifier Polymeric and inorganic oxide aero-
gels

5 3-D Printing Hybrid and modern technique High cost Polymeric and composite aerogels
Diverse nanostructures can be fab-

ricated
Viscosity of the solution needs to be 

maintained
Rheology of the material is crucial
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M-OR + R-OH or  H2O → M-OH + R-OH (Hydrolysis)
M-OH + HO-M → M-O-M +  H2O (Condensation of two 
M-OH groups )
M-OR + HO-M → M-O-M + R-OH (Condensation 
M-OH and M-OR groups)

In sol–gel method, the rate of hydrolysis and the conden-
sation are very fast and difficult to control which affects the 
final properties of the network. Therefore, epoxides were 
used to initiate the gelation which is getting protonated in the 
first step and undergoes ring opening in the second step. The 
pH of the solution slowly increases and starts the condensa-
tion and the rate of condensation slow which is beneficial 
for tailoring the properties of aerogel network. However, 
the aerogels prepared by the sol–gel method are amorphous 
and require further calcination leads to loss of many unique 
properties of aerogels.

Schaefer and Keefer proposed two kinetic models for the 
growth of the gel network based on used Small Angle X-ray 
Scattering (SAXS) study [34, 35]. Under acidic conditions, 
hydrolysis is favoured and the condensation becomes the 
rate-determining step. A large number of primary particles 
or small clusters are simultaneously formed and condensed 
together to form an interconnected network structure with 
smaller pores. This process is called reaction limited cluster 
aggregation (RLCA). Under basic conditions, hydrolysis 
becomes slow and the condensation of primary particles 
occurs very fast. Therefore, the primary particles formed 
during hydrolysis are immediately condensed together and 
the cluster grows by the condensation of primary particles. 
This process is called reaction limited monomer cluster 
(RLMC) growth or Eden growth. According to this pro-
cess, the condensation of two clusters with each other is 
unfavourable.

Brinker et al. also developed a two-step method in which 
the alkoxide precursor undergoes hydrolysis first and forms 
reactive clusters followed by the condensation of the clus-
ters, initiated by the addition of aqueous acid or base. They 
concluded that the reactive clusters formed in the first step 
are responsible for the formation of a network and independ-
ent of the catalyst used in the second step [36].

Boal et al. proposed a brick and mortar strategy for the 
self assembly of nanoparticles into secondary structured 
assemblies [21]. In this strategy, the functionalized colloi-
dal nanoparticles act as bricks and a polymer acts as mortar. 
The networks were formed by assembling 97 ± 17 nm sized 
spherical aggregates, which was formed through 2 nm size 
nanoparticle building blocks [21].

Recently, Lu et al. explained two strategies for the forma-
tion of secondary nanoparticle structures from their building 
blocks with and without templates as shown in Fig. 4 [37]. 
These strategies are analogous to the models proposed for 
the aerogel network formation earlier.

Fig. 3  Schematic diagram of 
aerogel synthesis by sol–gel 
method. Reproduced with per-
mission from [17]
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 (i) One-step process which integrates the synthesis of 
nanoparticle and their aggregation into a cluster

 (ii) Multi-step processes in which the nanoparticles with 
the desired size, shape and surface functionality are 
formed first and then assemble them into clusters of 
intended structures in various steps through electro-
static attraction.

The single-step method is more suitable to synthesize 
nanostructures and the nanoparticles obtained through this 
method have narrow size distributions result in more uni-
form structures. However, controlling the aggregation of 
nanoparticles during synthesis is very complicated. But, 
the multi-step method provides the number of possibilities 
to organize the primary nanoparticles and results nano-
structures with tailored properties [37]. The nanoparticle 
clusters may be obtained through a number of ways such 
as thermolysis, solvothermal and microwave methods. In 
thermolysis method, the interparticle agglomeration is 
initially controlled by the steric effects of organic cap-
ping ligands to form uniform nanoparticles. Then, the 
condensation of primary nanoparticles to form 3-D nano-
structures is initiated by increasing the temperature and 
by decreasing the degree of ligand protection. Maintain-
ing the appropriate concentration of capping ligands is 
crucial not only for protecting the primary nanoparticles 
but also to stabilize the 3-D nanostructures. The micro-
wave irradiation eradicates the problems of inhomoge-
neous heating and slow reaction kinetics of thermolysis 
method. However, the evaporation induced self assembly 
(EISA) is considered to be a powerful method to obtain 
high surface area and fully crystalline networks [38, 39]. 

Because this method is having control over the crystal-
linity of the final nanostructure as it employs crystalline 
nanoparticles as building blocks. Therefore, it is very dif-
ficult to distinguish the formation of the aerogel network 
and the colloidal nanoparticle clusters. It may be implicit 
that the primary nanoparticles (building blocks) undergo 
physical condensation results in nanoparticle clusters and 
the chemical crosslinking of primary nanoparticles (build-
ing blocks) formed immediately after hydrolysis resulting 
in the formation of aerogel network structure.

Drying techniques

The drying techniques are also equally important in aero-
gel synthesis as network formation. The three-dimensional 
gel network formed by condensation of primary particles 
needs to be preserved without any shrinkage after drying 
the gel. When the gel network is formed by hydrolysis and 
condensation, the pores are occupied by the solvents used for 
synthesis. Now, it is very crucial to remove the pore liquid 
without shrinking the gel network due to the formation of 
liquid–vapour meniscus, which recedes the pore walls.

The capillary pressure acting on the pore walls is 
inversely proportional to the pore radius which is controlled 
by the surface tension of the liquid.

Here, Pc is capillary pressure, γ is the surface tension of 
the pore liquid and rp is pore radius which is represented by

Here, Vp is pore volume and Sp is surface area.
The pore liquid flows out to the surface from the interior 

of the gel network during drying causes deformation of the 
gel network or shrinkage in volume. The shrinkage of the 
gel network brings the surface hydroxyl groups very closer 
and makes them react with each other. The conventional 
drying techniques like simple heating or drying at room 
temperature leads to shrinkage of the gel network and the 
rough surfaces will be collapsed upon drying due to these 
capillary forces acting on pore walls. Therefore, if the gel is 
dried by conventional drying, the microporous xerogels are 
obtained. On the other hand, some special drying techniques 
such as supercritical drying, freeze drying and subcritical 
drying were adopted to preserve the 3-D network structure 
by minimizing the capillary forces acting on the pore walls. 
These methods diminish the capillary forces and avoid the 
shrinkage of the pore structure leads to the formation of 
mesoporous aerogels [40].

Pc =
2� cos �

rp

rp =

2Vp

Sp

Fig. 4  Synthetic strategies for colloidal nanoparticle clusters Repro-
duced with permission from [37]
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Supercritical drying

The capillary forces developed by the surface tension of the 
pore liquid are responsible for shrinkage of porous network 
structure. To minimize the capillary force, it is necessary to 
reduce the surface tension of the pore liquid. One convenient 
way of accomplishing this is converting the pore liquid into 
the fluid which is having zero surface tension. The capillary 
force acting on the pore wall becomes zero since the sur-
face tension of the liquid is directly proportional to capillary 
forces. This is the principle behind the supercritical dry-
ing method [40, 41]. Therefore, the removal of pore liquid 
under supercritical condition preserves the porous network 
structure of the wet gel without experiencing considerable 
shrinkage. However, the supercritical drying involves high 
temperature and pressure depending upon the pore liquid. 
The high temperature and pressure create safety problems 
in this method. Also, the rearrangement reactions in the gel 
network are possible under these conditions which cause a 
reduction in surface area. Therefore, low-temperature super-
critical drying with liquid carbon dioxide was introduced to 
overcome these problems. The critical point of liquid car-
bon dioxide is relatively low compared to the other solvents. 
The structural changes are very minor in this case and the 
porous network formed in the wet gel state can be preserved 
[42–44]. However, the exchange of pore liquid with liquid 
carbon dioxide is time consuming process and the miscibil-
ity problem still extends the time by intermediate solvent 
exchange.

