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Abstract

We describe the adaptation of the recently developed thin-film rotating disk electrode method and its application in a rotating
ring disk configuration (RRDE) to the investigation of the oxygen reduction reaction (orr) on a supported catalyst powder
(Pt/Vulcan XC 72 carbon). This allows the determination of kinetic data, such as reaction orders or apparent activation energies,
for the orr directly without mathematical modeling. Collection experiments reveal a potential and rotation rate independent
collection efficiency. RRDE measurements allow, for the first time, the direct determination of the fraction of peroxide production
during oxygen reduction on supported catalysts. Finally, comparison of measurements in 0.5 M H,SO, and 0.5 M HCIO,,
respectively, reveals a significant effect of (bi)sulfate adsorption on the orr activity. On the basis of the present results, predictions
are made on the kinetic limit of the orr in polymer electrolyte fuel cells, in the absence of ohmic and mass transport resistances
at 100% utilization. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Platinum supported on high surface area carbon
substrates (e.g. Vulcan XC72) is still the most widely
used electrocatalyst in low temperature polymer elec-
trolyte fuel cells (PEM-FC) for both the anode and the
cathode reaction [1]. While the overpotential for the
anodic oxidation of pure hydrogen is negligible even at
high current densities due to very facile H, oxidation
kinetics on platinum, the strong kinetic inhibition of the
cathodic oxygen reduction reaction (orr) leads to high
overpotentials, amounting to several hundreds of milli-
volts under typical PEM-FC operating conditions [1].
Therefore, the slow orr kinetics on carbon supported Pt
catalysts are the most limiting factor in the energy
conversion efficiency of state-of-the-art PEM fuel cells
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and the development of improved catalysts would have
a dramatic impact on fuel cell efficiency. Due to the
different electron yields of the two reaction paths (H,O,
versus H,O formation), catalyst development for oxy-
gen reduction catalysts requires that the electrocatalytic
activity as well as the product distribution for the orr
on new catalysts can be determined quantitatively un-
der PEM-FC relevant conditions, i.e. continuous reac-
tant flow, steady state, 60—80°C. We demonstrated this
application recently for a Ru-chalcogenide catalyst [2].

Gloaguen et al. proposed the use of rotating disk
electrode (RDE) measurements as a fast screening tool
for the characterization of supported catalysts with
respect to their orr activity [3]. They deposited a mix-
ture of supported catalyst powder and Nafion® solution
onto a glassy carbon disk and annealed this at 160°C to
obtain a recast ionomer. As this preparation method
results in a relatively thick catalyst layer (1-7 pm) with
a high Nafion® content, film diffusion resistance plays
an important role and extensive mathematical modeling
is necessary to obtain the electrode kinetics from the
measured RDE data [3,4]. Using the same experimental
method, Gojkovic et al. [5] demonstrated a strong
Nafion® film diffusion resistance using a Levich—
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Koutecky-type analysis of the orr currents, yielding
Nafion® film diffusion limited current densities, j. , of
ca. 8 mA cm~2 Since this is on the same order of
magnitude as the overall current densities accessible
with the RDE technique in aqueous electrolytes,
Nafion® film diffusion resistances strongly hamper the
extraction of kinetic current densities from these
measurements.

We recently developed a method of thin-film RDE
measurements [6], where small amounts of catalyst
suspension are attached to a glassy carbon RDE by
means of a sub-micrometer thick Nafion® film. As will
be shown, this method results in ten-fold larger j; values
for the orr compared to the above method. This way,
Nafion® film diffusion resistances become negligible
within the accessible current density range at typical
rotation rates up to 3600 rpm, and kinetic current
densities can be extracted directly using the unmodified
mass-transport correlations for a simple (i.e. smooth)
RDE [7]. The significantly reduced catalyst loading
used in the thin-film RDE method expands the range of
experimentally accessible mass-specific current densities
to values which are typically obtained in PEM fuel cells
(i.e. 1-2 A mgp !, corresponding to 1 A cm~2 at
typical Pt-loadings of 1.0-0.5 mgp, cm ~2). This allows
the direct extrapolation of RDE data on the perfor-
mance of PEM fuel cell electrodes.

The thin-film RDE technique can also be applied to
rotating ring-disk electrodes (RRDE) which allows de-
tailed study of the orr [2]. In this case, the extent of
hydrogen peroxide formation during the orr (i.e. the
so-called two-electron pathway) can be determined in
parallel to the overall orr activityy RRDE measure-
ments during the orr on supported Pt catalysts were
previously reported by Claude et al. [8], but again the
large loading of both Nafion® and catalyst restricted
quantification of the H,O, formation to very low rota-
tion rates (ca. 100 rpm) since the collection efficiency
was not stable at higher rotation rates. In contrast, the
thin-film RRDE method allows much higher rotation
rates, concomitant with an extended potential range
where currents are controlled kinetically so that higher
(and more relevant) mass-specific current densities be-
come accessible.

The following study examines the O, reduction kinet-
ics on a high-surface area Vulcan XC72 carbon sup-
ported platinum catalyst (referred to as Pt/Vulcan)
using the thin-film RRDE technique. The data show
that the film diffusion resistance of the Nafion® film is
negligible for the orr. Simple ring-disk collection exper-
iments with a Pt/Vulcan catalyst in a RRDE configura-
tion demonstrate that a potential and rotation rate
independent collection efficiency is achieved up to rota-
tion rates of 2500 rpm. The well defined collection
efficiency allows for an accurate determination of the
fraction of H,O, produced during the orr on Pt/Vulcan

at 60°C. To our knowledge this is the first exact deter-
mination of the O, reduction pathways on a supported
Pt/Vulcan carbon catalyst, particularly at elevated tem-
peratures. The obtained mass-specific current densities
will be used to estimate the kinetic limits for PEM-FC
performance using standard Pt/Vulcan carbon
catalysts.

2. Experimental

For the measurements described in this study we
used a commercially available catalyst of 20 wt.% plat-
inum supported on Vulcan XC72 (E-TEK). Prior to
electrochemical measurements, the catalyst was condi-
tioned in a tube furnace in order to remove surface
contaminants as described in Ref. [6]. The resulting
particle size distribution and the dispersion, D, were
determined by high resolution transmission electron
microscopy (d=3.7+ 1 nm, D = 26%) [6].

