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Relevance of porosity and surface 
chemistry of superactivated carbons in 
capacitors
D. Lozano-Castellóa),*,  J. P. Marco-Lozara),  M. J. Bleda-Martíneza),  F. Montillab),  E. Morallónb),  
A. Linares-Solanoa) and D. Cazorla-Amorósa)

We show, through some examples, that chemical activation by alkaline hydroxides permits the preparation of activated car-
bons with tailored pore volume, pore size distribution, pore structure and surface chemistry, which are useful for their appli-
cation as electrodes in supercapacitors. Examples are presented discussing the importance of each of these properties on the 
double layer capacitance, on the kinetics of the electric double-layer charge-discharge process and on the pseudo-capacitative 
contribution from the surface functional groups or the addition of a conducting polymer.
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1. Introduction

The performance of activated carbons (ACs) as electrical double 

layer capacitors (EDLC) is strongly dependent on a complex combi-

nation of properties which include carbon material properties, prepa-

ration method of the electrode and electrolyte characteristics (such as 

ions dimensions, dielectric constant, etc.)1). The proper selection of 

these properties will allow to optimize the EDLC.

The objective of this work is to present a brief summary of the 

preparation and characterization of porous carbon materials with 

different properties (apparent surface area, pore volume, pore size 

distribution, surface chemistry and porous structure) by chemical ac-

tivation with alkaline hydroxides of different precursors and to show 

some examples about the relevance of these properties on the double 

layer capacitance, on the kinetics of the electric double-layer charge-

discharge process, and on the pseudo-capacitative contribution from 

the surface functional groups or the addition of a conducting polymer.

2. Chemically activated carbons: Porous texture 
and surface chemistry characterization

A wide series of chemically activated carbons can be prepared 

using different carbonaceous precursors (i.e., anthracite, lignite, sub-

bituminous coal, eucalyptus wood, coconut shell, beech wood and 

carbon fibre) with potassium and sodium hydroxides (using alkaline 

hydroxide/carbon ratios from 1/1 up to 7/1), followed by a heat treat-

ment stage at 750 °C and finally by a washing step with hydrochloric 

acid and water.

As an example, Fig. 1 presents the N2 adsorption isotherms at 77 K 

corresponding to some of these carbon precursors used that were 

prepared with NaOH (3/1). A great variability is observed both on the 

adsorption capacities and on the shape of the isotherms, which em-

phasises the important role played by the precursor. The results ob-

tained with KOH activation (not shown here) point out that the poros-

ity development of a given precursor is different for NaOH and KOH. 

It has been seen that, in general, the development of porosity for 

precursors with low structural order (i.e., original eucalyptus precur-
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Fig. 1 N2 adsorption isotherms at 77 K corresponding to different 
precursors activated with NaOH (3/1) at 750 °C.
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sors (non-carbonized)) is better with NaOH than KOH, whereas the 

opposite is observed for the more ordered ones (i.e., anthracite)2),3).

Fig. 2 shows the wide range of apparent BET surface area (from 

700 m2/g up to around 3800 m2/g) covered with the series of ACs pre-

pared in the present work. It should be remarked that this method also 

allows us to prepare materials with different pore structure2).

As it will be discussed in the next section, in addition to the ap-

parent surface area and micropore volume, the pore size distribution 

(PSD) of the ACs is also a key parameter for their use as supercapaci-

tors. Fig. 3 contains the pore size distribution obtained by density 

functional theory (DFT) for a selection of materials. In Fig. 3a) and 

b), it can be seen that for a given precursor (in that case beech wood), 

the higher the alkaline hydroxide/carbon ratio the wider the result-

ing PSD. Comparing Fig. 3b) and c), a low-ordered precursor (beech 

wood) and a much more ordered precursor (anthracite), it is observed 

that for the beech wood, the porosity distribution is wider for NaOH 

activation than for KOH activation, whereas for the anthracite, the 

porosity distribution is wider for the KOH activated carbons3).

Another important property of the AC is the surface chemistry. Fig. 

4 includes, as an example, the temperature programmed desorption 

(TPD) curves corresponding to CO and CO2 desorption in a carbon-

ized eucalyptus wood, before and after activation with KOH and 

NaOH. From these results and those obtained with other precursors 

(not shown here) it can be concluded that: i) chemical activation with 

alkaline hydroxide produces a significant increase on the oxygen con-

tent and; ii) KOH shows a higher surface oxygen groups development 

than NaOH, specially for oxygen evolving as CO.

Thus, by selecting the activation conditions, porous carbon materi-

als with tailored pore volume, PSD, pore structure and surface chem-

istry can be prepared, to optimize their performance as EDLC.

