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The electrooxidation of  glassy carbon electrodes in acid and neutral solution has been investigated 
using in situ F T I R  spectroelectrochemical techniques. The formation and transformation of  inter- 
mediate oxide species in different potential regions has been observed. The results show that in the 
lower anodic potential region (i.e., < +1.2 V vs SCE), the main reaction is the t ransformation of  oxide 
species (i.e. phenol-like species) initially on the carbon electrode surface. But in the high anodic poten- 
tial region (i.e., > + 1.65 V vs SCE), the electrooxidation of  carbon is a combinat ion of  electrochemical 
and chemical oxidation. A more detailed electrooxidation mechanism is proposed based on the experi- 
mental results. 

1. Introduction 

Carbon is one of the most important electrode 
materials and is used in many industrial processes. 
There has been a considerable interest in the electro- 
chemical pretreatment of carbon electrodes and the 
corrosion of the carbon support [1-11] due to its the- 
oretical significance and practical application. For 
example, the corrosion of the carbon support plays 
a crucial role in determining the life of a commercial 
fuel cell [12]. In addition, the electrochemical pretreat- 
ment of carbon fibre may provide a novel way of 
modifying carbon surfaces [13]. Although some tech- 
nological work has been carried out, the mechanism 
of the electrooxidation of carbon has not been 
thoroughly investigated [2, 7, 11]. 

The electrooxidation mechanism of carbon is com- 
plex. A generalized oxidation mechanism for graphite 
and carbon electrodes in different electrolytes has 
been proposed as follows [1, 2]: 
(a) In acid solution: 

mC + nH20 - ale- > (m - x)C-OHsurf ' 

% ' x C O  2 (1) 

( m -  x)C-OHsurf ' - ble- ~ qCO2 + rH + (2) 

o r  

C a t- O 2 > C O  2 (3) 

(b) In alkaline and neutral solution: 

C + OH - e- ~ C--OHads (4) 

C-OHaas + O H -  - e- > C +  H20 + 1 0 2  (5) 

o r  

C -/- 0 2 > C O  2 (6) 
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In the above mechanisms two reaction routes may 
occur simultaneously and/or consecutively. Although 
the formation of surface oxide species has been pro- 
posed as one of the primary steps in the electrochemi- 
cal pretreatment of carbon and the corrosion of 
carbon electrodes, the characteristics of these inter- 
mediates and the detailed electrooxidation mechan- 
ism are still not clear, due partly to the limited in 
situ spectroelectrochemical information obtained. 

Some in situ and ex situ spectroscopic techniques 
have been used to study the electrooxidation of car- 
bon, such as in situ u.v.-vis, electroreflectance spec- 
troscopy [7], in situ mass spectroscopy [8], 14C 
radiotracing together with mass spectroscopic analy- 
sis [10], ex situ i.r. [14] and ex situ XPS [15]. In situ 
u.v.-vis, spectra is insensitive to the vibrational 
mode of the surface oxide species; in situ mass spectra 
can detect only volatile oxidation products (i.e., CO 
and CO2) produced in the reaction. Thus, the surface 
oxide species and intermediates produced during the 
oxidation process can not be characterized well in 
situ by the above techniques. In situ infrared spectro- 
scopy [9] is a useful tool, being very sensitive to the 
vibrational mode of the surface species. It can be 
used to monitor not only the surfacial intermediates 
and adsorbed volatile compounds (e.g., COads) but 
also solution products. This paper reports the result 
of characterization of electrooxidation of glassy car- 
bon electrodes (GCE) using various in situ infrared 
spectroelectrochemical methods. Some possible oxi- 
dation intermediates observed and identified are also 
discussed. 

