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Sputtered Cathodes for Polymer
Electrolyte Fuel Cells: Insights into
Potentials, Challenges and Limitations
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Abstract: The level of Pt loadings in polymer electrolyte fuel cells (PEFC) is still one of the main hindrances for
implementation of PEFCs into the market. Therefore, new catalyst and electrode preparation methods such as
sputtering are of current interest, because they allow thin film production and have many cost saving advantages
for electrode preparation. This paper summarises some of the most important studies done for sputtered PEFCs,
including non carbon supported electrodes. Furthermore, it will be shown that an understanding of the main
morphological differences between sputtered and ink-based electrodes is crucial for a better understanding
of the resulting fuel cell performance. Especially, the electrochemical surface area (ECSA) plays a key role for
a further increase in PEFC performance of sputtered electrodes. The higher surface specific activities ik'Spec of
sputtered compared to ink-based electrodes will be discussed as advantage of the thin film formation. The so-
called particle size effect, known in literature for several years, will be discussed as reason for the higher i, . of
sputtered electrodes. Therefore, a model system on a rotating disc electrode (RDE) was studied. For sputtered
PEFC cathodes Pt loadings were lowered to 100 ug,/cm?, yet with severe performance losses compared to

ink-based electrodes. Still, for Pt sputtered electrodes on a carbon support structure remarkably high current

densities of 0.46 A/cm? at 0.6 V could be achieved.
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1. Introduction

Polymer electrolyte fuel cells (PEFC)
are a promising technology for use in the
automobile industry, which is at the fron-
tier between R&D and technological readi-
ness. Although many breakthroughs with
respect to component performance and
durability, e.g. membrane electrode assem-
blies (MEA), electrodes, electrocatalysts,
membranes etc., have been demonstrated,
there are still open challenges to face be-
fore the technology and the devices will be
penetrating the general automotive market.
One of the main drawbacks is the need of
the noble metal Pt as a catalyst in PEFCs,
implying the correlation of the precious
metal to the fuel cell cost, respectively.
A 2008 study performed within the US
Department of Energy’s (DOE) Hydrogen
and Fuel Cell Program showed that almost
50% of the total PEFC stack cost (80kW
fuel cell system) is due to the catalyst layer,
assuming a mass production of 500,000
units per year and state of the art materi-
als.[ Due to significant catalyst improve-
ments (i.e. reduction of precious metal
loadings for the same sized system) this
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share could be reduced to approximately
30% (assuming a Pt price of ca. 35 $/g)
in the 2011 study under otherwise identi-
cal conditions.?l Despite these apparent
improvements, a reduction of the Pt cata-
lyst loading in PEFCs electrodes without
a loss in performance is a comprehensive
need for its application in the automobile
industry.

In state of the art PEFCs, the Pt load-
ing for the anode and the cathodes is in the
range between 50-100 pg,/cm*3-51 and
200-500 pg,/cm? 5] respectively. Whereas
the reduction of Pt loading is straightfor-
ward for PEFC anodes, due to the fast re-
action kinetics of the hydrogen oxidation
reaction (HOR),!®-8] the lowering of the
Pt loading for the cathode is limited due
to the sluggish oxygen reduction reaction
(ORR) kinetics.[®! Therefore, most effort is
put into increasing the activity of Pt for the
ORR, see e.g., refs. [10,11] and references
therein. Even with optimized catalyst layer
designs, a reduction of the Pt loading will
still result in the predictable kinetically de-
termined voltage losses (i.e. 20 mV for a
Pt loading reduction by a factor of two).!
The strategic goal for automotive indus-
try is still best summarized in the work by
Gasteiger et al.,’l deriving an increase of
the MEA power density up to 0.8-0.9 W/
cm? and a decrease of the Pt loading down
t0 0.2 g,/kW at > 0.65 V, respectively.

Most commonly PEFC fuel cell elec-
trodes or catalyst layers in catalyst-coated
membranes (CCM) are prepared by appli-
cation of inks or pastes, containing Pt/C,
ionomer, and a solvent (alcohol/water)
onto gas diffusion media or solid polymer
electrolytes.l3-12-141 The layer thicknesses
are usually 210 pm.1312131 Other methods
for PEFC electrode preparation include
for example electrodeposition of Pt,15-17]
dual ion-beam assisted deposition,[8-20]
electroless deposition?!l and sputter de-
position.[22-461  Especially, sputtering of
PEFC electrodes seems attractive, because
it is a dry process where the Pt loading is
easily adjusted by the sputter parameters
(time, power efc.). Using multiple sputter-
ing targets, mixed metal catalyst layers are
available in simultaneous co-sputtering,
e.g. Pt and Co. Furthermore, very thin
catalyst layers (<1 um) can be achieved,
which may improve the mass transport
properties of the electrodes,748 and thus,
limit the loading-induced voltage losses
to the kinetically predicted ones. Ultra-
thin catalyst layers will potentially also
minimize Ohmic resistance losses in the
catalyst layers. Another advantage is the
possibility to sputter on carbon-free sup-
port structures’l which is beneficial, as
carbon corrosion from the usual catalyst
supports is one of the main causes of PEFC
degradation.[30-53] Using ultra-thin catalyst
layers may also open possibilities to avoid

ionomer, due to direct contact of the elec-
trochemical active phase with the polymer
electrolyte membrane; for a discussion of
this effect we refer to ref. [54].

In this work, we examined sputtered
PEFC cathodes with various Pt loadings
between 5 and 500 pg,/cm* We compare
the properties of the in-house prepared
sputtered electrodes to commercially
available electrodes based on ink fabrica-
tion and to properties of similar systems
described in the literature. We show the
main morphological differences between
the different types of electrodes and derive
possible reasons for the differences in fuel
cell performance. For a better theoretical
understanding of these differences, model
electrodes have been prepared and were
investigated in liquid electrolyte by rotat-
ing disk electrode (RDE) measurements.
This allows a better experimental con-
trol of the electrode properties and there-
fore more precise kinetic measurements.
Electrochemical impedance spectroscopy
was employed in our PEFC measurements
to analyze the electrodes inside MEAs
and obtain the Ohmic cell resistance.
The morphology of the sputtered Pt layers
was investigated by transmission electron
microscopy.

