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This review article on synthesis of various carbona-
ceous and transition metal oxide based supercapacitor 
electrode materials and their electrochemical perfor-
mance shows that though a potential method, the  
sol–gel process needs to be extensively explored and 
practiced on a large extent. The carbonaceous mate-
rials possess high electrochemical stabilities but they  
demonstrate lower capacitance compared to the  
ruthenium-based materials. Overall excellence in elec-
trochemical behaviour was exhibited by a binary  
metal oxide NiCoO4 in thin film form with a value of 
2157 F/g. 
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percapacitor materials. 
 
ONE of the next generation energy storage devices, su-
percapacitors, has a great demand in the market and ex-
tensive research is being pursued on in the field of 
electrode materials for supercapacitors and device fabri-
cation. Instead of using a conventional dielectric as in  
capacitors to store electrical energy, supercapacitors use 
either mechanism, viz. double layer capacitance or pseu-
docapacitance. Double layer capacitance has electrostatic 
form and pseudocapacitance is electrochemical in nature.  
Supercapacitors can be considered as a blend of the regu-
lar capacitor and the working principle of an ordinary 
battery. Supercapacitors, popularly known as ultracapaci-
tors can be typified by electrode materials with high  
accessible surface area and storage of large amounts of 
electrical charge operating at considerably low voltage. 
The large surface area of the electrode is a key factor for 
the large capacitance value of a supercapacitor. Larger 
surface area guarantees better access for the electrolyte 
that enhances the capacitance value. The electrode mate-
rials utilized for supercapacitor are metal oxides and car-
bon in various forms which possess greater extent of 
surface action. Today, the challenge is to produce eco-
nomical but efficient electrodes for supercapacitors which 
should exhibit chemical and electrical compatibility with 
electrolytes. 
 With rapidly progressing nanoscience and nanotech-
nology, a range of materials are available for the fabrica-
tion makeover of a supercapacitor and its performance. 

Advancement in nanotechnology makes it possible to 
synthesize nanostructured materials, such as nanotubes, 
nanorods, nanoflakes, nanoparticles, etc. These nano-
forms demonstrate considerable improvement in electro-
chemical performance by virtue of large accessible  
surface area. They facilitate shorter transport–diffusion 
paths for charge carriers making the kinetics quicker.  
Also, it offers efficient interaction among electrode  
surface and electrolyte ions, and large number of electro-
active sites for faradaic energy storage1. 
 Today several methods and techniques such as sol–gel 
method, hydrothermal method, electrodeposition, chemi-
cal bath deposition, successive ionic layer adsorption and 
reaction (SILAR) method, and spray coating, ink jet 
printing are followed to synthesize the materials to their 
most efficient form, suitable for the desired application. 
Sol–gel process is regarded as a versatile method of  
material synthesis as it can best be applied to produce 
materials in a variety of forms such as coatings, films, 
glasses, fibres, powders, monoliths, etc. with a high  
active surface area. 
 Considering the market demands, novel and efficient 
but economic supercapacitor materials need to be  
explored. Since the sol–gel method is an advantageous 
chemical method, this review focuses on compilation of 
results on specific capacitance (SC) of a wide variety of 
materials in bulk form as well as in thin film form syn-
thesized by sol–gel process from selective citations. 

Sol–gel process: advantages in synthesis of  
supercapacitor electrode material 

Sol–gel science, a new term coined in the 1950s, points to 
an approach of material synthesis which involves prepa-
ration of a sol followed by its gelation and removal of the 
solvent. The term sol–gel applies to a process in which 
sols are gelled and also to the process in which it is not 
certain whether discrete colloidal particles exist at a point 
of time during reaction. When such is the case, the term 
sol–gel can be understood as an acronym of solution–
gelation2! 
 Turner3 points to a number of advantages of the sol–gel 
process over conventional processes. (i) better chemical 
homogeneity in multicomponent systems; (ii) relatively 
low sintering temperatures due to high surface area of the
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Figure 1. Synthesis of various forms of materials by versatile sol–gel process. 
 
 
product; (iii) ability to maintain relatively high chemical 
purity as the processes of grinding, pressing etc. are not 
involved; and (iv) versatility to produce a variety of 
products in the form of monoliths, fibres, particles, coat-
ings, following a simple solution method as shown sche-
matically in Figure 1. 
 Large specific surface area and high degree of purity of 
materials are requirements of electrode materials for  
supercapacitor applications. Taking the aforementioned 
advantages of the sol–gel process into account, it can be 
regarded as the most suited method for synthesizing these 
materials. Generally, transition metal-oxide based elec-
trodes follow pseudocapacitance (redox) mechanism 
while carbon-based electrodes store the charge via elec-
tric double layer capacitance (EDLC). The materials to 
incorporate both types of charge storage mechanism can 
be produced by the versatile sol–gel process which is a 
soft chemical method. This has been practised for produc-
tion of highly porous oxides at moderate temperatures4. 
The properties of supercapacitors rely on electrochemical 
properties such as stability, conductivity and structural 
properties such as porosity and surface area of the elec-
trode materials. Sol–gel synthesized materials have been 
greatly explored over the couple of preceding decades. 
 High specific capacitance (F/g) at low resistance enables 
construction of high energy and high power density  
supercapacitors from transition metal oxides (TMOs) 

making them promising electrode materials. Electrochem-
ical behaviour of oxides such as RuO2, MnO2, etc. is 
pseudocapacitative due to either reversible surface chem-
ical reactions or fast and reversible lattice intercalation5. 
Excellent structural stability and the high SC value of 
TMOs and the ability to adopt varied oxidation states 
make them competent materials for supercapacitor elec-
trodes. These metal oxides having various nanostructures 
have been synthesized by sol–gel method to enhance the 
performance of supercapacitors. TMOs in bulk as well as 
in thin film form synthesized by sol–gel process were in-
vestigated for application as supercapacitor electrodes 
and include oxides of ruthenium, nickel, cobalt, manga-
nese, tin, iron, vanadium, etc. which exhibit considerable 
specific capacitance values6–8. Ceramic oxides have been 
used as supercapacitor materials owing to their stability 
in different electrochemical systems, ability to attain high 
capacitance and importantly their low production cost. 
 ‘Carbon aerogels and xerogels are a kind of carbon in 
nano-form’ with a substantial mesoporous networked 
structure extended in 3-dimensions. ‘Both of them can  
be regarded as competent electrode materials for super-
capacitors due to their large specific surface area, 
low/moderate-low density and electrical conductivity’9. 
An added advantage of carbon-based electrode material is 
that they may not require any extra binding material. 
Carbon aerogels are binderless electrodes which show 
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lower equivalent series resistance (ESR) than activated 
carbons. 