2. Experimental details 

The glassy carbon (GC) material (Beijing Artificial 
Crystal Institute, China) used in this study was 
made from the resin of furfural-alcohol. The main 
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Fig. 1. Cyclic voltammograms of the glassy carbon electrode pretreated at different potentials for 5 min in 0.5 M H3PO 4. (a) Original, (b) 
+l.2V and (c) +l.6V. ( -  - -)  First cathodic scan after the electrode was pretreated at +l.6V. 

physical parameters of the materials are as follows: 
density: 1.51gcm-3; electrical resistivity per unit 
volume: 5.0 x 10 -3 f~ cm; tensile strength: 670- 
800kgcm-2; thermal expansion coefficient: 3 .04x 
10 -6° C -1. Electrodes made of  8 mm diameter glassy 
carbon rod, were cut and sealed in Teflon tubing by 
a heat-pressing technique. The electrode surface was 
polished carefully to a mirror finish, and cleaned 
ultrasonically in deionized water for 5 min prior to 
the experiments. All chemical reagents were AR 
grade, used as received. All solutions were prepared 
with deionized water. The in situ infrared spectroelec- 
trochemical cell is similar to that previously reported 
[16]. The solutions were usually deaerated with nitro- 
gen for more than 15 min prior to the experiments. A 
platinum plate was used as counter electrode and a 
saturated calomel electrode (SCE) was used as refer- 
ence. All the experiments were carried out at room 
temperature (~  25 ° C). 

The i.r. spectrometer was a Nicolet-730 Fourier 
transform (FT) i.r. spectrometer equipped with a 
liquid nitrogen cooled mercury-cadmium-tel lur ide 
(MCT) detector. The spectral resolution was 8 cm -1. 
The sample compartment of  the spectrometer was 
purged with dry air (CO2-free) for more than 30 min 
before spectroscopic measurements were taken. The 
window material of the in situ spectroelectrochemical 
cell was CaF2. In this work the single potential alter- 
nation i.r. spectroscopy (SPAIRS) method was used. 
Some details of the difference spectra method have 
been reported previously [16]. Based on the difference 
spectra acquired, the spectra were further derived by 
using commercial software equipped in the spectrom- 
eter to detect weak changes in some spectra. The 

time-resolved spectra were acquired using a fast-scan 
function assembled in the spectrometer. The data- 
acquisition time of  each spectrum was about 3 s. 

3. Results and discussions 

3.1. Cyclic voltammetry 

The cyclic voltammograms (CV) of  glassy carbon pre- 
treated at different potentials in 0.5M H3PO 4 are 
shown in Fig. 1. In acid solution, the results showed 
that the amount  of oxide species increased with pre- 
treatment potential. It was also observed that, when 
the pretreatment potential was equal to, or more posi- 
tive than + l . 2V,  the current of the first scan in the 
cathodic direction was larger than that of subsequent 
scans. Particularly, if the electrode was pretreated at 
+ l . 6 V  for 5min, the peak current of oxide species 
increased to about two times that of oxide species at 
the untreated glassy carbon electrode. 

When the pretreatment potential was greater than 
+ l . 6V ,  an irreversible reduction peak appeared at 
about -300  mV in the CV (Fig. l(c), peak 1); this cur- 
rent peak may be attributed to the reduction of  
adsorbed oxygen. However, if the fresh electrode 
was oxidized at 1.6V for 5min, then immediately 
reduced at - 1 . 2 V  for 1 min, the irreversible reduc- 
tion peak for adsorbed oxygen and a couple of cur- 
rent peaks of the surface oxide species were lower 
than the peaks for the electrodes only pretreated by 
anodic oxidation. The decrease of the peak current 
for surface oxide species suggests that some part of  
the newly produced oxide species is not stable and 
can be irreversibly reduced at -1 .2  V. On the other 
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Fig. 2. In situ SPAIRS spectra of glassy carbon electrode at different 
potentials in 0.2 M H 3 P O  4. Base potential is -0.4 V vs SCE. Sample 
potential is indicated in each spectrum. Potential sweep rate: 
3mVs -1. 

hand, it was found that the cyclic voltammograms in 
neutral solution are similar to those in acid solutions 
except that the peak current of  the surface oxide 
species is less distinctive. 