The electrochemical measurements were conducted in
a thermostated standard three-compartment electro-
chemical cell using an interchangeable ring-disk elec-
trode setup with a bi-potentiostat and rotation control
(Pine Instruments). The Pt ring electrode was poten-
tiostated at 1.2 V (RHE) where the detection of perox-
ide is diffusion limited. Potentials were determined
using a saturated calomel electrode (SCE), separated
from the working electrode compartment by a closed
electrolyte bridge in order to avoid chloride contamina-
tion. All potentials in this study, however, refer to that
of the reversible hydrogen electrode (RHE).

Electrodes were prepared as described by Schmidt et
al. [6]. In short, aqueous suspensions of 1 mg.,.y
ml~" were obtained by ultrasonic mixing for about 15
min. Glassy carbon disk electrodes (6 mm diameter,
0.283 cm?, Sigradur G, Hochtemperaturwerkstoffe
GmbH) served as the substrate for the supported cata-
lyst and were polished to a mirror finish (0.05 pm
alumina, Buehler). An aliquot of 20 pl catalyst suspen-
sion was pipetted onto the carbon substrate, leading to
a Pt loading of 14 pg,, cm ~ 2 The Pt-loading was found
to be reproducible within + 6% based on a series of
experiments in which cyclic voltammogramms were
evaluated with respect to the hydrogen adsorption
charge [9]. After evaporation of the water in an argon
stream, 20 pl of a diluted Nafion® solution (5 wt.%,
Fluka) were pipeted on the electrode surface in order to
attach the catalyst particles onto the glassy carbon
RDE, yielding a Nafion® film thickness of ca. 0.1 pm
(the ratio of H,O/Nafion® solution was ca. 100/1).

Comparing TEM dispersion and the H-adsorption
charge indicates a utilization of the Pt/Vulcan catalyst
of essentially 100% [6]. At the applied loading (14 pgp,
cm ~?) and the above determined Pt dispersion of 26%,
the roughness factor of the electrode is ca. 9.1 (cm?),.,,/
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(cM?) geometric» calculated under the commonly applied
assumption that the atomic surface density of the Pt
crystallites is roughly equal to the average atomic sur-
face density of the low-index Pt single crystal planes
(i.e. 1.23 x 10" atoms cm ~2=2.04 x 10~° mol cm ~?)
[10,11]. Using this convention, the active Pt surface
area for the 20 wt.% Pt/Vulcan carbon catalyst
amounts to 65 m? gy, .

After preparation, the electrodes were immersed in
deaerated (Argon, Westfalen N6.0) 0.5 M H,SO, or 0.5
M HCIO, (Merck suprapure) under potential control at
0.1 V, if not specified otherwise. Owing to slight con-
tamination from the Nafion® solution, the electrode
potential was cycled several times between 0.05 and 1.4
V in order to produce a clean electrode surface. For the
oxygen reduction experiments the electrolyte was satu-
rated with oxygen (Westfalen N5.7) or with O, in Ar
mixtures, produced using electronic mass flow con-
trollers (MKS). Current densities are normalized either
to the geometric area of the glassy carbon substrate
(0.283 cm?) or to the Pt-loading on the electrode.

With respect to the following oxygen reduction mea-
surements it should be noted that the glassy carbon
RDE and the pure Vulcan carbon at a loading of 56
UEvuean €M 2 (equal to that used in the Pt catalyst
experiments) did not show any appreciable oxygen re-
duction activity at potentials positive of 0.3 V, in
agreement with Ref. [5]. Measurable oxygen reduction
currents occurred only at potentials negative of 0.3 V,
predominantly producing H,O, (ca. 70%), as expected
for a pure carbon electrode [12]. Nevertheless, the
overall activity of the support material and the glassy
carbon RDE were negligible in the entire potential
range compared to the Pt/Vulcan catalyst.
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Fig. 1. Koutecky—Levich plots for O, reduction on a Pt/Vulcan (14
pgp, cm~?) thin-film R(R)DE with a 0.1 pm Nafion® film (open
circles, dashed linear regression line) and on a polycrystalline Pt-disk
(solid circles, solid linear regression line). 60°C, 0.5 M H,SO,, 5 mV
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3. Determination of experimental parameters for
thin-film RRDE measurements

3.1. Nafion® film effects

Closely following the method described in Ref. [6],
we varied the Nafion® film thickness from 15 to 0.1 pm
(calculated from the covered electrode area of 0.283
cm? and assuming a film density of 2.0 g cm~7) in
order to determine the film diffusion resistance in the
Nafion® film during O, reduction in 0.5 M H,SO, at
60°C. Similarly to our results for the hydrogen oxida-
tion reaction [6], the Nafion® film diffusion resistance
becomes negligible for a film thickness smaller than 0.2
pm. Qualitatively, this is confirmed by the fact that the
diffusion limited current densities obtained on Pt/Vul-
can in the thin-film R(R)DE configuration (ca. 0.1 um
thick Nafion® film) are only ca. 5% smaller than those
recorded on a smooth polycrystalline Pt-disk, even at
rotation rates up to 3600 rpm. Much larger deviations
(= 25%) from the ideal RDE mass transport are found
in RDE studies where high Nafion® and catalyst load-
ings were used [3-5,8].

