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A B S T R A C T

Glassy carbon is widely used in electrochemistry due to its properties of high temperature resistance, hardness,
low density and low electrical resistance. The present study focuses on the chemical resistance under electro-
chemical oxidative conditions, which occur under oxygen-involving reactions like oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER). The electrochemical performance of glassy carbon investigated in
alkaline, neutral and acidic media reveal the same chemical processes during the OER but showing different
degradation mechanism.

The electrochemical signature of the corrosion in different media could be directly associated with the for-
mation of oxygen functional groups determined by spectroscopic methods like Raman, infrared (IR) and x-ray
photoelectron spectroscopy (XPS). The morphology change of the carbon surface caused by carbon oxidation
was investigated by microscopy. A rough surface was obtained in the acidic case, whereas dents were seen in
alkaline media.

It is assumed that the glassy carbon electrode in acidic media degrades by forming surface oxides by acid
catalyzed process leading to ring opening in the graphitic structure and therefore oxidation in the bulk. In
alkaline media OH radicals preferentially react with alkyl site chains, leading to oxidation of the edges of carbon
layers until they become hydrophilic and dissolve.

1. Introduction

A variety of nanostructured carbon materials, such as carbon na-
notube, mesoporous carbon and graphene, have been utilized in het-
erogeneous catalyst and electrocatalysis for a catalyst support to im-
prove the catalytic efficiency due to the better catalyst utilization and
reduction of the catalyst loadings. At a point of booming interest in
metal-free catalysts for electrochemical reactions, carbon materials
have been applied itself as electrocatalyst. One of the well-known ap-
proaches is oxygen reduction reaction (ORR) on nanostructured carbon
materials. Extensive studies have reported that nitrogen-containing
carbon materials possess similar catalytic activity for ORR in alkaline
media as a commercial carbon supported Pt catalyst [1–4]. Very re-
cently, carbon materials were used as electrocatalysts for water oxida-
tion, which is the oxygen evolution reaction (OER), in spite of carbon
corrosion at oxidative conditions. The selected literatures about OER on
carbon electrodes are listed in Table S1. Carbon doped with hetero-
atoms [5], [6,7] or surface-oxidized carbon [8,9] show good electro-
chemical performance for OER that is even comparable to metal(oxide)
catalysts. Furthermore, many efforts are under way to identify the

catalytic sites for ORR and OER on carbon materials by analyzing the
surface change of carbon electrodes before and after the reaction
[5,10]. Although the electrocatalytic activity of carbon materials could
be used potentially as metal-free catalysts, the instability of carbon
materials at its condition are rarely considered. Because the standard
potential of carbon oxidation reactions is 0.207 V vs. RHE [11], carbon
corrosion is inevitable at high anodic potential. At the cathode of fuel
cells, where ORR takes place, the potential goes up to 1.4 V in abnormal
conditions due to fuel starvation [12,13]. At the anode of electrolyzers,
where OER occurs, the operating potential for the OER is practically
above 1.5 V [14–16]. Under these anodic conditions, the oxidation of
carbon to CO2 and/or CO leads to the destruction of the carbon elec-
trode.

Beyond many studies on ORR and OER activity of carbon-based
catalysts, we intend to investigate the change of carbon electrodes due
to its instability at oxidative conditions. In our previous study [17], we
investigated the electrochemical degradation of multiwall carbon na-
notubes (MWCNTs) in acidic media. MWCNTs at high anodic potential
for OER in acidic media undergo first electrochemical activation by
forming functional groups, followed by a passivation due to a fully
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covering oxide layer. In the present work, we chose glassy carbon as the
investigating material, and compare the corrosion behavior of a carbon
depending on the pH of electrolyte.