3. Double layer capacitance and porosity 
(pore volume and pore size distribution)

It is known that double layer capacitance of carbon materials de-

pends on the porosity, and some correlations with parameters such 

as apparent surface area or the micropore volume have already been 

published4)-7). In general, the higher the surface area of carbon materi-

als, the higher is the capacitance value. However, important devia-

tions from this trend have been observed4), confirming that there are 

other important factors that contribute to double layer capacitance. 

To show this general trend, Fig. 5 shows the relationship between the 

Fig. 2 Apparent BET surface area corresponding to selected AC 
prepared by alkaline hydroxide activation of several precur-
sors under different experimental conditions.

Fig. 3 DFT porosity distribution of ACs prepared by NaOH and 
KOH activation of (a) beech wood (ratio alkaline hydroxide/
carbon 2/1), (b) beech wood (ratio alkaline hydroxide/carbon 
6/1) and (c) anthracite (ratio alkaline hydroxide/carbon 6/1).
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BET surface area and the specific capacitance, measured in H2SO4, 

for a number of activated carbons with different porosities, structure 

and surface chemistry. This series of materials have been prepared 

using different precursors, such as an anthracite (denoted as A), 

general purpose carbon fibres (denoted as D) and high performance 

carbon fibres (denoted as H), which have been activated by chemical 

activation with KOH (denoted as K) and NaOH (denoted as Na). The 

preparation, characterization and capacitance measurements details 

are included elsewhere8).

The capacitance values for the general purpose activated carbons 

fibres (ACFs) activated both with NaOH or KOH follow a linear rela-

tionship with BET surface area, except for the samples with the low-

est surface areas (i.e., those with BET surface areas below 500 m2/g). 

Such exception related with an ion sieving effect due to the small 

pore size of these materials4),9), shows the need of adjusting the pore 

size of the carbon material to the size of the electrolyte10). Contrarily, 

in the case of the anthracite and Hexcel-derived ACs, the capacitance 

goes through a maximum, which is especially remarkable for the for-

mer.

The sample with the largest capacitance corresponds to the acti-

vated anthracite, reaching a value of 321 F/g. It should be emphasized 

that in this last sample, the porosity is sufficiently well developed 

to remove the ion-sieving effect mentioned before. It must be noted 

that the sample with the highest capacitance has a BET surface area 

of only about 1500 m2/g. This means that although porosity is a key 

parameter in this process, there are other factors which influence in 

a considerable extent the behaviour of the ACs in EDLC. As it is de-

scribed in the next section, apart from porosity, surface chemistry of 

the porous carbons is also a relevant parameter.

4. Role of surface chemistry on electric double 
layer capacitance

Surface oxygen groups on carbon materials decompose upon heat-

ing producing CO and CO2 at different temperatures11). The amount 

of surface oxygen functional groups can be measured by TPD experi-

ments. To study the effect of the surface chemistry on the capacitance 

values, a large number of porous carbons (powder and fibres) were 

prepared in our laboratory from different precursors and using sev-

eral activating agents. The detailed characterization results have been 

discussed elsewhere8). As a summary, it can be said that samples with 

a wide range of surface oxygen groups were available, reaching for 

some samples prepared by KOH activation a total oxygen content of 

5000 µmol/g.

To analyze the influence of the oxygen surface chemistry on the 

capacitance values, we calculated the capacitance per BET surface 

area and we plotted in Fig. 6 such parameter ratio with the oxygen 

surface group evolving as CO, assessed from TPD8). It is seen that 

the correlation is excellent for all the samples except for one prepared 

from high performance carbon fibres8). This well defined correlation, 

deduced for a large number of samples prepared from different raw 

materials and using different preparation methods, confirms that the 

CO-type groups of the porous carbons have a positive contribution 

to the capacitance. This result was also proposed from studies done 

Fig. 4 TPD curves corresponding to a carbonized eucalyptus wood 
before and after activation with KOH and NaOH. a) CO de-
sorption profile and b) CO2 desorption profile.

