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Abstract
This research was designed to meet Daimler systematic efforts to address future
electromobility demands. The work focuses on developing potential cathode catalysts and
tests procedures to be employed in prototype fuel cells. In order to achieve commercial costcompetitive polymer electrolyte membrane fuel cells (PEM FC), the following major
challenges have to be addressed: i) the catalytic mass activity of the cathode catalysts has to
be at least 0.44 A/mgPt representing an increased factor of four compared to standard carbon
supported platinum Pt/C catalysts, ii) maintenance of an enhanced activity over the catalysts
life time of about 6000 h, and iii) low cost of the cathode catalysts with less than 5 $/kW.
To increase the performance and reduce the costs, Pt atoms of standard nanoparticle
catalysts were partially replaced with non-noble metal Cu to result in PtCux-skeleton and
core-shell. The durability of the catalysts prepared in-house was systematically evaluated and
clarified for various fuel cell voltage cycles. The core-shell catalysts with a mass activity of
about 0.5 A/mgPt and a gain in stability of 20 % (normalized to Pt surface area) versus the
standard Pt, is a promising approach to be prototyped in fuel cell stacks. Harsh conditions of
1.2 V or higher, developed at the cathode during start-up/shut-down (SU/SD), significantly
lower the catalyst stability and impose mitigation strategy against high potentials. Hence a
better understanding of the catalysts degradation mechanism under SU/SD is required.
A liquid electrolyte SU/SD test procedure is proposed and developed in this work, based
on automotive stack voltage responses. The ex-situ test procedure has the advantage of being
faster and less costly than in-situ tests. In addition, it allows distinguishing between
quantifying the failure modes contributing to degradation: i) Pt dissolution, ii) Pt
agglomeration and iii) carbon corrosion. The SU/SD degradation process depends on the
frequency of the vehicle’s stop/start events and the time spent in between two events. While
repetitive transients from 0.6 − 1.4 V results in high corrosion rates, the longer times spent
under stop (e.g., 1.0 V) or driving (e.g., 0.6 − 0.85 V) leads to passivation of the catalysts
surface. The species passivating the catalysts surface can be removed by the repetitive
transients at high potentials, without damaging the catalyst. However, on a bare Pt surface the
high potentials transient’s results in high corrosion rates.
Accelerated degradation test procedures for the Pt-based cathode catalysts, simulating the
drive cycles, are also developed and discussed in this research. Square wave cycles (SWC)
and triangular wave cycles (TWC) were systematically evaluated and compared. The
comparison between the profiles shows that SWC results in an accelerated loss of the ECSA
I

Abstract
compared to TWC. To achieve 40 % loss in ECSA, only 4 h test of 0.6 – 1.2 V SWC is
necessary and more time of 20 h for a laboratory TWC test. Moreover, longer times of 6000 h
are necessary to achieve the same ECSA loss under load cycles of 0.6 – 0.85 V TWC.
Therefore, for benchmarking cathode catalysts, SWC could be considered as accelerated
degradation test. The test procedure was successfully validated by single-cell and half-cell test
methods. The results of Pt surface area loss and catalytic oxygen reduction activity were
found in excellent agreement for both testing methods.
The knowledge achieved in this research provides technology insights to potential
application in the electromobility development in Daimler.
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Figure Captions
Fig. 1.1:

Basic design of PEM fuel cell.
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Fig. 1.2:

Activity versus the experimentally measured d-band center relative to

11

platinum. The activity predicted from DFT simulation is shown by filled
circles and the measured activity is showed by open circles.
Fig. 1.3:

The PtO growth mechanism (a) water adsorption, (b) Discharge of a half

13

monolayer of H2O molecules and formation of a half monolayer of
chemisorbed oxygen (Ochem), (c) Discharge of the second half monolayer
of H2O molecules; the process is accompanied by the development of
repulsive interactions between (Pt-Pt)δ + and Ochem

δ−

surface species that

stimulate an interfacial place-exchange of Ochem and platinum surface
atoms. (d) Formation of a quasi-3D surface PtO lattice.
Fig. 1.4:

Dissolved platinum concentrations as a function of potential: (crosses)

