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Abstract

This study focuses on a determination of the cell voltage losses observed for Pt and PtRu loading reductions in H2/air and reformate/air
polymer/electrolyte-membrane fuel cells (PEMFC). Experiments with catalyst-coated membranes (CCM) of varying anode and cathode
catalyst loadings with H2/O2 and H2/air demonstrate that the anode catalyst loading instate-of-the-art membrane electrode assemblies
(MEAs) operating on pure H2 can be reduced to 0.05 mgPt/cm2 without significant voltage losses, while the cell voltage losses upon a
reduction of the cathode catalyst loading from 0.40 to 0.20 mgPt/cm2 for optimized MEAs amounts to 10–20 mV, consistent with purely
kinetic losses due to the oxygen reduction reaction. It is shown that H2/air operation withstate-of-the-art MEAs very closely approaches
the Pt-specific power density (in units of gPt/kW) for large-scale automotive fuel cell applications with pure H2 feed.

For reformate/air operation, PtRu anode loadings can be reduced to 0.20 mgPtRu/cm2 for reformate containing 100 ppm CO with a
2% air-bleed. Any further reduction will, however, require either a change in operating conditions (i.e. lower CO concentration or cell
temperature�80◦C) or novel, more CO-tolerant anode catalysts.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Platinum loading; Polymerelectrolyte membrane (PEM) fuel cell; Platinum–ruthenium; Oxygen reduction reaction activity; CO-tolerance

1. Introduction

Over the past two decades, extensive research on
the development of low-temperature polymerelectrolyte-
membrane fuel cells (PEMFC) resulted in significant in-
creases in the voltage performance of membrane electrode
assemblies (MEAs)[1]. These voltage gains were primar-
ily produced by the implementation of thinner membranes,
progressing from the originally most common 1100 EW
(equivalent weight (gpolymer/molH+ )) Nafion® membranes
with thickness of 175�m/125�m (Nafion 117/115)[2,3],
to 50�m thick Nafion® 112 [4], all the way to ultra-thin
homogeneous (e.g. 25�m, 1100 EW membranes extruded
in the sulfonylfluoride-form from DuPont and hydrolyzed
to proton-form by Ion Power (USA)[5]) or lower-EW
PTFE/ionomer composite membranes (either from Asahi
Glass (30�m, 910 EW [6]) or Gore (25�m, <1000 EW
[7])) which produce high cell voltages at current densities
≥1 A/cm2. These cell voltage improvements were accom-
panied by significant reductions in MEA platinum loadings
from the high loadings of 5–10 mgPt/cm2 per MEA in the
early 1990s[8] to<1 mgPt/cm2 per MEA in later work[4,9],
a development which was primarily due to the substitution of
Pt-black catalysts with higher surface area carbon-supported
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Pt catalysts as well as the use of perfluorosulfonic-ionomer
binder in thin-film catalyst layers[1,10].

Due to these innovations in materials and processing tech-
nology, state-of-the-art fuel cells yield cell voltages which
surpass older MEA technology, where only up to 0.60 V
were achieved at 1.0 A/cm2 under high pressure conditions
(300 kPaabs) with fully humidified H2/air reactants (stoichio-
metric flows of 1.5/2.0) at cell temperatures of 70–80◦C
and Pt loadings of<1 mgPt/cm2 per MEA [3]. This is, for
example, illustrated by reports from UTC Fuel Cells, where
0.68 V are obtained at the same current density (1.0 A/cm2)
even at ambient pressure under otherwise similar conditions
(65◦C cell temperature, fully humidified H2/air at stoichio-
metric flows of 1.25/2.0)[11,12]. In the latter case, rather
low Pt cathode loadings of 0.4 mgPt/cm2 were used[11]
and Pt loadings on the anode were probably of the same
value or lower (not cited). While this represents a major
development progress, the Pt-specific power density still
equates to ca. 0.9–1.2 gPt/kW (assuming anode Pt loadings
of 0.2–0.4 mgPt/cm2, i.e. total loadings of 0.6–0.8 mgPt/cm2

per MEA), which may be sufficiently low for low-volume ap-
plications (e.g. stationary, uninterrupted-power supply, etc.),
but is still too high for automotive applications, where less
than 0.4 gPt/kW are required for large-scale implementation
[13].