2. Experimental

2.1 Preparation and
Characterization of Sputtered
Model Electrodes

The preparation of the model electrodes
can be divided into two parts. At first, a
Vulcan suspension is mixed from 75 mg of
Vulcan XC72 with 100 pl of Nafion® 117
solution (5%, Fluka) and 25 mL 2-propa-
nol (Normapur, VWR Prolabo). The sus-
pension was treated ultrasonically at 60 °C
for 10 min, and then was stirred for 10 min
at 40 °C. This procedure was repeated in
the following sequence: 10 min ultrasonic
bath, 10 min stirring, 120 min ultrasonic
bath, 10 min stirring and 180 min ultra-
sonic bath. Then 20 pl of the suspension
were dispersed onto a polished glassy
carbon rotating disk electrode (RDE), and
dried overnight at room temperature in an
Ar atmosphere. Since the prepared carbon
thin film support is acting as a model mi-
cro-porous layer (MPL) as used in the fuel
cell gas diffusion electrodes (see below),
we ensured that the glassy carbon elec-
trode is covered by a complete dense and
homogeneous Vulcan XC72 carbon thin
film by verification under an optical micro-
scope. In the second part of the electrode
preparation different Pt loadings 2, 10,
20, 100 and 500 pg,/cm?, were sputtered
onto the electrodes in a magnetron sputter-
ing set-up (“TIPSI” at the PSI Laboratory
of Developments and Methods). Argon

was utilized as sputter gas at a pressure
of 10 mbar and a sputtering power of
50 W. Rutherford Back Scattering (RBS)
spectroscopy was used to determine the Pt
loading, as described elsewhere.[55]

For each Pt loading all five electrodes
were characterized in a three electrode
compartment electrochemical cell in
0.1 M HCIO, (SupraPure® 70%, Merck)
using a Pt-mesh as counter electrode. All
potentials were measured vs. a saturated
Ag/AgCl reference electrode separated
by an electrolyte bridge from the work-
ing electrode compartment. All potentials
are referred to the reversible hydrogen
electrode (RHE) calibrated by hydrogen
oxidation/evolution reaction in the same
electrolyte. Owing to slight contamina-
tions, e.g. from the Nafion® in the Vulcan
suspension, the electrode potential was
cycled several times between 0.05 and
1.2 V (RHE) in order to produce a clean
surface. The electrochemical surface area
(ECSA) was determined by integration of
the H , region in Ar saturated electrolyte
via cyclic voltammetry (CV) (normaliza-
tion factor of 0.210 mC/cm?,). Finally,
the ORR was measured in an O, saturated
electrolyte at different rotation rates, and
the resulting polarization curves were iR
corrected. Each measurement was record-
ed at ambient temperature and pressure.
Unless specifically denoted, the sweep rate
was 5 mV/s. For the kinetic analysis, the
cathodic sweeps have been used after hold-
ing the electrode potential for 10sat 1.2 V.

2.2 Preparation and
Characterization of Sputtered Pt
Cathodes for the PEFC

Varying amounts of Pt were sputtered
onto carbon cloth (BASF Fuel Cell, type
LT1410W), covered with a microporous
carbon layer (MPL), using the aforemen-
tioned sputtering set-up and parameters.
The sputtered cathodes were hot pressed
(3 min, 120 °C, 30 Nm™) with dry Nafion
212 and commercial anodes (BASF Fuel
Cell, type LT140EWSI, 500 pg,/cm?), to
yield the membrane electrode assemblies
(MEAs).[%1 For comparison of the sputtered
cathodes with a commercial ink-based
cathode, a reference MEA, containing the
same commercial electrode as cathode,
was hot pressed in the same manner. Note
that the catalyst layers of the commercial
electrodes contain ionomer, whereas the
sputtered catalyst layers did not. The geo-
metrical surface area of the MEAs is 29.3
cm? MEAs with sputtered cathode load-
ings of 5, 25, 50, 100 and 500 pg,/cm’
are denoted as MEAS, MEA25, MEASO,
MEA100 and MEASO00, the reference
MEA as MEA-ETEK throughout the text.

For fuel cell testing, the MEAs were
conditioned in a PEFC for at least 20 h
at 0.1 A/em?, 80 °C, 1 bar, H,/O, stoichi-
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ometry of 6/12 and 100% relative humid-
ity (R.H.). Hydrogen (N4.5) and oxygen
(N4.5) supplied by Messer-Griesheim
were used as reactant gases. The ECSA
inside the PEFCs was determined by CO-
stripping, using a Zahner IM6 workstation
at 80 °C, 1 bar, 100%/100% R.H., H,/N,
=200 mL/200 mL and v = 10 mV/s in the
cell voltage region of 0.08-1 V. Current—
voltage curves were taken at the same fuel
cell conditions, as described for break-in.
For the iR correction, electrochemical
impedance spectra were recorded with a
Zahner IM6 workstation simultaneous to
the polarization measurements, resulting
in the Ohmic cell resistance value.[°]

Transmission electron microscopy
(TEM) of the electrodes was carried out
at a Phillips CM12 microscope operated
at 120 kV. Samples of the above described
MEAs, embedded in an epoxy resin
(Araldite 502, Polysciences, Inc.),[% were
sectioned (70 nm) with a microtome. The
sections were then transferred onto TEM
grids (Plano GmbH, type S160). The cata-
lyst layer of the commercial electrode was
scratched off from the gas diffusion layer
by a scalpel and transferred onto TEM
grids before the measurements.

3. Results and Discussion

3.1 Morphological Comparison of
Cathode Catalyst Layers

For a deeper insight in the different
catalyst layer (CL) properties of sputtered
vs. catalyst ink-based CL the understand-
ing of their morphologies is quite crucial.
Therefore, TEM pictures of pristine cata-
lyst layers are shown in Fig. 1. The Pt par-
ticles are highly dispersed in the case of the
ink-based electrodes (Fig. 1a) due to the
formation of a homogeneous mixture of Pt
on carbon already during the catalyst syn-
thesis. Since the high Pt dispersion on the
carbon support is already formed during
synthesis, the amount of Pt in the catalyst
layer can be varied only as a function of the
CL thickness or in the catalyst preparation
step by the Pt loading on the carbon sup-
port. Typical CL thicknesses are around
10 um to 50 pm.[47:48,57,58]