14

76°C in 1 M H2SO4, (empty triangles) 23°C in 0.57 M HClO4, circles
196°C in concentrated H3PO4, (filled triangles) 23°C in 1 M H2SO4,
(upright filled triangle) 35°C in 1 M H2SO4, (square) 51°C in 1 M H2SO4,
(diamond) 76°C in 1 M H2SO4. The dashed-dotted lines and the solid
lines were calculated from the Pourbaix diagram at 25°C and 196°C.
Fig. 1.5:

The main mechanisms for degradation of carbon-supported platinum

15

nanoparticles in PEMFC (a) Particle migration and coalescence (b)
Electrochemical Ostwald ripening (c) Dissolution of platinum and its
precipitation in a membrane by hydrogen molecules from the anode.

Fig. 2.1:

Technology evolution touereds better eficiency and sustainabily serving
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to „Moving the world“.
Fig. 2.2:

Main specific parameters for cathode catalysts evaluation.

21

Fig. 2.3:

Research strategy.

24

Fig. 3.1:

Schematic of catalyst preparation.

27

Fig. 3.2:

Scheme of a rotating ring disk electrode with the schematically

44

streamlines in the electrolyte.
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Captions
Fig. 3.3:

Double-disk Thin-layer Flow Cell configuration. (A) Glassy carbon with

48

the working electrode (generator) at its inner side. (B) Kel-F body of the
cell with the flow channels. (C) Polycrystalline Pt disk shape electrode
(collector).

Fig. 4.1:

Effect of Pt loading over the ORR mass activity at the beginning of life

53

(BoL) and end of life (EoL) after 1000 cycles between 0.6 ‒ 1.2 V with 1
V/s.

Fig. 5.1:

ECSA loss during potential cycling 0.6 ‒ 1.1 V with 1 V/s, in H2SO4 for
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10000 cycles of the PtCux-skeleton (squares), of the core-shell which was
electrochemically dealloyied at 0.5 ‒ 1.1 V (triangle up) and at 0.5 ‒ 1.2
V (triangle down) and for Pt/C catalysts (circles).
Fig.5.2:

ECSA losses determined under low potential scans 0.05 ‒ 0.6 V for core-
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shell catalyst dealloyied under 0.5 ‒ 1.2 V and PtCux-skeleton where a)
first cycle, b) after 10000 cycles, c) after 400 potential cycling cleaning of
0.5 ‒ 1.1 V.
Fig. 5.3:

ECSA losses of the Pt-skeleton (squares), PtCux-core-shell dealloyed at

61

0.5 - 1.2 V (triangles) and for Pt/C catalysts (circles), during potential
cycling 0.6 ‒ 1.2 V with 1 V/s, in H2SO4 for 10000 cycles.
Fig. 5.4:

TEM image and size distribution of (a) PtCux-bulk alloy, (b) PtCux-core-
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shell after degradation at 0.6 ‒ 1.1 V, (c) PtCux-core-shell after
degradation at 0.5 ‒ 1.2 V. Both samples were dealloyied at 0.5 ‒ 1.2 V.
Fig. 5.5:

Breakdown of the different degradation mechanism represented by the

64

losses of ECSA 33 % (squares), Pt dissolution 32 % (circles) and
dispersion 2 % (triangles), versus the number of cycles for PtCux-coreshell catalysts under potential cycling 0.6 ‒ 1.1 V. The core-shell was
obtained by dealloying at 0.5 ‒ 1.2 V.
Fig. 5.6:

Breakdown of the different degradation mechanism represented by the
losses of ECSA 81 % (squares), Pt dissolution 54 % (circles) and
dispersion 64 % (triangles), normalized vs. the corresponding number of
the cycles of potential cycling 0.6 ‒ 1.2 V for PtCux-core-shell catalysts,
which was dealloyied previously at 0.5 ‒ 1.2 V.
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Fig. 5.7:

ICP-MS data of Pt (white columns) and Cu (red columns) atoms lost
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under potential cycling of 0.6 ‒ 1.2 V. Where a) represents the Cu lost
during dealloying under 0.5 ‒ 1.2 V, b) Cu lost during acid chemical
leaching, c) platinum lost during dealloying.
Fig. 5.8:

Behaviour of the PtCux as cathode material in fuel cells. PtCux-bulk alloy

67

could be leached in acidic media to Pt-skeleton, or electrochemically
dealloyied to PtCux-core-shell. Pt-skeleton under fuel cell operational
condition will develop into a core-shell structure. PtCux-core-shell is
stable as long as the shell is not restructured.
Fig. 5.9:

Mass activity loss of Pt/C catalysts normalized versus initial catalysts
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amount (empty squares), Pt amount left at the working electrode (circles),
and dispersion factor (full squares), considering potential cycling 0.6 ‒
1.2 V.
Fig. 5.10:

Mass activity loss of PtCux-core-shell, dealloyed at 0.5 ‒ 1.2 V,
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normalized versus initial catalysts amount (empty squares), Pt amount at
the working electrode (circles), and dispersion factor (full squares),
considering potential cycling 0.6 ‒ 1.2 V.
Fig. 5.11:

X-ray diffraction profiles of carbon-supported Pt25Cu75 precursor
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catalysts.
Fig. 5.12:

Basic voltammogram of PtCux precursor (blue), PtCux-core-shell (dark
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green) and PtCux-skeleton (red).
Fig. 5.13:

Basic voltammogram of PtCux-core-shell (blue) and PtCux-skeleton (red),
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Pt/C (brown).
Fig. 5.14:

Multiple COads stripping over PtCux-bulk nanoparticle showing the
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enrichment of Pt-atoms at the surface while Cu dissolute in the
electrolyte.
Fig. 5.15:

Multiple COads stripping mass spectrometer current of PtCux-bulk
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nanoparticle.
Fig. 5.16:

COads stripping voltammograms of PtCux-core-shell versus Pt/C.
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Fig. 5.17:

COads stripping mass spectrometer current of PtCux-core-shell versus Pt/C.
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Fig. 5.18:

ORR specific activities PtCux-skeleton (triangles) and core-shell (circles)
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before (filled symbols) and after (empty symbols) potential of 0.05 ‒ 0.6
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V and after electrochemical cleaning (light green stars ‒ PtCux-core-shell
and dark green stars ‒ PtCux-skeleton).
Fig. 5.19:

ORR mass activities PtCux-skeleton (triangles) and core-shell (circles)
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before (filled symbols) and after (empty symbols) potential of 0.05 ‒ 0.6
V and after electrochemical cleaning (light green stars ‒ PtCux-core-shell
and dark green stars ‒ PtCux-skeleton).
Fig. 5.20:

ORR specific activities PtCux-skeleton (triangles) and core-shell (circles)
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before (filled symbols) and after (empty symbols) potential of 0.6 ‒ 1.1 V.
Fig. 5.21:

ORR mass activities PtCux-skeleton (triangles) and core-shell (circles)
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before (filled symbols) and after (empty symbols) potential of 0.6 ‒ 1.1 V.
Fig. 5.22:

ORR specific activities PtCux-skeleton (triangle) and core-shell (circles)

78

at the beginning of test (empty symbols), at the end of degradation (filled
symbols) under potential of 0.6 ‒ 1.2 V.
Fig. 5.23:

ORR mass activities PtCux-skeleton (triangle) and core-shell (circles) at

79

the beginning of test (empty symbols), at the end of degradation (filled
symbols) under potential of 0.6 ‒ 1.2 V.
Fig. 5.24:

H2O2 yields measured during ORR for PtCux-skeleton (triangles) and
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core-shell (circles) before (filled symbols) and after (empty symbols)
potential of 0.05 ‒ 0.6 V and after electrochemical cleaning (light green
stars ‒ PtCux-core-shell and dark green stars ‒ PtCux-skeleton).
Fig. 5.25:

H2O2 yields measured during ORR for PtCux-skeleton (triangles) and
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core-shell (circles), before (filled symbols) and after (empty symbols)
potential of 0.6 ‒ 1.1 V .
Fig. 5.26:

H2O2 yields measured during ORR for PtCux-skeleton (triangles) and
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core-shell (circles), before (filled symbols) and after (empty symbols)
potential of 0.6 ‒ 1.2 V.
Fig. 5.27:

Initial basic voltammogram of PtCux MEA, first scan (brown)
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corresponds to the Cu atoms presents at the catalysts surface; the firsts 10
scans (light blue) represents the graduate leaching of Cu with the
formation of a core-shell structure after 200 cycles (dark blue), and after
H2SO4 treatment of the MEA (red) .
Fig. 5.28:

Tafel plots exposed to H2/air illustrating the Pt and PtCux mass activity at
0.9 V.
X
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Captions
Fig. 5.29:

The voltage-current diagram of the PtCux MEA. The cell testing
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conditions were set for 80oC, 100 % RH, 2 bar for H2/O2 and 80oC, 60 %
RH, 2 bar for H2/Air.
Fig. 5.30:

X-ray diffraction profiles of carbon-supported PtCox-bulk catalysts.
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Fig. 5.31:

Initial basic voltammogram of Pt/C bulk (brown), PtCux (blue) and PtCox
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(red).
Fig 5.32:

Basic voltammogram of Pt/C bulk (brown), PtCux (blue) and PtCox (red),
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performed after 50 cycles between 0.6 ‒ 1.1 V.
Fig. 5.33:

Active Pt surface area loss under potential cycling 0.5 ‒ 1.1 V with 1 V/s
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for 10000 cycles, in H2SO4, of the PtCux-core-shell (circles), PtCox
(triangles) and Pt/C (square) catalysts.
Fig. 5.34:

Specific activities of PtCux-core-shell (circles), PtCox (triangles) and Pt/C

87

(square) catalysts before (filled symbols) and after (empty symbols)
degradation under potential of 0.05 ‒ 1.1 V.
Fig. 5.35:

Mass (geometric) activities of PtCux-core-shell (circles), PtCox (triangles)

88

and Pt/C (square) catalysts before (filled symbols) and after (empty
symbols) degradation under potential of 0.05 ‒ 1.1 V.
Fig. 5.36:

H2O2 yields measured during ORR for PtCux-core-shell (circles) and Pt/C

88

(square) catalysts before (filled symbols) and after (empty symbols)
degradation under potential of 0.05 ‒ 1.1 V.
Fig. 5.37:

H2O2 yields measured during ORR for PtCox (triangles) and Pt/C (square)

89

catalysts before (filled symbols) and after (empty symbols) degradation
under potential of 0.05 ‒ 1.1 V.

Fig. 6.1:

Voltage profiles of cathode and anode for a 47 wt% Pt/C (TKK ‒

94

TEC10EA50E) electrode on a MEA, under SU/SD conditions, originating
from air/air conditions on both sides.
Fig. 6.2:

Profiles of square wave cycles for accelerated durability measurements: A
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represents the SU/SD profile of 0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V; B represents
the large voltage window 0.6 ‒ 1.4 V in A; C represents the narrow
voltage interval 1.0 ‒ 1.4 V in A; D the reference test 0.6 ‒ 1.2 V.
Fig. 6.3:

Effect of the potential window on the Pt ECSA for increasing cycle
XI
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number: A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V); B (0.6 ‒ 1.4 V); C (1.0 ‒ 1.4
V); D (0.6 ‒ 1.2 V); 30 s each potential step.
Fig. 6.4:

Effect of the potential window on the Pt ECSA for increasing time spent
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at high potentials (above 1.0 V): A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V); B (0.6
‒ 1.4 V); C (1.0 ‒ 1.4 V); D (0.6 ‒ 1.2 V); 30 s each potential step
Fig. 6.5:

Effect of potential cycling on the carbon weight loss for increasing
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number of cycles: A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V); B (0.6 ‒ 1.4 V); C
(1.0 ‒ 1.4 V); D (0.6 ‒ 1.2 V); 30 s each potential step.
Fig. 6.6:

Effect of potential cycling on the carbon weight loss for increasing time at
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high potentials: A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V); B (0.6 ‒ 1.4 V); C (1.0 ‒
1.4 V); D (0.6 ‒ 1.2 V); 30 s each potential step.
Fig. 6.7:

TEM images of the Pt/C catalyst (a) before and (b) after the 1000
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degradation cycling test using protocol A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V);
30 s each potential step.
Fig. 6.8:

Separation of the contributions from the different degradation processes –
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the cumulative decay of the ECSA, the Pt mass (Pt dissolution) and of the
dispersion during cycling using protocol A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V)
vs. the number of cycles.
Fig. 6.9:

