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bstract

Polymer electrolyte membrane (PEM) fuel cells with sputter-deposited Pt catalyst thin films and different sublayers added before the deposition
f the Pt films to enhance the fuel cell performance are presented. Comparison of the performance of the fuel cells shows, for example, that thin films
f Cr or silicone-like layers enhance the performance of the prepared cells of 15 mm × 15 mm electrode area. The achieved peak power density
t room temperature and ambient pressure for a H2/O2 operated fuel cell loaded with 0.054 mg cm−2 (25 nm) Pt per electrode was 210 mW cm−2.
ddition of a thin layer of Cr (1 nm) underneath the catalyst layer (0.054 mg cm−2 Pt) improved the maximum power density to 259 mW cm−2.
canning electron microscopy analysis showed that this is due to the change in morphology of the growth of the Pt catalyst layer on the Cr seeds.

The performance of fuel cells prepared for reference from commercially catalyzed electrodes with standard carbon-supported Pt loadings of 0.5

nd 1 mg cm−2 could be improved after treatment of the electrodes in an oxygen plasma. The physically assisted removal of carbon and CF-groups
rom the surface in the oxygen plasma most likely uncovers more Pt sites from the carbon-supported Pt catalyst.

2007 Elsevier B.V. All rights reserved.
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. Introduction

For polymer electrolyte membrane (PEM) fuel cells high
osts are still associated with the amount of Pt catalyst that is
eeded. This metal is precious and its supply is limited [1].

Recently many efforts are undertaken to improve the catalyst
tilization. Following is a concise list of the most significant
fforts that are under investigation to evade this impediment.
esides the development of non-platinum catalysts [2], ways to
tilize the Pt catalyst more efficiently by increasing the active
rea of the catalyst particles or catalytic activity and reduce its
oading are investigated. This can, for instance, be accomplished
y using and optimizing standard carbon-supported catalysts
3–6] or by sputter deposition of catalyst thin films [7–10].

ecently, Adžić and coworkers presented a new method to

educe the Pt loading by the deposition of Pt submonolayers
n Ru nanoparticles [11–13]. The thus prepared electrocata-
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olyte membrane (PEM) fuel cell

ysts had a higher activity and CO tolerance than commercial
atalysts containing serveral times higher Pt loadings. Elec-
ronic effects appear to be responsible for this enhancement
f Pt submonolayers on Ru [14]. Under real fuel cell operat-
ng conditions, Gullá et al. reported of electrodes prepared by a
ual ion-beam assisted deposition technique with low Pt load-
ngs of 0.04–0.12 mg cm−2 that showed more effective catalyst
tilization and enhanced activity than commercial electrodes
f significantly higher loadings [15]. Enhanced catalytic activ-
ty was also found if Pt was alloyed with various transition

etals [16–20]. They are less expensive and can also help to
mprove the CO tolerance of the catalyst [20–22]. Among the
roposed explanations for this activity enhancement are a change
n interatomic spacing or electronic effects influencing the elec-
ronic states [23–25]. Furthermore, the use of carbon nanotubes,
anocoils, or nanofibers as support for fuel cell catalyst has
hown to enhance the catalyst activity [26–31], which can be
ttributed to a higher catalyst surface area and change in mor-

hology [32].

In this article, an approach of adding thin sublayers under-
eath the sputter-deposited Pt catalyst is presented. Results for
lectrodes with sputter-deposited low Pt loadings and the effect

mailto:d.gruber@tuhh.de
dx.doi.org/10.1016/j.jpowsour.2007.06.232
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n the performance of mixing different layers in the Pt catalyst
ere presented in a previous work [33]. It showed that sput-

er deposition can be highly effective as the catalyst material
s applied to the electrode directly and the three-phase bound-
ry (electrode–catalyst–PEM) is formed in a series of precise
eposition processes avoiding any application of solution or
nk containing arbitrarily distributed catalyst material, which