Primarily two approaches may be used to reduce the Pt
metal requirement instate-of-the-art fuel cells: (i) reduction
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of the mass-transport losses particularly at high current den-
sities by improved diffusion media (DM), improved reac-
tant flow-fields, and improved electrode structures and/or (ii)
improved catalysts and catalyst utilization. The former ap-
proach would allow to increase the stack current density to
1.5–2.0 A/cm2 with no or insignificant voltage penalty[5],
thereby reducing the Pt-specific power density by a factor of
1.5–2 (i.e. 0.45–0.6 gPt/kW). Any further reductions would
have to be achieved by a reduction of the Pt loading of the
MEA below the above 0.6–0.8 mgPt/cm2 per MEA, which
may either be done via platinum thrifting or the implemen-
tation of alternative catalysts (e.g. Pt-alloy cathode catalysts
[2,14]).

The present work examines in detail the effect of plat-
inum loading reductions (both anode and cathode) on fuel
cell performance and seeks to demonstrate the trade-off be-
tween Pt-catalyst loading and cell voltage. This will be illus-
trated by means of 50 cm2 single-cell data complemented by
full-active-area short stack (250 and 500 cm2 active-area, ca.
20 cells) measurements. Owing to the high catalytic activity
of Pt toward H2 electro-oxidation (exchange-current densi-
ties,i0, of the order of 10−3 A/cm2

Pt [15]), we will show that
there is a large potential for reducing Pt anode loadings in the
case of fuel cell operation with pure H2, while much less re-
ductions are achievable with current PtRu-anode catalysts in
the case of fuel cell operation with CO-contaminated refor-
mate. Unfortunately, the oxygen reduction reaction (ORR)
kinetics on Pt are approximately six orders of magnitude
slower than the H2 oxidation kinetics (i0 of the order of
10−9 A/cm2

Pt [5]), and we will show that further reductions
in cathode Pt loadings with pure Pt-catalysts result in well
predictable voltage losses (these may, however, be avoided
by implementing more advanced Pt-alloy cathode catalysts
[2,14]).

2. Experimental procedure

2.1. MEA preparation

All catalyst-coated membranes (CCM) for both small-scale
(50 cm2) and short-stack testing (250 and 500 cm2)
were prepared in-house by an identical procedure[5].
Carbon-supported 47 wt.% Pt/carbon (Tanaka, Japan) and
57 wt.% Pt0.33Ru0.66/carbon (Tanaka, Japan) as well as
organic ionomer solutions (either 5 wt.% Nafion® with
1100 EW (DuPont) or a different ca. 900 EW ionomer solu-
tion) were used to fabricate thin-layer electrodes which were
transferred via a decal method onto either extruded Nafion®

112 (50�m thickness, 1100 EW; DuPont) or a ca. 25�m
low-EW membrane (ca. 900 EW). An ionomer/carbon ra-
tio of approximately 0.8/1 (weight ratio) was maintained
in the electrodes of all prepared CCMs using ionomers
identical to the ones used in the membrane. CCMs with
various catalyst loadings were produced for this study and
loadings are referred to as anode-loading/cathode-loading

(e.g. 0.2/0.4 mgPt/cm2 refers to a 0.2 mgPt/cm2 anode and a
0.4 mgPt/cm2 cathode loading).

Gas-diffusion media were treated in-house and are based
on carbon fiber paper substrates (Toray Inc., Japan). Both
anode and cathode DMs were teflonated and additionally
processed using a proprietary surface treatment. Single
cells (50 cm2 active-area) and ca. 20 cell short stacks (250
and 500 cm2 active-area) were assembled by sandwiching
CCMs between the appropriate DMs and applying an aver-
age compressive load of approximately 1500 kPaabs to the
active-area.

2.2. Determination of H2 cross-over

Due to the low but finite solubility and diffusivity of H2 in
the ionomer[1], H2 permeates from the anode compartment
of a PEMFC to the cathode, where it is oxidized electro-
chemically in the typical cathode potential (0.5–1.0 V versus
RHE, depending on the current density). The resulting para-
sitic H2 oxidation current density is generally referred to as
H2-cross-over current density,ix, and can be determined ex-
perimentally using the so-called driven-cell mode, by polar-
izing the N2-purged cathode compartment at >(+0.4) V with
respect to the H2-purged anode compartment. (At >(+0.4) V,
the resulting H2 oxidation current density is purely lim-
ited by the H2 permeation rate.) This method is described
in detail in [11] where it is also shown that the observed
H2-cross-over current density increases with increasing H2
partial pressure and increasing cell temperature. For this
study, we experimentally evaluated the H2-cross-over cur-
rent densities for NafionTM 112-based MEAs under fully
humidified conditions at 270 kPaabs and 80◦C (i.e. pH2 =
223 kPaabs), yielding a value of 3.3 mA/cm2. It may be noted
that this value, used in the kinetic analysis of our experimen-
tal data, is ca. 35% lower than the value reported in[11],
reflecting the large experimental error in the evaluation of
the H2 permeation rate.

