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a  b  s  t  r  a  c  t

Increasing  the  stability  and lifetime  of  the  electrodes  is  one  of  the  most  important  factors  in order  to  realise
a large  scale  use  of  polymer  electrolyte  membrane  fuel  cells  (PEMFC).  By  using  well-defined  thin-film
model  electrodes,  the stability  of Pt  and  Pt on  Ir  were  examined  as cathode  catalysts  in  a  single  cell  PEMFC
setup.  The  electrodes  were  fabricated  by evaporating  thin  layers  of  Pt and  Pt  on Ir onto  the  microporous
layer  of  a gas  diffusion  layer.  The  amount  of  Pt deposited  was  equivalent  to 3 nm  (about  6.3  �g  cm−2)
and  the  amount  of  Ir was varied  between  1.5 nm  and  20 nm  (between  3.4  �g  cm−2 and  45.3  �g  cm−2).
All samples  with  Ir showed  an  increased  stability  over  samples  with  sole  Pt  during  cyclic  corrosion  test
EMFC
xygen reduction

ridium oxide
latinum

between  0.6  V and 1.2 V vs. the  reversible  hydrogen  electrode.  For  thin layers  of  Ir, the  initial  activity
for  the  oxygen  reduction  reaction  was  equal  to or superior  to that of  sole  Pt  but  for  thicker  Ir  films
it  was  somewhat  lower.  Hydrogen  underpotential  deposition  and  CO  stripping  were  used  to  estimate
the  electrochemical  surface  area  during the  experiments  and  physical  characterisation  using  scanning
electron  microscopy  and  X-ray  photoelectron  spectroscopy  were  used  to  determine  the  structure  of  the
samples.  The  results  suggest  that  Ir can  stabilise  Pt  in the  cathode  electrode.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Today, high amounts of Pt catalyst are needed on the cathode
n the polymer electrolyte fuel cell due to the sluggish oxygen
eduction reaction. In addition, the loss of electrochemically active
urface area in the catalyst layer causes a considerable performance
oss over time. The degradation is more severe on the cathode than
n the anode, partly due to carbon corrosion, and it is therefore
mportant to find a way to improve the activity and stability of the
athode catalyst layer [1].

By using alternative materials as support for Pt, an enhanced
ctivity and stability may  be obtained [2–8]. An increased ORR
ctivity of a non-alloy, or catalyst on support, can be explained by

 spill-over mechanism of reactants or intermediates between the
wo materials or by the adlineation mechanism, where new sites

ith enhanced activity is created in the interfacial area between

he two materials [2,3,6]. The difference between Pt on a support
nd a Pt alloy are sometimes subtle and the effects of Pt on a
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support could be similar to the ones of an alloy. Recently there
has been a strong development of Pt monolayer catalysts, with a
very good Pt utilisation, improved activity and good stability [4].
The improved activity may  be related to a change in the Pt–Pt dis-
tance, changes in the electron structure or an increased repulsion
of OHad on Pt [4,7,8]. Metal oxides are generally rather stable in
the fuel cell environment and have been investigated both as sup-
port and combined with Pt in the catalyst layer in order to increase
the stability of the electrode and the activity for ORR [9–18]. The
advantage of using a metal oxide as catalyst support instead of car-
bon is a higher oxidation resistance, but additional effects such as
better adhesion of the Pt and higher ORR activity on the alternative
support material could also be achieved.

Ir (or Ir oxide) is a very good catalyst for the oxygen evolu-
tion reaction (OER) in acidic solution [19] and is therefore often
added to the Pt catalyst of the cathode in unitised regenerative
fuel cells [20–30]. Higher Ir content improves the OER whereas
too high amounts of Ir have a negative effect on the ORR [26,27].
Due to the high potentials obtained during electrolysis of water
in the regenerative mode it is important with an electrode which
is stable at those potentials. With Ti and Ir oxide as gas diffusion

layer, an improved stability of the catalyst layer has been achieved
[30]. Improved stability as well as higher activity for oxygen reduc-
tion was predicted in DFT calculations by Balbuena et al. [31] of
ternary alloys with Pt, Ir and Co or Cr. The improvements were

