
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by IntechOpen

https://core.ac.uk/display/322403824?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


9 

Designing Nanostructured Carbon Xerogels 

Esther G. Calvo, J. Ángel Menéndez and Ana Arenillas 
Instituto Nacional del Carbón (CSIC), Oviedo, 

Spain 

1. Introduction 

Until the discovery of carbon gels in 1890, inorganic gels had dominated sol-gel literature. 
Traditional inorganic gels based upon hydrolysis-condensation reactions of metal alkoxides 
are well known as a result of their high specific surface areas and their unique 
morphological and structural properties (De Sousa et al., 2001). Some of the precursors used 
for the preparation of such inorganic gels are aluminates, titanates and borates but the most 
frequently employed alkoxides are alkoxysilanes, leading to the extensively investigated 
silica gels (Mauritz, 1998; Zareba-Grodz et al., 2004). The reaction mechanism of silica gels is 
based on the hydrolysis of alkoxysilanes to yield silicic acid moities, Si(OH)4, which 
spontaneously condensate to generate, after a sequence of specific stages, the final silica gel 
consisting of siloxane groups (Si-O-Si) within its framework and silanol groups (Si-OH) on 
its surface (Salazar-Hernández et al., 2009). Some of the attractive features of silica gels are: 
the tailored textural and structural properties, abundance and low cost, high sorption 
capacity, very high thermal shock resistance, insolubility in most solvents and lower index 
of refraction compared to other inorganic gels. It is for these reasons that they are used in a 
wide range of industrial applications including catalysis, chromatography, drug delivery 
and ion exchange (Qu et al., 2008; Teng et al., 2010).  
It was the great interest aroused by inorganic gels, especially in the case of silica gels, in 
different fields of application together with the advantages associated with sol-gel methods, 
i.e. low temperature processing, the high homogeneity of final products and the possibility 
of controlling their surface properties (Houmard et al., 2009), that persuaded Pekala and co-
workers to go an step further and apply this sol-gel methodology to the synthesis of organic 
gels (Pekala, 1989). The first organic gel was obtained by sol-gel polymerization of resorcinol 
and formaldehyde under alkaline conditions and supercritical drying. This produced a 
material called organic aerogel, consisting of interconnected colloidal particles 
approximately 10 nm in diameter. Properties such as low density, highly porous material 
and high versatility of the sol-gel process turned the carbon gel into a prominent member of 
the “carbon family”. 
Basically, an organic gel is a solid nanostructure comprised of nano-sized pores and 
interlinked primary particles obtained by means of polymerization reactions between 
hydroxylated benzenes and aldehydes, and then subjected to a drying process. The most 
commonly used monomers are resorcinol and formaldehyde (Al-Mutasheb & Ritter, 2003; 
Czzakel et al., 2005; Job et al., 2004; Tian et al., 2011a; Zhang et al., 2007; Zhu et al., 2007; 
Zubizarreta et al., 2008a) but, there are other potential combinations such as 
phenol/formaldehyde (Mukai et al., 2005a; Scherdel & Reichenauer, 2009; Teng & Wang, 
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2000), phenol/furfural (Dingcai & Ruowen, 2006; Long et al., 2008a; Pekala et al., 1995), 
phenol/melamine/formaldehyde (Long et al., 2008b), cresol/formaldehyde (Li et al., 2001; 
Zhu et al., 2006), etc. As shown in Figure 1, the formation of organic gels involves the 
following stages: (i) formation of a three-dimensional polymer in a solvent, known as gelation 
step, (ii) curing period where the crosslinking of previously formed polymer clusters 
(particles) takes place and, finally, (iii) drying step, that can be performed under subcritical, 
supercritical or freezing conditions, resulting in xerogels, aerogels and cryogels, respectively 
(Al-Mutasheb & Ritter, 2003; Czzakel et al., 2005; Job et al., 2004; Zubizarreta et al., 2008a). The 
last step needed to produce carbon gels is carbonization, with the purpose of removing any 
remaining oxygen and hydrogen groups, yielding a thermally stable nanostructure mainly 
composed of carbon. This carbonization is usually performed at high temperatures 
(approximately 600-1000 °C) under an inert atmosphere, such as N2, He or Ar (Al-Mutasheb & 
Ritter, 2003; Calvo et al., 2011a; Lin & Ritter, 2000; Job et al., 2004). However, as will be 
discussed in Section 2.2 of this chapter, it is possible to use other reactive gases in order to 
modify the chemical composition of carbon gels (Kang et al., 2009). 
 

Precursor 
solution

Gelation Curing

Gel

Supercritical 
drying

Subcritical 
dryingFreezing 

drying

ORGANIC 
AEROGEL

ORGANIC 
CRYOGEL

ORGANIC 
XEROGEL  

Fig. 1. Schematic representation of the steps involved in the synthesis of organic gels. 

All the synthesis steps, referred to in the preceding paragraph, interfere in the development 
of the porosity of carbon gels. This gives an idea not only of the versatility of this type of 
carbonaceous materials but also of their complexity, since most of variables involved in the 
synthesis procedure are not independent, i.e. each one influences not only in certain 
properties of the gel but may also modify the effect of other variables (Job et al., 2006; Quin 
& Guo, 2001). The most important parameters that affect the properties of carbon gels are 
the pH of the precursor solution and the nature and concentration of the reactants, since 
variations in these parameters cause significant changes in the final porous properties of the 
carbon gel, making it possible to go from a totally non-porous material to a very highly 
porous carbon gel by only modifying one of these parameters. However, there are also other 
variables to consider such as temperature and time of gelation and curing stages, the nature 
of the solvent and addition of surfactants during the drying step, as these also have an 
important influence on the development of different properties of carbon gels (Al-Mutasheb 
& Ritter, 2003; Job et al., 2007a; Kraiwattanawong et al., 2011; Matos et al., 2006; Tian et al., 
2011b). In so far as the carbonization step is concerned, there are several parameters that 
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have a notable impact on the final characteristics of carbon gels, these include the 
carbonization temperature and time or the nature and flow rate of the carrier gas (Al-
Mutasheb & Ritter, 2003; Lin & Ritter, 2000; Tamon et al., 1998).  
The increasing popularity of carbon gels is largely due to their unique and controllable 
physicochemical properties such as their specific surface areas ranging from about 500 to 
1200 m2 g-1, high pore volumes, low density, excellent electrical conductivity, high purity 
and the possibility of synthesizing them in the form of monoliths, powders, microspheres or 
thin films, with high packing densities (some of these shapes are shown in Figure 2) (Al-
Mutasheb & Ritter, 2003; Juárez-Pérez et al., 2010; Mahata et al., 2008). The combination of 
these properties makes carbon gels the perfect candidates for diverse applications such as 
supercapacitors, fuel cells, desalination systems, catalyst supports, liquid and gas-phase 
adsorbents, etc. (Calvo et al., 2008; Frackowiak & Béguin, 2001; Moreno-Castilla et al., 2005; 
Zheivot et al., 2010; Zubizarreta et al., 2010). However, despite the large number of 
advantages associated with carbon gels, there are still some applications where it is 
preferable to use activated carbons as a result of their low production costs. The method of 
synthesis of carbon gels is the main hindrance to their implantation at industrial scale 
because with conventional methods, where gelation, curing and drying stages are 
performed in conventional furnaces, several days are required to produce the final 
materials. Of the three stages involved in the synthesis of organic gels, drying is the most 
expensive. This is due to, except in the case of subcritical drying, under supercritical and 
freezing conditions, it is necessary to perform solvent exchanges, which requires several 
days, and in the most extreme conditions of drying entails a substantial increase in 
production costs (Liu et al., 2006; Tamon et al., 2000; Zhang et al., 2007). Consequently, the 
research in this field is being addressed to the development of faster and cheaper methods 
of synthesizing carbon gels in order to make them more attractive and competitive than the 
activated carbons used until now (Calvo et al., 2008, 2011; Conceição et al., 2009; Tonamon et 
al., 2006; Zubizarreta et al., 2008b). Some of these works are based on the use of different 
types of electromagnetic radiation as a heating source for one or several stages of the 
synthesis process. As will be explained in more detail in Section 2.4, microwave and 
ultrasonic radiation are the most widely investigated of the new synthesis techniques, being 
the results very promising not only because they meet the target of lower production times 
and costs but also they produce carbon gels with properties similar to those obtained using 
more established methods (Calvo et al., 2008, 2011; Zubizarreta et al., 2008b).  
 

 
Fig. 2. Carbon xerogels presented in different shapes. 
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To increase the porosity of carbon gels or to enrich their chemical structure, carbon gels can be 
subjected to various activation, oxidation and doping processes. Activation processes can be 
performed during or after the carbonization step and the properties of the final carbonaceous 
material will be greatly influenced by the sequence used. The purpose of activation is to 
increase the surface area and pore volume created during the synthesis of organic gels and to 
promote pore widening, especially in the case of narrow pores (Contreras et al., 2010; Silva et 
al., 2009; Zubizarreta et al., 2008c). In Section 2.2, the different types of activation processes and 
the corresponding properties of carbonaceous materials produced are reviewed in more detail 
but, by way of introduction it may be said that there are two types of activation processes, 
chemical and physical activation, both with their respective advantages and disadvantages, 
and each of them generating carbon gels with specific textural and structural characteristics 
(Contreras et al., 2010). The surface areas of most carbon gels vary between 600-700 m2 g-1, but 
after an activation process, this value may increase to 2000-3000 m2 g-1. In other words, the 
porosity may be tripled which is a great advantage in applications that require highly porous 
materials such as supercapacitors, hydrogen storage or catalysis. 
There are several published works that deal with ways to modify the chemical nature of 
carbon gels by means of doping or oxidizing processes in order to widen their range of 
applications (Gryzb et al., 2010, Job et al., 2007b; Lee et al., 2011; Sepheri et al., 2009; Silva et 
al., 2009; Zubizarreta et al., 2010). The porous texture of carbon gels is a crucial property in 
most of the fields of application. However, it is not the only one that determines the 
performance as the surface chemistry is also a key factor. Thus, several studies focus on the 
incorporation of oxygen functional groups by means of different oxidation processes 
(Mahata et al., 2008; Silva et al., 2009), the incorporation of nitrogen groups by using 
nitrogen-containing monomers or post-synthesis treatments (Gorgulho et al., 2009; Kang et 
al., 2009; Long et al., 2008b; Pérez-Cadenas, 2009) and the modification of carbon gels with 
the incorporation of metal species into the carbon framework (Bekyarova & Kaneko, 2000; 
Chandra et al., 2011; Cotet et al., 2006; Job et al., 2007b; Liu et al., 2006; Tian et al., 2010). In 
the synthesis process of carbon gels based on sol-gel methodology, these above-mentioned 
treatments can be performed using different reagents and conditions, making it necessary to 
optimize the operating conditions to meet the requirements of each individual case. In 
Section 2.3, different types of oxidative treatments and doping processes will be discussed in 
the light of the characteristics of the carbon gels produced. There are a lot of variables 
suitable to be adjusted in order to tailor the properties of the final carbon gel. All these 
tailored characteristics of the designed material (i.e. porous, chemical, mechanical 
characteristics) are described in Section 3 and directly connected to both the operating 
conditions of the synthesis of the materials and the suitability of the further application. Due 
to the great versatility of these kind of materials there area a wide range of applications in 
very different fields like adsorption (in gas and liquid media), catalysis, energy storage, etc. 
A review of these possible application fields are presented in the Section 4 of this chapter. 

2. Synthesis of nanostructured carbon xerogels 

Carbon gels are polymeric nanostructured carbon materials that can be synthesized by 
different procedures, all of them based on a hydrolysis-condensation reaction between 
hydroxybenzenes and aldehydes. There are several precursors that can be used to develop 
carbon gels including phenol, resorcinol or cresol in the case of hydroxybenzenes whereas as 
aldehyde it is possible to use formaldehyde, furfural, etc. (Czzakel et al., 2005; Dingcai & 

www.intechopen.com



 
Designing Nanostructured Carbon Xerogels 

 

191 

Rouwen, 2006; Long et al., 2008a, 2008b; Pekala et al., 1995 ; Scherdel & Reichenauer, 2009). 
Amongst all the possible variations, probably the most commonly synthesized carbon gels are 
those based on resorcinol and formaldehyde, although in order to reduce the cost of the 
materials involved in the synthesis process, some less expensive precursors, such as phenol 
(Mukai et al., 2005a; Scherdel & Reichenauer, 2009; Teng & Wang, 2000) or cellulose (Gryzb et 
al., 2010), have attracted interest in recent years. Another important parameter for the 
preparation of carbon gels is the reaction media because there are several available solvents 
such as deionised water (Job et al., 2004; Pekala, 1989; Zhu et al., 2007), acetone (Berthon et al., 
2001) or methanol (Zubizarreta et al., 2008a). It goes without saying that the least expensive 
reaction media is water, although other solvents are preferred in certain conditions in order to 
obtain specific final properties. Once the reagents involved in the sol-gel process have been 
selected, the recipe for producing carbon gels is the following. First, hydroxybenzene, 
aldehyde, solvent and catalyst are mixed in suitable molar ratios and then the solution is 
heated in order to obtain a stable crosslinked gel, which is saturated with solvent and it must 
next be dried. As will be seen throughout this section, there are several drying methods 
resulting in materials with different properties (Czzakel et al., 2005; Job et al., 2005). The last 
essential step for obtaining carbon gels is thermal stabilization, i.e. treatment at high 
temperature under inert atmosphere, yielding a thermally and chemically stable carbon gel.  
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Fig. 3. Different stages involved in the synthesis process of carbon gels. 

Figure 3 shows the main stages involved in the synthesis process of carbon gels by means of 
the polycondensation of a hydroxilated benzene and an aldehyde (resorcinol and 
formaldehyde in this particular case). These stages are as follows: (i) sol-gel reaction, i.e. the 
formation and crosslinking of polymeric particles, (ii) drying of the solvent-saturated gel 
and, finally, (iii) carbonization of the organic gel to yield the final carbon gel.  

