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Abstract: Oxygen reduction(OR)on Teflon-bonded carbon electrodes with manganese oxide as catalyst in 6 mol/L KOH solution was
investigated using AC impedance spectroscopy combined with other techniques. For OR at this electrode, the Tafel slope is —0.084
V/dec and the apparent exchange current density is (1.02—3.0)X 10" A/cm?. In the presence of manganese oxide on carbon electrode,

the couple Mn**/Mn*" reacts with the O, adsorbed on carbon sites forming O radicals and acceletes the dismutation of O , which

contributes to the catalytic effect of manganese oxide for OR reaction.
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1 Introduction

The high performance electrocatalysts for oxygen
electrode is of great importance for the development of
metal-air batteries and fuel cells. As the platinum group
metal based catalysts suffer from expensive cost, much
work has been done to search various inexpensive
electrocatalysts such as metal phthalocyanines and
metal oxides. Among the electrocatalysts, manganese
oxide seems to be one of the most promising candidates
due to its low cost and high catalytic performance for
oxygen electroreduction[1—3].

In the research of new catalysts, the basic
knowledge of the mechanism of O, reduction and the
effect of catalyst is important. Although much work has
been done in this field in the last several decades, it is
far from full understanding[4 — 7], due to the
complexity and experimental difficulty.

Fundamental research work of oxygen reduction
(OR) on porous carbon electrode is very limited. Some
recent works were done on carbon electrode or on
carbon electrode with platinum as catalyst, where the
reported results were rather variable[8—10]. As the AC
impedance method appears to be a powerful tool in
studying the kinetics and mechanism of electrode
reaction, it has been applied extensively in the research

work on OR and on gas diffusion electrodes[11—14]. In
our previous paper, we studied the OR mechanism on
Teflon bonded carbon electrode in alkaline
electrolyte[15]. It was found that in the OR process on
gas diffusion electrode, carbon material does not act
only as catalyst supporter but also provides active sites
for oxygen adsorption and charge transfer. OR proceeds
via a 2 electrons path where the charge transfer step

producing O; is followed by a superficial dismutation
of these radicals to produce HO; as intermediate that
will be decomposed to OH . The materials that can
accelerate the dismutation of O, or HO;, will be good
catalysts for OR in alkaline media.

The present work aims to study the mechanism and
kinetics of oxygen reduction on Teflon-bonded carbon
electrode with manganese oxide as catalyst. The AC
impedance method was employed in combination with
voltamperometric, chronopotentiometric techniques.
The kinetic parameters such as exchange current density
and Tafel slope were obtained and compared with those
obtained on carbon supported platinum electrodes.
Based on the experimental results, the mechanisms of
OR and the electrocatalytic effect of manganese oxide
were proposed.
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2 Experimental

2.1 Electrode

The electrochemical investigation was performed
on the gas diffusion electrode referred to as DE-CM in
this paper, which was comprised of a single thin active
layer with a nickel net as current collector. The active
layer was prepared with carbon black (2.5 mg/cm?) and
manganese oxide (2.5 mg/cm?) bonded with Teflon (2.5
mg/cm?).

The carbon black (acetylene UV of Knapsack) has
a specific surface of 50 m?/g and a density of 0.07 kg/L.
The particles are in spheric form with diameters of 35—
45 nm. The Mn,0; powder prepared by sintering
manganese carbonate at 500 °C has a specific surface
(BET) of 30— 50 m%g, an average particle dimension of
30 um and a pore diameter of 1 —20 nm.

In the fabrication of the electrode, the powders of
manganese oxide and activated charcoal were mixed
mechanically, then the Teflon powder was added and
mixed once. The mixed powders were rolled to a fine
sheet with a thickness of about 0.2 mm. The sheet ob-
tained was pressed at 100 MPa to a nickel net at room
temperature, then sintered at 300 °C for 30 min.

2.2 Electrochemical cell

A two-chamber cell was used for the electro-
chemical measurements. The gas diffusion electrode
was mounted in a Teflon holder. The geometric surface
of the electrode was 1 cm? The electrolyte was 25%
KOH solution prepared with the Merck extra pure grade
potassium hydroxide pellets and distilled water. The
reference electrode was an Hg/HgO electrode connected
to the cell via a Luggin capillary. Potential values in this
paper are related to the Hg/HgO electrode. The counter
electrode was a platinum plate of 10 cm? The electro-
chemical measurements were performed at room tem-
perature.