dx.doi.org/10.1016/j.electacta.2013.07.108
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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scribed to the stability of Ir and a lower binding energy of OH. IrO2
s well as Ir dendrites were shown by Oh et al. to inhibit carbon
orrosion in the catalyst layer by eliminating water around the car-
on support [32]. Pt–Ir alloys [33–36] or mixed monolayers of Pt–Ir
n Pd nanoparticles [37] have also shown enhanced catalytic activ-
ty for oxygen reduction. The Ir was also in those studies suggested
o weaken the adsorption strength of OH, which lowers the OH-
overage and facilitates the ORR [34,35,37]. Pt deposited on Ir oxide
as shown enhanced catalytic activity for ORR compared to Pt [10].
urthermore, Ir oxide alone has shown some activity for oxygen
eduction when deposited as nanoparticles on a carbon support in
he cathode of a polymer electrolyte fuel cell [38,39]. The studies

entioned above have all shown various beneficial effects on the
athode when Ir is included. Nevertheless, Ir is a noble metal, almost
s expensive as Pt, and the improvements need to be extensive in
rder to motivate the use of Ir in fuel cell catalysts.

In a previous study, thin-film model electrodes were used for
nvestigating the impact of different metal oxides on the stabil-
ty and activity of Pt in the cathode in a PEMFC [40]. This type of

odel electrode can be seen as a two-dimensional, thin slice of
 porous electrode with a three-phase interface of catalyst, sup-
ort material and Nafion. The model electrodes are well defined
nd fast to fabricate, in contrast to conventional porous electrodes
hich need synthesising of supported catalyst particles as well as

ptimisation of the electrode structure before the catalytic activity
an be tested in a fuel cell. In addition, it is very difficult to keep the
tructure of porous electrodes constant when examining different
aterials. The heterogeneous and complex structures of the porous

lectrodes also make it difficult to assess the true catalytic activity
ithout including effects from local mass transport, potential and
umidity conditions. Another advantage of the model electrode is
he low catalyst loading, resulting in low currents, which give low
R-losses, and limited water and heat production.

In the present study, the interaction between Pt and Ir is exam-
ned. Model thin film electrodes with Pt deposited on a thin metallic
ayer of Ir was prepared. It is however well known that Ir can form
rreversible thick layers of Ir oxides when cycled to higher poten-
ials [41,42], which may  influence the properties. The impact of
ifferent amounts of Ir on the activity and long-term stability of
hese electrodes is examined in a fuel cell.

. Experimental

.1. Model electrode preparation

CARBEL CL gas diffusion layers (GDL) were purchased from Gore
echnologies and the surface was cleaned with flowing nitrogen gas
rior to film deposition. Thin catalyst films were deposited by ther-
al  evaporation in vacuum (AVAC HVC600, at about 10−6 mbar).

r and Pt were evaporated on to the GDL at controlled thicknesses,
easured with a quartz crystal microbalance sensor located in the

hamber. The amount of Pt deposited was equivalent to 3 nm (about
.3 �g cm−2) and the amount of Ir was varied between 1.5 nm and
0 nm (between 3.4 �g cm−2 and 45.3 �g cm−2). The samples are
amed according to the amount of material in the following way;
PtzIr, represents a sample with y nm of Pt deposited on top of z
m of Ir, which in turn was deposited on GDL.

.2. Electrode morphology and chemistry characterisation
The thin film catalysts morphology was characterised by scan-
ing electron microscopy (SEM, Leo Ultra 55 FEG) operating at 10 kV

n the secondary electron mode. Chemical characterisation was per-
ormed using X-ray photoelectron spectroscopy (XPS, Perkin Elmer
a Acta 111 (2013) 152– 159 153

PHI 5000 C ESCA system) using monochromatic Al K� radiation and
a 45◦ take-off angle [43].