2.1 Synthesis steps for organic gels  

As already mentioned at the beginning of Section 2, the synthesis process of organic 
xerogels is clearly divided into two main steps: (i) polymerization and crosslinking reactions 
between resorcinol-formaldehyde aggregates (gelation and curing stages) and, (ii) drying 
process. Each step plays an important role in determining the final properties of the xerogel, 
and therefore deserves a detailed description.  
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2.1.1 Polymerization and crossliking 
The polymerisation and crossliking reactions, also referred as the gelation and curing 
processes, take place during the sol-gel reaction between resorcinol and formaldehyde. 
According to some published works (Lin & Ritter, 1997; Pekala & Alviso, 1992), the 
polymerisation mechanism includes two steps: (i) addition reaction to form hydroxymethyl 
derivatives of resorcinol and, (ii) condensation of hydroxymethyl derivatives to form 
methylene or methylene ether bridged compounds. After these reactions a polymer is 
formed and, as a consequence, the initial solution loses fluidity, producing a special material 
called gel, and the time which it takes for the gel formation is named gelation time. The 
curing step of the gel is an extension of the process whereby the crosslinking of polymeric 
aggregates previously formed in the gelation stage is favoured, so that a three-dimensional 
crosslinked polymer is obtained. 
As can be seen in the reaction scheme represented in Figure 4, the formation of resorcinol 
anions via the abstraction of hydrogen is enhanced by the basic media. Resorcinol is a 
trifunctional fenolic compound that is able to add formaldehyde molecules in three different 
positions (2, 4 and 6), but these uncharged molecules are less reactive than the 
corresponding resorcinol anions. Therefore, when there are OH- anions in the reaction 
media, the hydrogen of resorcinol molecules is abstracted promoting the formation of 
hydroxymethyl derivates. In the second stage, the condensation of these hydroxymethyl 
derivates proceeds via acidic media, generating colloidal particles that start to crosslink 
producing aggregates with a diameter of around 7-10 nm (Al-Mutasheb & Ritter, 2003).  
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Fig. 4. Mechanism of resorcinol-formaldehyde polymerization  
(based on reference Al-Mutasheb & Ritter, 2003). 
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According to this mechanism, the initial pH of the solution is a very important operating 
condition because it controls the polymerisation, the subsequent crooslinking and therefore, 
the final porous texture of carbons gels. It is for this reason that some compounds are 
usually added to the reactants in order to modify the pH of the media. Some authors claim 
that these compounds are simply pH regulators and therefore not the usually named 
catalysts (Job et al., 2005) while others postulate that the nature of the compound used (i.e., 
an ion) is going to have a direct bearing on the pH and therefore it is a real catalyst (Fairén-
Jiménez et al., 2006; Tian et al., 2011b). In any case, independently on the nature of the 
compound used the R/C (resorcinol/catalyst molar ratio), is a parameter usually mentioned 
in the synthesis receipt and it is directly related with the pH of the reaction media. 
Therefore, at high catalyst concentrations, i.e. as the pH increases, the first addition reaction 
is favoured and therefore, very branched and unstable aggregates are formed, leading to 
smaller more interconnected polymer particles (see Figure 5b). The condensation reaction 
resulting from such small particles produces materials with smaller pores (Lin & Ritter, 
1997; Job et al., 2004). In contrast, when the initial pH decreases, the formation of 
hydroxymethyl derivates is slow; this results in a smaller number of resorcinol anions. 
Naturally, polymeric particles have enough time to grow, producing large but weakly 
branched aggregates. The condensation of such less interconnected polymeric particles leads 
to higher pore sizes, illustrated in Figure 5c. Therefore, it is possible to affirm that the pH of 
the precursor solution plays a very important role in the sol-gel reaction because it 
determines the size of the polymeric particles formed during the gelation and curing stages 
and, accordingly, the size of the pores in the final carbonaceous material (Calvo et al., 2011a; 
Lin & Ritter, 1997; Job et al., 2004; Zubizarreta et al., 2008a). 
 

 
Fig. 5. Schematic representation of the influence of the pH of the precursor solution on the 
final nanostructure of the carbon gels obtained. 
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2.1.2 Drying  
Once a stable three-dimensional polymer has been obtained, it is necessary to remove the 
solvent used as the reaction media. There are different types of drying methods, each of 
which produces materials with different properties. Therefore drying is another synthesis 
condition that needs to be taken into account when trying to control the final properties of 
the nanostructure organic gel (Czzakel et al., 2005; Job et al., 2005). The most widely drying 
methods used are: (i) subcritical drying, i.e. drying the gels by simple evaporation of the 
solvent (at ambient pressure and temperatures of around 100-150 °C); (ii) supercritical 
drying, which means eliminating the solvent in supercritical conditions (high pressures and 
temperatures), and (iii) freeze-drying, i.e. the solvent is frozen and then removed by 
sublimation. A scheme of the different ways of eliminating the solvent is presented in Figure 
6, whilst a more detail description of each of them and their influence on the final properties 
of the carbon gels is described below. 
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Fig. 6.  Scheme of the different ways of removing the solvent used in the synthesis of organic 
gels. 

The drying of organic gels under subcritical conditions is based on the evaporation of the 
solvent. Unlike other types of drying, by means of subcritical conditions, the formation of a 
liquid-vapour interface takes place. Therefore, when the solvent inside the pores of the 
material evaporates, the pores are subjected to high tension which causes the partial collapse 
of the structure. In order to reduce the capillary forces responsible for the partial destruction 
of porous texture, according to some pusblished works (Kraiwattanawong et al., 2011; Lee et 
al., 2010) before performing the evaporation of the water used as solvent, it can be 
exchanged with another solvent with a lower surface tension. Possible candidates to 
substitute for water could be, for example, acetone or cyclohexane (the surface tension of 
water at 20 °C is 72.25x103 Nm-1 while in the case of acetone and cyclohexane it is 23.7x103 
and 25.5x103 Nm-1, respectively). However, it must be said that in some cases the partial 
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shrinkage of the structure when water is used as a solvent may not be of any significant if 
the porous texture desired for a specific application is micro or micro-mesoporosity and an 
easy and cheap process is required. When the solvent is eliminated by evaporation, the 
resulting organic gel is called xerogel. This kind of drying is the cheapest and easiest to 
perform, and usually the process is quite rapid (i.e. hours). Furthermore, according to some 
recent studies (Calvo et al., 2011a; Job et al., 2006; Leonard et al., 2005; Zubizarreta et al., 
2008b) if the different evaporation conditions (i.e. the type of the solvent used, the 
temperature of evaporation, the carrier gas used during evaporation, use of vacuum, 
microwave heating, etc.) are correctly selected, it is possible to control the porous texture in 
order to obtain either microporous, micro-mesoporous or micro-macroporous materials. 
Traditionally, although the most widely drying method used is supercritical drying, it is 
also the most expensive and complicated. Based on the removing of the solvent under high 
pressure and temperature, it is the best way to preserve the porous texture and structural 
properties created during the synthesis of the gels. The materials prepared by this method 
are called aerogels. In order to soften the conditions of supercritical drying, the solvent is 
usually replaced by CO2 before its elimination under supercritical conditions. The 
temperature needed to remove CO2 is lower than that of any organic solvent due to its lower 
surface tension, so most of the published studies on carbon aerogels make a preliminary 
exchange of solvent (Carrot et al., 2007; Liu et al., 2006; Tian et al., 2011a). The main problem 
is that the most commonly solvent used (i.e., water) needs to be exchange with an organic 
solvent, prior to be replacing by CO2, complicating the procedure with several steps. Thus, 
the aqueous gels must to be placed in an organic solvent (i.e. acetone) for several days to 
completely remove the water and after that, the organic solvent is exchanged with liquid 
CO2 which will finally be removed under supercritical conditions (Carrot et al., 2007). 
Another option is to remove the organic solvent directly under supercritical conditions, 
thereby by-passing the CO2 exchange step (Liang et al., 2000; Wiener et al., 2004). However, 
although this second procedure avoids one of the steps in the drying process, the process 
usually requires more drastic operating conditions with respect to pressure and temperature 
apart from the fact that the aerogels obtained undergo a greater structure collapse and 
density than aerogels dried following the first recipe. Carbon aerogels are characterized by 
high pore volumes, which make these materials applicable in a huge number of application 
fields. However, the main disadvantage of supercritical drying, in addition to the difficulty 
and extremely high costs associated with the method, is the time needed to obtain dry gels 
as the solvent exchange steps require several days (Carrot et al., 2007; Job et al., 2005; Liu et 
al., 2006). 
The third drying method, which results in materials called cryogels, is based on the freezing 
and subsequent removal of the solvent by sublimation. This method is an effective way of 
preparing gels with a controlled pore structure. The costs associated with freeze-drying are 
lower than those of supercritical drying, but it is still a more expensive method than drying 
by simple evaporation of the solvent (Yamamoto et al., 2001). In the case of aqueous gels, it 
is possible to freeze the water directly by placing the wet gel in a liquid nitrogen bath. 
Afterwards, the solvent is removed by sublimation under low pressures. This procedure can 
lead to dramatic changes in the density of the cryogels after freezing and also to the 
formation of megalopores or voids as a result of the creation of crystals inside the structure 
of the gels (Job et al., 2005; Kocklenberg et al., 1998). To prevent the formation of crystals 
which may deform the designed nanostructure of the polymer, the solvent is replaced 
before drying the gel. The most common solvent used for this purpose is t-butanol (Feaver 
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& Cao, 2006; Mukai et al., 2005b; Yoshimune et al., 2008), as it causes fewer changes in 
density than water and the vapour pressure is higher, which reduced the drying time. The 
advantage of this type of drying process is the possibility of obtaining high mesopore 
volumes (Yoshimune et al., 2008). As for the disadvantages, it should be highlighted that it 
is very difficult to prepare monoliths and in addition, in order to avoid the appearance of 
megalopores, it is necessary to perform a solvent exchange which entails an extra step and 
therefore and increase in time and costs. 
To conclude this section of drying methods, it needs to be affirmed that the choice of drying 
conditions will determine the textural and structural properties of the final materials. 
Moreover, none of the drying methods are perfect, all three have their advantages and 
disadvantages (reported in Table 1), and the choice of method will depend on the 
requirements of the final applications. 
 

DRYING 

METHOD 
MATERIAL ADVANTAGES DISADVANTAGES 

SUBCRITICAL Xerogel 

- Simple, rapid and 
cheap method 

- High surface areas 
and pore volumes 
can be achieved 

- Presence of capillary 
forces that destroy part 
of the initial porosity 

SUPERCRITICAL Aerogel 
- No shrinkage of 

pore texture 

- Requires high 
temperatures and 
pressures 

- Extremely high cost 
- Long times required 
- Necessary to perform, 

at least, one solvent 
exchange with CO2 

FREEZE Cryogel 

- Low shrinkage 
- Materials with 

higher pore 
diameter 

- High cost, long time 
and complicated 
method 

- With aqueous gels, it is 
essential to exchange 
the solvent 

Table 1. Summary of the main characteristics of the drying methods used in the field of 
carbon gels. 