To determine quantitatively the lower limit of the
Nafion® film diffusion limited current density, j;, the
measured current density, j, is described by the follow-
ing relation [13]:

1 1 N 11 1 1 N L
J i Ja Jr h Beqw!'?  nFeDy

(M

where j, and j; are the kinetically and diffusion-limited
current densities, respectively. The same relation was
used previously for smooth Pt-RDE [14] and for Pt/
Vulcan thin-film RDE experiments [7]. The other
parameters are the Levich constant B, the reactant
concentration in the solution ¢,, the film thickness L,
the reactant concentration in the Nafion® film ¢, and
the diffusion constant in the Nafion® film D, On
smooth electrodes, the j; term in Eq. (1) does not exist
and j depends only on j, and j, (see Eq. (2)). If the film
thickness can be reduced to the extent that j. becomes
significantly larger than j, and j, then the influence of
Jr on the measured current density is negligible. This
was tested for the present situation in the Levich—
Koutecky plots obtained for a 14 pg cm 2 Pt/Vulcan
electrode with a 0.1 pm thick Nafion® film (open cir-
cles) and for a polycrystalline Pt-disk (solid circles) at
60°C, which are shown in Fig. 1. Consistent with Eq.
(1), the product Bc, obtained from the slope of the lines
is nearly identical with the values obtained for the
supported electrode and for the smooth Pt-disk, with
12.49 x 102 mA cm 2 rpm %% and 12.46 x 10~ 2 mA
cm ~2 rpm ~ %2 respectively. Based on Eq. (1), the inter-
cept corresponds to the kinetic resistance (1/j,) in the
case of the smooth Pt-R(R)DE, and to the sum
1/ji + 1/j; in the case of the thin-film R(R)DE. Since the
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Fig. 2. Potentiodynamic (5 mV s~ !) oxygen reduction current densi-
ties on a thin-film Pt/Vulcan R(R)DE at 1600 rpm as a function of
temperature (for clarity, the j/E curve for the 30°C data is not
shown). Inset: theoretical temperature dependence of the diffusion
limited current densities assuming the physical-chemical properties of
pure water based on Eq. (7) (—) and experimental values obtained
from two independent measurements (circles and triangles). 0.5 M
H,SO,, 1 bar O,, 14 pgp, cm 2.

inverse of the intercept of the smooth Pt-R(R)DE of
280 mA cm ~? is not much larger than the value of 94
mA cm~? determined for the thin-film Pt/Vulcan
R(R)DE, it can be concluded that the minimum
Nafion® film diffusion limited current density is about
equal to this value, 94 mA c¢cm 2. For the present low
Pt loading (14 mgp, cm ~?) this corresponds to a mass
specific current density of ca. 6.7 A mgp, !, well within
the mass-specific current density range in PEM-FC
applications. The contribution of the film diffusion
resistance to the measured current density should be
negligible, if values of j, determined from [15]:

LS S @
J Jx Jd

are less than 25% of the value of j, i.e. less than ca. 24
mA c¢cm 2 (corresponding to < 1.5 A mgg,'). To con-
clude, PEM-FC relevant mass-specific current densities
on the order of 1-2 A mgp,; ! can be extracted from the
current density in thin-film RDE measurements simply
using Eq. (2), without encountering significant interfer-
ence from Nafion® film diffusion resistances. This is not
true in the case of the higher Nafion® and catalyst
loadings applied in previous studies [3-5,8]. For exam-
ple, much lower j; values of ca. 8 mA cm 2, corre-
sponding to 0.2 A mgp ' (Pt loading of ca. 40 ugp,
cm ~2) were observed by Gojkovic et al. [5]. Without

additional modeling of diffusion resistances produced
by the Nafion® film and the catalyst agglomerate layer,
this would lead to large errors in the evaluation of the
true kinetic current density at mass-specific current
densities above 0.05-0.1 A mgp, ', thereby limiting the
utility of this approach to extract fuel cell relevant
oxygen reduction kinetics.

3.2. RDE-specific temperature effects

In the following we will briefly discuss an artifact
which can occur in R(R)DE experiments at high tem-
perature. Fig. 2 presents the oxygen reduction currents
on a Pt/Vulcan electrode at different temperatures be-
tween 20°C and 80°C at 1600 rpm in 0.5 M H,SO,
saturated with pure O, (1 bar).

Up to a temperature of 60°C, the diffusion limited
current densities are nearly constant. At 80°C, a distinct
decrease in current density is visible. In order to under-
stand the temperature dependence of the diffusion lim-
ited current density, it is most logical to examine first
the temperature dependence of the physical-chemical
parameters in the Levich equation:

jd,RDE =0.620nFD?*3y— 1/6C0w1/2 (3)

where D is the O, diffusion coefficient in the electrolyte,
v is the kinematic viscosity, and w is the rotation rate.
The temperature dependence of the diffusion coefficient
of a dissolved gas is described by the ratio of tempera-
ture, 7T (in K), and the dynamic viscosity, # [16]:

D T %
n
Eq. (4) can then be substituted in the Levich equation
(Eq. (3)), in which the kinematic viscosity can also be
re-expressed by the ratio of dynamic viscosity to elec-
trolyte density, p:

v=" 5)

0

Taking into consideration that ¢, is the concentration

of dissolved oxygen at an oxygen partial pressure of 1
bar and that we are working in an open system with a
total system pressure of ca. 1 bar (i.e. po +puo=1
bar), the temperature dependence of the diffusion lim-
ited current densities based on Egs. (3)—(5) is:

T2/3,1/6

. p
Jacc PEC co(1 = pu,0) = Prco(l — puo) (6)

The solid line in the inset in Fig. 2 shows the
normalized (to j; at 20°C) temperature dependence of
the limiting current density for the orr as determined
from Eq. (7) where c; describes the concentration of
dissolved oxygen at the temperature 7 and P, is a
constant which summarizes temperature, electrolyte
density and kinematic viscosity. There it is assumed
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that the temperature dependence of viscosity, O, solu-
bility, and density for the dilute acid is the same as
for pure water (data for pure H,O from Ref. [17]):

Jar _ Prer(1 _pHZO,T)

Jd,20°C PrgocCapec(l *PHzo,zo"c)

(7

Based on this relation, the diffusion limited current
densities are predicted to remain nearly constant in
the temperature range between 20°C and 60°C, with a
local maximum at about 55°C. At temperatures above
60°C, the predicted j; values start to decrease rapidly
owing to a drastic increase in the vapor pressure of
water.