2.3 Electrochemical measurements

Polarization and chronopotentiometric measure-
ments were carried out with a Model 263 EG&G
Princeton potentiostat/galvanostat controlled with the
M270 computer program. The polarization curves were
determined in air at a scan rate of 1 mV/s, without
correction for IR drop. Chronopotetiometric measure-
ments were performed at a current of 3 pA. Impedance
spectroscopy technique was also applied in our
investigation. The electronic instrument consisted of an
EG&G Model 5210 lock-in amplifier and the
potentiostat/galvanostat. The AC frequency range was
from 100 kHz to 1 mHz. The AC impedance data were
collected with a M398 electrochemical program. The

experimental results were analyzed with the
EQUIVCRT program of Boukamp[16].

3 Results

3.1 Polarization curves

Fig.1(a) shows the linear voltammograms (LV)
recorded with sweep rate of 1 mV/s at the air electrode
DE-CM using Mn,O; catalyst in air. For comparison,
the LV curve of the air electrode prepared from carbon
without Mn,O; catalyst in the same condition is also
given in the figure[15]. It can be seen that the rest
potential is about 0.05 V on the carbon electrode in the
absence of Mn,0;. In the presence of manganese oxide
(curve DE-CM), the rest potential moves positively
(0.13 V vs Hg/HgO), and the current density increases
in all the potential range, showing the good catalytic
effect of Mn,O; for OR.

The semi-logarithmic curve ¢ vs Ig[J./(mA-cm ?)]
is shown in Fig.1(b) where we can see a linearity in the
low overpotential range. The Tafel slope is 84 mV/dec
obtained directly by regression, the apperent exchange
current density is deduced as 1.02X 107 A/cm?.

Compared with that on carbon electrode without
manganese oxide (J°= 4.09X 10"'°A/cm?), the apparent
exchange current density on DE-CM is significantly
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Fig.1 Polarization curves for OR on carbon electrode with
Mn,0; as catalyst (DE-CM)
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increased. This may result from the catalytic effect of
Mn,O; in the charge transfer process. Meanwhile, the
Tafel slope increases in the presence of Mn,O;, being
84 mV/dec compared with 46 —84 mV/dec. This means
a modification of symmetric factor a in the charge
transfer process, for which we can not give a
satisfactory explication.

3.2 Chronopotentiometry (CP)

The chronopotentiometric technique was applied
here to measure the double-layer capacitance of
electrode and the charge transfer resistance of OR near
rest potential. For a relaxation procedure at low current
with the effect of concentration being negligible and
Rao<<R, the overpotential can be writtent as

=0~ =Ry (1-e™'") (1)
where ¢ is the potential at current | and 7=Cy4R,, .
Fort — o, 5, = IR,,, the charge transfer resistance R
is thus obtained and we have the following relationship:

ln[l - 1} __t @)
. T

By tracing the ln(l—n /7700) plot, we can obtain the
relaxation time constant and hence the double-layer
capacity Cg. The principle of this technique was
described in our previous paper[15].

In our measurements, the applied current was 15
pA. The chronopotentiograms recorded is shown in
Fig.2(a). It can be seen that with the small cathodic
current applied, the electrode’s overpotential increases
with time and reaches a stable value after 450 s. The
In(l-7 /7 ) —t plot shows a good linearity. The kinetic
parameters obtained from the CP measurement are
given in Table 1.

3.3 Impedance spectroscopy

The impedance diagrams for OR at —0.2 V and
— 0.4 V on DE-CM are shown in Fig.3 and Fig.4
respectively. The Nyquist plots at two potentials show
similar features. We can see two capacitive loops in the

applied frequency range from 10 kHz to 10 mHz. The
Bode plot shows more evidently the turn point at
frequency of 1 Hz that separates the two capacitive arcs.

3.4 Data fitting

Although the equivalent circuit approach is looked
down upon by some, analyzing EIS data by fitting it to
equivalent circuit models can be a valid and rewarding
approach. To fit the experimental data, we have
proposed several circuits, the best fitting results were
obtained with the circuit Ro(Cy[RO])(R.W) as shown
in Fig.5. The element Ro is the serial ohmic resistance
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Fig.2  Chronopotentiograms on electrode DE-CM in
6 mol/L. KOH solution at 20 C (1 =0.015 mA)

Table 1 Kinetic parameters for OR DE-CM by CP and ac impedance measurements

Parameter DE-CM DE-C
Rest —02V —04V Rest —02V —040V

Ry/(Q-cm?) 1.15 1.13 0.98 1.27
C,/(mF-cm?) 6.49 15.1 14.5 253 16.9 34.1
R,/(Q-cm’) 1.4x10° 131 0.78 6.7X10° 0.80 13.0
o, /(QS7?) 472 5.05 19.7 8.40
oD yst? 0.71 0.62 1.26 1.30
Re/(Q-cm?) 1.35 2.11 4.23 8.57
o /(S 37.1 37.8 17.5 10.8

