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Abstract: Oxygen reduction on T eflorr bonded carbon gas diffusion electrode without catalyst in 6 mol/ L. KOH solution
was investigated with acimpedance spectroscopy and other electrochemical techniques. The kinetic parameters were mea

sured with an exchange current density of /%= 3.44x 10~ and a T afel slope of 46 mV/ dec in low overpotential range ( —

0.05~- 0.14 V vs SCE), which are comparable with those reported on carbon supported platinum electrode. The reac

tion mechanism of OR and the active effect of carbon black were examined.
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1 INTRODUCTION

Oxygen reduction (OR) in concentrated KOH
solution is an important process involved in alkaline
fuel cells and metakair batteries. Some fundamental
studies of the kinetics and mechanisms of OR in con-
centrated alkaline electrolytes though relatively limit-
ed. In alkaline electrolytes, OR proceeds by two
pathways as follows: 1) 4 electrons (4e) pathway
leading directly to OH™ ; 2) 2 electrons pathway with
hydrogen peroxide as intermediate or final products,
depending on electrode surface state such as the oxy-
gen adsorption, oxide coverage and impurities'' .

For gas consuming reaction as oxygen reduction,
Teflorrbonded carbon electrodes were introduced to
provide larger reaction area and favorable condition
for gas diffusion processes thereby to obtain an ac
ceptable power density. For the systems at low or
moderate temperatures, the electrodes with platinum
as catalyst are used in acid or alkaline media and
cheaper catalysts are always searched. On other side,
the carbon black materials in electrode have not only
large specific surface but also electrocatalytic effect on
OR reaction, which is not yet much understood. So
that it is of great practical significance to study the
OR mechanism and kinetics on these types of elec
trodes.

The limited number of the reported works on the
OR at porous carbon electrode was done on electrodes
with platinum as catalyst, and the reported results are
very variables. Holze and Vielstich'® studied the oxy-
gen reduction in neutral and alkaline cells with ac
impedance method. They obtained a value of 2. 85

mA/cm? for the exchange current density of OR on
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platinum carbon electrode in 3 mol/ L. NaCl solution.
They found that in the gas electrode covered with a
porous Teflon backing layer on the gas side, oxygen
reduction occurs in a small reaction zone located near
the electrolyte side and the utilization of the catalyst
is poor. Striebel et al”! investigated the OR on
Teflorr carbon electrode in 2 = 11 mol/ L. KOH elec
trolyte using voltamperometric and galvanostatic tech-
niques. The kinetic parameters were obtained with a
T afel slope of 44 mV/dec and an exchange current
density of 7.5 x 10" ° A/ em?® for OR on carbon sup-
ported Pt electrode in 6.9 mol/ L KOH electrolyte.
The present work is done to study the mecha-
nism and kinetics of oxygen reduction on Teflonr
bonded carbon electrode without other catalyst by us-
ing acimpedance method combined with voltamper-
ometric, chronopotentiometric measurements. The
kinetic parameters such as exchange current density
and Tafel slope are obtained and compared with those
obtained on carbon supported platinum electrodes.

2 EXPERIMENTAL

2.1 Electrodes

The Teflon-bonded carbon electrode presents a
sandwich structure with a nickel net as current collec
tor between the active layer and the gas diffusion lay-
er. The composition of active layer was: carbon black
5 mg/ em” and Teflon 2. 5 mg/ cm®; the gas diffusion
layer was a Teflon film. The carbon black (acetylene
UV of Knapsack) had a specific surface of 50 m*/g
and a density of 0. 07. The particles were in spheric
form with diameter of 35~ 45 nm.

In fabrication of the electrode, the powders of
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carbon black 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 sheets obtained were
then pressed at 10° kg/ cm” 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 sur-
face area of the electrode was 1 cm®. Oxygen was in-
troduced into the gas chamber and diffused through
the electrode. The electrolyte was 25% KOH ( mass
fraction) solution prepared with the M erck 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 elec
trode. The counter electrode was a platinum plate of
10 cm®. The electrochemical measurements were per-
formed at room temperature.

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 oxygen atmosphere at a scan rate
of 1 mV/s, iR drop.