Freeze drying

Another drying technique used to preserve the porous net-
work is called freeze drying. In this method, the pore liquid 
is first taken to its freezing point and the frozen solid is 
removed by sublimation under vacuum without affecting the 
pore walls. The porous material obtained in this method is 
called cryogels and their surface area, pore volume will be 
slightly smaller than aerogels. The pore liquid should be 
exchanged with another liquid of low expansion coefficient 
and freezing point in the same way as supercritical drying. 
However, the pore liquid crystallizes inside the pores which 
collapse the 3-D network structure.

Ambient pressure drying

The supercritical drying and freeze-drying techniques are 
not viable processes for commercial production of aero-
gels due to risk and high cost involved in these processes. 
However, ambient pressure drying is very simple and eco-
nomically viable for large scale production of aerogels [45]. 
Therefore, different approaches were implemented to remove 
pore liquid under ambient conditions without shrinkage in 

the network. To minimize the capillary forces exerted on the 
pore walls the contact angle between the pore liquid and the 
pore walls is altered by adding surfactants.

The surface hydroxyl groups of the inner and outer sur-
face of the network structure were modified with bulky 
groups such as chlorotrimethylsilane or hexamethyldisi-
loxane [46, 47]. Therefore, the surface of the gel network 
becomes highly hydrophobic and the reactivity is very low. 
Then the gel network is subjected to conventional drying. 
The gel network undergoes shrinkage when the pore liquid is 
evaporated. However, the cross-linking reactions (Si–O–Si, 
Ti–O–Ti) between the surface hydroxyl groups are prevented 
by the bulky groups and the shrinkage becomes reversible. 
Therefore, the network expands back to its original size and 
this phenomenon is called spring back effect.

Besides, a very simple solvent exchange method was 
employed to get aerogel nanostructure under ambient con-
ditions. In this technique, the pore liquid was effectively 
exchanged with another liquid having low surface tension 
without affecting the walls of the pores present in the aerogel 
network. They concluded that a solvent with low surface 
tension, low vapour pressure and high molecular volume 
favours the production of high surface area aerogels [48].

Organic solvent sublimation drying

Recently, Ren et al. developed another method called organic 
solvent sublimation method (OSSD), solvents such as ace-
tonitrile and tert-butanol with low surface tension, high 
freezing point and undergo sublimation easily could be 
removed simply by sublimation under vacuum [49]. In this 
method, the M–O–M bridges formed through the surface 
hydroxyl groups preserve the network structure in a certain 
elastic range. As the drying proceeds by increasing vacuum, 
the organic solvent present at the outer surface evaporates 
first and that leads to the instant reduction in the internal 
temperature of the gel which results in a portion of the solid 
becomes solid. This solidified solvent undergoes sublima-
tion which further lead to more solvent becomes solid. This 
process continuously occurs and avoids the influence of 
surface tension and solvent crystallization inside the pores. 
The mechanism of this method is schematically represented 
in the Fig. 5. The method was successfully implemented to 
synthesize oxide aerogels like  SiO2,  Al2O3,  Fe2O3, NiO. The 
oxide aerogels were remained intact and crack-free irrespec-
tive of whether t-butanol or acetonitrile was used as solvent. 
The complete removal of solvents from the network by sub-
limation during the drying process was confirmed by FT-IR 
analysis. It was concluded that the OSSD drying process is 
extremely simple, convenient and time-saving method for 
large scale synthesis of aerogels without the need for any 
high temperature and pressure instruments.
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Application of inorganic aerogels

The history of aerogel had commenced with the synthesis 
of inorganic aerogel, particularly with silica aerogel. The 
inorganic aerogels are generally made up of M–O–M, M–M 
or M–S/Se basic functional units derived from the precur-
sors such as metallic salts or metallic alkoxides. Inorganic 
aerogels are widely employed as electrode materials in dye-
sensitized solar cells, batteries and catalyst support in fuel 
cells owing to its high specific surface area, open porous 
structure and semiconducting properties.

Oxide aerogels

In 1931, Kistler first synthesized  SiO2 aerogels from an 
aqueous solution of sodium silicate and hydrochloride. He 

demonstrated that the liquid present in the gel network can 
be removed without destroying the gel structure by employ-
ing supercritical drying [50]. Initially,  SiO2 aerogels were 
used as thermal insulators, particle detectors and for cosmic 
dust collectors. The recent applications of inorganic aero-
gels in energy conversion storage devices are presented in 
Table 2.  SiO2 aerogels were employed as catalyst support 
for polymer electrolyte membrane fuel cells [51].  SiO2 aero-
gel prevents the Pt nanoparticle aggregation and effective 
transfer of fuel oxidant and products. However, the higher 
concentration of  SiO2 aerogel results in mass transport 
losses at high current density values and affects the electron 
transfer pathway. Silica aerogel supported Pt nanoparticle 
was synthesized through microwave-assisted method and 
used as filler in Nafion recast membranes. The presence of 
 SiO2 aerogel improved the water uptake and provides self 
humidification even under elevated temperatures which was 

Fig. 5  Mechanism of organic solvent sublimation drying technique Reproduced with permission from [49]

Table 2  Different applications of inorganic aerogels in energy conversion and storage devices

S.No Aerogel Drying technique Surface area 
 (m2/g)

Application References

1 SiO2 Freeze drying 594 Self humidifying PEMs in fuel cell [52]
2 TiO2 Supercritical drying 144 Photoanode in DSSCs [55]
3 TiO2 Supercritical drying 112 Photoanode in DSSCs [56]
4 Plasma treated  TiO2 Solvent exchange 273 Photoanode in DSSCs [58, 59]
5 TiO2 Solvent exchange 299 Photoanode in DSSCs [60]
6 CoO2 Supercritical drying 235 Electrodes for supercapacitor [64]
7 V2O5 Supercritical drying 80 Anode material for Na-ion/Li-ion battery [65, 66]
8 LiTiO3 Supercritical drying 50 Anode material for Li-ion battery [67]
9 Metallic aerogels (Au, Pd) Supercritical drying 56 Electro oxidation of ethanol in fuel cell [76, 77]
10 Pt3Ni Supercritical drying – Anode electrocatalyst in fuel cell [80, 81]
11 Pd-Cu Supercritical drying 37.5 Electrocatalyst for fuel cell [82]
12 SiO2/TiO2 hybrid Ambient pressure drying 650 Photoanode in DSSCs [128]
13 ZnO/TiO2 bilayer Solvent exchange 7.5 Photoanode in DSSCs [130]
14 Sb doped  SnO2 Supercritical drying Counter electrode in DSSC [133]
15 Pt doped  TiO2 Supercritical drying 162 Photocatalyst for hydrogen production [138]
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enhanced the power density 5.5 times compared to pristine 
Nafion recast membranes [52].