A comparison with the experimental data (Fig. 2,
circles and triangles) demonstrates that the tempera-
ture dependence of j; observed in O,-saturated 0.5 M
H,SO, on a Pt/Vulcan thin-film R(R)DE is in reason-
ably good agreement with the above prediction.
Therefore, the observed decrease of j; for the orr at
high temperatures is well described by the tempera-
ture dependence of the physical-chemical constants in
the Levich equation (Eq. (3)) and does not result
from temperature-induced changes in the Nafion® film
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Fig. 3. Ring (Fe** - Fe** +¢e7) and disk (Fe** + e~ —»Fe? ™) cur-
rents at 60°C for the determination of the collection efficiency on a
Pt/Vulcan (14 pgp, cm ~2) thin-film RRDE in 0.1 M NaOH support-
ing electrolyte with 10 mM K;Fe(CN),. Positive sweeps at 20 mV
s Eqing=1.55 V.

properties. As a consequence, the effective O, partial
pressure in the framework of the above model de-
creases significantly at temperatures exceeding 60°C.
For example, while the O, partial pressure is still ca.
0.8 bar at 60°C, Po, drops to ca. 0.5 bar at 80°C
(pHZO ~ 0.5 bar), leading to a decrease of the feed gas
partial pressure by a factor 2 with respect to the
nominal pressure of 1 bar. For first order reactions,
as 1s the case for the orr (see below), this would
affect significantly the measured kinetics and has to
be considered if data at different temperatures are
being compared (e.g. in determining the activation en-
ergy). In particular, for the latter reason we have
restricted all further orr measurements up to a tem-
perature of 60°C.

3.3. Collection efficiency of the thin-film Pt/Vulcan
RRDE

For the collection experiments, the electrodes were
prepared as described above. The electrolyte was
deaerated 0.1 M NaOH (Merck p.a.) with 10 mmol
17! K3Fe(CN)y (Merck p.a.), a typical compound for
the determination of the collection efficiency [18]. The
ring and the disk currents in the positive sweep direc-
tion (20 mV s—!) at 60°C and at a constant ring
potential of 1.55 V are shown in Fig. 3. At this ring
potential, the oxidation of [Fe(CN)]*~, which is pro-
duced at the disk electrode, to [Fe(CN)*~, proceeds
under pure diffusion control, while oxygen evolution
currents at the Pt-ring are still negligible. The collec-
tion efficiency is then determined from the ring (Iy)
and disk (/p) currents (in units of mA) [15]:

N=_-2R ®)

Within the examined potential range and at rota-
tion rates up to 2500 rpm, the collection efficiency
remains unchanged at N =0.19 +0.01, as evaluated
from three independent experiments. The same value
of N was also found when this experiment was car-
ried out with a smooth polycrystalline Pt-disk in the
same electrode holder.

From the similarity in the collection efficiencies ob-
tained on smooth and supported electrodes it is clear
that well defined RRDE measurements with sup-
ported electrocatalysts are possible using the thin-film
RRDE method and that the intermediates (e.g. H,0,)
detected at the ring electrode can be correctly
quantified. In contrast to findings of Claude et al. [§],
we obtained a constant, well defined collection effi-
ciency even at high rotation rates (2500 rpm versus
<100 rpm in Ref. [8]), where PEM-FC relevant
mass-specific current densities are accessible.
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Fig. 4. (a) Potentiodynamic (5 mV s~ !, positive sweep) O, reduction
current densities (jp) on a thin-film RRDE with Pt/Vulcan catalyst
(14 pgp, cm ~2) at 60°C in 0.5 M H,SO, saturated with 1 bar O,. (b)
Simultaneously recorded ring currents (Ig) at 400 and 1600 rpm for a
ring potential of Ey =1.2 V. The dashed lines show the negative
going sweeps at 1600 rpm.

4. Results and discussion

4.1. O, reduction activity of Pt|Vulcan catalyst at
60°C

Recent studies showed that the orr follows a complex
reaction scheme, described, e.g., in Ref. [19]. The most
important feature in that scheme, which we will concen-
trate on also in the following, is that the reduction of
oxygen is known to proceed either in a four-electron
step to H,O or in a two-electron step to H,O,. In
general, the four-electron step is considered the major
reaction pathway on polycrystalline platinum electrodes
in impurity-free aqueous acidic electrolytes [12,20,21].
The four-electron step is also the major reaction path-
way on platinum single crystals, with the exception of
Pt(111) and Pt(100) surfaces where at potentials within
the hydrogen adsorption/desorption region (H,,, re-
gion, £ <0.3 V), oxygen is reduced nearly quantita-
tively to H,O, [22-24]. Since carbon supported
platinum catalysts typically consist of cubo-octahedral
nanocrystallites with a large fraction of (100) and (111)
facets for particle sizes above 2 nm [23,25], one might

expect that the orr on the Pt/Vulcan catalyst (dp, = 3.7
nm) resembles the behavior of Pt(111) and Pt(100).

Fig. 4a shows the oxygen reduction current densities
for the positive sweep on a Pt/Vulcan disk electrode (14
ugpcem 2 in 0.5 M H,SO, at 60°C). In agreement with
the behavior observed on Pt single crystals [22—24], on
polycrystalline Pt [26,27], and on carbon supported
platinum [5], the orr is under mixed kinetic-diffusion
control in the potential range between 0.9 and 0.6 V,
followed by a region where diffusion limiting currents
can be observed. Although it is shown only for one
rotation rate (1600 rpm), the orr activity in the negative
sweep direction (dashed line in Fig. 4a) is always lower
than in the positive sweep direction (solid lines in Fig.
4a) for potentials positive of 0.7 V, equivalent to a
potential shift of 20 to 30 mV. This effect was already
observed previously on both polycrystalline and carbon
supported platinum [5,27]. As an explanation Gottes-
feld et al. [27] suggested that the strong hysteresis in Pt
surface oxide formation/reduction in combination with
the lower orr activity in the presence of Pt surface
oxides is responsible for the lower orr activity in the
negative sweeps. Close to the hydrogen evolution re-
gion, a slight decrease of the disk current densities can
be observed in Fig. 4a, particularly at high rotation
rates. Based on previous RRDE experiments with Pt
single crystals [22—24] and polycrystalline Pt [26], this is
related to the onset of H,O, formation rather than a
loss in orr activity (see Section 4.2).

4.2. Orr pathway on a Pt/Vulcan catalyst at 60°C

The reaction pathway of the orr, i.e. the relative
formation rates of H,O and H,O,, can be determined
quantitatively with an RRDE experiment by setting the
potential of the ring electrode at 1.2 V, where the
oxidation of the H,O, formed by O, reduction on the
disk electrode is diffusion limited.

