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Abstract

The paper presents electrochemical measurements carried out in a PEMFC with a view to determining the separate
kinetics of the electrode reactions. For this purpose, the separate response of one electrode (anode or cathode) was
magnified by dilution of the reacting gas, respectively hydrogen and oxygen, and comparison of the experimental
data in the form of steady voltage-current variations and impedance spectra. Experiments were carried out at 60 °C
and ambient pressure. Water management was thoroughly controlled so that the gases leaving the cell had the same
relative humidity in all experiments of one series. Hydrogen oxidation, although rapid, corresponds to overpo-
tentials up to 50 mV at high dilution rates and current densities. Assuming a Tafel-Volmer mechanism, the
exchange current density of the anode reaction at the Pt surface is of the order of 1 mA cm™2. The two techniques
employed led to Tafel slopes of oxygen reduction ranging from 120 to 150 mV/decade, with an exchange current
density near 1 uA cm™, in good agreement with published data.

Abbreviations Greek letters
bt Tafel coefficient, V/decade o exponent of constant phase element
C concentration, mol m™ o charge transfer coefficient
D diffusion coefficient, m* s~' v ration of effective area over geometrical area
e electron ) layer thickness, m
F Faraday’s constant, 96487 C mol™ € porosity
I current, A n overpotential, V
i current density, oo bulk conditions
Am~2or Acm™ .
ir limiting current density, Subscripts
Am~2orAcm™ a anode
io exchange current density, c cathode
Am2or Acm? CPE constant phase element
J specific flux mol m™2 s™! ct charge transfer
m partitioning coefficient diff diffusion
n number of electrons involved eff effective
P pressure, Atm L limiting
0 pseudocapacitance, S cm ™ s* N Nafion
R gas constant, 8.314 J K™' mol™' ohm ohmic
r specific resistance, Q cm? Ox oxidant
T temperature, K Red reductant
Urey reversible voltage, V 0 electrode surface
V cell voltage, V 1 gas diffusion electrode
VA impedance, Q2 2 electrode structure
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1. Introduction

In PEM fuel cells the oxidation of hydrogen is often
neglected in comparison to oxygen reduction, because of
the slow kinetics of the latter reaction on platinum
surfaces. Under such assumptions, the overall imped-
ance response of the cell is therefore attributed to the
cathode response. In order to validate this assumption,
it is necessary to extract the response of each electrode
from the overall electrochemical information. This could
be done using a reference electrode in the cell, but its
positioning may raise technological issues [1, 2], result-
ing in inaccurate measurements. More recent investiga-
tions led to technological improvements either in the
form of a dynamic hydrogen electrode unit [3] or a
microsized carbon filament inserted in the membrane [4].
Aside from these developments, the present investi-
gation was aimed at estimating the contributions of
separate anode and cathode in a PEMFC. For this
purpose, the significance of the anode response was
magnified by diluting hydrogen by nitrogen at various
ratios. Diluted oxygen -with pure hydrogen at the
anode- also allowed similar investigation to be carried
out for the cathode part. Operating conditions were
thoroughly controlled so that all parameters, in partic-
ular water management was kept identical: the differ-
ence observed in the impedance spectra and in the
voltage-current density variations could then be attrib-
uted to the contribution of the electrodes investigated.

2. Experimental section and methods
2.1. Experimental set-up

The fuel cell tested was a single cell FC25-01SP from
Electrochem, with a geometric area of 25 cm”. Gases
were distributed through the “column’ pattern of the
plate, consisting of 2 mm cubic tiles placed regularly in
the plate. The commercial membrane electrode assem-
blies consist of two electrodes 1 mg/cm? Pt with a 20%
wt Pt/C ratio, a Nafion® 115 membrane and Toray®
carbon paper backings.

Before entering the fuel cell, gases were humidified in
laboratory-designed packed columns filled with deion-
ised water. The humidification temperatures at both
sides were fixed by thorough control of the dew points of
the packed bed columns, which were heated by separate
water baths. The cell temperature was efficiently con-
trolled by using Peltier thermoelements fixed on both
external plates of the cell. The two gaseous streams
leaving the cell were condensed at ambient temperature.
The amounts of water in each side of the cell were
calculated by weighing the amount of water condensed
for times up to three hours, and taking into account the
vapour pressure at the ambient temperature.