ay cause the catalyst to be only partly in contact with the
roton-conducting membrane or electrode and many catalyst
ites to keep passive. The growth of the sputter-deposited Pt
hin films was characterized and also first results for fuel cells
ith added sublayers of Cr and Pd were presented. The results
ith two 1 nm thin layers of Cr added in the Pt catalyst layer

howed improved performance and the analysis of SEM images
evealed that a change in morphology of the growing Pt layer is
bserved. Noticing that the performance increase is associated
ith the change in morphology rather than a catalytic effect
f the Cr (no effect if Cr is added as top layer), one single
r thin layer is now inserted underneath the catalyst layer, i.e.,
efore the deposition of the Pt instead of the two Cr layers pre-
iously mixed in the Pt layer. Thin layers of Pd had equally been
dded to both, anode and cathode side. The observed increase
n performance could not be attributed to any morphological
hange in layer composition and led to the assumption that
t is associated with the hydrogen permeability of the added
d and the improved hydrogen fuel distribution on the anode
ide.

In this work the effect of sublayers, which are applied as an
ncipient or seeding thin layer on a standard uncatalyzed elec-
rode material prior to the sputter deposition of the Pt catalyst,
n the performance of the Pt catalyst in fuel cell operation is
nvestigated.

. Experimental

The fuel cells were prepared from catalyzed and uncatalyzed
LAT electrodes (E-TEK Division, PEMEAS). All the porous
lectrodes used in the present paper were from the same lot
hich allows for a true comparison of the subsequent results.
Different amounts of Pt catalyst were applied to the uncat-

lyzed ELAT electrodes by sputter deposition from a Pt diode
arget of 150 mm diameter. This was done at a fairly low rf power
f 50 W at room temperature and a pressure of 2 Pa to allow an
ccurate control of the deposited layer thickness and avoid any
hermal or mechanical stress on the electrode substrates. The cat-
lyst loading was controlled by the sputter rate and time. Based
n the thickness (measured on a solid reference sample rather
han the porous electrode substrate) and the density of the mate-
ial the catalyst loading of the 15 mm × 15 mm electrodes was
etermined.

Using these electrodes with the sputtered catalyst and Nafion
15 membranes (DuPont), membrane electrode assemblies
MEAs) were fabricated in a hot bonding process at 140 ◦C and a

ressure of 290 kPa using Nafion solution (5%, Sigma–Aldrich).
he latter was applied to the Nafion 115 membrane at loadings of
1.5 mg cm−2 and not to the catalyst nanolayers on the porous

lectrodes to avoid an instant occlusion.

i
A
t
t

ig. 1. Schematic cross-sectional view of the used measuring chamber for the
haracterization of the MEAs.

Throughout this paper the given Pt loadings refer to the load-
ng per electrode. All investigated fuel cells have equal amounts
f Pt loading on the anode and cathode side.

For control, reference MEAs were fabricated from catalyzed
LAT electrodes with 0.5 and 1 mg cm−2 Pt loading. Addition-
lly the front side of such commercial electrodes were treated in
n oxygen plasma process (25 sccm O2, 50 W, 2.3 Pa) for 3 min
efore the MEAs were assembled.

The MEAs were characterized in a measuring chamber as
epicted in Fig. 1. Two metal plates with cavities of 12 mm ×
2 mm supply the fuels to the MEA (active electrode area of
5 mm × 15 mm) placed in between. The part of the MEA
xceeding the 12 mm × 12 mm is compressed between the metal
lates and gasket to provide good electric contact and seal the
ell, even though this may lead to an inefficient direct fuel supply
o the active electrode area there.

Hydrogen and oxygen were supplied to the fuel cells by mass
ow controllers at 20 and 4 sccm, respectively. All measure-
ents were carried out at room temperature (21 ◦C) and ambient

ressure. To simulate the load of the fuel cell a variable potential
as applied to a resistance set in parallel to the fuel cell.
A personal computer controls the load and collects the result-

ng cell voltage and current density from a set of data acquisition
nits. For each presented data a minimum of two samples has
een prepared and measured.

