J Solid State Electrochem (2008) 12:251-258
DOI 10.1007/s10008-007-0385-2

ORIGINAL PAPER

Oxygen reduction on rotating porous cylinder of modified

reticulated vitreous carbon

Mohamed Ismail Awad - Mahmoud M. Saleh -
Takeo Ohsaka

Received: 21 May 2007 /Revised: 14 June 2007 / Accepted: 26 June 2007 / Published online: 25 July 2007

© Springer-Verlag 2007

Abstract A rotating cylinder porous electrode (RCPE) of
reticulated vitreous carbon (RVC) matrix was used for
oxygen reduction reaction (ORR) in H,SO4 solutions.
Cyclic voltammetry and hydrodynamic voltammetric tech-
niques were used for electrochemical characterization of the
ORR. Cyclic voltammograms in stationary solutions
showed better performance of the anodically oxidized
RVC (for periods of 1 and 5 min) for the ORR than the
untreated RVC in which the first scan (ORR) after the
surface treatment was of no utility, and the second scan was
presented here. The hydrodynamic voltammograms
obtained at the treated RCPE gave well-defined limiting
current plateau with positively shifted onset potential as
compared with the untreated (plain) RVC electrode. The
analysis of the limiting current data on RCPE and the
determination of a limiting current enhancement factor «
enabled us to quantify the enhancement extent exerted by
the anodic oxidation treatment. An enhancement factor of
up to ~3 was obtained at the RCPE electrode anodically
oxidized for 5 min. It was found that the « slightly
decreased with the rotation speed depending on the extent
of anodic oxidation of RVC. This was attributed to the
different mode of mass transfer (diffusion) to the interior of
the micropores with different microstructure resulting from
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different extent of anodic oxidation. X-ray photoelectron
spectroscopic and scanning electron microscopic measure-
ments helped us to characterize the anodically oxidized
RVC surface.
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Oxygen reduction - Hydrodynamic voltammetry - XPS

Introduction

Oxygen reduction reaction (ORR) is among the most
studied electrochemical reactions because of its importance
for power producing devices such as fuel cells [1, 2] and
production of valuable chemicals such as hydrogen perox-
ide [3, 4]. Different electrode materials have been used for
the above applications with the aim of reducing the power
consumption of the produced H,O, or obtaining lower
polarization for the ORR (as a requirement for air batteries
and fuel cells) [5-7]. Different electrode configurations
such as packed-bed [8], gas diffusion [9], and trickle bed
electrodes [10—13] have been used for H,O, production and
reviewed recently by Guppta [14]. The rotating cylinder
porous electrode (RCPE) offers the advantages of high
surface to volume ratio and high rates of mass transfer [15—
17]. Walsh et al. [18] studied the mass transfer character-
istic of RCPE operating for metal deposition reaction.
Electroanalysis using RCPE has been reported by other
authors [19, 20].

In previous applications of RVC electrode, the chemical
or electrochemical treatment of the RVC electrode was not
considered. The electrode was either used as received or after
recycling of the electrode potential aiming to obtain
reproducible data. Electrochemical oxidation of glassy
carbon (GC) electrode has been reported to improve the
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electrochemical response of many electroactive species, e.g.,
dopamine oxidation [21] and oxygen reduction [22].
Although the electrochemical oxidation treatments of planar
GC electrode are well documented [23-28], studies on
chemical or electrochemical oxidation treatments of RVC
are limited, albeit, they are of comparable importance.

The aim of the present work is to study the ORR on
RVC electrodes in sulfuric acid solutions. Two electrode
setups will be introduced, stationary (flooded) and
rotating cylinder porous electrodes. Cyclic and hydrody-
namic voltammograms are measured and analyzed to
characterize the ORR and its enhancement, which is
exerted by anodic oxidation treatment of the RVC
electrode. Surface analysis techniques such as scanning
electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS) are used for characterization of the
oxidized RVC surface.