Electrical measurements were carried out using an
Autolab PGSTAT30 (Eco Chemie) potentiostat/galva-

nostat connected to a current booster BSTR20A (Eco

Chemie). Measurements were carried out in two steps:

e the cell voltage was first recorded for time periods
from one to three hours, allowing steady state
behaviour to be attained;

e impedance spectra were then recorded at the con-
sidered current density. The amplitude of the sine
perturbation was fixed at 10% of the steady cur-
rent. Frequencies were scanned from 5 to 10 mHz,
with 10 points per decade: frequencies higher than
5 kHz resulted in particular cell responses, probably
due to the dynamics of the electrical equipment
used.

2.2. Operating conditions

The cell temperature was fixed at 60 °C and all
experiments were carried out at ambient pressure. The
stoichiometric factor of air fed to the anode for
investigation of the anode kinetics was fixed at 3,
whereas it was at 2 for pure hydrogen for investigation
of the cathode response. In addition, at a given nominal
current, the global gas flow rate in the working electrode
compartment was kept constant, so that the amount of
water introduced into the cell was independent of the
dilution: for anode response, hydrogen was diluted at
20, 40, 60, 80, and 100% in nitrogen, with respective
stoichiometric factors respectively at 2, 4, 6, 8, and 10.
Likewise, the oxygen content was 21 (air), 40, 60, 80 and
100% for investigation of the cathode side, with the
same stoichiometric factors as for anode investigation.
The percentages given above are for dry gases, regard-
less of the vapour added downstream of the flowmeters.

For anode investigations, the relative humidity of the
inlet gases was 63 £ 2% at the cathode, and 83 £+ 2%
at the anode. The gases leaving the cathode were
saturated with water in all cases, with fractions of liquid
water on this side at 15 £ 2% at 60 °C. The relative
humidity of the anode gas was 95 £ 2% at this
temperature.

For cathode investigations, the relative humidity of
the inlet gases was 67 = 2% at the cathode and 90 =+
2% at the anode. Air leaving the cathode was saturated
with water, with fractions of liquid water attaining 44 =+
2%. The anode gas was also saturated with water, with
liquid mass fraction below 5%.

2.3. Impedance model

Kinetic parameters were estimated from impedance
spectra using a model for the cell response: this model
was established considering the equivalent circuit shown
in Figure 1.

The anode response corresponds to the left part of the
circuit and should be observed for high frequencies,
since the charge transfer resistance is far lower than that
of the cathode side. A typical experimental impedance
spectrum obtained for high hydrogen dilution is shown
in Figure 2.
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Fig. 1. Electrical equivalent circuit of the cell.
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Fig. 2. Typical experimental impedance response and global model
with anode and cathode corresponding responses. Current density:
200 mA cm 2. Anode fed with 20% hydrogen diluted in nitrogen.

By comparison with spectra recorded with pure
hydrogen, the spectrum shown in Figure 2 has a larger
high frequency loop. For all cases, spectra presented
three more or less distinct loops, referred to as high,
medium and low frequency loops:

e the high-frequency loop was attributed to hydrogen
oxidation, as confirmed below;

e the large loop at medium frequency was usually con-
sidered to be due to the cathode charge transfer
resistance.

e the low-frequency loop has been ascribed to the dif-
fusion of oxygen as shown by Freire and Gonzalez
[5], or water as described in [6]. Nevertheless we ob-
served previously [7] that the low frequency loop
could result from diffusion of gaseous oxygen in
nitrogen. This loop was not discussed in the present
paper.

For both electrodes, constant phase elements Zcpg ,
and Zcpg,. were considered, with pseudo-capacitances
0. and Q., and exponents o, and o, [8]. The model
considered involves a large number of parameters: three
for the (R,Q.) of the anode (following the Boukamp
notation of electrical circuits [9]), and five for the
([R:0.]Q.) circuit of the cathode, in addition to ropm.
Spectra were interpreted as follows. First the right hand
circuit in Figure 1 was considered by fitting the low
frequency part of the spectra, in the range 10 mHz—
45 Hz. The estimates obtained were then used in the
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fitting of the high frequency part of the spectrum — over
35 Hz, allowing determination of parameters 7,
0.and o,. The set of parameter values was finally used
in fitting the whole experimental spectrum for more
accurate determination of the various parameters. The
various contributions of the spectra extracted through
interpretation of the experimental spectrum are shown
in Figure 2. The accuracy in fitting the anodic part is
moderate, and it was preferred to fix o, at 0.8. In
addition the values for Q, and r., are given with an
uncertainty in their determination estimated at 30%.