Carbon 

The fundamental requirements of materials which follow 
EDLC mechanism to attain the best performance are10–12: 
(i) high ionic electrolyte conductance; (ii) high ionic  
separator conductance; (iii) high electronic separator  
resistance; (iv) high electronic conductance; (v) large 
electrode surface area; (vi) low separator and electrode 
thickness. 
 Porous carbonaceous materials owing to their high 
specific surface area and good electrical conductivity are 
being used to fabricate electrodes for supercapaci-
tors5,13,14. Studies find carbon xerogels and aerogels of  
interest as they are potential candidates for supercapacitor 
electrode materials by virtue of their conductive network 
of carbon nanoparticles and porosity. Due to the conti-
nuous network and ability of carbon to bond chemically, 
there is no need for adding any binding agent which may 
alter the electrochemical properties. Apart from carbon 
xerogel and aerogel, graphene, carbon nanotubes have  
also been found to enhance the enactment of super-
capacitors by improving electron transport and modifying 
the charge transfer process. The carbon electrodes for 
EDLC should possess high specific areas, appropriate  
intra- and inter-particle conductivity in porous matrix and 
ease of access for the electrolyte to the area available in 
the pores15,16. As it is popularly known, the sol–gel 
process can tailor materials with high porosity and it is a 
convenient way of producing porous carbons for superca-
pacitor applications. It is usually noticed that EDLCs  
exhibit better stability and power densities than pseudo-
capacitors17. 
 One of the high specific surface areas that carbona-
ceous electrode materials are synthesized via sol–gel 
process is carbon xerogel/aerogel18,19. Higher the percen-
tage of pores, the more facile the ion transport through 
pores. This makes carbon xerogels/aerogels suitable for 
high-power supercapacitor applications. 
 The steps involved in carbon xerogel/aerogel synthesis 
are transformation of sol to gel, exchange of solvent,  
ambient drying or supercritical drying of wet gel and heat 
treatment. Carbon xerogels are produced by following 
conventional drying method and not using supercritical 
drying in CO2. Xerogel is formed by drying wet gel with-
out hindrance in shrinkage of the three-dimensional 
cross-linked gel networks. Though the network shrinks 
under ambient conditions, considerably high porosity and 
large surface area is retained because of availability of 
nano/micro-pores in the network. On the other hand, 
when the solvent is removed under supercritical condi-
tions, there is little network shrinkage. This drying 
process produces highly porous and low density material, 

categorized as aerogel. The synthesis parameters to be 
monitored in sol–gel route such as pH, pyrolysis tempera-
ture, time, etc. affect the textural properties of carbon xe-
rogels/aerogels20–24 and thus the performance. Generally, 
the measured capacitances of carbon materials in existing 
supercapacitors fall short compared to the values reported 
in the literature25. SC values roughly measure over 20 to 
300 F/g for aqueous and organic electrolytes. The storage 
of energy in supercapacitors is due to ionic charge build-
up across the double-layer occurring at the interface of 
electrode and electrolyte. There is quick attainment of 
double-layer in carbon material electrodes due to high  
porosity and large accessible surface area. In general, 
carbon materials with more specific surface areas and  
porosity possess greater ability for accumulation of 
charges at the electrode/electrolyte interface26. As not all 
pores in the electrode material are necessarily accessible 
to electrolyte ions, specific capacitance may not be in  
direct proportion with the specific surface area27–29. 
 Job et al.30 report synthesis of porous carbon material 
produced by pyrolysis of resorcinol formaldehyde (RF) 
aquagels and evaporative drying. Texture of the material 
can be effectively controlled by adjusting pH of the pre-
cursor. It is also reported that Na2CO3 functions as a  
polymerization catalyst (C). But Job et al.30 state that 
Na2CO3 involves pH regulation. Thus, instead of using 
commonly used Na2CO3, NaOH was used as pH regula-
tor30. 
 The specific surface areas (SBET) of RF gels after dry-
ing and after pyrolysis at 800°C under N2 flow are pre-
sented in Table 1. After pyrolysis of dried gels, SBET 
increase considerably for the sample with pH = 5.80 to a 
value of 635 m2/g. Specific surface area, being a key as-
pect in deciding the probable application of material such 
as fuel cell electrode, supercapacitor, etc., carbon xerogel 
can stand as a potential candidate for supercapacitor ap-
plications. 
 Calvo et al.31 also report synthesis of RF-based carbon 
xerogel via the microwave assisted sol–gel process. Sub-
jecting the sol to microwaves induces and accelerates  
polymerization reactions between monomers. 
 The electrodes were prepared using activated carbon 
xerogels and the electrochemical properties in various 
aqueous media, viz. H2SO4 (acidic), Na2SO4 (neutral) and 
KOH (basic) were studied. Figure 2 demonstrates typical 
rectangular voltammograms as expected of ideal superca-
pacitors with a slight distortion appearing probably due to 
contact resistance. The maximum value of SC, 196 F/g, 
was reached with acidic electrolyte, H2SO4. 
 Mezzavilla et al.32 report electrodes based on RF po-
lymerized heat-treated carbon xerogels with resorcinol to 
catalyst (R/C) ratio as high as 1000, that corresponds to a 
single-electrode SC of 100 F/g in 6 M KOH and energy 
density 3.1 Wh/kg. Jun Li et al.21 produced carbon aero-
gel from RF gel by following similar sol–gel route as 
mentioned by Mezzavilla et al.32, but the drying process
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Table 1. pH dependence of specific surface area30 

 After drying After pyrolysis 
 

pH ± 0.05 5.45 5.8  6 6.25 6.5 7.35 5.45 5.8  6 6.25 6.5 7.35 
SBET (m2/g) ± 5 330 435 475 505 510 470 625 635 610 565 <40 <40 

 
 

 
 

Figure 2. Voltammograms of R–F based carbon xerogel electrode in 
aqueous electrolytes of different pH31. 
 