TiO2 aerogel is an important metal oxide aerogel studied 
subsequent to silica aerogels [53].  TiO2 aerogel finds appli-
cations in dye-sensitized solar cells as photoanode mate-
rial due to its high surface area and wide bandgap. DSSC 
employs a thin semiconductor nanoparticle layer with a 
monolayer of dye molecules as photoanode. The DSSC per-
formance depends upon photon absorption which in turn 
varies with the amount of dye adsorption [54]. Therefore, the 
amount of dye adsorbed on the semiconductor layer governs 
the photon absorption, accordingly the specific surface area 
and the surface chemistry of semiconductor material which 
is used as photoanode in DSSC plays a significant role in 
increasing the amount of dye adsorption. Baia et al. first 
proposed  TiO2 aerogel for photovoltaic applications [55], 
whereas Rolison et al. first used  TiO2 aerogels as photoanode 
material in dye-sensitized solar cells [56]. They have con-
cluded that  TiO2 aerogel photoanode performs well in longer 
wavelengths due to better light scattering properties. Chiang 
et al. reported the superior properties of  TiO2 aerogel pho-
toanode over P25 photoanode in DSSCs. The short-circuit 
current density was high in aerogel based DSSCs, mainly 
due to increased dye loading because of high surface area. 
Also, they achieved a better power conversion efficiency of 
8.36% for  TiO2 aerogel photoanode based DSSC compared 
to P25 photoanode based DSSC (7.22%). The improvement 
in efficiency was attributed to the high surface area, large 
pores, high porosity and 3-D interconnected structure of the 
aerogel nanostructure [57].

The results of the recent study on  TiO2 aerogels as 
photoanode material for DSSCs are very interesting.  TiO2 
aerogels were synthesized through sol–gel method fol-
lowed by ambient pressure drying technique. Then, the 
aerogel layer was subjected to low pressure (1.5 × 10−2 
mbar) oxygen plasma treatment [58]. The FESEM images 
of plasma treated and untreated  TiO2 aerogels are shown 
in Fig. 6. It is observed that the continuous solid net-
work structure is retained after plasma treatment. The 
specific surface area is increased from 252 to 273 m2/g 
and inserted additional hydrophilic groups on the aerogel 
surface. Plasma treated  TiO2 aerogels were employed as 
photoanode material in quasi-solid DSSCs. The schematic 
representation of the DSSCs fabricated using aerogel pho-
toanode is shown in Fig. 7a. The DSSC fabricated using 
 TiO2 aerogel with 10 min of oxygen plasma treatment as 
photoanode yields a power conversion efficiency of 3.94% 
along with a short-circuit current density of 9.45 mA/
cm2 and an open-circuit voltage of 0.694 V which is sig-
nificantly higher than that of the DSSC fabricated using 
untreated  TiO2 aerogel as photoanode (3.08%, 8.64 mA/
cm2, 0.66 V) (Fig. 7b). This improvement in efficiency is 
mainly due to the enhanced amount of dye adsorption by 

means of increased specific surface area and the insertion 
of additional hydrophilic groups achieved through plasma 
treatment [59]. This work involves the modification of the 
surface of already synthesized aerogel powder whereas 
the other interesting report explains the synthesis of high 
surface area aerogel by controlling the size of the primary 
nanoparticle building blocks through microwave irradia-
tion.  TiO2 aerogels were obtained by microwave-assisted 
method for DSSC applications. The microwave irradia-
tion prevailed inter-particle interactions and retards the 
formation of larger particles, increased the specific surface 
area to 299 m2/g. A maximum power conversion efficiency 
of 5.2% with a short-circuit current density of 15.18 mA/
cm2 and an open-circuit voltage of 0.62 V was realized in 
quasi-solid DSSCs by using this high surface area  TiO2 
aerogel as photoanode material (Fig. 7c). The substan-
tial increase in power conversion efficiency is mainly due 
to the increase in short-circuit current, which is accom-
plished by a large amount of dye adsorption achieved 
through high surface area  TiO2 aerogel [60]. 

Mesoporous metal oxides with high surface area and 
porosity are excellent candidates for supercapacitor appli-
cations because the specific capacitance of an electrode 
depends on the specific surface area and pore size distri-
bution [61, 62]. In addition, they possess pseudo capaci-
tances along with electric double-layer capacitance [63]. 
Wei et al. successfully synthesized  CoO2 aerogel with 
an epoxide addition method and used as an electrode in 
supercapacitor. The specific capacitance of 623 F/g was 
achieved even with a loading of 1 mg/cm2 and a scan rate 
25 mV/s, which is much higher than that of the other  CoO2 
nanostructures [64]. Moretti et al. synthesized layered 
 V2O5 aerogel and used as an intercalation host for  Na+ ions 
for the application of sodium battery anode.  V2O5 aerogel 
anode delivers a capacity of 200 mAh/g in the voltage 
range 0.01–1.5 V. Also, the  Na+ cell prepared using this 
anode and  Na3V2(PO4)3 as cathode showed a voltage of 
2.5 V with a maximum specific capacity of 113  mAhg−1 of 
anode material [65]. When it was used in Li-ion batteries 
as anode, a discharge capacity of 300 mAh/g was obtained 
which corresponds to the insertion of 2.2 equivalents of 
lithium per mole of  V2O5. However, at 1 C rate the materi-
als showed a reversible capacity of 130 mAh/g indicating 
that there was no structural damage occurred [66]. The 
average cell voltage of 2.5 V is obtained which is higher 
than that of nickel metal hydride and vanadium redox flow 
batteries. The large interlayer spacing between the  V2O5 
layers facilitates the electrolyte penetration and Na or Li-
ion insertion-deinsertion properties. Another interesting 
work explains the use of lithium titanate aerogel as an 
anode material for Li-ion battery. A specific capacity of 
137 mAh/g was achieved which is comparable to com-
mercial lithium titanate anode material [67].
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Chalcogenide and metallic aerogels

Brock et al. prepared chalcogenide aerogels such as CdSe, 
CdS, ZnS through the oxidative aggregation of chalcoge-
nide nanoparticle building blocks followed by supercriti-
cal drying. These aerogels exhibit a specific surface area in 
the range between 120 and 250 m2/g, which is comparable 
to other oxide aerogels. It is anticipated that these aerogels 
could be effectively employed for photovoltaic applications 
[68, 69].

Other than metal oxide and chalcogenide aerogel nano-
structures, recently metallic aerogels were reported by Lev-
entis and his group. They have developed Fe, Co, Ni, Cu and 
Sn aerogels by a carbothermal method [70, 71]. Eychmuller 

et al. synthesized noble multimetallic aerogel networks by 
template free self-assembly process [72–74]. The network 
structure of multimetallic aerogels is shown in Fig. 8. Pd 
aerogels were prepared by reducing  K2PdCl4 with  NaBH4 
in the presence of cyclodextrin yields Pd aerogel. These 
aerogels exhibit very high activities towards electrooxida-
tion of ethanol [75, 76]. Gold aerogels were prepared by 
dopamine-induced process in which the Au nanoparticles 
undergo gelation without preaggregation. It was reported 
that the aerogel composed of nanowire like networks made 
up of 5–6 nm sized Au nanoparticles. These aerogels have 
shown very high activities toward the oxidation of glucose 
due to fast electron transfer kinetics, open porous structure 
and high surface area of gold aerogel. In addition, it shows 

Fig. 6  FESEM images of  TiO2 
aerogel powder as synthesized 
(a), aerogel layer (b), before 
and after plasma treatment (c, 
d low magnification), (e, f high 
magnification). Reproduced 
with permission from [58]
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the highest catalytic activity towards ethanol oxidation indi-
cation the potential use of gold aerogel as fuel cell catalyst 
[77].

