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1.   Background 

 

The first reported organic aerogel was prepared from resorcinol (R) and formaldehyde 

(F), with Na2CO3 as a catalyst (C), in aqueous medium [1]. The polycondensation reaction 

yields a three-dimensional polymer matrix (RF hydrogel). The polymer gel, after solvent 

exchange and drying, transforms into a carbon gel with a solid carbon skeleton 

(Figure 1).  
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Figure 1. Preparation of RF and carbon gels 

 

The mechanism of polymerization involves aromatic electrophilic substitution, followed by 

condensation reactions that lead to cross-linking. The rate of both steps strongly depends on 

the synthesis conditions (pH of the initial solution, temperature, the overall concentration, and 

the R/F and R/C molar ratios). The pH of the initial solution plays a determining role in the 

textural properties of the forming gel [2, 3], by affecting the reaction route, and thus the size 

and number of RF clusters generated. Systematic studies of various basic and acidic catalysts 

revealed that the catalyst can strongly influence the structure of the RF gel. The nature of the 

alkaline carbonate, also by virtue of its pH, affects the porosity of the final carbon aerogel. In 

the polycondensation reaction between R and F the catalyst acts as a nucleation agent, and 

thus its amount strongly affects the morphology of the hydrogel. The position of the 

maximum in the pore size distribution curve depends on the concentration of the catalyst [4]. 

Dynamic light scattering (DLS) studies with different molar ratios in the polymerisation 

reaction with Na2CO3 showed that the growth rate of the particle size becomes larger on 

decreasing the resorcinol/water (R/W) or increasing the resorcinol/catalyst (R/C) ratios [5]. 

                                                 
[1] Pekala R.W., Journal of Materials Science 1989. 24, 3221 
[2] Lin C., Ritter J.A., Carbon 1997, 35, 1271 
[3] Job N., Panariello F., Marien J., Crine M., Pirard J.P., Léonard A., Journal of Non-Crystalline Solids 2006, 
352, 24 
[4] Yamamoto T., Nishimura T., Suzuki T., Tamon H., Journal of Non-Crystalline Solids 2001, 288, 46 
[5] Yamamoto T. Yoshida T., Suzuki T., Mukai S.R., Tamon H., Journal of Colloid and Interface Science 2002, 
245, 391 



2 
 

The pore structure and the surface area of the final carbon gel depend not only on the 

initial synthesis conditions but also on the drying method and on the way in which the 

polymer is converted to carbon. Three kinds of drying techniques are used to convert the 

hydrogel to a solid RF gel. To emphasize the significance of this step, the resulting gels are 

distinguished by a special nomenclature. Drying in an inert atmosphere (e.g. N2) gives 

xerogels. Freeze-drying yields cryogels. The third technique is by supercritical extraction with 

carbon-dioxide, which results in aerogels. The final texture of the carbon gels develops during 

the polymer to carbon conversion step. Temperature, duration of the treatment, as well as 

possible external activation have to be optimized. The yield of carbonization depends strongly 

on temperature and time. 

Metal doping provides an additional means of enhancing the potential of these 

materials. Carbon aerogel monoliths, due to their low pressure-drop, are particularly suitable 

in processes involving gas transport. The synthesis route of RF gels has the advantage that the 

metal ion can be introduced not just by impregnation before or after the carbonization step but 

also in the soli–igel process. Transition metals are expected to increase the selectivity and/or 

efficiency of these carbons in catalysis and gas separation [6].  

 

2.   Aim of the work 

 

Although the importance of the method of drying is widely recognized, comparative 

studies of the effects of drying remain incomplete. In this thesis a systematic investigation has 

been undertaken into the influence of the drying method on the pore structure and the surface 

area of the RF gels. 

Supercritical drying is a commonly used technique for obtaining mesoporous RF gels. 

However, the conditions of this procedure have not been explored. The supercritical 

extraction referred to in the literature involves extraction step with liquid CO2 (liqCO2). 

Carbon dioxide is then transformed to the supercritical state (scCO2) just before the final, 

depressurizing step. As the extraction capacity of scCO2 is generally superior to that of 

liqCO2, my intention was to examine real supercritical conditions. A detailed study was 

performed on various parameters that may influence the process. 