Chronopotetiometric measurements were performed at

without correction for

3 HA. Impedance spectroscopy technique was also ap-
plied in our investigation. The electronic instruments
consisted of an EG& G Model 5210 lock-in amplifier
and the potentiostat/ galvanostat. The ac frequency
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 E-

QUIVCRT program of Boukamp''?.
3 RESULTS

3.1 Cyclic voltammetry ( CV)

As the voltammogram recorded on gas diffusion
electrode are generally less characteristic than those
recorded on smooth electrode due to the adsorption of
gaseous reactants in the porous structure. The
voltammetry was performed after a chronopoten
tiometric measurement at 15 HA for 15 min( Fig. 1) .

The CV with scan rate of 100 mV/s started at
0. 6 V toward negative direction until — 0.5 V and
then returned to 0. 6 V. On the curve toward nega
tive direction, we see a peak at about + 0.32 V and
two peaks in the potential range of reduction: at
- 0.2V and at - 0.45 V. On the return part, we
see an anodic peak at — 0. 2 V following a prewave
less visible at a potential slightly less positive. This
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Fig. 1 Voltammogram recorded on carbon

electrode in 6 mol/ L. KOH at 20 C

peak is followed by a plateau. From 0.3 V, the cur
rent increases rapidly and we do not find the
waves.

We noticed on the CV curves two reduction
zones in the regions of + 0.5to — 0.1V and - 0. 1
to— 0.5V. In the 0.5to - 0.1V region, the ca
thodic peak at + 0.3 V is attributed to the reduction
of oxygen to OH™ with the oxygen specimen generat-
ed by the anodic prepolarisation and chemically ad-
sorbed in carbon sites. In the range of — 0.1 to — 0.
5V, the cathodic peaks are due to the reduction of
atmospheric oxygen. The two cathodic peaks at — 0.
2V and - 0.45 V indicate that OR proceeds via two
different reactions according to potential. At low
overpotential ( potential less negative than — 0.2 V),

the reaction produces HO; . As carbon is not effective

enough for its decomposition, the formed HO> ions
accumulate on electrode and are then reduced at
stronger overpotential. On return, the anodic peak
followed by the plateau at — 0.2 V is due to the re-
oxidation of HO7 to O;. From + 0.4 V, the anodic
current increases due to the oxygen release from

OH™ .

3.2 Polarization curve

The polarization measurement was carried out by
linear voltammetry at 1 mV/s. The ®vs lg/. curve is
shown in Fig. 2, which gives the T afel relationship in
the low overpotential range (- 0. 05 7= 0. 14 V vs
SCE) as

= - 0.230- 0. 046lg/.

There is limited information in literature about
OR on carbon or graphite electrodes especially on gas
diffusion electrodes and the reported results are vari-

able. Tarasevich et al observed two Tafel slopes on
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pyrolytic graphite electrode in alkaline electrolyte, at
low overpotential, the slope was — 0. 03 V/dec. But
Yeager et al. obtained only one slope of 120 mV/ dec.

Striebel et all®! investigated the OR on Teflon
carbon electrode in 2~ 11 mol/ L. KOH electrolyte us-
ing the voltamperometric and galvanostatic tech-
niques. The reported T afel slope at low overpotential
and exchange current density are — 44 mV/dec and
7.5% 10" ° A/ cm®, respectively. At high overpoten-
tial, the Tafel slope doubled. In calculating the ex-
change current density, they got the real active elec
trode surface from the hydrogen desorption charge.
The obtained T afel relation allows us to calculate the
exchange current density J° for OR. This calculation
is relative to the equilibrium potential of the reaction.
We will discuss it and calculate J° later.
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Fig. 2 Polarization curve for OR on

carbon electrode in 6 mol/ . KOH at 20 C

3.3 Chronopotentiometry

The chronopotentiometric technique was applied
here to measure the double layer capacity of electrode
and the charge transfer resistance R« of OR near rest
potential. At rest potential, the charge transfer resis-
tance Ry of OR has its maximal value. Combined
with the relatively large double-layer capacity Ca of
the gas electrode, the relaxation time constant would
have a great value. If we use impedance method, as
the relaxation frequency of the charge transfer process
is given by w= 1/( CaRu), we will have to apply
very low frequencies and the measurement duration
will become too long.