The dispersion of sputtered Pt on
the MPL of the Gas Diffusion Electrode
(GDE) on the other hand is dependent
on its Pt loading.[3! For low Pt loadings
(3 pg,/cm?) Pt nanoparticles (d = 2 nm)
are highly dispersed on the carbon sup-
port material. With increasing Pt loading
agglomerates and even films are formed,
leading to a significant lowering of the Pt
dispersion. This process starts already for
loading values of 25 ug,/cm* (Fig. 1b).
The reason for agglomeration, already at
these low loadings, is the low sputtering
depth into the MPL. As demonstrated by

. Pt agglomerates *‘“

e

membrane

Fig. 1. TEM images at various resolutions of polymer electrolyte fuel cell (PEFC) electrodes,
prepared by a) casting an ink solution of binder/ionomer and Pt/C; b) sputtering of Pt on a micro-
porous layer (MPL) of carbon, 25 ug,/cm?; and ¢) sputtering of Pt on a thin film nanostructure
(NSTF) and transferring it to a polymer electrolyte membrane. Fig. 1a reprinted from Electroca-
talysis 2, B. Schwanitz, H. Schulenburg, M. Horisberger, A. Wokaun, G. G. Scherer, ‘Stability of
Ultra-low Pt Anodes for Polymer Electrolyte Fuel Cells Prepared by Magnetron Sputtering’, 35-41,
copyright 2011 with permission from Springer. Fig. 1c reprinted from J. Power Sources 161, M. K.
Debe, A. K. Schmoeckel, G. D. Vernstrorn, R. Atanasoski, ‘High voltage stability of nanostructured
thin film catalysts for PEM fuel cells’, 1002-1011, copyright 2006 with permission from Elsevier.

our TEM analysis in combination with
RBS measurements,!5! within our range of
Pt loadings (3 to 500 ug,/cm?) most Pt is
deposited within a layer thickness <1 um

on top of the underlying porous carbon
layer.

For comparison, in Fig. 1c an SEM im-
age of a nano-structured thin film (NSTF)

a) b) Pt distribution in the catalyst layer
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Fig. 2. a) Scheme of the Pt sputtering process on a MPL with increasing sputter time. For clarity,
the gas diffusion layer (GDL) is not displayed. b) Pt distribution in the catalyst layer of an ink-
based, a sputtered, and a 3M electrode. The latter scheme is presented as a virtual cross section
showing, from bottom to top, the membrane and the catalyst layer. After the Pt catalyst layer
follows the MPL for the sputtered, and the GDL for the 3M electrode. In these examples, the ap-
plication of the catalyst layers (both ink based and sputtered) occurs on the electrode rather than
on the membrane side.
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catalyst layer!¥l is shown. Clearly, the thin
catalyst layer with a thickness of less than
0.3 um can be observed, alongside with
the still relatively porous high surface area
resulting from the whisker-type substrate,
see e.g. Fig. 1 in ref. [4] or Fig. 2 in ref.
[59].

A scheme of the catalyst layer prepara-
tion process by sputtering is given in Fig.
2a, together with a sketch of a virtual cross
section of the catalyst layer of the sputtered
and ink-based electrodes (Fig. 2b). Pt par-
ticles are represented as the dark round
particles. The scheme shows that the same
amount of Pt is distributed in significantly
thicker catalyst layers when using catalyst
ink preparation, with a carbon supported
catalysts, as compared to the sputter prepa-
ration. This in turn leads to much higher Pt
dispersion inside the catalyst layer, when
supported catalysts are used. Note that the
CL thickness, using supported catalysts,
can basically only be influenced by the met-
al loading on the support. The morphology
has a direct influence on ECSA, as will be
shown in the next section. The sketch for
the 3M nano-structured thin-film catalysts
(NSTF)M is drawn for comparison (Fig. 2).
Here, Pt or Pt-alloys are sputtered onto the
surface of organic whiskers with ~0.5 pm
length. The Pt sputtered whiskers are trans-
ferred from the substrate to the polymer
electrolyte by a hot pressing step similar
to the well-known decal process!!4l creat-
ing a ‘zig-zag’ textured surface with ~6 pm
pitch-to-pitch distance and 90° angle in or-
der to increase the Pt utilization,[® j.e. the
surface area exposed to the electrolyte. As
will be shown later, the sputtered Pt cata-
lyst layers behave like ‘advanced’ Pt-black
rather than a C-supported Pt catalyst.

3.2 ECSA of Sputtered Electrodes
The morphology of the catalyst layer
and in particular the Pt dispersion on the
support has a direct influence on ECSA.
An ideal homogeneous dispersed system,
like an ink-based catalyst layer, shows a
linear increase of ECSA with increasing
Pt loading under the assumption of con-
stant catalyst utilization of 100%, which is
displayed on the logarithmic scale in Fig.
3. This conclusion is trivial, because the
amount of highly dispersed Pt nanopar-
ticles (no agglomeration assumed) in-
creases with increasing Pt loading. For the
low dispersed sputtered catalyst layers in
our GDEs we found a logarithmic growth
of the electrochemical active surface area.
A similar correlation was observed for the
catalytic active area of our sputtered model
electrodes. Data in Fig. 3 are depicted from
H, . and CO-stripping results from model
electrodes and fuel cell cathodes, respec-
tively. The reason for this non-linear cor-
relation can be found in the agglomeration
of the individual Pt nanoparticles. Due to

Fig. 3. Plot of ECSA
vs. the Pt load-

ing shown for the
sputtered model,
sputtered PEFC and
virtually for a linear
growth of an ideal
ink-based electrodes.
Surface areas were
measured by H,,, for
the sputtered model
and by CO-stripping
for the sputtered
PEFC electrode.
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the occurrence of agglomeration catalytic
active surface area is lost, which is lead-
ing to significant deviations of the catalyst
utilization.