2.4. Expression of the current density and charge
transfer resistance

Consider the following reversible reaction
Ox +n e« Red (1)

The Butler—Volmer equation allows expression of the
current density as a function of the electrode overpo-
tential m, involving species concentrations at the elec-
trode surface and in the bulk as follows:

e ()]

where i, is the exchange current density and o the charge
transfer coefficient. The charge transfer resistance, rc,
can be derived from the current density:

o= (%) o)

The concentration ratios involved in the above relation
depend on the rate of transport from the gas bulk to the
electrode surface. Transport phenomena in the fuel cell
are the following: (i) transfer from the gas bulk in the
pattern of the bipolar plate to the surface of the gas
diffusion layer, (ii) transport through the gas diffusion
layer (GDL), (iii) diffusion through the carbon material
forming the electrode and, finally, diffusion in the thin
electrolyte layer (iv). These phenomena were assumed to
be one-dimensional processes. Moreover, mass transfer
in the bipolar plate was not considered here because of
the lack of existing correlations for the “‘column”
pattern considered here.

Transport in the GDL, subscript 1, was assumed to
consist of pure diffusion and the effective diffusivity of
the gas was estimated using Bruggeman’s relation:

Derr = DS?/ : (4)

The porosity €; of the GDL was taken at 0.4 [10]. Due
to the average pore size in the structure of carbon
electrode (medium 2), Knudsen diffusion was accounted
for in estimation of the overall diffusion coefficient,
using Chapman—-Enskog’s relation. Molecular diffusiv-
ities were taken from [11] since the published data were
obtained at 60 °C. The pore size in the electrode
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structure was fixed at 30 nm, and porosity &, at 0.3, as
considered in [11, 12]. Finally, diffusion in the electrolyte
(subscript N) involves dissolved gases. The partition
coefficient, m, was defined as the gas-over-liquid con-
centration ratio. Calculations were carried out for the
case of Nafion 115 with electrode thickness of 50 um
(Table 1), for the actual temperature, and the relative
humidity was taken at 75%. Values for diffusivity and
solubility of nitrogen and oxygen were those measured
by Gode et al. [11]. Table 1 summarises the values of the
various dimensions and physicochemical parameters
used.

For the conversion of gas, the reactant concentration
at the electrode surface, C(0), could then be expressed
versus the bulk gas concentration C(e) and specific flux
J of this species:

- C(OO) J (31 52
m MDer 1

Lol )

mDei2 YDy

The coefficient vy is the ratio of the active area of the
electrode over its geometrical area. For both electrodes,
vy was taken to be 200 [13]. The limiting current density
corresponding to total depletion of the reactant at the
electrode surface was then deduced:

nFC(c0)

ZL = 5] 52 Wl&N (6)
Der1 7Dy

Degr

Table 1. Characteristic variables of the membrane electrode assem-
bly used at 60 °C

Gas diffusion  Electrode  Electrolyte layer

layer carbon in the electrode
material
Thickness/um 180 50 0.1
Pore size/um 20 0.03
Porosity € 0.4 0.3 -
Surface ratio y 200
H, diffusivity/m® s™' 2 x 1073 3x10°° 7.1 x 10710
0, diffusivity/m® s™' 0.8 x 107> 7% 107 1.7 x 10710
1
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Fig. 3. Cell voltage corrected for ohmic drop, for all hydrogen
dilutions.

3. Anodic oxidation of hydrogen

The voltage—current curves corrected for the ohmic drop
in the cell are reported in Figure 3 for all hydrogen
dilutions.

Because of the moderate partial pressures of the
reacting gases, the current density delivered by the single
cell was below 0.4 A cm ™2 Values for the ohmic
resistance were deduced from the impedance spectra
and the average value was 0.31 + 0.02 Q cm”. The
voltage-current variations with the hydrogen concentra-
tion in the gas were of the order of the fluctuations
recorded along the runs, of the order of 20 mV. Data
obtained at high current density and with 20% H, are
significantly below the other points: these data were
obtained with a new electrode membrane assembly and
its activation was probably incomplete at this time, as
confirmed by interpretation of the corresponding imped-
ance spectra. Direct interpretation of the curves shown
in Figure 3 could not be achieved because of the low
differences in voltage. The kinetic parameters were
thereafter estimated from impedance spectra.