As additional sublayers Cr, Pd, and silicone-like layers have
een deposited underneath the Pt thin film, i.e., between the
orous ELAT electrode substrate and the catalyst. Chromium
as sputtered from a 150 mm Cr diode target at 50 W rf power,
pressure of 2 Pa and room temperature. Cr and Pt were sput-

ered in the same vacuum chamber without breaking the vacuum
o avoid any oxidation. The Pd thin films were applied by vapor
eposition (≤0.6 Pa and room temperature). Silicone-like layers
ere deposited by a plasma enhanced chemical vapor deposition

PECVD) process from the silicon organic monomer hexam-
thyldisiloxane (HMDSO) at 20 W rf power, a pressure of 1.8 Pa
nd room temperature.

The introduction of the hydrogen-permeable materials like Pd
r plasma-polymerized HMDSO (pp-HMDSO) underneath the
node catalyst layer is intended to allow an improved accessibil-

ty to catalyst sites which are not directly adjacent to a micropore.

scheme of the layered structure on the porous graphite elec-
rode is shown in Fig. 2. Hydrogen entering from the bottom
owards the catalyst can not only be reduced at the catalytic
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Fig. 2. Diagram of (b) a MEA consisting of porous electrodes with
sputter-deposited catalyst layers, proton-conducting membrane (PEM), and a
silicone-like pp-HMDSO sublayer on the anode side. The enlargement (a)
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Fig. 3. FTIR spectrum of pp-HMDSO layer fabricated by plasma deposition
from HMDSO with characteristic vibration modes of Si O Si between 1100
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hows the micro-porous graphite electrode with added hydrogen-permeable
ayer (pp-HMDSO) underneath the anode catalyst to promote a higher hydrogen
istribution and accessibility of the catalyst.

ites directly at the pore but can move sideways through the
p-HMDSO (or Pd) to alternative catalytic sites that would oth-
rwise be inactive. Data for the hydrogen permeability of the
p-HMDSO layer and silicone was shown elsewhere [34,35]
nd equally reported for Pd [36,37].

The pp-HMDSO layers were analyzed by taking Fourier
ransform infrared (FTIR) spectra (Spectrum GX, Perkin-
lmer). Sputtered catalyst thin layers were characterized by
canning electron microscopy (SEM) photographs (LEO 1530
emini, LEO Electron Microscopy) and energy dispersive X-

ay (EDX) analysis (Link ISIS 300, Oxford Instruments) used
o map the surface distribution of, e.g., the elements Pt, C, or

on the electrodes (with a fixed window size set to 7.53 �m ×
.65 �m and a repetition of 500 frames).

. Results and discussion

Next to the aforementioned addition of thin layers of Pd
efore the deposition of the anode catalyst, silicone-like pp-
MDSO was analogously inserted to the anode side electrode
rior to the deposition of the Pt catalyst.

A FTIR spectrum of a deposited pp-HMDSO thin film layer is
epicted in Fig. 3. Its absorption bands can be assigned accord-
ng to the literature [38]. The spectrum shows a strong Si O Si
tretching vibration between 1090 and 1020 cm−1. It over-
aps with the Si CH2–Si vibration (1080–1040 cm−1) which

s accompanied by a much weaker peak at 1350 cm−1 due to the
i CH2–Si scissor vibration. The existance of this very weak
bsorption proves the additional polymerization via Si CH2–Si.
n contrast to the Si O Si and Si CH2 Si bridges in the

t

t
t

nd 1000 cm−1, Si (CH3)n at 1410 and 1260 cm−1, Si (CH3)3 end group near
50 cm−1, and cyclic compound Si (CH3)2 near 805 cm−1.

ange 1090–1020 cm−1, it can be clearly identified from this
eak and is one of the polymerization mechanism of HMDSO
39]. Methyl groups attached to Si have a very sharp band at
bout 1260 cm−1 due to the symmetric deformation vibration
f the CH3 group. Their asymmetric deformation results in a
eak band near 1410 cm−1. At about 850 and 805 cm−1 the

harp band of Si (CH3)n end group (n = 3) and cyclic com-
ounds (n = 2) vibration can be seen, respectively. The distinct
eaks near 2960 and 2905 cm−1 correspond to CH stretching in
H3 and CH2, respectively. No O H, C O, and C C is formed

n the plasma polymerization process as modes in the ranges
600–3200, 1850–1600, and 1580–1475 cm−1 are absent. These
esults proof that a silicone-like layer is successfully plasma-
olymerized from HMDSO. Previous research exhibited that
he permeability of hydrogen for this type of material is high
34], which should beneficially affect a homogeneous hydrogen
uel supply in fuel cells.