2.3. Electrochemical evaluation

Circular disks with a diameter of 14 mm  were punched out from
the thin film electrodes and used as working electrodes (WE) in
electrochemical evaluation in fuel cell measurements. Before the
preparation of the membrane electrode assembly (MEA) some of
the samples were sprayed with a Nafion solution. This was done
with 2% Nafion in isopropanol and approximately ten times with
drying in between until the surface became shiny of a thin layer of
Nafion. In order to prepare MEAs, the thin model electrode disks
were placed onto 45 × 45 mm pieces of NafionTM 115 membranes
(Nafion 115, Aldrich). The membranes had previously been cleaned
by boiling in 3% H2O2 for 1 h, in 0.1 M H2SO4 for 1 h and finally in
three successive baths of Milli-Q water for 1 h each after which
the membranes were dried in an oven at 80 ◦C overnight. Com-
mercial porous ELAT electrodes (30% Pt on Vulcan XC-72) with a
loading of 0.5 mg  Pt cm−2 were placed on the counter side of the
membrane and used as combined counter and reference electrode
(CE/RE). The MEAs (thin film electrode on GDL + membrane + ELAT
electrode) were hot pressed at 135 ◦C for 30 s at 1 MPa. The MEA
was mounted in a laboratory PEEK (polyether–etherketone) fuel
cell, described elsewhere [44], with cylindrical, 30 mm in diame-
ter, graphite current collector with spirally formed gas channels
and a clamping force over the current collectors of 380 N.

For the standard case, if nothing else is mentioned, the gases
were humidified in heated humidifiers (Fuel Cell Technologies Inc.)
held at 77 ◦C, resulting in 90% relative humidity (RH) in the fuel cell
with a cell temperature of 80 ◦C. Cyclic sweeps were performed
with O2 or N2 on the WE  and 5% H2 in Ar at the CE/RE fed in
excess at 1 ml  s−1. The very low loading on the WE,  compared to
the porous CE/RE, made it possible to use 5% H2 in Ar which avoids
crossover of hydrogen to the WE.  The CE/RE was also assumed not
to be polarised due to the low current density. All measured poten-
tials from the fuel cell tests are referred to the reversible hydrogen
electrode (RHE) and the potentials have therefore been corrected
for the 45.5 mV shift due to the lower hydrogen partial pressure (5%
H2 in Ar).

After 2 h of constant gas flow at the correct temperature, the
electrochemical measurements always started with cyclic sweeps
in nitrogen to get a description of the surface processes on the elec-
trode. This was followed by an activation procedure by 2000 cycles
at 20 mV  s−1 between 0.6 V and 0.9 V vs. RHE in oxygen after which
further measurements were performed.

CO-stripping curves were recorded in the potential window
between 0.05 V and 1.2 V, at a sweep rate of 20 mV s−1. After a cycle
in humidified N2 gas, the potential scan was  stopped at 0.15 V and
the gas flow shifted to CO-containing gas (2% CO balanced with Ar)
for CO adsorption during 2 min. Thereafter the inlet gas was shifted
back to nitrogen for 5 min, to flush out remaining CO in the cell,
before subsequent stripping.

3. Results and discussion

3.1. Materials characterisation

SEM and XPS were employed to characterise the structure of
the thin-film model electrodes prior to the electrochemical eval-
uation. Fig. 1 shows SEM images of 3Pt, 3Ir, 3Pt3Ir, 3Pt20Ir, and

3Pt1.5Ir evaporated on GDL. In agreement with what has been
shown before, evaporating 3 nm of Pt results in a non-continuous
Pt film of separated nanoparticles, roughly 3–6 nm in size on the
exposed area of the GDL [39]. The structure of 3 nm Ir film on GDL is
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malised to the projected surface area) has decreased significantly
after 1000 degradation cycles, from 0.18 to 0.05 cm2

Pt cm−2, cal-
culated from the HUPD charge. This corresponds quite well to the
loss in performance seen in the polarisation curves, see Fig. 3 and

Table 1
Electrochemically active surface area (ECSA) estimated by the HUPD charges from
the  cyclic voltammograms in Fig. 4 normalised to the projected area of the samples
and  current density at 0.7 V in Fig. 3.