Experimental
Electrodes and cell

The RVC blocks were supplied by ERG Materials and
Aero Space Corporation, USA. RVC had specific
surface area of 40 cm” cm ° and a porosity of 0.9. Only
one grade of the RVC of 60 PPI (pore per linear inch) was
used during the course of this study. The macropore of the
RVC has an average diameter of 300 pum, and the thread
(surface) has a diameter of about 70 um. Porous RVC block
was cut in cylinder using a hollow cylindrical brass, cork-
boring tool. The RVC cylinder had dimensions of 0.35
(diameter) and 0.6 cm height. RVC cylinder was cemented
to gold RDE using conducting silver epoxy glue followed
by stoving in an oven at 80 °C for 1 h. The H,SO, solution
of 200 ml is bubbled with oxygen for at least 30 min to
reach the saturation limit, and then O, stream was flushed
over the H,SO, solution through the measurements to keep
the saturation limit. Measurements in O,-free solutions
were achieved by bubbling N, gas for 30 min.

Electrochemical measurements

Electrochemical measurements were performed using a
BAS 100 B/W electrochemical analyzer. The working
electrode and the counter electrode (a platinum spiral
wire) were separated by a porous glass. An Ag/AgCl/KCI
(sat.) electrode was used as the reference electrode. A
conventional three-electrode cell of around 20 ml was
used for the cyclic voltammetric measurements. The
RCPE measurements were carried out with a ALS/Chi
832A electrochemical analyzer bi-potentiostat (USA)
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coupled with a rotary system from Nikko Keisoku
(Japan). In this case, the working electrode compartment
was 200 ml to eliminate any possible changes in the O,
concentration during the measurements.

The oxidative treatment of RVC electrode was con-
ducted potentiostatically in a stationary mode at 2 V (vs
Ag/AgCl) for specific time periods in 0.1 M H,SO,. All the
measurements were carried out at 25+1 °C, and deionized
water (Milli-Q, Millipore, Japan) was used to prepare all
solutions.

Surface techniques

The SEM images of the electrode surface were observed
using a scanning electron microscope (Keyence Company,
Japan) at an acceleration voltage of 1.5 kV and a working
distance of 7.5 mm. RVC electrode of 0.35 (diameter) and
0.6 cm height as mentioned above was oxidized by
applying anodic potential of 2 V in 0.1 M H,SO, solution
for different periods of time, i.e., 0, 1, 5, and 10 min. The
thus-treated RVCs will be herein after termed RVCijain,
RVC; min, RVCs min, and RVCig min. The RVC cylinder
was then washed with Milli-Q water, dried with hot air, and
cut in slices by a sharp blade. The SEM images were then
taken for 0.2-cm slices of thickness. XPS measurements of
the previously mentioned samples were performed by
ESCA3400 electron spectrometer (SHIMADZU) using an
unmonochromatized X-ray source with Mg Ko (1253.6 eV)
anode.

Results and discussion
Results of stationary electrode

The results obtained at the stationary (flooded) RVC
electrode are introduced first to show the characterization
of the RVC electrode treated by the anodic oxidation
process. Oxidation of the electrode was conducted at
potential of 2.0 V in 0.1 M H,SO, as described in
“Experimental.” Current transient for the oxidation process
of the electrode was measured for oxidation periods of 1
and 5 min. Current monitoring curves with time during the
anodic oxidation of stationary RVC electrodes were similar
to those for the oxidation of glassy carbon (GC; data are not
shown) [29, 30]. The current-time curves showed an
instantaneous increase in current followed by its decrease
to some value before reaching a saturation limit. The
instantaneous current increase was attributed to the charg-
ing of the double layer, and the saturation limit was
explained as the activation of the electrode for the water
electrolytic oxidation [29, 30].