2.2 Thermal treatments of organic gels 
The thermal treatment of the organic gels, i.e. carbonization, allows the removal of non-
crosslinked organic chains, labile oxygen and hydrogen surface groups, resulting in 
thermally stable nanostructured materials formed mainly by carbon. This type of 
nanostructure endows the materials with a series of electrical, thermal and mechanical 
properties that are very useful in applications related to catalysts, energy storage, etc. (Al-
Mutasheb & Ritter, 2003). The main targets of the carbonization step are to obtain thermally 
stable carbonaceous materials and promote the development of microporosity in the gels. 
The nanostructure developed during the synthesis of the organic gel usually remains intact 
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during the carbonization step, and therefore the meso and macroporosity obtained is 
preserved as it was previously designed. However, during the carbonization step the 
elimination of volatiles and labile matter leads to the formation of microporosity, mainly 
localized in the nodules of the polymer (see Figure 5a). Thus, the meso-macroporosity is 
controlled during the synthesis of organic gels while the microporosity is controlled 
independently during the carbonization step, which supposes a great advantage respect to 
design and control the porous texture of these materials. Usually, organic gels are 
carbonized by heating the samples in a furnace under inert atmosphere (i.e. N2, Ar or He) 
for a specific period of time. Although most of the published works on carbon gels use N2 or 
Ar as inert gas during the carbonization step, others use a reactive gas to modify the internal 
structure of the material. For example, K.Y. Kang et al. (Kang et al., 2008), showed that it 
was possible to perform the carbonization under an ammonia atmosphere (process known 
as ammonization). As a result, in addition to develop the microporosity of the samples, 
nitrogen functionalities are incorporated into the structure. 
Like other steps involved in the synthesis process of organic gels, carbonization has also an 
important influence on the final properties of the material. The most important variables 
that have a significant influence on the characteristics of carbon gels are: temperature and 
time of carbonization, type of gas and flow rate used, heating device used, etc. Several 
authors have studied the influence of carbonization temperature on the porosity of carbon 
gels. Whereas some of these studies affirm that an increase in carbonization temperature 
leads to a loss of microporosity (Lin & Ritter, 2000). Others affirm the opposite, i.e. an 
improvement in microporosity when the temperature increases (Kang et al., 2008). C. Lin 
and J.A. Ritter (Lin & Ritter, 2008) evaluated the dependence of porous texture with 
carbonization temperature by performing the carbonization under N2 flow at several 
temperatures (600, 750, 900, 1050 y 1200 °C). Their results reflected than the optimum 
temperature was 600 °C because as the temperature increased, smaller micropore volumes 
were reported. In addition, the present work shows that carbonization temperature does not 
influence the mesoporosity of the samples, which corroborates the affirmation that meso-
macroporosity is developed during the synthesis of the organic gels while the appearance of 
micropores occurs during the subsequent carbonization stage (Al-Mutasheb & Ritter, 2003). 
Other work on the influence of carbonization temperature has also been carried out by K.Y. 
Kang et al. (Kang et al., 2008) but, in that case, the process was performed at 650, 850, and 
950 °C under flows of nitrogen and ammonia. Results showed that higher temperatures 
promote the development of porosity. The bibliography, therefore, apparently contains 
contradictions regarding the real influence of the carbonization temperature on 
microporosity development of carbon gels. The reason for these divergences is probably that 
many other variables, such as the R/F molar ratio, the pH of the precursor solution, the type 
of catalyst used, etc., lead to different nanostructure materials that react in a different way 
with the increase of temperature. The nature of gas used during the carbonization may also 
have an effect on the porous and structural properties of carbon gels. Starting with the 
porous texture, most of the literature about carbon xerogels uses N2 or Ar atmosphere as 
carrier during carbonization, resulting in materials with specific surfaces areas of 
approximately 600-700 m2 g-1 (Calvo et al., 2011a; Job et al., 2004; Matos et al., 2006; Zhu et 
al., 2007). However, it has been reported that the treatment of organic xerogels with 
ammonia produces carbon xerogels with specific surface areas above 1000 m2 g-1 (Kang et 
al., 2008). Moreover, differences in the chemical characteristics of the samples may also 
appear due to the nature of the atmosphere. For example, carbon xerogels prepared by 
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means of ammonia-assisted carbonization contain approximately 6-7 wt. % of nitrogen 
while in the case of organic xerogels carbonized under nitrogen atmosphere, the amount of 
nitrogen does not exceed 1 wt. %. These examples show the huge influence of the 
carbonization process on the final properties of carbon gels and, as in the case of the other 
synthesis variables, a correct choice of carbonization conditions allows to obtaining a 
material with the appropriate properties (both porous and chemical) for a specific 
application. 
Carbon gels can be also subjected to activation processes after or during the carbonization 
step. The aim of activation processes is to increase the surface area and volumes of the pores 
created during the synthesis, and also to promote their widening, especially in the case of 
the narrower pores. Therefore, it is very common to activate carbon xerogels, where the 
porosity is narrower and lower, and they are usually used in applications where besides 
narrow mesopores a high volume of micropores are needed. It is generally accepted that 
there are two types of activation methods: physical activation, by means of CO2, steam, or a 
combination of both (Lin & Ritter, 2000) and chemical activation, where the activation agent 
may be KOH (Fang & Binder, 2006; Macia-Agullo et al., 2007; Zubizarreta et al., 2008c ), 
H3PO4 (Conceição et al., 2009; Jagtoyen et al., 1993), ZnCl2 (Olivares-Martín et al., 2006), etc. 
In all cases, it is essential to optimize a number of variables due to their notable influence on 
the final porosity. Some of these variables are: temperature and time of activation, activating 
agent and precursor used (i.e., organic or carbon gels as precursor), amount of activating 
agent, gas flow and heating rate, etc. (Fang & Binder, 2006; Lozano-Castelló, 2002). Chemical 
activation processes take place in two stages: (i) the precursor is mixed with the activating 
chemical agent and this can be done in two different ways, by physical mixture, i.e. the two 
solid products are directly mixed in a mortar, or by wet impregnation, when the sample is 
mixed with a concentrated solution of the selected chemical agent for a specific time at low 
temperature (< 100 °C); in the latter case the slurry formed must be subsequently dried 
before the process is continued; (ii) the mixture is subjected to thermal treatment under an 
inert atmosphere up to a selected temperature that may range from 300 to 900 °C, 
depending on the activated agent used. When this thermal treatment is completed, the 
sample must be washed with water several times in order to remove traces of chemical 
agent. Finally, the sample is dried. One of the main  disadvantages of this type of activation, 
apart from the higher cost of the activating agents (KOH, H3PO4 vs. CO2 and steam water, 
for instance), is the washing stage since, in addition to lengthen the process, sometimes it is 
extremely difficult to completely remove all the traces of the residual activating agent. 
Despite these drawbacks, chemical activation has several advantages compared to physical 
activation including the lower temperature and activation time, higher yield and higher 
development of porosity achieved (Lozano-Castelló, 2002; Molina-Sabio et al., 2004; Teng & 
Wang, 2000). Physical activation consists of (i) thermal treatment of the precursor in an inert 
atmosphere and the successively controlled gasification of the carbonaceous material or (ii), 
the direct activation of the raw material in the presence of the activating gas. The main 
characteristics of physical activation are: higher temperatures than chemical activation 
(between 800-1100 °C), a more heterogeneous micropore size and very simple method 
(Okada et al., 2003). The effect of the type of precursor on the porosity of final materials is 
well known in the case of chemical activation, whereas in physical activation processes, 
further studies are needed to determine the relevance of this variable. Published works on 
chemical activation of organic and carbon gels have shown that in the case of carbon gels, 
chemical activation produces an increase in micropores volume without modifying the 
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mesoporous structure formed during the synthesis of the gels. However, when the chemical 
activation of organic gels is performed, mainly microporous materials are obtained since the 
mesoporosity created during the synthesis is severely damaged. This phenomenon again 
shows the versatility of these carbonaceous materials because, by means of chemical 
activation processes, only by varying the precursor used, it is possible to prepare mainly 
microporous materials with a small amount of mesopores or materials characterized by a 
high micropore volume but also by a significant amount of mesopores with a controlled size 
depending on the pH of the initial solution (Zubizarreta et al., 2008c). In chemical activation, 
several works in the literature evaluate the influence of the amount of chemical agent used 
on the final characteristics of the carbon gels. Usually, as the activating agent/precursor 
ratio increases, a further development of the microporosity takes place. However, it seems 
that there is a limit to this ratio, above which the specific surface area begins to decline. 
Thus, Zubizarreta et al. (Zubizarreta et al., 2008c) showed that in the chemical activation of 
different carbon xerogels with KOH, the activating agent/precursor mass ratio greatly 
influences (but not always in the same way) the porous texture of the activated carbon 
xerogels. The authors have used ratio values of 1, 2, 3 and 4 and observed that in some cases 
the maximum surface area was achieved with a ratio of 3, whilst with other samples the 
maximum was achieved using a ratio of 4. Different results were obtained depending on the 
pH of the initial solutions used to synthesize the materials. Highly microporous carbon 
xerogels can also be prepared by chemical activation with phosphoric acid (Conceição et al., 
2009). In this work, several impregnation ratios were used and their influence on the final 
characteristics on the material was evaluated. It is noteworthy that for all the impregnation 
ratios employed, the mesoporosity of original samples was destroyed, which is consistent 
with the findings of other scientific studies (Zubizarreta et al., 2008c). In addition, the higher 
the impregnation ratio, the greater the development in porosity. However, it should be 
noted that differences between samples was not very significant, since with ratios of 1, a 
carbon xerogel with a specific surface area of 1525 m2 g-1 was obtained while if the 
impregnation ratio was tripled, an increase in specific surface area of barely 200 m2 g-1 was 
achieved. 
From the examples showed in this section 2.2, both in carbonization and activation 
processes, is clear that the porous texture of carbon xerogels can be designed by modifying 
several synthesis conditions. This is of huge relevance as it reveals the carbon gels as a 
nanostructured material with a great potential as it is possible to tailor specific properties of 
this kind of materials to adequate them for an optimum behavior in a wide variety of 
scientific fields and applications. 

2.3 Another post-synthesis treatments 
As already mentioned, the most interesting characteristic of carbon gels is the possibility of 
tailoring the final properties in order to prepare them for a specific application (al-Mutasheb 
& Ritter, 2003; Czzakel et al., 2005; Job et al., 2004, 2005; Pekala, 1989; Zhang et al., 2007; Zhu 
et al., 2007; Zubizarreta et al., 2008a), control and design achieved by selecting the 
appropriate variables involved in the synthesis. There are many possible bottoms to be pressed 
to obtain the right results. Nevertheless, the porous texture is not the only factor that 
determines the optimum performance of the carbon gels in a specific application. Surface 
chemistry also plays a relevant role, due to the interactions between the fluids and the 
carbon surface (i.e. the possibility of redox reactions, charge transfer, different wettabilities 
depending on the surface chemistry, the blockage of reactive sites, etc. (Serdich et al., 2008)). 
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Therefore, there has been an increase in the number of published works focused on the 
tuning of the surface chemistry of carbon gels in recent years and these processes can be 
performed in several ways. For example, carbon gel functionalisation can be carried out 
with post-synthesis treatments, such as oxidation using different oxidizing agents, HNO3, 
H2O2, air, etc. (Gryzb et al., 2010; Mahata et al., 2008), treatments with compounds such as 
ammonia, melamine or ammonia borane (Gorgulho et al., 2009; Pérez-Cadenas et al., 2009; 
Sepheri et al., 2009), with the aim of incorporating nitrogen and borane groups, respectively, 
into the structure of carbon gels. Alternatively, heteroatoms can be directly added during 
the synthesis using heteroatom-containing polymeric precursors, i.e. melamine, urea, 
cellulose acetate, etc. (Gryzb et al., 2010; Long et al., 2008b). Rather than in post-synthesis 
treatment, this is a modification of the synthesis receipt and therefore, the polymerization 
process would vary since the initial reactants are different. 
Regarding to oxidative processes, oxygenated surface groups are incorporated using liquid-
phase oxidants (e.g. nitric acid, hydrogen peroxide, ammonium persulphate) or gas-phase 
oxidants (i.e. air, steam, oxygen, etc.). The nature of the oxygenated functionalities 
incorporated depends not only on the type of oxidizing agent used, but also on the conditions 
in which the oxidative process is carried out. For example, N. Mahata and co-workers (Mahata 
et al., 2008), studied the type of oxygen surface groups created in carbon xerogel structures by 
means of three different oxidation treatments (oxygen plasma, nitric acid and diluted air). Of 
the three oxidative treatments, HNO3 oxidation produces largest amount of carboxylic acid 
groups, but the amount of oxygen groups created is difficult to control and besides, high 
concentrations of HNO3 are needed. Each of the three processes produces carbon xerogels with 
different surface chemistry. Consequently, the choice of oxidizing agent should be made 
according to the application requirements for which the carbon gels are intended. Another 
work focusing on the oxidation conditions of carbon xerogels with HNO3 was published by 
Silva et al (Silva et al.., 2009). In this work, HNO3-hydrothermal oxidation was carried out 
using several concentrations of nitric acid (from 0.01 to 0.30 mol l-1) at different operating 
temperatures (between 120 and 200 ºC) and the results show that both the concentration of 
HNO3 and temperature notably influence on the level of oxygen functional groups created on 
the surface of carbon xerogels. There is a clear correlation between the degree of 
functionalization and the HNO3 concentration used. The temperature of functionalisation may 
also affect the porosity of the final carbon xerogels. Unlike the partial blockage of the pores 
produced in oxidative processes with concentrated HNO3, the HNO3-hydrothermal method 
not only maintained the porous texture of carbon xerogels but also, when the operating 
temperature was fixed at 200 ºC, there was even an increase in the specific surface area of 
carbon xerogels oxidized with a high concentration of HNO3 solution. Another published 
study covering several types of carbon xerogels post-treatments, was performed recently by 
Grzib and co-workers (Gryzb et al., 2010). A series of nitrogen and oxygen functionalised 
carbon xerogels were synthesized by means of different oxidative processes with HNO3 and 
H2O2, treatments with gaseous ammonia at high temperature and co-heating of carbon 
xerogels with melamine. All of these treatments give rise to a wide range of carbon xerogels, 
with different amounts and type of oxygen and nitrogen groups. This represents a 
breakthrough for applications that, besides a good porosity development, require materials 
with a rich surface chemistry. Out of all the post-synthesis treatments studied, it was found 
that ammonisation produces the most basic carbon xerogels not only because of the 
incorporation of basic N-groups, but also due to the reduction of acidic oxygen functionalities 
within the chemical structure of the carbon xerogels. Oxidation with nitric acid or hydrogen 
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peroxide introduces almost amount of oxygen (about 5 wt. %), while the character of these 
functionalities is quite different. XPS data reported in this work show that H2O2 oxidation 
mainly produces carbon xerogels with oxygen groups like alcohols and ethers, whereas nitric 
acid treatment incorporates esters, lactones and carboxylic groups into the structure of the 
carbon xerogels, results which are consistent with other scientific works. 
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Fig. 7. Main functionality groups that can be incorporated into carbon gels by post-synthesis 
treatments. 

The doping of carbon gels with different metal species (i.e. metals, metal oxides, metal 
carbides) is another common post-synthesis process in carbon gels, since by means of this 
technique it is possible to modify their chemical nature, enlarge their surface area and improve 
their conductivity, thereby increasing the already known potential of this kind of 
carbonaceous materials. Despite the great interest in carbon gels due to the possibility of 
tailoring their porous texture, the presence of metal particles acting as active sites is required 
for specific applications. Consequently, several studies on the doping of carbon gels with 
transition and non-transition metals have emerged in recent years (Chandra et al., 2011; Job et 
al., 2007b; Lee at al., 2011; Liu et al., 2006). For example, in the particular case of energy storage 
in supercapacitors, carbon gels are very promising materials due to their attractive features. 
Supercapacitors assembled with these carbonaceous materials stores energy mainly because of 
the formation of a double electric layer on electrodes surface. However, it is well known that 
specific capacitance can be increased as a result of redox reactions. Hence, in relation to this 
particular application, numerous studies have emerged on the synthesis of doped carbon gels. 
The species that are usually incorporated into carbon gel structures to improve their energy 
capacitance via pseudocapacitive processes are Ni, B, P, Cu, Ca, Co, Mn, etc. (Chandra et al., 
2011; Cotet et al., 2006; Job et al., 2007b; Tian et al., 2010). Carbon gels have also received a 
great deal of attention as hydrogen storage media due to their good adsorption properties that 
are the result of their remarkable textural development. It has generally been accepted that the 
hydrogen storage capacity of carbon materials is directly related with their specific surface 
area and micropore volume (Tian et al., 2010; Zubizarreta et al., 2010). However, the storage 
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capacity values at room temperature are too low, which is a very serious problem for their 
application in mobile devices. In order to overcome this limitation, researchers have proposed 
a doping process of carbon materials to improve the interaction between the hydrogen and the 
carbon surface and, consequently, to enhance their hydrogen storage capacities. Zubizarreta 
and co-workers (Zubizarreta et al., 2010), reported the preparation of Ni-doped carbon 
xerogels by two methods (both post-synthesis treatments): dry impregnation and strong 
electrostatic adsorption, SEA. Their results showed that both treatments produce Ni-doped 
carbon xerogels with a small particle size (2-9 nm) and a good nickel dispersion, but dry 
impregnation method produces carbon xerogels with the higher amount of nickel 
incorporated. In contrast, the SEA method produces materials with a high interaction between 
C-Ni and besides, Ni particles with a very homogeneous size (around 2 nm) are obtained. 
Some of the samples prepared showed very good hydrogen storage capacities, with higher 
values than those of undoped carbon gels, making Ni-doped carbon xerogels good candidates 
for hydrogen storage systems. In another study on metal-doped carbon gels performed by 
Tian et al. (Tian et al., 2010), carbon gels were doped with metallic cobalt particles by means of 
two methods: (i) the addition of cobalt acetate solution to the carbon gels followed by thermal 
treatment and a reduction process, and, (ii) ion-exchange method. It was found that the size of 
the Co particles incorporated into the structure of the materials was between 2 and 8 nm when 
cobalt acetate solution was used and, besides that, these samples had higher surface area and 
micropore volume than the Co-doped carbon gels obtained by the ion-exchange method. The 
hydrogen storage capacity of both types of doped-materials was compared with that of the 
original undoped material and the results show higher values of hydrogen storage in both of 
the metal-doped carbon gels, although the process that presented the better results was doping 
with a solution of cobalt acetate. 
All the studies listed in the bibliography point out the huge versatility of carbon gels and the 
great potential of these materials not only because their tuneable nanostructure but also 
because their chemical nature can be easily altered by post-synthesis treatments. 