ECSA for the model electrodes were
determined using the integration of the
H,,, region from the cyclic voltammo-
grams (shown in Fig. 4) after correction
for the double layer charges. The values
for the model electrodes are higher (Fig.
3) compared to the values obtained from
GDEs inside a PEFC, most likely due
to the better contact of the Pt surface to
the liquid electrolyte as compared to the
Nafion membrane surface. When fabricat-
ing electrodes with solid polymer electro-
lytes, it is not guaranteed that all of the Pt
surface area of the catalyst is available for
the electrochemical reaction, due to either
insufficient contact with the solid polymer
electrolyte or due to electrical isolation
of catalyst particles from each other by
a film of the electrically non-conducting
solid electrolyte.l!] For our in-house made
MEAs with sputtered catalyst layers, only
about ca. 30 to 70% of the originally sput-
tered Pt layer is in contact with the Nafion
membrane in the hot-pressed MEA. Please
note that the GDEs do not contain any ion-
omer, i.e. the electrochemical contacting
of the Pt layer is fully dependent on the

proton diffusion on the extended Pt-black-
type surface. Indeed, careful analysis of
the data in Fig. 3 show that the highest
discrepancies occur at the low Pt loadings,
pointing to the fact that due to the car-
bon MPL surface roughness some of the
sputtered Pt particles are neither in direct
contact to the membrane nor to another Pt
particle, and hence, proton surface diffu-
sion from the electrolyte to the Pt surface
cannot take place.[54]

Care must be taken with the measured
values of ECSA at Pt loadings <10 pug,/
cm? For those low loadings the double
layer correction of the H , charge leads
to rather big errors in the calculation of
the ECSA. At these low Pt loadings, the
total charge under the CV is dominated
by the double layer charging of the carbon
substrate, and not by the Pt pseudocapaci-
tance. As a consequence, the double layer
charging current is approximately 10 times
higher than the pseudo-capacitive current
from the Hypp Thus, an error of 10% in
the determination of the double layer cur-
rent leads to an error of 100% for the H
current. Hence, the error bar for determi-
nation of the catalytic active area for the 2
and 10 pg,/cm’ electrodes is in the order of
100%. In order to minimize this effect, the
CVs of pure carbon MPL electrodes were

Fig. 4. Cyclic volt-
: 2| ammetry curves for
1L, o _,///1: 2 pgp/cm sputtered model
e p / S 10 ug Jem?| electrodes with Pt
: Pt _| loadings from 2 to
— 4 j— 20 ug, fem”| 200 ug,/cm?in Ar sa-
g o / * | turated 0.1 M HCIO,
L T 100 pg,/em”| solution. Sweep rate
< | 50 mV/s at room tem-
E ~_ S0 T 200 pg,/em”| perature and ambient
= 1k 2 \““/ / pressure.
1 1 L
0.0 04 08 12
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subtracted from the Pt/C electrode CV
prior to the integration of the H,,, charge.
It should be noted, however, that also this
method implies an error, since some of
the carbon surface is indeed covered by Pt
even at low loadings, therefore the double
layer capacitance of the carbon surface
exposed to the electrolyte is slightly over-
estimated by approx. 7% (estimated from
the maximum theoretical area covered by
2 nm particles), leading to smaller charges
and, hence, to a slight underestimation of
the active Pt surface area. Despite this er-
ror, the latter described method proved to
be the most reliable one for these specific
electrodes.

A comparison of the surface area of dif-
ferent model and fuel cell GD electrodes,
respectively, is given in Table 1. The ECSA
of the sputtered fuel cell and the ink-based
electrodes, respectively, with a Pt loading
of 500 pg,/cm* show values of 7.3 and
110 cm,,*/cm?, respectively, i.e. only about
7% of ECSA of the ink-based electrode.
One way to increase the dispersion of Pt in
sputtered electrodes is to increase the sur-
face area of the substrate material, which
was achieved by the 3M[4.59:62] preparation
technique, using three-dimensionally struc-
tured whiskers as substrates and textured
catalyst layer transfer onto the membrane.
The NSTF electrodes have active surface
areas of about 10 cm,*cm? in comparison
to our fuel cell MEAs with an ECSA of
4.9 cm,*/cm* for the same Pt loading of
100 pg,/cm*. From the measured ECSAs
and theoretical maximum ECSAs at 100%
utilization, calculated under the assump-
tion of no Pt particle agglomeration and
complete Pt surface area availability, we
determined the real Pt utilization. The real
utilization of the sputtered model and fuel
cell electrodes is relatively low (7 and 4%,
respectively). As discussed before, not all
of the Pt surface area is available for elec-
trocatalysis due to insufficient contact be-
tween Pt and ionomer/membrane and due
to agglomeration of Pt particles. Sputtered
model electrodes with a Pt loading of only

2 pg,/cm?* have a utilization of about 50%.
The determined Pt utilization of the NSTF
supported Pt/C electrodes is about 43%
for a Pt loading of 100 pg,/cm* compared
to the 7% for the model electrode with a
slightly higher Pt loading.

3.3 Electrocatalytic Activity of
Model Electrodes

For a better and more precise under-
standing of the ORR kinetics of the sput-
tered fuel cell electrodes, RDE measure-
ments on the model electrodes have been
conducted in order to determine pure ki-
netic current densities (Z,) in the absence
of mass-transport limitation.[63-65]

The RDE ORR current densities were
measured for various Pt loadings at dif-
ferent rotating speeds between 400 and
2500 rpmat 20 °C. From these data, Levich-
Koutecky plots (1/i vs. 1/0’%,i@0.4 V_ )
were prepared for the different Pt loadings
and Levich constants between 4.3—4.5%1072
mA*rpm®* were determined, which are in
good agreement to the theoretical value
of 4.5%102 mA*rpm®? for a four electron
process, following the well-known Levich
equation: 0]

i,=0.620nF D'v ‘ccw”

where i, is the diffusion limited current
density, D is the oxygen diffusion coef-
ficient in the electrolyte, v is the kine-
matic viscosity, and ® is the rotation rate
(D =1.93*10"° cm?s, v = 1.009*1072 cm?/s
and ¢, = 1.26*10~* mol/L).1! In order to
extract the true kinetic current densities 7,
from the RDE curves, i was calculated us-
ing the following relation

11 1 11
P P VR 2
I 1. Ik Bcw U @

where i, and i, represent the kinetically
and diffusion-limited current densities,
respectively.

The resulting Tafel plots are shown in

2 }l‘gl,l.-"::u‘l2
£08 10 j.lg,r,‘.-’{:rrl2
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Fig. 5. a) Mass transport corrected current
densities for the ORR on the sputtered Pt on
Vulcan model MPL thin-film RDEs for different
Pt loadings, obtained from cathodic sweeps
(6 mV/s, 1600 rpm) in 0.1 M HCIO, saturated
with O, at ambient temperature and pressure.
b) Comparison of the O, reduction activity of
sputtered Pt/Vulcan model electrodes with
different Pt loadings at ambient temperature
and pressure, current densities are at constant
electrode potential of 0.90 V (RHE). The
dashed line serves as guide to the eye.

