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Cyclic voltammetric studies of  electrodes prepared from unmodified and oxidized activated carbons 
were carried out. Three kinds of  de-ashed commercial carbons were oxidized by treatment with 
concentrated nitric acid or by heating in air. Fo r  all samples the following properties were charac- 
terized: surface area (SBzT), quality and quanti ty of  surface functionalities and total bonded oxygen. 
Cyclic vol tammograms in aqueous and nonaqueous  solutions (water, acetonitrile, water-acetonitr i le  
mixtures) o f  electrolytes were recorded. Aqueous  solutions with a wide p H  range were used. The 
relations between cathodic peak potentials and p H  values of  the electrolyte solutions were estimated. 
An at tempt  to characterize the mechanisms of  the electrode processes responsible for the formation of  
these peaks was undertaken. 

1. Introduction 

Cyclic voltammetric studies of the electrochemical 
behaviour of carbon materials in electrolyte solutions 
[1-20], have drawn attention to the close correlation 
between the shape of the cyclic curves and the 
chemical structure of the carbon electrode surface. 
In the literature, the peaks formed for definite values 
of potential peaks have been attributed to surface 
oxide species. 

Unmodified materials, and in some cases, previ- 
ously oxidized materials (electrochemically, oxygen 
rf-plasma, air and steam), such as carbon blacks [1, 
2], graphite [3, 4], pyrolytic carbon [5], carbon fibre 
[6-12], activated carbon [13-15] and glassy carbon 
[16-19], were studied. 

On the basis of these and other results, the assump- 
tion that quinone and hydroquinone groups are 
mainly responsible for the redox characteristics of 
carbon electrodes seems reasonable. It is also possible 
that other surface species are electrochemically active 
[2, 19], and that they are overlapped by significant 
capacitive currents. 

The majority of electrochemical studies of carbon 
materials have been performed in only one kind 
of electrolyte (most often in aqueous solutions of 
inorganic salts or acids). An example of such studies, 
using electrochemically modified pyrographite elec- 
trodes, is the relation between the hydronium ion 
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concentration and the shape of the cyclic voltammo- 
grams (CVs) recorded in the aqueous solutions [4]. 
Some preliminary reports have analysed the CV 
peak potential against pH relation for different car- 
bon electrodes [15, 16, 19]. 

In the presented study, the electrochemical 
behaviour of activated carbons with unmodified and 
chemically oxidized surfaces was analysed. Using 
different electrolytes, these investigations ought to 
enable the effect of the environment on surface 
electrode processes to be assessed. 

2. Experimental details 

2.1. Materia& 

The carbon materials and their modifications are 
presented in Table 1. The solvents were doubly dis- 
tilled water and dried acetonitrile (pro analysi grade). 
The electrolytes (analytical grade) were LiC104, 
Na2SO4, H2SO4, NaOH, and Britton-Robinson 
buffer, in concentrations of 0.05 or 0.1 M. 

2.2. Instrumental 

The electrochemical measurements were carried 
out using a typical setup (generator, potentiostat, 
X - Y  recorder) and a three-electrode cell, shown 
diagrammatically in Fig. 1 (a). 

The working powdered activated carbon electrode 
(PACE) design is shown in Fig. l(b). After prior 
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Table 1. Activated carbons tested 

Notation Source Modification methods Ref 

C W N 2 - N M  Commercial (ZEW, Racib6rz, Poland) De-ashed in conc. HF  and HC1 [20] 
CWN2-Ox - C W N 2 - N M  oxidized in air at 673 K for 6 h (in fluid-bed process) [20] 
C W Z - N M  Commercial (HPSDD, Hajn6wka, Poland) De-ashed in cone. HF  and HCI [21] 
CWZ Ox - C W Z - N M  oxidized in HNO3 at 353 K for 4 h and desorbed at 423 K 
R K D 3 - N M  Commercial (Norit, The Netherlands) De-ashed in conc. HF  and HC1 [22] 
R K D 3 - O x  - R K D 3 - N M  oxidized in HNO3 at 353 K for 5 h, heated in H 2 at 448 K [22] 

vacuum desorption (10-2 Pa),, the powdered carbon 
(grain size 0.075-0.067 mm, ,weight 20 mg) was placed 
in an electrode container and drenched with a 
deaerated solution to obtain a ,-~3 mm sedimentation 
layer. All potentials were measured, and are reported 
against a potassium chloride saturated calomel 
electrode (SCE) connected to the electrochemical cell 
via an agar-agar/KC1 bridge. A platinum gauze 
served as counter electrode. After assembly, the 

N2 

SCE / Pt 

(a) 

I 2 

3 

(b) 

Fig. 1. Cross-section of  the electrochemical cell (a) and the carbon 
electrode (b): (1) powdered activated carbon, (2) filter paper, (3) 
Pt contact. 

electrochemical cell was deaerated until the CV-curve 
shape was reproducible (24tl). The measurements 
were carried out in potential ranges preventing the 
electrochemical modification of the surface of the 
carbon materials tested. 