2.3. Fuel cell testing

Fuel cell stations from Fuel Cell Technology (Los
Alamos, NM) were used to test 50 cm2 active-area MEAs.
Pure oxygen or air were used as cathode reactants and
pure H2 as anode reactant (all gases of 99.99% purity).
Generally, stoichiometric flow rates were used in all exper-
iments except in those where it is noted explicitly in the
figure captions. Reactant humidification was achieved by
water-bubblers, the temperature of which was calibrated to
yield the quoted relative humidity (RH) values. Cell resis-
tances as a function of current density (i.e. the sum of the
proton-conduction resistance in the membrane and the var-
ious electronic resistances (bulk and contact resistances))
were determined using an ac perturbation of 1 kHz. For
each data point, the cell voltage was stabilized over 15 min
and data were averaged over the last 5 min. Multiple-path
serpentine flow-fields (two and three parallel channels for
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the anode and cathode, respectively) machined into sealed
graphite blocks (Poco) were used for 50 cm2 testing. The
flow-field channel width was approximately 0.8 mm with a
channel/land width ratio of 1.3/1.

For short-stack testing (ca. 20 cells each), 250 and
500 cm2 active-area MEAs with different catalyst loadings
and membranes were tested in the same stack. Performance
data shown in each figure in this work represent the average
of four nominally identical samples in the same short-stack.
Cell resistances in the short-stack were measured the same
way as in the above described 50 cm2 testing. The flow-field
configuration of the short-stack is proprietary; for short
stack testing hydrogenics teststands were used.

3. Results

3.1. Effect of anode Pt loadings for pure H2 fuel

As was mentioned inSection 1, the H2 oxidation reaction
(HOR) kinetics on platinum are very facile, characterized
by exchange-current densities of the order of 10−3 A/cm2

Pt
[15]. As a matter of fact, the HOR kinetics are so fast that it
becomes very difficult to experimentally determinei0’s and
Tafel-slopes due to the interference from mass-transport re-
sistances in most experimental set-ups. One recent attempt

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.0 0.2 0.4 0.6 0.8 1.0 1.2 i [A/cm2]

E
an

o
d

e
 [

V
 v

s.
 R

H
E

]

i0=1.35 mA/cm2
Pt

i0=27.0 mA/cm2
Pt

0.05 mgPt/cm2

0.40 mg Pt/cm2

,

,

30 mV

10 mV

Fig. 1. Anode overpotentials as a function of current density and Pt loading calculated fromEq. (1) using roughness factors (rf) of 210 and 26 cm2
Pt/cm2

for anode catalyst loadings of 0.40 and 0.05 mgPt/cm2, respectively. Solid lines and symbols refer to values calculated from the exchange-current density
(i0 = 1.35 mA/cm2

Pt) and Tafel-slope (TS= 33 mV per decade) reported by Markovic et al.[15] for Pt(1 1 0) in 0.05 M H2SO4 at 60◦C and 100 kPa H2.
Dashed lines and open symbols refer to calculations based on at 20-fold larger value for the exchange-current density (i0 = 27.0 mA/cm2

Pt) but using the
same Tafel-slope.

to determine the HOR and hydrogen evolution reaction
(HER) kinetics was published by Markovic et al.[15],
using platinum single-crystal electrodes in a rotating-disk
electrode (RDE) configuration in 0.05 M H2SO4 at 60◦C
with pure H2 at atmospheric pressure (100 kPa). The high-
est exchange-current density amongst the low-index Pt
single-crystals was obtained for Pt(1 1 0) with a value of
1.35 mA/cm2

Pt and a Tafel-slope of 33 mV per decade. Using
these kinetic parameters, one may estimate the anode over-
potential as a function of current density and platinum load-
ing in an operating fuel cell at similar H2 partial pressures
and similar temperatures using the Buttler–Volmer equation:

i = i0(60◦C,100 kPa H2)rf (10(Eanode−Eeq.)/TS

− 10(Eeq.−Eanode)/TS) (1)

where rf is the roughness factor of the electrode in units
of cm2

Pt/cm2 (note that cm2 refers to the geometric surface
area of the electrode of an MEA throughout this study), TS
the Tafel-slope, andEanodethe anode potential with respect
to the reversible H2 potentialEeq. (Eeq. = 0 V).