Fig. 4 depicts porous ELAT electrodes with a 0.054 mg cm−2

25 nm) Pt layer on pp-HMDSO thin layers of 4, 20, and 55 nm
hickness (measured on a non-porous reference sample). In
he SEM image for the 4 nm pp-HMDSO layer, only the Pt
ayer on the micro-porous graphite substrate can be identified.

ith increased pp-HMDSO layer thickness (Fig. 4b and c) and
qual Pt loading, the pp-HMDSO layer spreads out across the
orous ELAT electrode and obturates first micropores. The non-
onductive pp-HMDSO layer already generates charging effects
ue to the scanning electron beam at these increased layer thick-
esses, i.e., they are likely to negatively influence the electrode’s
erformance in fuel cells because of increased ohmic resistances.
his was proven by measuring the resistance with the current

nterrupt method [40]. The MEA resistance increases according
o the five bars on the left in Fig. 5 as the pp-HMDSO layer
hickness rises from 0 to 110 nm.
SEM images of 0.005 and 0.054 mg cm−2 Pt on porous elec-
rodes are shown in Fig. 6 along with 0.054 mg cm−2 Pt on a 1 nm
hin sublayer of Cr on the left and their EDX mapping images
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Fig. 5. Ohmic MEA resistance as determined by the current interrupt technique
from the immediate voltage rise recorded with an oscilloscope after interrupting
the current (250 and 300 mA cm−2) for samples with 0.054 mg cm−2 sputter-
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comparison with the previous results, where two thin layers of
ig. 4. A thin film of 25 nm Pt on silicone-like pp-HMDSO sublayers of (a)
nm, (b) 20 nm, and (c) 55 nm on uncatalyzed ELAT electrodes.

f the element Pt of the same detail on the right. By comparing
he images of 0.054 mg cm−2 Pt on the Cr sublayer with that
ithout this sublayer, a distinct and more continuous distribu-

ion of the Pt catalyst particles is apparent. When accumulating

he number of pixels according to their intensity (white repre-
enting the mapped element Pt) in Fig. 6(5) and (6) their amount
s increased when Pt is deposited on the Cr sublayer (see Fig. 7).

C
e
l

eposited Pt and 0, 4, 20, 55, 110 nm pp-HMDSO layer thickness added.
n addition resistances are shown for commercial catalyzed ELAT electrodes
oaded with 1 and 0.5 mg cm−2 Pt with and without a 3 min O2 plasma treatment.

ssuming that the topological differences of each investigated
ample level out over all tested samples, this indicates that the Pt
n the Cr sublayer is more evenly distributed across the electrode
s compared to the same Pt loading sputter-deposited directly
n the electrode.

This is in accordance with the previously presented results
33], where two thin sublayers of Cr were introduced into the
t catalyst layer, i.e., Cr was not deposited as a first layer or
eeding layer. The process of the simple integration of a single Cr
ublayer presented here, however, has the same morphological
ffect.