3.1. Theoretical laws

Transport of protons in the thin electrolyte layer was
assumed to be much faster than the charge transfer
kinetics, and the concentration ratio Cy+(0)/Cy+(00)
appearing in Equation (2) applied to the Ho/H * system,
was therefore taken as one. Values of the parameters
given in Table 1 led to a limiting current density, i g, of
15 A cm™ for pure hydrogen at 60 °C and 1 Atm,
taking into account the vapour pressure at this temper-
ature (0.197 Atm). The current density delivered by the
fuel cell was typically below 0.4 A cm™2 far below the
limiting c¢d, which shows the little significant control by
diffusion-convection except with the highest dilution of
hydrogen.

Tafel slopes for hydrogen oxidation and evolution,
bt n, and b+ respectively, were taken at RT/(2F) as in
Tafel-Volmer mechanism, which has been considered in
previous investigations [14, 15]. This corresponds to
33 mV/decade at 60 °C. The following expression for
the anode current density was then deduced:

1 [/ M
mHzeXp (bT-,Hz) exp( bT,H+>

_ L 1 01 | 02 | _On exp Na
ion, ' 2FCp,(00) \mu, Dy, etrt ' i, Diy o2 7DH,y N bru,

(7)
The charge transfer resistance at the anode was

deduced by derivation of Equation (7) regardless of
the concentration ratio as follows:

1 _ 1 CHz(O) Ma
- [bT,Hz Cin, (00) P \ b,

e ()|
bT,H+ bT7H+

i:




3.2. Results

The pseudocapacitance of the anode was found to range
from 0.02 to 0.1 Scem > s%% In spite of appreciable
scatter, Q, decreased slightly with the current density
below 0.2 A cm™2, then remained fairly constant over
this limit. The charge transfer resistance decreased
regularly with the current density depending on the
hydrogen dilution (Figure 4): this dependence showed
that for the present work, the high frequency feature
could not be ascribed to the distribution of ohmic
resistance due to uneven hydration of the MEA, but to
hydrogen oxidation, as assumed above.

From the experimental values of charge transfer
resistance and current density, the corresponding values
for the overpotential were calculated together with the
exchange current density by fitting, depending on the
hydrogen content in the inlet gas. The fitted variations
of r. o with 1 represented the experimental data well, as
shown in Figure 4. The exchange current density
increased regularly with the hydrogen content in the
inlet gas, passing from 86 mA cm™ at 20% H, to
314 mA cm™> with pure hydrogen (Table 2).

The exchange current density obeys a power law of
Cu,(00) with exponent near 0.72: the values obtained
with a reduced number of data is in acceptable agree-
ment with the theoretical value of 0.5 deduced from the
oxidation mechanism, and the reaction order reported
by [14] at 0.42.

0.3
jgw 0.25 ‘/"j +20:80Hy/Ny
2 g 20:80 % 40:60H,/Ny
£ 3 02w 2 60:40Hy/Ny [
&% 045 S © 80:20H,/N,
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Fig. 4. Anodic charge transfer resistance: experimental values (sym-
bols) and Butler—Volmer law (lines).

Table 2. Exchange current densities of hydrogen oxidation deter-
mined from impedance measurements at 60 °C, 1 Atm.

H,/N, io.H,/MA cm™2 io,H, /MA cm™2
(geometric area) (actual area)

20:80 86 0.4

40:60 176 0.9

60:40 201 1.0

80:20 366 1.8

Pure H, 314 1.6

Air was fed to the cathode
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The exchange current density was expressed on the
basis of the actual area of the catalyst clusters (Table 2),
and the values obtained, of the order of 1 mA cm™2, are
in good agreement with data obtained for H, oxidation
on plate Pt surfaces [15, 16] or for its evolution [17, 18].

The exchange current density for hydrogen oxidation
was also determined by feeding the two compartments
of the cell with pure hydrogen and measuring the cell
impedance at equilibrium. At equilibrium Equation (8)
is no longer valid and the usual Butler—Volmer equation
to be considered, reduces to:

RT
2Fiy g, ©)

Teta =

Use of equation 7 for the current density allowed
prediction of the variations of the anode overpotential
with the delivered current density (Figure 5).