Electrodes prepared in this study have an electrochem-
ically accessible Pt surface area of 52 m2/gPt (ca. 90%
Pt-catalyst utilization), resulting in roughness factors of 210
and 26 cm2

Pt/cm2 for Pt loadings of 0.40 and 0.05 mgPt/cm2,
respectively [5]. Fig. 1 shows the calculated anode
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overpotentials as a function of current density for these two
different loadings, usingEq. (1)and the above reported ki-
netic parameters (solid lines and symbols). Based on these
calculations and under comparable experimental conditions
(i.e. 100 kPa H2 partial pressure and ca. 60◦C), MEAs with
an anode loading of 0.05 mgPt/cm2 would be expected to
yield ca. 30 mV lower cell voltages at 1.0 A/cm2 compared
to MEAs with a higher anode loading of 0.40 mgPt/cm2. As
the reported activation energy for the HOR/HER kinetics of
9.5 kJ/mol is very low[15], small changes in temperature
are not significantly changing this prediction.

Fig. 2 shows the change in the H2/air 50 cm2 single-cell
performance as the anode loading is being reduced from 0.40
to 0.10 and 0.05 mgPt/cm2, recorded at 80◦C under fully hu-
midified conditions at a total pressure of 150 kPaabs(note that
the H2 partial pressure is actually 100 kPa since the water va-
por pressure is ca. 50 kPa under these conditions). Quite ob-
viously, the differences in cell voltage are only of the order of
10 mV and do not reflect the above predicted differences of
30 mV. This can also be seen more clearly inFig. 3, where the
cell voltage difference,
Ecell, between the lower-loaded an-
odes and the 0.40 mgPt/cm2 anode are plotted versus current
density. It is difficult to rationalize this discrepancy by postu-
lating mass-transport resistances in the thicker higher-loaded
electrode (ca. 13�m for 0.40 mgPt/cm2 [5] and ca. 2�m
for 0.05 mgPt/cm2), since the kinetic model inFig. 1 pre-
dicts already 20 mV kinetic losses at current densities as
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Fig. 2. Effect of anode Pt loading on 50 cm2 single cell voltage,Ecell, for H2/air operation at 80◦C and 150 kPaabs with fully humidified reactants (80◦C
dewpoints) at stoichiometric H2/air flows of s = 2.0/2.0 for i ≥ 0.2 A/cm2 (at i < 0.2 A/cm2, H2/air-flow rates remained constant at 0.2 A/cm2 flows).
Anode loadings varied from 0.40 to 0.05 mgPt/cm2 while all cathode loadings were 0.40 mgPt/cm2. Catalyst-coated membranes were prepared in-house
using ca. 25�m thick/900 EW membranes and ca. 900 EW ionomers in the electrode, and 47 wt.% Pt/carbon catalysts. Voltages were averaged between
10 and 15 min holding time at each current density.

low as 0.2 A/cm2 where mass-transport on the anode side
should be negligible. The only alternative explanation is
that the “true” exchange-current density for the HOR/HER
is significantly larger than the value reported by Markovic
et al. [15], and a 20-fold largeri0 would yield quantita-
tive agreement between the kinetic model (dashed lines
and open symbols inFig. 1) and the experimental data in
Figs. 2 and 3.

Short-stack testing of scaled-up versions (250 cm2) of the
MEAs used for the experiments inFigs. 2 and 3under the
same conditions except for reduced cathode–air humidifica-
tion (64◦C dewpoint, corresponding to 50% RH) was con-
ducted subsequently to confirm the above observations. This
is shown inFig. 4, where the error bars represent the stan-
dard deviation between four replicates for each loading (i.e.
σ2

difference= (σ2
0.4 mgPt/cm2 + σ2

x mgPt/cm2)
0.5) in a ca. 20-cell

short-stack. In this case, the observed differences are some-
what larger than what was observed inFig. 3, but still lower
than the prediction of the kinetic model with the reported
exchange-current density of 1.35 mA/cm2

Pt (solid lines and
symbols inFig. 3). This discrepancy between the 50 and
250 cm2 MEA testing was subsequently found to be due to
non-optimized MEA scale-up and recent measurements (not
shown here) indeed confirmed the conclusions drawn from
Figs. 2 and 3, namely that an anode loading reduction from
0.40 to 0.05 mgPt/cm2 results in voltage losses of less than
10 mV at current densities up 1.0 A/cm2.
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In conclusion, anode loadings as low as 0.05 mgPt/cm2

(and maybe even lower) are possible without significant cell
voltage losses for fuel cell operation with pure H2. Consid-
ering a cell voltage of 0.65 V at 1.0 A/cm2 shown inFig. 2,