2.4 Novel and underdevelopment alternative synthesis conditions 
Over the past few decade, a number of works on alternative methods of manufacturing 
carbon gels by means of different types of electromagnetic radiation (i.e. infrared, ultrasonic 
or microwave) have been published (Calvo et al., 2008; Kang et al., 2008; Tonamon et al., 
2005, 2006; Wu et al., 2004). In some cases, irradiation is applied in order to improve the 
porous texture of the final products, whereas in other cases, the aim is to shorten the 
synthesis process, in order to make carbon gels more cost-competitive materials.  
Wu et al. (Wu et al., 2004) prepared carbon gels from resorcinol, furfural and 
hexamethylenetetramine (HMTA), by means of a drying process that combines drying at room 
temperature, infrared lamp and high-temperature drying. This particular drying method gives 
rise to low-density carbon gels with a well-developed porosity development. However, 
although no solvent exchange or high operating pressures are involved, it is still a long drying 
procedure (about 34 hours). There are many works about polymerization reactions and other 
types of chemical processes that are accelerated by ultrasonic radiation (Neppolian et al., 2008; 
Riera et al., 2010; Suslick et al., 1999; Tonamon et al., 2005). Several authors have employed 
ultrasonic radiation in one or several steps to synthesize carbon gel. Ultrasonic has been found 
to be very a helpful strategy to increase reaction rates, yields of products and, thereby 
shortening the reaction time required. One of the studies that applies sonication to carbon gel 
is that published by Tonamon and co-workers in 2005 (Tonamon et al., 2007). These authors 
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synthesized resorcinol-formaldehyde carbon xerogels under different catalyst concentrations 
by means of ultrasonic irradiation using several intensities in order to evaluate the influence of 
sonication conditions on the porous texture of the materials. First, ultrasounds were applied to 
the resorcinol-formaldehyde mixture until a highly viscous sample was observed, and then the 
rest of the gelation and curing stages were completed by heating in a conventional furnace for 
7 days. In all the samples prepared, the researchers found that ultrasonic irradiation improved 
the mesoporosity of the carbon gels, even in samples for which only a minor presence of 
mesopores could be expected (i.e. SBET = 650 m2 g-1 and Vmeso = 0.53 cm3 g-1 when the carbon 
xerogel was synthesized in the absence of sonication vs. 660 m2 g-1 and 0.93 cm 3 g-1 if the 
intensity of the ultrasonic radiation was increased to 106 W cm-2). In addition, it was observed 
that the higher the ultrasonic intensity, the shorter the gelation times and the higher the 
mesopore volume. In 2006, the same group of researches introduced a new variable in the 
synthesis process of carbon gels, i.e., drying by microwave technology (Tonamon et al., 2006). 
In some cases, the applied ultrasonic radiation to RF aqueous solutions and then they dried the 
samples by means of microwave radiation (after a water-exchange step using t-butanol in 
order to minimize the shrinkage of the structure). The results showed that the presence of 
mesopores was favored when ultrasonic and microwave radiations were combined (i.e. Vmeso 
of 0.59 cm3 g-1 and 0.46 cm3 g-1 for resorcinol-formaldehyde carbon gels dried in a microwave 
oven with and without previous sonication process, respectively). Therefore, one of the 
conclusions of that work was that microwave drying was a new and efficient drying method 
for carbon gels because it resulted in time saving without destroying the meso-macroporosity 
of samples.  
Microwave heating has been used to obtain different organic reactions for several years 
(Kappe, 2004; Menéndez et al., 2010). There are many processes involving carbon materials 
where microwave radiation is the main heating source used because of the good capacity of 
most carbon materials to absorb microwaves. The main advantage of microwave-assisted 
thermal processes is the saving of time, resulting in a reduction in the energy consumed, as a 
result of the different mechanism involved in the heating process (Menéndez et al., 2010).Thus, 
microwave radiation promises to be an effective technology in the field of carbon gels allowing 
their long synthesis time to be reduced and opening up a way to their application to industrial 
scale. As mentioned above, the first works that combine microwave heating and carbon gels 
are based on the application of this type of radiation in some stage of the synthesis process, i.e. 
during the drying stage (Zubizarreta et al., 2008b) or during the gelation and curing stages 
followed by drying in a vacuum oven (Kang et al., 2008). In all these cases, carbon gels with a 
good texture development were prepared in a considerably shorter time than by means of 
conventional heating but even so, the time required for their manufacture were too long. The 
next step would be the utilization of microwave heating for the entire synthesis process of 
carbon xerogels, i.e. during gelation, curing and drying stages. The first researchers that used 
microwave heating in the three stages involved in the synthesis process were Calvo et al. 
(Calvo et al., 2008), when in 2008 they have showed the possibility of obtaining RF carbon 
xerogels with similar characteristics to conventionally synthesized xerogels but with a 
considerable saving of time and energy (i.e. 3-4 hours under microwave radiation compared to 
several days by conventional heating). In addition, there are several other advantages of using 
microwave technology to fabricate carbon xerogels. According to a recent publication (Calvo et 
al., 2011a; Juárez-Pérez et al., 2010), by means of microwave heating is possible to determine 
the gelation point of the carbon xerogels during the sol-gel synthesis, which is essential for 
controlling the viscosity of the reaction media in order to obtain the carbon xerogel in an 
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specific form (i.e., sphere, monolith, film, etc.). Another advantage of microwave radiation is 
the possibility of preparing mesoporous carbon xerogels over a wider pH range than when 
using conventional methods (Calvo et al., 2011a). It was pointed out that, in addition to time 
saving and the ability to accurately determine the gelation time, mesoporous materials with a 
tailored mesopore size can be synthesized in a wider range of pH than in the case of 
conventional heating. For example, with microwave heating, a pH between 4.5 and 6.5 can be 
used to produce micro-mesoporous carbon xerogels and micro-macroporous materials when 
the initial pH is fixed at 3.1, while in the case of conventional methods, only a pH range of 5.8-
6.5 serves micro-mesoporous carbon xerogels.  
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Fig. 8. The microwave device used in the synthesis of carbon xerogels (a) and a scheme 
showing the determination of the gelation point (b). 

3. Properties of carbon gels 

As already pointed out, the main advantage of carbon gels lies in the possibility of tailoring 
their porous texture to accomplish the requirements of the final application, and this can be 
achieved by selecting the appropriate synthesis conditions. While there is an abundant 
literature about the effect of the different stages of carbon gel synthesis (i.e. gelation, curing, 
drying, carbonization and activation) on the surface area, pore volume and pore size 
distribution (Czzakel et al., 2005, Job et al., 2004, 2005; Lin & Ritter, 2000; Matos et al., 2006; 
Zubizarreta et al., 2008a), the situation regarding the mechanical and chemical properties is 
quiet different. Although, in some cases, these parameters may be slightly influenced by the 
synthesis procedure followed, it is usually necessary to carry out additional processes to 
produce any significant changes in the mechanical or chemical properties of carbon gels 
(Gryzb et al., 2010; Gorgulho et al., 2009; Job et al., 2007b; Lee et al., 2011; Pérez-Cadenas et 
al., 2009; Silva et al., 2009). 
In this section, the main factors that have any impact on the final properties of carbon gels 
are reported. Each of the stages involved in the synthesis process is highlighted and 
explained. As can be seen in Table 2, there are several variables to be considered in the 
synthesis of carbon gels, which explains the versatility of these materials since they can be 
obtained with very diverse characteristics depending on the application which they are 
intended. However, this also has its downside because there are a large number of variables 
to consider and control. Moreover, these variables are on many cases interrelated, which 
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complicates their optimization. A different section will be assigned to each group of 
characteristics (textural, chemical and structural). Nevertheless, taking into account the 
information collected in the Table 2, it can be affirmed that: (i) all the variables involved in 
the different stages of synthesis have a remarkable effect on the porous texture of carbon 
gels but, in many cases, their influence on the chemistry and structure of these carbonaceous 
materials remains unknown; (ii) as regards the porosity of carbon gels, it might be said that 
each stage involved in the synthesis is very selective to a specific pore size. For example , it 
is possible to modify the macro/mesoporosity of samples by changing the pH of the 
precursor solution without affecting the development of microporosity, which is 
conditioned by the carbonization and activation steps (Calvo et al., 2008; Conceição et al., 
2009; Job et al., 2004; Lin & Ritter, 2000; Zubizarreta et al., 2008c); (iii) in order to modify the 
chemistry of carbon gels, for example, by incorporating oxygenated functional groups, it is 
necessary to perform extra treatments (Gryzb et al., 2010; Silva et al., 2009).  

3.1 Porous texture 
In this section, the variables that influence the final porous texture of carbon gels are grouped 
according to the synthesis step and the corresponding operating conditions, in order to clarify 
the role that each stage plays. 

3.1.1 Sol- gel process: pH, RF concentration or temperature and time of gelation and 
curing 
Figure 9 shows a picture of four organic xerogels synthesized from resorcinol-formaldehyde 
solutions with a different initial pH (between 5.8 and 6.5). Intuitively it may be said that the 
pH of the precursor solution must be an important factor in the synthesis process of carbon 
gels because of the different colors of these four materials. Actually, numerous works (Al-
Mutasheb & Ritter, 2003; Job et al., 2004; Zubizarreta et al., 2008a) have already established 
that the pH, or hydroxilated benzene/catalyst molar ratio, is the key factor that determines 
the meso/macroporous texture of carbon gels. As a general rule, as the initial pH increases, 
both the volume and the diameter of meso/macropores decrease, while there is no effect on 
the microporosity of the sample. That it is to say, by means of a slight increase in the initial 
pH it is possible to go from micro-macroporous to micro-mesoporous materials and from 
these to exclusively microporous carbon gels (Calvo et al., 2011a; Zubizarreta et al., 2008a). 
 

 
Fig. 9. Resorcinol-formaldehyde organic xerogels prepared from precursor solutions with 
different pHs: from left to right 5.8. 6.0, 6.2 and 6.5. 
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The effect of pH on the porosity of carbon gels can be explained by the polymerization 
mechanism between hydroxilated benzene and aldehyde molecules. Polymerization 
reaction between these two species occurs in two different stages: (i) the formation of 
hydroxymethyl derivatives and (ii) the condensation of these hydroxymethyl derivatives 
and their clustering. At a high initial pH the first stage is favored, giving rise to the 
formation of hydroxymethyl derivatives and then to the formation of highly branched 
clusters. These cross-linked and unstable clusters lead to small and interconnected particles 
that, after condensation, give rise to the formation of pores, mainly mesopores. On the other 
hand, a low initial pH leads to the formation of fewer but bigger clusters that finally result 
in materials with bigger pores in the macropore range (Job et al., 2004; Lee et al., 2010). This 
is shown in Figure 5. 
From the abundant literature that shows the dependence of the porosity of carbon gels on the 
initial pH (Calvo et al., 2008, 2011a; Job et al., 2004; Zubizarreta et al., 2008a), it would appear 
that the maximum pH that can be used to synthesize porous carbon gels is about 7.0. What is 
more, when the carbon gels synthesized in this study were compared, it was observed that 
variations of only 0.2 units in the initial pH promote significant changes in the size of 
mesopores. For example, the maximum mesopore diameter for a RF carbon xerogel can 
change from 26 nm to 14 nm when an initial pH of 5.8 and 6.0 were used. The same trend was 
observed for two series of carbon xerogels synthesized under microwave and conventional 
heating (Calvo et al., 2008). In both cases, conventional and microwave-assisted synthesis, 
carbon xerogels with a higher pH have smaller mesopore size. Moreover, a more recent study 
(Calvo et al., 2011a) shows that for microwave-assisted synthesis, the pH window used for 
producing micro-mesoporous materials of different mesopore size is about two units of pH 
(between 4.5 and 6.5), whereas synthesis in a conventional stove has a smaller pH window 
(between 5.8 and 6.5). The pore size distributions of these xerogels are collected in Figure 10 in 
order to see the porous texture in relation to the initial pH and the type of heating device used. 
This example confirms that there are interactions between the variables involved in the 
synthesis process. It can be seen that the same variations in initial pH do not produce similar 
carbon xerogels due to a new variable, i.e. the type of heating device used. 
 