 
 
was altered to get carbon aerogel. Attempts were needed 
in reducing the contraction of RF gels while carrying out 
ambient drying. Acetone is a drying solvent with low  
surface tension and further to decrease drying stress,  
drying was done using a stream of pure Ar gas. SEM  
revealed porous morphology of the carbon aerogel and 
hence improved specific surface area. The maximum SC 
of ~110 F/g in 6 M KOH was reported. Though the  
specific surface area of xerogels in the report of Mezzavilla 
et al.32 is comparatively lower, SC does not differ 
(100 F/g) considerably from that of aerogel (110 F/g) as 
reported by Jun Li21. 
 Zanto et al.33 analysed the effect of synthesis parame-
ters on the surface area, pore volume, EDLC for 16 sam-
ples of carbon aerogels and xerogels from RF gel. The 
study included the effect of pH (5.5 and 7.0), temperature 
at which pyrolysis was done (800 and 1050°C), etc. They 
concluded that carbon aerogels, on average, exhibit high-
er values of surface area, pore volume, electrochemical 
capacitance than carbon xerogels (Table 2). 
 Figure 3 shows a schematic of the synthesis of RF gel 
and subsequent drying and pyrolysis to obtain well  
developed carbon aerogel (C-aerogel) without any activa-
tion34. 
 Though the carbon aerogel electrode exhibited modest 
SC of 21.8 F/g along with superior power density 
(2.4 kW/kg) and specific energy (22.1 Wh/kg), the elec-
trochemical stability is considerably high, that the speci-
fic capacitance was retained to 87% at the end of 10,000 
cycles. This superior electrochemical performance was 

credited to the dual three-dimensional mesoporous  
network which provides more active sites. Efficient trans-
fer of charges through such a network is a reason for 
steady electrochemical performance. 
 The specific surface area of carbonaceous electrodes is 
considered as a key aspect for development of electrical 
double layer. There are activation methods such as physi-
cal activation (e.g. use of CO2) to achieve higher value of 
specific surface area in porous carbon22,35,36. Even if the 
specific surface area is a deciding factor for supercapacitor 
performance, the pore size distribution, textural proper-
ties are also crucial in inducing better electrical conduc-
tivity in carbon electrode material and thus the 
electrochemical performance37. Chuan Lin et al.24 repor-
ted an attention-grabbing systematic study regarding pore 
size distribution of RF-based carbon xerogel with carbo-
nization time and temperature. With increase in carboni-
zation temperature, a reduction in quantity of micropores 
of the order of 6 Å was noticed. This reduction was ac-
companied with no effect on the size distribution of 
mesopores and thus no change in cumulative surface of 
mesopores. An increase in the number of micro- and 
mesopores was noted with increase in activation time 
with carbon dioxide (CO2). The pores in the range of 
width of 6 Å over the time broaden to that of ~12 Å. 
They concluded that pores less than about 8 Å in width 
did not contribute to DLC19. 
 Various electrochemical, chemical and physical ways 
of modifying carbon electrode surface involve oxidation, 
reduction and pre-adsorption of various functional 
groups. Micropores in bulk and defects in surface can be 
included for increasing the specific surface area. Also, 
the electrochemical capacitance exhibited by carbona-
ceous materials improves on grafting of functional groups 
and/or doping with heteroatoms. Supercapacitor electrode 
materials based on carbon activated with hetero-atoms of 
elements such as N38, P39 into the networked carbons 
show improved electrochemical properties. Particularly, 
doping nitrogen in porous carbon materials improved the 
functional properties of supercapacitor material38. The 
carbon-based electrode materials, as stated earlier, follow 
EDLC charge storage mechanism and the grafted func-
tional groups/heteroatoms contribute to pseudocapacit-
ance. Carbonaceous electrodes exhibit modest specific 
capacitance, while they possess enormous electrochemi-
cal stability. Thus, incorporation of heteroatoms possess-
ing high specific capacitance efficiently improves the 
electrochemical properties of the electrode material as a 
whole. 
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Table 2. Comparison of carbon xerogel and aerogel properties with respect to synthesis parameters33 

   Electrochemical  
  Surface area (m2/g) Pore volume (cm3/g) capacitance (F/g) 
Initial Solid Pyrolysis 
solution pH content (wt%) temperature (°C) Aerogel Xerogel Aerogel Xerogel Aerogel Xerogel 
 

5.5 5 800 561 569 0.32 0.36 128 161 
5.5 5 1050 508 521 0.30 0.28 68 105 
5.5 20 800 517 493 0.24 0.26 86 63 
5.5 20 1050 474 460 0.23 0.25 59 74 
7.0 5 800 900 591 0.92 0.20 179 113 
7.0 5 1050 753 540 1.32 0.40 142 106 
7.0 20 800 929 586 1.31 0.44 146 124 
7.0 20 1050 804 515 1.42 0.44 144 104 
Average   680.8 534.4 0.758 0.329 119.0 106.3 
Standard deviation   186.6 46.1 0.539 0.093 42.9 29.9 

 
 

 
 

Figure 3. Schematic of synthesis of RF gel and subsequent development of carbon aerogel34. 
 