Fig. 5a, and the corresponding values for i,
at 0.9 V in Fig. 5b. A logarithmic increase
of i with Pt loading is observed, following
the logarithmic increase of ECSA, shown
in Fig. 3. The curves show Tafel slopes be-
tween —60 and —62 mV/dec, which are in
good agreement, with slopes reported for
Pt single crystals, 8] polycrystalline Pt,[6%]
Pt nanoparticles,[’" thin films of Pt(®4 and
Pt alloys!7.721 on carbon support material,
Pt in contact to the Nafion interfacel’3:74

Table 1. Comparison of ECSA and Pt utilization for sputtered model electrodes, fuel cell MEA and NSTF supported Pt/C electrodes. Pt utilization
was determined by calculating a theoretical maximum ECSA assuming the complete Pt surface area would be available. NSTF data taken from ref.

[4] (+) and ref. [62] (*)

model electrode fuel cell MEA NSTF
Pt loading ESCA Pt utilization ESCA Pt utilization ESCA Pt utilization
[ng/cm?] [em?, /em?] [%] [em?, /em?] [%] [em?, /em?] [%]
50 4.7 7
55 6" 44°
90 10" 42.5"
100 9 7 4.9 4 10+ 35*
150 15* 29+
200 13 5
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Fig. 6. Comparison of the O, reduction a) mass
specific activity i, .. and b) surface specific
activity ik,spsc of sputtered Pt on Vulcan layer
model electrodes with different Pt loadings at
ambient temperature and pressure, current
densities are at constant electrode potential of
0.90 V (RHE). The lines serve as guide to the
eye.

and Pt-based catalysts inside PEFCsl5! with
values around —2.3*(RT/F) = -59 mV/dec.

The mass-normalized current densities
(i, .. at 0.9 'V are presented in Fig. 6a,
alongside with the specific current den-
sities b cpec (i, normalized to the specific
surface area). The activity for i - for
the 10 ug,/cm* sample of ca. 19 mA/mg,,
corresponds well to the typical values for
Pt/Vulcan catalysts reported in the litera-
ture, when the temperature effect is taken
into account using the activation energy
from ref. [64] (25 kJ/mol, resulting in ca.
120 mA/mg,, at 80 °C), for comparison see
Table 2 in ref. [5], and other typical values
for carbon supported catalyst in the tem-
perature range between 50 and 60 °C in
refs [64, 70, 75]

As expected, the values for i, de-
crease for increasing Pt loadings, also
reflecting the decrease in specific surface
area with increasing Pt loading. For ideally
dispersed systems and 100% utilization, a
linear correlation between Pt mass m,,
ECSA, and i_is expected, assuming iden-
tical Pt nanoparticles, and therefore ik,mass =
i/m, should stay the same. In reality, for
perfectly dispersed systems, the catalyst
utilization is typically decreasing with in-
creasing Pt loading, as e.g. the sputtered Pt
catalysts used in this study.

In Fig. 6b the specific ORR activity
(ik’spec) is plotted as a function of the Pt
loading, using the values of the experimen-
tally determined Pt surface area for calcu-
lation (see Fig. 3). Assuming identical re-
action kinetics and Pt surface properties,
respectively, i, should stay identical
independently of the Pt loading, e.g. also
for relative low dispersed sputtered elec-
trodes. However, Fig. 6b clearly reveals a
constant decrease in specific activity with
decreasing Pt loading. This finding can be
explained by a particle size effect[576] in
these electrodes, using sputtered Pt sur-
faces. Gasteiger et al. showed that by gpec is
increasing with increasing Pt particle size,
starting from Pt nanoparticles (d = 2-6
nm), to Pt-black (d = 10-20 nm) and to
a smooth Pt surface (d = several hundred
nm).>771 As described before, sputtered
catalysts also show a change in morphol-
ogy, starting from isolated Pt nanoparticles
(2-3 nm) for loadings <20 pg,/cm* ending
at Pt agglomerates up to particular films
for loadings above 20 pg,/cm* The lim-
its, of course, are fluid, yet we propose the
same particle size effect responsible for the
increase of i, at higher Pt loadings.

The change in specific activity with
increasing particle size or decreasing spe-
cific surface area can be experimentally
explained by a change in the OH_; adsorp-
tion properties by the Pt particle size.
Gasteiger et al.l5] showed that the adsorp-
tion potential for Pt particles (d = 2-3 nm)
is about 65 mV lower vs. that for Pt black
(d = 1020 nm). Therefore, the surface
coverage of OH_; species on the Pt catalyst
surface is higher for Pt nanoparticles as
compared to larger Pt black particles. As a
consequence, more active sites are blocked
on a Pt nanoparticle catalyst surface and
thus, i, and ik,S " decreases. If the effect
accounts for our sputtered electrodes,
there should be a shift in the OH_; adsorp-
tion potential to more negative potentials
values, when going from particular films
(agglomerated particles) on the electrodes
with high Pt loadings to isolated nanopar-
ticles with an average diameter of 2 nm on
electrodes with low Pt loadings. Using the
peak maximum of the OH, -desorption in
the double layer corrected CV from Fig.
4 as an indicator of the desorption poten-
tial of OH , a clear logarithmic correla-
tion can be deduced, see Fig. 7a with the
desorption peak maxima shifting to lower
potential values by 22 mV per decade. This
indicates that changing the loading of the
sputtered electrodes by two orders of mag-
nitude, as we did in our study, an overall
peak shift of 44mV occurs. This is quali-
tatively comparable to the value of 65 mV/
dec found in ref. [5] That is, for electrodes
with low Pt loadings, which mostly con-
tain Pt nanoparticles, more surface area is
blocked by OH,, then for those with high

6 ;0.

?9_

1 1' 1. | I
]Dt |(}ading [nglfcm“]

vs. RHE [V]

iR-free, Red, max
",

E

b)
—_— 2 ugllla’cmz

== 10 pg, fem

2
2 cm’
20 pg, fem

@[ML]

- ==100 ],lf__'ﬂ."lcl'l’l:

----- 200 pg, jem’

, 0.8 1.0
E_ vs.RHE[V]

iR-froe

Fig. 7. a) Peak maxima of the Pt-OH_, reduc-
tion peak determined for various loadings
(2-200 pg,/cm?). The maxima are derived from
the CVs depicted in Fig. 4, after subtracting the
double layer (20-200 ug,/cm? or the pure car-
bon CV (2-10 ug,/cm?). b) OH coverage of the
Pt catalyst surface area for various loadings,
determined from the PtOH_, reduction peaks
depicted in Fig. 4.