For the positive sweeps of the above described O,
reduction experiment, Fig. 4b shows that ring currents
are negligible in the potential region above 0.6 V,
indicating that at potentials relevant to fuel cell
cathodes, reduction of O, proceeds exclusively via a
complete four-electron step. H,O, formation becomes
apparent only at potentials negative of 0.6 V and
increases significantly in the H,,4 region. Closer inspec-
tion shows that the appearance of ring currents follows
quantitatively the decrease in disk currents from its
diffusion limited value as expected for a change in the
orr pathway from a four- to a two-electron pathway.

The slight increase in H,O, formation at < 0.6 V and
its strong enhancement within the H, 4 region (~0.2
V) on the Pt/Vulcan catalyst is analogous to polycrys-
talline platinum (25°C, 0.05 M H,SO,) [26] and agrees
quantitatively with the H,O, formation reported for a
Pt(110) electrode in 0.05 M H,SO, at 25 and 60°C



140 U.A. Paulus et al. /Journal of Electroanalytical Chemistry 495 (2001) 134—145

[22,24]. The strong enhancement in the H, 4 region is
generally attributed to hydrogen (co-)adsorption, which
blocks the dissociation of molecularly adsorbed hydro-
gen. On the other hand, the formation of H,O, (Fig.
4b) is dramatically different from what was observed
for Pt(111) and Pt(100) single crystals [24] which is
particularly astonishing considering that the carbon
supported small Pt particles used in this study should
exhibit large fractions of Pt(111) and Pt(100) sites
[12,23]. For the latter surfaces, RRDE experiments
performed under comparable conditions (60°C, 0.05 M
H,SO,) demonstrated a nearly 100% transition from a
four- to a two-electron pathway in the hydrogen ad-
sorption region, which the authors related to a ‘special
state of H,,4" [24]. Based on this discrepancy, one might
expect that the platinum crystallites on the supported
catalyst do not exhibit these large fractions of (111) and
(100) facets predicted by thermodynamics. It will be
shown below, however, that the orr activity on Pt/Vul-
can in the kinetically controlled region (E>0.7 V) is
entirely consistent with the predominance of Pt(100)
and Pt(111) facets. Therefore, this inconsistency in
H,O0, formation is explained tentatively by a high H,O,
decomposition activity of low coordinated Pt atoms
(edge and corner atoms), an issue which could be
resolved by experiments on a stepped single crystal.
Similar to the effect of a hydrogen adlayer on Pt(111)
and Pt(100) described above, it was shown that other
strong adsorbates can also inhibit the complete four-
electron reduction of O,. For instance, enhanced H,O,
formation is observed in the presence of organic adsor-
bates [26], of bromide anions [28] or in the presence of
surface oxides, e.g. for Pt(111) and Pt(100) in alkaline
solutions [29]. The latter finding agrees well with the
present observation of enhanced H,O, formation dur-

—&— positive sweep
4r —O— negative sweep

H,0,/%

0.0 0.2 0.4 0.6 0.8 1.0
E,/V (RHE)

Fig. 5. Fraction of H,O, formation during O, reduction on Pt/Vulcan
(14 pgp, cm~2) at 60°C in 0.5 M H,SO, saturated with 1 bar O,.
Calculated from the data in Fig. 4 (at 1600 rpm) using Eq. (11) with
N =0.19 (triangles, positive sweep; circles, negative sweep).

ing the negative sweep (see dashed line in Fig. 4b) in a
potential range where Pt surface oxides are present.

Owing to the deleterious effect of H,O, on the stabil-
ity of polymer electrolyte membranes, the extent of
H,O0, formation on the cathode catalyst in the potential
region above ca. 0.7 V (i.e. at the typical operating
potential) is a critical criterion for the choice of suitable
catalysts. This is crucial, however, not only for the orr
but also for the anode reaction. Oxygen reduction to
H,0, may also occur on the anode catalyst at the
typical operating potential of below ca. 0.1 V, since
molecular O, can come in contact with the anode
catalyst either due to the significant O, cross-over
through thin state-of-the-art membranes (e.g. Nafion®
112 and GORE Select) or via the air-bleed used for
operation with reformat [1]. The data shown in Fig. 4
can be used to evaluate the fraction of H,O, produced
during the orr (Fig. 5).

Taking into account that the total disk current, I, is
the sum of the O, reduction currents to water, Iy o, and
to H,0,, Inyo, (Eq. (9)), and using the collection effi-
ciency N as defined in Eq. (8)

In = Lyo+ Ino, With Ty,o = IeN ™! )

the fraction of H,O, formation, Xu,0,, can be calcu-

lated from the molar flux rates of O,, 7 4. and

H,0,, ﬁo2(2e,), according to Eqgs. (10) and (11):

Tio 4oy = Tr,0/4F and tig .y = I,0,/2F (10)
100 (20— 2Ix/N

XH202 = N0,2e-) ®/ (11

g ey F i gy Ip+IR/N

The maximum peroxide production occurs at poten-
tials negative of 0.1 V, reaching levels of 5-6%. Hence,
under these conditions significant amounts of H,O, are
expected to be produced via oxygen crossover at the
membrane | anode catalyst interface. At the typical
cathode operating condition of 0.7-0.8 V, however,
H,O, formation at steady state (i.e. on an oxide-free
platinum surface) is close to the quantification limit of
ca. 0.2%. These values are independent of the rotation
rate and essentially independent of temperature (data
not shown), in accordance with the results obtained at
Pt single crystals [24]. The fraction of H,O, produced
on Pt/Vulcan in the H,,4 region at 0.1 V, of about
5-6% is much lower than that produced on either
Pt(111) (ca. 70%) or Pt(100) (ca. 35%) [24].

