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Abstract 

Extensive use of carbon-base materials has revolutionised number of modern scientific areas 

such as transportation, electronic, material chemistry and electrochemical energy storage, 

mainly due to their outstanding characteristics such as excellent conductivity, mechanical 

strength, ease of availability and cost-effectiveness. However, it is difficult to fine tune 

physiochemical characteristics of naturally occurring carbonaceous materials according to 

desired applications. High purity carbon aerogels with control over porous structure prepared 

using synthetic chemistry techniques such as polymerisation can be a potential substitute 

carbon material due to their outstanding characteristics including superior conductivity, high 

level of porosity and chemical inertness. Designing tailored polymeric carbon materials 

according to their anticipated uses is advantages and can be achieved by altering various 

synthesis parameters at initial stages of preparation. This not only help in fine tuning porous 

structure of carbon aerogels, but it can also assist in producing composite materials by 

introducing materials on the surface or within the bulk of produced carbons.   
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This review article provides comprehensive overview of the synthesis procedures and influence 

of various production parameters on the characteristics of resorcinol-formaldehyde gels, 

carbon, and active carbon. Additionally, emphasis has been placed on the applications of 

carbon aerogels and their composites in electrochemical energy storage specifically 

supercapacitors and researchable batteries. Finally, opportunities, future research direction and 

challenges faced by this class of materials in commercial applications have been discussed in 

detail. 

Key words:  

Sol-gel polymerization, Porosity control, pseudocapacitive doping, Electrochemical energy 

storage 

Broader context 

Swift industrial growth and greater use of fossil fuels such as coal, oil and gas has resulted in 

increased environmental concerns due to rising global temperature and soaring level of 

greenhouse gases. To reduce dependence on fossil fuels and adopt renewable and more 

sustainable sources of energy necessitate appropriate energy storage systems. The performance 

of these energy storage systems particularly electrochemical energy storage systems will be 

reliant on the availability and efficiency of new and advanced functional materials. Carbon 

based materials have seen their use increased over the past few decades due to their 

extraordinary attributes such as high level of porosity, outstanding conductivity, chemical 

inertness, and environmental friendliness. Resorcinol-formaldehyde based polymeric carbon 

aerogels is relatively new class of carbon nanomaterials with lot of promising properties such 

as control over porous structure at nano scale, modification in surface chemistry and 

introduction of host molecules within the carbon skeleton. This review provides the overview 

of the progress in synthesis processes, tuneability of various parameters according to their 

desired applications, applicability in electrochemical energy storage and future research 

direction of resorcinol-formaldehyde based carbon aerogels. 

1. Introduction: 

Energy consumption is increasing rapidly due to the acceleration in industrialisation and 

growth in world population. Projected energy requirement for the year 2020 was estimated to 

be around 178×109 MWh, which is expected to increase further to reach 193×1010 MWh by 

2030 according to the international energy outlook 2018 (IEO2018) [1]. Fossil fuels such as 
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oil, coal and natural gas are currently the prime source of energy generation with swiftly 

growing consumption.  

Development of more environmentally friendly, sustainable and cost-effective sources of 

energy are required since these limited fossil fuels are exhausting rapidly and polluting the 

environment [2]. Key sources of energy, which are sustainable, cost effective and 

environmentally friendly include wind, solar, and tidal. However, attributed to intermittent 

nature of these renewable energy sources, together with variation in supply and demand 

necessitate the deployment of appropriate electrical energy storage systems. Wide range of 

electrical energy storage devices have been employed commercially however rechargeable 

batteries [3, 4] and supercapacitors [5-7] are considered as the leading technologies to be used 

extensively as standalone or complementary devices in future application [8-12]. Since, 

electrochemical batteries are considered high energy density systems whereas supercapacitors 

are regarded as high-power density devices as shown by Ragone plot in Figure 2.  
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Figure 1: Ragone plot summarising the energy density (in Whkg−1) vs power density (in 

Wkg−1) of different electrochemical energy storage and conversion devices. 

Recently, research activities have seen huge intensification in synthesis of new materials 

(electrodes and electrolytes) to improve the performance of these advance electrochemical 

energy storage systems [13, 14]. Electrode is a fundamental constituent that plays a vital role 

in the performance of these electrochemical energy storage devices. Broad range of active 

materials such as conducting polymers, transition metal oxides and carbons have been utilised 

as electrode active materials in supercapacitors and battery cells. Carbon has been the most 

explored and commercially adopted active material for both batteries and supercapacitors 

applications. Diverse range of carbon materials including carbon nanotubes [15], graphene 

[16], templated carbons [17], activated carbons [18] and polymeric carbon aerogels [19] have 

been employed in these electrochemical energy storage systems. 

Polymeric carbon aerogels have received an increased interest in wide spectrum of applications 

in general and electrochemical energy storage systems in particular due to their extraordinary 

characteristics. These polymeric carbon aerogels have evolved over the years, Kistler was the 

first one to synthesise wet silica gels using supercritical drying and these produced gels were 

named as aerogels since the porous structure was maintained by replacing liquid with air [20]. 

These aerogels barely found any interest within the scientific community due their elevated 

cost, very lengthy and complicated synthesis procedures and safety concerns. Teichner and 

Russo prepared the second generation of these organic gels in 1968 and 1986 respectively using 

tetraethyl orthosilicate (TEOS) and as tetramethyl orthosilicate (TMOS) as precursor [21, 22]. 

Up until late 1980’s emphasis remained on the production of inorganic silica gels until Pekala 

synthesised the third generation of organic aerogels using resorcinol and formaldehyde as 

precursor in 1988 [23] with some extraordinary characteristics. These properties include high 

level of porosity (up to 85% porous), large specific surface area (SSA) (< 3000 m2g-1) [24], 

control over porosity (specific surface area, pore volume and average pore size) [25], scalability 

(as compared to other carbon based materials for example graphene, CNTs and template 

carbons), chemical inertness, high electrical conductivity and ease of synthesis [26]. High level 

of porosity and large SSA can provide large number of active sites for electric double layer and 

pseudocapacitive charge storage for supercapacitor and higher mass loading for rechargeable 

battery systems. Whereas, controlled porous structure can result in improved performance 

though enhanced ionic diffusion and intercalation for supercapacitors and batteries 

respectively. Furthermore, three-dimensional interlinked cross channelled porous structure and 
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high electrical conductivity can assist in maintaining the high-power densities while retaining 

high energy densities. 

This review article covers state of the art synthesis techniques, various synthesis parameters 

(used for controlling the porous structure at nanoscale), modification techniques (both surface 

and bulk modifications) and applications of resorcinol/formaldehyde (RF) based 

carbon/activated carbon aerogels in electrical energy storage systems. Furthermore, latest data 

available in literature has been analysed for the application of RF based carbon/activated 

carbon aerogels in these advance energy storage systems. The effect of various synthesis 

parameter such as catalyst, drying methods, carbonization, activation, morphological 

variations, surface functionalisation and surface/bulk doping on the performance of 

supercapacitor and rechargeable batteries has also been assessed.  

2.  Synthesis mechanism: 

Synthesis procedure of resorcinol (R) and formaldehyde (F) based organic gels, carbons and 

activated carbons can be divided into three main segments: sol-gel polymerisation, solvent 

exchange/drying and carbonisation/activation. Overall synthesis procedure has been shown in 

Figure 2 below. At sol-gel polymerisation stage, resorcinol and formaldehyde are mixed at 

appropriate molar ratios in ultra-high pure (UHP) water in the presence of most commonly 

basic and in some cases acidic catalyst [23, 27]. Sol-gel process is accomplished by placing the 

prepared solution at suitable temperature inside an enclosed container for desired time to 

produced well-matured and stable cross-linked gels. Solvent exchange is performed by 

exchanging the aqueous solvent with organic solvent. This is followed by drying where freeze 

drying, supercritical drying or subcritical drying is used to produce cryogels, aerogels or 

xerogels respectively. Finally, to produce improved porosity carbon, organic gels are 

carbonised at elevated temperature in argon or nitrogen environment. Sometimes, to further 

enhance the porous structure of resultant carbon aerogels, these are activated either physically 

or chemically [26, 28], we will discuss these synthesis stages in the following subsections 

comprehensively. 

In the following subsection, we will also discuss the variation in synthesis parameters such as 

catalyst ratio, reactant ratios, drying, carbonisation/activation and their effect on the produced 

gels and carbons, which can assist in designing fine tune advance carbon aerogels for desired 

applications.  
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Figure 2: Graphical representation of the synthesis procedure for RF based carbon aerogels.  

Sol gel process: 

As discussed previously, initially phenols and formaldehyde were used as precursors to 

produce organic gels whereas Pekala later designed these organic gels using resorcinol and 

formaldehyde [29]. The concentrations of the reactants such as R/C, R/W and R/F molar ratios 

play a key role on the properties of gels prepared by sol-gel polymerisations method. For 

examples, R/F molar ratio of 1:2 is considered as stoichiometric however researchers have 

produced RF aerogels with different R/F molar ratios to analyse the effect of variation in R/F 

molar ratio on the characteristics of produced RF aerogel samples. It was found that by 

increasing the ratio of F, introduces dilution effect which increases particle size. Similarly, 

analogous dilution effect has also been observed by increasing the quantity of solvents, ultra -

high pure water (UHP) is used as an aqueous solvent whereas isopropanol, acetone and 

methanol are the most commonly used organic solvents. Gels produces using aqueous solvents 

are called hydrogels whereas gels prepared using organic solvents are known as lyogels. Vice 

versa increasing the reactant’s molar ratios results in producing more denser gel samples having 

smaller pore size and surface area due the formation of particle of smaller sizes. Figure 3 shows 

the graphical representation of gelation process with different level of solvent and its effect on 

particle size and pore size of prepared gel samples. 

Wet Gel   Dried Aerogel   

Mixing  Gelation  

Ageing 

 Solvent 

Exchange   

Vacuum 

Drying 

Aerogel Powder   
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Figure 3: Evolution in gelation process under different solvent concentrations. 

This has been established that the characteristic of produced gels/carbon can be controlled by 

controlling the synthesis parameters such as reactants molar ratios. Another parameter which 

plays a key role in controlling the structural properties of resultant gels/carbon aerogels is the 

R/C molar ratio. Sodium bicarbonate (N2CO3), potassium carbonate (K2CO3), and calcium 

hydroxide (Ca(OH)2) are  the most frequently applied alkaline catalyst (C) where C initiate the 

reaction to activate the sites in R for the formation of monomer particles [30]. Lower R/C ratios 

of 100 – 500 can produce gels with average pore sizes in the range of 2 – 8nm whereas R/C 

ratios of up to 1500 have been used resulting in average pore sizes in the range of 16 – 200nm 

[31]. Gels synthesized using these two ranges of C in sol are known as polymeric and colloidal 

gels respectively [32]. HCIO4 and HNO3 are frequently used acidic catalyst which help in 

producing gels with narrow pore size distribution (PSD), as well as it assist in reducing the 

gelation time [33]. Furthermore, metal salts such as PdCl2, AgOOC-CH3 and Pt(NH3)4]Cl2 can 

also be used as catalyst which can improve the meso and macro pore volume and results in 

introducing metal oxides within the gel structure, one of the highest reported pore volume was 

achieved using small amount of Pt catalyst [34]. Figure 4 below shows the mechanism to 

produce gel using metal carbonate as catalyst. 
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Figure 4: Schematic representation of proposed reaction mechanism of the sol–gel 

polymerization of resorcinol - formaldehyde using metal carbonate as catalyst [35]. 

Table 1 below comprehensively illustrate the effect of various production parameter on 

different properties of prepared aerogels/xerogels, carbons and activated carbons.  