Pt loadings, which mostly contain Pt ag-
glomerates and films. The results suggest
that for Pt loadings >100 pg,/cm® the Pt
agglomerates and films are comparable to
Pt-black, following the 65 mV/dec voltage
shift.

Assuming a single electron transfer for
the formation of the oxygenated species on
Pt (Pt-OH, ) the integration of the cathodic
sweeps of the double layer corrected CVsin
a potential range between 0.4 V and 1.0 V,
normalized to the specific charge of one
monolayer Pt (0.210 mC/cm?, ), the formal
coverage of the oxygenated species can be
calculated. The resulting surface coverage
is plotted vs. the potential, starting with
0% of coverage at 0.4 V, as shown in Fig.
7b. As expected, a clear qualitative trend
of a decreasing OH,_; surface coverage can
be observed with increasing Pt loading.
As discussed by Mayerhofer et al.l’®l the
potential of zero total charge (PZTC) on
Pt nanoparticles is shifting negatively by
35 mV with decreasing particle size from
30nmto I nm. This is in agreement with an
earlier concept introduced by Frumkin,[78]
who stated increased anion electrosorption
properties with decreasing particle sizes.
In other words, the smaller the Pt particles
(or the larger the specific surface area) the
more oxophilic the surface becomes.
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Fig. 8. a) iU-curves of MEAs with various Pt
loadings of sputtered cathodes of 5-500 ug,/
cm? compared to ETEK cathodes, measured
for H,/O, at T = 80 °C, 1 bar, 100% R.H. and
constant gas flow of 600 mL/min. b) Plot of the
cathode Pt mass specific power density vs.
geometric power density for various current
densities of 0-0.3 A/cm?.

The ORR on the electrodes with the
different loadings appears to follow the
identical reaction mechanisms (see e.g.
the parallel Tafel plots in Fig. 5a), and the
reaction rate is simply determined by the
number of free surface sites (that means,
the number of surface sites not covered by
spectator species OH ), i.e. the current is
proportional to (1 — ©,,)* with x being the
reaction order of the adsorption/desorption
process.[9.79]

In summary, it can be assumed that the
different Pt particle sizes in the sputtered
electrodes account for varying oxygen re-
duction kinetics. Electrodes with low Pt
loadings, mostly containing Pt nanopar-
ticles, show a high OH_; surface coverage
compared to electrodes with high Pt load-
ings, and mainly Pt agglomerate and film
formation. As a consequence, the specific
ORR activity for higher loadings increases
with the reduction of the surface coverage
of the spectator species OH_.

3.4 Fuel Cell Performance of Pt
Catalysts in PEFCs

More relevant for a possible technical
application are measurements performed
with sputtered cathodes in a PEFC. The
resulting polarization curves for various
Pt loadings are shown in Fig. 8a in com-
parison to a MEA with the ink-prepared

cathode. Comparing MEA500 with MEA-
ETEK at 0.65 V, the MEA with the sput-
tered cathode show a reduced performance
of about 68%. Yet, a further decrease in Pt
loading down to 100 pg,/cm* (MEA100)
results only in a loss of 73% compared to
the MEA using the commercial cathode
(MEA-ETEK). Only for loadings <5 pug,/
cm? a further significant performance de-
crease is observed (97% of MEA-ETEK).
The nonlinear performance reduction can
be explained by the logarithmic depen-
dence of Pt loading and ECSA, as shown
before (Fig. 3). Thus, ECSA increases by
a factor of five by increasing the loading
from 5 pg,/cm® to 100 pg,/cm?, but only
by a factor of 1.6 for a further increase up
to 500 pg,/cm?. ECSA for the latter load-
ing is still a factor of 15 smaller then for
MEA-ETEK, having the same Pt loading.

Although the performance of the sput-
tered cathodes is quite low compared to
the ink base electrodes, our MEASs achieve
reasonable voltages of around 0.4 V at high
current densities of 1.5 A/cm? using pure
oxygen. This value is high compared to
most other sputtered systems; see Table 2,
where we tried to summarize some of the
recent findings from the literature. Besides
the data reported from 3M Company with
high current densities of up to 1.2 A/cm?
at 60% R.H., all other reported data are
similar or significantly lower than our re-
sults. The sputtered electrodes allow a low
power density per geometric surface, but
for small loadings of 5 pg,/cm* very high
power densities per cathode Pt loading can
be presented (Fig. 8b). In this calculation,
the anode loading is not included, as it was
demonstrated in our previous paper that
the anode performance is uncritical, even
with ultra-low Pt loadings.[®] Despite the
high mass specific power densities, for
automobile applications a significant in-
crease in performance must be achieved
when using sputtered electrodes, e.g. by
increasing ECSA due to sputtering on dif-
ferent substrates (e.g. demonstrated by 3M
in their NSTF approach). Yet, for applica-
tions in the low power range, the sputtered
electrodes are of interest from an economic
point of view. The durability, however, still
needs to be tested, but it can be assumed
not to be a critical factor, if literature re-
sults obtained with electrodes showing
extended Pt-black-type surfaces are con-
sidered.[

For comparison of results obtained with
the sputtered cathode MEAs and the model
electrodes measured in 0.1M HCIO n the
polarization curves have been iR-correct-
ed, as described above (note, the currents
are corrected for hydrogen crossover of
1 mA/cm? determined electrochemically in
the driven-cell model3%). Mass-transport
induced limitations have been neglected,
due to the quasi differential gas flows
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Fig. 9. a) IR corrected polarization curves of
MEAs with various Pt loadings depicted from
Fig. 8a. b) Comparison of the O, reduction ac-
tivity at 0.9 V of sputtered cathodes with diffe-
rent Pt loadings and ETEK cathode, measured
for H,/O, at T = 80 °C, 1 bar, 100% R.H.,
constant gas flow of 600 mL/min and current
density of 0.75 A/cm?. The dotted line serves
as guide to the eye.

and operation. The resulting Tafel plots
are shown in Fig. 9a, representing a clear
trend for the cathode kinetics at least at
current densities below 100 mA/cm?. At
higher current densities, the change in the
Tafel slope to higher values either repre-
sents induced mass transport issues even
under the applied operation®!l conditions
or may point to a change in the potential
dependent formation of oxygenated spe-
cies, especially at low loadings, see e.g. the
discussion in ref. [82,83]. Further studies
in this direction need to be carried out in
the future for complete understanding of
this phenomenon.