 
 Fang et al.40 report synthesis of carbon aerogel (CA) by 
following a similar route mentioned earlier in the late 
nineties41. To obtain activated carbon aerogels (ACA), 
carbonization of CA with KOH was done by keeping the 
mass ratio of KOH : CA at 3 : 1. Apart from only activat-
ing CA, the samples were subjected to a process of sur-
face modification using vinyltrimethoxysilane (VTMOS). 
For VTMOS-modified carbons high SC (~140 F/g) was 
noticed. This may be caused by more rapid ion transport. 
Also, energy density of 37 Wh/kg was measured at 
2.5 mA/cm2. Surface modification with VTMOS of the 
activated carbon aerogel enables more accessible surface 
area to the ions of the electrolyte because of improved 
wettability towards propylene carbonate-based electrolyte 
and thus quicker charge propagation. 
 Liu et al.37 report the designing of nitrogen-doped  
carbonaceous porous materials with hierarchical micro-

structures. The co-polycondensation of RF with mela-
mine for nitrogen doping to obtain three-dimensional po-
rous structures via sol–gel process was done and the 
PEO76–PPO29–PEO76 micelles were used in optimizing 
the formation of micron-channels of porous structure. 
Breakdown of PEO76–PPO29–PEO76 micelles during 
carbonization created microchannels which facilitate 
traversing of the ions of the electrolyte. Further, CO2-
assisted activation (at 950°C for 8 h) produced hierarchical 
porosity. The presence of well-connected abundant meso/ 
micropores with micro-channels (Figure 4) (specific sur-
face area = 4279 m2/g) and the effective nitrogen doping 
resulted in high electrochemical performance with SC 
value of 271 F/g (ref. 37). 
 Pyrolysis of poly(acrylic acid)/methylated melamine-
formaldehyde resin aqueous solution by sol–gel process 
was done to produce rich nitrogen-doped nanoporous 
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carbon, possessing large specific surface area using acti-
vation by KOH. The specific surface area of the material 
with a nitrogen content of 8.8 wt% was reported up to 
2674 m2/g. Because of both, EDLC and pseudocapaci-
tance, the material presented fascinating electrochemical 
performance in 1 M H2SO4 with SC of 280 F/g and excel-
lent stability over 9000 cycles as seen in Figure 5 (ref. 42). 
 A report gives details of ruthenium composited carbon 
xerogels having high surface area obtained by sol–gel 
process. Specific capacitance of 256 F/g (corresponding 
power density = 1000 W/kg and energy density = 
30 Wh/kg) was reported for a carbon xerogel holding Ru 
to 14 wt% and stability over 2000 charge/discharge  
cycles24. It is estimated that about 40% of the capacitance 
was contributed by double layer generated within pores in 
the carbon xerogel matrix during charge/discharge, and 
about 60% of the capacitance was attributed to RuO2  
dispersed in the matrix undergoing reversible redox reac-
tions. 
 A novel composite electrode material, composed of 
sol–gel synthesized three-dimensional graphene (3DG), 
 
 

 
 

Figure 4. Scanning electron microscopy picture showing activated 
nitrogen doped carbon xerogel37. 

 
 

 
 

Figure 5. Cycling stability of N-doped porous carbon activated with 
KOH at 700°C (ref. 42). 

carbon black (CB) as conductive particles, and MnO2  
nanoparticles on 3DG surface, is produced by a hydro-
thermal method. In the electrode material (3DG/CB/ 
MnO2), the synergistic reaction between 3DG and MnO2 
occurs to the optimum which favourably increased the 
supercapacitor performance of the combination. The 
composite showed superior electrochemical properties 
over only MnO2 due to the existence of enhanced effective 
surface area carbons with pseudocapacitive MnO2. The SC 
of the 3DG/CB/MnO2 composite recorded for 0.3, 1 and 
3 A/g current densities are 590, 433 and 247 F/g respec-
tively43. 
 Sun et al.44 synthesized carbon aerogels with pore 
structure which can be tuned, and possess high specific sur-
face area by substitute route via polycondensation of RF 
on Fe-containing ionic liquid, hexadecyl-2,3-dimethyl-
imidazolium tetrafluoroborate ([C16Im]BF4). Spherical 
micelles produced in water by the ionic liquid serve as a 
sol–gel polymerization template. The SC of 188 F/g was 
reported for mesoporous carbon aerogel formed by this 
method. The corresponding energy and power density 
values are 9.08 Wh/kg and 6250 W/kg respectively44. 
 Apart from the advantages of sol–gel route of material 
synthesis, Laheäär et al.45 compared two porous carbon 
materials. Of the two, one is obtained from organic aero-
gel prepared by sol–gel process followed by its pyrolysis 
and another is synthesized using molybdenum carbide by 
the method of chlorination at high temperature. The ob-
tained materials were tested as a supercapacitor electrode 
in tetraalkylammonium which is a salt-based electrolyte 
(nonaqueous). The report mentions that the gravimetric 
capacitance value for carbon-based electrode derived 
from carbide (C(Mo2C)) was ~125 F/g which is almost 
double that of carbon aerogel-based electrode (~55 F/g). 
Similar trend of energy density was also observed with 
values 32 Wh/kg for carbon aerogel-based electrode and 
63 Wh/kg for C(Mo2C)-based electrode45. 
 The sol–gel process is an efficient way to synthesize 
transition metal oxides. In the beginning, it used metal 
alkoxides as the precursor and organic media as homoge-
nizing means. Various forms of desired metal oxides such 
as monoliths, thin films, powders, etc. were produced. In 
general, the organometallic precursors of metals are ex-
pensive. Even then, the sol–gel-derivative methods use 
these precursors often because of their purity and good 
results. Use of inorganic or organo-inorganic precursors 
in organic or aqueous media is a general practice. 