During the polymerisation three distinctive chemical reactions take place to form hydrogels 

through polymerisation and crosslinking of reactant molecules. Firstly, during the initial step 

also known as addition reaction, hydroxymethyl groups (– CH2OH) derived from aldehyde and 

hydroxyl groups are introduced. Secondly, during the condensation reaction, hydroxymethyl 

resorcinol go through condensation to produce methylene (–CH2–) and methylene-ether (–

CH2OCH2–) bridges. Lastly, through crosslinking and agglomeration, three-dimensional 

hydrogel structure is formed. Different stages of polymerisation mechanism under acidic, and 

basic catalyst are shown in Figure 5 and Figure 6 respectively. 

 



9 
 

Figure 5: Schematic representation of proposed reaction mechanism of the sol–gel 

polymerization of resorcinol with formaldehyde under base catalysed [36]. 

 

Figure 6: Schematic representation of proposed mechanism of the sol–gel polymerization of 

resorcinol with formaldehyde under acidic catalyst [33, 37]. 

Final stage of gelation process is the curing of gel samples for the covalent crosslinking of 

framework, gelation starts straight after mixing all reactants however if this process is carried 

out at room temperature it takes longer time to prepare fully mature hydrogel samples [38, 39]. 

To reduce reaction time, temperature is increase where temperature can vary between 40°C to 

90°C depending on the solvent used since for aqueous solvent such as water this temperature 

is usually maintained between 80°C to 90°C whereas for organic and more volatile solvents 

such as acetone it can be kept around 40°C. Another factor which can affect the curing time of 

hydrogel is the quantity of catalyst, higher quantities of catalyst can increase the reaction rate 

and can help in reducing gelation time scale. Different heating programmes are used from the 

gelation of RF gels, typical programme will consist of keeping temperature around room 

temperature for 24hours followed by increasing it to around 50°C to 60°C for another 48hours 

and finally raising the gelation temperature to around 80°C to 90°C for another 72hours [40]. 

Typically, entire synthesis process to produce gel samples with fully mature and completely 
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developed crosslinked porous structure can take up to a week with most of the time taken for 

maturing the gel samples, these extended curing times are imperative since these can assist in 

avoiding the unnecessary swelling of gel samples during solvent exchange step which will be 

discussed in the following section.  

Solvent exchange  

After the synthesis of fully developed RF gel samples solvent exchange step is performed 

where aqueous solvents typically water (H2O) is replaced with organic solvent generally 

acetone (C3H6O) to reduce shrinkage of gel samples. This is carried out over few days by trying 

to substitute water with solution having lower surface tension such as acetone. Solvent 

exchange has also been performed at higher temperatures to accelerate this process. There are 

three main benefits of adopting this step i.e., it helps in removing water from the gel samples 

(necessary for supercritical drying with CO2) and reduces gel shrinkage (it might reduce surface 

tension at pore walls), reduces drying time and temperature (due to the replacement of aqueous 

solvent with lower surface tension organic solvent).   

Drying procedures:  

Porous structure of RF aerogels/xerogels and subsequently produced carbon/activated carbon 

can be greatly impacted by drying procedure used [41]. Before drying hydrogels, aqueous 

solvent such as water is usually substituted with more volatile solvent such as acetone which 

helps in reducing structural damage during drying due to the lower surface tension of 

substituted solvent. If gels are dried without deploying solvent exchange step and under 

atmospheric conditions, it can result in damaging the porous structure (reducing porosity and 

in some cases diminishing it all altogether) because of the large capillary forces present at 

liquid/vapour interface [42-44]. Drop in level of porosity can impede their use in different 

applications such carbon storage and electrochemical energy storage since porosity is the key 

advantage for their use in these applications. To prevent this damage due to capillary forces, 

numerous complex drying techniques are being used by completely escaping the liquid-vapour 

interface stage. There are three major techniques known as subcritical, supercritical and freeze 

drying applied to dry gel samples [45].  

Subcritical drying:  

Range of drying techniques including evaporation, microwave, vacuum, and connective hot 

gas drying come under subcritical drying.  Researchers over the years have used subcritical 
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drying with and without solvent exchange where it was observed that solvent exchange step 

can assist in preserving the porous structure of gels [46]. Since pore walls endeavour enormous 

mechanical stresses and can result in collapsing pore structure because of the difference in 

surface tension between liquid and vapour phases. This shrinkage can also be minimised by 

keeping the catalyst concentrations low and increasing the gelation time which results in larger 

particle size, consequently larger pore size and mechanically robust porous structure 

respectively [47]. Whereas, if the R/C ratio is low and pore size is small < 40nm then it is 

impossible to preserve the textural structure. Experimental results also support these findings 

as in a study, drop in shrinkage of more than 50% was observed when the R/C ratio was raised 

from 50 to 1000 [48]. Gas flow rate and the thickness of the samples are other contributing 

factors which can have a profound effect on the structural shrinkage when gels are dried using 

connective hot gas drying.  Increased thickness and higher flow rate can result in higher level 

of shrinkage. Consequently, this can be concluded that subcritical drying can be useful and 

would have insignificant effect on the porous structure if R/C ratio is high and samples are 

cured for longer period.  

RF carbon aerogels were prepared by Robertson, C., and co-workers by polymerisation of 

resorcinol with formaldehyde followed by applying simple subcritical drying using vacuum 

oven at 100°C for 24 hours. There was no shrinkage in the gel structure with average pore size 

remaining unaffected in the range of 8 – 13Å even after carbonisation and activation for 

aerogels. However, there was a sizeable increase in pore volume 0.68cm3g-1 to 2.03cm3g-1 with 

the slight increase in microporosity from 80% to 87% after activation [49]. 

Supercritical:  

After the preparation of aquagels it is necessary to apply complex drying method to retain the 

porous structure. In supercritical method solvent exchange step is performed twice once by 

substituting the water with organic solvent such as acetone or alcohol followed by replacing 

acetone with liquid CO2 and removing the CO2 under supercritical condition [50, 51]. Even 

though this method is more complex and time consuming at times however these gels and 

carbon aerogels retain highly porous and uniform structure displaying high specific surface 

area and pore volume which are beneficial for their applications in supercapacitors and 

rechargeable batteries respectively [52]. However, challenges such as expensive, time 

consuming and complicated processes hinder their wider commercial applications. Moreover, 

partial removal of solvent either of the solvents can have substantial effect on the end product. 
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Solvents used in drying fluid in supercritical drying can have significant effect on the properties 

of produced organic gels and carbon aerogel samples. It was found that that acetone was more 

efficient drying agent with very low level of shrinkage and low bulk density after supercritical 

drying whereas ethanol led to higher level of shrinkage and bulk density. There was minor 

change in porous structure when solvent was exchanged for the gel sample with low water 

content [46]. 

Freeze drying:  

Freeze drying is another drying technique used to avoid liquid vapour interfaces and it is 

considered superior than supercritical drying as this method is easier to operate, cost effective 

and also help in preserving the original porous structure [53, 54]. Freeze drying method has 

three major separate steps (1) freezing: during the freezing part solvent is frozen normally water 

(since this method is incompatible for organic solvents especially for next step i.e., sublimation 

because in sublimation vapour pressure of the freeze dryer must be lower than that of solidified 

solvent however vapour pressure of organic solvent especially acetone or alcohol are very low) 

and converted into ice. (2) sublimation: in this step solidified solvent is directly removed from 

the gel where solid being converted into vapours under very low pressure. (3) desorption: in 

this final stage of freeze drying any residual solvent adsorbed on the surface is converted 

directly into vapours and eliminated under reduced pressure [54, 55]. In a study by Czakkel, 

Orsolya, et al. where they employed all three drying methods i.e., subcritical, supercritical and 

freeze drying to prepare aerogels, xerogels and cryogels, and analyse the effect of different 

methods on their porous structure. Freeze drying was found to be a superior method since 

highest specific surface area of 570m2g-1 was attained using freeze drying due to the minimal 

shrinkage in porous structure [41]. Along with reactant’s concentration and curing time, 

speeding of freezing can have profound effect on the resultant gel samples.  Another factor 

which can have detrimental effect on the porosity of gels is the partial removal of water from 

the aquagels samples since water can expand upon freezing and damage the porous structure 

due to megaloporosity effect which can create mesopores where tert- butanol is frequently used 

as an alternative solution which expand very little as compared to water.  

Carbonisation:  

RF gels can have some residual moister and organic components remained within their 

structure even after drying which leads to inferior electrical conductivity and low specific 

surface area making these gels inappropriate for various applications including electrochemical 
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energy storage. Carbonisation of these gels not only improve their electrical conductivity 

through the formation of conjugated sp2-carbon atoms but improves their specific surface area  

by removing moister and volatile materials from the gel structure [56]. RF gels are usually 

carbonised in the temperature range of 500 – 9000C under inert atmosphere using N2 or Ar. 

Microporosity is developed through reduction in particle size which results in enhancement in 

specific surface area after pyrolysis at these elevated temperatures whereas, meso and macro-

porosity is influenced by synthesis parameters and drying conditions at gelation and drying 

stages respectively [57, 58]. A study by Pol, Vilas, and co-workers where their findings were 

in agreement with widely available literature. SEM micrographs are showns in Figure 7 (a) 

where RF gels display spherical shape with the diameter around 900nm. Drop in diameter to 

415nm was observed after carbonisation of RF gel samples at 6000C with the further drop in 

particle diameter of 20% to 320nm with the increase in pyrolysis temperature to 9000C. Figure 

7 (b) displays the N2 adsorption – desorption isotherms of Type I representing samples CS600 

and CS900 prepared at carbonisation temperature of 6000C and 9000C respectively. A drastic 

increase in N2 intake at lower P/P0 indicates the presence of microporosity with small 

possibility of meso-porosity within the carbon structure. Where the presence of microporous 

structure is due to pyrolysis (drop in particle size) and mesopores are introduced by gelation 

and drying. Specific surface area increased from 592m2g-1 to 952.5m2g-1with the increase in 

carbonisation temperature from 6000C to 9000C as supported by the isotherms. Lastly, FTIR 

spectra of RF gel and both carbon samples are shown in Figure 7 (c) where it can be witnessed 

that with the increase in carbonisation temperature various volatile groups such as hydroxyl 

−OH, −CH2, −OH and C–O–C groups are removed [59]. 
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Figure 7: (a) SEM micrographs of carbon aerogels produced by heating at 6000C for 3 hours, 

(b) Nitrogen adsorption-desorption isotherms of carbon aerogels produced by heating at 6000C 

and 9000C. (c) FTIR spectra of RF gels, CS600 carbon aerogels prepared at 6000C and CS900 

carbon aerogels prepared at carbonisation temperature of 9000C [59]. 

As discussed above carbonisation can impact physicochemical properties of produced carbon 

aerogels whereas carbonisation temperature can have significant effect on some key physical 

characteristics for example increase in temperature improves specific surface area however 

drop in specific area can be seen when temperature is raised beyond 9000C. Additionally, level 

of graphitisation and electrical conductivity increases by increasing carbonisation temperature 

and carbon aerogel sample become highly conductive and are fully graphitised when 

temperature goes above 20000C [60, 61]. 

Activation:  

Activation can have two key benefits, firstly this can enhance the porous structure (pore volume 

and specific surface area) and secondly this can also be utilized as a tool to introduce surface 
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functional groups including phenols and carbonyl groups, carboxylic acids, anhydrides, and 

lactones. Activation can be either physical or chemical depending on activation agents and 

required application. Physical activation usually uses CO2 or air as activation agents which has 

advantages such as not using corrosive liquids such as nitric acid, hydrogen peroxide however, 

physical activation is more energy intensive since this process uses higher activation 

temperature as compared to chemical activation [62]. Futrthermore, different activation results 

in introducing different functional groups such as physical activation introduces oxygen groups 

and surface phenolic and carbonyl groups whereas chemical activation leads to the introduction 

of surface carboxylic groups [40, 63]. These surface functional groups not only improve 

capacitive performance but also enhance wetting behaviour especially in conjunction with 

aqueous solutions [40]. 