For automotive application, PEFC electrodes should work 
under stringent conditions such as continuous start up/shut 
down cycles and fuel starvation. In such cases, the electrodes 

Fig. 7  a Schematic repre-
sentation of aerogel based 
DSSCs, Photocurrent–Voltage 
characteristics of DSSCs (b) 
prepared with untreated and 
plasma treated  TiO2 aerogels, 
c prepared using  TiO2 aerogels 
synthesized through micro-
wave assisted sol–gel method 
Reproduced with permission 
from [59, 60]
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undergo corrosion which limits the durability of the elec-
trodes and fuel cell stack life. Therefore, a robust electro-
catalyst is essential for the commercial success of polymer 
electrolyte fuel cells [78]. The introduction of non-noble 
metal into bimetallic catalysts significantly reduces the cost 
of fuel cells and corrosion of the support materials at high 
current density operation [79]. The alloying of Pt with Ni not 
only reduce the cost but also down shift the d-band center 

which decreases the fractional coverage of spectator species 
at a given potential and increases the number of free sites for 
oxygen adsorption and high oxygen reduction activity. Pt–Ni 
bimetallic aerogels were synthesized and found that the 
activity of oxygen reduction reaction improved three times 
compared to commercial platinized carbon electrocatalyst 
[79]. In pristine Pt electrocatalyst the d band center is too 
close to the fermi level and the rate of oxygen reduction 

Fig. 8  TEM images showing 
3-D network structure of mul-
timetallic aerogels Reproduced 
with permission from [74]
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reactivity is decreased by the availability of  OH− ion free 
sites. However, in the case of  Pt3Ni catalyst, the d-band 
center is too far from the fermi level and the surface is less 
covered by the  OH− species reducing the adsorption energy 
of  O2 and the intermediates leading to high oxygen reduction 
activity [80]. Therefore, Henning et al. prepared an unsup-
ported, bimetallic  Pt3Ni aerogel and employed as anode 
catalyst for polymer electrolyte fuel cell (PEFC) application. 
The  Pt3Ni electrocatalyst exhibits excellent durability and 
performance retention under stringent conditions and 35% 
higher mass activity towards hydrogen oxidation reaction 
compared to commercial Pt/C catalyst [81]. These results 
suggest that these metallic aerogel nanostructures are the 
sustainable electrocatalytic materials for fuel cell applica-
tions. Pt–Cu, Pd–Cu, and Au–Cu bimetallic aerogels were 
also reported as electrocatalyst for ethanol oxidation in fuel 
cells [82].

Application of organic aerogels

Organic aerogels are generally characterized by the basic 
functional units of strong C–C covalent bonds derived from 
the organic precursors. They are normally used as elec-
trode materials in supercapacitors and fuel cells due to its 
high electronic conducting properties and electrocatalytic 
properties.

Carbon aerogels

Carbon aerogels are a unique class of materials that possess 
a tunable 3-D hierarchical morphology with high surface 
area and electrically conductive and chemically inert net-
work structure. The recent progress in synthetic method-
ologies adopted for carbon aerogel and their applications 
to hydrogen storage, supercapacitor, battery, fuel cells and 
catalysis is reported [83]. Carbon aerogel was first prepared 
by Pekala et al. through sol–gel polymerization of resorcinal 
and formaldehyde in an aqueous medium. The sol–gel pro-
cess yields a highly crosslinked polymeric gel, which was 
then supercritically dried. The pyrolysis of the polymeric 
network under inert atmosphere provides carbon aerogel 
[84]. Carbon aerogel was utilized as electrode material in 
electrochemical double-layer capacitor for the first time in 
Lawrence Livermore National Laboratory and an aerocapac-
itor was fabricated. A specific capacitance of 19.2 F/g with 
a maximum power density of 1.2 W/cm2 was achieved [85]. 
The specific capacitance values were improved from 20 to 
82 F/g by using Ru doped carbon aerogel as an electrode. It 
was concluded that the capacity improvement was not due to 
the high surface area, but because of Ru nanoparticles [86]. 
Probstle et al. fabricated a button cell supercapacitor using 
carbon aerogel and reported that the device shows excellent 

stability even after 80,000 charge–discharge cycles [87]. Zhu 
et al. used cresol instead of resorcinol, to reduce the cost of 
the material to synthesize carbon aerogel. They achieved a 
maximum specific capacitance of 146 F/g at 1 mA/cm2 and 
it was slightly decreased to 131 F/g at 20 mA/cm2 [88]. Li 
et al. varied resorcinol to catalyst ratio in the synthesis of 
carbon aerogel and found that R/C = 1500 gives high spe-
cific capacitance [89]. Zapata et al. replaced resorcinol with 
lignin as a precursor and studied the effect of porosity and 
surface functionalities on the electrochemical capacitance 
of the activated carbon aerogels. They achieved a very high 
specific surface area of 1243 m2/g and a specific capacitance 
of 234.2 F/g at a current density of 0.124 A/g [90].

Flexible carbon aerogels were obtained by carbon diox-
ide supercritical drying of bacterial cellulose impregnated 
lignin-phenol formaldehyde hydrogel. The electrochemical 
performance of these electrodes shows a specific capacitance 
of 124 F/g at a scan rate of 0.5 A/g. The unique blackberry 
like structure and large mesopore concentration with good 
interpore connectivity of these materials facilitate ion trans-
portation and lead to high capacitance [91]. In another study, 
the lignin-based carbon aerogels exhibit a specific surface 
area of 799 m2/g and a specific capacitance of 142.8 F/g at a 
current density of 0.5 A/g. The specific capacitance of these 
electrode remains 112.5 F/g, even at a large current density 
of 10 A/g [92].

Carbon aerogel was also used as catalyst support for 
polymer electrolyte membrane fuel cells. Smirnova et al. 
employed carbon aerogels as catalyst support for fuel cell 
applications [93]. It was reported that an increase in aver-
age pore size from 16 to 20 nm results significant increase 
in cell performance and a maximum power density of 0.8 
mW/cm2 was achieved even with a low loading of the cata-
lyst with 0.1 mg/cm2. This is due to the unique structure of 
aerogel support that provides better penetration of Nafion 
molecules into the larger pores and maintains good contact 
with the Pt particles available on the internal surface of 
the aerogel pores. However, the analysis of Tafel slope 
indicates that the cell performance at high current density 
is not as good as in low current density region due to mass 
transport losses. This is also supported by Marie et al. 
that the increase in pore size of carbon aerogel support 
increases the mass transport losses at the cathode. This 
is due to the penetration of Nafion into the larger pores 
lowers the effective porosity of catalyst support which hin-
ders the mass transport [94]. Guilminot et al. synthesized 
Carbon aerogels by the pyrolysis of cellulose acetate and 
used as catalyst support for fuel cell catalysts. The specific 
surface area of the carbon aerogel is 450  m2/g and found 
that the mass activity of Pt/carbon aerogel was increased 
[95]. Mesoporous activated carbon aerogel with a specific 
surface area of 2161 m2/g was synthesized through tem-
plate method. In this method, cetyl trimethylammonium 
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bromide was used as a template and  H3PO4 was used as 
a porogen. The material was used as an electrode in lith-
ium-ion battery and a maximum capacity of 610 mAh/g 
was achieved at a current density of 0.1 A/g and it was 
decreased to 19 mAh/g at 5 A/g [96]. Wang et al. synthe-
sized a high surface area carbon aerogels with large open 
pores through pyrolysis of the natural resource bacterial 
nanocellulose. They have employed freeze-drying method 
to preserve the 3-D open network structure and used as an 
anode in lithium-ion batteries. The electrode delivers bet-
ter capacity retention due to open pore structure and high 
surface area of carbon aerogels which offers a large elec-
trode–electrolyte contact area favours charge transfer reac-
tion [97]. Titanium and niobium carbide aerogels with the 
specific surface areas of 265 and 159 m2/g were prepared 
directly from carbon aerogels and used as counter elec-
trodes in dye-sensitized solar cells. The studies suggest 
that the carbide aerogels showed excellent electrocatalytic 
activities towards I−/I3

− redox reaction [98].