J Solid State Electrochem (2008) 12:251-258

253

Surface characterization

Shown in Fig. 1 are the typical SEM images of the plain
(Fig. 1a,b) and the oxidized (Fig. 1c) RVC electrodes. The
RVC electrode was oxidized for 5 min at 2 V (see
“Experimental”). The electrolyte was 0.1 M H,SO, (25 °C).
It is quite obvious that the oxidized RVC electrode has a
rough surface in contrast to the untreated one. The surface
roughness because of anodic oxidation has been often
observed for gas chromatography (GC) electrode in acid
media by different surface techniques [31]. It has been
reported that the surface roughness results from the formation
of an oxide layer of graphite, and the layer is responsible for
the catalyzed electrochemical reactions of some species
[32, 33].

Fig. 1 SEM micrographs
obtained for untreated (a, b) and
oxidized (¢) RVC electrodes.
RVC electrode was oxidized by
holding the potential at 2.0 V
(vs Ag/AgCl) for 5 min in 0.1 M
H,S04

0.3 pm

The electrooxidation of GC electrode has been reported
to generate different carbon/oxygen functional groups such
as phenolic, carbonyl, and carboxylic groups. The different
functional groups were usually probed by XPS technique
[34]. The XPS spectra of untreated RVC and oxidized RVC
were measured to study the effect of the extent of oxidation
on the production of possible functional groups by the
anodic process (see Fig. 2). XPS has been utilized as an
efficient tool for the characterization of GC electrode
pretreatment. A wide range of survey spectrum of plain
(untreated) RVC sample was taken (data are not shown),
and as expected, the spectrum showed only two peaks at
binding energies of 284.1 and 532.0 eV, corresponding to
carbon and oxygen, respectively, in agreement with the
literature [35]. Only short-range spectra for oxygen and

0.3 um
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Fig. 2 XPS spectra of a Cls b
and b Ols obtained for untreat- a
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carbon of untreated RVC samples are, respectively, shown in
Fig. 2a and b (curves a). The curve fitting of both peaks was
performed using the “Asymmetric Gaussian-Lorentzian
Formula.” The values of the peak intensity of both peaks
(for Ols and Cls) were obtained, and the oxygen-to-carbon
ratio (¢) was calculated using the following expression [36]:

(1o/So)

Io/So) + (Ic/Sc) )

M
where [; and S are the peak intensity and the sensitivity
factor for carbon (Ic, Sc) and oxygen (o, Sp), respectively.
The oxygen to carbon ratio for plain RVC was found to be
0.2, which is comparable with the reported values for
untreated GC electrode [37, 38].

The survey spectrum of the oxidized RVC was similar to
that of the untreated sample (data are not shown), and the
two peaks corresponding to oxygen and carbon were also
observed at the same binding energies as mentioned above
for the untreated electrode. Only short-range spectra for the
oxidized RVC are given in Fig. 2 (curves b, ¢, and d). The
shape of the oxygen peak, as expected, does not signifi-
cantly change with the anodic treatment, while that of
carbon is significantly changed. Several interesting points
can be extracted from Fig. 2:

1. The main peak at 284.2 eV, in addition to the increase
in its width at the half-maximum height, is accompa-
nied by another peak at 289 eV and two shoulders at
285.2 and 286.2 eV (see Fig. 2a, curve c). The change
in the Cls shape suggests that the environment of the
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surface carbon is varied upon electrooxidation, proba-
bly reflecting the formation of different surface func-
tional groups generated on anodic oxidation of the
electrode [37, 38]. The peak corresponding to carbon
was deconvoluted into several Gaussian peaks assigned
to different surface functional groups as shown in Fig. 3.
The peak at 284.2 eV is ascribed to the graphitic carbon
and that at 285.2 to a type of carbon in phenol group.
The peak at 286.2 eV is ascribed to carbon in carbonyl
functional group and, finally, that at 289 eV corre-
sponds to carbon in the carboxylic group [37]. In this
case, the oxygen to carbon ratio (O/C ratio) was
calculated using the following equation:

O/C ratio = Ac_oy + Ac—o + 2 X Acoou (2)

where Ac—on, Ac—o, and Acoop are the intensity ratios
of the different functional groups in the Cls spectrum.
The oxygen/carbon ratio was found to be 0.33, which
is larger than that (0.2) of the untreated RVC sample
(Fig. 2a).