In a recent study of physical activation of RF carbon aerogels employing CO2 as an activation 

agent where effect of activation time and concentration of CO2 was investigated. It was found 

that activation time results in improving porosity with the enhancement in all porosity 

parameters was seen, an increase from 595 m2g-1 to 1740m2g-1 and 1.39 cm3g-1 to 2.24 cm3g-1 

in specific surface area, pore volume respectively was observed. Analogous trends were seen 

when CO2 concentration was boosted with the increase from 765 m2g-1 to 1860 m2g-1 and 1.11 

cm3g-1 to 2.33 cm3g-1 in specific surface area and pore volume respectively were reported [64].    

Applications: 

Due to their exceptional characteristics such as high specific surface area, tuneable porosity, 

high electrical conductivity and ease of synthesis, carbon aerogels/xerogels have showed 

technological superiority in wide range of applications. Most appropriate application areas 

include capacitive deionization [67], environmental [68], solar [69], space [70], thermal 

insulators [36, 71], sorbents for hydrogen [72], electrodes in fuel cells [73], rechargeable 

batteries [74], carbon dioxide storage [75] and supercapacitors applications [76, 77]. Complete 

range of applications are given by Figure 8 below however we will discuss their applications 

in electrochemical energy storage according to the scope of this article. 



16 
 

 

Figure 8: Application’s suitability fields of RF carbon aerogels/xerogel.  

Applications of resorcinol/formaldehyde aerogels/xerogels (carbon/activated carbon) in 

electrochemical energy storage particularly in electrochemical capacitors and rechargeable 

batteries will be discussed in detail in the following sections where variation in their synthesis 

parameters and their impact on the physicochemical properties and electrochemical 

performance will be analysed systematically. 

Electrochemical capacitors (ECs) applications:  

ECs also known as supercapacitors (SCs) or ultracapacitors (UCs)  can be divided into two 

main categories i.e. electric double layer capacitors (EDLCs) and pseudo capacitors (PCs) 

depending upon their charge storage mechanism [13]. Electric double layer capacitance is 

governed by the porous structure (specific surface area and average pore size) of an active 

material where higher accessible specific surface area and optimized pore size can results in 

superior capacitive performance [32] since specific capacitance originates from the charge 

accumulation at electrode electrolyte interface. Specific capacitances of EDLCs in the range of 

120 – 240 Fg-1 using RF gels as active material have been reported in literature [78]. However, 

in case of PCs the fast and fully reversible Faradic electronic transfer at the interface generates 
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pseudocapacitance. Pseudocapacitance, using RF gels can be realized either by the introduction 

of functional groups such nitrogen, oxygen or sulphur on the surface on within the carbon 

matrix or by the introducing pseudocapacitive materials such as transition metal oxides 

(TMOs) and conductive polymers (CPs) into the RF based electrodes [14, 40, 76, 79]. Some of 

the benefits of functional groups include improved capacitance reduced equivalent series 

resistance (ESR) and enhanced wettability [14]. TMOs and CPs are results in improved 

capacitance in some cases capacitive contribution is much higher than heteroatoms doping 

however there are number of drawbacks such as poor cycling stability and mechanical 

degradation, which hinders their wider applications [80-82]. Although, by introducing TMOs 

or CPs inside highly porous functionalised resorcinol/formaldehyde based activated carbon can 

result in exceptionally high specific capacitance. Extraordinarily high specific capacitance of 

1010 Fg-1 at 0.1Ag-1 was reported by S. S. Jayaseelan and co-workers where 3D 

NiCo2O4/MWCNT and aerogel composites were used as electrode in conjunction with 2M 

KOH solution [83].   

Effect of porous structure on the performance of electrochemical capacitors:  

Optimisations of pore distribution (micro and meso pores) is crucial to enhance the 

electrochemical performance of a supercapacitor cell, this optimisation can result in improved 

accessibility of surface area for double layer formation. Initially it was anticipated that 

micropores are inaccessible to both aqueous and non – aqueous solutions due to the presence 

of solvation shell and high viscosity for aqueous and non – aqueous solutions respectively. 

However, recent studies have shown that microporosity can play a vital role in achieving 

superior capacitive performance whereas mesoporosity can assist in transportation of 

electrolyte ions. One of the pioneering study by C. Largeot, et al. had shown that highest 

specific capacitance is achieved when ion size is analogous to that of pore size (around 0.7nm 

specifically for this study) which provides an efficient adsorption with the shortest distance ‘d’ 

between centre of electrolyte ion and pore wall and can be explained by equation 1 [84].  A 

significant drop in specific capacitance was witnessed with increase in average pore size due 

to an increase in in distance - ‘d’.  

                                                 𝑪 =
ɛ𝑨

𝒅
                                                   Equation [1] 

This substantial increase in specific capacitance was attributed to the desolvation of the 

electrolyte ions entering micropores. To validate these findings, further studies were 
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undertaken where precisely controlled porous structured carbons were synthesised using 

carbide derived carbon (CDC) method. Produced carbon was used as an active material with 

solvent free ionic liquid based electrolyte, four times higher capacitance of 160 Fg-1 was 

attained when compared with the capacitive performance of mesoporous carbon when ion size 

pore size were comparable [85]. This study specified the optimum pore size where the deviation 

from this size resulted in substantial drop in specific capacitance, either by increasing average 

pore size where drop in specific capacitance is due to increased - ‘d’ or by decreasing the pore 

size in this case decline in capacitance has been credited to the increased hindrance in 

accessibility of pores.  

Another study by F. B. Sillars et al. where effect of pore size on both capacitive performance 

and rate capability was assessed using various ion liquid electrolytes. It was found that the 

optimum pore size differs for both specific capacitance and rate capability. Average pore size 

of 4.5nm was found to be suitable for superior capacitive performance whereas 6.5nm provided 

with improved rate capability for electrolytes. Average pore size of 4.5nm was found to be 

large enough for better accessibility of surface area in order for the double layer formation on 

the walls of active carbon and small enough to contain pore flooding. Occurrence of pore 

flooding results in excessive number of electrolyte ions entering the pores resulting in ion 

paring, where cations and anions have greater attraction than attraction with pore walls. This 

results in large number of ion pairs (uncharged) in middle of a pore giving rise to lower 

electrical conductivity where large  number of electrolyte ions not contributing towards the 

formation of double layer [86] as shown in Figure 9.  

 

Figure 9: Interpretation of pore flooding leading to ion pairing in ionic liquid electrolyte [86]. 
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This model contradicts the earlier model discussed in pervious paragraph however, some very 

recent studies have shown similar results which also confirm these finding. A very recent study 

by Abbas, Q. et al. where average pore size (APS) of 1.8nm was found to be optimal pore size 

achieving the highest specific of 136 Fg-1 where 6M KOH aqueous solution was used as an 

electrolyte. Drop in specific capacitance was observed with the increase in APS [32] endorsing 

the earlier findings. 

Other fundamental component of porous structure is the specific surface area (SSA) more 

precisely accessible specific surface area which can have a profound effect on the 

electrochemical performance of supercapacitors. Activation (physical or chemical) is a useful 

tool; this can be used to enhance specific surface area while controlling the APS, which can 

have constructive effect on the performance of the cell. An enormous increase in specific 

surface area and specific capacitance was observed after physical activation using carbon 

dioxide as activation agent. Increase in specific surface area from 449 to 3419 m2g-1 and 

correspondingly specific capacitance from 35 to 325 Fg-1 was achieved after activation [87]. 

Fine-tuning, the porous structure which includes the optimization of micro/meso-pores and 

specific surface area of RF carbons/activated carbons is the single major factor in the 

performance of supercapacitors particularly for electric double layer capacitors. Since RF, 

based carbon aerogels has three-dimensional cross-linked structure with exceptionally high 

SSA requiring appropriate channels for the efficient transportation of electrolyte ions. 

Therefore, the percentage of micro and meso-porosity depends on the level of porosity and can 

be more important than the average pore size itself for particular sample. In a recent study, very 

high SSA (2230 m2g-1) RF based activated carbon aerogels were produced using chemical 

activation under KOH. High level of microporosity combined with moderate amount of 

mesopores resulted in excellent capacitive performance (170 Fg-1)where APS was 6.98 nm 

[88]. Table 2. And Table 3. Shows capacitive performance of RF based carbon and activated 

carbon aerogels when used as electrode active material in supercapacitors. 

Effect of heteroatoms doping on the performance of electrochemical capacitors:  

Functionalisation of carbon-based active material in general and RF based electrode materials 

in particular has seen increased interest recently. Heteroatoms doping of electrode active 

material with different elements such as nitrogen (N), oxygen (O), phosphorus (P) and sulphur 

(S) have resulted in improved electrochemical performance due to the addition of 

pseudocapacitive component. Nitrogen has been investigated more vigorously since it results 
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in improved electronic conductivity and hydrophilicity together with enhanced electrochemical 

performance. Two major approaches have been adopted i.e., postproduction treatment by 

nitrogen rich materials such as urea, pyridine and melamine or through the introduction of these 

materials at gelation stage resulting in N-doping on both the surface and within the carbon 

matrix [76, 102, 103]. However, second approach is more widely used since it results in more 

efficient and uniform doping with higher N-content. 

Nanoarchitectures of RF based carbons can be precisely tuned by controlling various synthesis 

parameters in order to maximise electric double layer (EDL) contribution nevertheless, 

electrochemical performance can be further enhanced if this controlled porosity active 

materials is functionalised with different heteroatoms.  In a recent study by Xuehua Song and 

co-workers where nitrogen doped, and well-tuned hierarchical porous carbons was prepared 

and adopted as an electrode for electrochemical capacitor. Exceptionally high specific 

capacitance of 423 Fg−1 was achieved at current density of 1Ag−1 with excellent energy density 

of 16.7 Whkg−1 at a power density of 894 Wkg−1 [104]. In addition to nitrogen, other functional 

materials such as phosphorus, sulphur and boron have also been used as dopant resulting in 

enhanced capacitance through surface faradic contribution. Like nitrogen, phosphorus (P) has 

also electron-donating ability that can also improve both electron transport capability and 

charge storage. In a study of P-doped hierarchical porous carbon aerogels, a specific 

capacitance of 406 Fg-1 was attained at the scan rate of 5mVs-1 for KOH chemically activated 

samples. Furthermore, energy density 6.97 Whkg−1 at a power density of 200 Wkg−1 was 

achieved coupled with long-term stability with nearly 100% efficiency after 10,000 cycles 

[105].  

Other materials such as sulphur, boron and oxygen have also been used widely to enrich the 

functionality of active carbons to improve the electronic structure and interfacial surface 

affinity towards the electrolyte solutions. Results of the electrochemical performance of 

supercapacitors using active material doped with different heteroatoms have been provided in 

Table 4, below. 

As discussed in the previous section, heteroatoms doping can improve electrochemical 

performance with the addition of pseudocapacitive redox element [116-118]. However, if 

materials are functionalised with more than one dopant, it can result in improvement in 

physical, chemical and electrochemical behaviour of active material. For instance, materials 

co-functionalised with nitrogen and oxygen can have synergic effect on the performance of 
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supercapacitor cell. Since, it has been widely reported in literature that pyrrolic-type and 

phenol-carboxyl functional species originating from nitrogen and oxygen respectively are the 

leading functional groups contribute towards the enhancement of overall capacitive 

performance of the cell when used alongside alkaline electrolytes such as KOH [119, 120]. 

Additionally, phenol-carboxyl, oxygen species can improve wetting behaviour and can result 

in improved electrolyte accessibility, eventually resulting in drop in equivalent series resistance 

(ESR) and higher power densities [40]. Table 5 shows the combined effect of dual 

functionalised carbon aerogels samples when used as electrode in supercapacitors. 

Effect of transition metal oxides doping on the performance of electrochemical capacitors: 

As discussed, earlier EDLCs have inferior energy densities due to their lower specific 

capacitances, whereas metal oxides-based PCs exhibit considerably higher specific 

capacitances owing to their fast and fully reversible surface charge transfer between electrode 

and electrolyte, consequently enhancing their energy densities when compared with EDLCs. 