The current densities i are plotted for
Ui e = 0.75 'V against the Pt loading (Fig.
9b). A logarithmic increase of i is observed,
as expected from the results of the model
electrode experiments. Also, the current
density of the MEA with the commercial
electrode (MEA-ETEK) was much higher
as compared to the values for all other elec-
trodes with varying Pt loadings. Again, this
is due to the logarithmic growth of ECSA
also seen for the sputtered PEFC cathodes
(Fig. 3), as already discussed for the model
electrodes. Furthermore, i for MEAS500 is
about a factor 6.3 higher than for MEA25,
but still a factor of 6.6 smaller than for
MEA-ETEK. For MEAS, i could not be
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Table 2. Summary of PEFC results obtained using electrodes (both anode and cathode) in which the catalyst layer is prepared by sputtering of Pt
or Pt-alloys.

Parameters for sputter deposition conditions Parameters for FC testing conditions Comments
S g S £ ° = F
2 £ @ s 5 ®] = [ < 8 £
g s S = 5 § 3 2 & £ po 8§32
£ s € E £ & g 23 € _ &5 ¥ £ 3§ &
< & = 2 2 & B g = 3 = =) 2 £ £ =% £
& 3 & 2 & & & Z§ F& &  © E = &EE &%
25 C: GDL Pt 0.5 30 n.m Ar no n.m n.m n.m H/O, nm n.m 350/ 0.68
80
38  A/C multilayers on Pt 0.7  30-50 nm. Ar  NCIon no 1013 333- H/O, 100% Nafion 43 0.34 Sandwich of 4 layers of Pt
Nafion 115 A/C 343 R.H. 115 and NCI on Nafion 115
39 uncat. E-TEK Pt,Ru  nm. n.m. n.m. Ar no wyes 2000 343 Hjair 97% Nafion 110/  0.11  One layer Ru and Pt on GDL
R.H. 117 110
39 uncat. E-TEK Pt,Ru nm. n.m. n.m. Ar no yes 2000 343 Hjair 97% Nafion 110/  0.15 Three alternate layers of Ru
R.H. 117 110 and Pt on GDL
39 uncat. E-TEK Pt,Ru  wwn. nm. n.m. Ar no yes 2000 343 Hjair 97% Nafion 110/  0.15 Three alternate layers of Pt-Ru
m. R.H. 117 110 and Pt on GDL
39 uncat. E-TEK Pt,Ru  nm. n.m. n.m. Ar no yes 2000 343 Hjair 97% Nafion 110/  0.17 One layer Pt-Ru and Pt
R.H. 117 110 on GDL
42 A-6-P ELAT, E-TEK Pt 1.3 50 298 Ar:He - no 1013 343 H/air 100% Nafion 110/ 0.777 sputtered GDL (0.01 mg/cm?)
1:1 R.H. 112 110 and sprayed membrane
(0.01 mg/cm?)
40 A/C: ELAT Pt 2 50 298 nm.  A/C yes 1013 289  H/O, atRT Nafion 54/54 0.285
115
41  A/C: Cr-monolayer Pt 2 50 298 Ar M yes 1013 284  H/O, nm. Nafion 54/54 037 A/C: Pt on Cr layer (1 nm)
on GDL (ELAT) 115
41  A/C: Cr-monolayer Pt 2 50 298 Ar M yes 1013 284  H/O, nm. Nafion 54/54 035 A: Pt on Pd layer (20 nm)
on GDL (ELAT) 115
41  A/C: Cr-monolayer Pt 2 50 298 Ar M yes 1013 284  H/O, nm. Nafion 54/54 033 A: Pt on pp-HMDSO layer
on GDL (ELAT) 115 (4 nm)
41  A/C: Cr-monolayer Pt 2 50 298 Ar M yes 1013 284 H/O, nm. Nafion 54/54 0.32
on GDL (ELAT) 115
Parameters for sputter deposition conditions Parameters for FC testing conditions Comments
= Q = o= BT
% ° n E f‘, Qo .% ) % g 5
g g g - = & g % = 2 & E§ Pg £2
E s & EBE £ § =z f3 &€ _ & % £ %E k=
£ 2 £ = . o 3 g 58 £ %) 2 E E 23 €2
& & £ g2 & = & Z§8 2& & = < = = EE &z
41 A/C: Cr-monolayer Pt 2 50 298 Ar M yes 1013 284  H/O, nm. Nafion 5-Mai 0.19
on GDL (ELAT) 115
37  A/C: GDL (Toray) Pt 8.3 144  nm Ar A/IC yes 1013 343 Hjair 100% Nafion 168/  0.25

R.H. 117 168
37 A/C:ink-based MEA Pt 8.3 144  nm. Ar A/IC yes 1013 343 Hjair 100% Nafion 150+  0.21 Pt deposition on ink-based

R.H. 117 84/150 MEA (150 mgPt/cm?2)
+84
37 A/C: Nafion 117 Pt 83 14,4 n.m. Ar A/C yes 1013 343 Hjair 100% Nafion 168/ 0.065
R.H. 117 168
37 A/C: multilayers Pt 8.3 14,4 n.m. Ar A/IC yes 1013 343 H/air 100% Nafion 324/ 0.17 layers of Pt + NCI on a Nafion
on Nafion 117 R.H. 117 324 117 membrane
24 C: uncat. E-TEK Pt 2,66 235 Ar A/C yes 5066 368 H/O, nm. Aci- 400/ 1.56
plex- 100
S1004
42 A/C: Goldlayer Pt; Au 6 I5mA 288 airor A/C yes 1519/ 298 H,/O, nm. Nafion 690/ 0.087 0.2 mm goldlayer
on ELAT N, 1013 112 690 on platinlayer
43 A/C: Nafion 112 Pt,C 05-5 300 n.m. Ar - n.m. n.m. n.m. n.m. n.m. Nafion 90/90 ----
112
32 A: multilayers on GDL Pt 2.7 0.25A nm. Ar A/IC yes 1000 338 H,/O, 100% Nafion 60/ 0.3 Sandwich of 3 layers of Pt
(carbon cloth) R.H. 117 n.m. and NCI on GDL
45 A: GDL Pt-Ru  n.m. n.m. n.m. n.m. A/IC yes n.m. 353- MeOH n.m. Nafion 4100+ 0.17 DMEFC; sputtering on Pt
363 /0, 112 6nmPt coated electrode
/1000
22 C: GDL Pt 5 103 298 0, C yes 1000 353  H/O, nm. Nafion 350/ 1.68  reactive sputtering of a-PtO,
(LT1200W, E-TEK) 212 600
6 A: MPL Pt 0.35 50 298 Ar no yes 1013 353 H/O, 100% Nafion 3/500 0.97 sputtering on a MPL
R.H. 212
55 C: MPL Pt 0.35 50 298 Ar no yes 1013 353  H/O, 100% Nafion 500/  0.42 sputtering on a MPL
R.H. 212 100
46 A/C: NSTF PtCo no 1500 353  H/O, 60% PFESA 100/ 1,2 sputtering on a MPL
Mn R.H. 150
4 A/C: NSTF Pt no 1013 348  Hj/air 100% PFSA 150/ ~1.0 NSTF