                                                 
[6] O. Czakkel, Gy. Onyestyák, G. Pilatos, V. Kouvelos, N. Kanellopoulos, K. László, Microporous Mesoporous 
Materials 2009, 120, 76 
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The polymer gels were converted to carbon by single step carbonization in an inert 

atmosphere. The morphology of the resulting carbon xero-, cryo- and aerogels were 

compared. 

The effect of Cu2+ and Ti4+ salts was investigated. These metal ions were introduced at 

three different stages of the preparation process: i) during the polymerization reaction; ii) by 

impregnation of the metal-free dry RF gels from aqueous solutions followed by carbonization; 

iii) by impregnation of the metal-free carbon gel. The polymerization reaction was monitored 

and the resulting RF and carbon gels were characterized. A combination of different 

characterization techniques (scanning electron microscopy, SEM; low temperature N2 

adsorption/desorption, small/wide angle X-Ray scattering measurements, SAXS/WAXS) was 

employed to determine structural differences. The effect of Cu2+ on the polymerization 

reaction was followed by dynamic light scattering (DLS). Titanium-doped carbon aerogels 

were tested for photocatalytic activity. 

 

3.   Materials and methods 

Synthesis and impregnation 

The preparation of the monolithic RF hydrogels was based on the method of  

Lin et al [7]. An aqueous solution of resorcinol (R), formaldehyde (F) and sodium carbonate 

(C) was prepared to give a total solid material content of 5% (wt/v). The molar ratios of R/F 

and R/C were fixed at 1i:i2 and 50i:i1, respectively. The initial pH of the solution was 

adjusted to pH 6.0. The solution was sealed into glass vials and incubated at 85 °C for 7 days. 

Copper-containing hydrogels were prepared by adding Cu2+-acetate to the soli–igel 

reaction mixture. The total R/C molar ratio and the concentration of the initial reaction 

mixture were 25 and 5.2 wt/v%, respectively. The pH was limited to 5.3 by the solubility of 

the copper-salt. 

Ti-doped hydrogels were prepared by the method of Maldonado-Hódar et al. [8] by 

adding titanium-isopropoxide (TIP) to the aqueous solution of R and F at a R/TIP molar ratio 

of 1.  The mixture was aged for 4 h at 60 °C.  

The water in the hydrogels was substituted by acetone (t-butanol in the case of freeze-

drying) prior to the drying procedure.  

Impregnated samples were prepared by soaking either the dry RF or carbon aerogels in 

                                                 
[7] Lin C., Ritter J.A., Carbon 1997, 35, 1271 
[8] Maldonado-Hodar F.J., Moreno-Castilla C., Rivera-Utrilla J., Applied Catalysis A 2000, 203, 151 
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aqueous Cu2+ or titanium-isopropoxide solutions for 24 h at room temperature. The influence 

of concentration and anions in the impregnating solution of Cu2+ was studied independently 

on a spherical carbon. 

 

Drying 

The hydrogels were dried i) in N2 atmosphere at 65 °C (5 h) and 100 °C (additional  

5 h), ii) by freeze-drying (–45 °C from t-butanol) or iii) by scCO2 extraction. In iii) pressure, 

temperature and drying time were varied.  

 

Carbonization 

Carbonization was performed in a rotary quartz reactor at 900i°C for 1 h in a  

25 ml/min high purity nitrogen flow.  

 

Characterization 

To follow the soli–igel transition DLS measurements were made in the reaction bath, 

in an ALV goniometer (ALV, Langen, Germany). The light source was a HeNe laser working 

at 632.8 nm. To reduce multiple scattering close to the soli–igel transition, samples were 

placed in X-ray capillary tubes of diameter 1 and 2 mm. Measurements were performed in the 

temperature range 30–50 °C.  

Surface morphological investigations were made on a JSM-5500LV (JEOL, Japan) 

electron microscope in high vacuum. The polymer samples were coated with Au/Pd to 

prevent charging. 

SAXS/WAXS measurements were made on the BM2 beamline at the European 

Synchrotron Radiation Facility (ESRF), Grenoble, France. The transfer wave vector range 

explored was 0.0019i<iqi<i5.7 Å–1, where 4 sin( / 2) /q π θ λ=  (λ is the wavelength of the 

incident radiation). An indirect illumination CCD detector (Princeton Instruments) with 

effective pixel size 50 µm was used. The powdered samples were measured in glass 

capillaries.  

Nitrogen adsorption/desorption isotherms were measured at –196 °C with an 

Autosorb-1 (Quantachrome, USA) computer controlled volumetric gas adsorption apparatus. 