Ruthenium 

Alternatively, oxides of transition metals such as Ru46, 
Ni47,48, Co49,50, Mn51,52 have already been reported to ex-
hibit good electrochemical properties. Also, they possess 
high theoretical specific capacitance values and fast rate 
of reversible metal-ion redox transitions over wide poten-
tial range. Among the various TMOs, RuO2 is the most 
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studied pseudocapacitive material and reported to exhibit 
very high capacitance values. Owing to high specific  
capacitance, it challenges the carbon-based electrode  
material for supercapacitors. 
 Zheng et al.53 give details of amorphous RuO2 
(RuO2⋅1/2H2O) produced by sol–gel process for which 
notably high SC of 720 F/g was reported. The corres-
ponding surface area was 68.6 m2/g (energy density 
26.7 Wh/kg)53. This better performance was observed due 
to hydrous surface layers, which enable mixed protonic–
electronic conductivity. However, it was also reported 
that the charge storage ability of amorphous RuO2 drops 
when the scan rate is increased. This can be because of 
proton depletion during charge–discharge cycles54. 
 A comparative study on RuO2⋅xH2O synthesized via 
modified sol–gel process was carried out. The annealing 
of the product was done with air and water at different 
temperatures. The corresponding variation in textural and 
electrochemical properties was compared by Chang et 
al.46. Distinctive textural properties of RuO2⋅xH2O were 
observed for annealing at 225°C for 24 h with 16 wt% 
water (termed as hydrothermal annealing). The high  
pressure, water-enriched surrounding that controls the 
agglomeration of RuO2⋅xH2O nanocrystallites produced 
distinctive textural properties. An average particle size of 
about 7 nm and specific capacitance of 390 F/g was  
reported for RuO2⋅xH2O. 
 A study discusses preparation of sol–gel derived  
hydrous RuO2 impregnated with carbon black of low and 
high surface areas to produce nanocomposites of different 
particle size. The capacitive properties showed that there 
exists a relationship between the specific capacitance and 
the surface area of carbons used in the composite and the 
particle size of RuO2. There is a decrease in capacitance 
of composites containing high surface area carbon and 
also due to aging of oxide sol. This happens due to the 
growth of oxide particles over time. On the other hand, 
capacitance of low surface area carbon composites  
enhances as the sol ages. This is due to the small effi-
ciency of impregnation of oxide particulates. Increase in 
proportion of the oxide phase leads to the increase in  
capacitance of the composites55. 
 Chen et al.56 report sol–gel synthesized RuO2 nanopar-
ticles (30–60 nm), which are amassed petite RuOx clus-
ters of dimensions less than 10 nm. Composite of 10 wt% 
RuOx nanoparticles and 90 wt% of activated carbon 
showed the SC of 111.7 F/g. Enhanced performance of 
activated carbon (AC) was attributed to the mixing of two 
process, viz. the adsorption of RuOx clusters and the  
ultrasonic weltering in NaOH56. 
 A attempt was made reported to synthesize ruthenium 
oxide-graphene (RuO2–G) nanocomposite by the sol–gel 
technique. The RuO2–G with a 10 : 1 ratio had better spe-
cific capacitance due to larger surface area of graphene 
and RuO2 available to interact with the ions of the  
electrolyte. The SC of bare RuO2 was reported to be 

7.3 mF/cm2 while the nanocomposite of RuO2–G 10 : 1 
showed considerable improvement in SC to 187.5 mF/ 
cm2 (ref. 57). 
 Another study on RuO2–graphene composite mentions 
hydrous ruthenium oxide/graphene sheet composite 
(ROGSCs) with variation in the mass of Ru. The method 
followed for the preparation was a combination of sol–gel 
process and low temperature annealing. Due to the  
existence of RuO2 particles, the graphene sheets were 
maintained at 5–20 nm from each other. Also, RuO2  
nanoparticles were clinched at the oxygen-rich functional 
groups on chemically activated graphene sheets. The col-
lective effect of both materials, viz. graphene and RuO2 
was observed to improve SC up to 570 F/g for 38 wt.% of 
RuO2. There was 98% retention in capacitance value after 
1000 cycles while the energy density was reported to be 
20.1 Wh/kg. An interesting mention in the report is that 
the specific capacitance of ROGSCs is superior to the SC 
values of separate components GSs and RuO2 (ref. 58). 
 The composite of sol–gel processed RuOx with exfo-
liated graphite (EG) was prepared for application as a 
binderless electrode for the supercapacitor. The SC value 
measured was 176 F/g for 16.5 wt.% Ru loading59. Also, 
a specific mention that the capacitance values were nor-
malized with respect to the mass of the composite used 
and not to the mass of RuOx. 
 The sol–gel method was followed to deposit RuO2 onto 
well-aligned CNTs grown by CVD using ethylenediamine 
on stainless steel. To make the substrate noble, a thin coat 
of gold was deposited, followed by deposition of cobalt 
as catalyst for CVD of ethylenediamine. Electrochemical 
properties of RuO2 thus produced were studied60. 
 The pseudocapacitive response of (Ru–Ti)Ox aerogels, 
RuO2, and hydrous RuO2 in acidic electrolyte was ex-
amined61. The (Ru-Ti)Ox aerogel exhibits higher surface  
area compared to RuO2 and hydrous RuO2, but controver-
sially presents small value of specific capacitance. This 
lowering was associated with the formation of RuO2  
nanocrystallites in rutile form produced during heat 
treatment of the Ru/Ti gel. An important conclusion from 
the study is that when high specific capacitances are  
desired for RuOx-based aerogels, formation of crystalline 
RuO2 should be avoided. 
 High cost and toxicity limits the exploration of ruthe-
nium as a commercial material for supercapacitor elec-
trodes62. Cost concerns and toxicity of ruthenium led 
researchers to investigate the properties of TMOs such  
as Co3O4, NiO, and MnO2 which possess theoretically high 
SC values. Thus, owing to high SCs, these TMOs are worth 
considering as electrode material for supercapacitor. 

Cobalt 

Wei et al.63 were the first to report the epoxide addition 
procedure via sol–gel route for synthesis of cobalt oxide 
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(Co3O4) aerogels. They tested two precursors of cobalt, 
viz. CoCl2⋅6H2O and Co(NO3)2⋅6H2O with different polar 
protic solvents, viz. water, methanol, ethanol, isopropyl 
alcohol and acetone. An important observation made in 
this study is that CoCl2 could not undergo gelation which 
was attributed to the fast increase in solution pH due to 
consumption of protonated epoxide and promotion of the 
proton scavenging of epoxide from hydrated metal ions 
that led to precipitation instead of gelation. The aerogels 
heat-treated at 200°C have specific surface 235 m2/g and 
exhibited SC of 623 F/g. 
 Wang et al.64 reported on the synthesis of nanoscale 
Co3O4 cryogel posing macroporous network along with 
hierarchical mesoporosity for energy storage devices. A 
triblock polymer/ice crystal double templated sol−gel me-
thod was used for the first time in this synthesis. The 
freeze-drying process was shown to be superior compared 
to conventional sol−gel process. It involves optimum 
maximum use of material, production of ultrafine Co3O4 
nanocrystals and hierarchical structures. The Co3O4  
cryogel showed considerable SC of 742.3 F/g and excel-
lent energy density (25.8 Wh/kg) and power density 
(125.12 W/kg) values64. 