Glassy carbon (GC) is a type of non-graphitic carbon formed by
pyrolysis of certain polymeric precursor. The microstructure of GC is
composed of discrete fragments of curved carbon planes, like imperfect
fullerene-related nanoparticles. GC synthesized at high temperatures
above 2000 °C exhibits a network of stacked graphite-like ribbon mo-
lecules. Entities of polyhedral graphite crystals were also detected in
commercial glassy carbon as used in our studies [18]. The network of
randomly and tangled carbon planes forms a dense carbon structure.
Due to low reactivity, high hardness, impermeability and good elec-
trical conductivity of GC, it is commonly employed as an electrode
material for electroanalysis [19,20]. Due to the assumed chemical in-
ertness, it is also often used as a substrate to cast powder catalysts in
order to evaluate their catalytic performance in electrochemical reac-
tions. However, at high anodic potentials carbon oxidation can occur,
giving rise to deterioration of the electrode and potentially affecting the
evaluation of the electrochemical performance of catalysts. Never-
theless electrochemical oxidation of carbon can be advantageous for
electrochemical sensors, as it is generally agreed that the electro-
chemical oxidation of GC activates the electrode surface, leading to
faster electron transfer kinetics [21–24].

The results demonstrated in the present study are important for
interpreting electroanalytical and electrocatalytic data from studies
using GC electrodes. We investigated the morphology and surface
change of carbon electrodes caused by prolonged oxidation at high
anodic potentials. To consider the wide variety of environments ex-
perienced in electrocatalytic reactions, the electrochemical degradation
of carbon electrodes was characterized depending on the pH, especially
acidic, neutral and alkaline media. The different degradation behavior
of the carbon electrodes, and its dependence on the pH of electrolyte, is
documented in this study. Since carbon is commonly used as an elec-
trode material for electroanalytic and catalytic applications, the un-
derstanding of the electrochemical stability of carbon electrodes is of
crucial importance for the electrochemical community.

2. Experimental

Glassy carbon (GC) disks (SIGRADUR G discs, 1 mm think and
10 mm diameter, polished with diamond Ra > 50 nm) were purchased
from HTW (Hochtemperatur-Werkstoffe GmbH, Germany).

The electrochemical experiments were performed using a standard
three-electrode cell consisting of a Pt wire as a counter electrode, a
standard calomel electrode (SCE) and a mercury/mercury oxide (Hg/
HgO) reference electrode. All values of the potential were corrected to
reversible hydrogen electrode (RHE) [25]. The electrochemical oxida-
tion of GC was performed in 0.5 M H2SO4, 0.5 M K2SO4, or 0.1 M KOH
at the applied potential of 1.8 V vs. RHE for 24 h under Ar bubbling. In
order to analyze the electrochemical change of the GC electrode, cyclic
voltammetry was carried out in a range of potentials between the
oxygen and hydrogen evolution reactions.

The GC before and after the prolonged electrochemical oxidation
were characterized with several techniques to examine the change in
morphological and physicochemical properties upon oxidation. The
morphological changes of GC were determined by scanning electron
microscopy (SEM, Hitachi) and atomic force microscopy (AFM).
Energy-dispersive X-ray spectroscopy (EDX) was conducted, in con-
junction with the SEM analysis, to analyze the elemental composition of
the carbon surface. Raman spectroscopy was performed on a Thermo
Scientific DXR Raman Microscope with a 50 × magnification and
532 nm laser. Infrared spectroscopy was carried out in the attenuated
total reflection (ATR) mode (Thermo Scientific® Nicolet iS50) using a
DTGS detector and a diamond crystal. X-ray photoelectron spectroscopy
(XPS) was measured using a Versaprobe spectrometer from Physical
Electronics (PHI 5000 VersaProbe) employing monochromatic Al Kα

(1486.6 eV) radiation with a spectral resolution of 0.35 eV at pass en-
ergy of 23.5 eV. All measurements were performed with a spot size of
200 μm diameter and with a take-off angle for 45°. The binding energy
scale of the system was calibrated using clean gold surface with Au4f7/2
at 83.98 eV, and correction using the C1 s peak and valence band
spectrum resulted in a constant position of the C1 s core level at
284.5 eV ± 0.2 eV.