3.2. In situ single potential alternation i.r. spectroscopy 
(SPAIRS) 

Two factors must be taken into account prior to the in 
situ i.r. characterization. One factor is the effect of 
evolved gas bubbles. If  the electrode is held at a 
higher anodic potential (e.g., > +1.65V) for some 
time, gas bubbles are produced at the electrode 
surface and interfere with the spectroscopic 
measurement. Another factor is the irreversibility of 
the surface state of the carbon electrode after several 

potential cycles. Some irreversible surface state prop- 
erties have been investigated at gas/carbon interfaces. 
Chang and Bard [17] have reported the irreversible 
properties of highly oriented pyrolytic graphite 
(HOPG) surfaces, i.e., heat-cool-reheat pretreatment 
results in a new surface state of the HOPG. Although 
an attempt was made to use subtractive normalized 
Fourier transform infrared spectroscopy (SNIF- 
TIRS) to characterize the electrooxidation of GCE 
[27], it was found difficult to obtain satisfactory and 
reproducible results because of irreversible changes 
of the electrode surface state after several potential- 
stepping cycles. Therefore, in this work, the method 
of single potential alternation i.r. spectroscopy 
(SPAIRS) was used to monitor the dynamic changes 
of the electrooxidation. It was found that the above 
two effects could be ameliorated. 

As shown in the spectra in Figs 2 and 3, the in situ 
infrared spectra of electrooxidation of GCE are com- 
plex and, in some cases, poorly resolved. Therefore, it 
is not feasible to have complete and detailed peak 
assignment and identification of all surface oxide 
species formed in the different potential regions, at 
least based on the present spectral data. However, 
some of the major surface oxide species formed, and 
the transformations of those species occurring during 
the course of the oxidation process, can be traced on 
the basis of an analysis of the spectra obtained. 

Figure 2 shows a set of in situ SPAIRS spectra of 
the glassy carbon electrode at different potentials in 
0.2M H3PO 4. In the lower anodic potential region 
(i.e., 0.6V < 4 < 1.5V), it was found that the absorp- 
tion of the peaks at 1600 ~ 1700 cm -1 increased with 
potential. For  instance, at more positive potentials, 
the intensity of the peaks at ~ 1666cm -1 and 

1710cm -1 increased markedly. These peaks are 
attributed to the absorption of quinone and 
carboxylic-like species, respectively. 

When the potential was more positive than + 1.6 V 
(Fig. 2), the amount  of carbon dioxide became distinc- 
tively large and the spectral absorption at 
1600~  1700cm -z decreased. These results imply 
that the decomposition of the adsorbed water and 
transformation of some surface oxide species 
occurred simultaneously. With increase in the anodic 
potential, in the frequency region between 1710 cm -1 
and 1850 cm -z, the spectral peaks became wide and 
their intensity also increased. In the investigations of 
gas-phase oxidation of polycarbonate chars [18], 
active carbon [20, 21] and carbon film [22], it was con- 
cluded that four carbonyl compounds were formed 
such as quinone, acid-anhydride, hydrogenated car- 
boxyl and lactone-like species in the oxidation pro- 
cesses. In our spectra, quinone-like and carboxylic- 
like can be identified, based on the absorption peaks 
at 1660 ~ 1720 cm -1. In addition, the increase of the 
peaks and the bands in the frequency region between 
1710 ~ 1850cm -1 suggest some oxide species are 
formed at the same time. These oxide species are ten- 
tatively ascribed to be acid anhydride-like and 
lactone-like species. 
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Fig. 3. In situ SPAIRS spectra of glassy carbon electrodes in 0.2 M 
NaC104. Sample potentials: (1) +0.9, (2) +1.0, (3) +1.1, (4) +1.2, 
(5) +1.4 and (6) +l.6V. Base potential: -0.4V. Since SPAIRS 
spectra at higher anodic potentials are similar to the above, except 
for stronger absorption, those spectra are omitted. 