This has prompted an increased use of transition metal oxides (TMOs) as electrode in 

supercapacitors however low specific surface area, poor conductivity, higher material cost and 

inferior cyclability has restricted their use as an active material in supercapacitor’s commercial 

applications. Composites of TMOs and carbon-based materials have been investigated 

extensively to benefit from individual characteristic of each material in order to improve the 

overall performance of a supercapacitor cell through the synergic effect of these properties. 

Carbon based materials provide mechanical and structural integrity, superior conductivity and 

high specific surface area whereas TMOs assist in improving the overall capacitance by 

contributing through pseudo capacitive contribution. In this section we will discuss transition 

metal oxides and resorcinol/formaldehyde carbon aerogel composites and the impact of various 

material compositions on various physiochemical and electrochemical characteristics. Primary 

goals of using carbon/metal oxide composite electrodes are to improve the cyclability and 

capacitive performance by benefiting from the properties of both carbon and metal oxide 

elements respectively of these composite electrodes. In a recent study where Mn2O3 doped 

carbon aerogels were synthesised using MnO2 coordinated by N, N-dimethylmethanamide 

(DMF). Using this innovative synthesis technique uniform and precise doping of Mn2O3 was 

achieved as shown by TEM image and XPS spectra in Figure 10 (a) and (b) respectively. This 

hybrid electrode demonstrated excellent capacitive performance and cyclability. 5% Mn2O3 

doping was found to be the optimum level which displayed the specific capacitance of 170Fg-

1 where total capacitance was sum of EDL capacitance and pseudo capacitance which was 
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much higher than undoped carbon aerogel’s capacitance of 89Fg-1. Rectangular shape of CV 

curves shown in Figure 10 (c) demonstrate that carbon aerogels display good electric double 

layer capacitance whereas inset shows pseudo capacitive behaviour with visible redox peaks. 

These doped carbon aerogels exhibited exceptional coulombic efficiency of up to 99.8% after 

1000 cycles as shown in Figure 10 (d) [126].  

 

Figure 10: (a) TEM image of Mn2O3 doped carbon aerogels (b) XPS spectra of Mn2O3 doped 

carbon aerogels (c) CV curves of carbon aerogels at a scan rate of 10 mVs−1 (d) cycling 

performance at a current density of 5.0 A g−1 [126]. 

Sometimes, in order to further enhance the specific capacitances through higher pseudo 

capacitive contribution, more than one metal oxides can be used as dopants. Recently, A 

Wasfey, Madlin, et al. synthesised silver (Ag) doped carbon xerogels (CX) these silver doped 

carbon xerogel samples (CX-Ag) were further surface doped to improve their electrochemical 

properties with nickel cobaltite (CX-Ag- NiCo) by 1%, 5% and 10% by wt and labelled as 

NiCo1, NiCo5 and NiCo10 respectively. There was a gradual increase in the specific 

capacitance with XC, XC-Ag and CX-Ag-NiCo1 samples displaying specific capacitances of 

119, 179 and 368Fg-1 respectively at current density of 0.1Ag-1 when used with 6M KOH in a 

two-electrode symmetric cell. High energy density of 50WhKg-1 at the power density of 
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200WKg-1 was also attained coupled with excellent rate capability by retaining more than 99% 

of the original capacitance after 2000 charge-discharge cycles [127].    

Similarly, ternary composites are prepared through functionalising with O, N or S and doping 

with TMOs simultaneously where TMOs assist in increasing its specific capacitance whereas 

functionalising provide dual benefits i.e., enhancing the specific capacitance as well as 

improving the rate capability (optimisation of surface chemistry of active material).  Li, Yao, 

et al. prepared nitrogen doped three-dimensional well-connected framework (NC) through RF 

polymerisation followed by doping these with Ni@NiO as shown by SEM micrograph in 

Figure 11 (a). This three dimensional highly conductive sample NC/Ni@NiO showed excellent 

capacitance of 389F g−1 at 5 mV s−1 along with good rate ability and capacity retention (276 F 

g−1 at 100 mV s−1) and 72% respectively. CV and GCD curves are shown in Figure 11 (b) and 

(c) whereas cyclic stability is shown in Figure 11 (d) [128]. 

Figure 11: (a): SEM micrograph of NC/Ni@NiO (b): cyclic voltammograms (CV) of 

NC/Ni@NiO at 5mVs-1 (c): galvanostatic charge-discharge (GCD) curves of NC/Ni@NiO at 

2Ag-1 (d): cycling stability of the NC/Ni@NiO composite at a current density of 2 A g−1 [128]. 



24 
 

Wide range of composite materials have been synthesised and used as active materials for 

supercapacitor applications however few examples are presented in Table 6 below where 

resorcinol/formaldehyde-based carbon hybrids were produced by combining with one or than 

one dopant. Electrochemical characteristics are reviewed when using with different electrolytes 

and at different and at different analysis parameters.  

Electrochemical batteries applications:  

Over the years rechargeable battery systems such as nickel-metal hydride (Ni-MH), lead acid  

(Pb-acid), nickel cadmium (Ni-Cd), lithium-ion (LIBs) and redox flow batteries (RFBs) have 

been used in commercial applications including energy management, transportation, portable 

electronic devices and power quality [135]. However, the inherent limitations of these electrical 

energy storage systems hinder their widespread commercialisations apart from LIBs which is 

the result of huge improvements in LIB’s chemistry due to the immense research drive 

providing with the benefits such as high gravimetric and volumetric energy densities associated 

with LIBs when compared with other rechargeable battery systems as shown in Figure 12.  
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Figure 12: Ragone plot of different battery technologies according to their volumetric and 

specific energy densities [136]. 

Still there are number of disadvantages associated with LIBs such as safety concerns, expensive 

electrode materials and inferior cycle life. Additionally, another major drawback is the inferior 

power densities due to restricted movements of electrolyte ions through conventionally used 

active material such as graphite. RF based carbon nanomaterials can be useful for battery 

applications due to their high level of porosity, control over porous structure (average pore size, 

pore volume and specific surface area), excellent conductivity and robust mechanical structure. 

Attributed to these characteristics RF based nanocarbons can be used as conductive additives 

in conventional electrode materials such as graphite or carbon black which will help in 

improving the reaction kinetics and therefore assisting in improving the power densities of 

these battery systems. In one such study where three-component precursor of LiFe-

PO4OH@RF/GO (RF: resorcinol/formaldehyde-based carbon aerogels, GO: graphene oxide) 

with hierarchical porous structure was synthesized using one pot mixed solvothermal process, 

followed by direct calcination. LiFe-PO4OH@RF/GO precursor delivered discharged capacity 

of 157 mAhg-1 at current density of 34 mAg-1 which is close to its projected theoretical 

capacitive value of 160 mAhg-1. Introduction of conductive skeleton of RF/GO assisted in 

enhancing reaction kinetics by improving ionic and electronic conductivities resulting in 

retaining high reversible capacity of 112mAg-1 at current density of 1700mAg-1 which is fifty 

times higher than the applied initial current density of 34mAg-1 [137]. In another study by Ning, 

Xiaohua and co-workers where they successfully produced three dimensional interconnected 

highly porous conductive structured MoS2-NPC-NCNTs (molybdenum disulphide, N-doped 

polymeric carbon and N-doped carbon nanotubes) using facile two step method with 

extraordinary physical, chemical and electrochemical properties as shown in Figure 14. Figure 

13 (a) shows the SEM image of highly porous cross-linked structure of MoS2-NPC-NCNTs 

whereas (b) shows the successful doping of nitrogen in both polymeric carbon and CNTs. 

Figure 13 (c) reveals the crystalline structure of MoS2/NPC-NCNTs, MoS2/NPC and MoS2. 

Typical broad peaks around 2θ = 26°,43° are assigned with NPC sample whereas peak around 

26.2° is associated with MoS2/NPC-NCNTs samples. Finally, four identical peaks in all 

samples at 2θ = 14.2°, 33.1°, 39.1° and 58.3°, related to the (002), (100), (103) and (110) planes 

of MoS2 [138]. Figure 13 (d) shows the Nyquist plots of pristine MoS2, MoS2/NPC and 

MoS2/NPC/NCNTs. It can be witnessed that the pristine MoS2 has the highest contact 

resistance (RCT) with the considerable drop in resistance after the introduction NPC and further 
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increase in conductivity after combining MoS2/NPC with NCNTs as can be seen from the size 

of semicircle, confirming that the combining MoS2 with NPC and NCNTs enhances material 

conductivity by minimizing diffusion resistance [139].  

 

Figure 13: (a): SEM image of highly porous MoS2/NPC–NCNTs composite, (b): XPS spectra 

of N 1s of MoS2/NPC-NCNTs sample, (c): XRD patterns of MoS2, MoS2/NPC and MoS2/NPC-

NCNTs samples, (d): Nyquist plots of MoS2/NPC–NCNTs, MoS2/NPC and MoS2 based 

electrodes. 

As discussed above highly conductive and mechanically stable NPC-NCNTs matrix was used 

to accommodate MoS2 and to ensure superior rate performance and excellent cyclability. 

Remarkable specific capacity of 1219mAhg-1 at current density of 200mAg-1with excellent rate 

capability (452mAhg-1 at current density of 4000mAg-1) was achieved. This material also has 

exceptional cyclic performance with capacitance retention of 526mAhg-1 at 1000mAg-1 after 

400 cycles [140]. Similarly, resorcinol/formaldehyde carbon aerogels can be used as working 

electrode materials due to their higher lithium intercalation capacity. In another research 

investigation by Kakunuri et al. where they synthesised RF hydrogels through inverse 

polymerisation of resorcinol and formaldehyde. These hydrogels were dried using subcritical 

drying method followed by carbonisation at 900°C. The assembled battery cell had RF carbon 

xerogel as working electrode whereas lithium was used as reference electrode. RF based carbon 
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displayed reversible capacity of 400mAhg-1 which is higher than theoretical lithium-ion 

intercalation capacity of 372mAhg-1 for graphite due to higher intercalation capacity of high 

porosity RF xerogels [141]. Mechanically stable and high surface area carbon was produced 

using low-cost sol-gel polymerisation method. Prepared monolithic carbon had specific surface 

area of 2600m2g-1 along with hierarchical porous structure comprised of micro, meso and 

macro pores. This versatile porous structure not only provided with space for lithium storage 

but also offered pathways for transfer reactions through meso and macro pores. RF carbon 

displayed outstanding electrochemical performance with reversible capacitance of 890mAh-1 

after 100 cycles. There was slight drop in capacitance after 100 cycles (12%) combined with 

an excellent rate capability (350mAhg-1 at current density of 1Ag-1) [142] and 

physical/electrochemical properties of the RF carbon that are presented in Figure 15 below. 

Figure 14 (a) and (b) reveals the monolithic porous structure of RF xerogels where carbon 

particles are interconnected in different directions to form three-dimensional carbon 

framework. Figure 14 (c) shows the N2 adsorption/desorption isotherms and pore size 

distribution of carbon xerogels. Isotherm shows the hysteresis loop in higher pressure range 

which symbolises mesoporosity with similar results shown in pore size distribution with 

presence of most of the pore sizes around mesoporosity range. Lastly, Figure 14 (d) shows the 

excellent cyclic stability of various RF bases carbon xerogels for 200 cycles at current density 

of 50mAg-1. 
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Figure 14:  (a, b): RFC-SEM images carbon monolith at magnification of 2 and 1um, 

displaying surface morphology (c): Nitrogen adsorption–desorption isotherm of CA-100 and 

its pore size distribution estimated by BJH method (d): Cycling performance of the different 

carbon aerogels at current density of 50mAg–1 [142]. 

Some of the recent examples are given in Table 7 where RF based carbon/activated and their 

composites have been used as electrode in different rechargeable battery systems.  

Resorcinol/formaldehyde-based polymeric carbon/activated carbons are fairly new class of 

materials which have witnessed some traction in its use in energy storage applications including 

supercapacitors and rechargeable battery systems recently however not to the extent that it can 

become commercially suitable. For commercial application of RF based nanocarbon requires 

further investigative research work. 