 
Fig. 10. Pore size distribution of resorcinol-formaldehyde prepared with different pH and 
heating mechanisms: conventional (a) and microwave radiation (b) (adapted from reference 
Calvo et al., 2011a). 
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Conversely, the effect of the concentration of reagents on the porosity of carbon gels has not 
been studied in depth. Most published works on carbon gels synthesized from resorcinol-
formaldehyde mixtures use a molar ratio R/F = 0.5 (Al-Mutasheb & Ritter, 2003; Job et al., 
2004; Zhang et al., 2007; Zhu et al., 2007; Pekala, 1989). This is because formaldehyde only 
has one aldehyde group able to interact with other groups while resorcinol molecules 
display two hydroxyl groups. Nevertheless, some studies use a lower molar ratio R/F, that 
it is to say, a more diluted RF solution, leading to carbon gels with smaller particle sizes and, 
therefore, smaller pore sizes (Al-Mutasheb & Ritter, 2003). 
The synthesis procedure of carbon gels found in most of the published literature involves the 
heating of the monomers solution at temperatures ranging between 70 and 90 °C for 3-5 days 
in order to perform the gelation and curing stages (Pekala, 1989). The synthesis temperature 
and time affect the porosity of resulting materials. However, according to the results reported 
by Job et al. (Job et al., 2006), the effect on the porous structure is not the same in every carbon 
gel because the most important variable in this sol-gel synthesis, i.e. the initial pH, again comes 
into play. These authors studied the effect of several combined parameters, gelation and 
ageing temperature (50, 70 and 90 °C) and ageing time (between 0 and 72 hours), in three 
series of organic xerogels obtained from precursor solutions with different pH. In all the 
examples shown, the increase in temperature leads to lower gelation times, which is consistent 
with other works (Al-Mutasheb & Ritter, 2003; Job et al., 2007a; Kim et al., 2001). Moreover, as 
the synthesis temperature increases, the ageing time may be shortened (i.e. samples 
synthesized at 50 °C do not reach stability after 72 hours while in the case of 70 or 90 °C, the 
polymerization reactions are completed after 24 or 48 hours, depending on the initial pH). In 
general, it can be said that increasing the synthesis temperature yields narrower pores but this 
statement does not apply in all cases due to the influence of the pH. If the ageing time is 
increased, higher surface areas and pores volume are achieved, but once the polymerization 
reaches stability, the increase in ageing time scarcely has any influence on the porosity of 
materials. However, it should be noted that it is not easy to establish trends for each of the 
variables involved in the sol-gel process because a slight change in one variable,  like the pH, 
implies a variation in the effect of other parameters, for example the synthesis temperature. 

3.1.2 Drying: Heating device and drying temperature 
It is particularly difficult to establish a direct relationship between the drying method and 
the textural properties of carbon gels because the effects produced by other variables such as 
the initial pH, synthesis temperature and time can conceal it. However, according to some 
works in which aero, cryo and xerogels were compared, it was reported that carbon gels 
with a higher pore size, large mesopores and macropores, are mainly achieved under 
supercritical and freezing conditions. In contrast, carbon xerogels are susceptible to a high 
degree of shrinkage of their porous nanostructure due to the surface tensions caused by the 
solvent upon the vapor-liquid interface (Czzakel et al., 2005; Job et al., 2005; Qin et al., 2001). 
As a result of the partial collapse of their structure, carbon xerogels possess a smaller pore 
size than their aero and cryogel counterparts. However, it should be noted that several 
works suggest that it is possible to prepare meso-macroporous carbon xerogels by 
employing low values of initial pH, although with lower pores volume than aerogels and 
cryogels (Calvo et al., 2011a). Subcritical drying is the cheapest, simplest and fastest 
procedure, since the other two methods require extra processes of solvent exchange and 
extreme operating conditions.  However, in general, the choice of the drying method is 
conditioned by the requirements of porosity in the final application. 
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Czakkel and co-workers (Czzakel et al., 2005) published in 2005 a study on carbon gels dried 
under different conditions, keeping the rest of variables involved in the synthesis process 
constant. They obtained a SBET of 2650, 1010 and 891 m2 g-1 and a Vp of 2.05, 0.79 and 0.44 
cm3 g-1, for cryogels, aerogels and xerogels, respectively, and concluded that freeze-drying 
promotes the formation of materials with a larger textural development. The same trend 
was also observed in another work in 2005 (Job et al., 2005), where three types of drying 
methods were studied but in this case, precursor solutions with different pH were used. 
Carbon cryogels presented a higher specific surface area and pore volume than the other 
types of carbon gel in three out of the five series studied, those with lower pH. No clear 
trend was observed in the sizes of the meso and macropores of aerogels and cryogels 
synthesized. Nevertheless, in the pH range evaluated, carbon xerogels were the materials 
with the smallest meso and macropores. 
In the case of carbon xerogels, some studies report the porous texture differences resulting 
from evaporative drying under different conditions (Kraiwattanawong et al., 2011; 
Zubizarreta et al., 2008a). For example, carbon xerogels with a good textural development 
and significantly reduced synthesis time (up to 98%) were obtained using microwave 
heating (Zubizarreta et al., 2008b). Furthermore, as illustrated in Figure 11, the microwave 
process allows the tailoring of the porous texture of the carbon xerogels depending on the 
initial pH, or R/C.  
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Fig. 11. Influence of R/C molar ratio on the pore size distribution of different carbon 
xerogels dried by microwave heating (adapted from reference Zubizarreta et al., 2008b). 

Another factor to be taken into account is the drying temperature. A number of studies 
show that the removal of the solvent should be performed with a smooth gradual increase 
in temperature in order to avoid the collapse of the porosity. In most of the works, the 
drying stage was carried out at approximately 85-150 ºC for the necessary time to remove 
the solvent inside the structure of the material, but using very slow temperature programs 
(Job et al., 2005). 
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3.1.3 Carbonization: Temperature, heating rate and atmosphere used 
The aim of the carbonization stage is, on the one hand, to obtain thermally stable materials, 
mostly composed of carbon atoms and, on the other hand, to develop the microporosity of 
carbon gels (Al-Mutasheb & Ritter, 2003; Quin & Guo, 2001). Variables such as final 
temperature or heating rate have a significant influence on the textural properties of carbon 
gels while the type of atmosphere (inert or reactive), in addition to its impact on porosity, 
has a notable repercussion on their surface chemistry. 
Most published works on the influence of carbonization temperatures on the textural 
characteristics of carbon gels agree that increasing the temperature leads to materials with 
a lower surface area and pore volume (Lin & Ritter, 2000). Thus, the microporosity of 
carbon gels is reduced when the carbonization temperature is increased. However, it is 
necessary to discriminate between ultramicropores, pores with diameter less than 0.7 nm 
and supermicropores, in the 0.7-2.0 nm range. Lin and Ritter (Lin & Ritter, 2000), 
evaluated the effect of carbonization temperature   (600, 750, 900, 1050 and 1200 ºC) on 
these two groups of micropores and concluded that the decrease in the surface area at 
higher temperatures is mainly due to the smaller number of micropores in 0.4-0.7 nm 
range. The carbon gels reported in this work are also composed of micropores with a 
diameter between 1-2 nm, whose volume decreases at low temperatures (600-900 ºC), 
while when the carbonization was performed at 1050 and 1200 ºC, their volume increased 
indicating that high temperatures destroy ultramicropores but create a greater amount of 
larger micropores. 
The carbonization temperature is the most important parameter in the pyrolysis 
processes. However, other factors such as heating rate and carbonization atmosphere 
have also some influence on the textural properties of carbon gels (Kang et al., 2009). 
Overall, the heating rates used during pyrolysis are around 5-15 °C (Wu et al., 2004; 
Yoshimune et al., 2008; Zubizarreta et al., 2008a) since higher heating rates would mean a 
lower microporosity development, as reflected by several works that evaluate the 
different conditions in the carbonization processes of several carbon materials (Kuo et al., 
2005; Liou, 2004). 
Regarding the influence of the carbonization atmosphere, it seems that inert gases produce 
the materials with the lowest textural development. For example, carbon gels prepared 
under a N2 atmosphere usually have specific surface areas about 600-700 m2 g-1 (Calvo et al., 
2008; Kraiwattanawong et al., 2011; Zubizarreta et al., 2008a), whereas this parameter can 
reach 1000 m2 g-1 when the pyrolysis step is carried out under ammonia or CO2 atmosphere 
(Kang et al., 2009). 

3.1.4 Activation: Physical or chemical activating agent, activating agent/precursor 
ratio, type of precursor and activation time and temperature 
Usually the temperature used for physical activation range between 700-1100 ºC for 
different lengths of time, ranging from few hours (Guo et al., 2009; Lin & Ritter, 2000; 
Nabais et al., 2008; Zhao et al., 2007) to 24 hours (Contreras et al., 2010). The activation 
time and temperature are very important variables since they can notably modify the 
microporosity of the resulting materials, and even the narrower mesoporosity. Usually, 
increasing the temperature promotes higher development of carbon gel microporosity. As 
an example, Lin and Ritter (Lin & Ritter, 2000), performed the physical activation of 
resorcinol-formaldehyde carbon xerogels with CO2 at 1050 ºC for several activation times: 
0.5, 1, 2 and 3 hours. The carbon xerogels reported in this study were found to have 
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significant volume of micropores in the 0.6 nm range, micropores whose diameter is 
centered at approximately 1.3 nm and also mesopores ranging from 2-10 nm. The increase 
in the activation time produced a more developed pore structure since the total pore 
volume increased. The amount of ultramicropores increases until it reaches its maximum 
value after 2 hours of activation, while the volume of large micropores and smaller 
mesopores rises consistently with activation time. These results lead to the conclusion that 
in more prolonged activation processes, not only does the creation of micropores take 
place but also the destruction of the narrower micropores which are sometimes converted 
into large micropores and small mesopores. This phenomenon has also been found in 
another study performed by Contreras and co-workers (Contreras et al., 2010), where 
physical activation processes with CO2 at 900 ºC for 4, 8 and 16 hours resulted in carbon 
xerogels with specific surface areas of 1015, 1365 and 2180 m2 g-1, respectively, and 
micropores of size 1.0, 1.1 and 1.4 nm, corroborating the development of porosity and the 
widening of micropores with the increase in activation time. In the same publication, the 
influence of another variable involved in the activation processes, i.e. temperature, upon 
the porosity of materials was evaluated. Two activation temperatures were studied, 800 
and 900 ºC, and it was found that the highest temperature produced a greater 
development in microporosity, as reflected by the increase in SBET, VDUB-N2 and VDUB-CO2. 
With these examples, it is possible to affirm that the development of microporosity 
increases with higher activation temperatures and times, i.e. as the burn-off increases, a 
phenomenon consistent with other works that deal with physical activation processes of 
different type of materials (Guo et al., 2009; Roman et al., 2008). 
As expected, chemical activation processes are also conditioned by many variables such as 
the activation time and temperature, the amount of activating agent or type of precursor 
(Conceição et al., 2009; Contreras et al., 2010; Zubizarreta et al., 2007). With regard to the 
activating agent/precursor ratio, several studies have reported that the increase in the 
amount of chemical agent leads to materials with a higher textural development, although 
it should be pointed out that there is a maximum value above which surface area begins 
to decrease (Zubizarreta et al., 2008c). Conceição et al. (Conceição et al., 2009) published a 
work on the chemical activation with H3PO4 of resorcinol-formaldehyde aerogels using 
different impregnation ratio values (H3PO4/gel = 1, 2 and 3). The increase in the amount 
of H3PO4 leads to a higher total pore volume (i.e. 0.65, 0.94 and 1.41 cm3 g-1 for samples 
obtained using impregnation ratios of 1, 2 and 3, respectively). The narrower micropores 
widen and, therefore, the volume of the ultramicropores decreases (i.e. 0.16, 0.15 and 0.13 
cm3 g-1), unlike the volume of supermicropores and narrower mesopores that increases 
with higher impregnation ratios, a phenomenon similar to that explained in the preceding 
paragraph regarding the effect of temperature on physical activation processes. This trend 
was also observed in chemical activation processes of RF xerogels by adding different 
amounts of KOH (Zubizarreta et al., 2008c). As the activating agent/precursor mass ratio 
increases, carbon xerogels evolve from exclusively microporous to micro-mesoporous 
materials when the A/P ratio is 4. As the KOH/precursor mass ratio increases, both the 
specific surface area and micropore volume increase but sometimes, when A/P > 3, both 
parameters decrease as a result of the widening of the micropores, which are then 
conerted to narrow mesopores. 
Another noteworthy variable in chemical activation processes is the type of precursor 
used. According to different works (Calvo et al., 2011b; Zubizarreta et al., 2008c), the 
chemical activation of carbon gels develops the microporosity notably without modifying 
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the pristine meso-macroporosity, as a result of the thermal stability of carbon gels. 
However, when carbonization and activation are simultaneous processes, the reactivity of 
the organic gels causes the destruction of most of the meso and macropores created 
during sol-gel synthesis, while the microporosity undergoes intense developed. When 
chemical activation is performed after the carbonization step, it is possible to synthesize 
materials with a specific surface area of about 1500 m2 g-1 and large mesopores volumen 
(SBET = 1540 m2 g-1, VDUB-N2 = 0.69 cm3 g-1 and Vmeso = 0.25 cm3 g-1 for a carbon xerogel 
activated with KOH, (Zubizarreta et al., 2008c)) whereas when organic gels are used as 
activating precursors, there is an intense development of microporosity, which is reflected 
by SBET values ranging from 2000 to 3000 m2 g-1, although this is accompanied by a lower 
mesopores volume (i.e. SBET = 2037 m2 g-1, VDUB-N2 = 0.82 cm3 g-1 and Vmeso = 0 cm3 g-1 

(Zubizarreta et al., 2008c)). 
As mentioned above, during the activation processes narrow mesopores may be created 
depending on the activation conditions. Therefore, it is important to discriminate between 
this type of mesopores and the meso- macroporosity that appears during the sol-gel 
synthesis of organic gels. The latter type of porosity is unable to remain intact when 
chemical activation of organic gels is carried out. However, in a recent work it has been 
shown that, under certain conditions, the chemical activation with KOH when microwave 
radiation is used as a heating source of organic xerogels, leads to materials with the meso-
macroporosity of the original samples, in addition achieving remarkable amount of 
micropores (Calvo et al., 2011b). 
Usually, chemical activation processes are performed at lower temperatures than physical 
activations, i.e. 700-850 °C when metal alkoxides, such as KOH or NaOH, are used as 
activating agent (Macia-Agulloet al., 2007; Raymundo-Piñero et al., 2005; Zubizarreta et 
al., 2008c), and temperatures ranging from 450-650 °C in the case of chemical activations 
with H3PO4 (Conceição et al., 2009, Qin et al., 2001). The influence of temperature on the 
pore structure of carbon gels has been more extensively studied in the case of physical 
activation processes, although there are also some studies about its effect on chemical 
activations. As the activation temperature increases, materials with a more developed 
porosity (i.e. higher surface area, micropore and also mesopore volumes) are formed. 
However, it is noteworthy that, as with the effect of the amount of activating agent, there 
is a maximum temperature above which porosity begins to decrease (Niu & Wang, 2008; 
Okada et al., 2003). 
To sum up, by choosing suitable synthesis and post-processing conditions, it is possible to 
tailor the porosity of carbon gels, discriminating between micropores, mainly produced 
during carbonization and activation stages and meso-macropores, created during the sol-gel 
synthesis. It is therefore possible to obtain exclusively microporous carbon gels (suitable for 
H2 storage and adsorption applications (Cabria et al., 2007; Mahata et al., 2008)), micro-
mesoporous materials (for use as electrodes in supercapacitors (Calvo et al., 2008; Escribano 
et al., 1998; Frackowiak & Béguin, 2001)) or even meso-macroporous samples (for water 
treatments (Sanchez-Polo et al., 2007)).  