In situ i.r. spectra also reflect the changes (i.e., for- 
mation, t ransformation and elimination) of  the 
C - O  bond in the oxidation processes. In the 
C - O - C ,  C - O  and C - C  bond stretching region 
(1350 ~ 1000cm-1), some spectral peaks increased 
with potential. For  example, the peak at 

1200cm -~ is attributed to the absorption of  C - O  
bonds (Fig. 2). In the case studied it was found that 
there was a distinct increase of  absorption of  the 
C - O  bond at potentials equal to and higher than 
+ l . 6 V .  At the same time, some increase in the vibra- 
tion absorption of  O - H  was also observed in the fre- 
quency region 2800 cm -~ ~ 3600 cm -1 . These 
increases are attributed to the formation of  phenol- 
like species. Based on the electrochemical results 
(Fig. 1), the ex  situ X-ray photoelectron spectro- 
scopic results [19] and in situ i.r. results, it is con- 
cluded that the increase of  surface oxide species at 

lower potentials is due to the transformation of oxide 
species initially at the electrode surface. Some oxide 
species such as acid anhydride and lactone are only 
produced as the potential moves to + l . 2 V  and 
higher, when adsorbed oxygen begins to form at the 
electrode surface. 

Occasionally, a peak at 2 0 5 0 ~ 2 0 8 0 c m  -I  was 
observed in the in situ SPAIR spectra (e.g., Fig. 2(c)) 
and time-resolved spectra (also see Fig. 7). This 
peak is ascribed to adsorbed carbon monoxide. How- 
ever, adsorbed carbon monoxide (CO) is not stable 
and its amount  is small. It  is not easy to acquire in 
situ i.r. spectra of  adsorbed carbon monoxide at car- 
bon electrodes, especially in oxygen-saturated solu- 
tions. This indicates that dissolved oxygen has a 
large effect on the stability of  adsorbed carbon mon- 
oxide in acid solution. 

3.3. The derivative difference spectra 

Figure 3 shows a set of  SPAIRS spectra of  glassy car- 
bon in 0.2M NaC104. In contrast to the in situ 
SPAIRS spectra of  electrooxidation of  GC in acid 
solutions, the in situ SPAIRS spectra in neutral 
solutions are smooth and spectral peaks are 
overlapped. 

I f  the difference spectra in Fig. 3 were further 
treated using software in the spectrometer, some 
weak peaks were well resolved. Figure 4 shows the 
first derivative and the second derivative of  the differ- 
ence spectra at 1.7, 1.8, 1.9 and 2.0V. Based on the 
theory of  derivative spectroscopy, it is known that 
the positions of  the peaks is the same for the second 
derivative spectra and original spectra. In the second 
derivative difference spectra (Fig. 4(b)), it was 
observed that the peaks at 1696cm -1, 1668cm -] 
and 1611 cm -1 increased with anodic potential. The 
peaks at 1696, 1668 and 1611 cm -1 may be tentatively 

/ 

I I I 

2200 1600 1000 
(a) Wavenumber /crn  1 

CO C O I ~  

' 60 ' 2200 1 0 
(b) Wavenumber /cm -1 

1000 

Fig. 4. The derivative difference spectra of glassy carbon electrodes in the electrooxidation process. (a) First derivative and (b) second deri- 
vative difference spectra. Experimental conditions are as Fig. 4 except that sample potentials are: (1) +1.7, (2) +I.8, (3) +1.9 and (4) +2.0 V. 
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ascribed to the following surface carbonyl groups: 
1696cm -1, C =O absorption of aromatic ketone; 
1668cm -1, quinone or hydrogen-bonded ketone; 
1611cm -1, C =C vibration of the aromatic ring of 
the intrinsic graphite layer. Although the applicabil- 
ity of derivative difference spectra must be considered 
more carefully, the above facts imply that the deriva- 
tive method is useful in the analysis of difference spec- 
tra. It is also concluded from the derivative difference 
spectra (Fig. 4), that the main oxide species produced 
in the electrooxidation processes are carbonyl 
compounds with the following structure in neutral 
solution: 

O O 

I " /  
- R  

Form 1. 

where R =H,  C H 3 , . . . .  