Pre-treatment of the samples was performed at 20 °C and p < 3·10–4 mbar, for 24 h. 

Elemental analysis of the metal doped RF and carbon gels was carried out using the 

Kα lines of the elements, with the SEM/EDS JEOL JSM-5500LV electron microscope 
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(JEOL, Japan) in high vacuum mode. The average concentrations were calculated from at 

least six different measurements.  

 

4.   Results 

  

In the hydrogels synthesised at 40 °C the presence of copper generates distinct 

differences in the size of the elementary clusters measured on the length scale of the SAXS 

observations. These differences, however, disappear when the reaction is carried out at 85°C.  

The WAXS response of the metal-free and Cu-containing hydrogels reveals the existence of a 

hydration layer. DLS measurements showed that the presence of copper during the 

polymerization reaction enhances the size of the clusters in the sol phase and accelerates the 

reaction without modifying the activation energy. A similar DLS study with titanium was 

hindered by precipitation of Ti(OH)4: these samples were optically opaque and formed a 

slurry. 

The influence of the three drying techniques was compared both in the polymer and in 

the carbonized stage. The apparent size of the elementary beads composing the network, as 

seen by SAXS, depends on the method of drying. Carbonization reduces their size in the 

aerogel and cryogel, while the increased bead size in the carbonized xerogels is a sign of 

coalescence. The heat treatment increases the surface area in all cases. Xerogels have the most 

compact structure and display the lowest specific surface area (<i900 m2/g). The highest 

surface area was found in the gel lyophilized after freeze-drying in t-butanol (>i2500 m2/g).  

I developed an instrumental setup with controllable pressure and temperature (100–

300 bar, 33–53 °C). Unlike the methods reported in the literature, instead of a batch-type 

reactor, a constant flow (1.2 ml/min) of scCO2 was employed. Supercritical extraction with 

liqCO2 yields aerogels with an intermediate value of the surface area (ca. 1000 m2/g). A 

remarkable difference was found in the structure of the gels prepared by liqCO2 or by ‘real’ 

scCO2 extraction. In the latter the looser structure results in a remarkably high surface area, 

comparable with that of the cryogel. While the sample prepared by liqCO2 extraction is 

practically free of micropores, extraction with scCO2 yielded 12% microporosity. The size of 

the elementary beads constituting the network structure was found by SAXS to be 3.5 times 

larger (278 Å) in the sample prepared by liqCO2 (78 Å). A study of the ‘real’ scCO2 drying 

showed that the micro- and mesoporosity is insensitive to the conditions of temperature, time 

and pressure during the extraction process, but macroporosity are strongly affected. The lower 
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temperature and higher pressure favours higher porosity. At constant scCO2 flow rate the pore 

volume retained was found to be proportional to the contact time. 

Addition of copper acetate at three different stages of the preparation process 

influences the resulting overall structure of the RF aerogels in a wide range of length scales, 

thus affecting the surface area. Prior measurements on spherical carbon samples revealed that 

sample loading with copper below the saturation capacity of the substrate reduces the 

accessible surface area proportionally to the metal loading. The size of the anions also affects 

the loading efficiency. Although the structure of the hydrogels synthesised at 85 °C is 

insensitive to the Cu-catalyst, the resulting aerogels display significantly different SAXS 

responses. When the copper-salt is used as a catalyst the copper practically does not integrate 

into the gel structure, but affects the kinetics of the polycondensation reaction without 

changing the overall activation energy (Ei=i76i±i14 kJ/mol). It also has a strong effect on the 

morphology and yields monoliths of specific surface area as high as 2000 m2/g. The size of 

the elementary beads is also strongly reduced (from 71 to 28 Å). The corresponding titanium-

compound gives a powder with significantly smaller surface area.  

Carbonization of the aerogels reduces the size of the elementary structural beads, 

except in the case of the Cu-catalysed sample, where the radius remains unchanged.  Titanium 

catalysis yields polymer aerogels consisting of elementary clusters exceeding the range of the 

SAXS observations. Heat treatment of this sample leads to elementary beads of a well-defined 

radius smaller than in the Ti-free carbon aerogel. Post-impregnation of the polymer aerogel 

with TIP increases the size of the elementary beads by about 40 %, but these shrink by a 

factor of 5 upon carbonization. 