3. Results and discussion

Linear sweep voltammograms (LSV) of GC are shown in Fig. 1,
scanned at anodic potentials between 1.0 and 1.8 V in acidic, neutral
and alkaline media. The thermodynamic potential for carbon and water
oxidation is at 0.207 V and 1.23 V vs. RHE, respectively. Because of
slow reaction kinetics and intrinsic properties of the electrode mate-
rials, these reactions generally start above the thermodynamic poten-
tial. The oxidation current of GC gradually rises with sweeping of the
anodic potential, where two notable points can be observed. At around
1.2 V a slight increase of the current is observable which can be mainly
attributed to carbon oxidation. Above 1.5 V vs. RHE a significant in-
crease of current is detected due to the anodic oxidation of water (OER)
and ongoing carbon oxidation.

The electrochemical oxidation process on a carbon electrode is in-
fluenced by the water oxidation and can be confirmed by chron-
oamperometric measurements of GC applied at oxidative potentials in
acidic media. The transient anodic current on a GC electrode at a fixed
potential of 1.2 and 1.5 V gradually declines to a steady-state value
(Fig. S1). Once oxygen evolution caused by water oxidation is involved
in the oxidation process on the carbon electrode, at an applied potential
of 1.8 V, the initial current increases with time, assuming that the
surface of the carbon electrode undergoes vigorous change due to the
oxidation. In order to investigate the surface change of GC caused by
carbon oxidation, it was subjected to prolonged electrolysis at an
anodic potential of 1.8 V vs. RHE where both, water and carbon oxi-
dation, occurs simultaneously. Fig. 2 shows the chronoamperommetry
of GC at the anodic potential in 0.5 M H2SO4 (acidic), 0.5 M K2SO4

(neutral) and 0.1 M KOH (alkaline) solution. Significant current peaks
are observed in the different media, which can be related to the for-
mation of oxygen species on the GC electrode. The oxidation process is
most rapidly in alkaline media, followed by the oxidation in acidic
media. A steady state and therefore steady current is reached after one
hour in both cases. The transition of oxidation current in neutral media
is much lower and slower than in the other media, indicative of slow
kinetics of the oxidation. A close look at Fig. 1 (Fig. S2) supports these
observations also on the short time scale as the current increase as-
signed to the oxidation process begins at 1.2 V in alkaline media, at
slightly higher potential in acidic media and convoluted to determine

Fig. 1. Linear sweep voltammetry of GC disc at high anodic potential in 0.5 M H2SO4

(acidic), 0.5 M K2SO4 (neutral) and 0.1 M KOH (alkaline). Scan rate: 5 mV/s.
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exactly at even higher potentials in neutral media. Increasing the oxi-
dation current at anodic potentials means that the carbon electrode
undergoes an activation with respect to the electrochemical reactions
[17,21,23]. After initial changes, the current on GC remains almost
constant during the oxidation, indicating that the oxidation current
stabilizes with the prolonged oxidation. Even though the oxidation
current in acidic media is lower than alkaline media, the oxidation
current profile follows the same trend in all different pH environments.

The cyclic voltammograms (CV) of the GC electrode recorded at a
potential between the hydrogen and oxygen evolution reaction are
shown in Fig. 3. The charge of CV in this range can determine the
electrochemical capacitance. The electrochemical oxidation of the GC
leads to the formation of a porous and hydrated surface layer, corre-
sponding to increased capacitance [11,26,27]. The magnitude of the
current in the cyclic voltammogram of GC that was oxidized in acidic
media increases considerably with the oxidation time, as seen in
Fig. 3(a). Furthermore, the redox peak around 0.55 V vs. RHE becomes
more pronounced as the carbon becomes more oxidized. These ob-
served faradaic current peaks can be attributed to surface functional
groups which are electrochemically active [28,29], suggesting that
surface oxides are formed on carbon surface during the oxidation in
acidic media. In comparison with the oxidation behavior in acidic
media, the electrochemical capacitance in neutral and alkaline media
during the oxidation increases without the pronounced faradaic peaks.
The change of the electrochemical capacitance calculated by in-
tegrating the CV curves is displayed in Fig. 3(b), (d) and (f). The elec-
trochemical capacitance of GC increases rapidly in the beginning fol-
lowed by a linear increase with time in acidic media, indicating an
ongoing oxidation process that might be coupled with an increase of
surface area. The capacitance of the GC electrode after 24 h of oxidation
at 1.8 V is almost 300 times larger than that of pristine glassy carbon in
acidic media. The increase of capacitance in alkaline media is very
rapid until it reaches a plateau around 0.5 mF within one hour, im-
plying a balanced equilibrium. The slight increase in capacity on the
plateau can be explained by the constant increase of the surface area
due to leaching effects of the carbon as explained later. Therefore, be-
cause of changing specific surface areas over time during electro-
chemical oxidation the absolute values of the capacity are shown in-
stead of geometric area related capacities. The progress of the
capacitance in neutral media shows similar behavior as acidic media,
but is slow in comparison to other media.