Fig. 4. Cell voltage differences,
Ecell, between 250 cm2 active-area MEAs with reduced anode loadings referenced to MEAs with anode loadings of
0.40 mgPt/cm2 (all cathode loadings are 0.40 mgPt/cm2). Positivey-axis values indicate improved performance compared to the reference-loading MEAs
(i.e. 0.40/0.40 mgPt/cm2). MEAs were tested in a short-stack (four replicate MEAs for each loading) at 80◦C and 150 kPaabs with partially humidified
H2/air (80/64◦C dewpoints anode/cathode) at stoichiometric flows ofs = 1.3/2.0 (H2/air). Catalyst-coated membranes with 250 cm2 active-area were
prepared according to the same procedure and using the same components as the 50 cm2 catalyst-coated membranes described inFig. 2. Voltages were
averaged between 10 and 15 min holding time at each current density.

this translates into a Pt-specific power density of the anode
electrode of 0.08 gPt/kW with Nafion® 112 based MEAs.
Even lower values are achieved with thinner membranes and
lower-EW ionomers for which higher cell voltages can be
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obtained due to reduced membrane resistance and improved
water-management[5]. Therefore,state-of-the-art Pt anode
loadings are already quite acceptable for large-scale auto-
motive fuel cell applications with pure H2 fuel.

3.2. Effect of anode PtRu loadings for reformate fuel

H2-rich reformate derived from steam-reforming or par-
tial-oxidation of hydrocarbons with subsequent water–gas-
shift and preferential-CO-oxidation clean-up is generally
contaminated with 10–100 ppm CO which strongly poisons
the HOR on conventional Pt-catalysts. Early studies in 1967
already determined that PtRu catalysts show a significantly
enhanced CO-tolerance over Pt[16], where CO-tolerance is
defined as the voltage loss,ηCO, between fuel cell opera-
tion with dilute H2 and CO-contaminated reformate with the
same H2 concentration (i.e. voltage losses in the absence of
H2-dilution effects). In order to minimizeηCO for reason-
ably low anode loadings (≤1 mgPtRu/cm2), an air-bleed into
the reformate feed-stream is generally required[17]. Typi-
cal air-bleed levels with reformate feed andstate-of-the-art
MEAs (0.5–0.4 mgPtRu/cm2) are 2–3% (vol.% referenced to
the total reformate stream) for 40[18] and 50 ppm CO[19]
and up to 5% for 500 ppm CO[20].

Fig. 5 shows the CO-induced voltage loss,ηCO, for
gasoline-reformate (40% H2, 20% CO2, balance N2) with
100 ppm CO and 2% air-bleed forstate-of-the-art PtRu
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Fig. 5. CO-induced overpotentials as a function of current density for MEAs with varying PtRu anode loadings (all cathode loadings are 0.40 mgPt/cm2).
Cell voltages were obtained from 500 cm2 active-area short-stack measurements (four replicate MEAs for each loading) with 40% H2 reformate (20%
CO2, balance N2) containing 100 ppm CO in the presence of 2% air-bleed and referenced to cell voltages obtained for operation with CO-free dilute
40% H2 reactant (balance N2). Test conditions: 80 C, 150 kPaabs, and reactant dewpoints of 80/64◦C (fuel/air) at stoichiometric flows of 1.3/2.0 (fuel/air).
Catalyst-coated membranes with 500 cm2 active-area were prepared according to the same procedure as the 50 cm2 catalyst-coated membranes described
in Fig. 2. Voltages were averaged between 10 and 15 min holding time at each current density.

loadings of 0.40 mgPtRu/cm2 as a function of current den-
sity at typical operating conditions (80◦C cell tempera-
ture, 80/64◦C dewpoints, and stoichiometrich reformate/air
flows of 1.3/2.0 at 150 kPaabs). Under these conditions, no
CO-induced voltage loss can be observed, consistent with
the above literature reports. However, analogous to the ob-
servation with Pt anodes[21,22], the CO-tolerance at any
given CO concentration (and, by extension, at any given
air-bleed level) does depend on the mass-specific current
density (i.e. the ratio of current density and metal loading
in units of (A/mgPt) or (A/mgPtRu)) so that a reduction
in noble-metal loading will finally lead to an increase in
ηCO, particularly at increasing current densities. Under the
conditions ofFig. 5, this does not yet occur as the PtRu
loading is reduced to 0.20 mgPtRu/cm2, but CO-induced
voltage losses become unacceptably large for the lower
loading of 0.10 mgPtRu/cm2, particularly at higher current
densities. Significantly higher air-bleed levels (>4%) would
again diminish these losses for the 0.10 mgPtRu/cm2 anode,
but are not acceptable based on overall system efficiency
and operation.