While the intensity of the main graphitic peak did not
significantly change with the increase in the oxidation
time, the intensities of the peak at 289 eV and the two
shoulders at 285.2 and 286.2 eV were found to change
with different oxidation extent.

The peak width of the main peak at 284.2 eV increased
with increasing the oxidation time to 5 min and then a
little bit decreased on further oxidation.

The intensity of the peak corresponding to carbon in
carboxylic group increased with increasing the oxida-
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29‘5 0 28‘2 0 28‘8 0 28‘4,0 28‘0 0
Fig. 3 Curve fitting spectra of C1s XPS spectrum of RVCs i, (Fig. 2a,
curve c). The peaks /, 2, 3, and 4 correspond to the graphitic carbon,
the carbon in phenol group, the carbon in carbonyl group, and the
carbon in carboxylic group, respectively

tion time up to 5 min (Fig. 2a, curve c¢) and then
decreased (Fig. 2a, curve d).

5. The intensity of the Ols peak (Fig. 2b) increased with
increasing the time of oxidation and reached a constant
value (see Fig. 4).

From the data shown in Fig. 2, the O/C ratios were
calculated for the different samples and then plotted against
the oxidation time (Fig. 4). The RVC; ,;, sample resulted in
the increase in the O/C ratio from 0.2 (untreated RVC) to
0.24. With increasing the time of oxidation to 5 min, the O/C
ratio increased to 0.33. However, further increasing of the
time of oxidation did not result in the increase in the O/C
ratio.

0.40 T T T T T

0.35 | 4

O/C ratio

0.15 L L L L L

t/ min
Fig. 4 Plot of the O/C ratio vs the oxidation time

Oxygen reduction

The effects of the surface treatment of the RVC electrode
on the ORR are discussed here based on the cyclic
voltammograms (CVs) obtained in stationary electrolyte.
Figure 5 shows the typical CVs obtained at the untreated
and the oxidized RVC electrodes in 0.1 M H,SO, under N,
or O, atmosphere. The oxidation at 2 V was applied to
RVC electrode at stationary conditions, i.e., flooded
assembly in 0.1 M H,SO, for different time periods. The
background current at the oxidized RVC electrode (curve
d’) under N, atmosphere is more pronounced than that at

a

e o e A
e

i/ mA
N

-0.8 -0.6 -0.4 -0.2 0.0 0.2

i/ mA

6 L L L L
-0.8 -0.6 -0.4 -0.2 0.0 0.2

E/V vs. Ag/AgCl

Fig. 5 CVs obtained at @ RVCyj,in, b RVCy 1in, ¢ RVCy i, and d
RVCs in electrodes in O,-saturated 0.1 M H,SO, at scan rate of 20
mV/s (b). Voltammograms & and d’ were obtained at RVCppain and
RVCs in electrodes, respectively, in Nj-saturated 0.1 M H,SOy4
solution (a)
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the untreated electrode (curve a’). The features of the CVs
for the ORR in Fig. 5b are highly dependent on the time of
anodic oxidation. At the plain RVC (curve a), the oxygen
reduction peak is largely obscured by the hydrogen
evolution reaction, and thus, it is ill-defined. The ORR at
the oxidized RVC is shifted to more positive potential
depending on the oxidation time. The most positive shift in
the ORR was observed at the RVCs i, electrode. Longer
oxidation of RVC electrode (CVs are not shown here) gave
a high background current (capacitive current) and resulted
in a distorted CV. Within the studied time range, the ORR
current increased as the time of oxidation was increased. A
relatively well-defined limiting current plateau for the ORR
was observed at the RVCs ;. electrode (curve d). It is
worthwhile to mention that the CVs shown in Fig. 5 were
obtained at the second scan. The first scan of potential from
0.1 V to the negative direction of potential in O,-saturated