Conclusions and key challenges: 

To find an alternative carbon material in order to substitute naturally occurring carbon that has 

been used extensively in commercial application over the years, has generated an immense 

research interest in three-dimensional resorcinol - formaldehyde based polymeric carbon 

aerogels. This has been the case due to their fascinating and astonishingly flexible 

characteristics such as fine tune porosity/chemical composition, outstanding electrical 

conductivity, low density, and high level of porosity.  

Physicochemical properties of produced RF gels and carbon can be controlled at three main 

production stages i.e., gelation, drying and carbonisation/activation. During the gelation phase 

catalyst and solid content concentration (R/C, R/W and R/F ratios), gelation temperature and 

curing time can influence the properties of produced samples. It has been witnessed that 

increasing the R/C ratio results in bigger particle sizes leading to larger pore sizes. Likewise, 

increasing F or solvent (reducing the solid reactants) within the sol results in dilution affect 

which also increases the pore size and vice versa. High gelation temperatures (depending on 

the solvent used for gel synthesis) lead to swifter gelation processes whereas longer curing time 

results in more mature and structurally robust gels which can have substantial impact on the 

porosity of gels produced after drying. Three major drying methods known as supercritical, 

subcritical and freeze drying have been widely adopted for the removal of solvent from wet 

gels with the aim of minimising the effect of the solvent removal on the porous structure of 

produced dry gel samples. Supercritical drying method using CO2, is considered to be the most 
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effective and has the lowest structural shrinkage however this technique uses very complex, 

expensive, and prolonged procedures. Since during supercritical drying solvent exchange is 

preformed twice once by replacing the aqueous solvent such as water with more volatile 

organic solvent such as acetone to reduce the surface tension and in later stage with CO2 to 

remove it under supercritical conditions. Also, this technique is energy intensive which making 

this method less cost-efficient. Alternative drying techniques include subcritical drying and 

freeze drying where solvents are removed by vacuum/connective hot gas drying or by freezing 

the solvent respectively. Third and final stage is the carbonisation/activation of prepared gel 

samples to produce carbon aerogels. Increase in specific surface area and drop in pore size can 

be witnessed after carbonisation which is due to the removal of volatile elements such as 

hydrogen groups and oxides, specific surface area increases with the increase in carbonisation 

temperature until a point is reached where drop in specific surface area is observed which can 

be due to the densification and collapse of porous structure at elevated temperatures. 

Carbonisation is followed by activation when further enhancement in porosity is desired which 

can be either physical or chemical activation using air/CO2 or ZnCl2 respectively as activation 

agents. Activation results in further enhancement in porosity with the substantial increase in 

pore volume and specific surface area and slight increase in average pore size. 

In second part of this review article, effect of change in porous structure which include average 

pore size, pore volume and specific surface area and their impact on the performance of 

electrochemical energy storage devices has been analysed. It was found that optimised pore 

size and enhanced specific surface area improved the capacitive performance of active material 

when used as an electrode in supercapacitor cell whereas pore volume has the similar effect for 

rechargeable batteries. Furthermore, impact of chemical modifications on the surface through 

surface functionalisation and inside bulk of carbon aerogels through doping of these 

carbon/activated carbon aerogels on the electrochemical performance of both supercapacitors 

and electrochemical batteries has been evaluated. Resorcinol – formaldehyde carbon aerogels 

doped with functional materials and transition metal oxides displayed improved 

electrochemical performance due to the synergetic effect of electric double layer capacitance 

and pseudocapacitance. Similarly, RF based carbon/activated showed immense potential for 

their application as electrode material in rechargeable batteries including Li-ion, Li-air, and Li-

S batteries. 

I. Parameters such as R/C, R/W and R/F ratios can have substantial influence on the 

porosity of prepared gels. 
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II. Increasing the R/C ratios results in increasing the average pore size. 

III. Higher liquid content such as ratio of F introduces the dilution effect resulting in bigger 

pore sizes. 

IV. Gelation time and curing temperatures are other influencing factors. 

V. Higher gelation temperatures result in speeding up gelation process whereas longer 

curing time improve the structural robustness of produces gels. 

VI. Carbonisation improves the specific surface area whereas drop in average pore size can 

be observed due to the introduction of microporosity. 

VII. Activation enhances specific surface are even further and this improvement depends on 

the activation temperatures and concentration of activation agent. 

VIII. Heteroatoms such as nitrogen and oxygen improve the surface chemistry of produced 

carbons and their affinity towards aqueous solutions resulting in lower contact angels 

and ESR. 

IX. Doping with different functionalities results in improving the capacitive performance 

through the pseudocapacitive contributions. 

X. Heteroatoms doped polymeric carbon can be co-doped using materials such as 

transition metal oxides to enhance their suitability even further for energy storage 

applications. 

XI. It can be established that resorcinol-formaldehyde based carbon aerogels hold immense 

potential for their use in wide range of applications such as water purification, drug 

delivery, thermal and energy storage/conversion applications.  

XII. Finally, due to the control over porous structure, very high level of porosity, electrical 

conductivity and cost-effectiveness (when compared with graphene and carbon 

nanotubes etc) makes these material suitable substitute of activated carbon for energy 

storage application particularly in supercapacitors and rechargeable batteries. 

Even though RF carbon aerogels have been used successfully in electrochemical energy storage 

applications, these contemporary nanocarbons face following challenges for their use in 

broader commercial applications.  

I. Research has been conducted to optimize the average pore size of predominantly aqueous 

and organic electrolytes mainly for supercapacitor’s applications, it is recommended to 

expand this to other electrolyte solutions such as room temperature ionic liquid as well as 

other electrical energy storage systems such as rechargeable batteries since there is very 

little literature available on these types of investigative studies using batteries.  
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II. Energy density of supercapacitors using carbon aerogels can be increased by introducing 

pseudo-capacitive materials on the surface or with in the carbon framework however to 

increase energy densities even further to bring them in line with battery systems, require 

fabrication and employment of complex hybrids using multiple dopants and using these 

materials with electrolyte solutions with higher operating voltage windows whereas 

overcoming the challenge of trying to maintain superior power densities while enhancing 

the energy densities . 

III. Developing less complicated and cost-effective processes to produce these polymeric 

carbons is another key challenge for these materials to compete with most commonly used 

activated carbon commercially. 

IV. Power densities of carbon aerogel-based materials can be enhanced even further if 

electrodes are prepared using non-traditional approaches i.e., binder free electrodes. There 

have been very few studies where carbon aerogels been used as binder free electrodes like 

other porous materials such as graphene.  

Although resorcinol-formaldehyde carbon aerogels face numerous challenges as discussed 

above, it is anticipated that their area of application will broaden as more research is conducted 

to understand the fundamentals of these polymeric materials. Broad range of applications 

including electronics, environmental and catalyst will see the widespread use of these 

materials.  
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Adsorption of CO2 and CH4 on Resorcinol–Formaldehyde Aerogels at High Pressures," Journal 
of Chemical & Engineering Data, vol. 64, no. 12, pp. 5263-5274, 2019. 

[27] S. A. Al‐Muhtaseb and J. A. Ritter, "Preparation and properties of resorcinol–formaldehyde 
organic and carbon gels," Advanced materials, vol. 15, no. 2, pp. 101-114, 2003. 

[28] F. Conceição, P. Carrott, and M. R. Carrott, "New carbon materials with high porosity in the 1–
7 nm range obtained by chemical activation with phosphoric acid of resorcinol–formaldehyde 
aerogels," Carbon, vol. 47, no. 7, pp. 1874-1877, 2009. 



33 
 

[29] R. Pekala, "Organic aerogels from the polycondensation of resorcinol with formaldehyde," 
Journal of materials science, vol. 24, no. 9, pp. 3221-3227, 1989. 

[30] Z. Li, C. You, M. Gonzales, A. K. Wendt, F. Wu, and S. L. Brantley, "Searching for anomalous 
methane in shallow groundwater near shale gas wells," Journal of contaminant hydrology, vol. 
195, pp. 23-30, 2016. 

[31] Z. L. Yu et al., "Fire‐retardant and thermally insulating phenolic‐silica aerogels," Angewandte 
Chemie International Edition, vol. 57, no. 17, pp. 4538-4542, 2018. 

[32] Q. Abbas, M. Mirzaeian, and A. A. Ogwu, "Electrochemical performance of controlled porosity 
resorcinol/formaldehyde based carbons as electrode materials for supercapacitor 
applications," International Journal of Hydrogen Energy, vol. 42, no. 40, pp. 25588-25597, 
2017. 

[33] S. Mulik, C. Sotiriou-Leventis, and N. Leventis, "Acid-catalyzed time-efficient synthesis of 
resorcinol-formaldehyde aerogels and crosslinking with isocyanates," 2006. 

[34] F. Maldonado-Hódar, M. Ferro-Garcia, J. Rivera-Utrilla, and C. Moreno-Castilla, "Synthesis and 
textural characteristics of organic aerogels, transition-metal-containing organic aerogels and 
their carbonized derivatives," Carbon, vol. 37, no. 8, pp. 1199-1205, 1999. 

[35] M. Prostredný, M. G. Abduljalil, P. A. Mulheran, and A. J. Fletcher, "Process variable 
optimization in the manufacture of resorcinol–formaldehyde gel materials," Gels, vol. 4, no. 
2, p. 36, 2018. 

[36] L. Hu, R. He, H. Lei, and D. Fang, "Carbon aerogel for insulation applications: a review," 
International Journal of Thermophysics, vol. 40, no. 4, pp. 1-25, 2019. 

[37] R. B. Durairaj, "Resorcinol Based Resins and Applications," Resorcinol: Chemistry, Technology 
and Applications, pp. 179-261, 2005. 

[38] M. Glora, M. Wiener, R. Petričević, H. Pröbstle, and J. Fricke, "Integration of carbon aerogels 
in PEM fuel cells," Journal of Non-Crystalline Solids, vol. 285, no. 1-3, pp. 283-287, 2001. 

[39] F. Despetis, K. Barral, L. Kocon, and J. Phalippou, "Effect of aging on mechanical properties of 
resorcinol-formaldehyde gels," Journal of Sol-Gel Science and Technology, vol. 19, no. 1, pp. 
829-831, 2000. 

[40] Q. Abbas, M. Mirzaeian, A. A. Ogwu, M. Mazur, and D. Gibson, "Effect of physical 
activation/surface functional groups on wettability and electrochemical performance of 
carbon/activated carbon aerogels based electrode materials for electrochemical capacitors," 
International Journal of Hydrogen Energy, vol. 45, no. 25, pp. 13586-13595, 2020. 

[41] O. Czakkel, K. Marthi, E. Geissler, and K. László, "Influence of drying on the morphology of 
resorcinol–formaldehyde-based carbon gels," Microporous and Mesoporous Materials, vol. 
86, no. 1-3, pp. 124-133, 2005. 

[42] R. Pekala, C. Alviso, J. Lemay, L. Hench, and J. West, "Chemical processing of advanced 
materials," ed: Hench, LL, West, FK, Eds, 1992. 

[43] R. Pekala, C. Alviso, X. Lu, J. Gross, and J. Fricke, "New organic aerogels based upon a phenolic-
furfural reaction," Journal of non-crystalline solids, vol. 188, no. 1-2, pp. 34-40, 1995. 

[44] R. Pekala et al., "Carbon aerogels for electrochemical applications," Journal of non-crystalline 
solids, vol. 225, pp. 74-80, 1998. 

[45] J. Fricke and A. Emmerling, "Aerogels," Journal of the American Ceramic Society, vol. 75, no. 
8, pp. 2027-2035, 1992. 

[46] A. Szczurek, G. Amaral-Labat, V. Fierro, A. Pizzi, E. Masson, and A. Celzard, "Porosity of 
resorcinol-formaldehyde organic and carbon aerogels exchanged and dried with supercritical 
organic solvents," Materials Chemistry and Physics, vol. 129, no. 3, pp. 1221-1232, 2011. 