The graphs in Figs. 8 and 9 show the characteristic curves for
he fuel cells with the differently prepared catalysts loaded with
.054 mg cm−2 (25 nm) of sputter-deposited Pt. Other curves
n the graphs represent measurements for fuel cells prepared
ith electrodes loaded with 0.005 mg cm−2 (2.5 nm) Pt and cells
repared from catalyzed ELAT electrodes commercially loaded
ith 0.5 mg cm−2 Pt. From comparing the results of the elec-

rodes with 0.054 mg cm−2 Pt loading in the graph it can be
een that the insertion of Pd (20 nm) or pp-HMDSO (4 nm)
n the anode side as well as the introduction of thin layers
f Cr (1 nm) on both electrodes improve the performance. The
ddition of the Pd and pp-HMDSO layer underneath the anode
atalyst improves the peak power density by about 8 and 18%,
espectively. The thin layer of Cr under the Pt catalyst load-
ng of 0.054 mg cm−2 increases the maximum power density
rom 210 mW cm−2 for the fuel cell with conventionally sputter-
eposited Pt to 256 mW cm−2 for the cell with the Pt catalyst
puttered on a 1 nm thin Cr layer. This is an increase of the peak
ower density by slightly more than 23%.

The very simple additional process of introducing a Cr seed
ayer proves to be very effective to achieve a more dispersed
nd by this more efficient catalyst layer at low Pt loading. In
r had been inserted into the Pt catalyst, the performance is
ven more improved since the Cr seeds offer a more dispersed
ow energetic starting basis for the steady growth of Pt catalyst
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ig. 6. SEM images of uncatalyzed ELAT electrodes with (1) 2.5 nm Pt, (2) 2
lectrodes is shown on the right hand side of each SEM image, i.e., for (4) 2.5 n

lusters than does a solely deposited Pt catalyst base with added
r intermediate layers.

The graphs show also the characteristic curves for ELAT elec-
rodes loaded with just 0.005 mg cm−2 Pt. For miniaturized fuel
ells it was shown that the loading on the anode side can be
educed from 0.054 mg cm−2 to this ultra-low Pt loading without
ecreasing the performance [41] due to the high electrocatalytic

ctivity of Pt towards hydrogen oxidation.

The Pt mass specific power density of the MEAs with
lectrode loadings of 0.054 mg cm−2 Pt on a thin film of Cr
s 0.5 g kW−1 at 0.6 V and ambient conditions, whereas it is

t
c
f
a

Pt, and (3) 25 nm Pt on a 1 nm Cr seeding layer. EDX mapping for Pt of the
(5) 25 nm Pt, and (6) 25 nm Pt on Cr.

.6 g kW−1 without the Cr thin film. The MEA’s Pt mass spe-
ific power density is 0.15 g kW−1 when reducing both electrode
oadings to 0.005 mg cm−2 Pt.

The graphs in Figs. 10 and 11 show the characteristic curves
or fuel cells prepared with commercial catalyzed ELAT elec-
rodes with 0.5 and 1 mg cm−2 Pt loading. Their performance
mproves after treating the surface of the catalyzed ELAT elec-

rodes in an O2 plasma. The peak power density for the fuel
ells with a catalyzed ELAT electrode loading of 1 mg cm−2 Pt,
or example, improves from 235 mW cm−2 to 282 mW cm−2

fter the oxygen plasma treatment. This is an improvement of
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Fig. 7. Counts of EDX mapped pixels representing the element Pt vs. their
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Fig. 9. Power density vs. current density for fuel cells with 0.054 mg cm−2

(25 nm) sputter-deposited Pt catalyst (Pt25) and different added sublayers along
with the results for fuel cells prepared with 0.005 mg cm−2 (2.5 nm) Pt (Pt2.5)
and a catalyzed ELAT electrodes loaded with 0.5 mg cm−2 Pt are shown.
ntensity. White or intensity of 256 represents pure Pt spots. The inset shows an
nlargement of the high intensity region.

0%. For the commercial electrode with 0.5 mg cm−2 Pt the
nhancement was of approximately the same order. From EDX
apping investigations to study the close to surface distribu-

ion of the elements C, F, and Pt it can be concluded that in
he plasma carbon-containing species are burned from the sur-
ace and expose or uncover more Pt catalyst on the surface. This
ncreases the Pt catalyst density on the surface of the electrode
t the interface with the PEM. This effect is similar to the boost
n performance achieved by the sputter deposition of Pt on top
f commercially available Pt gas diffusion electrodes already
oaded with regular carbon-supported Pt catalyst [42]. Fig. 12

hows the counts representing carbon concentration for the nor-
al catalyzed ELAT electrode with 1 mg cm−2 Pt and the same

lectrode exposed to a 3 min oxygen plasma. The number of

ig. 8. Polarization curves for fuel cells with sputter-deposited 0.054 mg cm−2

25 nm) Pt catalyst (Pt25) and different added sublayers. For reference the results
or fuel cells prepared with 0.005 mg cm−2 (2.5 nm) Pt (Pt2.5) and commercial
atalyzed ELAT electrodes with 0.5 mg cm−2 Pt loading are shown.