3.4. Time-resolved (dynamic) spectra of the 
electrooxidation process 

Electrooxidation of the GC electrodes can be investi- 
gated by using time-resolved (dynamic) spectra. The 
time-resolved spectra of  intermediates are very use- 
ful for understanding the mechanism of electro- 
oxidation. Figures 5 and 6 show time-resolved infra- 
red spectra at 1.4 and 1.85V in 0.2M H3PO4, 
respectively. 

At potentials less than the oxygen evolution poten- 
tial (i.e., < +1.65 V vs SCE [30]), for example, at 1.4 V 
(Fig. 5), it was observed that only a small amount  of 
carbon dioxide evolved with increase in time; 

however, the amount  of surface oxide species 
increased quite markedly. It was also found that 
the formation rate of both surface oxide species and 
carbon dioxide decreased as electrooxidation 
proceeded. 

At potentials greater than the oxygen evolution 
potential (i.e., at +1.85V, Fig. 6) the evolution rate 
of carbon dioxide and formation rate of surface oxide 
species is faster than at 1.4 V. The appearance of some 
new spectral peaks in the frequency region of  
1740 ~ 1850cm -~ at 60s after the electrooxidation 
started, suggests that some new carbonyl compounds 
(e.g., acid-anhydride, lactone-like species) are pro- 
duced at this time. 

A typical time-resolved spectrum at 1.6 V is shown 
in Figure 7. This was obtained in acid solution at 40 s 
after electrooxidation started. The spectral peak at 
N 2045cm -1 is ascribed to adsorbed carbon mon- 
oxide (COads). Some oxide species can be also 
identified as follows: lactone-like species (1780cm-1); 
carboxylic-like species (1722 cm-1); quinone-like 
species (1678 cm-1). In addition, it was found that if 
a fresh electrode was oxidized, even if the potential 
was set at about +0.7 V, carbon dioxide had begun 
to evolve. This indicates that the corrosion of carbon 
electrodes depends on the surface oxide species 
initially on the electrodes. The larger the amount  of 
surface oxide species on the electrode surface, the 
faster the corrosion rate. 

3.5. Discussion of the oxidation mechanism of glassy 
carbon electrodes 

Clearly, the electrooxidation of carbon electrodes as 
described by the above mechanism (Equations 1-6) 
is too simple. There are many possible and various 
oxidation routes for the electrooxidation of carbon. 

3200 2100 1000 
Wavenumber /cm -1 

3200 2100 
! 

1000 
Wavenumber /cm -~ 

Fig. 5. Time-resolved spectra of electrooxidation of glassy carbon electrodes in 0.2 M H3PO 4 at + 1.4 V. Reaction times: (1) 0, (2) 30, (3) 60, 
(4) 90, (5) 120, (6) 150, (7)180 and (8) 210s. Base potential: -0.4V. 
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Fig. 6. Time-resolved spectra of electrooxidation of glassy carbon electrodes in 0.2 M H 3 PO 4 at + 1.85 V. Reaction times: (1) 0, (2) 22, (3) 35, 
(4) 60 and (5) 90 s. 

In the following discussion it is proposed that the 
main structure unit of glassy carbon consists of a pla- 
nar graphite layer [1] with the graphite layer repre- 
sented by conjugated aromatic-like molecules. 