[47] R. Saliger, V. Bock, R. Petricevic, T. Tillotson, S. Geis, and J. Fricke, "Carbon aerogels from dilute 
catalysis of resorcinol with formaldehyde," Journal of non-crystalline solids, vol. 221, no. 2-3, 
pp. 144-150, 1997. 

[48] N. Job et al., "Carbon aerogels, cryogels and xerogels: Influence of the drying method on the 
textural properties of porous carbon materials," Carbon, vol. 43, no. 12, pp. 2481-2494, 2005. 



34 
 

[49] C. Robertson and R. Mokaya, "Microporous activated carbon aerogels via a simple subcritical 
drying route for CO2 capture and hydrogen storage," Microporous and mesoporous materials, 
vol. 179, pp. 151-156, 2013. 

[50] C. Liang, G. Sha, and S. Guo, "Resorcinol–formaldehyde aerogels prepared by supercritical 
acetone drying," Journal of non-crystalline solids, vol. 271, no. 1-2, pp. 167-170, 2000. 

[51] N. Liu, S. Zhang, R. Fu, M. S. Dresselhaus, and G. Dresselhaus, "Carbon aerogel spheres 
prepared via alcohol supercritical drying," Carbon, vol. 44, no. 12, pp. 2430-2436, 2006. 

[52] M. J. Crane, M. B. Lim, X. Zhou, and P. J. Pauzauskie, "Rapid synthesis of transition metal 
dichalcogenide–carbon aerogel composites for supercapacitor electrodes," Microsystems & 
nanoengineering, vol. 3, no. 1, pp. 1-9, 2017. 

[53] H. Tamon, H. Ishizaka, T. Yamamoto, and T. Suzuki, "Influence of freeze-drying conditions on 
the mesoporosity of organic gels as carbon precursors," Carbon, vol. 38, no. 7, pp. 1099-1105, 
2000. 

[54] B. Mathieu, S. Blacher, R. Pirard, J. Pirard, B. Sahouli, and F. Brouers, "Freeze-dried resorcinol-
formaldehyde gels," Journal of Non-Crystalline Solids, vol. 212, no. 2-3, pp. 250-261, 1997. 

[55] J. D. Mellor, Fundamentals of freeze-drying. Academic Press Inc.(London) Ltd., 1978. 
[56] H. Gui-rong, L. Hong-bo, Y. Li, H. Yue-de, X. Xiao-hong, and C. Hui, "Pyrolysis behavior of 

graphene/phenolic resin composites," 新型炭材料, vol. 30, no. 5, pp. 412-418, 2015. 
[57] C. Lin and J. A. Ritter, "Carbonization and activation of sol–gel derived carbon xerogels," 

Carbon, vol. 38, no. 6, pp. 849-861, 2000. 
[58] N. Job et al., "Carbon xerogels as catalyst supports: Study of mass transfer," AIChE journal, vol. 

52, no. 8, pp. 2663-2676, 2006. 
[59] V. G. Pol, L. K. Shrestha, and K. Ariga, "Tunable, functional carbon spheres derived from rapid 

synthesis of resorcinol-formaldehyde resins," ACS applied materials & interfaces, vol. 6, no. 
13, pp. 10649-10655, 2014. 

[60] A. Gutiérrez-Pardo, J. Ramírez-Rico, R. Cabezas-Rodríguez, and J. Martínez-Fernández, "Effect 
of catalytic graphitization on the electrochemical behavior of wood derived carbons for use in 
supercapacitors," Journal of Power Sources, vol. 278, pp. 18-26, 2015. 

[61] L. Paliotta et al., "Highly conductive multilayer-graphene paper as a flexible lightweight 
electromagnetic shield," Carbon, vol. 89, pp. 260-271, 2015. 

[62] J. Choma and M. Jaroniec, "A model-independent analysis of nitrogen adsorption isotherms 
on oxidized active carbons," Colloids and Surfaces A: Physicochemical and Engineering 
Aspects, vol. 189, no. 1-3, pp. 103-111, 2001. 

[63] N. Mahata, M. Pereira, F. Suárez-García, A. Martínez-Alonso, J. Tascón, and J. L. Figueiredo, 
"Tuning of texture and surface chemistry of carbon xerogels," Journal of colloid and interface 
science, vol. 324, no. 1-2, pp. 150-155, 2008. 

[64] A. Mohaddespour, S. Atashrouz, M. T. Munir, S. Farag, and K. T. Jaradat, "Carbon aerogels 
activation by CO2 using an induction heated fluidized bed reactor," Chemical Engineering 
Science, vol. 229, p. 116123, 2021. 

[65] A. M. ElKhatat and S. A. Al‐Muhtaseb, "Advances in tailoring resorcinol‐formaldehyde organic 
and carbon gels," Advanced materials, vol. 23, no. 26, pp. 2887-2903, 2011. 

[66] E. A. Oyedoh, A. B. Albadarin, G. M. Walker, M. Mirzaeian, and M. N. Ahmad, "Preparation of 
controlled porosity resorcinol formaldehyde xerogels for adsorption applications," in 
Chemical engineering transactions: The Italian Association of Chemical Engineering, 2013, pp. 
1651-1656. 

[67] N. Linneen, F. Delnick, S. Z. Islam, V. G. Deshmane, and R. Bhave, "Application of the 
macrohomogeneous line model for the characterization of carbon aerogel electrodes in 
capacitive deionization," Electrochimica Acta, vol. 301, pp. 1-7, 2019. 

[68] P. Hu, B. Tan, and M. Long, "Advanced nanoarchitectures of carbon aerogels for 
multifunctional environmental applications," Nanotechnology Reviews, vol. 5, no. 1, pp. 23-
39, 2016. 



35 
 

[69] A. Kaplan, E. Korin, L. Soifer, and A. Bettelheim, "Ion-conductive and transparent resorcinol-
formaldehyde hydrogels for electrochemical and solar applications," Electrochemical and 
Solid State Letters, vol. 15, no. 1, p. F1, 2011. 

[70] S. Berthon-Fabry, C. Hildenbrand, P. Ilbizian, E. Jones, and S. Tavera, "Evaluation of lightweight 
and flexible insulating aerogel blankets based on Resorcinol-Formaldehyde-Silica for space 
applications," European Polymer Journal, vol. 93, pp. 403-416, 2017. 

[71] N. Rey-Raap, E. Calvo, J. Menéndez, and A. Arenillas, "Exploring the potential of resorcinol-
formaldehyde xerogels as thermal insulators," Microporous and Mesoporous Materials, vol. 
244, pp. 50-54, 2017. 

[72] J.-H. Lee and S.-J. Park, "Recent advances in preparations and applications of carbon aerogels: 
A review," Carbon, vol. 163, pp. 1-18, 2020. 

[73] P. Pushkar and A. K. Mungray, "Synthesis of 3-Dimensional Resorcinol-Urea-Formaldehyde 
Carbon xerogel electrode and its application in benthic microbial fuel cell," Electrochimica 
Acta, vol. 317, pp. 281-288, 2019. 

[74] D. Mahadik, Y. K. Lee, T. Kim, W. Han, and H.-H. Park, "Structural and electrochemical 
properties of SnO2-carbon composite aerogels for Li-ion battery anode material," Solid State 
Ionics, vol. 327, pp. 76-82, 2018. 

[75] A. Bhatnagar et al., "Economical synthesis of highly efficient and tunable carbon aerogels for 
enhanced storage of CO2 emitted from energy sources," International Journal of Energy 
Research, vol. 45, no. 4, pp. 6285-6292, 2021. 

[76] M. Mirzaeian, Q. Abbas, D. Gibson, and M. Mazur, "Effect of nitrogen doping on the 
electrochemical performance of resorcinol-formaldehyde based carbon aerogels as electrode 
material for supercapacitor applications," Energy, vol. 173, pp. 809-819, 2019. 

[77] M. Samanci, E. Daş, and A. Bayrakçeken Yurtcan, "Carbon aerogel and their polypyrrole 
composites used as capacitive materials," International Journal of Energy Research, vol. 45, 
no. 2, pp. 1729-1747, 2021. 

[78] F. Li et al., "Resorcinol-formaldehyde based carbon aerogel: Preparation, structure and 
applications in energy storage devices," Microporous and Mesoporous Materials, vol. 279, pp. 
293-315, 2019. 

[79] M. Mirzaeian, Q. Abbas, M. Hunt, and P. Hall, "Pseudocapacitive effect of carbons doped with 
different functional groups as electrode materials for electrochemical capacitors," Energies, 
vol. 13, no. 21, p. 5577, 2020. 

[80] P. Liu et al., "Rational construction of bowl-like MnO2 nanosheets with excellent 
electrochemical performance for supercapacitor electrodes," Chemical Engineering Journal, 
vol. 350, pp. 79-88, 2018. 

[81] H. Peng et al., "Template-confined growth of poly (4-aminodiphenylamine) nanosheets as 
positive electrode toward superlong-life asymmetric supercapacitor," ACS applied materials 
& interfaces, vol. 10, no. 43, pp. 37125-37134, 2018. 

[82] N. Islam, S. Wang, J. Warzywoda, and Z. Fan, "Fast supercapacitors based on vertically oriented 
MoS2 nanosheets on plasma pyrolyzed cellulose filter paper," Journal of Power Sources, vol. 
400, pp. 277-283, 2018. 

[83] S. S. Jayaseelan et al., "Mesoporous 3D NiCo2O4/MWCNT nanocomposite aerogels prepared 
by a supercritical CO2 drying method for high performance hybrid supercapacitor electrodes," 
Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 538, pp. 451-459, 2018. 

[84] C. Largeot, C. Portet, J. Chmiola, P.-L. Taberna, Y. Gogotsi, and P. Simon, "Relation between 
the ion size and pore size for an electric double-layer capacitor," Journal of the American 
Chemical Society, vol. 130, no. 9, pp. 2730-2731, 2008. 

[85] J. Chmiola, C. Largeot, P. L. Taberna, P. Simon, and Y. Gogotsi, "Desolvation of ions in 
subnanometer pores and its effect on capacitance and double‐layer theory," Angewandte 
Chemie International Edition, vol. 47, no. 18, pp. 3392-3395, 2008. 



36 
 

[86] F. B. Sillars, S. I. Fletcher, M. Mirzaeian, and P. J. Hall, "Effect of activated carbon xerogel pore 
size on the capacitance performance of ionic liquid electrolytes," Energy & Environmental 
Science, vol. 4, no. 3, pp. 695-706, 2011. 

[87] Y.-M. Chang, C.-Y. Wu, and P.-W. Wu, "Synthesis of large surface area carbon xerogels for 
electrochemical double layer capacitors," Journal of power sources, vol. 223, pp. 147-154, 
2013. 

[88] X. Cai, G. Tan, Z. Deng, J. Liu, and D. Gui, "Preparation of Hierarchical Porous Carbon Aerogels 
by Microwave Assisted Sol-Gel Process for Supercapacitors," Polymers, vol. 11, no. 3, p. 429, 
2019. 

[89] A. Halama, B. Szubzda, and G. Pasciak, "Carbon aerogels as electrode material for electrical 
double layer supercapacitors—Synthesis and properties," Electrochimica Acta, vol. 55, no. 25, 
pp. 7501-7505, 2010. 

[90] Y. Zhu, H. Hu, W. Li, and X. Zhang, "Resorcinol-formaldehyde based porous carbon as an 
electrode material for supercapacitors," Carbon, vol. 45, no. 1, pp. 160-165, 2007. 

[91] Z. Zhai, S. Wang, Y. Xu, L. Zhang, M. Yan, and Z. Liu, "Carbon aerogels with modified pore 
structures as electrode materials for supercapacitors," Journal of Solid State Electrochemistry, 
vol. 21, no. 12, pp. 3545-3555, 2017. 

[92] A. N. Malkova et al., "Electrochemical Properties of Carbon Aerogel Electrodes: Dependence 
on Synthesis Temperature," Molecules, vol. 24, no. 21, p. 3847, 2019. 