Table 2 summarizes the estimated useful potential 
limits for oxidized carbon electrodes in aqueous 
solutions at three different pH (acidic, neutral and 
basic). 

2.3. Surface analysis 

The specific surface areas (SBET) of the studied 
carbons before and after modification were deter- 
mined from the adsorption isotherms of benzene 
vapour at 293K (20°C) obtained using McBain- 
Baker sorption balances. The content of acidic func- 
tional groups was determined by neutralization with 
bases of various strengths [23], while the number of 
basic groups was estimated by neutralization with 
hydrochloric acid. The total amount of oxygen was 
determined by the method given in [24]. Additionally, 
the thermogravimetric investigation connected with 
the analysis of volatile products (mass spectrometric 
method) of thermal decomposition of the surface 
functional groups was carried out. Mass loss curves 
and mass spectra (CO2 and CO) were recorded (Figs 
2 and 3). 

3. Results and discussion 

The physical properties of activated carbon render it a 
difficult material to use as an electrode. Its extensive 
surface area leads to large double-layer charging 
currents which, tend to obscure faradaic current 
features. Studies of the redox-active surface oxide 
groups on the carbon materials require various 
properties of activated carbons to be well established. 

Table 3 shows selected physicochemical properties 
of the electrode materials studied. The oxidation of 
carbon samples (CWZ and RKD3) by nitric acid 
caused a significant decrease (~30%) in specific 
surface area (SBET). However, air (oxygen) treatment 
at 673 K (400 °C) leads to an increase in SBBT as a 
result of the additional activation of carbon 
(CWN2). Table 3 shows the number of functional 
groups obtained in relation to the units of mass or sur- 
face area of the carbons. It thus appears that in spite 
of similar quantities (mmol g -1) of surface oxides 
(after modification), the carbons have different sur- 
face densities of functional groups (mmol m-2). This 
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Table 2. Potentials of hydrogen and oxygen evolution for carbon electrodes in different electrolytes (V vs. SCE) 

Electrolyte: 0.05 M H2S04 0.05 g Na2SO 4 0.1 A¢ NaOH 

Activated carbon H 2 02 H 2 02 H 2 02 

CWN2-Ox -0.42 +1.53 -0.94 +1.36 -1.08 +0.76 
CWZ-Ox -0.41 +1.48 -0.84 +1.22 -1.28 +0.68 
RKD3-Ox -0.46 + 1.81 - 1.08 +1.18 - 1.26 +0.88 
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Fig. 2. Mass change derivative curves (TG) for the activated 
carbons: (a) CWN2, (b) CWZ, (c) RKD3; (1) unmodified carbons, 
(2) oxidized carbons. 

last parameter should significantly influence the 
electrochemical behaviour of carbon electrodes. 

To explain how surface oxidation and the nature of 
the solvent influence the electrochemical processes 
occurring at the solid/liquid interphase, the cyclic 
v01tammograms for all the carbons studied were 
recorded in neutral aqueous, nonaqueous (aceto- 
nitrile) and mixed (1 : 1) solutions of 0.1 M LiC104. 
The cyclic curves obtained for CWN2 carbon are 
presented in Fig. 4 by way of example. For unoxidized 
(NM) carbons in aqueous solutions (Fig. 4(a)), no 
faradaic processes are observed in the potential ranges 
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Fig. 3. Mass spectra curves of CO2 (a, b, c) and CO (a ~, b/, d) 
emission for the carbons: (a, a r) CWN2; (b, b') CWZ; (c, d) 
RKD3 (1: unmodified carbons, 2: oxidized carbons). 

studied. The chemical or electrochemical oxidation of 
the carbon surface causes anodic and cathodic peaks 
to appear [1-20]. We also confirmed this effect in 
PACEs prepared from oxidized carbons (Fig. 4(b)). 
The voltammogram recorded for carbon electrode in 

Table 3. Selected physicochemicalproperties of  the activated carbon electrode materials studied 