3.2 Chemical properties 
Unlike the porous textural properties, which can be easily controlled with the synthesis and 
processing conditions, the chemical nature of carbon gels is not usually influenced by the 
synthesis protocol followed during the sol-gel synthesis. Apart from the obvious influence 
of the chemical nature of the monomers used, it is only possible to create different chemical 
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characteristics when activation, oxidation or doping processes are employed (Contreras et 
al., 2010; Silva et al., 2009; Zubizarreta et al., 2008c). 
Carbon gels are composed of approximately 92-98 wt. % carbon and the rest of the 
composition is divided between hydrogen and oxygen, regardless of the synthesis 
conditions such as initial pH, operating time and temperature, dilution, etc. (Calvo et al., 
2011a). However, Zubizarreta et al. (Zubizarreta et al., 2008a) affirm that it is possible to 
synthesize carbon gels with a larger amount of oxygen by performing the drying step by 
means of microwave heating. The oxygen content of this type of carbon xerogels was about 
6-8 wt. %, probably due to the fact that with microwave radiation, several secondary 
reactions take place, which would favour greater crosslinkage between organic gel and the 
more stable oxygenated groups (Caddick, 1995). 
Activation processes, both physical and chemical, besides increasing considerably the 
microporosity, are able to increase the quantity of oxygen present in carbon gels of around 
3-4 wt. % and, according to several published works, the higher the temperature and time of 
activation, the higher the amount of oxygenated groups created (Contreras et al., 2010). 
However, since the amount of oxygen inside the carbon gel structure is still low, the 
determination of the nature of these surface groups is no straightforward task (Contreras et 
al., 2010).  
The pHPZC, (i.e. the pH value at which the electrical charge density on the carbon surface is 
zero), of carbon gels synthesized from resorcinol-formaldehyde solutions generally ranges 
from 8-9.5, whatever the synthesis conditions used (Calvo et al., 2011a; Zubizarreta et al., 
2008a; Lambert et al., 2009). This basic character is may be due to the presence of delocalized 
п electrons on the surface of the carbon gels, because of their aromatic character (Montes-
Morán et al., 1998), and the presence of pyrone or chromene-like structures (Fuentes et al., 
1998). When activation and/or oxidation processes are carried out, the point of zero charge 
is irreversibly modified, increasing or decreasing with respect to the value of the pristine 
material, depending on the nature of the oxygenated functionalities created (Mahata et al., 
2008). Thus, Lambert et al. (Lambert et al., 2009) show that oxidation by nitric acid is able to 
modify the surface chemistry of resorcinol-formaldehyde carbon gels, by modifying their 
pHPZC from ca 9.4 to 2.4. 
The modification of surface chemistry of carbon gels by doping processes has been widely 
investigated because of the need for rich chemical nature and good conductivity of these 
materials in a wide range of areas (e.g. catalysis or energy applications) (Job et al., 2008; Lee 
et al., 2011; Moreno-Castilla et al., 1999, 2005; Zubizarreta et al., 2010). There are several 
methods for obtaining metal-doped carbon gels. Basically, they can be classified into three 
processes: (i) direct dissolution of the metal precursor in the resorcinol-formaldehyde 
mixture (Chandra et al., 2011; Maldonado-Hódar et al., 2003); (ii) use of a resorcinol 
derivative containing an ion exchange moiety that can be polymerized by sol-gel reactions 
(Baumann et al., 2002; Fu et al., 2005), and finally, (iii) deposition of the precursor metal 
either on organic or carbon gels (Mahata et al., 2008). In addition to the several types of 
doping processes, factors such as the nature and amount of metal precursor, operating 
temperature, etc. greatly determined the chemical properties of the resulting materials 
(Frackowiak & Béguin, 2001; Job et al., 2007b).  
The effect of the amount of metal precursor on the final properties of carbon gels has been 
evaluated by Job et al (Job et al., 2007b), through the synthesis of RF carbon xerogels doped 
with Cu, Ni, Pd, and Pt, by the addition of complexing agents that react during the sol-gel 
process. The results of this work showed that the metal particle size varies with the 
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concentration of the complexing agent, and these metal particles remain inserted into the 
structure of the materials after the drying and pyrolysis stages. For example, Pd-doped 
carbon xerogels had metal particle sizes of about 20 nm at low concentrations of metal 
precursor while the size decreased to 3-5 nm, as the concentration of complexing agent 
increased. In the case of Cu and Ni-loaded carbon gels, the metal particle size was 
unchanged with the concentration of complexing agent because they were not incorporated 
inside the polymeric network of the material and, therefore, they sintered during the 
pyrolysis stage.  
The influence of the processing temperature on the surface chemistry of carbon gels was 
studied by Maldonado-Hódar (Maldonado-Hódar et al., 2003). In this work, they reported 
the preparation of tungsten-doped carbon aerogels by means of sol-gel reactions between 
resorcinol, formaldehyde and ammonium tungsten mixtures. Two carbonization 
temperatures were selected (500 and 1000 °C), and their influence on the resulting materials 
was evaluated. By means of SEM images, it was possible to determine the distributions of 
the metal species created, showing a more homogeneous distribution when the sample was 
carbonized at 1000 °C. Moreover, the temperature determined the type of tungsten particles 
inside the carbon structure, since carbonization at 500 °C produced materials composed of 
needle-like WO3 particles with a radius of few nanometres, while when the temperature was 
set at 1000 °C, as well as the same type of particles, a denser species with a certain dendritic 
character were obtained. 
The surface chemistry of metal-doped carbon gels are also conditioned by the pH of the 
precursor solution (Bekyarova et al., 2000) like the textural properties. Bekyarova and 
Kaneko (Bekyarova et al., 2000) prepared Ce,Zr-doped carbon aerogels by adding metal 
salts to the resorcinol-formaldehyde solutions. Two pH values were selected, 3 and 7, results 
in materials with different features. The TEM images collected in this work showed that in 
the case of pH 7, the carbon aerogel was composed of bound particles of about 20 nm and, 
there was a homogeneous distribution of the metal species. However, the sample 
synthesized from a solution with pH 3 gave rise to spherical particles with diameters of 
about 3 µm and no doping particles were detected. 

3.3 Mechanical properties 
Carbon gels are composed of interconnected quasi-spherical nodules, forming a three-
dimensional matrix, as reflected by the SEM photograph presented in Figure 12. As already 
mentioned, the diameter of these nanospheres and, therefore, the pore size is influenced by 
several synthesis conditions (Czzakel et al., 2005; Silva et al., 2009; Zubizarreta et al., 2008a). 
As regards to the initial pH, lower microspheres size are obtained as the initial pH increases, 
corresponding to highly compact structures. Zubizarreta et al. (Zubizarreta et al., 2008a) 
determined the influence of the pH on the structure of the carbon xerogels, noting that 
precursor solutions with pH 9 and 7 produced carbon xerogels with a compact and uniform 
structure while the sample obtained using pH 6 exhibited a low-compact structure and 
besides, the microspheres have hardly intuit. 
The influence of other synthesis variables, such as the drying procedure, on the structure of 
carbon gels has been determined by several research groups. Regardless of the drying 
conditions, the structure of carbon gels is composed of interconnected spherical particles, 
although it is necessary to emphasize that the size of such spheres changes depending on 
the method used (Czzakel et al., 2005). Sometimes it is difficult to discriminate between the 
structures of carbon aerogels and cryogels. However, by means of SEM or TEM 
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photographs, it is possible to appreciate the smaller size of the microspheres of the carbon 
xerogels, as a result of the shrinkage of the structure (Czzakel et al., 2005). 
One of the advantages associated with carbon gels is that they can be made with different 
morphologies, such as monoliths, although this monolithic shape is notably influenced by 
the synthesis conditions. There is a scientific work that has demonstrated the effect of the 
initial pH and the heating device used to evaporate the solvent, on the morphology of 
carbon xerogels (Zubizarreta et al., 2008a). With microwave heating, it was possible to 
preserve the monolithic shape of the carbon gel when a precursor solution with a high pH is 
used, whereas when the pH was low, the monolith broke into pieces as a result of its greater 
frailty. This confirms that the final carbon gel displays better mechanical properties as the 
initial pH increases.  
 

 
Fig. 12. SEM image of resorcinol-formaldehyde carbon xerogel synthesised in a microwave 
oven using a precursor solution with a pH of 5.8.  

Regarding the effect of the activation processes, both physical and chemical, on the 
mechanical properties of the resultant activated material, it has been observed that it is 
possible to obtain monoliths of physically activated carbon gels. However, when chemical 
activation is used, the process is more severe and it is not possible to retain the monolithic 
shape.  
The porous, chemical and mechanical characteristics of carbon gels are related to the 
different synthesis steps and the operating variables involved in each stage. As a summary 
of this section this relationship is reported in Table 2. Although there are many works which 
deal with the designing of the carbon gel properties and the great potential of these 
materials, many variables require further study and adjustment with the aim of tailoring the 
properties of the final material for a specific application.  
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STEP VARIABLES POROUS TEXTURE 
CHEMICAL 

PROPERTIES 

STRUCTURAL 

PROPERTIES 

SO
L

U
T

IO
N
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U

R
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pH/catalyst 

pH has no influence on microporosity 
and/or surface area (Calvo et al., 
2011a; Job et al., 2004; Lin & 
Ritter,1997) 
Increasing pH yields a narrower 
mesoporosity (Calvo et al., 2011a; Job 
et al., 2004; Lin & Ritter,1997) 
Decreasing the pH increases the 
macroporosity (Zubizarreta et al., 
2008a, Calvo et al., 2011a ) 
As the pH increases, the gelation time 
(tg) decreases (Calvo et al., 2011a; 
Juárez-Pérez et al., 2010) 

Not influenced 
(Calvo et al., 
2011a, 
Zubizarreta et 
al., 2008a) 

Increasing the pH 
increases the 
mechanical resistance 
of the carbon xerogels 
(Zubizarreta et al., 
2008a) 

RF concentration

A decrease in the RF concentration 
leads to a smaller pore size (Al-
Mutasheb & Ritter, 2003; Petricevic et 
al., 2001) 

Not influenced Little studied 

Temperature 
Very high synthesis temperatures 
cause a shrinkage of porosity 

Not influenced Little studied 
 

SU
B

C
R

IT
IC

A
L

 D
R

Y
IN

G
 

Stove 
Causes shrinkage of the pore structure 
(Al-Mutasheb & Ritter, 2003; Czzakel 
et al., 2005; Job et al., 2005) 

Not influenced 
Easy to obtain carbon 
xerogel monoliths  

Microwave 
Slightly higher shrinkage of the pore 
structure (Zubizarreta et al., 2008b) 

Higher oxygen 
content but few 
studies on this 
topic 
(Zubizarreta et 
al., 2008b) 

It is difficult to obtain 
carbon xerogel 
monoliths directly, but 
the good control of 
gelation point leads to 
design the final shape 
(Calvo et al., 2011a; 
Mahata et al., 2008) 

 

C
A

R
B

O
N

IS
A

T
IO

N
 

temperature 

Increasing the temperature either 
increases (Husley et al., 1992; Lin & 
Ritter, 2000) or decreases the surface 
area and micropore volume (Kang et 
al., 2009) 
Little influence on meso or 
macroporosity 

Increasing the 
temperature 
reduces the 
oxygen content 
(Al-Mutasheb 
& Ritter, 2003) 

Little studied 

Heating rate 
A high heating rate reduces the 
micropore volume (Kuo et al., 2005; 
Liou, 2004) 

Little studied Little studied 

Atmosphere 

A carbonization atmosphere notably 
influences the porous texture of the 
carbon gels (Kang et al., 2009; 
Zubizarreta et al., 2008a) 

Depending on 
the type of 
carbonisation 
atmosphere 
(Kang et al., 
2009; 
Zubizarreta et 
al., 2008a) 

Little studied 
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A
C

T
IV

A
T

IO
N

 

Physical  

Increasing activation the temperature 
and operating times leads to a more 
developed pore texture (Contreras et 
al., 2010; Lin & Ritter, 2000) 

The oxygen 
content 
increases 
(Contreras et 
al., 2010) 

Possible activation of 
the monoliths 

Chemical  

Activation of the organic xerogels 
destroys the meso-macroporosity 
created during the synthesis (except in 
a MW oven), but increases the 
microporosity and surface area 
considerably (Calvo et al., 2011b; 
Zubizarreta et al., 2008c) 
Activation of the carbon xerogels 
increases the microporosity without 
altering the meso-macroporosity (Al-
Mutasheb & Ritter, 2003; Molina-
Sabio et al., 2004; Zubizarreta et al., 
2008c) 
The activating agent/carbon ratio 
influences the micropore volume 
considerably (Conceição et al., 2009; 
Zubizarreta et al., 2008c) 

The oxygen 
content 
increases 

The monoliths are 
usually destroyed 
(Zubizarreta et al., 
2008c) 

Table 2. Effect of the synthesis conditions on the properties of resorcinol-formaldehyde 
carbon gels. 