[93] H. Zhao, Y. Zhu, W. Li, and H.-q. HU, "Pore structure modification and electrochemical 
performance of carbon aerogels from resorcinol and formaldehyde [J]," New Carbon Mater, 
vol. 23, no. 4, pp. 361-366, 2008. 

[94] M. Bruno, N. Cotella, M. Miras, T. Koch, S. Seidler, and C. Barbero, "Characterization of 
monolithic porous carbon prepared from resorcinol/formaldehyde gels with cationic 
surfactant," Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 358, no. 1-
3, pp. 13-20, 2010. 

[95] E. J. Lee et al., "Oxygen group-containing activated carbon aerogel as an electrode material 
for supercapacitor," Materials Research Bulletin, vol. 70, pp. 209-214, 2015. 

[96] D. Liu, J. Shen, N. Liu, H. Yang, and A. Du, "Preparation of activated carbon aerogels with 
hierarchically porous structures for electrical double layer capacitors," Electrochimica Acta, 
vol. 89, pp. 571-576, 2013. 

[97] Q. Abbas, M. Mirzaeian, and A. Ogwu, "Improving the functionality of resorcinol-
formaldehyde based carbon aerogels as electrode material for supercapacitor applications," 
in 10th International Conference on Sustainable Energy and Environmental Protection: Energy 
Storage, 2017: University of Maribor Press, pp. 141-149.  

[98] T. Tsuchiya, T. Mori, S. Iwamura, I. Ogino, and S. R. Mukai, "Binderfree synthesis of high-
surface-area carbon electrodes via CO2 activation of resorcinol–formaldehyde carbon xerogel 
disks: Analysis of activation process," Carbon, vol. 76, pp. 240-249, 2014. 

[99] L. Chang et al., "Optimal electrochemical performances of CO 2 activated carbon aerogels for 
supercapacitors," Journal of Wuhan University of Technology-Mater. Sci. Ed., vol. 29, no. 2, pp. 
213-218, 2014. 

[100] M. Aghabararpour, S. Motahari, Z. Sanaee, and A. Ghahreman, "Fabrication of binder-free 
electrode using reinforced resorcinol formaldehyde-based carbon aerogels," Journal of 
Nanoparticle Research, vol. 21, no. 8, p. 178, 2019. 

[101] Y. Wang, B. Chang, D. Guan, and X. Dong, "Mesoporous activated carbon spheres derived from 
resorcinol-formaldehyde resin with high performance for supercapacitors," Journal of Solid 
State Electrochemistry, vol. 19, no. 6, pp. 1783-1791, 2015. 

[102] T. Horikawa, N. Sakao, T. Sekida, J. i. Hayashi, D. Do, and M. Katoh, "Preparation of nitrogen-
doped porous carbon by ammonia gas treatment and the effects of N-doping on water 
adsorption," Carbon, vol. 50, no. 5, pp. 1833-1842, 2012. 



37 
 

[103] D. Salinas-Torres, A. F. Léonard, V. Stergiopoulos, Y. Busby, J.-J. Pireaux, and N. Job, "Effect of 
nitrogen doping on the pore texture of carbon xerogels based on resorcinol-melamine-
formaldehyde precursors," Microporous and Mesoporous Materials, vol. 256, pp. 190-198, 
2018. 

[104] X. Song, Q. Chen, E. Shen, and H. Liu, "N-Doped 3D hierarchical carbon from resorcinol–
formaldehyde–melamine resin for high-performance supercapacitors," New Journal of 
Chemistry, vol. 44, no. 20, pp. 8638-8649, 2020. 

[105] J. Guo, D. Wu, T. Wang, and Y. Ma, "P-doped hierarchical porous carbon aerogels derived from 
phenolic resins for high performance supercapacitor," Applied Surface Science, vol. 475, pp. 
56-66, 2019. 

[106] C. Lu, Y. H. Huang, J. S. Hong, Y. J. Wu, J. Li, and J. P. Cheng, "The effects of melamine on the 
formation of carbon xerogel derived from resorcinol and formaldehyde and its performance 
for supercapacitor," Journal of colloid and interface science, vol. 524, pp. 209-218, 2018. 

[107] F.-Y. Zeng, Z.-Y. Sui, S. Liu, H.-P. Liang, H.-H. Zhan, and B.-H. Han, "Nitrogen-doped carbon 
aerogels with high surface area for supercapacitors and gas adsorption," Materials Today 
Communications, vol. 16, pp. 1-7, 2018. 

[108] Z. Liang, H. Liu, J. Zeng, J. Zhou, H. Li, and H. Xia, "Facile synthesis of nitrogen-doped 
microporous carbon spheres for high performance symmetric supercapacitors," Nanoscale 
research letters, vol. 13, no. 1, p. 314, 2018. 

[109] C. Ma, X. Chen, D. Long, J. Wang, W. Qiao, and L. Ling, "High-surface-area and high-nitrogen-
content carbon microspheres prepared by a pre-oxidation and mild KOH activation for 
superior supercapacitor," Carbon, vol. 118, pp. 699-708, 2017. 

[110] X. Y. Chen, C. Chen, Z. J. Zhang, D. H. Xie, and X. Deng, "Nitrogen-doped porous carbon 
prepared from urea formaldehyde resins by template carbonization method for 
supercapacitors," Industrial & Engineering Chemistry Research, vol. 52, no. 30, pp. 10181-
10188, 2013. 

[111] Z. Zapata-Benabihe, C. Moreno-Castilla, and F. Carrasco-Marín, "Influence of the boron 
precursor and drying method on surface properties and electrochemical behavior of boron-
doped carbon gels," Langmuir, vol. 30, no. 6, pp. 1716-1722, 2014. 

[112] M. Enterría, M. F. R. Pereira, J. I. Martins, and J. L. Figueiredo, "Hydrothermal functionalization 
of ordered mesoporous carbons: The effect of boron on supercapacitor performance," 
Carbon, vol. 95, pp. 72-83, 2015. 

[113] B. Chang et al., "N-rich porous carbons with a high graphitization degree and multiscale pore 
network for boosting high-rate supercapacitor with ultrafast charging," Chemical Engineering 
Journal, vol. 350, pp. 585-598, 2018. 

[114] F. Li et al., "Phosphorus-modified porous carbon aerogel microspheres as high volumetric 
energy density electrode for supercapacitor," Electrochimica Acta, vol. 318, pp. 151-160, 
2019. 

[115] W. Lu et al., "Nitrogen-containing ultramicroporous carbon nanospheres for high 
performance supercapacitor electrodes," Electrochimica Acta, vol. 205, pp. 132-141, 2016. 

[116] J. Hao, J. Wang, S. Qin, D. Liu, Y. Li, and W. Lei, "B/N co-doped carbon nanosphere frameworks 
as high-performance electrodes for supercapacitors," Journal of materials Chemistry A, vol. 6, 
no. 17, pp. 8053-8058, 2018. 

[117] Y. Liu et al., "A template-catalyzed in situ polymerization and co-assembly strategy for rich 
nitrogen-doped mesoporous carbon," Journal of Materials Chemistry A, vol. 6, no. 7, pp. 3162-
3170, 2018. 

[118] M. Zhou et al., "Combined effect of nitrogen and oxygen heteroatoms and micropores of 
porous carbon frameworks from Schiff-base networks on their high supercapacitance," 
Journal of Materials Chemistry A, vol. 6, no. 4, pp. 1621-1629, 2018. 



38 
 

[119] G. Sun, L. Ma, J. Ran, B. Li, X. Shen, and H. Tong, "Templated synthesis and activation of highly 
nitrogen-doped worm-like carbon composites based on melamine-urea-formaldehyde resins 
for high performance supercapacitors," Electrochimica Acta, vol. 194, pp. 168-178, 2016. 

[120] D. Hulicova‐Jurcakova, M. Seredych, G. Q. Lu, and T. J. Bandosz, "Combined effect of nitrogen‐
and oxygen‐containing functional groups of microporous activated carbon on its 
electrochemical performance in supercapacitors," Advanced functional materials, vol. 19, no. 
3, pp. 438-447, 2009. 

[121] W. Yuan, J. Liu, W. Yi, L. Liang, Y. Zhu, and X. Chen, "Boron and nitrogen co-doped double-
layered mesopore-rich hollow carbon microspheres as high-performance electrodes for 
supercapacitors," Journal of Colloid and Interface Science, 2020. 

[122] N. Zhang, F. Liu, S.-D. Xu, F.-Y. Wang, Q. Yu, and L. Liu, "Nitrogen–phosphorus co-doped hollow 
carbon microspheres with hierarchical micro–meso–macroporous shells as efficient 
electrodes for supercapacitors," Journal of Materials Chemistry A, vol. 5, no. 43, pp. 22631-
22640, 2017. 

[123] C. Zhu, M. Wang, G. Yang, T. Lu, and L. Pan, "N, P dual-doped hollow carbon spheres for high-
performance supercapacitors," Journal of Solid State Electrochemistry, vol. 21, no. 12, pp. 
3631-3640, 2017. 

[124] J.-G. Wang, H. Liu, X. Zhang, M. Shao, and B. Wei, "Elaborate construction of N/S-co-doped 
carbon nanobowls for ultrahigh-power supercapacitors," Journal of Materials Chemistry A, 
vol. 6, no. 36, pp. 17653-17661, 2018. 

[125] Y. Ji, Y. Deng, H. Wu, and Z. Tong, "In situ preparation of P, O co-doped carbon spheres for 
high-energy density supercapacitor," Journal of Applied Electrochemistry, vol. 49, no. 6, pp. 
599-607, 2019. 

[126] Y. Xu et al., "Manganese oxide doping carbon aerogels prepared with MnO2 coordinated by 
N, N-dimethylmethanamide for supercapacitors," Journal of colloid and interface science, vol. 
537, pp. 486-495, 2019. 

[127] M. A Wasfey et al., "Nickel Cobaltite Functionalized Silver Doped Carbon Xerogels as Efficient 
Electrode Materials for High Performance Symmetric Supercapacitor," Materials, vol. 13, no. 
21, p. 4906, 2020. 

[128] Y. Li et al., "3D hierarchical porous nitrogen-doped carbon/Ni@ NiO nanocomposites self-
templated by cross-linked polyacrylamide gel for high performance supercapacitor 
electrode," Journal of colloid and interface science, vol. 570, pp. 286-299, 2020. 

[129] A. Abdelwahab, J. Castelo-Quibén, M. Pérez-Cadenas, F. J. Maldonado-Hódar, F. Carrasco-
Marín, and A. F. Pérez-Cadenas, "Insight of the effect of graphitic cluster in the performance 
of carbon aerogels doped with nickel as electrodes for supercapacitors," Carbon, vol. 139, pp. 
888-895, 2018. 

[130] W. Han, L. Yuan, X. Liu, C. Wang, and J. Li, "Ultrathin MoSe2 Nanosheets Decorated on Carbon 
Aerogel Microspheres for High-capacity Supercapacitor Electrodes," Journal of 
Electroanalytical Chemistry, p. 115643, 2021. 

[131] S.-W. Hwang and S.-H. Hyun, "Synthesis and characterization of tin oxide/carbon aerogel 
composite electrodes for electrochemical supercapacitors," Journal of Power Sources, vol. 
172, no. 1, pp. 451-459, 2007. 

[132] Y. Wang et al., "Three-dimensional hierarchical porous carbon derived from resorcinol 
formaldehyde-zinc tatrate/poly (styrene-maleic anhydride) for high performance 
supercapacitor electrode," Journal of Alloys and Compounds, vol. 886, p. 161176, 2021. 

[133] W.-J. Lu et al., "Synthesis of MnO2/N-doped ultramicroporous carbon nanospheres for high-
performance supercapacitor electrodes," Chinese Chemical Letters, vol. 28, no. 6, pp. 1324-
1329, 2017. 

[134] H. Afify, A. A. Abdalla Abdelwahab, H. Abdel-Samad, and H. Hassan, "Cobalt doped carbon 
xerogels as efficient supercapacitor electrodes," International Journal of Development, vol. 8, 
no. 1, pp. 105-111, 2019. 