* The parameters for OR at rest potential were obtained by CP measurements; the others at —0.2 and —0.4V (vs Hg/HgO) by EIS.
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Fig.3 Impedance diagrams recorded on carbon electrode at —0.2
V (vs Hg/HgO) in 6 mol/L KOH: (a) Nyquist plots (experimental
and fitted); ( b) Bode plot

of electrode and electrolyte. The parallel circuit
(Ca[RcO]) corresponds to the -electrode/electrolyte
interfacial reaction with Cy for the double-layer
capacitance, R for the charge transfer resistance and O
for the thin-layer diffusion impedance. The parallel
circuit (R;W) composed of a resistance and a Warburg
diffusion impedance is not quite easy to understand. To
interpret this feature, we suggest that as a step of OR
reaction, the charge transfer process is followed by two
parallel paths: 1) a diffusion of the product of the charge
transfer process ; 2) a chemical reaction which does not
proceed in the double-layer (without a capacitive
behavior) but is potential dependent. The resistance R,
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Fig.4 Impedance diagrams recorded on carbon electrode at —0.4
V (vs Hg/HgO) in 6 mol/L KOH: (a) Nyquist plots (experimental
and fitted); ('b) Bode plot
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Fig.5 Equivalent circuit for fitting impedance spectra

may be attributed to the chemical reaction.

For OR at —0.2 V, the circuit Ro(Cy[RO])(RW)
and R o (C4[RO])(R.O) gave fitting results without
much difference. For the data at —0.4 V, when the
circuit R o (Cq[RO])(RW) was applied, some para-
meters were not quite consistent with these at —0.2 V.
We tried the circuit Ro(Cy[RO])(R.O) where the O
(Nernst Layer Diffusion) was used instead of W and got
better fitting results. The parameters obtained are given
in Table 1.

Comparing the parameters obtained at different
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potentials, we notice that as the potential of electrode
gets more negative (from rest potential to —0.4 V), the
charge transfer resistance R, decreases. Meanwhile, the
double-layer capacitance increases as potential changes
from rest potential to —0.2 V, which may be due to a
better wettability of electrode surface at —0.2 V and
—0.4 V. The parameters obtained with the two different
techniques (CP and EIS) are quite consistent.

The values of the parameters at —0.2 V and —0.4
V are very approaching, implying that there is not
significant difference in the reaction mechanism and in
the mass transport condition at these different potentials.

To understand the catalytic effect of Mn,O3 for OR,
we compared in the same table the parameters obtained
on DE-CM and on DE-C, the latter is the carbon
electrode in the absence of manganese oxide[15].

As revealed by the equivalent circuit, the OR on
the carbon electrode may consist of a charge transfer
process in serial with a chemical reaction with the
parameters R, and R, representing their reaction rates
respectively. We can see from Table 1 that for the
carbon electrode without catalyst (DE-C), R, is much
larger than R.; while for DE-CM, R, decreases
significantly and the total resistance (R.+R.) is much
decreased at all potentials, which shows the good
catalytic effect of Mn,0; in the charge transfer process
and more significantly in the following chemical
reaction.

Compared with that on carbon electrode DE-C, the
values of Cq4 of DE-CM decreases, which may be due to
the lower specific surface and wettability of Mn,O; than
those of carbon black. We notice also that the Nernst
diffusion process is improved at DE-CM, which can be
attributed to the modification of electrode structure by
replacing part of carbon black with Mn,O;.

4 Discussion

4.1 Pathway of oxygen reduction on Mn,O, catalytic
carbon electrode

In our study of OR on carbon electrode in the
absence and presence of Mn,O; catalyst, the AC
impedance feature is characterized by a circuit (R;W) in
addition to the interfacial faradaic reaction. To interpret
this feature, we recall our previous study of OR on
platinum electrode[13] where we supposed the
following mechanism for OR at weak overpotential:

02+e_ : 05 ad

203, 4q+Hy0 —— 0, +HOZ+OH™
HO; +H,0===H,0,+OH"
Based on this mechanism, we deduced a simplified
equivalent circuit including a circuit (R,C,) for the
chemical reaction.