Denkanski et al. [30] have previously reported on the change of
capacitance during electrochemical oxidation of glassy carbon in acidic
and alkaline media. They found that the decrease of CV on oxidized GC
in acidic media is due to the peeling off of a carbon oxide layer, as
apparent by the visible color change of the electrolyte to yellow-brown
with polarization time. Compared to the oxidation conditions applied

by Denkanski et al., our conditions are mild, with an applied potential
always less than 2 V vs. RHE. Thus, the stage of full destruction of the
carbon oxide film had not yet been reached. In contrast to our condi-
tions in alkaline KOH, the electrolyte turns to a brown-colored solution
during the electrochemical oxidation of carbon (Fig. S3). The substance
responsible for the brown color is likely to be either carbon nanoflakes
and/or soluble organic compounds that were leached out during cor-
rosion of the carbon electrode in alkaline media [11,31]. The brown-
colored solution was measured in UV/Vis adsorption to identify the
brownish substance in the KOH electrolyte (Fig. S5). An intense peak at
around 220 with the slight shoulder at 235 nm was observed in the
spectra of the KOH solution after the electrochemical oxidation of
carbon. The peaks at 220–300 nm represent a typical absorption of
polycyclic aromatic hydrocarbons. In addition, the UV–vis spectrum of
the brownish substance is similar to carbon dots which are small carbon
nanoparticles less than 10 nm in size. This points to dissolved carbon
fragments from the carbon electrode caused by carbon oxidation, which
could be also related to the exfoliation of carbon.

In order to understand the changes that occur to the GC electrode
surface during prolonged electrolysis at an anodic potential, morpho-
logical and structural analysis of pristine GC and GC, oxidized in acidic,
neutral and alkaline media, were performed.

The SEM images shown in Fig. 4 reveal the morphological changes
to the GC surface caused by oxidation in different media. The surface of
pristine GC is smooth and flat (Fig. 4(a)). Electrochemical oxidation
leads to the destruction of carbon surface. Thus, the rough and porous
surface of the GC samples was observed after the prolonged oxidation.
Furthermore, depending on the pH of the electrolyte during oxidation,
the surface of GC exhibits different morphologies. For the GC oxidized
in acidic media, it seems that an oxide layer was grown on the carbon
surface caused by the oxidation (Fig. 4(b)). The carbon surface of the
GC oxidized in neutral media looks similar to acidic media, but the
domains are larger and the surface looks more bumpy and dimply than
in acidic media. On the other hand, the GC oxidized in alkaline media
exhibits several dents with various forms (Fig. 4(d)). More SEM images
were collected in Fig. S6 to support these observations. The dents are
presumably formed via carbon dissolution in alkaline media revealing
an unoxidized carbon surface as observed before in Fig. 3. The CV of GC
electrode increases without the appearance of faradaic current peaks,
which correspond to surface oxides. Thus, the increase of GC surface
area caused by the carbon dissolution in alkaline media can explain the
influence on the increasing electrochemical capacitance on the GC
during the electrochemical oxidation in alkaline media. As described
earlier, additional evidence for carbon dissolution is the brown col-
oration of KOH electrolyte after the oxidation. Furthermore, we ob-
served a difference in the GC mass before and after the electrochemical
oxidation, with oxidation giving rise to a 0.3% decrease in mass (Fig.
S2). In contrast, no measurable mass change was found for GC oxidized
in acidic media.