Fig. 10. Polarization curves of normal and O2 plasma treated commercial cat-
alyzed ELAT electrodes (0.5 and 1 mg cm−2 Pt).

Fig. 11. Power density vs. current density of normal and O2 plasma treated
commercial catalyzed ELAT electrodes (0.5 and 1 mg cm−2 Pt).
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ig. 12. Counts of EDX mapped pixels representing the element C vs. their
ntensity. White or intensity of 256 represents pure C spots.

ounts at high intensities is shifted to lower intensities. This
tands for a decrease of spots containing carbon only or mostly
arbon towards a mix of carbon with other species (namely Pt) as
he emphasis of lower intensities increases. The reverse effect is
bserved for the platinum distribution. The shift coincides with
lower MEA resistance after the 3 min O2 plasma treatment as
an be seen from Fig. 5.

. Conclusion

Catalyst layers with low Pt loadings applied by sputter depo-
ition on standard gas diffusion layer substrates can be made
ore effective by adding additional sublayers. The insertion

f the hydrogen-permeable materials Pd or silicone-like pp-
MDSO sublayers underneath the anode catalyst thin film

mproves the performance of the fuel cells of up to 18%. It
s assumed that higher access of hydrogen is allowed to anode
atalyst sites which not directly border micropores. The addi-
ion of a thin film of Cr on both electrodes before the sputter
eposition of the Pt catalyst has a similar effect due to a change
n morphology. The effectiveness of the Pt catalyst is improved
y its more evenly distributed growth on the Cr seeds. With a Pt
oading per electrode of 0.054 mg cm−2 on a 1 nm Cr thin film
he platinum mass specific power density for MEAs at 0.6 V and
mbient conditions could be reduced to 0.5 g kW−1. A reduction
f 20% compared to the samples prepared without the Cr thin
lms. Future durability experiments will need to prove the long

ime stability of these catalysts.
The reference MEAs prepared from commercial catalyzed

LAT electrodes loaded with 0.5 mg cm−2 Pt could not out-
erform the cells prepared with low-loaded (0.054 mg cm−2)
putter-deposited Pt catalyst. Their Pt mass specific power den-

−1
ity is clearly >1 g kW . However, their performance could be
mproved by exposing them to an O2 plasma which removes
urface located carbon and PTFE elements from the electrode
urface and by this increases the available Pt catalyst sites allo-
ated to the electrode–PEM boundary.
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[4] M.J. Escudero, E. Hontañón, S. Schwartz, M. Boutonnet, L. Daza, J. Power

Sources 106 (2002) 206–214.
[5] S. Gamburzev, A.J. Appleby, J. Power Sources 107 (2002) 5–12.
[6] L. Xiong, A. Manthiram, Electrochim. Acta 50 (2005) 3200–3204.
[7] S.Y. Cha, W.M. Lee, J. Electrochem. Soc. 146 (1999) 4055–4060.
[8] A.T. Haug, R.E. White, J.W. Weidner, W. Huang, S. Shi, T. Stoner, N. Rana,

J. Electrochem. Soc. 149 (2002) A280–A287.
[9] T. Nakakubo, M. Shibata, K. Yasuda, J. Electrochem. Soc. 152 (2005)

A2316–A2322.
10] K. Makino, K. Furukawa, K. Okajima, M. Sudoh, Electrochim. Acta 51

(2005) 961–965.
11] S.R. Brankovic, J.X. Wang, R.R. Adžić, Electrochem, Solid-State Lett. 4
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