Fig. 5 Electric double capacitance versus apparent BET surface 
area for samples prepared by chemical activation with KOH 
and NaOH (denoted as K and Na, respectively) of different 
precursors (anthracite, general purpose and high perfor-
mance carbon fibres, denoted as A, D and H, respectively).
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with a given porous carbon after a selective modification of the sur-

face chemistry12),13). It should be remarked that such capacitance per 

BET surface area has not a good correlation neither with the number 

of oxygen groups desorbing as CO2 nor with the total oxygen content 

calculated as 2CO2+CO. The CO-type surface complexes are mainly 

hydroxyl, carbonyl or quinone groups which can undergo the well-

known mechanism for the quinone/hydroquinone redox pair:

C O H e C OHx x
+> + +   

In the series of samples presented in Fig. 6, we used the ACs with-

out any treatment after activation. Considering that the activation 

temperature is usually higher than 700 °C, some oxygen groups that 

desorb at lower temperatures, e.g., anhydrides, will not remain in 

the carbon material and hence, the effect of these oxygen groups in 

capacitance cannot be well studied. To analyze the effect of these 

oxygen groups, a deep preparation and characterization of samples 

with tailored surface chemistry were carried out in our laboratory, 

as explained elsewhere14). Thus, two chemically ACs were oxidized 

with HNO3 and thermally treated in N2 flow at different temperatures 

in order to obtain porous carbon materials with different amounts 

of surface oxygen complexes. Additionally, a thermal treatment in 

H2 was also carried out, with a subsequent treatment in air flow at 

450 °C. Then, materials with very similar porous texture and widely 

different surface chemistry were compared. The surface chemistry of 

the resulting materials was systematically characterized by TPD and 

X-ray photoelectron spectroscopy (XPS) measurements. The results 

pointed out that some samples had an important content of carboxylic 

anhydride groups. It is known that the thermal decomposition of each 

carboxylic anhydride produces one CO molecule and one CO2 mol-

ecule at close temperatures. Thus, the amount of CO corresponding to 

anhydrides can be obtained from the deconvolution of TPD profiles.

In that study, galvanostatic and voltammetric techniques were used 

to deepen into the characterization of the surface oxygen complexes 

of that series of samples14). A clear correlation was found between 

capacitance and the CO-type groups (capacitance vs. CO-type groups 

plot), but the sample without further thermal treatment or heat-treated 

below 450 °C, exhibited an upwards deviation. The fact that those 

samples contained a significant amount of anhydrides, pointed out 

that this type of groups could be responsible for the enhancement in 

capacitance.

The main observed features from the steady cyclic voltammograms 

were presumably assigned to redox processes associated to CO-type 

groups (broad peak below 0.6 V RHE), which proceeds through a 

one electron transfer quinone/hydroquinone mechanism. Moreover, 

in the case of samples with high content of carboxylic anhydrides 

groups, a peak at about 0.63 V RHE was observed, and this peak 

disappeared almost completely for other samples, which was ther-

mal treated at temperature higher than 450 °C, where those surface 

oxygen groups were removed. With these results, it was suggested 

that anhydrides undergo a redox reaction at this potential. This reac-

tion should be somehow different from that occurring in carbonyls 

or quinone groups, whose redox process occur at lower potentials. In 

that study14), it was proposed a two electron mechanism for the redox 

process corresponding to anhydrides. According to that mechanism, 

each anhydride group would contribute with two electrons in the 

redox process. This aspect was considered in the capacitance vs. CO-

type groups plot. Each carboxylic anhydride contributed to capaci-

tance with two electrons, so the amount of anhydrides was taken into 

account twice. The amount of CO desorbing groups in the corrected 

plot, corresponded to the CO desorbed in TPD experiments plus the 

part corresponding to anhydrides (obtained from the deconvolution). 

In this type of corrected plot, all the samples fitted much better to the 

linear trend.

From the above study14) it has been shown, that the surface oxygen 

groups have, at least, a twofold relevant contribution to the total ca-

pacitance of porous carbons; i) as previously mentioned the surface 

oxygen groups have an important contribution to the capacitance 

through faradic processes which involve one or two electron transfer 

reactions and ii) the surface oxygen groups (or the dangling bonds 

created after decomposition, in inert atmosphere or in a H2 atmo-

sphere), determine the wettability of aqueous electrolyte; thus, their 

presence on the carbon surface is essential to take profit of the large 

double layer contribution to the capacitance of the porous carbons 

which is associated to their high porosity. Further studies in organic 

medium are being done to understand the role of these functionalities 

in the capacitance.