Heat treatment in nitrogen atmosphere also transforms the dopants. Cu2+-acetate 

deposited by post-impregnation is amorphous and converts to metallic copper at 900 °C in the 

reductive atmosphere created by the polymer pyrolysis. The distribution of the 100–200 Å 

sized Cu0 clusters is homogenous. Similarly, amorphous TiO2 converts to a mixture of anatase 

and rutile. Post-impregnated carbonized aerogels also contain amorphous inorganic dopants. 

Metal doping results in a reduced surface area in all cases, even when the majority of 

the Cu is removed during the solvent exchange. Porosity is severely modified by post-

impregnation. Owing to partial blocking of the pores, the specific surface area decreases, and 

the pore size distribution changes. The typical size of the mesopores in the carbon can be 

tailored by the method of copper introduction (50–60 Å on impregnation in the polymer 

aerogel stage, 100–200 Å with Cu2+-acetate as a catalyst and 300–400 Å on impregnation of 

the carbon aerogels). This effect is less obvious in the Ti-containing carbon aerogels. The 
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specific surface area of the copper catalyzed system decreases to 1330 m2/g after the 

carbonization. That of the post-impregnated samples strongly depends on the synthesis 

protocol: 380 m2/g by impregnation of the polymer aerogel, and 210 m2/g when the carbon 

gel itself is impregnated. 

The specific surface area of the titanium-doped samples is smaller than that of the 

corresponding (i.e. with the same preparation protocol) copper-doped samples. This finding is 

in a good agreement with the higher metal content of the titanium-doped samples. With the 

titanium-catalysis, the sample does not contain pores wider that 100 Å, as determined from 

gas adsorption.  

The carbon sample prepared by the carbonization of the Ti-impregnated polymer 

aerogel showed photocatalytic activity.  
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5.   New scientific results 

 

1. Cu(II)-acetate in the polymerization stage modifies the cluster formation (pHi=i5.3, 

R/Ci=i25, total initial concentration 5.2 wt/v%). The copper practically does not integrate 

into the gel structure, but affects the kinetics of the polycondensation reaction without 

changing the overall activation energy within the temperature range of  

30–50 °C (Ei=i76i±i14 kJ/mol). It also has a strong effect on the morphology and yields 

monoliths of specific surface area as high as 2000 m2/g. The size of the elementary beads 

is also strongly reduced (from to). [Czakkel et al, J. Coll. Int. Sci. accepted] 

  

2. The parameters of ‘real’ supercritical CO2 extraction were studied by a home-built 

controllable apparatus. Under conditions of ‘real’ scCO2 extraction the polymer network 

shrinkage from acetone is small and comparable to that of lyophilization from t-butanol. 

The surface area is also high (580 m2/g) and comparable to that of the cryogel. Micro- and 

mesoporosity is insensitive to the conditions of temperature, time and pressure during the 

‘real’ scCO2 extraction process, but macroporosity is strongly affected. The lower 

temperature and higher pressure favours higher porosity. At constant scCO2 flow rate the 

pore volume retained was found to be proportional to the contact time. Thus, the total pore 

volume can be tuned in the range 1.6–5.7 cm3/g. [Czakkel et al, Micropor. Mesopor. 

Mater. 2005, 86, 124; Székely et al., Olaj Szappan Kozmetika, 2009, Special Edition, 84] 

 

3.  Post-impregnation of the aerogels in both polymer and carbonized stages either with Cu2+ 

or Ti4+ results in reduced specific surface area and porosity. Pores bigger than di>i180iÅ 

disappear from the systems. [Czakkel et al, J. Coll. Int. Sci. accepted, Czakkel et al, 

Micropor. Mesopor. Mater., submitted ] 

 

4. The metal uptake can be adjusted with the concentration of the impregnation solution (50–

60 Å on impregnation in the polymer aerogel stage, 100–200 Å with Cu2+-acetate as a 

catalyst and 300–400 Å on impregnation of the carbon aerogels). This effect is less 

obvious in the Ti-containing carbon aerogels. [Czakkel et al, J. Coll. Int. Sci. accepted] 
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5. The response of the two metals on the heat treatment following the impregnation is 

different. Carbonization of the copper containing samples reduces Cu2+ to Cu0. The 

amorphous titania transforms into a mixture of anatase and rutile (the ratio of anatase is 

not more than 10%) during the heat treatment at 900 °C. [Czakkel et al, J. Coll. Int. Sci., 

accepted] 
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