The elemental analysis of the oxidized carbon electrode measured
by EDX coupled with SEM supports the different corrosion behavior in
acidic and alkaline media. The GC oxidized in acidic media exhibits a
significant increase of oxygen signal compared the pristine GC, shown
in Fig. S4 and Table 1. Additionally, we could detect a small amount of
sulfur from the electrolyte, H2SO4. In contrast, there is no obvious
change in the elemental composition on the pristine and the GC oxi-
dized in alkaline media. These observations are a clear evidence for the
formation of oxides during the oxidation process. The previous study in
Kötz et al. [27,32,33] also observed the growth of an oxide film on
carbon electrodes oxidized in acidic media with AFM and Ellipsometry.
Therefore, it can be concluded that the glassy carbon electrode is oxi-
dized by forming oxides in acidic media, while in alkaline media carbon
oxidation leads to carbon dissolution during the oxidation process.

Atomic force microscopy (AFM) images give additional information
about the morphological changes that accompany electrochemical
oxidation, as shown in Fig. S7. These result are in line with

Fig. 2. Chronoamperommetry on glassy carbon (GC) applied at 1.8 V vs. RHE with dif-
ferent pH media.
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morphological features seen in SEM. The smooth surface of the pristine
polished GC becomes roughened with electrochemical oxidation. The
GC oxidized in acidic media contains a few flakes on the surface,
probably the evidence of carbon oxide grown on the surface. This
finding supports the observation of the previous AFM study by Kötz
et al. They prove the significant volume increase on the activated region
of carbon surface during the growth of oxide film, caused by the oxi-
dation in acidic media. In contrast, the surface morphology of the GC
oxidized in alkaline media reveals the macroscopic degradation by
carbon dissolution. The roughness of the GC surfaces increases due to
the carbon oxidation, with a roughness of 15 Å for pristine GC, 38 Å for
GC oxidized in acidic media, and 87 Å for GC oxidized alkaline media.
While the surface oxides formed on GC in acidic media, the roughness
increased by a factor of 2.5, the, dissolution of GC in alkaline media

forms dents that increase the roughness more intense by a factor of 5.8.
The structural and chemical changes of the GC electrode by oxida-

tion were confirmed by Raman and infrared spectroscopy. Fig. 5(a)
shows the Raman spectrum of the GC electrodes. The spectrum of the
oxidized GC in alkaline media is almost identical to the spectrum of
polished GC. It can be assumed that significant change on graphite
crystallite occurs during the carbon oxidation at low pH. Raman spectra
of GC samples have three dominant bands at ca. 1360 cm−1 (defect, D
band), 1620 cm−1 and at ca. 1580 cm−1 (graphitic, G band) caused by
resonant phonon vibrations of the graphitic structures. In general, D, D’
and G bands were used to determine the degree of disorder in carbons
[34,35]. The ostensible increase of the intensity of the G band was
observed on the GC oxidized at low and neutral pH. This change of G
band in non-graphitic carbon does not arise from phonon vibrations by

Fig. 3. Cyclic voltammetry (CV) of GC during the electrochemical corrosion in acidic (a), neutral (c), and alkaline (e) media. The change of electrochemical capacitance determined from
CV curves (b), (d), and (f).
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a higher degree of graphitization, but rather results from the effect of
molecular vibrations in the spectra. In non-graphitic carbon with large
amounts of defects, the G band retains its intensity and D/G ratio de-
creases with increasing amorphisation [36,37]. Moreover, the intensity
at ca. 1500 cm−1 between the D and G bands originates from amor-
phous carbon entities, such as organic molecules, fragments, and non-
graphitic carbon with a high density of functional groups and/or defects
[35,38]. At low pH of electrolyte during carbon oxidation, the band
intensity at ca. 1500 cm−1 increases significantly. This indicates, that
the carbon electrode oxidized at low pH, contains the aforementioned
entities. This information on amorphous phases originates from oxide
species formed by carbon oxidation, consistent with SEM and AFM
analysis discussed above. Although the macroscopic destruction of
carbon surface was observed in the GC oxidized in alkaline media, no
clear evidence of increased edge plane exposure or decrease nominal
crystallite size was founded from bulk sensitive Raman spectroscopy.