Carbon nanotube (CNT) aerogels

Carbon nanotube aerogels are another exciting electrically 
conducting materials to find potential applications in bat-
tery and supercapacitor electrodes [99]. Bordjiba et  al. 

grown carbon nanotubes directly on microfibrous carbon 
paper by chemical vapor deposition method. Then, the 
aquagel formed by dissolving polyacrylonitrile in a mixture 
of dimethylformamide and distilled water was coated. The 
pretreatment at 215 °C for 20 h and carbonization at 850 °C 
for 8 h result CNT aerogel. The SEM image of the CNT 
aerogel grown on the substrate is shown in Fig. 9 and the 
cyclic voltammogram recorded at 20 mV/s is presented in 
Fig. 10. The curve exhibits an excellent capacitive behav-
iour observed by a rectangular shape expected for an ideal 
double-layer capacitor. The CNT aerogel electrode delivered 
an exceptionally high specific capacitance of 524 F/g which 
demonstrates the great potential of CNT aerogel electrodes 
for supercapacitor applications [100]. Single walled carbon 
nanotube (SWCNT) aerogels were synthesized through the 
reductive coupling of SWCNTs and p-diiodobenzene in 
dimethylacetamide, followed by freeze drying of the organo-
gels. A high specific surface area of 766 m2/g was obtained 
and used a supercapacitor electrode. The device delivered 
a specific capacitance of 55 F/g at 1 V/s with exceptional 
cycling stability [101]. A fibrous carbon nanotube aerogel 
was synthesized by electrochemical activation and used as 
an electrode in a supercapacitor. The fibrous CNT-aerogel 
electrode has a high specific capacitance of 160.8 F/g at 

Fig. 9  SEM images of carbon nanotube aerogel Reproduced with permission from [100]
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0.5 mA and the specific capacitance was retained after 3000 
cycles [102].

Graphene aerogels

Graphene is a 2-D nanostructure that offers large surface 
area, tremendous electronic conductivity, mechanical sta-
bility and low density [103]. Recently, 3-D nanostructured 
graphene aerogels were prepared through a self assembling 
of 2-D graphene nanosheets [104, 105]. Highly conducting 
graphene aerogel with a BET surface area of 512 m2/g was 
prepared by the reduction of graphene oxide with ascorbic 
acid. The electrochemical measurements indicate that the 
graphene aerogels possess a specific capacitance of 128 F/g 
at a constant current density of 50 mA/g [106]. Three dimen-
sional self-assembled graphene aerogel was synthesized and 
used as an anode material in lithium-ion batteries. A higher 
reversible capacity of 1430 mAh/g was obtained at a current 
density of 100 mAh/g with excellent cycling stability [107].

Lithium-sulfur batteries are being considered as the next-
generation energy storage devices due to their high theoreti-
cal energy density. However, the practical implementation of 
lithium-sulfur batteries is largely hindered by the insulating 
properties of sulfur [108]. To improve the electronic con-
ductivity, lithium sulfide  (Li2S) coated graphene aerogel was 
prepared and used as a cathode in lithium-sulfur batteries. 
Also, nitrogen and boron-doped graphene aerogels demon-
strate fast charge transfer and strong chemical interaction. 
The  Li2S/N or B doped graphene aerogel cathodes exhibit 
initial specific capacities of 801 and 720 mAh/g at 0.3C rate 
and after 100 cycles the capacities are maintained at 635 and 
532 mAh/g respectively [109]. Graphene aerogels with dif-
ferent porosities are studied as cathode for Na–O2 batteries 
and obtained good cycling performance with 39 cycles at 0.5 
mAh/cm2. They have concluded that the discharge capacity 
and cyclability of Na–O2 batteries strongly depend on the 

pore size of the cathode [110]. Besides, N-doped graphene 
aerogel was used as an electrode in Li-ion supercapacitor 
and got a maximum energy density of 70 Wh/Kg with the 
power density of 200 Wh/Kg with good cycling stability 
[111]. N-doped graphene aerogel was also used as an anode 
material for microbial fuel cell and attained a power density 
of 225 W/m3 with a high open circuit potential of 0.69 V 
[112].

Another promising carbon-based aerogel finds appli-
cations in energy conversion and storage is carbonitride 
aerogels. The unusual electronic and optical properties and 
surprisingly high chemical and thermal stability of carboni-
tride aerogel make them a superior candidate for photocata-
lytic application [113]. Recently, carbonitride aerogel was 
prepared through self-assembly method without using any 
crosslinking agents. The photocatalytic activity of the car-
bonitride aerogel was studied water-triethanolamine solution 
under visible light irradiation. The photocatalyst exhibit a 
high hydrogen evolution of 30 µmol/h [23].

Polymeric aerogels

The necessity of materials for aerospace application encom-
pass low density together with exceptional mechanical and 
thermal insulating properties encouraged the development 
of polymeric aerogels [114–116]. Borghei et al. fabricated 
bacterial cellulose (BC), cellulose nanofibers (CNF), chitin 
nanofibers (ChNF) biopolymer aerogels as electrolytes for 
quantum dot sensitized solar cells (QDSCs). The power con-
version efficiency of 0.5% was achieved for the bio aerogel 
based QDSC [117]. A highly porous nanocellulose mem-
brane was used as solid support for the liquid electrolyte 
iodide/triiodide redox couple in dye solar cells. The short 
circuit current density is increased by 20% for nanocellu-
lose based dye solar cells. Solar steam generation by utiliz-
ing solar energy through heat localization is a flourishing 
strategy for sterilization of waste and seawater desalination 
[118]. Mu et al. synthesized a conjugated microporous poly-
mer aerogel by using a cross-coupling reaction between 1, 3, 
5-triethylbenzene and 1, 4-dibromobenzene and 4, 4′-dibro-
mobiphenyl as building blocks. A solar steam generation 
efficiency of 81% was achieved at light intensities of 1 kW/
m2 [119].