Based on the e x  si tu XPS [19] results and in s i tu i.r. 
results of this paper, it is concluded that when the 
potential is less than + 1.2 V, the amount of carbonyl 
and carboxylic groups increases with potential. How- 
ever, the trend of changes of phenol-like species is the 
reverse. When the potential is greater than +1.6 V, it is 
found that the amount of both hydroxyl and carbonyl 
increases markedly with the potential, some oxide spe- 
cies (i.e., quinone and acid anhydride-like species etc.) 
may be produced in this potential region. Therefore, 

! u i i p i i 
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Fig. 7. A typical in situ time-resolved spectrum of electrooxidation 
process of the glassy carbon electrode, the experimental conditions 
are as Fig. 6 except that sample potential is +l.6V. Reaction time: 
40 s. 

in the lower potential region (i.e., 0.6V < 
< 1.2VvsSCE), the main electrooxidation reac- 

tion occurring at the carbon electrodes, is the transfor- 
mation from phenol-like species initially on the 
electrodes to carbonyl-like species. In the higher 
potential region (after the evolution of oxygen), the 
electrooxidation mechanism of carbon electrodes are 
proposed as ECE and/or ECC type. The first step in 
the electrooxidation is the formation of phenol-like 
species through a chemical route: decomposition of 
water at these potentials produces atomic oxygen 
(i.e., [O]); the atomic oxygen then attacks surface car- 
bon atoms at the 'weak' sites forming phenol-like 
species. Although in the gas phase, the oxidation of 
graphite and carbon black by atomic oxygen has 
been proposed and demonstrated [17, 24, 25], in elec- 
trochemical systems, the effect of atomic oxygen on 
the oxidation of carbon electrodes has not been 
widely realized, especially in the oxygen evolution 
potential region. After the phenol-like species are pro- 
duced, the electrochemical and chemical oxidation of 
phenol-like species to carbonyl-like species occurs 
simultaneously. Finally, the carboxylic compounds 
are electrochemically and chemically oxidized to 
carbon dioxide. An electrooxidation mechanism of 
carbon electrodes in the high anodic potential region 
is proposed as Scheme 1. 

In addition, as electrooxidation proceeds, forma- 
tion of microcrystalline graphite has been identified 
on the electrode surface [26]. Although the formation 
of microcrystalline graphite in the electrochemical 
pretreatment of glassy carbon electrodes has been dis- 
cussed in the literature [26], the mechanism and role of 
atomic oxygen was not discussed in detail, due partly 
to the fact that Raman spectroscopy was used. This 
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Scheme 1. A proposed electrooxidation mechanism for glassy carbon electrodes, the atomic oxygen species [O] were produced in the decom- 
position of water (~b > +1.65 Vvs SCE). 

technique is ' inactive '  for surface oxide species. As dis- 
cussed above, because in the electrooxidation process, 
the a t tack o f  the a tomic  oxygen species on the 
graphite layer results in the disintegration and break- 
down o f  the graphite layer (i.e., t h rough  breaking of  
C - C  bonds).  I t  m a y  be expected that  the format ion  
o f  microcrystall ine graphite results f rom the oxida- 
t ion o f  the graphite layer. Further ,  since the fo rmat ion  
of  microcrystall ine graphite is accompanied  by 
oxidat ion processes, the oxide species mus t  be pro-  
duced at the edge o f  the graphite layer. The surface 
oxide species then affect the physicochemical  and 
electrochemical properties o f  the pretreated glassy 
carbon.  

4. Conclusions 

Some oxide species (i.e., quinone,  carboxylic,  acid 
anhydride  and lactone-like species) p roduced  during 
electrooxidat ion have been observed and identified 
by using in s i tu infrared spectroelectrochemical tech- 
niques. It  is found  that  a tomic  oxygen produced  in 
the decomposi t ion  o f  water  plays an impor tan t  role 
in the corros ion of  the ca rbon  electrodes. Based on 
the in si tu F T I R  and other  spectroscopic results, it is 
concluded that, at lower potential,  the main  reaction 
is the t ransformat ion  f rom the original oxide species 
to quinone-like and carboxylic-like species, but  at 
higher anodic  potential ,  the mechanism o f  electro- 
oxidat ion o f  ca rbon  electrodes is complex, involving 
both  chemical and electrochemical reactions. A 
much  more  detailed electrooxidat ion mechanism is 
p roposed  based on the experimental results. 
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