The technique consists of applying a small cur
rent on electrode from rest potential and recording the
evolution of electrode s potential. For a relaxation
procedure at low current with the effect of concentra
tion being negligible, the potential evolutes following

the relation as

P €= JRo+ JRu[1- exp(- ¢t/ T)]
If Ro<Ru, we get

e ¢ @z JRu[1- exp(~ /D]

For t = oo, Tlew= iR, the charge transfer resis-
tance R is thus obtained and we have the relation-
ship as

In( 1- nﬂw): - =

By tracing the In( 1- nj') plot, we obtain the

relaxation time constant and hence the double layer
capacity C q.

In our measurement, the imposed current was 3
BA. The chronopotentiogram recorded on carbon
electrode is shown in Fig. 3(a). We see that with the
small cathodic current imposed, the overpotential in-
creases with time and arrives to — 20 mV after 450 s
then becomes stable, from which we obtain the value

of Ry as 6.7%10° & em?. The In(1- nj') vs ¢ plot
is shown in Fig. 3(b) from which we get Cq= 25.3

mF/ cm?.

3.4 Impedance spectroscopy
The impedance diagrams for OR at — 0.2V
B
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Fig.3 Chronopotentiograms for OR on carbon
electrode in 6 mol/ L KOH at 20 C, /= 3 HA
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are shown in Fig. 4. On the Nyquist plot we see two
capacitive loops in the applied frequency range (from
10 kHz to 10 mHz). In lower frequencies (from 6.5
to 1. 0 mHz), an inductive part appears. The Bode
plot shows more evidently the two arcs and the turn
point of phase at frequency of 1 Hz.
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Fig. 4 Impedance diagrams recorded on carbon

electrode at — 0.2 kV in 6 mol/ . KOH
(a) —Nyquist plot; (b) —Bode plot

The impedance features for OR on carbon elec
trode as shown in Fig. 4 are associated with the OR
mechanism and also with the porous structure of the
gas electrode, which is thus quite difficult to be inter
preted. Some similar profile characterized by the two
depressed semicircles was reported on Lag gs Sro. 15
MnOj3 electrode for oxygen reduction at high tempera
ture, where the results were fitted with Equivert pro-
gram! ',

The formation of porous film obtained by corro-
sion was treated for their impedance characteristics by
the “transmission line” model based on the pores of
finite length, this model considers that the reaction
proceeds in pore at the interface of pore wall/ solution
and at the exterior surface. In this case, the faradic
impedance can be represented by two parallel RC cir-
cuits (R Cy) (R, Cy), where the sign “w” is for the
interior interface and “b” for the exterior surface.
Depending on the charge transfer resistance, on the

film thickness and electrode surface state, the
Nyquist plot gives at certain instances a supplemen-
tary capacitive boucle! '*'.

We proposed several equivalent circuits to fit the
impedance data for OR at DE-C. At first, we tried
the circuit R(C[RO])(C[RW]) according to the
porous film model, where the introduced element O
represents the Nernst impedance for the effect of thin
porous film and W for the Warburg impedance, R
for ohmic resistance and charge transfer resistance of
electrode reaction. This circuit fitted the two arcs in
plot but did not fit in general the experimental data.
Another circuit R(C[RO]J[ RW]) fitted in general
the plot characteristics but did not fit well the two
boucles.

The best fitting results were obtained using the

circuit R(C[RO])(RW), as shown in Fig. 5.

R

Ry

W
Fig.5 Sketch of circuit R(C[ RO])(RW)

R . is introduced for the resistance for a chemical
reaction whose rate would depend on the electrode po-
tential. The fitting plots are shown in Fig. 6. We see
that the proposed circuit interpreted well the
impedance feature, especially the two arcs separated
at frequency 1 Hz. The circuit interprets OR on car
bon electrode as an electrochemical reaction followed
or preceded by a chemical reaction. The whole reac

tion is affected by the diffusion procedure.
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4
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Fig. 6 Nyquist plot fitted with equivalent circuit

for OR at — 0.2 V on carbon electrode,
cooperated with experimental

The parameters obtained are reproduced in the
Table 1. R¢is the ohmic resistance between current
collector and reference electrode. The value is not too
large, showing the quite good conductivity of the car-
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bon black.
Table 1 Impedance parameters for OR
at — 0.2V vs He/HgO
Ro(e Co  Rd & oo R4 O

2 (mk (€ (@ 12 (@ Qe
am) -2 - o2 8 em— 2 V2
¢ 7 g ¢ 7

0.98 16.9 0.80 19.7 1.26 4.23 17.5

At - 0.2V, the electrode reaction is composed
of a charge transfer process in serial with a chemical
reaction. The charge transfer resistance R is much
smaller than the resistance of the chemical reaction
R, indicating that the charge transfer is a rapid step
and the chemical reaction is relatively slow. We no-
tice also that the total resistance( R+ R.) is much
smaller at — 0.2 V than that near rest potential ( R
= 6.7x10° &/ em?).