Activated SBEr 
carbon /m 2 g-1 
material 

Number o f functional groups 
/mmolg -1 (104 mmolm -2) 

total - O H  C=O 
acidic 

basic 

Total 
oxygen 
content 

/wt % 

CWN2-NM 845 0.21 0.11 0.03 0.205 2.6 
(2.48) (1.3) (0.35) (2.42) 

CWN2-Ox 1100 2.0 0.78 0.03 0.087 6.2 
(18.18) (7.09) (0.27) (0.79) 

CWZ-NM 630 0.508 0.23 0.184 0.244 2.9 
(8.06) (3.65) (2.92) (3.87) 

CWZ-Ox 455 2.113 0.71 0.105 0.019 9.7 
(46.4) (15.6) (2.3) (0.41) 

RKD3-NM 970 0.786 0.113 0.19 0.249 2.5 
(8.10) (1.17) (1.96) (2.57) 

RKD3-Ox 805 1.855 0.57 0.212 0.125 10.3 
(23.0) (7.08) (2.63) (1.55) 
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Fig. 4. Cyclic voltammograms of PACEs: (a) C W N 2 - N M  in 
0.1M LiC104/H20 , (b) CWN2-Ox  in 0.1M LiC104/H20 , (c) 
C W N 2 0 x  in 0.1M LiC104/H20 + AN / l :  1), (d) CWN2-Ox in 
0.1 M LiC104/AN. Sweep rate: 33 .3mVs- ' .  

an aqueous organic solvent (Fig. 4(c)) shows the 
partial disappearance, and in a nonaqueous solvent, 
the complete disappearance (Fig. 4(d)) of the peaks 
on the cathodic and anodic waves. The charge 
transferred in the anodic and cathodic processes 
decreases when the polarity of the solvent and 
oxonium/hydroxyl ion concentration in the back- 
ground aqueous solution does so. This indicates that 
protons participate in the surface electrochemical 
processes [14-16, 25-28], a fact confirmed by analysis 
of the changes in shape of the cyclic voltammograms 
for all the oxidized carbons studied, obtained with 
different sweep rates. Some of the results are presented 
in Fig. 5. On the basis of these results, we also 
estimated the sweep rate (v = 5mVs-1), for which 
in aqueous environments we obtained the best-defined 
anodic and cathodic peaks for all the PACEs from 
oxidized carbons. 

To define the possible mechanism of the surface 
electrochemical reactions, the cyclic voltammograms 
for oxidized carbons were recorded in aqueous blank 
electrolytes over a wide pH range. For CWN2-Ox 
and CWZ-Ox carbons, aq.H2SO4-aq.NaOH of 
constant ionic strength were used. The RKD3-Ox 
carbon was studied in Britton-Robinson buffer. The 
cyclic voltammograms for extreme pH values (acidic 
and basic solutions) are shown in Fig. 6. In all the 
recorded curves there are well-defined and less well- 
defined cathodic and anodic peaks, the potentials of 
which are pH-dependent. For acidic solutions (Fig. 
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Fig. 5. Cyclic voltammograms of  CWN2-Ox  carbon recorded in aqueous 0.05 M Na2SO 4 (a) and acetonitryl/0.1 M LiC104 systems (b) for 
various sweep rates: (1)o50, (2) 20, (3) 10 and (4) 5mVs  i. 
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Fig. 6. CVs of carbons: (1) CWN2-Ox, (2) CWZ-Ox, (3) RKD3-Ox recorded in 0.05M H2SO 4 (a) and 0.1 M NaOH (b). Sweep rate: 
5mVs -1. 

6(a)), cathodic peaks (I) in the potential range (E d) 
from 0.50 to 0.40 V (the poorest for CWZ-Ox carbon) 
were recorded. On the anodic sections of the CV 
curves, two broad, poorly-formed peaks (Ea I and Ea n 
in the potential ranges 0.35-0.45V and 0.90-1.20V, 
respectively) can be seen for all the oxidized carbons. 

In a basic solution (Fig. 6(b)) the first cathodic 
peak potential shifts to more negative values (from 
-0.20 to -0.35V) for all oxidized carbons. The 
second cathodic peak appears for CWN2-Ox and 
RKD3-Ox carbons in the potential range from 
-0.85 to -0.95V and for CWZ-Ox carbon at E JI 
-0.55V. On the anodic waves there are two broad 
peaks (Ea~: from -0.30 to 0.05 and Eli: from -0.85 
to -0.75V) for CWN2-Ox and RKD3-Ox, and a 
single broad one (from -0.10 to -0.20V) for 
CWZ-Ox (all poorly formed). 