Generally, aerogel nanostructures are well-known for 
their insulating property due to air-filled porous network 
structure. Conversely, the conducting polymer aerogels dif-
fer from other aerogels in electrical properties. The conduct-
ing polymer aerogel exhibits ordinary properties of aerogels 
in conjunction with excellent electrical conducting proper-
ties [120]. Poly(3,4-ethylenedioxy thiophene) or PEDOT 
conducting polymer aerogel was obtained by supercritical 
drying and shows a conductivity of  101  Scm−1. The elec-
trochemical capacitance of the PEDOT aerogel was found 

Fig. 10  Cyclic voltammetry of carbon nanotube aerogel in a 5M 
KOH electrolyte; scan rate 20 mV/s. Reproduced with permission 
from [100]
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to be 68.5  Fg−1 at 50 mV/s and 48.5 F/g at 100 mV/s. Also, 
the capacitance retained after 100th cycle is 68.1  Fg−1at 
50 mV/s suggests excellent cycling stability [121]. Self 
crosslinked polyaniline (PAni) aerogels were prepared 
through the oxidative coupling of aniline hydrochloride 
using ammonium persulfate as an oxidizing agent. The PAni 
aerogels have coral-like microstructure as shown in Fig. 11. 
The PAni aerogel as an electrode in supercapacitor yields a 
maximum specific capacitance of 750 F/g at a current den-
sity of 1 A/g. Moreover, the capacitance is retained when the 
current density is increased to 2 A and 20 A as 588 F/g and 

446 F/g, respectively. This superior performance indicates 
an excellent rate capability for high power operation [122].

Application of composite aerogels

The design of materials with new and improved properties 
for energy conversion and storage is a great challenge in 
materials chemistry. However, the development of compos-
ite materials by combining two well-known materials with 
exceptional chemical and physical properties could manage 

Fig. 11  Morphology of different polyaniline aerogels (a–e) and coral (f). Reproduced with permission from [122]
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this problem [123]. Composite materials consist of two or 
more constituents with different physical and chemical prop-
erties which remain separate and distinct at the microscopic 
level and the properties of both the constituents are retained 
in a single physical material [124, 125]. Anderson et al. 
developed a method to prepare composite aerogel in which 
the desired guest is introduced to the sol just before gela-
tion. This prevents the complete encapsulation of guest by 
aerogel network so that the fascinating of both constituents 
are retained. Therefore, the use of sol–gel chemistry renders 
flexibility to design these materials for specific applications 
[126].

Mixed oxide aerogels

Mixed oxide aerogels are of special interest due to their 
high surface acidity, large surface area and thermal stability 
[127].  SiO2/TiO2 hybrid aerogel is used as a photoanode 
material in DSSC and exhibits a power conversion efficiency 
of 9.41%. The high efficiency is due to the increase in short-
circuit current achieved by high dye loading and light scat-
tering property induced by aerogel microparticles [128]. Gao 
et al. first synthesized ZnO aerogels through epoxide initi-
ated sol–gel method followed by supercritical drying [129]. 
Recently, ZnO aerogels were synthesized by adopting the 
same method followed by drying the gel using ambient pres-
sure drying technique. ZnO/TiO2 mixed aerogel as a bottom 

layer and  TiO2 aerogel overlayer was utilized as photoanode 
and realized a power conversion efficiency of 0.11%. The 
reason for a low power conversion efficiency obtained for 
ZnO aerogel based photoanode is the dissolution of ZnO in 
the dye solution and low surface area of ZnO [130].

Metal oxide aerogel composites

Oxide aerogels are doped with metals or non metals to 
enhance the electronic conducting properties and to improve 
the visible light activity for increasing their photocatalytic 
properties [131, 132]. However, the applications of doped 
oxide aerogels are very scanty in the literature. Correa Baena 
et al. prepared antimony doped tin oxide aerogels by sol–gel 
method and supercritical drying with liquid  CO2. They have 
also made atomic layer deposition of  TiO2 over aerogel layer 
with 150 and 300 cycles and employed it as conducting scaf-
fold in DSSCs. The morphology of antimony doped  SnO2 
aerogels is shown in Fig. 12. They have reported that the 
electron transport is faster through the aerogel layer which 
improves the charge collection efficiency [133]. Also, the 
high surface area, porosity, particle interconnectivity, con-
ductivity and transparency of antimony doped tin oxide aero-
gels make these nanostructures as attractive porous current 
collectors for DSSC applications. Sr and Zn co-doped  TiO2 
aerogel was employed as photoanode material for DSSC and 
shows the highest short circuit current density of 18.75 mA/
cm and a power conversion efficiency of 7.87% [134]. Nb, 

Fig. 12  SEM images of antimony doped tin oxide aerogels at different magnifications (a, b) and aerogel layer with 150 (c) and 300 (d, e) cycles 
of  TiO2 and cross section of the layers (Reproduced with permission from [133])
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Ta, V doped  TiO2 aerogels were prepared and employed as 
catalyst supports for Pt instead of carbon black for proton 
exchange membrane fuel cell applications. The electronic 
conductivity of doped aerogel was improved substantially 
and can be used as catalyst support for fuel cell applications 
[135].

Pt doped  TiO2 aerogels were prepared by polyol and 
immersion-calcination-reduction methods to increase the 
hydrogen evolution in photocatalytic water splitting [136]. 
In another study, Au doped  TiO2 aerogel composite exhib-
its an improved photocatalytic activity towards water split-
ting reaction due to a more accessible reaction interface and 
more efficient conversion of excited surface plasmon into 
charge carriers [137]. Puskelova et al. synthesized  TiO2–Pt 
aerogel composites with a high surface area of 162  m2g−1 
and employed as photocatalyst for the photocatalytic refor-
mation of EtOH and hydrogen production [138]. The high-
est  H2 production rate of 7.2 mmol/h/g indicates the high 
surface area of aerogel nanostructure. Pt and N doped  TiO2 
aerogel was used as a photocatalyst for hydrogen production 
by electrochemical water splitting [139]. The photocatalytic 
activity and hydrogen evolution rate were increased with the 
samples containing higher amounts of nitrogen. The pres-
ence of nitrogen in  TiO2 aerogel not only increases visible 
light activity but also creates a synergetic effect between Pt 
and nitrogen in  TiO2.

Metal organic framework aerogel composites (MOFACs) 
are a new class of nanostructured materials owing to its high 
surface area, combined micro and meso porosities and ease 
of preparation [140]. The fascinating properties of MOFACs 
composites make them as potential candidates for tissue 
engineering, drug delivery, catalysis, adsorption, separa-
tion, energy conversion and storage as well. Recently,  TiO2 
aerogel-MOF nanocomposites were synthesized through 
sol–gel method followed by the ambient pressure drying 
technique. The nanocomposite materials showed a specific 
surface area of 250  m2/g and used as photoanode material in 
DSSC. A maximum power conversion efficiency of 2.34% 
was achieved with a short circuit current density of 6.22 mA/
cm2 due to high surface area of the composite material which 
provides more space for the adsorption of more amount dye 
molecules [141]. However, the power conversion efficiency 
is slightly lower than that of P25. This is due to inadequate 
penetration of polymer electrolyte into the pores of aerogel-
MOF composite and the presence of some oxygen vacan-
cies.  TiO2 aerogel-Cu-BTC metal–organic framework com-
posite materials were prepared the photon absorption in the 
visible region increases with the increase in MOF content 
in the composite. This property of  TiO2 aerogel-Cu-BTC 
metal–organic framework composite makes the material as 
promising candidates for photocatalytic and photovoltaic 
applications [142].