Nickel 

Ni(OH)2 gels were produced by the sol–gel process using 
nickel sulphide and subsequent drying at ambient pres-
sure at 80°C followed by heating under air, that produced 
NiOx xerogels possessing mesoporous structure leading to 
high surface area. The effect of heating on specific  
capacitance was studied and was reported to increase with 
increase in temperature from 110°C to 250°C (696 F/g at 
250°C) and then again decrease at elevated temperatures65. 
 High porosity possessing NiO was synthesized by sol–
gel process followed by supercritical drying of Ni(OH)2. 
The product was subjected to heat treatment at different 
temperatures in air to obtain oxides. The aerogel-like NiO 
possesses maximum surface area of 325.6 m2/g and SC of 
125 F/g. The enhanced capacitive behaviour of the  
material was due to ordered mesopores which favour dif-
fusion of electrolyte into electrode material ensuring 
maximum extent of redox reactions66. 
 Morphology-dependent electrochemical properties of 
sol–gel synthesized NiO nanostructures with distinct 
morphologies, viz. flower, slice and particle have been 
reported67. The morphologies were tailored by the prepa-
ration conditions as shown in Figure 6. Among various 
nanostructures, at current density 0.5 A/g highest SC of 
480 F/g was recorded for the NiO nanoflower. 
 Padmanathan et al.62 report thermostable nanostruc-
tured CeO2 with the combination of NiO synthesized by 
sol–gel process. Equimolar solutions of nitrates of Ni and 
Ce in deionized water were used as precursors. The sub-
sequent additions of other reagents lead to the formation 

of a gel which was then slowly decomposed to ash, which 
was then subjected to high temperature to eliminate the 
unreacted citric acid used for polymerization. Pristine 
NiO and CeO2 synthesized by following the same proce-
dure were compared and NiO–CeO2 nanoparticles were 
compared to confirm the enhanced electrochemical per-
formance (305 F/g) of the combination over the pristine 
oxide components. The supercapacitor behaviour was  
ascribed to the Ce4+/Ce3+ and Ni3+/Ni2+ redox switching 
of the separate oxide phases62. 
 There is an excellent report on the fabrication of a 
complete assembly of asymmetric supercapacitor based 
on sol–gel synthesized ‘cerium (Ce) doped NiO (1% 
Ce : NiO) as positive electrode and reduced graphene 
oxide (rGO) as negative electrode’ and its electrochemi-
cal testing in aqueous KOH. The device displayed SC of 
110 F/g and highest energy density of 26.27 Wh/kg with 
91.6% electrochemical stability over 1000 cycles68. 

Ternary-mixed oxides 

It is now well accepted that to improve electrochemical 
activity, blending of pristine electrode materials and other 
electroactive moieties such as polymers, TMOs has to be 
attempted. As TMOs show multiple oxidation states,  
elevated energy density and specific capacitance values, 
mixed oxide systems are potential candidates in super-
capacitors. 
 There is a first ever attempt reported on synthesis of 
spinel MnCo2O4 via economic sol–gel method. Super-
capacitive performance of this spinel was studied in  
alkaline electrolyte69. Also, electrochemical properties of 
single components, viz. MnO2 and Co3O4 and MnCo2O4 
were compared, and as anticipated, better properties such 
as high SC (405 F/g) and excellent cycle stability (95.1% 
retention after 1000 cycles) were displayed by the spinel 
MnCo2O4. 
 Ni–Co oxides comprising different ratios were effec-
tively prepared via sol–gel process70. Strong influence of 
Ni and Co concentrations on the nano and microstructure 
and thus on the supercapacitive performance was also  
reported. Raising the amount of Co alters the sample 
from NiO dominant to Co3O4 dominant structure, but 
with a reduced surface area. A maximum SC of 1539 F/g 
at a current density of 1 A/g was reported for Ni–Co  
oxide in the ratio 1 : 2. 
 Spinel nickel cobaltite (NiCo2O4) is an inexpensive and 
environment friendly mixed transition metal oxide which 
can be synthesized by simple, low-cost sol–gel process 
resulting in homogeneous materials. Wei et al.71 esta-
blished ‘a novel epoxide-driven sol–gel process to pre-
pare mixed valence oxide nickel cobaltite aerogel’, 
NiCo2O4, that displays high SC of 719 F/g for the sample 
calcined at 200°C. Interestingly, at a cycle number of 
500, SC of the material attained a maximum of 1400 F/g 
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which indicates that for full activation of the sample, 500 
cycles are required. There is insignificant (9%) decay in 
SC after 2000 cycles which demonstrates outstanding  
reversibility and constancy of the aerogels produced. 
 Systematic sol–gel synthesis of different nanoforms of 
NiCo2O4, viz. ‘coral-like porous crystals, nanoparticles 
and submicron-sized particles’ was reported wherein  
‘citric acid was used as chelating ligand and H2O-DMF 
served as solvent’. The results showed that submicron-
sized NiCo2O4 particles (170 nm) exhibit SC value of 
217 F/g at a high mass loading (5.6 mg/cm2) and 96.3% 
of which is retained after 600 charge–discharge72. 
 Spinel NiCo2O4 nanoparticles were synthesized by a 
chelating agent ‘citric acid, oxalic acid, ethylenediamine 
tetraacetic acid’ by assisted sol–gel method. The particle 
and pore size is scalable by varying the chelating agent 
involved in the sol–gel synthesis which thereby alters the 
electrochemical performance. The characterizations re-
vealed that the spinel nickel cobalt oxide produced using 
oxalic acid demonstrates the highest SC of 1254 F/g, 
while that prepared using EDTA showed the best cycling 
stability73. 
 A composite, NiO/NiCo2O4/Co3O4, demonstrating fairly 
high SC of 1717 F/g and excellent electrochemical con-
stancy with 94.9% retention after 1000 cycles was fabri-
cated by a sol–gel process74. 
 As already stated, the sol–gel process is one of the effec-
tive methods for thin film deposition. Nanoporous  
NiCo2O4 thin films on ITO were synthesized using plain 
sol–gel method for probable application as pseudocapaci-
tor electrode. More specific surface area was available for 
effective reversible redox reactions because of hierar-
chical nanoporous structure that enhances the capacitive 
character. The nanoporous NiCo2O4 thin film electrode 
exhibited extremely appreciable ultrahigh value of SC of 
2157 F/g and 96.5% retention after 10,000 cycles75. 