In conclusion, 0.2 mgPtRu/cm2 is the minimum loading
which can be practically achieved withstate-of-the-art PtRu
catalysts for reformate operation with 100 ppm CO. Lower
loadings could only be achieved by significantly reduced CO
concentrations, higher operating temperatures, or the devel-
opment of novel CO- and CO2-tolerant anode catalysts (e.g.
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PtMo catalysts do have superior CO-tolerance but cannot be
used in the presence of high CO2 concentrations due to the
reverse water-gas-shift reaction[18]). Therefore, the achiev-
able Pt-specific power densities of PtRu anode electrodes
in reformate operation are atleast a factor of four larger
(>0.3 gPtRu/kW) than what can already be obtained for Pt an-
odes in pure H2 operation and further R&D on CO-tolerant
catalysts is required to achieve automotive Pt-metal-specific
power densities of<0.4 gPt-metal/kW (sum of anode and
cathode).

3.3. Effect of cathode Pt loadings for H2/air operation

3.3.1. Oxygen reduction kinetics in PEFCs determined by
H2/O2 50 cm2 testing

To evaluate the impact of the oxygen reduction reaction
kinetics on PEFC performance, catalyst-coated Nafion®

112 membranes (N112) with variable Pt cathode load-
ings were tested with fully humidified H2/O2 reactants at
270 kPaabs and a cell temperature of 80◦C. For a quan-
titative assessment of the impact of the ORR kinetics on
PEFC performance, it is most straightforward to examine
the resistance-corrected cell voltages,EiR-free:

EiR-free = Ecell + iR� (2)

where the R� term in Eq. (2) refers to the sum of
ohmic resistance contributions produced by both electronic
(DM/flow-field and DM/catalyst-layer contact-resistances
as well as bulk resistances in the DM and the catalyst-layer)
and protonic (H+ conduction in the membrane) resistance
losses. By correcting the raw voltage data with experimen-
tally determined values ofR� (seeSection 2), the effect of
possibly varying ohmic resistances with varying Pt cathode
loadings can be eliminated from the independent effect of
Pt cathode loading on the PEFC performance.

Fig. 6ashows the resistance-corrected cell voltages versus
the H2-cross-over-corrected current density (ieff = i + ix,
ix = 3.3 mA/cm2) for 50 cm2 active-area CCMs with three
different Pt cathode loadings. Use ofieff is important for
proper analysis of the cathode kinetics at low current den-
sity where the cross-over current density approaches the
measured current density. The data for each Pt cathode
loading fall onto a straight line in this semi-logarithmic
plot, with apparent Tafel-slopes of 0.063 V per decade
(0.15 mgPt/cm2), 0.066 V per decade (0.24 mgPt/cm2), and
0.067 V per decade (0.4 mgPt/cm2) over the entire current
density range (0.02–1.8 A/cm2). The Tafel-slopes extracted
from Fig. 6a are consistent with the Tafel-slopes for the
ORR in PEFCs reported in the literature (ranging from
0.053 to 0.064 V per decade[2,23–25]).

The following equation is generally applied to the analysis
of fuel cell performance data and will be used to analyze
the data inFig. 6a:

EiR-free= Ecell + iR�

= Erev(pH2,pO2,T) − ηORR − ηHOR − ηtx (3)

where Erev(pH2,pO2,T) is the temperature and partial pres-
sure dependent equilibrium voltage,ηORR andηHOR the ca-
thodic and anodic overpotential losses, andηtx the diffusion
overpotential losses. Based on the results inSection 3.1, it
is quite reasonable to assume that the anode overpotential
losses,ηHOR, are negligible, particularly for the high anode
loadings (0.4 mgPt/cm2) used in the MEAs shown inFig. 6a.
Assuming furthermore that diffusion overpotential losses are
negligible for pure reactants,Eq. (3)can be reduced to

EiR-free = Erev(pH2,pO2,T) − ηORR (4)

Using a Tafel approximation, the last term inEq. (4)can
be described as

ηORR = TS log

[
i + ix

10LcaAPt,eli0(T,pO2)

]
(5)

where Lca (mgPt/cm2) is the Pt cathode loading,APt,el
(m2

Pt/gPt) the electrochemically available Pt surface area
in the MEA (52 m2

Pt/gPt in this case[5]), and i0(T,pO2) the
exchange-current density for the ORR which depends on
temperature and oxygen partial pressure.Eqs. (4) and (5)
may be combined and re-written as

EiR-free= Erev(pH2,pO2,T) + TS log
[
10APt,eli0(T,pO2)

]