The value of the doublelayer capacity Ca ob-
tained is in consistence with that obtained at rest po-
tential by chronopotentiometric technique (25. 3 mF/
em®), which gives us an indication of the real surface
of our gas diffusion electrode. In Ref.[ 13], the val-
ues of the double layer capacity on smooth carbon and
graphite electrodes are quite variable, from 3.7 HF/
em” to 20 UF/ em®. If we suppose an average value of
10 HF/ em® for used carbon black, the real electrode
surface will be about 2 000 em?, which means a sur
face factor S= 2 000. In gas diffusion electrode, the
parameter Cq is a good indication of active area in-
volved in electrochemical reaction. It depends on the
wettability of electrode that is in turn affected by the

electrode s composition and fabrication conditions! .

12
allow us

The Nernst parameters Oy and &~
to estimate the mass transport properties O2( D and
From the obtained

RT
2p2 0 pV2 e’
we get a value for the product ADY*( A is the elec
trode surface), between 2. 39 x 10”° and 5. 60 X
10" *mol*s™ ?*cm™ 2. From the value of &~ "2, we
can estimate the value for §, between 34 and 36
Bmol/ L.

The impedances related to the diffusion processes

C) in our carbon electrode.

valeurs of Oy and the relation Oy= J_
2n

are significantly greater than those associated with
charge transfer and chemical reaction, which may be
due to the diffusion of oxygen and reaction products
in the wetted porous structure. It constitutes another
key problem besides the intrinsic catalytic properties
of the active materials associated to the performance
of OR on gas diffusion electrode.

4 DISCUSSION

4.1 OR equilibrium potential

We consider at first the equilibrium potential for

the reaction O+ 2H,0+ 4e~ =40H" ,
the process of four electrons produces directly OH™ .

In 6 mol/ . KOH solution, the average activity
coefficient of KOH v+= 3519 3nd we hence have
a(OH™ )= 18. Supposing a(H>20)= 1, and p(02)
= 1.01 % 10° Pa, we get the equilibrium potential:

%= 0.327 V(vs NHE) or 0.222 V (vs SCE)

On the cyclic voltammogram, we observed the
potential at i= 0 for OR on our carbon electrode be-
ing 0. 45 V(vs SCE). This value is more positive
than the thermodynamic potential for the couple O,/
OH™ , associated with a four electrons process. It
may be attributed to the good electro-activity of oxy-
gen generated during the anodic prepolarisation dur
ing the scan. The oxygen was adsorbed in atomic
form in carbon black and then reduced directly to
OH™ .

In polarization measurement by linear voltamme-
try, the rest potential of + 0. 05 V(vs SCE) was ob-
served. This value is evidently far more negative than
the calculated value for the couple O2/OH™ . The
twoelectron pathway is considered for OR in our car
bon electrode. With the oxygen from atmosphere,
the OR reaction would proceed via the irreversible
process:

02+ H20+ 2e =HO; + HO™

The standard potential for this system is
- 0.065 V (vs NHE) corresponding to — 0. 170
(vs SCE). From Nernst formula, the potential for
this equilibium can be written as(vs SCE)

(POZ/H0; = 80— 0. 03lga(H05 ) -

0.03lga(OH™ )+ 0.03lgp (02) +
0. 03lga(H20)

®0,/m0, = = 0.207- 0. 03lga( OH3 )

Supposing the content of KOH is 6 mol/L,
p(02)= 1.01 x 10’ Pa, a(H,0)= 1, it is known
that HO2 may dismute according to the reaction as

2HO; =20H" + O,

This is a reaction completely to the right

], the HOZ concentration

(according to as Charlot!"
at equilibrium would reach to 10” "® mol/ L), but this
is a slow process and HO> exists in metastable form
in high concentration solution.

Theoretically in the presence of catalyst suffi-
ciently effective, the peroxide may be decreased to e
quilibrium concentration ( 10~ " mol/L in 10 mol/L
KOH solution) and we can get an electrode potential
close to a thermodynamic value for of Oz OH™ sys
tem. But it is not true because the process is con-
trolled by the slow diffusion of HO2 which should
transport across the electrolyte to get to the surface of
catalyst.