Sample Pt surface area factor/
cm2

Pt cm−2
j0.7 V/10−3/A cm−2
ig. 1. High resolution SEM images of (a) a pristine piece of GDL, and (b) 3 nm Pt,
hin-film model electrodes deposited on GDL.

ery similar to that of the 3Pt sample, with isolated particles. For the
ample with 3 nm Pt on 3 nm Ir, it looks like there are still isolated
articles, but they are larger than for the samples with only 3 nm
f metal evaporated and some particles appear to have coalesced.

 nm Pt on 1.5 nm Ir is essentially very similar to the 3Pt3Ir sample.
inally, a 20 nm thick Ir film cover the exposed carbon surface with

 continuous layer. It is difficult to distinguish between Pt and Ir
n the SEM images, thus it is hard to say much about the structure
f the individual metals in the combined samples. However, some
nformation about this can be obtained from the XPS data.

Fig. 2a shows overview spectra for 3Pt, 3Ir, and 3Pt3Ir. The (4f)
ore level peaks for Pt and Ir for all samples are shown in Fig. 2b
nd c, respectively. From the overview spectra (Fig. 2a) it can be
oticed that the Ir signals from the 3Pt3Ir sample is very low which

ndicates that Pt effectively covers most of the Ir. The same was
bserved for the 3Pt1.5Ir sample. The atomic distribution of Pt vs.
r was found to be about 91% and 94% Pt (9% and 6% Ir) for 3Pt3Ir and
Pt1.5Ir, respectively. Both Pt and Ir were found to be in metallic
orm after fabrication, with the (4f7/2) peak located around 71.5 eV
nd 61.3 eV, respectively.

.2. Electrochemical results

Fig. 3 displays polarisation curves in oxygen for 3Pt and 3Pt3Ir
irectly after activation, after 1000 degradation cycles, and for

Pt3Ir, also after 2000 cycles. It can be seen that the polarisation
urves of 3Pt and 3Pt3Ir are similar after the activation. The extra
ayer of 3 nm Ir does not have any effect on the oxygen reduction
ctivity of the electrode. When the electrodes are cycled between
m Ir, (d) 3 nm Pt on 3 nm Ir, (e) 3 nm Pt on 20 nm Ir, and (f) 3 nm Pt on 1.5 nm Ir

0.6 V and 1.2 V the performance decreases much faster on 3Pt than
on 3Pt3Ir. After 1000 cycles, 3Pt3Ir performs much better than 3Pt
and first after a further 1000 cycles, 3Pt3Ir performs similar to what
3Pt did after only 1000 cycles.

In a previous study using thin-film model electrodes, we showed
that the loss in ORR performance corresponded well to the loss
of electrochemically active surface area estimated by the charge
of the hydrogen under potential deposition (HUPD) determined
from cyclic voltammograms [40]. Fig. 4 shows the cyclic voltam-
mograms corresponding to the polarisation curves in Fig. 3. The
cyclic voltammogram of 3Pt displays features characteristic for Pt,
with well-defined hydrogen adsorption/desorption peaks and Pt-
oxide formation/reduction peaks. In Table 1, it can be seen that the
electrochemically active surface area (ECSA, here presented nor-
3Pt 3Pt3Ir 3Pt 3Pt3Ir

Activated 0.18 0.11 3.0 3.0
1000 cycles 0.05 0.11 1.3 2.2
2000 cycles – 0.06 – 1.3
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ig. 2. XPS spectra presented as (a) overview spectra for 3 nm Pt, 3 nm Ir, and 3 nm
amples deposited on GDL.

able 1. The cyclic voltammograms of 3Pt3Ir display similar hydro-
en adsorption/desorption peaks as 3Pt whereas the response in
he oxide formation region is quite different from 3Pt. The initial
UPD charge of 3Pt3Ir is however lower than for 3Pt. The response at

igher potentials, in the oxide formation region, is most likely due
o an overlap of the Pt-oxide formation/reduction and the response
f Ir. During the potential cycling of the electrode in the activation
rocedure, a hydrous Ir oxide layer is most likely created, similar to
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3Pt3Ir  -  1000 cycles