Carbon‑based aerogel composites

Carbon-based aerogel composites attract significant inter-
est pertaining to energy conversion and storage due to their 
higher electronic conductivity, catalytic activity and high-
temperature resistance [143]. The metal-doped carbon aero-
gel composites are easily prepared by incorporating metal 
precursor solution to the resorcinol–formaldehyde mixture 
followed by the polymerization of the resorcinol [144]. 
Nanosized Ni-doped carbon aerogels with varying amounts 
of Ni content (21, 35, 60 and 82 wt%) were prepared and 
their performance as a supercapacitor electrode was inves-
tigated. Carbon aerogel with 35 wt% Ni content exhibits 
a capacitance of 120 F/g and excellent charge–discharge 
behaviour. In addition, 35 wt% of nanosized Co, Cu, Fe and 
Mn-doped carbon aerogels were prepared and employed 
as an electrode in supercapacitor. Among them, Mn-doped 
carbon aerogel showed the highest capacitance of 141 F/g 
[145]. Cobalt doped carbon aerogels were prepared with dif-
ferent amounts of Co in carbon aerogel and used as an elec-
trode in supercapacitor. The cyclic voltammograms recorded 
at 10 mV/s for Co-doped carbon aerogels are presented in 
the Fig. 13. A maximum specific capacitance of 100 F/g was 
obtained for 7% Co-doped carbon aerogel [146]. Ruthenium 
decorated graphene aerogel was synthesized through one-pot 
hydrothermal method and employed as an electrode material 
in supercapacitors. The sepcific capacitance of 238 F/g at 5 
mV/s was obtained with better cyclic stability after 15,000 
cycles [147]. Transition metal (Fe, Co, Ni) doped carbon 
aerogels exhibit high electrocatalytic activity towards oxy-
gen reduction reaction suggests that these composite aerogel 
materials are better candidates for fuel cell and metal-air 
battery applications as well [148]. Ni-based electrocatalysts 

Fig. 13  Cyclic voltammograms of cobalt doped carbon aerogels with 
different cobalt contents (scan rate 10 mV/s). Reproduced with per-
mission from [146]
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have been considered as an efficient anode material for urea 
fuel cells due to their low cost and high activity towards the 
urea oxidation reaction. Ni and Co bimetal doped CNT aero-
gel as an anode electrocatalyst exhibited a maximum power 
density of 17.5 mW/cm2 and an open-circuit voltage of 0.9 V 
[149]. Here, the metals increased the oxidation peak current 
and decreased the overpotential of the urea oxidation reac-
tion. The CNT aerogels enhanced the electrocatalytic activ-
ity by providing high surface area and better mass transport 
due to a 3-D network of aerogel structure.

Together with metal doping non metals such as nitrogen, 
sulphur and boron are also doped in carbon-based aerogels 
for energy applications. Nitrogen-doped carbon aerogels 
are promising materials for supercapacitor electrodes and 
oxygen reduction reaction electrocatalyst due to low cost 
and high performance [150]. Nitrogen-doped carbon aero-
gels exhibit a specific capacitance of 124 F/g at 20 A/g and 
467 F/g [151, 152]. Nitrogen-doped graphene aerogels have 
superior capacitive behaviour of 223 F/g and long term 
cycling performance [153]. Sulphur doped carbon aerogel 
was used as electrocatalyst for oxygen reduction reaction 
and found that an excellent tolerance to methanol crossover 
was detected. The presence of sulphur increases the surface 
hydrophobicity which enhances the withdrawal of  O2 from 
the electrolyte and its adsorption on the surface. Theses 
results suggest that sulphur doped carbon aerogel good elec-
trocatalysts for direct methanol fuel cells [154]. Polyaniline 
coated carbon aerogel-sulphur composites were prepared 
through melt infiltration of sublimed sulphur into activated 
carbon aerogel (ACA) followed by in situ polymerization 
of aniline on the surface of carbon aerogel. The schematic 
illustration for the synthesis of ACA-500-S@PANi is pre-
sented in Fig. 14. The composite material as an electrode 
in the Li-Sulphur battery delivered a reversible capacity of 
1208 mAh/g at a 0.2C rate and retains the capacity of 542 
mAh/g at 3C rate. Moreover, it delivers a discharge capacity 
of 926 mAh/g and excellent capacity retention 66.4% after 
700 cycles at 1C rate [155]. Iron nitride and nitrogen-doped 
graphene aerogel composite exhibits comparable activity to 
Pt/C and resistance to methanol crossover [156].

Besides metal and nonmetal doping in carbon-based 
aerogels, metal oxides are also doped in carbon aerogels 
for different energy applications. Kalpana et al. prepared a 
composite electrode by combining high surface area carbon 
aerogel with large specific capacity ZnO to deliver faradaic 

capacitance of the metal oxide and the double-layer capaci-
tance of the carbon aerogel. The capacitance of the com-
posite electrode shows 375 F/g at 75 mA/cm2 indicates the 
electrochemical capacitive behaviour and stability [157]. 
Sun et al. fabricated an asymmetric supercapacitor with 
manganese oxide (MnO) nitrogen-doped carbon aerogel 
(NCA) composite as a positive electrode and ion oxide 
 (Fe2O3)/NCA as a negative electrode as shown in Fig. 15. 
A high specific capacitance of 553 F/g was achieved at a 
scan rate of 10 mV/s. The capacitance values are main-
tained at 521, 478, 435, and 396 F/g at a scan rate of 20, 50, 
100, 200 mV/s respectively with good rate capability. The 
enhanced capacitance and rate capability of the compos-
ite electrode are attributed to the synergistic effect between 
conductive carbon aerogel and pseudocapacitive manganese 
oxide [158]. Transition metal oxides offer low cost, non-
toxic, high lithium storage capacity and pseudocapacitive 
behaviour [159]. However, metal oxide-based anode materi-
als is suffering from mechanical degradation and low elec-
tronic conductivity which limits the high rate performance 
and long term cycling stability of these materials [160]. 
Consequently, composite materials consisting of metal oxide 
aerogel and electronically conducting r-GO or CNT was pre-
pared ito solve this problem. Chen et al. developed a simple 
strategy to fabricate  SnO2-rGO aerogel composites for Li-
ion battery electrode applications. The composite shows a 
discharge capacity of 1295 mAh/g at first cycle and 867 
mAh/g at 100th cycle at a current density of 100 mA/g. The 
superior electrochemical performance of the composite is 
due to the large contact surface area of the graphene aerogel 
with the electrolyte and the uniform distribution of  SnO2 
nanoparticles [161]. Niederberger et al. fabricated flexible 
spinel oxide reduced graphene oxide  (CoFe2O4/r-GO) aero-
gel nanocomposites and employed as an anode material in 
Li-ion battery. The composite electrode delivered discharge 
capacities of 929 mAh/g, 1177 mAh/g and 1290 mAh/g at 
1C, 10C and 60C rates respectively. The composite electrode 
delivered a stable capacity of 520 mAh/g even after 200 
cycles at 2 A/g [162]. Cobalt ferrite nanoparticle decorated 
CNT aerogel composite was used as an anode material in 
lithium-ion battery and enhanced electrochemical perfor-
mance with a high reversible capacity of 1033 mAh/g at 0.1 
A/g and good cycle stability of 874 mAh/g at 0.1 A/g after 
160 cycles was achieved [163].  MoO2/carbon aerogel com-
posite was prepared from seaweed biomass and used as an 

Fig. 14  Schematic illustration 
of the preparation of polyaniline 
coated carbon aerogel-Sulphur 
composite. Reproduced with 
permission from [155]
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anode material in Li-ion battery. A specific capacity of 574 
mAh/g at a current density of 100 mA/g was obtained with 
good cycle stability and excellent rate capability [164]. The 
 MoO2 nanoparticles are beneficial for Li-ion transport by 
increasing the contact area with electrolyte and shortening 
diffusion length. The carbon aerogel network is capable of 
accommodating the volume expansion  MoO2 nanoparticles 
during charge/discharge cycles ensures cycling stability. 
 MoS2 decorated carbon aerogel composite was employed 
as cathode material in lithium–sulfur battery and a high 
capacity of 1384 mAh/g. A high capacity of 723 mAh/g at 
5C rate indicating a high rate capability [165]. The enhanced 
rate capability is due to the interconnected structure of car-
bon aerogels which offers fast charge transfer kinetics.  CoS2 
embedded CNT aerogel hybrid was employed as counter 
electrode material in DSSC [166]. A maximum power con-
version efficiency of 8.28% was obtained for DSSC assem-
bled with a hybrid counter electrode which is higher than 
that of DSSC assembled with Pt counter electrode (7.2%).