4. Applications of carbon xerogels 

All the characteristics already mentioned along this chapter make carbon xerogels very 
promising candidates for a wide range of applications such as adsorption (Long et al., 
2009; Maldonado-Hódar et al., 2007; Ying et al., 2005), water treatment (Girgis et al., 2011; 
Shánchez-Polo et al., 2007), gas separation (Yamamoto et al., 2004) or enzymes support 
(Chaijitrsakool et al., 2008). Besides the most common and referenced ones like catalysts 
support (Job et al., 2008; Lambert et al., 2010; Liu & Creager, 2010; Moreno-Castilla et al., 
1999), electrode materials in electric double layer capacitors (Calvo et al., 2008; 
Frackowiak & Béguin, 2001; Sepheri et al., 2009; Zhang et al., 2007; Zhu et al., 2007) and 
hydrogen storage (Kang et al., 2009; Tian et al., 2010, 2011a, 2011b; Zubizarreta et al., 
2010). In this section a brief review of all these applications of carbon xerogels are 
reviewed.  

4.1 Catalysts support  
Catalysis plays a decisive role in many reactions and technologies such as: energy supply by 
fuel cells, oxidation of organic compounds in liquid effluents, removal of SOx and NOx in 
order to reduce the pollution, synthesis of fine chemistry products, etc (Girgis et al., 2011; 
Machado et al., 2010; Moreno-Castilla et al., 2005; Pirard et al., 2011). Generally, two types of 
catalysis are distinguished: homogeneous catalysis, i.e. reactants and catalyst constitute just 
one phase and heterogeneous catalysis, it is to say, when catalyst is in a different phase 
respect to the reactants involved in the process. Both kind of catalysts display advantages 

STEP VARIABLES POROUS TEXTURE 
CHEMICAL 

PROPERTIES 

STRUCTURAL 

PROPERTIES 
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and drawbacks. For example, heterogeneous catalysts are much important at industrial scale 
as a result of their simple preparation procedure, high stability and the possibility of 
separating them from the reaction media in an easy way. Nevertheless, the disadvantages of 
heterogeneous catalysis are the presence of two different phases and the control of the active 
sites nature. On the other hand, regarding to homogeneous catalysis, although reactions 
take place in a single phase and catalysts can be tailored, their carriage in industrial 
processes is lower due to their sometimes limited stability and their difficult recovery 
(Choplin & Quignard, 1998; Djakovitch et al., 2004; Fontecha-Cámara et al., 2011).  
Most of published works on carbon gels used in catalysis field are focused on heterogeneous 
processes and the great interest of carbon gels in this field research is due to their attractive 
features such as: tailored pore texture, possibility of enriching their surface chemistry by 
different processes, high packing density, high durability under harsh conditions, etc. (Cotet 
et al., 2006; Job et al., 2005; Moreno-Castilla et al., 1999; Teng & Wang, 2000). The major 
challenge in catalysis, together with the reduction of costs is to increase their activity and 
selectivity. The selectivity is a feature very difficult to manage but catalytic activity has been 
extensively studied in many publications in order to achieve a relationship between this 
parameter and the properties of the carbon material. Both surface chemistry and porous 
texture of carbon gels play an important role on catalytic processes. However, catalytic 
activity depends on the nature, amount and accessibility of their active sites for the 
reactants, and it is not always straightforward to correlate it with intrinsic characteristics of 
carbonaceous materials.  
One of the first works found about catalytic performance of metal-doped carbon gels were 
published in 1999 by Moreno-Castilla and co-workers (Moreno-Castilla et al., 1999). This 
work was focused on the study of catalytic activity of chromium, molybdenum and 
tungsten oxide-doped carbon aerogels in the isomerisation reaction of 1-butene and the 
results showed that the best catalyst for this specific reaction was carbon aerogel based on 
tungsten oxide because of the higher surface acidity. The isomerization reaction of 1-butene 
in other structures was a widely investigated process since a hydrocarbon with higher 
octanoic value can be obtained and therefore, several research groups have performed 
studies on the effect of using metal catalysts supported on carbon materials for accelerating 
this reaction (Álvarez-Merino et al., 2000).  
Carbon gels have also been explored as metal catalyst support for fuel cell applications. The 
fact of using carbon supported catalysts in fuel cells allows production costs to be reduced 
and performance and durability of the electrochemical system to be improved (Arbizzani et 
al., 2007; Job et al., 2008; Liu & Creager, 2010). One the most recent works in this research 
field was carried out by Liu and Creager (Liu & Creager, 2010). Resorcinol-formaldehyde 
carbon xerogels was used as supports for Pt particles, by means of impregnation-reduction 
method using H2PtCl6 as platinum precursor and formaldehyde as the reducing agent. 
Electrochemical results of the membrane-electrodes fabricated from Pt-deposited carbon 
xerogels with Nafion as electrolyte, were compared with those of Pt catalyst supported on a 
commercial carbon black. Pt-carbon xerogel catalysts displayed good intrinsic catalyst 
activity due to the higher size of Pt particles in these catalysts and besides, the cell 
performance normalized by Pt loading was slightly higher when Pt particles were 
supported on resorcinol-formaldehyde carbon xerogels. Job et al. (Job et al., 2008) also 
prepared Pt-carbon xerogel catalysts for fuel cell applications. The catalysts were 
synthesized following two different recipes: (i) impregnation of carbon xerogel with Pt 
precursor solution followed by reduction process and (ii) strong electrostatic adsorption 
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(SEA method). This latter method produced higher dispersion of Pt particles than the 
impregnation and consequent reduction, improving the performance of fuel cells in terms of 
Pt mass activity. Moreover, there are research groups that used bimetallic catalysts for 
energy production in fuel cells. For example, Figueiredo and co-workers (Figueiredo et al., 
2006) evaluated the electrochemical performance of direct-methanol fuel cells (DMFCs) 
assembled with Pt-Ru catalyst supported on oxidized carbon xerogels and the results 
reported  in that study demonstrated that resorcinol-formaldehyde carbon xerogels were 
effective as supports for Pt/Ru particles. Pt-Ru bimetallic catalysts were also prepared by 
Arbizzani and et al (Arbizzani et al., 2007) for their use as anodes in DMFCs. In that case, the 
carbon supports were mesoporous cryo and xerogel carbons and Pt-Ru catalysts were 
obtained by impregnation of carbon materials with H2PtCl6 and RuCl3 in ethylene glycol 
and later chemical reduction. The activity of the catalysts were related with structural and 
morphological properties of carbonaceous supports and electrochemical results of fuel cells 
were also compared to those obtained with a Pt-Ru supported on a commercial carbon 
support, showing again the good behaviour of carbon gels as support catalysts. 
Other chemical processes and/or reactions catalyzed by carbon gels are for example, 
oxidation of several organic compounds with the aim of reducing pollution in liquids 
effluents (Girgis et al., 2011; Maldonado-Hódar et al., 2004), toluene combustion reactions 
(Gomes et al., 2008; Maldonado-Hódar et al., 2007), growth of carbon nanofilaments and 
nanotubes (Fu et al., 2003), conversion of D-glucose into D-gluconic acid (Pirard et al., 2011), 
and a long list since this type of catalysts has infinite number of applications in many 
different research fields. 

4.2 Electric energy storage 
A large number of publications can be found in the literature about carbon gels as electrode 
materials in supercapacitors as a result of being highly porous materials with a good electric 
conductivity (Kim et al., 2001).  
In electrochemical double layer capacitors, EDLC´s, the main mechanism that governs 
charge storage processes is the formation of the electric double layer in the 
electrode/electrolyte interface (Frackowiak, 2007; Kötz & Carlen, 2000). Theoretically, as 
specific surface area increases, higher energy storage capacitance is achieved, but actually 
the situation changes because the whole surface area of the electrode material is not 
electrochemically accessible, and therefore useful, when electrodes are immersed in the 
electrolyte. Many studies about carbon gels and supercapacitors have concluded than 
charge storage is performed in micropores whereas mesopores with a specific size are 
needed for a fast diffusion of electrolyte ions (Frackowiak & Béguin, 2001; Salitra et al., 
2000; Vix-Guterl et al., 2005). Electrochemical studies on carbon gels with a mesopores 
size between 3-13 nm have resulted in very high specific capacitance values and also, in a 
stable capacitive performance of the supercapacitor (Escribano et al., 1998). Therefore, it 
has been generally accepted that a balanced porosity between micro and mesopores is 
preferable to reach the optimum performance of the supercapacitor. Carbon gels are very 
promising materials for this application since besides their high microporosity, mesopores 
with a specific and tailored size can be obtained varying the synthesis conditions, absent 
feature in the case of activated carbons. Moreover, carbon gels display other advantages 
when they are used as electrodes in supercapacitors such as their high conductivity, 
enabling the removal of the usual additive to promote this property employed with active 
carbons, possibility of obtaining them in several morphologies directly without the need 
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of binders, i.e. it would be feasible to prepare carbon gel films in order to directly use as 
electrodes, and high cycling-life (Pandolfo & Hollenkamp, 2006). It has been found 
specific capacitance values of carbon gels in aqueous electrolyte between about 100 F g-1, 
in the case of an untreated carbon gel and 300 F g-1, data corresponding to carbon gels 
textural and chemically modified by means of several post-synthesis treatments. Some 
specific capacitance values found in the literature for untreated carbon gels are for 
example from 153 to 194 F g-1 in the case of several resorcinol-formaldehyde carbon 
xerogels with specific surface areas between 700-800 m2 g-1 (Zhang et al., 2007); 150 F g-1 
when the electrochemical performance were carried out using a basic aqueous media as 
electrolyte and RF carbon xerogel dried by microwave heating after a previous solvent 
exchange with acetone (Halama et al., 2010), or finally, 120 F g-1 for a RF carbon xerogel 
with a SBET of 594 m2 g-1 obtained by microwave-assisted synthesis (Calvo et al., 2011a). It 
should be noted that despite the lower energy storage capacitance shown in the case of 
this late carbon xerogel, it is a very promising material because it has been synthesized by 
microwave heating in few hours compared to several days needed in the other examples 
cited. Higher capacitance values are reported when activated carbon gels are used as 
electrode materials in supercapacitors. Zhu and co-workers (Zhu et al., 2007) and Wang et 
al. (Wang et al., 2008) performed the synthesis of activated carbon gels with KOH and 
studied their electrochemical performance as electrode materials in supercapacitors with 
basic aqueous electrolyte, and results reported by both research groups were 244 F g-1 
(Wang et al., 2008) and 284 F g-1 (Zhu et al., 2007), comparable values to those shown by 
other carbonaceous materials commonly used as electrodes in supercapacitors (Kierzek et 
al., 2004; Lota et al., 2008; Shi, 1996). 
The energy storage mechanism based on charges separation in the electrode/electrolyte 
interface is not the only mechanism that can carry out in supercapacitors. In fact, there is 
another type of energy storage, induced by faradaic reactions occurring in electrodes 
surface, which considerably enhances the capacitance of supercapacitors (Frackowiak & 
Béguin, 2001). These redox reactions promote so-called pseudocapacitance effects and 
they are caused due to the presence of heteroatoms in the surface of the carbon electrodes. 
Some of the heteroatoms which contribute to the energy storage by means of 
pseudocapacitive effects are, for example, O, N, P, B, some metals, etc. (Frackowiak, 2007; 
Kang et al., 2008; Tian et al., 2010). Moreover, together with the increase of energy 
capacitance, surface groups improve the wettability of electrodes in aqueous media, due 
to electrostatic interactions on the electrode surface with dipole moments of water 
molecules. There are many examples in the literature about the use of doped carbon gels 
as electrode materials for supercapacitors. In the case of nitrogen-doped carbon gels, the 
work presented by Kang and co-workers, mentioned in Section 2 (Kang et al., 2008), 
reported the preparation of nitrogen enriched carbon xerogels by means of ammonisation 
processes. In this study, three different carbon xerogels were compared both textural and 
electrochemically: RF carbon xerogel conventionally synthesized, RF carbon xerogel 
conventionally synthesized and carbonised under NH3 atmosphere and, finally, a RF 
carbon xerogel prepared by microwave-assisted synthesis and carbonised with NH3. The 
two samples subjected to NH3-carbonization display similar nitrogen contents (between 
2.6 and 3.2 wt. %), while the porous texture is noticeable different. Microwave assisted 
sample has around 1700 m2 g-1 of specific surface area opposite to 1080 m2 g-1 for its 
counterpart synthesized by conventional heating and also, the latter carbon xerogel has 
lower mesopore volume. This different porosity affects the electrochemical performance 
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of samples since conventional sample display a specific capacitance of 148 F g-1 vs. 185 F 
g-1 in the case of sample with larger porosity development. When these two carbon 
xerogels were compared to the sample pyrolysed under N2 atmosphere, it was clearly 
demonstrated the profitable effects of nitrogen doping since although this last sample has 
a specific surface area close to 800 m2 g-1, its energy storage capacitance is very poor as a 
result of the absence of nitrogen functionalities, i.e. the lack of reversible electrochemical 
reactions that increase the capacitance due to pseudo-faradaic processes. Other work that 
shows the improvement of energy storage due to the presence of heteroatoms was 
performer by Sepheri et al. (Sepheri et al., 2009). In that case, the functionalization was 
carried out during the synthesis process of organic gels since, once organic gels are 
synthesized but still wet, they were introduced in ammonia borane/trifluoroacetic acid 
solution in order to incorporate B and N atoms into the structure of resulting materials. 
This treatment promotes the presence of functional groups and besides, the increase of 
mesoporosity since the carbon gel mixed with AB solution possesses a mesopore volume 
of 1.57 cm3 g-1 opposite to 1.17 cm3 g-1 in the case of untreated carbon xerogel. Results 
about the chemical nature of these samples, show that the ammonia borane treatment 
allows the incorporation of borane and oxygen functionalities (2.2 and 11.4 wt. % of boron 
and oxygen for treated carbon xerogel vs. 0.0 and 3.8 wt. %, respectively, in the case of 
untreated sample) while nitrogen groups disappear during the carbonization step. The 
enrichment of surface chemistry together with the enhanced porous texture causes an 
increase of ca. 30 % in the specific capacitance values and also an improvement in the 
current density of supercapacitors.  
Quin and other researchers (Qin et al., 2011), also reflect the improvement of capacitive 
performance of supercapacitors by means of nitrogen functionalization of electrodes. Unlike 
the other two mentioned examples, the electrochemical devices assembled were asymmetric 
supercapacitors, where Ni(OH)2/Co(OH)2 composite works as anode and an activated carbon 
gel/melamine resin composite as cathode material, strategy widely used in others research 
groups (Ganesh et al., 2006; Staiti & Lufrano, 2010). The followed recipe to performer the 
functionalization of materials was quite different respect to the other two published studies. 
On the one hand, resorcinol-formaldehyde carbon gel was synthesized and chemically 
activated with KOH and secondly, a melamine resin was prepared in order to use it as 
nitrogen source. Both samples were mixed in water with ultrasonic radiation and afterwards, 
the resulting material was pyrolysed and activated with KOH causing the activated nitrogen 
enriched carbon/carbon gel composite. Results show that activated organic gel has a specific 
surface area of 1670 m2 g-1 opposite to 1848 m2 g-1 for the nitrogen enriched composite, 
demonstrating that, as in previous cases (Kang et al., 2008; Sepheri et al., 2009), treated carbon 
gels display high porosity development. The composite also has an important amount of 
heteroatoms since XPS measurements show 2.1 and 13.3 % of nitrogen and oxygen content, for 
such sample. Electrochemical results reported in this work corroborate the higher energy 
storage as a result of redox reactions in the electrode surface since specific capacitance values 
were 103 F g-1 in the case of using the activated carbon gel as cathode material and 224 F g-1 
when the supercapacitor was assembled with the nitrogen enriched composite. The difference 
in specific surface area between two samples was only 11 % while the electrochemical 
performance was enhanced about 50 %, indicating that the presence of pseudocapacitive 
interactions allow the global capacitance of supercapacitor to be increased. 
As reflected in Section 2 of this chapter, there are lots of research groups working on doping 
processes of carbon gels with metal species in order to prepare higher porous and 
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conductive materials. Therefore, one of the final applications of these metal-doped carbon 
gels is as energy storage systems. One of the more recent works dealing with doping 
processes of carbon gels for their use in supercapacitors was published by Lee and co-
workers (Lee et al., 2011). The doping method was performed either by impregnation of 
manganese oxide on carbon gel power or by impregnation onto monolith material and the 
resulting carbon gels was electrochemically characterized. The best specific capacitance 
values were found in the case of impregnation of power form (i.e. 135 F g-1 for Mn-doped 
carbon aerogel obtained by impregnation onto power form opposite to 108 F g-1 in the best 
case when the impregnation was carried out with the monolithic material). 