R.H. 150
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Fig. 10. Comparison of the O, reduction a)
mass specific pseudo activity i____and b) sur-

mass

face specific pseudo activity iSpsc of sputtered
cathodes with different Pt loadings compared
to ETEK cathode, measured for H,/O, at T =
80 °C, 1 bar, 100% R.H., constant gas flow of
600 mL/min and current density of 0.75 A/cm?.
The dotted lines serve as guide to the eye.

determined, as the open circuit potential of
the MEAs was only around 700 mV.

The corresponding surface and mass
specific activities i and i__, respec-
tively, are shown in Fig. 10a and 10b. The
values for Lo constantly increase with in-
creasing loading. The specific surface area
for the MEASOO is even higher than for
MEA-ETEK. The reason for this increase
may be found in the aforementioned effect
of particle size, similarly discussed for the
model electrodes. A proof, however, as
in the case of the model electrodes is not
possible, due to the low quality of the CVs
measured in a PEFC with low Pt loadings.
Yet, as TEM pictures have shown else-
where,[®l in electrodes with Pt loadings of
100 pg, /cm? a dense film of Pt on the MPL
carbon support material is formed, where-
as electrodes <50 pg,/cm? mainly show Pt
nanoparticles. It is reasonable to transfer
the picture gained from the model elec-
trode experiments onto the PEFC experi-
ments. Therefore, the excursive increase of
i_.. could be due to the change in catalyst
morphology and the resulting particle size
effect. The effect seems to be more distinct
in the PEFC.

The particle size effect could also ex-
plain the behaviour of i (Fig. 10b). First,
with increasing Pt loading i . isincreas-
ing, which is explainable by the increase

in specific Pt surface area until this point
of discussion. As discussed before, higher
loadings only lead to formation of a Pt film,
i.e. every additional amount of Pt is basi-
cally buried inside the sputtered catalyst
layers, resulting in a significant increase in
Pt loading, but no increase of Pt surface
area. This plot demonstrates the optimum
Pt loading, for which the mass specific cur-
rent density is maximized with optimized
catalyst kinetics.

3.5 Comparison of Sputtered
Electrodes

A summary of literature findings of
sputtered PEFC electrodes is shown in
Table 2, comparing Pt loading, fuel cell
performance, sputter parameters and fuel
cell testing conditions with each other.
Due to a much higher surface area ECSA
of the 3M electrode type, these show the
highest PEFC performance. Yet, also the
straightforward approach of sputtering
Pt on an MPL shows reasonable perfor-
mances at low Pt loadings, as compared
to other sputtered electrodes investigated.
In order to achieve a fairer comparison be-
tween the differently prepared electrodes,
experimental parameters as temperature,
pressure, and humidification in the fuel
cell test must also be considered, making
it difficult to compare the different results
shown. It should be noted, however, that
the very good performance values for 3M
NSTF catalyst most likely is a result of the
ca. 3fold increased specific surface area at
similar loadings of ca. 100 to 150 pg/cm?.
This in turn means that the critical process
to create these highly active electrodes is
the choice of the correct substrate material
(e.g. the whiskers utilized by the 3M com-
pany and the texturing of the transferred
layers) offering enough roughness to cre-
ate a high specific Pt surface area.

Recently, we could demonstrate that
applying ultra-low loaded sputtered elec-
trodes as anodes in PEFCs, almost negli-
gible performance loss could be achieved,
due to the fast HOR. Therefore, a loss in
ECSA on the anode side is not limiting the
total fuel cell performance, as was demon-
strated elsewhere.[®-84] Having only sput-
tered anodes, current densities of 0.97 A/
cm? at voltages of 0.6 V can be achieved,
similar to E-TEK fuel cell performance.

4. Conclusion

Sputtered Pt catalyst layers show many
advantages as compared to electrodes with
ink-derived catalyst layers using Pt/C cata-
lysts, e.g. ability to prepare thin Pt films,
controlled loading, dry one step process,
no use of ionomer, and carbon free support
structures. One of the main challenges rep-
resents the low achievable electrochemical

surface area ECSA, due to the low disper-
sion of the Pt electrocatalyst. This leads to
lower activities of cathodes with sputtered
Pt catalyst layers, compared to cathodes
with CL based on Pt/C containing inks,
and thus to a lower fuel cell performance.

Although the specific activity is in-
creased, utilizing extended Pt-black-type
surfaces from the sputtered with respect
to the ink-derived catalyst layers, respec-
tively, this effect cannot compensate for
the total performance loss due to the ap-
proximately 1-2 order of magnitude lower
specific surface area.

The reason for the increase of specific
activity was shown to be a result of increas-
ing the particle sizes for sputtered catalyst
layers literally forming Pt layers, which is
leading to properties of Pt-black type rath-
er than to a supported Pt catalyst, respec-
tively. To overcome the challenge of low
ECSA, both the Pt dispersion as well as the
sputtered surface area should be increased
as in the case of the 3M NSTF approach.
Both ways will effectively increase the Pt
utilization and consequently the cathode
performance. As could be shown in this
manuscript, the choice of the appropriate
substrate material for application of the
sputtered Pt catalyst layers is critical for
well performing PEFCs.
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