Carbon-based aerogels are combined with other mate-
rials to fabricate composites for specific energy applica-
tions. Semiconducting CNT aerogel hybrid was prepared 
by filling the pores with 6,6-phenyl-C71-butyric acid methyl 
ester (P-C71-BM). A bulk heterojunction solar cell fabri-
cated using CNT aerogel-P-C71-BM hybrid material shows 
an exceptional power conversion efficiency of 1.7% [167]. 
Vanadium tetra sulphide  (VS4) anchored graphene aerogel 
was prepared and employed as a cathode material in lith-
ium-ion battery.  VS4 anchored graphene aerogel composite 
exhibits a high reversible capacity of 511  mAhg−1 and rate 
capability of 191 mAh/g at 5C rate [168].

Metal-air batteries are blooming electrochemical energy 
devices which generate electricity through a reaction 

between a metal and  O2 from air on a porous electrode. 
Highly active and stable electrocatalysts for oxygen reduc-
tion reaction and oxygen evolution reaction is essential for 
rechargeable metal air batteries [169]. Fe and Co immobi-
lized nitrogen-doped carbon aerogel was obtained by initiat-
ing the sol–gel polymerization of cyanometalates, chitosan 
and graphene oxide followed by pyrolysis. The Zn-air battery 
fabricated using Fe, Co immobilized N doped carbon aerogel 
composite as cathode material a maximum power density of 
115 mW/cm2 was obtained with impressive cycling stabil-
ity [170]. Nitrogen-doped carbon shell encapsulated  Co3O4 
nanoparticles were assembled on nitrogen-doped graphene 
oxide aerogel. The zinc-air battery fabricated using the com-
posite material as cathode exhibits a high voltage of 1.4 V 
at 1 mA/cm2 and a peak power density of 172 mA/cm2 at 
0.56 V [171].

Other aerogel composites

Polypyrrole-carbon aerogel composites were prepared 
through the chemical oxidation polymerization method and 
used as electrode material in supercapacitor. The compos-
ite material has a higher specific capacitance of 433 F/g 
which is higher than the carbon aerogel electrode (174 F/g) 
[172]. Ouyang et al. synthesized a sandwich-like structure of 
polyaniline-graphene oxide-polyaniline (PANI-GA-PANI) in 
graphene aerogel beads as illustrated in Fig. 16. This com-
posite material as an electrode in supercapacitor exhibited 
a specific capacitance of 699 F/g with good cyclic stability 
[173]. Transition metal dichalcogenide  (MoS2,  WS2) carbon 
aerogel composites were synthesized with a high surface 
area of 620  m2/g and yields a specific capacitance of 80 F/g 
in supercapacitor [174].

Fig. 15  Schematic illustration of the fabrication process of MnO/NCA as positive electrode and  Fe2O3/NCA as negative electrode for construc-
tion of asymmetric supercapacitor. Reproduced with permission from [158]
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Recently thermoresponsive polymer materials were pre-
pared to address the thermal runaway of electrochemical 
devices especially lithium-ion batteries. These thermore-
sponsive polymers work normally at room temperatures of 
the devices and increase the resistance at unwanted high 
temperature thus prevent the electronic flow and shut down 
the device automatically. The polymer composite film has a 
high electrical conductivity at room temperature due to the 
quantum tunneling effect enabled by the spiky nanostructure. 
On heating, the polymer matrix expands and separating the 
conductive particles, whereas on cooling the polymer matrix 
shrinks and regains the original conductivity [175, 176]. The 

operation of Li-ion battery under normal conditions and in 
the presence of a thermoresponsive polymer system (TRPS) 
layer under safe mode is illustrated in Fig. 17. Shi et al. syn-
thesized thermoresponsive hybrid aerogel by in situ cross-
linking of phytic acid in poly(N-isopropylacrylamide). The 
resistance increased to 110 kΩ within 10 s after the device 
is heated demonstrates the high thermoresponsive behaviour 
of the hybrid aerogel [177]. This interesting result suggests 
that the aerogel nanostructures not only improves the per-
formance of the electrochemical devices but also increases 
the safety of the devices.

Fig. 16  Illustration of the syn-
thesis of graphene oxide aerogel 
beads and PANI-GO aerogel 
composite. Reproduced with 
permission from [173]

Fig. 17  Schematic illustration of Li-ion battery operation a under normal conditions, b With TRPS layer under safe mode, c thermal switching 
mechanism of TRPS material. Reproduced with permission from [175]
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Conclusions

In this review, we described the recent developments in the 
synthesis of aerogel nanostructures with special attention 
of their application to the fabrication of high-performance 
energy conversion and storage devices. The attractive struc-
tural properties of aerogel put together aerogel as a superior 
material for battery, solar cell, fuel cell and supercapaci-
tor applications. Therefore, the application of aerogels to 
energy conversion and storage devices is summarized in 
three major categories inorganic, organic and composite 
aerogels. The high surface area and porosity of inorganic 
oxide aerogels are beneficial for adsorption which is crucial 
for dye-sensitized solar cells and supercapacitors. Similarly, 
the high electronic conductivity of organic aerogels is ben-
eficial for supercapacitor applications. But, the composite 
aerogels obtained by combining the beneficial properties 
of inorganic and organic materials offer tailored properties 
for energy conversion and storage devices. Therefore, the 
composite aerogels are prime candidates for electrochemical 
device applications because of their outstanding physical 
and chemical properties.

Though the application of aerogel nanostructures are 
studied well in lab scale, there are some challenges in the 
commercialization of this material. For example, the time-
consuming solvent exchange process and low electronic 
conductivity of aerogel nanostructures prevent their com-
mercial success in energy conversion and storage devices. 
Therefore, simplified synthetic strategies by reducing the 
time for solvent exchange will be studied intensively in the 
coming years. Moreover, to attain high electronic conductiv-
ity, synthesis of composite aerogels will flourish in the near 
future since it combines the benefits of the porous network 
structure of aerogels and electronic properties of conduct-
ing materials. Particularly, synthesis of composite aerogels 
with high electronic conducting materials such as graphene, 
CNT and conducting polymers or electronically insulating 
metal–organic frameworks (MOFs), to accomplish the spe-
cific requirements for energy conversion and storage appli-
cations. The physical and chemical modification of aerogel 
surface to improve the adsorption process as well seems to 
have great potential in the future. On the other hand, the 
development of metallic and multimetallic aerogel networks 
and their deposition on the surface of electronically con-
ducting aerogels (composite aerogels) will receive much 
attention in the forthcoming years, to achieve exceptionally 
high electrocatalytic properties and durability for fuel cell 
applications. Certainly, aerogel nanostructures are sustain-
able materials for the fabrication of energy conversion and 
storage devices.
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