4.3. Oxygen reduction reaction order with respect to
oxygen partial pressure

For the evaluation of kinetic current densities from
thin-film R(R)DE data on the Pt/Vulcan catalyst, Eq.
(2) is only correct for a reaction order of one with
respect to po,. The reaction order with respect to
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Fig. 6. Potentiodynamic (5 mV s~ ') oxygen reduction current densi-
ties (positive sweeps) at different O, partial pressures at 60°C and
1600 rpm on a thin-film Pt/Vulcan R(R)DE (14 pgp, cm ~2). Inset:
double-logarithmic plot of disk current density versus oxygen surface
concentration (¢* referenced to ¢, for 1 bar O,) for two different
potentials (circles, 745 mV; triangles, 845 mV).
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Fig. 7. Mass transport corrected mass-specific current densities for
the orr on a Pt/Vulcan thin-film R(R)DE (14 pgp, cm ~2), obtained
from positive sweeps (5 mV s—!, 1600 rpm) in 0.5 M H,SO,
saturated with O, at 20°C (circles) and 60°C (triangles).

solution phase O, can be determined from measure-
ments with different O, partial pressures.

Fig. 6 shows the potentiostatic (5 mV s~') oxygen
reduction current densities at the thin-film Pt/Vulcan
R(R)DE measurements for different O, concentrations
(60°C, 1600 rpm). The positive shift of the oxygen

reduction current is equivalent qualitatively to a posi-
tive reaction order for the orr with respect to O, partial
pressure. Under the condition that Henry’s law is valid,
the O, concentration near the electrode surface, c*, can
be determined experimentally from the measured disk
current density, jp, by Eq. (12) [15]:

c*= co<l —jP> (12)
Jd

Assuming a simple power-law relation for the orr
with a potential dependent rate constant, kg, the reac-
tion order, n, can be determined from a double-loga-
rithmic plot of j, versus c* following Eq. (13):

Jp = kg(c*)" (13)

This is shown in the inset of Fig. 6 for two different
electrode potentials, where ¢* is normalized to the O,
saturation concentration in the electrolyte for pure O,
at 1 bar, ¢,. In the potential range in which O,-reduc-
tion is under mixed kinetic-diffusion control (ca. 745 to
845 mV), the reaction order determined from this anal-
ysis is practically unity (1.00 £ 0.05). This result is in
accordance with the reaction order determined on poly-
crystalline Pt in acid and neutral solutions [1,26,30] as
well as for carbon supported platinum catalyst in a
PEMFC [31,32], supporting a similar reaction mecha-
nism in all of these cases.

4.4. Kinetic analysis of the orr on Pt|Vulcan

Having confirmed that the orr on the Pt/Vulcan
catalyst obeys first order kinetics, the kinetic current
densities can be evaluated from the thin-film R(R)DE
measurements applying Eq. (2). As has been mentioned
in Section 3.1, Nafion® film resistances can be neglected
up to ca. 1.5 A mgp, '. Fig. 7 shows the Tafel plots for
the mass transport corrected mass-specific current den-
sities at 20°C and 60°C for O, reduction on the Pt/Vul-
can catalyst, obtained from the positive-going sweep
direction at 1600 rpm. Even though it is clear that the
Tafel slope for the orr is changing continuously in the
potential range examined [23,33], we fitted the experi-
mental data to the two Tafel slope regions at low and
high overpotentials in order to facilitate the comparison

Table 1

Low- and high-current density Tafel slopes (TS) for the orr on
Pt/Vulcan (14 pgp, cm~2; two independent experiments) as a function
of temperature in 0.5 M H,SO,, saturated with pure O, at 1 bar

T/°C TS/mV dec™! for E> TS/mV dec! for E<0.85 V

0.85V
20 —63 £+ 5% —120+ 1%
30 —62+2% —123+ 1%
40 —60 + 3% —122+ 1%
60 —58+1% —115+3%
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Table 2

Comparison of the O, reduction activity of Pt/Vulcan determined by the thin-film RDE technique with literature data reported for carbon-sup-
ported Pt, polycrystalline bulk Pt, and Pt single crystals at elevated temperature; current densities are referred to the electrochemically active Pt
surface area (PA (cm™2),,) at 1 bar O, and at a constant electrode potential of 0.90 and 0.85 V (vs. RHE), respectively

Method Electrode Electrolyte T/°C jat 090V jat 085V Reference
Thin-film RDE 20% Pt/Vulcan 0.5 M H,SO, 60 35 190 this work
GDE*® 10% Pt/carbon ® 1.5 M H,SO, 60 80 [43]
GDE*® 5% Pt/carbon ® 1.0 M H,SO, 50 20 [37]
PEM 20% Pt/Vulcan Dow membrane 60 90 [31]
PEM 20% Pt/Vulcan Nafion® 115 60 330 [42]
RDE polycrystalline Pt 0.5 M H,SO, 60 110 400 this work
RDE faceted Pt-disks © 1.0 M H,SO, 62 6-8 16 [34]
RDE Pt(111) 0.05 M H,SO, 60 80 650 [24]
RDE Pt(100) 0.05 M H,SO, 60 480 1450 [24]
RDE Pt(110) 0.05 M H,SO, 60 1900 5400 [24]
Thin-film RDE 20% Pt/Vulcan 0.5 M HCIO, 60 65 510 this work

“ Teflon-bonded gas diffusion electrodes.
® Unspecified carbon substrate.

¢ Bulk Pt rotating disk electrodes, faceted to yield (111) and (100)-type surfaces.

with literature data (e.g. Refs. [34,35]). The resulting
Tafel slopes at different temperatures between 20°C and
60°C are summarized in Table 1. They are in good
conformity with Tafel slopes for single crystal Pt elec-
trodes [24], polycrystalline Pt [36], carbon supported Pt
catalysts [37], and the platinum | Nafion® interface
[35,38], with values around —2.3RT/F at low overpo-
tentials (£ > 0.85 V) and values of ca. —2 x 2.3RT/F
at high overpotentials (£ <0.80 V). There were no
significant differences in the Tafel slopes between the
positive and the negative sweep directions, in contrast
to findings in a recent Pt microelectrode | Nafion® inter-
face study [33]. Most likely these differences in the
latter study result from a contamination effect from the
polymer electrode.