3Pt3Ir  -  2000 cycles
  3Pt   -  activated

3Pt   -  1000 cycles

ig. 3. Polarisation curves in oxygen for 3Pt and 3Pt3Ir, activated and after 1000
nd  2000 cycles between 0.6 V and 1.2 V vs. RHE. Cell temperature 80 ◦C, relative
umidity 90%, scan rate 20 mV s−1.
3 nm Ir and high resolution scans (b) of Pt(4f) and (c) Ir(4f) regions for all thin-film

what has been found previously in literature [29,45,46]. The high
oxidation and reduction charges around 1 V may then be attributed
to the change of oxidation state of Ir within the oxide, which has
been described in literature [29,41,42,47–49]. When the electrode
is cycled further, the charges in the oxide region decrease signif-
icantly. However, the HUPD charge does not decrease to the same
extent. When calculating the electrochemically active surface area
from the HUPD it is actually the same before and after 1000 degra-
dation cycles, 0.11 cm2

Pt cm−2, whereas it is reduced about 50%, to
0.06 cm2

Pt cm−2, after 2000 cycles. For 3Pt3Ir, the HUPD area does
not directly correspond to the activity for oxygen reduction in the
polarisation curve, see Figs. 3 and 4 and Table 1. In the literature,
varying results can be found regarding the HUPD region of Ir and Ir
oxide. Upon cycling (i.e. when creating Ir oxide) no or just a very
small HUPD charge was  observed in some studies [45,47,50], while a
decreasing, but clearly resolved, HUPD charge was found by others
[29,42,49]. This behaviour may  be attributed to the low conduc-
tivity of the reduced form of Ir oxide [42]. Bock et al. have on the
other hand seen clearly resolved HUPD charges [46]. The thin model
electrodes used in this work have both Pt and Ir and thus it can be
noted that the electrochemically active surface area determined by
the HUPD charge does not seem to directly correspond to the activity
for oxygen reduction in the polarisation curves.

For the thin model electrodes used in Figs. 3 and 4, the only pro-
ton conducting media is the membrane that is pressed against the

catalyst. In order to improve the proton conductivity and increase
the electrochemically active surface, a Nafion solution was sprayed
onto the electrodes before hot pressing the MEA. The polarisation
curves of Nafion covered 3Pt and 3Pt3Ir are shown in Fig. 5. When
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Fig. 6. CO-stripping of (a) 3Pt3Ir and (b) 3Pt, (1) activated and after (2) 1000, (3)
ig. 4. Cyclic voltammograms in nitrogen at 100 mV  s−1 on (a) 3Pt3Ir and (b) 3Pt.
ell  temperature 80 ◦C, relative humidity 90%.

omparing the initial polarisation curves of the activated Nafion
overed electrodes in Fig. 5 with the uncovered electrodes in Fig. 3,
t can be seen that the performance has become much better by
praying Nafion onto the electrode for both 3Pt and 3Pt3Ir. The
mprovement is most likely related to an increase in the electro-
hemically active surface area. The extra Nafion layer may  however
ave affected the mass transport of reactants to the active sites to
ome extent, giving rise to slightly steeper polarisation curves at
igher current densities. When comparing the Nafion covered elec-
rodes in Fig. 5, the initial activity of 3Pt3Ir is slightly higher than
he activity of 3Pt. In addition, the loss in performance caused by

he cycling is also clearly lower on 3Pt3Ir when compared to 3Pt.
his trend is in good agreement with the results from the samples
ithout Nafion.
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emperature 80 ◦C, relative humidity 90%, scan rate 20 mV s−1.
2000 and (4) 3000 potential cycles between 0.6 V and 1.2 V vs. RHE. Cell temperature
80 ◦C, relative humidity 90%, scan rate 20 mV s−1.