HO; may also dismute by the reaction as
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HOz + H,0+ 2e »30H"
with %= 0. 867 V(vs NHE) or %= 0.762 V(vs
SCE) . This reaction is less probable near rest poten-
tial but would contribute to the second step of oxygen
reduction at more negative potential. In our case, we
can interprete the measured rest potential as a mixed
potential between the system O,/ HO; and O,/ OH™ .

4.2 Exchange current density for OR
As OR is a multrstep reaction, the Volmer

Tafel equation can be written as''®!
2.3RT

Ou= 2L jog 0 238 g

M= % ¢, oF

We used this equation to calculate the exchange
current density from our experimental results = —
0.230- 0. 046logJ.. Taking the measured rest po-
tential value of + 0. 05 V(vs SCE) as equilibrium po-
tential, we obtained the apparent exchange current
density for OR on carbon electrode as Jo,= 8. 18 x
1077 A/cm®. As the real electrode surface was calcur
lated from measured Cg4 as 2 000 cmz, the exchange

current density J® was calculated as 4. 09 x 10™ ' A/
em”.

We can also calculate the apparent exchange cur
rent density from change transfer resistance Ret ob-
tained in ac impedance measurement with the relation
T = jﬁg—m. As Ra= 6.7x10° @ cm?, we get J2,
= 6.87% 10" ® A/em®. Taking into the surface factor
of 2000, the exchange current density J® was caleu
lated as 3. 44 x 107 ° A/cm®. This result agrees well
with that obtained by the polarization method.

The values of kinetic parameters for OR(J’= 3.
44x 10" % A/em?, b= 46 mV/dec) obtained in our
study are the same orderof- magnitude with these re-
ported by Striebel et al even though the used tech-
niques are quite different. It should indicate that our
study was performed on carbon electrode without cat-
alyst and the work by Striebel et al was carried out on
platinum supported carbon electrode where the real
electrode surface was counted on loaded platinum.
Further work will be worthy to clarify the effect of
the catalysts such as platinum or other cheaper mate-
rials.

4.3 Mechanism of OR on carbon electrode

Based on our experimental results, we propose
the following mechanism for OR on carbon electrode
in the potential range of 0 to — 0.2 V(vs SCE)
C+ 0,—~C- 0O,

C- 02+ ¢ —C- 03

Adsorption
Charge transfer
Superficial dismutation

C- 02 + HOH =C+ OH™ + OH"
C- 0; =C+ O,

Dismutation of peroxide

2HO; =20H" + O,

The O adsorption is a rapid step, as there are
many functional groups hence the active sites for ad-
sorption of 05 on carbon surface! . According to the
proposed mechanism, the adsorption of Oz would be
“endron” type, assuming a two-electron pathway for
oxygen reduction!* 21,

Follow ing the charge transfer step, the superfi-
cial dismutation reaction takes place between two re-
pulsing adsorbed negative radicals. This step would
be slow and be affected by the electrode potential. As
the dismutation reaction produces HO3 , it should un-
dergo further step to get to OH™ through the dismu-
tation reaction 2HO; =20H™ + 0O,. This reaction
and the diffusion of HO2 would have an important ef-
fect on the whole reatcion rate.

S CONCLUSIONS

1) The kinetic parameters for OR on Teflon
bonded carbon electrode in 6 mol/L. KOH solution
were measured with an exchange current density of
J°= 3.44x 10" A/ cm” and a Tafel slope of 46 mV/
dec in the range of low over potential (- 0.05 ™ 0.
20 V(vs SCE) which are comparable with these ob-
tained on carbon supported platinum electrode.

2) In the process of OR on gas diffusion elec
trode, carbon material does not act only as catalyst
supporter but also provides active sites for oxygen ad-
sorption and charge transfer. OR proceeds via a two-
electrons path where a charge transfer step producing
03 is followed by a superficial dismutation of these
radicals to produce as intermediate which will be de-
composed into OH™ . The materials which can accel
erate the dismutation of Oz or HO; will be good cat-
alyst for OR in alkaline media.

3) The chronopotentiometric technique was used
to measure the charge transfer resistance of OR and
double layer capacity of electrode near rest potential.
Comparing the results with these by ac impedance
method, the chronopotentiometric technique appears
reliable and practical.
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