a
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< 2}
b
E ¢
2 7F d
Q
X 4L €
f
5[
6 F
_? 1 1 1 1 1 1 1 1 1
09 08 07 06 05 04 03 02 01 00 01
E/Vvs. Ag/AgCl
b
<
g 1
\LLI
£ _

08 0.6 0.4 0.2 0.0
E/Vvs. Ag/AgCl
Fig. 6 Hydrodynamic voltammograms at a RVC,,i, and b RVCy
in Oj-saturated 0.5 M H,SO, solution at different rotation rates: (@)
400, (b) 600, (c) 800, (d) 1,000, (e) 1,500, and (f) 2,000 rpm. Potential
Scan rate, 20 mV s . The squares point to the positions of the
limiting currents
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H,SO,4 (also in Nj-saturated H,SO,) resulted in a broad
peak. The potential of this peak was found to depend on the
extent of oxidation. This broad peak was considered to
correspond to the reduction in the oxide layer formed upon
electrooxidation of the electrode. Similar behavior was
previously reported [39] for GC electrode.

It is also noteworthy to mention that the voltammetric
behavior of the oxidized RVC was quite stable as long as
the potential is not scanned to far negative value, i.e., as
long as no intensive hydrogen evolution is carried out at the
electrode for long time. The oxidized RVC electrode
catalyzes both the ORR and hydrogen evolution reaction
(HER). The hydrogen evolution enhancement is evident
from the CVs recorded in the O,-free electrolyte as shown
in curves a’ and d’ (Fig. 5a). This can be attributed to the
surface functionalization, especially the formation of
carbon-oxygen functional groups on the RVC surface,
which becomes prominent as the extent of oxidation is
increased (as discussed above based on the XPS data), of
the electrode surface. The same reason could be behind the
positive shift in the onset potential of the ORR on
increasing the extent of oxidation of the RVC electrode.
The formation of quinone functional groups on the surface
of the oxidized planar GC electrode has been reported to
enhance the ORR [40]. The increased limiting current for
the ORR at oxidized RVC may be attributed to the change
in the surface roughness as was revealed from SEM images
(see Fig. 1) Therefore, a remarkable impact of RVC
oxidation on the ORR can be expected: Increasing the
oxidation time increases the extent of the formation of
surface functional groups, which may be reflected on the
catalyzed ORR. However, when the RVCs i, and RVC g min
electrodes were compared, there was no significant differ-
ence in the ORR peak current. This can be explained in the
light of the O/C ratios extracted from the XPS measurements
(see Fig. 4), that is, the O/C ratios were almost the same at
these both RVC electrodes. Electrooxidation of GC has been
reported to be a possible way of desorption to some
impurities that may be introduced in the mechanical polish-
ing step and, consequently, to increase the activity of the
electrode [30]. It can also affect the specific chemical
interactions associated with the electrochemical reaction,
such as adsorption or change in hydration of the electro-
active species, and therefore, it may catalyze some electro-
chemical reactions [30].

Results of the RCPE

Figure 6a,b shows the hydrodynamic voltammograms for
the ORR at the RCPEs of RVCyy,in and RVC i, in 0.1 M
H,SO,, respectively. Similar results were obtained at
RVCs in (data are not shown). Background corrections
(mainly related to the hydrogen evolution) were made on all
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Fig. 7 Log-Log plots of ii vs w for the ORR at RVCyj,in, RVC min,
and RVCs i, electrodes in O,-saturated H,SO, solution

the voltammograms by measuring the current of the
hydrogen evolution reaction at the individual electrodes in
O,-free 0.1 M H,SO, solution. At a glance, we can see a
positive shift in the onset potential of the ORR at the
oxidized RVC electrodes as in the CVs obtained at the
stationary RVC electrodes (see Fig. 5).