− TS log

[
i + ix

Lca

]
(6)

Assuming that the utilized Pt surface area in the different
CCMs, APt,el, is essentially independent of the Pt loading
(see[5]), Eq. (6)shows that the performance of the CCMs
with different Pt cathode loadings is expected to be identical
if it is plotted asEiR-free versus the logarithm of (i+ ix)/Lca
(i.e. the mass-specific current density,im) and if the perfor-
mance is controlled only by the ORR kinetics and the ohmic
losses. The predicted slope of the resulting line should then
correspond to the Tafel-slope

∂EiR-free

∂log[i + (ix/Lca)]

∣∣∣∣
pO2,pH2,T,APt,el

= ∂EiR-free

∂log[im]

∣∣∣∣
pO2,pH2,T,APt,el

= −TS (7)

Replotting the data shown inFig. 6a in terms of EiR-free
versus the logarithm of the mass-specific current density,im,
indeed results in a single straight line with a Tafel-slope of
0.065 mV per decade as shown inFig. 6b, confirming that
the measured ohmic resistance,R�, and the ORR kinetics are
the only terms which control the H2/O2 polarization curves
shown inFig. 6a. The exchange-current density evaluated
from Fig. 6b and normalized to an O2 partial pressure of
100 kPa is 6.7 × 10−9 A/cm2

Pt, consistent with other data in
the literature (see[5] for a detailed discussion).

Therefore, forstate-of-the-art MEAs, resistance-corrected
cell voltage losses at any given current density with respect
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Fig. 6. Effect of cathode Pt loading on resistance-corrected single-cell voltage (EiR-free), for H2/O2 operation vs.: (a) effective geometric current density
(yielding Tafel-slopes of 0.067, 0.066, and 0.063 V per decade for cathode loadings of 0.40, 0.24, and 0.15 mgPt/cm2, respectively) and (b) mass-specific
current density (Tafel-slope of 0.065 V per decade). Test conditions: in-house prepared Nafion® 112 catalyst-coated membranes using 1100 EW ionomer in
the electrodes and 47 wt.% Pt/carbon catalyst (0.40 mgPt/cm2 cathode loadings), operated in 50 cm2 single-cells at 80◦C and 270 kPaabswith fully humidified
reactants (80◦C dewpoints) at stoichiometric H2/O2 flows of 2.0/9.5 (in the entire range from 0.022 to 1.80 A/cm2). Cell resistances were determined by
on-line high-frequency resistance measurements (at 1 kHz) and the measured current densities were corrected for H2 cross-over of 3.3 mA/cm2 (ieff =
i + 3.3 mA/cm2) determined from voltammetric experiments. Voltages were averaged between 10 and 15 min holding time at each current density.

to changes in cathode loading can be described by

∂EiR-free

∂log[Lca]

∣∣∣∣
pO2,pH2,T,APt,el,ieff

= −TS (8)

predicting a loss of ca. 65 mV for a cathode loading reduction
by a factor of 10.

3.3.2. Cell voltage losses for reduced cathode catalyst
loadings for H2/air

Contrary to the H2/O2 performance, additional current
density dependent mass-transport resistances,ηtx, affect

H2/air polarization curves, amounting to ca. 50 mV at
1.0 A/cm2 and >100 mV at 1.5 A/cm2 (see[5]). In this case,
an additional term must be added toEq. (6):

EiR-free= Erev(pH2,pO2,T) + TS log
[
10APt,eli0(T,pO2)

]

− TS log

[
i + ix

Lca

]
− ηtx (9)

Under these conditions, the prediction of the effect of the
cathode loading,Lca, on the resistance-corrected cell volt-
age,EiR-free, is not straightforward anymore since the partial
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derivative ofEq. (9)with respect toLca yields an expression
in which the second term on the right-hand side is poorly
defined:

∂EiR-free

∂log[Lca]

∣∣∣∣
pO2,pH2,T,APt,el,ieff

= −TS− ∂ηtx

∂log[Lca]

∣∣∣∣
pO2,pH2,T,APt,el,ieff

(10)

If the observed mass-transport losses in H2/air operation are
related to either gas-diffusion resistances or to proton con-
duction resistances in the cathode structure, the derivative
on the right-hand side ofEq. (10)will be non-zero and the
resistance-corrected voltage loss upon reduction of the cath-
ode catalyst loading cannot be predicted analytically. On the
other hand, if the observed mass-transport losses with H2/air
are entirely due to gas-diffusion losses in the diffusion me-
dia, the derivative on the right-hand side ofEq. (10)should
be zero and the resistance-corrected voltage losses upon re-
duction of the cathode catalyst loading can be predicted on
the basis ofEq. (8), i.e. by purely considering the changes
in the ORR kinetics.