In environments of medium pH, a relatively 
well-formed reduction peak (I) can be also seen. Its 
half-wave potential depends strictly on the pH of the 
blank electrolyte. Some sections of the cathodic waves 
(including the peak in question) recorded in solutions 
of different pH are presented in Fig. 7 (e.g., CWN2- 
Ox). It can be seen, in addition, that the height of 
the recorded reduction waves depend on pH, too. 
From these waves, the half-wave potentials can thus 
be estimated to within 5 mV. 

To characterize the influence of the oxonium ion 
concentration on the redox reactions responsible for 
the observed peak, the relations between half-wave 
potentials and pH values are presented (Fig. 7). 
Earlier, these relations had been estimated for anodic 
and cathodic peaks obtained for activated glassy 
carbon electrodes [16, 17, 19] and over a limited pH 
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Fig. 7. Cathodic scans (sections) of CVs for CWN2-Ox recorded in 
aqueous electrolytes of different pH. 
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range for activated carbon paste electrodes [15]. In 
our studies we obtained the dependence of the half- 
wave potential for one selected cathodic peak (I) 
observed over the entire pH range used. This relation- 
ship is linear for all the PACEs studied (from previ- 
ously oxidized carbons), and the slopes (calculated 
by the least squares method) take the values 
-51 4- 2, -57  4- 3, and -63  + 2mV/pH for CWN2- 
Ox, CWZ-Ox, and RKD3-Ox,  respectively. Similar 
values ( -62  and -64mV/pH) were obtained for 
cathodic peaks obtained on cyclic voltammograms 
of glassy carbon electrode after oxygen rf-plasma 
treatment [16]. 

According to the general electrode reaction: 

O x + m H  + + n e  = R e d  (1) 

when [Ox] = [Red], the Nernst equation predicts that 
the electrode potential for this process (E) is related 
to the formal electrode potential (E °) by 

E = E ° - ( m / n )  (0.059 V) pH (2) 

When m = n, a theoretical slope o f - 5 9  mV/pH for the 
E = f (pH)  relationship is expected. The Nernst slopes 
obtained in our work are in good agreement with 
theoretical values when equal numbers of electrons 
and protons are transferred. 

In particular, good agreement with theoretical 
values was obtained for carbons oxidized with con- 
centrated nitric acid (CWZ-Ox, RKD3-Ox). We 
suggest, therefore, that this oxidizer yields surface 
functional groups with a chemical structure similar 
to those in the model system [25-28]. We would 
expect to find quinones of different types (e.g. 1,2- 
and 1,4-), as well as different local environments on 
the carbon surface. These could be expected to exhibit 
significant variations in their reduction potentials. 

The presence of other cathodic and anodic peaks 
point to electrochemical activity on other oxygen 

species existing on carbon surfaces (see Table 3). 
Additionally, they can be overlapped by significant 
capacity currents [29]. However, it should be remem- 
bered that the real chemical structure of an oxidized 
carbon surface [30] depends on the hydrolysis of 
lactone, ester or ether-like anhydrous systems and 
the ionization of some functionalities at extreme pH 
values (acidic or basic environments) [31]. These 
phenomena influence the surface density of species 
that can take part in charge-transfer processes, 
which explains the observed differences in height of 
reduction peaks in different environments (see Fig. 7). 

These dependences can account for the redox 
processes described by the reactions, e.g. [18-21]: 

~C=O + H + + e- ~ ~ C - O H  (3) 

- C - - C -  + 2 H + + e  , - C ~ C -  (4) 
II N L I 

OH OH OH OH 

Comparison of the surface density (mmol m -2) of 
the functional groups on activated carbons oxidized 
by nitric acid in relation to carbon oxidized in air 
shows a significantly higher (about 10 times) concen- 
tration of quinoid (carbonyl) structures. The gentler 
Nernst slope for CWN2-Ox points to the occurrence 
of reduction with partial ionization of the hydroxyl 
group, according to the reaction 

~C=O + e- ~ ~ C - O -  (5) 

This is probably due to the higher relative concentra- 
tion of hydroxyl groups on this carbon (ca. 25 times) 
and the different distribution of their acidic strength. 
Another factor contributing to the discrepancy 
between the obtained and theoretical slopes could be 
the incomplete resolution of the overlapping peaks, 
which exhibit differing electrochemical reversibilities. 
The systems studied are unusually complicated, both 
chemically and electrochemically, so the mechanism 
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o f  e l ec t rochemica l  ac t iv i ty  a n d  the  role  o f  sur face  
species requ i res  f u r t h e r  e x p e r i m e n t a l  s tudies;  this  
will  be  the  sub jec t  o f  o u r  nex t  pape r .  
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