5. Influence of porous structure and pore size distri-
bution on the kinetics of double layer formation

As it has been described in Section 3, it is well-known that, in 

general, the larger the surface area that an EDLC can provide for 

Fig. 6 Capacitance divided by BET surface area versus CO content 
divided by BET surface area for samples prepared by chemi-
cal activation with KOH and NaOH (denoted as K and Na, 
respectively) of different precursors (anthracite, general pur-
pose and high performance carbon fibres, denoted as A, D 
and H, respectively).
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adsorption of ions on electrodes, the more energy can be stored in 

the EDLC. However, detailed analyses using porous carbons with 

tailored porosity have demonstrated that not all of the pores are effec-

tive in the charge accumulation. For example, it has been previously 

mentioned that the very narrow micropores do not contribute to the 

total double-layer capacitance because of a molecular sieving ef-

fect4),9). Most of the studies have been performed using low currents 

or low scan rates. However, from an application point of view, it is 

very interesting to know how the materials behave at high charge/dis-

charge rates, because the accessibility of the porosity will also depend 

upon the process rate. Thus, it is very important to study the kinetics 

of the double-layer formation using porous materials to guarantee 

that they can be used in high-power applications.

Our research group carried out a systematic study about the influ-

ence of the porous structure and pore size distribution on the kinetics 

of the electric double-layer charge-discharge process15). This study 

was performed using electrochemical impedance spectroscopy. To 

cover a wide range of apparent surface area, pore size distribution, 

and pore structure, a series of ACs and ACFs were prepared from 

an anthracite and two different carbon fibres by different activation 

methods (KOH and CO2). In addition, two commercial ACs from 

Maxsorb were also studied.

To quantify the level of reduction of capacitance, capacitance loss 

percentages (CLPs) from the starting value (at the lowest frequency, 

where there is enough time for the formation of the double layer in 

the porosity) to the value at around 0.02 Hz frequency were calculat-

ed for all of the samples. Fig. 7 plots the CLPs versus the percentage 

of narrow microporosity (<0.7 nm) for some samples in Na2SO4 me-

dium, as an example of the results obtained. The upper ordinate axis 

includes the average pore size, which permits to follow the discussion 

more easily. A clear linear relationship is observed; that is, the higher 

the percentage of narrow microporosity, the higher the CLP15). That 

means that, from a kinetic point of view, porous carbon materials 

with a wide mean pore size have better performance; i.e., the poros-

ity is more easily accessible for the electrolyte even at high charge-

discharge rates. It must be remarked that quite different trends are 

obtained for the ACs and ACFs. In the case of the ACs, the widening 

of the porosity does not produce a considerable improvement of the 

kinetic behaviour. However, in the case of the ACF, the CLP decreas-

es importantly when the porosity becomes wider. Thus, for Na2SO4 

electrolyte, ACFs seem to be more useful in high-power applications 

than ACs. The fact that a widening of the porosity produces better ki-

netic behaviour in ACF than in AC in Na2SO4 medium is most likely 

due to the existence of a smaller tortuosity of networks of porosity in 

ACF than in AC, which makes the ACF have a shorter path length for 

the ions to move than in the case of AC15).

An analogous analysis has been performed in H2SO4 medium15). A 

widening of the porosity produces an improvement of the kinetic be-

haviour. However, in this electrolyte, the improvement is much more 

important than in Na2SO4 medium. These facts can be due to the 

higher mobility of proton in aqueous solution compared to any other 

ion because of its different charge-transfer mechanism.

Thus, from this systematic study it is concluded that kinetics of the 

double-layer formation in porous carbons is improved using: (i) sam-

ples with wide micropore size distribution, (ii) samples with a porous 

texture with low tortuosity (ACF), especially in Na2SO4 medium, and 

(iii) acidic medium as the electrolyte.

6. Polyaniline/porous carbon electrodes by chemical 
and electrochemical polymerization

Another way to improve the performance of porous carbon as su-

percapacitors is to prepare carbon based composites with materials 

that may add pseudocapacitance. An example for this possibility are 

carbon/conducting polymer composites, which can take the advan-

tage from both, the double layer mechanism provided by porous car-

bon materials and the pseudo-capacitance contribution from conduct-

ing polymers. Our research group has prepared polyaniline (PANI)/

porous carbon composites by both chemical16) and electrochemical 

polymerization methods17) and those composites were characterized 

in terms of porosity and performance as electrochemical capacitors.

In the case of chemical polymerization, two methods were used to 

obtain the electrodes: (i) mixing, directly, the AC or ACF with chemi-

cally polymerized PANI; (ii) mixing the AC or ACF with aniline and 

subsequent chemical polymerization. In this second method, the sur-

face chemistry of the AC plays a key role in the PANI coating. From 

the results of that experimental work it can be said that carbon/PANI 

composites are more effective as capacitors if the two components 

are mixed directly or polymerized over a carbon material with a low 

content in surface oxygen complexes. The second method using a 

Fig. 7 Capacitance loss percentages (from the starting value to the 
value at around 0.02 Hz) versus the percentage of narrow 
microporosity and average pore size for several ACs and 
ACFs in 1 M Na2SO4 solution.
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thermally treated carbon (to remove surface oxygen groups) seems to 

be the best one. This method is very efficient to improve PANI con-

tribution to the total capacitance of the material compared to the pure 

PANI. It is remarkable that small additions of PANI (about 6 wt%) 

can produce an increase in capacitance of about 20% of the pristine 

AC (from 125 to 148 F/g). 