In order to compare the activity of different electro-
catalysts in PEM fuel cells or gas diffusion electrodes, it
is common to take the kinetically controlled current
density at a potential of 0.9 V, where influences of mass
transport are negligible (due to H, cross-over this is not
valid for the relatively thin Gore Select membranes). At
0.9 V and 60°C, the mass-specific current density in our
experiments is 23 mA mgp, ! (Fig. 7), which agrees with
25 mA mgp, ' obtained for supported Pt catalysts with
similar particle size in a PEM fuel cell at 60°C [31] and
50°C [4] (all at 1 bar O,), respectively. Similar mass-spe-
cific current densities were also observed in gas diffu-
sion electrodes in sulfuric acid electrolyte (ca. 20 mA
mgp, ! in 1 M H,SO, at 50°C [37]; ca. 16 mA mgp, ! in
3 M H,SO, at 60°C [39]). Overall, the thin-film
R(R)DE data on Pt/Vulcan are consistent with typi-
cally reported fuel cell data.

For a more detailed comparison of the orr activity of
the Pt/Vulcan catalyst with polycrystalline and single-
crystal Pt electrodes and, particularly, with fuel cell
data, the catalyst utilization has to be considered.

Hence, the orr activity must be normalized to the
electrochemically active surface area (i.e. the real sur-
face area in A (cm~?),.,) using experimentally deter-
mined roughness factors. This is shown in Table 2 for
two different cathode potentials (0.90 and 0.85 V) at
temperatures around 60°C. Quite clearly, the thin-film
Pt/Vulcan R(R)DE data (first line, Table 2) are in good
agreement with data from gas diffusion electrodes in
sulfuric acid electrolyte (lines 2 and 3, Table 2), but are
significantly lower than the current densities extracted
from PEM fuel cells (lines 4 and 5, Table 2). The latter
fact might be due to either anion adsorption effects [23]
which are absent in the case of the polymer electrolyte
and/or to a higher oxygen concentration in the Nafion®
ionomer [27] which would be expected to enhance the
orr activity compared to the activity in aqueous acidic
electrolytes.

Based on Pt single-crystal data [23], a reduced orr
activity due to anion adsorption should be most pro-
nounced on Pt(111) and Pt(100) sites so that the higher
orr activity on the polycrystalline Pt electrode (line 6 in
Table 2) compared to both the Pt/Vulcan catalyst and
the faceted Pt(111) and Pt(100) electrodes in 1.0 M
H,SO, (line 7 in Table 2) is consistent with anion
adsorption effects from the sulfuric acid electrolyte. In
the more dilute 0.05 M H,SO,, much higher orr activi-
ties are reported for all the low-index Pt surfaces (lines
8—10, Table 2), in the order Pt(111) <Pt(100) <
Pt(110). Since the activity of all low-index Pt single-
crystal surfaces is maximized in a non-specifically
adsorbing HCIO, electrolyte [23], significantly higher
orr activity should be expected for the Pt/Vulcan cata-
lyst in 0.5 M HCIO, compared to 0.5 M H,SO,. As is
evident from Fig. 8, the mass-specific current densities
in the non-specifically adsorbing electrolyte are indeed
significantly higher than in 0.5 M H,SO, (last versus
first line in Table 2), while the fraction of H,O, forma-
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tion is essentially the same. In the 0.5 M HCIO, clec-
trolyte, the current densities referenced to the real
surface area observed for the Pt/Vulcan catalyst are
now in good agreement with the data recorded for a
Pt(111) single crystal at the same temperature in dilute
sulfuric electrolyte (see Table 2). This is consistent with
the cubo-octahedral model for supported Pt nanoparti-
cles, which would predict a predominant fraction of
(111) faces on the Pt/Vulcan catalyst [12]. The still
lower activity of the Pt/Vulcan catalyst in 0.5 M HCIO,
in our experiments compared to the PEM-FC data

A 05MHCIO, ]
00 [ o 05MH,S0, ]

0.85 | 4

E,/V (RHE)

0.80 |-

0.75 -

aaad MR | ey |

10! 10? 10°
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Fig. 8. Mass transport corrected mass-specific current densities for
the orr on a Pt/Vulcan thin-film R(R)DE (14 pgp, cm ~2), obtained
from positive sweeps (5 mV s~ !, 1600 rpm) in 0.5 M H,SO, (circles)
and in 0.5 M HCIO, (triangles) saturated with O, at 60°C.
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Fig. 9. Arrhenius plots for the mass-specific current densities for the
orr at an overpotential of 350 mV for the oxygen reduction on a
Pt/Vulcan thin-film R(R)DE (14 pgp, cm ~2), obtained from positive
sweeps (5 mV s~ !, 1600 rpm) in 0.5 M H,SO, (circles) and 0.5 M
HCIO, (triangles), respectively.

listed in Table 2 might then be due to the higher O,
solubility in (recast) Nafion® versus the aqueous elec-
trolyte [1].

In the last part of this kinetic analysis we will deter-
mine the activation energies for the orr on the Pt/Vul-
can catalyst in 0.5 M H,SO, and 0.5 M HCIO,,
respectively. The activation enthalpies (AH*) are evalu-
ated at fixed overpotentials using the Arrhenius equa-
tion (Eq. (14)) [15].

d(logj)|  AH*
o(1/T)|, 23R

(14)

The overpotential with respect to the O,/H,O equi-
librium potential at each temperature, 7 (1), is deter-
mined from the potential measured on the reversible
hydrogen electrode scale at the respective temperature,
Egugcr, and the reversible H,/O, cell potential, E..y:

— AGHz/Oz(T) -

’702<7) = Ecell(T) - ERHE(T) = F ERHE(T)

(15)

where the temperature dependence of AGy,o,xn 18
given by [35]

AGyyyo, 1y = — 295600 — 33.5 In(T) + 388.4T
in J mol~! (16)

When working in an open system, the deviations of
the reversible H,/O, cell potential due to a decrease in
oxygen partial pressure with increasing temperature are
negligible in the temperature range between 20°C and
60°C.

The Arrhenius plots for # =350 mV are shown in
Fig. 9 for Pt/Vulcan in both 0.5 M H,SO, and 0.5 M
HCIO,. The activation enthalpies determined from least
squares regressions are ~ 26 kJ mol~!in 0.5 M H,SO,
and ~ 28 kJ mol ~!in 0.5 M HCIO,. Essentially identi-
cal values were determined at 7, = 400 mV (data not
shown), which is still within the region of low Tafel
slopes (see Fig. 7). This indicates that the rate-deter-
mining step (rds) in the orr mechanism is identical in
both electrolytes. Closely following Grgur et al. [24],
who found a similar value of ca. 20 kJ mol ' on all
three low index Pt single crystal surfaces (0.05 H,SO,,
0.8 V), this value reflects the first electron transfer as
the rds.