4.3 Hydrogen storage 
As a result of the scarcity of fossil hydrocarbon resources, hydrogen is becoming a 
promising substitute for these fossil fuels in mobile applications. In addition to achieve the 
independence of fossil fuels, the use of hydrogen represents an environmentally friendly 
technology since allows the production of zero emission vehicles. However, the main 
requisite to a successful implementation is to store and transport the hydrogen in a safe and 
easy way (Dillon & Heben, 2001; Schimmel et al., 2004; Zubizarreta et al., 2009). Many 
researches have showed great attention to solve this hydrogen storage problem by means of 
several methodologies: high pressure, low temperature, metal or complex hydrides and 
porous materials, being the latter one of the most attractive solutions. High specific surface 
areas with narrow micropore size distributions are required for high-efficiency physical 
adsorption of hydrogen. As already mentioned, the possibility to tailor the micro-
mesoporosity of carbon gels besides their surface chemistry makes them suitable materials 
for hydrogen storage devices (Kabbour et al., 2006; Tian et al., 2010, 2011, Zubizarreta et al., 
2010).  
There are a large number of published works about carbon gels and hydrogen storage that 
try to determine the interaction mechanism between H2 and carbonaceous support and the 
relationship between adsorption capacities and textural and morphological properties of 
sorbent material. Regarding to the texture of nanoporous carbon materials, most of the 
studies conclude that there is a linear relationship between hydrogen storage capacity and 
surface area and micropore volume, but these are not the only influencing factors, since 
micropore diameter plays a key role in the final storage capacity. In other words, for 
hydrogen storage application is so important a high micropore volume as well as a narrow 
micropore size distribution (De la Casa-Lillo et al., 2002; Gadiou et al., 2005; Jordá-Beneyto 
et al., 2008). According to several published works (Gadiou et al., 2005; Jordá-Beneyto et al., 
2008), micropores with a pore size of approximately 0.7-0.9 nm promotes higher hydrogen 
sorption capacities. In contrast, regarding to smaller mesopores, there is not a clear 
relationship between mesopore diameter and process of hydrogen storage. Zubizarreta et al. 
(Zubizarreta et al., 2009) have published a study based on the hydrogen sorption capacity of 
several carbon materials, including three resorcinol-formaldehyde carbon xerogels with 
different porous texture and morphology. In most samples, it has been found that in H2 
adsorption experiments performed at 77 K, the gravimetric storage capacity increases with 
the narrow micropore volume, analogous results to those reported in the literature about 
hydrogen storage on other kind of materials such as activated carbon (Akasaka et al., 2011; 
Cabria et al., 2007; Gadiou et al., 2007; Jordá-Beneyto et al., 2008; Xua et al., 2007) or metal 
organic frameworks, MOFs (Hirscher & Panella, 2007; Thomas, 2007), for example. 
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Fig. 13. Gravimetric and volumetric storage capacity of several hydrogen storage systems 

For an optimum hydrogen storage capacity in solid materials, besides a well developed 
porous texture, there is another important feature to take into account, which is their surface 
chemistry. Experimental results about hydrogen storage on porous materials show that at 
low temperature, the dominant mechanism in the hydrogen storage process is based on 
microporous adsorption. However, as the temperature increases or the pressure decreases, 
chemical structure begins to have noticeable relevance in the mechanism of H2 adsorption. 
Therefore, with the aim of changing the hydrogen/carbon interaction and therefore, 
enhancing the hydrogen storage capacity at room temperature or low pressure, several 
researches have used doped carbon materials. Some of the heteroatoms used to modify the 
surface properties and to achieve an enhanced hydrogen adsorption are N, B, Ni, Co, etc. 
(Kabbour et al., 2006; Tian et al., 2010; Zubizarreta et al., 2010). As already reflected in 
Section 2, carbon gels can undergo different doping processes, which is a great interest to 
solve the limitation of poor hydrogen uptake at room temperature. It can be found a 
remarkable number of studies related to hydrogen storage on doped carbon gels. However, 
it should be noted that, as a result of the large number of variables involved in the storage 
process (i.e. temperature and pressure of hydrogen storage, porous texture of carbon gels, 
amount and particle size of the heteroatom incorporated into the structure of carbon 
materials, etc.) it is very difficult to find several publications agreeing with the values of 
hydrogen storage capacity. For example, Kabbour et al (Kabbour et al., 2006) have published 
in 2006 a study about Co and Ni-doped carbon gels for hydrogen storage. The gravimetric 
hydrogen storage values reported were 2.1 and 2.3 wt.% for Co and Ni-doped carbon gels, 
respectively, when the hydrogen sorption experiments were performed at 77 K and low 
pressure (pressure between 0 and 2.5 bar). Other work about Co-doped carbon gels for H2 
storage shows a value of hydrogen storage capacity of 4.38 wt.% under lower temperature 
and high pressure conditions (Tian et al., 2010), but it should be said that the carbon gels 
used as adsorbent material in both works displays very different textural properties  
(i.e. SBET = 1667 m2 g-1 in 157 versus ca 1000 m2 g-1 in 156), which could explain the notable 
difference in hydrogen storage capacities. Zubizarreta et al. (Zubizarreta et al., 2010) also 
investigated the performance of Ni-doped carbon gels in hydrogen storage systems and 
reported one of the higher values of gravimetric hydrogen storage capacity for this type of 
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carbonaceous materials. The best Ni-doped carbon xerogel synthesized in that work, whose 
specific surface area is 1727 m2 g-1 with a Ni content of 2.7 wt.%, exhibits a value of 
hydrogen storage capacity of 6 wt.% at 77 K and 40 bar.  It is very complicate to compare all 
these results with those found with other doped carbonaceous materials used in hydrogen 
storage applications (i.e. activated carbons (Akasaka et al., 2011; De la Casa-Lillo et al., 2002; 
Takagi et al., 2004), nanotubes (Gao et al., 2010; Lamari et al., 2002; Schimmel et al., 2004; 
Surya et al., 2009) or nanofibers (De la Casa-Lillo et al., 2002; Kim et al., 2008)). The 
hydrogen storage capacity of Ni-doped carbon gels compared with other hydrogen storage 
systems is collected in Figure 13. Regarding to the gravimetric storage capacity, the Ni-
doped xerogel shows analogous and even higher values to other materials reported in the 
figure when the experiments were carried out at -196 °C and 40 bar but, as reflected at the 
beginning of this paragraph, the increase of the temperature produces an important 
decrease of the hydrogen storage capacity, thus the Ni-doped carbon xerogel at 25 °C is far 
from that the DOE had proposed for the year 2010.   

4.4 Other applications 
As already reflected in this chapter, the sol-gel reaction allows textural and chemical 
properties to be tailored but, in addition, it is possible to control other important 
characteristic of these carbonaceous materials, such as their morphology. As pointed out in 
Section 1, carbon gels can be synthesized with several shapes: monolith, films, powder, 
spheres, etc. and morphology may be one of the key factors that could determine the good 
or bad performance of carbon gels in some specific applications. An example of the 
relevance of the morphology is the use of carbon xerogel spheres as columns filler for gas 
separation. A research group from INCAR-CSIC has recently prepared resorcinol-
formaldehyde carbon spheres with different sphere size depending on the synthesis 
procedure followed and has studied their performance as material sieves for separation of 
N2/CO2 gas mixtures (some of their results reported in Figure 14). On the one hand, it can 
be seen pictures with carbon spheres of different size and on the other hand, N2 and CO2 
monitoring curves that show that CO2 can be separated as a result of the porosity and 
basicity of the carbon xerogel spheres. 
 

 
Fig. 14. Carbon xerogel spheres and their potential as fillers for gas separation systems. 
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In the literature, there is some example about carbon gels designed for gas separation 
applications. In fact, Zheivot et al. (Zheivot et al., 2010) published in 2010 a study about the 
production of several phenol-formaldehyde carbon xerogels and their use as adsorption 
materials in gas chromatography. Results reported showed that microporous carbon 
xerogels can be prepared varying the synthesis conditions and they can be successfully used 
as adsorbents to concentrate the impurities of light hydrocarbons and gaseous products of 
many catalytic reactions. Liquid phase adsorption can also be performed with carbon gels. 
In 2007, Sanchez-Polo and other researchers (Sánchez-Polo et al., 2007) analyzed the 
efficiency of Ag-doped carbon aerogels for the removal of several ions (Br- and I-) from 
drinking waters. The doping of resorcinol-formaldehyde aerogels was carried out by the 
addition of silver acetate as catalyst instead of the commonly used sodium carbonate. The 
study confirmed that the synthesis of mainly meso and macroporous carbon aerogels with 
an important amount of Ag particles could be carried out and the resulting materials 
displayed good adsorption capacities. The performance of carbon aerogels as adsorption 
materials was compared with the adsorption capacity of a commercial activated carbon that 
turned out to be lower. Other published work about carbon gels as liquid phase adsorbents 
was carried out by Girgis et al. (Girgis et al., 2011). In that study, the synthesis of carbon 
xerogels with difference porous texture was carried out and also the performance as 
adsorbent materials of two cationic dyes was evaluated. The main conclusion extracted from 
that publication is that carbon gels are good adsorbing materials in remediation processes 
since their adsorption capacities towards Methylene blue and Rhodamine B are comparable 
to conventional activated carbons. There is other recent work that includes the removal of 
several compounds from liquid effluents by using carbon gels as adsorbent materials 
(Figueiredo et al., 2011) but in this case, adsorption capacities collected are worse or similar 
than those shown by activated carbons, indicating that carbon xerogels do not seem to be an 
feasible option to remove colour from the effluents.  

5. Conclusion 

Carbon xerogels are nanostructured materials of a huge versatility since they can be 
synthesized with (i) different porous texture at micro-, meso- and macropore scale, (ii) 
different surface chemistry and (iii) different final shape. Moreover, all these properties 
can be tailored by adjusting the synthesis conditions, so it is possible, at least in theory, to 
obtain nanoporous carbon materials on-demand. However, the main problem to be solved 
in order to obtain a material with certain predetermined characteristics lies in the large 
number of variables that is necessary to control during their synthesis and to the fact that 
some of these variables are not independent. In consequence, one of the main drawbacks 
for the extensive use of these materials is to define the appropriate synthesis conditions 
and achieve them in a competitive way in terms of costs and operating time. Despite to 
the fact that great progress has been done in this sense -for example microwave induced 
synthesis has reduced the time of the carbon xerogels synthesis from days to hours with 
an important reduction in the costs of production- there is still need a step forward giving 
the opportunity to vast research field. Thus, it seems not risked to assure that as 
investigations on this matter reveals new information the great versatility of the carbon 
xerogels will make them important members of the family of the nanostructured materials 
with applications in numerous new, or existing, technologies ranging from electricity 
storage to drug delivery. 
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