Preliminary experiments carried out by position-resolved micro-

beam small angle X-ray scattering (µSAXS) on ACF/PANI compos-

ites reveal that for both preparation methods (chemical and electro-

chemical) the coating of PANI takes place inside the porosity and is 

higher in the external regions of the ACF than in the core. The fibre 

diameter is not considerably changed, and it seems that the penetra-

tion of PANI inside the fibres occurs in a larger extension for the 

chemical polymerization.

7. Polyaniline/silica electrodes prepared by sol-gel 
methods and electrochemical polymerization

In order to improve the performance of supercapacitors incorporat-

ing species providing pseudocapacitance, we have studied the pos-

sibility of tailoring the electroactive area of those elements by prepar-

ing hybrid materials. The pseudocapacitance of PANI can be tailored 

by its template growth through porous silica films prepared by sol-gel 

methodology18),19).

The PANI-silica composites are prepared by sequential deposition 

of silica followed by electrochemical reactive insertion of the aniline 

monomers through the silica pores. In that manner the dielectric silica 

acts as template for the growth of conductive PANI.

Different methods can be used for the deposition of silica on 

proper electrodes. It can be deposited by conventional methods using 

techniques as dip-coating or spin-coating from precursor sols, gener-

ally metastable acidic hydroalcoholic solutions of tetraethyl-ortho-

silicate18). However, an attractive alternative is the electroassisted 

deposition of silica from a precursor sol-gel solution that contains a 

supporting electrolyte. The application of a negative potential high 

enough to produce the solvent reduction produces the consumption 

of protons in the vicinity of the electrode. Such increase of the pH 

nearby the electrode accelerates the condensation of the silica col-

loids that remain deposited in the electrode. The modifications of the 

applied potentials and time of deposition allows to control and to tune 

the properties of the deposited silica19).

The silica-modified electrodes can be then used as a porous matrix 

for the electrochemical growth of PANI. These electrodes are im-

mersed in a solution containing aniline, which can diffuse within the 

silica pores to reach the conductive electrode surface. The growth of 

PANI can be performed by potentiodynamic or potentiostatic meth-

ods.

Fig. 8 shows a SEM image of a silica-PANI hybrid synthesized by 

potentiostatic deposition over a silica modified electrode. In this fig-

ure schematic profiles (marked as a, b, c) of the electrodes show the 

presence of PANI fibres at different stages of growing through the sil-

ica pores. During the initial steps of electrochemical polymerization, 

PANI is confined inside the silica matrix (Fig. 8a) and the kinetics 

appears to be controlled by the hindered diffusion of aniline mono-

mer though the silica pores. Later, once the PANI fibres have reached 

enough length, they emerge out of the template and the growth kinet-

ics becomes comparable to that for PANI synthesized on a bare elec-

trode (Fig. 8b and c).

The silica matrix has a positive effect on the electrical capacitance 

of PANI since the polymer chains grow dispersed and the collapse 

between them is minimized. In that manner, the electrochemical ca-

pacitance of the Silica-PANI hybrids is several times higher than the 

capacitance of PANI synthesized at the same conditions. The silica 

matrix avoids the electric collapse between vicinal conducting fibres 

in ITO/Silica-PANI but allows the diffusion of ionic species that are 

in contact with the conjugated polymer, increasing therefore the con-

ducting surface exposed to the electrolytic solution. The mass capaci-

tance obtained for these hybrid materials is around 600 Fg−1.

8. Concluding Remarks

A summary of the preparation of activated carbons (ACs) by chem-

ical activation with alkaline hydroxides has been presented. It has 

been shown that, with careful control and thorough understanding of 

the variables affecting the carbon activation process, materials with 

different properties (apparent surface area, pore volume, pore size 

distribution, surface chemistry and porous structure) can be prepared. 

Examples discussing the importance of each of these properties on 

the double layer capacitance, on the kinetics of the electric double-

layer charge-discharge process and on the pseudo-capacitance contri-

bution have been included.

Fig 8 SEM image of a ITO/silica-modified electrode showing 
PANI emerging from the silica pores at different growing 
stages, as depicted in the schematic profiles of the electrode 
(marked as a, b, c).
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