In most cases, the anode overpotential is below
50 mV, confirming the second-order significance of this
contribution in the overall voltage balance. Moreover,
the difference in m, calculated for pure hydrogen and
20% H, was below 20 mV, which explains that the
voltage-current variations reported in Figure 3 were
affected little by the dilution factor. However, although
moderate, the anode response has to be taken into
account in the interpretation of the impedance spectra.

4. Cathodic reduction of oxygen

Kinetic parameters were deduced from the measure-
ments using two methods. First, cathode overpotentials
were deduced from the steady measurements presented
in section 3, and another series with diluted oxygen at
the cathode and pure hydrogen in the other side.
Secondly, impedance measurements carried out with
pure hydrogen and diluted oxygen, were treated as for
investigation with 5 diluted hydrogen.

4.1. Theoretical laws

The cell voltage V is linked to the reversible voltage of
the cell and the various voltage losses:

0.07

--+-20:80 Hy/N, 86
> — 40:60 Hy/N, I
o 0.061 _. 60:40 Hy/N, o
g —o-80:20 Hy/N, 176 B
5 —aPure H el S —x
[ 0.05 - 2 _I= S 2;)1
g L Y Ta" /;_J"'/K
3 + Pt o -
° 0.04 . =
5 Z e 366
o Ki /K? e
< 0.03 7 > =
< =

+/>( ==

0.02
0 0.1 0.2 0.3 0.4

Current density / A cm™

Fig. 5. Anodic overvoltage for all hydrogen dilutions. Correspond-
ing values of exchange current densities are given.
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Urev =V+ N, + Mc' + Fohm! (10)

Steady measurements carried out with diluted
oxygen led to (V—i) variations. The ohmic resistance
was determined, and the anodic overpotential could be
determined as explained above (Figure 5). The revers-
ible voltage was calculated using the following Nernst
law, which was employed in previous investigations
[19, 20]:

70650 +8.0In(7) — 92.84T  RT
rev = 8.368F + 45 n(Po.)

4F
RT
+ﬁln(PH2) (11)

T is in Kelvin and pressures in Atm

The limiting current density estimated using the
parameters values of Table 1 attained 9.4 A cm™> for
pure oxygen in the dry gas, and 1.97 A cm™ for air. In
the latter case, mass transfer partly controlled the
overall reduction, as confirmed by the low frequency
loop of the impedance spectra.

Cathodic reduction of oxygen can be considered as
irreversible. Introducing b7, as the Tafel parameter of
the reduction yielded an expression for the absolute
current density (noted 1 in this section):

Co,(0) exp(— e )
bro,

=100
o COz (OO)
The cathode overpotential was then deduced from the
current density:

(12)

i

=bro,In| ————) — bro,Ini
|’10| 7,0, n<C02(0)/C02(OO)> 7,0, 1 19,0,

(13)

in which the concentration ratio is given by Equation (5)
The charge transfer resistance at the anode was
deduced by derivation of Equation (12):

bro,

: (14)

rCt,Oz =

4.2. Measurements at steady state

For both series of data, the absolute overpotential of the
cathode calculated from the data varied from 400 to
580 mV, depending on the current density. Plotting ||
vs. log (W) led to linear variations (Figure 6)
in agreement with Equation (13).

Because the first series corresponds to the same
oxygen content and similar water management, all data
were expected to merge into one line. The deviations
observed in Figure 6(a) may stem from the numerous
numerical treatments carried out for estimation of the
cathode overpotential. As shown in Table 3a, the Tafel
slope varied from 130 to 139 mV/decade with diluted
hydrogen whereas it attained 161 mV/decade with pure
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Fig. 6. Tafel plots of cathodic overpotential vs. concentration-cor-
rected current density. (a) for all hydrogen dilutions. (b) for all oxy-
gen dilutions.

hydrogen. Data obtained with diluted oxygen also led to
linear variations (Figure 6(b)), with Tafel plots ranging
from 124 to 151 mV/decade except for pure oxygen
(Table 3(b)).