Chemical information on the termination of the GC electrodes after
electrochemical oxidation was obtained from IR spectroscopy, shown in
Fig. 5(b). The GC oxidized in acidic media present more pronounced
bands than pristine GC. Bands in the region of 1800–1400 cm−1 can be
assigned to carbonyl, carboxyl groups, quinones, and ketones. Espe-
cially, the absorption observed at 1565 cm−1 could be ascribed to C]C
stretching of polyunsaturated species. Additionally, the absorption
band at 1180 cm−1 with the shoulder is corresponding to CeC
stretching and eOH bending modes in ether, lactones, carboxyl and
phenolic structures [39–41]. The intensities of those bands increase
after the oxidation in acidic media. It is evident that surface functional
groups are formed during the oxidation of carbon in acidic media. In
the GC oxidized in neutral media, small peaks at 1565 cm−1 and
around 1180 cm−1 were observed, indicating that less oxidation than in

acidic media occurs. Moreover, the broad band from 3000 to
3600 cm−1, which is associated with the hydroxyl stretching con-
tributions from adsorbed water, is observed in GC oxidized in acidic
and neutral media. It is clear that the oxidation in acidic and neutral
media induces a hydrophilic surface of GC. On the other hand, the IR
spectrum of the GC oxidized in alkaline media is identical with the one
of pristine GC. It means that the oxidation of the carbon electrode at
high pH produces no oxide species which is detectable on the bulk of
the GC. Therefore, the IR results confirm that during the electro-
chemical oxidation in low pH media surface oxide species are formed.

XPS measurements of GC samples were performed to analyze sur-
face species formed by electrochemical oxidation in detail. The XPS
survey spectrum of the surface and subsurface layers on GC electrodes
showed the presence of oxygen (O(1s) at 532 eV) and carbon (C(1s) at
284 eV). The oxygen content determined by XPS is similar for GC oxi-
dized in both acidic (20.46 at.% O) and alkaline (19.47 at.% O) media,
even though an increase of oxygen content was observed only on the GC
oxidized in acidic media by SEM-EDX, as listed in Table 1. The differ-
ence in oxygen content, determined by the two analysis methods, can
be explained by the contrast of surface and bulk sensitivity. It is clear
that the change of oxygen content of GC oxidized in alkaline media
occurs mainly at the surface or near surface layers.

Since in deconvoluting the C1 s spectrum several extrinsic and in-
trinsic effects can lead to ambiguous interpretations [42,43], we focus
on evaluating the O1 s spectrum. The O1 s signal was fit using 6 peaks,
based on the model described in the PhD thesis of Li [44]. The fitting
results are shown in Fig. 6, and the integral values of each O1 s peak in
the deconvoluted O1 s spectra are listed in Table 2. When pristine GC
undergoes prolonged oxidation in acidic media, the CeO of hydroxyl
and carboxylic group is mainly present. It is likely that CeO bond types
of surface functional groups are responsible for the increase of elec-
trochemical capacitance on the oxidized carbon. In general, the far-
adaic peak current in cyclic voltammogram of a carbon electrode is
known for the redox reaction of quinones which are one of CeO bond
functional groups (Eq. (1)) [45,46]. This evidence strongly supports the
formation of an oxide layer on the GC during the oxidation in acidic
media.

On the other hand, the electrochemical oxidation of carbon in al-
kaline media mainly leads to an increase of C]O carbonyl compared to
other functional groups. Difference O1 s spectra (taken by subtracting

Fig. 4. SEM images of pristine GC (a), GC oxidized in
acidic (b), neutral (c), and alkaline (d) media oper-
ated at 1.5 kV with secondary electron.