Since the HUPD charge was  shown to not fully correlate with the
oxygen reduction activity in the PtIr samples, CO-stripping was  per-
formed in addition to the cyclic voltammograms after each period
of 1000 degradation cycles, in order to determine the electrochem-
ically active surface area and further characterise the degradation.
The CO-stripping results are shown in Fig. 6. For 3Pt3Ir, the
oxidation starts at lower potentials than for 3Pt, around 0.5 V com-
pared to 0.55 V vs. RHE. The charge below the CO oxidation peak of
the activated samples is quite similar for Pt and PtIr, with 680 �C
and 600 �C respectively. Despite the slightly higher CO oxidation
charge of 3Pt, 3Pt3Ir displays a higher activity for oxygen reduction
(Fig. 5). The CO-stripping peak decreases with increasing number
of degradation cycles, for both samples. However, the charge of
the CO-stripping peak for 3Pt3Ir is decreasing faster than for 3Pt
and does not seem to correlate very well to the performance in the
polarisation curves. The correlation between CO-stripping charge
and activity in the polarisation curve is good for 3Pt, but it could be
questioned if CO adsorption is an appropriate method to determine
the electrochemically active surface of 3Pt3Ir. Even if there is no
good correlation between the CO adsorption and electrochemically
active surface area, there is a clear difference in the shape of the
CO-stripping peak for Pt and PtIr. Chen et al. showed in their
study that the HUPD charges and the CO-stripping charges gave
similar values for the electrochemically active surface area of elec-

trodes with Pt deposited on Ir oxide, assuming linearly bonded CO
[51]. However, for the 3Pt3Ir electrodes covered with Nafion used
in this work, the HUPD charges are very low which is similar to
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A decrease in the HUPD charges as well as in Pt-oxide reduction peak
omparison and (b) cyclic voltammograms in N2 at 100 mV s−1. Cell temperature
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bservations made by Slavcheva et al. where diminishing HUPD
harges on sputtered electrodes with Pt and Ir oxide with increas-
ng hydration of the Ir oxide layer was seen [29]. Others have shown
hat especially anodically formed Ir oxide films do not display any
UPD charges [47,50]. No comparison with the HUPD charges was

herefore possible to make. For Pt on Ir oxide there is a decrease in
he main peak and a growth of a second peak at higher potentials
ith increasing number of cycles. The onset of the CO oxidation is

lso shifted to higher potential for each 1000 cycle period. Pt does
nly display a decrease in the main peak which is also shifted to
igher potentials, which is similar to observations made in another
egradation study performed with Pt model catalysts [40].

The measurements made with 3Pt and 3Pt3Ir indicate that Ir
ay  stabilise the electrodes. In order to better understand the role

f Ir in the thin model electrodes, a thinner (1.5 nm)  and a thicker
20 nm)  Ir film, but constant amount of Pt (3 nm)  was studied elec-
rochemically. This was done with electrodes covered with Nafion
nd the results are shown in Figs. 7 and 8 as polarisation curves
nd cyclic voltammograms of 3Pt20Ir and 3Pt1.5Ir. For 3Pt20Ir, the
igh amount of Ir resulted in a large contribution from the change
f oxidation state of Ir in the polarisation curves at 20 mV  s−1.
he polarisation curves were therefore recorded at 1 mV  s−1, in
igs. 7a and 8a. 3Pt20Ir does initially display a lower activity than
Pt for the oxygen reduction (Fig. 7a). However, after 1000 degra-
ation cycles, the performance has improved and is rather stable.

ot until after 3000 cycles does the performance fall below the ini-

ial values. When comparing the cyclic voltammograms of 3Pt20Ir
fter activation and after 1000 cycles in Fig. 7b, an increase can be
Fig. 8. 3 nm Pt on 1.5 nm Ir, (a) polarisation curves in O2 at 1 mV  s−1 together with 3Pt
for comparison and (b) cyclic voltammograms in N2 at 100 mV s−1. Cell temperature
80 ◦C, relative humidity 90%.

seen in the peaks around 0.95 V vs. RHE, corresponding to the oxi-
dation/reduction of Ir oxide. A decrease of the HUPD charges can
also be seen.