The hydrodynamic voltammograms for the ORR at the
oxidized RVC (Fig. 6b) have well-defined limiting current
plateaus, and hence, the limiting currents were estimated at
E=—0.7 V. On the other hand, the limiting currents for the
untreated electrode (Fig. 6a) were determined at potentials
at which semiplateaus were observed (indicated by the open
squares on the voltammograms). The limiting currents
obtained in Fig. 6a,b can be correlated to the rotation speed
(w) by the following empirical correlation [41];

iL = aa)b (3)

where a and b are constants. Figure 7 shows double
logarithmic plots of the limiting current, iy vs the rotation
speed for the three electrodes: plain and 1- and 5-min
oxidized RVC electrodes. The slopes of the linear plots
were calculated using a linear least-squares regression. The
obtained line equations and their correlation coefficients are
given in Table 1.

The enhancement of the ORR resulting from the anodic
oxidation treatment of RVC can be further quantified by

Table 1 Line equations and their correlation coefficients for the
different electrodes

Electrodes Equations Correlation coefficient
RVCpiain i =0.303 "% 0.998
RVC| min i =0.820w"4! 0.997
RVCs min i =0.931 %4 0.992

considering the limiting current enhancement factor, a.
This factor can be given by;

IL, oxidized RVC
a = . oxidize (4)
IL, plain RVC

where it oxidized RvC a0d ip,plain Rve are the limiting currents
for the ORR at the oxidized and plain (untreated) RVC
electrodes, respectively. Shown in Fig. 8 are plots of the
limiting current enhancement factor « vs the rotation speed
for the RVC; pin and RVCs i, electrodes. The « values are
2.5-2.6 and 2.5-2.9 at the RVC; i, and RVCs i, TES-
pectively. They decrease with increasing rotation speed.
This may be attributed to the diffusion limitation of the O,
molecules inside the micropores (microstructure) induced
by the anodic oxidation treatment. It is noteworthy to
mention that the RCPE is favorable when a high sensitivity
is needed. Thus, the RCPE finds its way in electroanalysis
and the removal of some contaminants from dilute solutions
[42, 43]. In the present case, the enhancement of the ORR
(yielding H,0,) is considered to be achieved as a combined
result of the high mass-transfer effect and the large specific
surface area of the RCPE of the anodically oxidized RVC.

Summary and conclusions

The article was dedicated to characterize an anodically
oxidized RVC electrode by surface analysis techniques and
also by testing the effect of the anodic oxidation treatment
on the electrocatalysis for the ORR in acid solutions. Two
electrode systems were used, mainly, stationary (flooded)
electrode and rotating cylinder porous electrode (RCPE)
made of RVC matrix. SEM showed the surface roughness,
and XPS probed the extent of the surface modification
(formation of surface functional groups) exerted by the
anodic oxidation of the RVC electrode in 0.1 M H,SOy,.

3.0

28 RVC

5 min

zer ‘NN\A/—\
RVC

1 min

Limiting current enhancement factor, o

22 N 1 N 1 N 1 N 1 N
0 50 100 150 200 250

Rotation speed ® / rad s

Fig. 8 Current enhancement factor («) vs rotation speed (w) for the
ORR at RVC; i, and RVCs i, electrodes in O,-saturated H,SOy4
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The surface modification resulted in an enhancement of the
ORR, i.e., a positive shift of the onset potential and an
increase in the limiting current of the ORR. An enhance-
ment factor o« was found to be 2.5-2.9, depending on the
extent of the anodic oxidation treatment. The results
showed that the RCPE of anodically treated RVC can be
used to significantly electrocatalyze the ORR, and this
study opens the new area for production of H,O, at higher
rates.
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