Table 1
Elemental composition as determined by SEM-EDX and XPS.

Determined by SEM-EDX Determined by XPS

C at.% O at.% C at.% O at.%

Pristine GC 99.24 0.76 90.88 9.12
GC oxidized in acid 85.66 14.17 79.54 20.46
GC oxidized in alkaline 99.43 0.57 80.53 19.47
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the O1 s of pristine GC from the O1 s of the oxidized GC) undoubtedly
support that the carbon oxidized in acidic media contains pre-
dominantly CeO groups, whereas the carbon oxidation in alkaline
media creates mainly C]O groups, as shown in Fig. S8. Additionally,
the increase of negative and positive charged molecules on the GC
oxidized in alkaline media could be from carbonate ions or OH% radi-
cals present in the media. These results give further evidence that dif-
ferent corrosion behavior of GC in acidic and alkaline media, are con-
sistent with the results discussed above.

Our observations in this study clearly show the difference in elec-
trochemical corrosion behavior of glassy carbon in acidic and alkaline
media at an oxidative environment. The prolonged electrolysis on a
carbon electrode at high anodic potential leads to the destruction of
carbon surface due to carbon oxidation. At low pH, carbon is oxidized

by forming surface oxides. It is evident from the result that the GC
oxidized in acidic media contains the redox peak in cyclic voltammetry,
the existence of an oxide layer in SEM, the evidence of functionalized
carbon in Raman and infrared spectroscopy, and the contribution of
CeO groups in XPS. On the other, at high pH, carbon is oxidized fol-
lowed by dissolution. Although there is no drastic change of the GC
oxidized in alkaline media in Raman and infrared spectroscopy, SEM
images show noticeably a cracked holed surface caused by carbon
dissolution. In addition, the break of a graphite structure by the oxi-
dation in alkaline media can be supported by the existence of carbonyl
group (C]O) and graphite flake on the GC oxidized in alkaline media
from XPS.

The different degradation behavior of a carbon electrode depending

Fig. 5. Raman (a) and infrared (b) spectrum of pristine GC, GC oxidized in acidic, neutral
and alkaline media.

Fig. 6. O1s XPS of pristine GC, GC oxidized in acidic and alkaline media.

Table 2
The amount of functional groups obtained from the O1 s fitting of XPS analysis.

Peak [eV] Pristine GC
[%]

GC oxidized in
acid [%]

GC oxidized in
alkaline [%]

530.72 Negatively charged
molecules, CO3

2−
1.53 1.1 1.74

531.37 ]O in carbonyls,
lactone, anhydride,
carboxyls

– 4.83 30.37

532.25 eO in H2O, hydrogen
bridge bond

79.00 55.80 42.25

533.35 eO in hydroxyls,
ether, lactone, carboxyls

14.43 29.57 9.93

534.16 eO in anhydride 4.62 6.94 5.09
534.88 Positively charged

particles, graphite flakes
0.41 1.75 10.02
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on the pH of electrolyte could be explained by principal reactions of the
electrochemical oxidation of carbon in acidic and alkaline aqueous
electrolyte. We propose that in acidic media the presence of protons
catalyze the electrophilic addition or substitution of water in a con-
jugated π-system. Subsequent supposed oxidation and condensation
steps are based on known oxidation mechanism in organic chemistry
(Scheme 1). In the scheme only a few organic pathways are suggested
including oxidation steps with oxygen in nascent state from OER.
Electrochemical oxidation pathways are not elaborated. The possible
reaction pathways can lead to the formation of ketones, aldehydes and
carboxylic groups, which is in accordance with XPS results. Electro-
philic substitutions take place at aromatic system as they are present in
the small graphitic entities of the glassy carbon electrode, therefore the
oxidation of the glassy carbon can appear at defects at the GC surface as

seen by microscopy. For the reason that the experiments were per-
formed in sulfuric acid, SO3 might be as well an electrophile that could
react in an aromatic sulfonation reaction, which would explain the
presence of sulfur in the EDX analysis. Due to the ring opening of the
graphitic structures the acidic media can penetrate deeper in the elec-
trode with proceeding electrocatalytic oxidation, accordingly the ca-
pacity increases after an initial oxidation of the surface linearly with the
generated surface and proceeding oxidation of it. Correspondingly, bulk
sensitive spectroscopic methods like Raman, IR and EDX are able to
determine the formation of functional groups.