39 
 

[135] Q. Abbas, M. Mirzaeian, M. R. Hunt, P. Hall, and R. Raza, "Current State and Future Prospects 
for Electrochemical Energy Storage and Conversion Systems," Energies, vol. 13, no. 21, p. 
5847, 2020. 

[136] H. Jouhara et al., "Applications and thermal management of rechargeable batteries for 
industrial applications," Energy, vol. 170, pp. 849-861, 2019. 

[137] H. Wang et al., "Self‐Assembly of Antisite Defectless nano‐LiFePO4@ C/Reduced Graphene 
Oxide Microspheres for High‐Performance Lithium‐Ion Batteries," ChemSusChem, vol. 11, no. 
13, pp. 2255-2261, 2018. 

[138] C. Mao, Y. Zhong, H. Shang, C. Li, Z. Guo, and G. Li, "Carbon encapsulated nanosheet-
assembled MoS2 nanospheres with highly reversible lithium storage," Chemical Engineering 
Journal, vol. 304, pp. 511-517, 2016. 

[139] J.-M. Jeong et al., "Ultrathin sandwich-like MoS 2@ N-doped carbon nanosheets for anodes 
of lithium ion batteries," Nanoscale, vol. 7, no. 1, pp. 324-329, 2015. 

[140] X. Ning et al., "In-situ construction of interconnected N-doped porous carbon-carbon 
nanotubes networks derived from melamine anchored with MoS2 for high performance 
lithium-ion batteries," Journal of Alloys and Compounds, vol. 744, pp. 75-81, 2018. 

[141] M. Kakunuri, S. Vennamalla, and C. S. Sharma, "Synthesis of carbon xerogel nanoparticles by 
inverse emulsion polymerization of resorcinol–formaldehyde and their use as anode materials 
for lithium-ion battery," RSC advances, vol. 5, no. 7, pp. 4747-4753, 2015. 

[142] S. Katiyar, N. Kalaiselvi, and A. Sharma, "Facile synthesis of hierarchical porous carbon 
monolith: A free-standing anode for Li-ion battery with enhanced electrochemical 
performance," Industrial & Engineering Chemistry Research, vol. 55, no. 45, pp. 11818-11828, 
2016. 

[143] L. Chen, J. Deng, S. Hong, and H. Lian, "Rapid, tunable synthesis of porous carbon xerogels 
with expanded graphite and their application as anodes for Li-ion batteries," Journal of colloid 
and interface science, vol. 565, pp. 368-377, 2020. 

[144] M. Kakunuri, S. Kali, and C. S. Sharma, "Catalytic graphitization of resorcinol-formaldehyde 
xerogel and its effect on lithium ion intercalation," Journal of Analytical and Applied Pyrolysis, 
vol. 117, pp. 317-324, 2016. 

[145] Y. Huang, X. Gao, X. Han, Z. Guang, and X. Li, "Controlled synthesis of three-dimensional 
porous carbon aerogel via catalysts: effects of morphologies toward the performance of 
lithium-sulfur batteries," Solid State Ionics, vol. 347, p. 115248, 2020. 

[146] D. Luo, F. Lin, W. Xiao, and W. Zhu, "Synthesis and electrochemical performance of α-Fe2O3@ 
carbon aerogel composite as an anode material for Li-ion batteries," Ceramics International, 
vol. 43, no. 2, pp. 2051-2056, 2017. 

[147] M. M. Gaikwad, M. Kakunuri, and C. S. Sharma, "Enhanced catalytic graphitization of 
resorcinol formaldehyde derived carbon xerogel to improve its anodic performance for 
lithium ion battery," Materials Today Communications, vol. 20, p. 100569, 2019. 

[148] M. M. Gaikwad, K. K. Sarode, A. D. Pathak, and C. S. Sharma, "Ultrahigh Rate and High-
Performance Lithium-Sulfur Batteries with Resorcinol-formaldehyde Xerogel derived Highly 
Porous Carbon Matrix as Sulfur Cathode Host," Chemical Engineering Journal, p. 131521, 
2021. 

 

 

Table 1: Effect of various synthesis parameters on physical characteristics [25, 27, 65, 66].  

Synthesis 

parameter 

Type of 

variation  
Resultant properties 
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R/C molar ratio 

Increasing 
• Longer gelation time 

• Larger particle sizes 

• Increase in BET SSA and pore volume 

Decreasing 
• Shorter gelation time 

• Smaller particle size 

• Drop in pore volume and BET SSA 

Initial solution 

PH 

Increasing  

• Decreasing gelation time rapidly  

• Wet gels colour becomes darker (PH 6.5-7.5) 

• High degree of cross linking  

• Smaller particle size 

Decreasing  
• Increasing gelation time suddenly  

• Colour of wet gels yellowish (PH < 6) 

• Low level of cross linking 

Acidic catalytic 

solutions 

Low RF 

concentration 
• Small and smooth particle aggregates  

• Wide PSD 

High RF 

concentration 
• No fractal aggregates  

• Narrow PSD 

Alkaline catalytic 

solutions 

High RF 

concentration 

• High SSA and smaller particle size 

• Short gelation time  

• High mechanical strength 

• Polymeric gels 

Low RF 

concentration 

• Low SSA 

• Low mechanical strength 

• Larger particle size 

• Colloidal gels 

Gels curing  Longer duration • Improve crosslinking polymeric particle 

• Improve robustness 

Solvent exchange  ---------------- 
• Reduce shrinkage  

• Reduce surface tension around pore walls 

• Compulsory for freeze/supercritical drying 

Subcritical drying  ---------------- 
• Production of xerogels 

• Substantial shrinkage in meso/macro pores 

• Insignificant shrinkage in microporous gels  

Supercritical 

drying 
---------------- 

• Production of aerogels 

• Insignificant shrinkage (CO2) 

• Partial thermal decomposition (Acetone) 

Freeze drying  ----------------- 
• Production of cryogels  

• Mostly meso-porous 

• Require unchanged solvent density 

Carbonisation --------------- 
• Temperature up to 800°C drop APS and increase SSA 

• Beyond 1200°C drop in SSA due to densification  

• Above 2000°C, highly conductive, graphitic  

Activation 

Physical 
• CO2 or air  

• Temperature above 500°C required 

• Low yield and increased porosity (no washing required) 

Chemical  

• High activation temperature required 

• KOH, NaOH, HCL, H2SO4 and K2CO3 

• High yield and high porosity (washing required) 

• Maintenance intensive (corrosive regents) 

 

Table 2: Capacitive performance of RF based carbon aerogels 
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Sample  
Carbonisation temperature 

(℃) 

SSA 

(m2g-1) 

APS 

(nm) 

SC 

(Fg-1) 
Electrolyte Ref: 

RFSL 1100 1670 1.5 150 6M KOH [89] 

RFC-2 700 1370 3.1 294 6M KOH  [90] 

RFC-100 800 537 1.8 136 6M KOH [32] 

CA-2 900 736 5.03 135 6M KOH [91] 

RF-900 900 760 ---- 154 2M H2SO4 [92] 

RFC-900 900 1271 ---- 172 6M KOH [93] 

CTAB 800 671  150 2M H2SO4 [94] 

Table 3: Capacitive performance of RF based activated carbon aerogels 

Sample  
Activation temperature 

(℃) 

SSA 

(m2g-1) 

APS 

(nm) 

SC 

(Fg-1) 
Electrolyte Ref: 

MACA-6 h 800 976 1.3 128 6M KOH [95] 

ACAs-4 950 2119 4.8 250 6M KOH  [96] 

RFCA-100-800 800 678 2.19 197 6M KOH [97] 

CG-1000-81% 1000 2965 44 251 30% H2SO4 [98] 

950-10-ACA 950 3125 ---- 212 6M KOH [99] 

700-XCA-CO2 900 926 ---- 92 ----- [100] 

MACS 800 2437 2.73 204 2M KOH [101] 

 

Table 4: Electrochemical performance of RF based carbon aerogels doped with different 

functional groups. 

Sample Dopant 
SC 

(Fg-1) 

ED 

(Whkg−1) 

PD 

(Wkg−1) 

Efficiency 

(%)  
Electrolyte Ref: 

PPC-800-2 Phosphorus 406 16.97 200 100 6M KOH [105] 

N-HPCs Nitrogen 423 16.7 894 100 1M H2SO4 [104] 

RM-9-1 Nitrogen 139 ---- ---- 95 2M KOH [106] 

NCA-800 Nitrogen 166 ---- ---- 100 1M H2SO4 [107] 

NMCSs Nitrogen 416 21.5 800 97 6M KOH [108] 

O-ACM-1 Nitrogen 309 ---- ---- 96 3M H2SO4 [109] 

UF-Mg-1:3 Nitrogen 240 33.3 250 94 6M KOH [110] 

Bv Boron 140 ---- ---- 80 1M H2SO4 [111] 
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C33_50_28 Boron 197 ---- ---- ---- 1M H2SO4 [112] 

NGHPC Nitrogen 417 33.9 810 85 6M KOH [113] 

ACM-950 Phosphorus 110 21.3 170 85 TEABF4/PC [114] 

N-UCNs Nitrogen 269 ---- ---- 90 6 M KOH [115] 

 

Table 5: Electrochemical performance of RF based dual doped carbon aerogels. 

Sample  Dopants 
SC 

(Fg-1) 

ED 

(Whkg−1) 

PD 

(Wkg−1) 

Efficiency 

(%) 
Electrolyte Ref: 

DHCM  Nitrogen & Boron 222 ---- ---- 91 2M KOH [121] 

NPHCMs Nitrogen & Phosphorus 200 ---- ---- 91 6M KOH [122] 

NPHCSs Nitrogen & Phosphorus 355 ---- ---- 97 1M H2SO4 [123] 

NSCNBs Nitrogen & sulphur 279 9.6 47600 93 6M KOH [124] 

PCS Oxygen & Phosphorus 298 39.4 199.8 84 2M Na2SO4 [125] 

 

Table 6: Performance parameters RF based carbon hybrids when used as electrode in SCs. 

Sample Dopant SC 

(Fg-1) 

ED 

(Whkg-1) 

PD 

(Wkg-1) 

Efficiency 

(%) 

Electrolyte Ref: 

ANi1 Ni 219 7.03 40 98 1M H2SO4 [129] 

Mn–CA–5% Mn2O3 170 ---- ---- 99.8 6M KOH [126] 

NC/Ni@NiO N- Ni@NiO 389 19.4 700 73.8 6M KOH [128] 

MoSe2NSs/CRF 

NSs/CRF 

MoSe2 498 8.5 265 127 1M KOH [130] 

SnO2/RF SnO2 119 ---- ---- ---- 1M H2SO4 [131] 

(RF- Zn/PSMA) Zn-PSMA) 235 15.3 180 91.4 6M KOH [132] 

MnO2/N-UCN MnO2-N 401 ---- ---- 86 1M Na2SO4 [133] 

Co-X Co 231 ---- ---- ---- 1M H2SO4 [134] 

NiCo1/Ag-CX NiCo-Ag 368 50 200 99 6M KOH [127] 

TMD-RF WS2 80 ---- ---- ---- 1M Na2SO4 [52] 

 

Table 7: Performance parameters of RF based carbon and composites as an electrode. 

Sample 
Reversible capacity 

(mAhg-1) 

Coulombic efficiency  

(%) 

Number of 

cycles 
Ref 

RFC 633 92 70 [143] 
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SnO2/C 1012 63 50 [74] 

RFAC 890 99 200 [142] 

RFCC 857 98 60 [144] 

MoS2/NPC/NCNTs 1219 99 400 [140] 

CAHE/S 1086 99 100 [145] 

LiFePO4OH@RF/GO 157 100 300 [137] 

α-Fe2O3@CA 582 ----- ----- [146] 

5RFCC 470 100 100 [147] 

RFC 631 95 500 [148] 

     

 

 

 