In our previous study[5], a comparison of H2/air and
H2/helox (helox: 21% O2 in He) performance curves demon-
strated that ca. 50% of the observed mass-transport related
voltage losses were due to gas-diffusion resistances in the
diffusion medium, whereas another 50% were likely to be
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Fig. 7. Cell voltage losses,
Ecell, between 500 cm2 active-area MEAs with reduced cathode loadings referenced to MEAs with cathode loadings of
0.40 mgPt/cm2 (all anode loadings are 0.40 mgPt/cm2). 500 cm2 active-area MEAs were tested in a short-stack (four replicate MEAs for each loading)
at 80◦C and 150 kPaabs with partially humidified H2/air (80/64◦C dewpoints anode/cathode) at stoichiometric flows ofs = 1.3/2.0 (H2/air). The
“non-optimized cathode structure” CCMs (solid triangles) were prepared according to the same procedure and using the same components as the 50 cm2

catalyst-coated membranes described inFig. 2; “optimized cathode structure” CCMs (gray squares) were prepared according to an improved proprietary
procedure which improves the proton conductivity in the cathode electrode structure but uses the same components (i.e. catalysts, ionomers, membranes).
Voltages were averaged between 10 and 15 min holding time at each current density.

due to proton transport resistances in non-optimized cathode
structures. Therefore, for H2/air operation with these MEAs
one would expect voltage losses upon cathode catalyst re-
duction, which are different from purely kinetic losses.

Fig. 7 shows cell voltage differences between 500 cm2

active-area MEAs with cathode loadings of 0.40 and
0.20 mgPt/cm2 which were tested in a ca. 20-cell short-stack
with H2/air at 1.3/2.0 stoichiometric flows at 150 kPaabsand
80◦C with partially humidified reactants (80/64◦C, dew-
points anode/cathode). The cell voltage loss,
Ecell, versus
current density for the standard MEAs with “non-optimized
cathode structure” (solid triangles) is between 30 and
50 mV, significantly larger than the purely kinetic voltage
loss of 20 mV which can be calculated fromEq. (8) (i.e.
65 mV log[0.4/0.2]). As discussed above, this indicates the
presence of either gas-diffusion resistances or proton con-
duction resistances in the cathode structure. Optimization
of the cathode structure of these MEAs by a proprietary
procedure which improves its proton conductivity, results in
cell voltage losses of only 10–20 mV as the cathode catalyst
loading is reduced by a factor of two (grey squares), consis-
tent with purely ORR kinetics related losses (seeEq. (8)).

In summary, a reduction of the platinum cathode loading
from 0.40 to 0.20 mgPt/cm2 in state-of-the-art MEAs oper-
ated with H2/air results in cell voltage losses of only 20 mV.
Further cathode loading reductions would be expected to
follow Eq. (8)and experiments are underway to prove this
hypothesis.
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4. Conclusions

We have shown that anode Pt loadings instate-of-the-art
MEAs operated with H2/air can be reduced without sig-
nificant voltage losses to 0.05 mgPt/cm2, while cathode Pt
loadings can be reduced to 0.20 mgPt/cm2 with a voltage
loss of only 20 mV up to 1.0 A/cm2. Based onFig. 2, this
would result in a cell voltage of 0.63 V at 1.0 A/cm2 (80◦C,
150 kPaabs, stoichiometric flows of 2.0/2.0, reactant dew-
points of 80/64◦C) for Nafion® 112 based MEAs at a to-
tal loading of 0.25 mgPt/cm2 per MEA, corresponding to
0.4 gPt/kW, a value which is very close to the automotive tar-
gets quoted in[13]. Further improvements in the Pt-specific
power density are possible with thinner membranes and
low-EW ionomers, which allow to obtain the same cell volt-
age at even higher current densities[5]. Beyond this, the
implementation of Pt-alloy catalysts promises an additional
reduction of Pt cathode loadings by a factor of two[2,14],
reducing the Pt-specific power density well into the target
range for large-scale automotive fuel cell applications with
pure H2 fuel.

On the other hand, significant R&D efforts are still re-
quired for the reduction of the Pt-metal-specific power
density in reformate/air applications since the current
state-of-the-art PtRu anode catalysts cannot be reduced to
below 0.3 gPtRu/kW for only the anode side, unless either
CO-impurities in reformate can be reduced significantly
below 100 ppm, the operating temperature can be increased
to significantly above 80◦C, or more effective CO-tolerant
catalysts are being developed.
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