This result is in perfect agreement with the conclu-
sions of numerous investigations carried out at moder-
ate/high current densities. The slope at 120 mV/decade
at ambient temperature is usually ascribed to the
Langmuir isotherm of oxygen adsorption on Pt surfaces,
corresponding to a rate-controlling step involving one

Table 3. (a) Exchange current densities of oxygen reduction
determined from impedance measurements at 60 °C, 1 Atm.Air was
fed to the cathode; (b) Pure hydrogen was fed to the anode

Tafel slope/ io,H, /MA cm™> io,H, /MA cm™>

mV dec™! (geometric area) (actual area)

(a) Hy/N,

20:80 130 14x107* 0.7x107°
40:60 139 3.2x 107 1.6 x 107
60:40 134 2.4 %107 1.2x107°
80:20 134 22x107* 1.1x107°
Pure H, 161 23x 107 1.2x107°
(b) O2/N,

21:79 (air) 141 1.9 x 107* 0.94 x 107°
40:60 151 6.2x 107 3.1x107°
60:40 125 52x 107 2.6%x107°
80:20 124 6.2x 107 3.1x107°
Pure O, 99 82x107* 4.1x107°




electron: applying the data reported in [21, 22] to the
actual temperature led to a slope near 132 mV/decade.

The exchange current density of air oxygen reduction
based on the geometrical area, was in the range 1.4—
3.2 x 107* A em™, corresponding to 0.7-1.6 uA cm™
considering the catalyst active area. Increasing the
oxygen content in the gas fed to the cathode compart-
ment resulted in reduction in |n. by 50 mV
(Figure 6(b)), and to appreciable increase in exchange
current densities, up to 8.2 x 10™* cm™ with pure Ho—
O, (Table 3(b)). The order of magnitude for iy, is
perfectly consistent with published values [23, 24].
Finally, from the second series of experiments, the
exchange current density was shown to vary with the
oxygen concentration in the gas phase to the power 0.85,
in good agreement with the first-order process.

4.3. Results from interpretation of impedance spectra

Impedance spectra recorded with diluted oxygen at the
cathode and pure hydrogen at the anode side were
treated as explained above. The exponent of the
constant phase element slightly decreased with current
density, from 0.8 to 0.7 for the highest cd. The
pseudocapacitance of the anode was found to range
from 0.04 to 0.15 S cm™2 s* ©.

Because of the irreversibility of the reduction, the
values of the charge transfer resistance could not be used
to calculate the exchange current density, and only the
Tafel slope could be obtained. As expected from
Equation (14), the charge transfer resistance varied
linearly with the reciprocal of the current density
depending on the hydrogen dilution (Figure 7).

The slopes of the straight lines yielded Tafel slopes,
ranging from 116 to 132 mV/decade for the four O,—N,
mixtures considered. Use of pure oxygen resulted in a
Tafel slope near 100 mV/decade. However, fitting the
data with pure O, omitting the point obtained at
40 mA cm? yielded a slope near 120 mV/decade.

The intercept of the linear variation at infinite current
density should result in a zero charge transfer resistance.
Examination of Figure 7 indicates appreciable values of

T

2 11 +Air
x 40:60 Oo/N> 1
2 60:40 Oo/Na 1
1.5 1 0 80:20 Oo/N>
5 Pure O I -

resistance / Q cm?

o
)

Cathodic charge transfer

0 5 10 15 20 25
(17i)/ A'em?

Fig. 7. Tafel plots of cathodic charge transfer resistance for all
oxygen dilutions.
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retc for nil values of (1/i). The observed discrepancy with
the theory might be due to the fact that the measured
resistance could contain a part of the diffusion resis-
tance, due to partial overlapping of the two features,
and a term corresponding to the ratio of the surface-
over-bulk concentrations should be added. However,
use of the intercept value for further interpretation
cannot be carried out without restrictive assumptions
[25], and this point was not treated here.

5. Conclusion and significance

The separate responses of the electrodes of a PEMFC
were observed for operation of the fuel cell at ambient
pressure, without a reference electrode. For this pur-
pose, magnification of electrode responses was achieved
by feeding the cell either with diluted hydrogen — for
anode investigation — or with diluted oxygen at the
cathode, for well-controlled water management of the
cell. Steady measurements of the voltage at fixed current
density together with impedance spectroscopy allowed
the kinetics of both reactions to be investigated.
Hydrogen kinetics at the conventional anode of the fuel
cell could be described by the Tafel-Volmer mechanism,
and the anode overpotential varied from 20 to 50 mV
depending on the dilution factor and the current density.
Moreover, the exchange current density and the Tafel
slope for O, reduction were found to be in perfect
agreement with published results both at flat Pt surfaces
and at the surface of a FC cathode.
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