Manganese 

Nanostructured γ-MnO2 was prepared using sol–gel route 
with manganese acetate (MnAc2⋅4H2O) as a precursor. 
Pseudocapacitive behaviour with SC of 317 F/g in 1 M 
LiOH electrolyte measured at current density 100 mA/g 
was mentioned76. Sol–gel template synthesis method was 
used by Wang et al.77 to obtain highly ordered MnO2 na-
nowire arrays in thin film form. The anodic aluminum 
oxide (AAO) was used as template which has periodically 
arranged pores of uniform diameter. The length of the 
nanowires thus produced was 500–700 nm while the  
diameter was approximately 70 nm. The specific capacity 
of the electrode in (NH4)2SO4 electrolyte was 165 F/g 
(ref. 77). 
 MnO2 thin films synthesized via sol–gel method on 
graphite substrates by dip coating technique which 
showed SC of 230.5 F/g after heat treating at 300°C were 
reported. Interesting changes in surface profile of the 

MnO2 coatings subjected to heat, before and after cyclic 
voltammetry test, are shown in Figure 7 (ref. 78). MnO2 
thin films on nickel foils were obtained by two ways, one 
is sol-gel method (dip and drop-coating) followed by sub-
sequent gelation and calcination and the other is electro-
deposition79. The CV diagrams of nanoparticulate thin 
films obtained using dip-coating technique derived from 
sol–gel-process demonstrated superior performance.  
Also, the specific capacitance was noted to be as high as 
698 F/g. These values when judged against values for 
electrodeposited films were noted to be around half. The 
comparison of specific capacitances of sol–gel and elec-
trodeposited thin films is given in Table 3. 
 Pang et al.79 compares the textural and electrochemical 
properties of sol–gel-derived and electrodeposited MnO2 
thin films. Porosity of sol–gel-derived nanoparticulate 
thin films was as high as 80%, while electrodeposited 
films showed random irregular macropores with porosity 
67%. Not only the SC (698 F/g), but also the cycling sta-
bility and reversibility of sol–gel-derived MnO2 films 
was reported to be superior compared to electrodeposited 
MnO2 films79. 
 Reddy et al.80 synthesized xerogel and ambigel of 
MnO2, following simple sol–gel method. The MnO2  
ambigel showed high capacitance (130 F/g) compared to 
that of the xerogel (73 F/g). Also, the effect of electrolyte 
concentration, NaCl and MnO2 exhibited electrochemical 
stability up to 800 cycles80. 
 The spinel MnCo2O4 possessing porous structure was 
synthesized by simple sol–gel route and its capacitive  
behaviour in aqueous electrolyte KOH with specific  
capacitance of 405 F/g was reported. The cycling stability 
was observed to be 95.1% over 1000 cycles81. 
 Hybrid films were synthesized by mixing a range of 
concentrations of ‘meso-carbon microbeads’ (MCMB) in 
sol–gel processed MnO2. ‘The 300°C heat-treated hybrid 
Mn-oxide coating with a Mn/MCMB ratio of 10/1 exhi-
bited specific capacitance of 350 F/g’, while the unadded 
counterpart of the films showed specific capacitance of 
209 F/g. This increase was attributed to the excess active 
surface area offered by mesocarbon microbeads82. 

Tin 

SnO2 is also one of the actively studied materials owing 
to its economy and ecologically genial nature. Research  
articles on sol–gel prepared SnO2 for supercapacitors can 
be found in refs 83–85. 
 SnO2-based supercapacitors in two sets were synthe-
sized83. The first set involves doping of Sb into nanocry-
stalline SnO2 produced by a sol–gel process which 
typically exhibits double-layer (DL) capacitance. Sur-
face-grafting technique was followed to prolong grain 
coarsening which resulted in a maximum of 16 F/g in 1M 
aqueous KOH. For another set, composite electrodes
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Figure 6. Synthesis of Ni(OH)2 tailored under different preparative conditions and corresponding SEM67. 
 
 

 
 

Figure 7. Change in surface morphology before and after subjecting MnO2 thin film to CV measurement78. 
 

 
comprising the nanocrystalline SnO2 and RuO2 or Fe3O4 
were studied which follow pseudocapacitive mechanism 
of charge storage. Electrochemical performance of 
Fe3O4–SnO2 composite electrodes was reported to be 
33 F/g in 1 M sodium sulphide solution. Refer to Table 4 
wherein, ‘SnO2 U xerogel≡Sb doped SnO2 xerogel powd-
er untreated with HMDS prior to calcination, SnO2 H  
xerogel≡Sb doped SnO2 xerogel powder treated with 
HMDS prior to calcination’83. 
 Tin spheres with binary oxidation states cling on car-
bon surface of organic RF gels were synthesized via sol–
gel method. Cyclic voltammogram revealed that 
Sn/SnO2@C–(1.0, 800) composite reached the highest 

specific capacitance of 906.8 F/g in 6M KOH over 2000 
cycles. The reasons for high capacitance value could be: 
(i) binary oxidation states of metal composite; (ii) strati-
fied micro-meso porous structure and iii) unique structure 
of Sn/SnO2@C (ref. 86). 