The increase in charges in the oxide region as well as the
decrease in HUPD charges is consistent with the growth of the
hydrous Ir oxide layer upon cycling, according to literature [29].
The improvements seen in the polarisation curves could possibly
be explained by an increased electrochemically active surface area
due to the increased hydration and wetting of the active sites. When
continuing cycling, a decrease in charges can be seen over the whole
potential range in the cyclic voltammogram which may  be related
to a loss in electrochemically active surface area. Still, after 3000
cycles, the 3Pt20Ir performs much better than 3Pt. The electrode
with 20 nm Ir may  be considered to be more stable.

Measurements were also performed with 3Pt1.5Ir in order to
compare the impact of a thick Ir layer with a thin. Due to the rel-
atively high cost of Ir, it is also valuable to evaluate if also small
amounts of Ir have a stabilising effect on the electrode. The ini-
tial activity of 3Pt1.5Ir is slightly better than the activity of 3Pt
(Fig. 8a). The performance of 3Pt1.5Ir is decreased when cycling
the potential, but it still performs better than 3Pt after 2000 cycles.
The good initial performance of 3Pt1.5Ir compared to 3Pt20Ir may
be caused by a lower electronic resistance with a thinner layer of Ir.
The cyclic voltammograms display similar features as a Pt electrode.
is seen when cycling the electrode. If there were any formation of
an Ir oxide layer this was most likely already completed in the acti-
vation procedure and only a loss of electrochemically active surface
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rea occurs when cycling the electrode. However, the loss of per-
ormance may  be slightly slower for 3Pt1.5Ir than for 3Pt, but the
ffect is minor.

. Conclusions

The impact of different amounts of Ir on the activity and stability
f thin model electrodes with Pt was examined in a fuel cell. The
tability of the electrodes with Ir was generally improved compared
o sole Pt. However, the results were quite different with different
mounts of Ir and in order to interpret the results properly, the
ormation of Ir oxide and also the hydration of the Ir oxide layer
eeds to be considered. When cycling the electrodes there is an

ncrease in the charges around 0.95 V, which corresponds well to
alues found in literature for the oxidation/reduction of Ir oxide. For

 thicker film of Ir it takes longer time of cycling to obtain maximum
mount of formed Ir oxide. The formation of hydrous Ir oxide seems
o increase the electrochemically active surface area, possibly due
o better wetting of the catalyst which in turn seems to increase the
xygen reduction activity. For a thicker layer of Ir the initial 2000
egradation cycles actually improve the performance, whereas for

 thin layer of Ir only a loss in electrochemically active surface
rea and performance is seen during the degradation cycling. This
ould possibly be explained by the formation of a hydrous Ir oxide
ayer that is completed already during the activation for thinner
ayers of Ir whereas it for thicker layers of Ir, continues to grow
lso during the deactivation cycling. However, also 3Pt1.5Ir dis-
lays a better stability than 3Pt. The initial activity is also different
or the electrodes with 1.5 and 3 nm and 20 nm Ir. The two  former
lectrodes display slightly higher activities in the oxygen reduc-
ion polarisation curves than 3Pt, whereas 3Pt20Ir performs worse.
his may  be explained by the higher resistance of a thicker layer of a
etal oxide. Due to the response of Ir oxide in the cyclic voltammo-

ram, with reduced HUPD charges when activated as well as overlap
f the peaks for oxidation/reduction of Ir oxide and Pt-oxide for-
ation/reduction, it was difficult to get a proper measure of the

lectrochemically active surface area. The electrochemically active
urface area determined by the CO-stripping charges did not seem
o correspond very well to the activity seen in the polarisation curve
or oxygen reduction. Ir has a stabilising effect on the thin model
lectrodes with Pt. A part of the effect may  be related to an improved
tilisation of the catalyst when the hydrous Ir oxide is being formed,
ut does not fully explain the improved stability of the electrodes
ith Ir.
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