The activation enthalpies from our study are in good
agreement with the values reported for polycrystalline
platinum in sulfuric acid at pH 1 and 0.8 V [36] and in
perchloric acid at 0.8 V (pH 1.9) [40], ~ 25 kJ mol~!
and ~ 20 kJ mol ~!, respectively. The same activation
enthalpy of ~28 kJ mol~! was also found in a mi-
croelectrode study for the orr at the Pt | Nafion® inter-
face in the region of low Tafel slopes [35]. A
significantly larger activation enthalpy of =60 kJ
mol ~ ! was determined by Mukerjee et al. [32] at 0.9 V
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in a PEM-FC. One can only speculate on the reason for
this deviation, but it might be related to water manage-
ment effects in the cathode catalyst layer (i.e. flooding).
Similar activation enthalpies of ~ 58 kJ mol ~ ! were also
observed by Beattie et al. [38] studying the Pt | Nafion®
117 interface by using the microelectrode technique. The
authors explain their higher activation enthalpies com-
pared to Parthasarathy et al. [35] with organic impurities
at the Pt | polymer interface.

4.5. Comparison with PEM-FC data

In the last section we try to compare our pure kinetic
data for the oxygen reduction reaction with performance
data of real fuel cells. Since the overpotential for H,
oxidation is negligible in the case of pure H, feed [1], the
performance of H,/air fuel cells is always limited by both
the kinetics of the orr and effects related to mass
transport of water (i.e. flooding and drying out of the
membrane/catalyst layer) and O,. These mass transport
resistances become reduced as the thickness of the
membrane and the cathode catalyst layer is decreased, as
was shown in a study by Wilson et al. [41] using Nafion®
112 and ultra-low cathode loadings of 0.15 mgp, cm ~2.
Under these conditions fuel cell performance data and
the kinetic current densities determined via thin-film
RDE measurements should become comparable. At a
cell temperature of 80°C and an air pressure of 5 bar (i.e.
an O,-pressure of ca. 1 bar), their performance data
indicate that mass transport resistances are negligible for
current densities <0.5 A cm 2 At 0.5 A cm ~ 2 the cell
potential, without ohmic losses (/R-free), amounted to
800 mV. Assuming an anode overpotential of ca. 10 mV,
the oxygen reduction activity corresponds to 3.3 A mgp, !
at a cathode potential of ca. 810 mV (on the RHE scale).
For comparison, the mass specific current density at 810
mV on the same Pt/Vulcan catalyst in 0.5 M HCIO, at
60°C is only 1.1 A mgp, ! (see Fig. 8), a difference which
is too large to be accounted for by the difference in
temperature (note that the activation energy of ~ 28 kJ
mol ~! was determined at constant Mo, and that E_p,
decreases by 17 mV going from 60° to 80°C [35] so that
the increase in activity at constant cell voltage is less than
at constant 7o,z)). A likely reason for the seemingly
higher activity in this PEM-FC measurement is the
roughly three-fold higher oxygen solubility in the recast
Nafion® ionomer in contact with the cathode catalyst [1],
in combination with the first order oxygen reduction
kinetics (see Section 3.3). This would also be consistent
with the higher oxygen reduction activity reported by Lee
et al. [42] (5th line in Table 2) in a PEM-FC at 60°C
compared to the R(R)DE data in 0.5 M HCIO, (last line
in Table 2).

Assuming that the oxygen reduction activity in a
PEM-FC (with recast Nafion® ionomer in the cathode
catalyst layer) is indeed enhanced by a factor of three

compared to the 0.5 M HCIO, eclectrolyte, one can
estimate the ideal H,/air PEM performance (100% uti-
lization, no ohmic and mass transport resistances) from
the data in Fig. 8. Assuming a Pt loading of 0.2 mgp,
cm ~ 2 (20 wt.% Pt/Vulcan) and a current density of 1 A
cm ~ 2, the required mass-specific activity for a PEM-FC
is 5 A mgp !. If the cell is operated at 60°C with
humidified air at 3 bar total cathode pressure (with a
water partial pressure at 60°C of 0.8 bar, this leads to an
average O, partial pressure of 0.45 bar), the oxygen
reduction activity on a 20% Pt/Vulcan catalyst would be
0.45 x 3 =1.35 times larger than what is shown in Fig.
8 for the 0.5 M HCIO, electrolyte (reduced O, partial
pressure but higher solubility in the recast Nafion®
ionomer). Therefore, the predicted ideal cathode poten-
tial under these fuel cell operating conditions would be
ca. 750 mV (from Fig. 8 at a mass-specific current density
of 5/1.35=3.7 A mgp !). This should be considered as
the kinetic limit in the absence of ohmic and mass
transport resistances at 100% catalyst utilization.

5. Conclusion

We proved that the thin-film RRDE method for
supported catalysts can be applied successfully for char-
acterizing the electrocatalytic activity and kinetic behav-
ior of supported high surface area catalysts in the orr.
The diffusion resistance of the thin Nafion® film to fix
the catalyst particles to the carbon substrate is negligible,
i.e. the kinetic current densities can be determined
directly from the measured currents without extensive
mathematical modeling.

The potential- and rotation-rate independent, well
defined collection efficiency for the thin film RRDE
configuration enables one to quantify the amount of
hydrogen peroxide produced during oxygen reduction,
i.e. to quantify the ratio between the four-electron versus
two-electron reaction pathway, an important issue for
screening of new catalysts.

The obtained mass-specific current densities at 0.9 V
and 0.85 Vin 0.5 M H,SO, are in good agreement with
literature data from gas diffusion electrodes in sulfuric
acid. The higher activities in PEM fuel cells and a clearly
higher activity measured in this work on a thin film RDE
in 0.5 M HCIO, point to a significant anion adsorption
effect in 0.5 M H,SO, as well as to possible enhancing
effects of the higher oxygen solubility in Nafion® elec-
trolytes. The activation enthalpies and reaction orders
obtained are in good agreement with values reported in
the literature.
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