OR on carbon electrode can be interpreted by this
mechanism and the (R;W) has similarity to (R,Cy).
According to the mechanism, OR is an E-cat-C (Electro-
Catalyze-Chemical) type reaction. The radical

superoxide O, ,4 forms in the electron transfer step and

adsorbs on the electrode. HO; formed can be reduced
at electrode in the following steps or diffuse into
electrolyte. This mechanism favors the 2 e path leading
to the formation of H,O,.

Based on the above fact, we propose that at carbon
electrode even catalyzed by Mn,0,, oxygen reduction
proceeds through peroxide pathway where the
molecular oxygen is reduced to HO, , followed by
further reduction of HO; or its direct decomposition to
OH .

The catalytic activity of manganese oxides for the
decomposition of H,O, is well known[17]. KANUNGO
et al proposed that the decomposition of hydrogen
peroxide is based on the simultaneous oxidation and
reduction of the surface manganese ions, which suggests
that the catalytic activity is closely related with the
electrochemical activity. In our present investigation,
we have found the catalytic effect of Mn,O; on OR,
which may be mainly attributed to its effect on the
decomposition of HO; and H,0,.

Mechanism of catalytic effect of Mn,O; on
charge transfer process at carbon electrode

We can see from the experimental results of this
study that, the resistances of the charge transfer reaction
and the following chemical reaction for OR on carbon
electrode decreases significantly in the presence of
Mn,0;, which means the effect of manganese oxide in
these steps.

The effect of association of carbon black and
Mn,O; on OR activity can be explained by the
stabilization of the couple Mn*"/Mn*" on carbon surface.
The oxygen chemically adsorbed on carbon is
transferred in OR and frees the C sites. We can consider
that a mixed equilibrium between Mn,0;/MnO, and
C/CQ,qs assures the transfer of oxygen from atmosphere
to formation of electroactive adsorbed oxygen.

We try to interprete the catalytic effect of
manganese oxide on OR. The first action involved in
aqueous electrolyte is the hydroxylation of Mn,Ox:

Mn,0; +H,0 < 2MnOOH

In the presence of carbon, the couple Mn**/Mn**
exists on the Mn,Oj; surface and brings in the following
reaction:

2MnOOH +1/20, <> 2MnO, +H,0

At room temperature and under high oxygen
partial pressure, the equilibrium will shift toward right.
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In the presence of carbon, the reaction will proceed

toward left due to the affinity of carbon to oxygen as

carbon provides much active sites for oxygen adsorption.
The reaction schema can be proposed as

O,(Atmosphere)

(Interface of electrode/gas)

2MBOOH+ 4 0;—=2MnO,+H,0 5~ 2MnOOH+0,4,(C)

+H,0
+e

" (Interface of electrode/electrolyte)
OH", HO;

where the MnOOH/MnO, and C/C(O) systems function
as electro-catalytic couple.

For the effect of the couple Mn,O,/C on the
dismutation reaction, we may present the following
manner:

C-0; +H,0+Mn*" - C+HO; +OH™ +Mn*

C-0; +Mn*" - C +0, +Mn**

The dismutation reaction is hence accelerated
through two parallel reactions instead of a slow reaction
between two negative radicals. The catalytic action of
manganese oxide on H,O, dismutation is well known .

In the high alkaline electrolyte without O, between
—0.3 Vand —0.5V (vs Hg/HgO), Mn,0O; transforms
to Mn;04 and MnO. At potentials more negative than
—0.4 V, Mn,0; will lose its catalytic effect. In the
electrode DE-CM prepared with same mass of carbon
and Mn,O; the volume of carbon is larger, so that the
Mn,0O; particles are dispersed in carbon. During the
sintering with Teflon, carbon black protects Mn,O;
particles from excessive oxidation.

5 Conclusions

1) For oxygen reduction at the electrode with
manganese oxide as catalyst in 6 mol/L KOH solution,
the Tafel slope is —0.084 V/dec (vs Hg/HgO) and the
exchange current density is (1.02—3.0)X10 7 A/em?
that increases by 2 order of magnitude compared with
that on carbon electrode without catalyst.

2) At carbon electrode even catalyzed by Mn,O;,
oxygen reduction proceeds through the peroxide
pathway where the molecular oxygen is reduced to

HOj;, followed by further electrochemical reduction or

chemical disproportionation reaction of HO, to OH™.

3) In the presence of manganese oxide on carbon
electrode, the couple Mn**/Mn*" reacts with the O,

adsorbed on carbon sites forming O; radicals and

accelerates the dismutation of O}, which contributes to
the catalytic effect of manganese oxide for OR reaction.
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