On the other hand, the oxidation procedure in alkaline media could
be explained by a radical process. The reaction of OH ions at anodic
potentials leads to the formation of hydroxyl radicals (OH%) by dis-
charge of OH−. Radicals react preferentially with alkyl sites chains as

Scheme 1. Proposed acid catalyzed electrophilic reaction mechanism in acidic media (dotted box) and a few further possible oxidation steps to carboxylic groups, anhydrates, aldehydes
or alcohols that lead to a ring deformation or opening based on the spectroscopic results.

Scheme 2. Local selective radical substitution at
alkyl site chains in alkaline media (dotted box) and
possible ongoing oxidation based on the spectro-
scopic results.
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depicted in Scheme 2. Subsequently, these groups can be further oxi-
dized over aldehydes to carboxylic acid groups and detected by surface
sensitive XPS. Correspondingly the negatively charged molecules as
well as the C]O amount increases more significant in the case of GC
oxidation in alkaline media. Considering, that the radical reaction be-
gins mainly at alkyl site chains and therefore at the edges of the small
graphitic domains, the layer becomes more and more hydrophilic until
the πeπ interaction between the flakes and the GC becomes weaker and
dissolve in the electrolyte (Scheme 3). A raw GC surface would there-
fore remain. This supposed mechanism is in good agreement with the
spectroscopic methods as only surface oxides are performed before the
flakes dissolve. Additionally the kinetic interpretation of the chron-
oamperograms support the supposed reaction pathways since radical
processes as supposed in alkaline media are faster than the acid cata-
lyzed reaction in acidic media. Also the progress of the increase of the
capacity and reaching of a plateau supports the assumed reaction me-
chanism since after a rapid initial oxidation the dissolution of the oxi-
dized flakes leaves always a fresh GC surface behind. A clean surface of
the GC after oxidation in alkaline media is also seen by microscopy.

4. Summary

This paper has explored the degradation of a glassy carbon (GC)
electrode by electrochemical oxidation at high anodic potentials, re-
vealing that it is not inert under these conditions. Microscopic and
spectroscopic analysis can identify the surface changes of GC caused by
the oxidation. The electrochemical signature of the oxidation progress
matches to the applied spectroscopic methods. Depending on the pH of
electrolyte two different degradation mechanisms are supposed. On the
one hand side carbon is oxidized by forming surface oxides at low pH
supported by an acid catalyzed electrophilic reaction. Functional
groups formed by the oxidation in acidic media were characterized by
spectroscopic analysis corresponding to the change of the electro-
chemical capacitance. In alkaline media a radical mechanism is as-
sumed to be responsible for the initiation of oxide formation.
Predominantly the edges of small graphitic structures are oxidized as
far as they become sufficiently hydrophilic and dissolve in the elec-
trolyte. Although GC is chemically relatively stable compared to other
types of carbon materials, its degradation caused by the electrochemical
oxidation of carbon at anodic potential is inevitable. However, in spite
of the instability of carbon electrodes at highly oxidizing conditions,
carbon materials are still electrochemically competitive for a catalyst
support compared to conducting metal oxides and are promising for
metal-free electrocatalysts due to their high conductivity and low cost.
Carbon materials applied at high anodic potentials, or GC used as a
substrate for the investigation of coated catalysts for oxygen-involving
reaction, can be influenced by these conditions, as shown with the re-
ported results. The surface changes of the carbon electrode over time
and the different oxidation mechanism in dependence of the media

should be kept in sight when carbon electrodes are applied, especially
at high anodic potential involving both carbon and water oxidation.
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