Others 

Iron oxide (α-Fe3O4) nanoparticles were synthesized  
using simple sol–gel-hydrothermal route. Ferratrane  
precursor was subjected to oxide one-pot synthesis 
(OOPS) and then to heat treatment. The material could
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Table 3. Comparison of average specific capacitance of electrodeposited (ED) and sol–gel synthesized  
 (SG) MnO2 thin films79 

 Average specific capacitance (F/g) 
  Active electrode mass 
Samplea (μg/cm2) CVb CCDc 
 

SG300 (300 C) 1.05 678 698 
SG200 (200 C) 1.08 607 566 
ED300 (25 C) 8.83 350 418 
ED300 (300 C) 8.83d 389 – 
ED600 (25 C) 13.37 311 438 
ED600 (300 C) 13.37d 359 – 

aValues in parentheses indicate the post-deposition calcination temperatures. Numbers after SG and ED 
designate calcination temperature and deposition time respectively. bCyclic voltammetry. cConstant cur-
rent discharge. dAssuming no active mass loss after calcination. 

 
 

Table 4. Comparison of specific capacitance of Sb-doped SnO2 composites with Fe3O4 and RuO2 (ref. 83) 

 4 mV/s  100 mV/s 
 

 Specific capacitance (F/g) Capacitance densitya (F/cm3) Specific capacitance (F/g) Capacitance density (F/cm3) 
 

SnO2 U-Xerogel 5.0 20 3.2 13 
SnO2 H-Xerogel 10–16 40–64 9–14 36–56 
SnO2–RuO2 15 60 9.6 38 
SnO2–Fe3O4 – – 33 (50 mV/s) 130 (50 mV/s) 
Carbon 20–200 10–100 10–100b 5–50b 

aCalculated based on the geometric densities of 4.0 and 0.5 g/cm3 for the oxide xerogel and carbon electrodes respectively. 
bThe data are calculated based on a reduction of 50% in capacitance as the voltage sweeping rate was increased from 4 to 100 mV/s. 
 
 

 
 

Figure 8. Cycle life of carbon-coated nanostructured Li2MnSiO4 (ref. 
91). 
 

 
achieve a maximum specific capacitance of 532.80 F/g, 
energy density of 74 Wh/kg along with power density of 
0. 5W/kg (ref. 87). 
 Nanocrystalline ceria oxide (CeO2) nanoarchitectures in 
the form of aerogels and ambigels possessing high porosity 
and thus large active surface area were prepared88 for prob-
able electrochemical applications. It is advised that the 

mode of traversing of charges in these nanoarchitectures is 
through ‘the connected networks of void volume’. 
 A hierarchical porous vanadium pentoxide (V2O5)/ 
graphene hybrid aerogel was synthesized by the in situ 
development of V2O5

 nanofibres on graphene laminas. 
The supercapacitors based on these hybrids exhibit  
significant electrochemical properties with specific  
capacitance 486 F/g and energy density 68 Wh/kg  
(ref. 89). 
 Sol–gel synthesis of SnVO4 for supercapacitor applica-
tions using acetone/water solution, VO(OC2H5)3 and  
stoichiometric amount of SnCl4 has been reported. Electro-
chemical performance in 2M KCl solution displayed speci-
fic capacitance of 150 F/g with good cycle stability90. 
 Devaraj et al.91 reported on obtaining ‘carbon-coated 
Li2MnSiO4 (LMS/C)’ possessing morphological nano-
structures by sol–gel method in presence of a chelating 
carbonizing source, ‘glucono-1,5-lactone (GAL)’. From 
the electrochemical performance profile of LMS/C it is 
seen that there exists a flat charge/discharge plateau for 
the storage processes at room temperature at different  
C-rates up to 10 cycles (Figure 8). 
 The constancy of cycle-life and the enhanced electro-
chemical performance was due to the ‘phase retention’ in 
LMS/C nanocomposite91. 
 The networking and grafting of Li4Ti5O12 nanocrystals 
on carbon nano-fibres (nc-Li4Ti5O12/CNF) was studied 
using mechano-chemical sol–gel reaction. The reaction 



REVIEW ARTICLES 
 

CURRENT SCIENCE, VOL. 115, NO. 3, 10 AUGUST 2018 447

was carried out under centrifugal force field (65,000 N) 
and the product was then subjected directly to instant 
heat-treatment (900°C for 3 min) in vacuum. Compared 
to bare Li4Ti5O12, the prepared nc-Li4Ti5O12/CNF stands 
superior in view of intrinsic material properties such as 
Li+ diffusivity and electron conductivity. Supercapacitors 
comprising electrodes nc-Li4Ti5O12/CNF and activated 
carbon reached an energy density as high as 40 WhL−1 
and power density of 7.5 kWL–1 (ref. 92). 

Summarizing remarks 

The technological advancements and needs of modern 
society strongly demand the development of improved 
methods for storing energy whenever it is available and 
retrieving it when needed. The electrochemical energy 
storage systems can be the best option for effective sto-
rage of energy93. Supercapacitors are potential and prov-
en energy storage systems at present because of high 
energy density and specific power (>10 kW kg–1), fast 
charge-discharge processes (fraction of a second) and ex-
tended cycle life (>105) (ref. 94). The superior electrode 
materials with high electrochemically active area for SCs 
are the thrust area of research now-a-days as the perfor-
mance of SCs is principally determined by the properties 
of electrode materials. Sol–gel synthesized materials 
based on carbon and several transition metal oxides have 
been broadly studied as electrode materials for SCs with 
notable development in the recent years8,95,96. Obtaining 
mesoporous structures with vast surface area, chemical 
modification and their association with conductive nano-
structures are the key factors in the development of latest, 
high-performance supercapacitor electrodes. 
 Considering the values of capacitance mentioned in 
this article, in general, though carbonaceous materials 
possess high electrochemical stabilities, they demonstrate 
lower capacitance compared to the ruthenium-based  
materials. Overall excellence in electrochemical beha-
viour was exhibited by a binary metal oxide NiCoO4 in 
thin film form with a value of 2157 F/g. This review on 
important attributes from reports in the last two decades 
on synthesis of various carbonaceous and transition metal 
oxide-based supercapacitor electrode materials and their 
electrochemical performance, puts into place the fact that, 
though being a potential method, sol–gel process needs to 
be extensively explored and practised to a large extent. 
Considering the features of sol–gel derived materials and 
the reported encouraging specific capacitance values, 
emphasis may be given on research in the field of materi-
al synthesis for highly efficient and cost-effective super-
capacitor electrodes via the versatile sol–gel process. 
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