The dependence of the ECSA on the cumulative loss of Pt mass and of the
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Pt dispersion, during cycling using protocol A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6
V).
Fig. 6.10:

Evolution of the overall ECSA loss and the losses due to Pt dissolution
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and Pt particle growth/agglomeration (dispersion) with increasing number
of cycles using protocol A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V) (in all cases
differential losses, see Table 6.1 for absolute values).
Fig. 6.11:

Voltage profiles of ex-situ start-up/shut-down testing procedure translated
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from internal single cell protocols.
Fig. 6.12:

Sketch profile for ex-situ start-up/shut-down SWC testing protocol,
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simulating aggressive short start-up/shut-down situation in fuel cell
vehicles.
Fig. 6.13:

The effect of the time spent at high potentials over the decay in ECSA.
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Fig. 6.14:

ECSA loss versus the cycle number for 50 wt% Pt/C (BASF empty

111

symbols) and 47 wt% Pt/C (TKK filled symbols), exposed to SWC of 0.6
XII

Captions
‒ 1.2 V, with 30 s at each potential, on RDE (circles) and DEMS (square).
Fig. 6.15:

ECSA loss versus the number of cycles for 50 wt% Pt/C (BASF empty 112
symbols) and 47 wt% Pt/C (TKK filled symbols), exposed to SWC of 0.6
‒ 1.4 V, with 30 s at each potential, on RDE (circles) and DEMS (square).

Fig. 6.16:

ECSA loss versus the cycle number for 50 wt% Pt/C (BASF empty
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symbols) and 47 wt% Pt/C (TKK filled symbols), exposed to SWC of 1.0
‒ 1.4 V, with 30 s at each potential, on RDE (circles) and DEMS (square)
Fig. 6.17:

ECSA loss versus the cycle number for 50 wt% Pt/C (BASF empty
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symbols) and 47 wt% Pt/C (TKK filled symbols), exposed to SWC of 0.6
‒ 1.4 ‒ 1 ‒ 1.4 ‒ 0.6 V, with 30 s at each potential, on RDE (circles) and
DEMS (square).
Fig. 6.18:

TEM images performed under cycle A (0.6 ‒ 1.4 ‒ 1 ‒ 1.4 ‒ 0.6 V) for
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the 50 wt% Pt/C (BASF) a) begging of life, b) end of life and 47 wt%
Pt/C (TKK) c) begging of life, d) end of life .
Fig. 6.19:

Specific activity of 50 wt% Pt/C (BASF square) and 47 wt% Pt/C (TKK
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circles) before (filled symbols) and after (empty symbols) under potential
cycling between 0.6 ‒ 1.2 V.
Fig. 6.20:

Specific activity of 50 wt% Pt/C (BASF square) and 47 wt% Pt/C (TKK
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circles) before (filled symbols) and after (empty symbols) potential
cycling between 0.6 ‒ 1.4 V.
Fig. 6.21:

Mass activity of 50 wt% Pt/C (BASF square) and 47 wt% Pt/C (TKK
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circles) before (filled symbols) and after (empty symbols) under potential
cycling between 0.6 ‒ 1.2 V.
Fig. 6.22:

Mass activity of 50 wt% Pt/C (BASF square) and 47 wt% Pt/C (TKK
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circles) before (filled symbols) and after (empty symbols) under potential
cycling between 0.6 ‒ 1.4 V.

Fig. 7.1:

ECSA loss versus the testing time, for 50 wt% Pt/C (BASF), considering
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TWC with scan rates of 600, 300, 200, 150, 20 mV/s to match 2, 4, 6, 8,
60 s per cycle. For each scan rate a fresh electrode was considered and
10000 cycles. The platinum loading was 80 µgPt/cm2.
Fig. 7.2:

Effect of scan rate and number of cycles over ECSA loss for 50 wt% Pt/C
XIII
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Captions
(BASF) The total testing time was set for 3 h, stopping after each hour for
basic voltammogram analysis. The scan rates considered were 0.33, 2.6,
5, 3000, 6000 mV/s that match 3600, 450, 240, 0.39, 0.19 s per cycle. The
number of cycles varied from 1, 8 to 16, 9000, 18000 cycles per hour. The
platinum loading was 30 µgPt/cm2.
Fig. 7.3:

Effect of scan rate and number of cycles over ECSA loss for different
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catalysts materials 50 wt% Pt/CRC (BASF), NSTF (3M), 47 wt% Pt/C
(TKK), 28 wt% Pt/HSC (E-TEC). TWC with 0.33, 2.6, 5, 3000, 6000
mV/s were employed, to match 3600, 450, 240, 0.39, 0.19s per cycle. The
number of cycles varied from 1, 8 to 16, 9000, 18000 cycles per hour. The
total testing time was set for 3 h. The platinum loading was 30 µgPt/cm2
Fig. 7.4:

The impact of potential hold time in SWC and of the scan rate in TWC

124

over ECSA decay. The cycle time in both profiles were varied to 1, 4, 8
and 60 s considering for each measurement 10000 cycles. The platinum
loading was 80 µgPt/cm2.
Fig. 7.5:

ECSA loss versus the number of cycles for 47 wt% Pt/C (TKK). The

126

losses from single-cell (blue/black) basic voltammograms were
determined by quantifying the Hads charge (empty squares) and Hdes
charge (filled square). Similar the losses from half-cell (red/grey)
measurements were determined by quantifying the Hads charge (empty
circles) and Hdes charge (filled circles). The ECSA loss was also
determined from TEM analysis (green/dark grey bullet) .
Fig. 7.6:

Mass activity losses at 0.9 V versus the number of cycles for 47 wt% Pt/C
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(TKK), from single-cell (squares) and half-cell (circles).
Fig. 7.7:

Performance losses due to ECSA decay over the voltage cycling test. The
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data (triangles) were selected after 0, 1000, 5000 and 10000 cycles. The
performance was sampled at 0.1 A/cm2 under fully humidified H2/Air
reactants, the cell temperature was 65ºC, with a pressure of anode and
cathode of 2 bars. The predicted performance (solid line) was determined
with Butler-Volmer equations considering oxygen polarization conditions
of 85ºC, 100 % RH.
Fig. 7.8:

SEM images of the membrane coated catalysts after a) 0, b) 1000, c) 5000
and d) 10000 cycles under 0.6 ‒ 1.2 V with 240 mV/s.
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Fig. 7.9:

Quantification of the catalyst failures modes – the cumulative decay of

129

ECSA, the Pt mass (Pt dissolution) and the dispersion, during half-cell
potential cycling 0.6 ‒ 1.2 V with 240 mV/s.
Fig. 7.10:

ECSA loss versus the number of cycles, for 50 wt% Pt/C, considering

131

TWC with scan rates of 0.6, 0.3, 0.2, 0.15, 0.02 V/s to match 2, 4, 6, 8, 60
s pro cycle.
Fig. 7.11:

TEM image and size distribution for Pt/C after 10000 TWC with 2 s (a), 4
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s (b), 6 s (c) and 8 s (d), under potentials of 0.6 ‒ 1.2 V.
Fig. 7.12:

TEM image and particle size distribution for Pt/C after 10000 TWC with
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240 mV/s at BoL (a) and EoL (b), under potentials of 0.6 ‒ 1.2 V.
Fig. 7.13:

Polarization curves obtained at 60°C, 100% RH, 1.7/1.5 bar partial
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pressure at anode/cathode under H2/air for Pt/C MEA.
Fig. 7.14:

MEA Pt power density measured under H2/Air and 80ºC, at 0.65 V, at

134

beginning (filled squared) and end (empty squares) of degradation cycles
0.6 − 1.2 V.
Fig. 7.15:

ECSA loss versus number of cycles for 36 wt% PtCox (TKK). Single-cell

136

(square) losses were determined by quantifying the Hdes charge. The halfcell losses (circles) were determined by quantifying the Hads charge. TEM
ECSA loss is represented by triangle.
Fig. 7.16:

TEM image and particle size distribution for PtCox after 10000 TWC with

137

240 mV/s at BoL (a) and EoL (b), under potentials of 0.6 ‒ 1.2 V.
Fig. 7.17:

The linear dependence of the mass activity losses with the ECSA for

137

single-cell (square) and half-cell (circles) measurements. The single-cell
ORR mass activities were determined at 0.9 V, 85ºC and normalized to O2
partial pressure to 100 kPaabs.
Fig. 7.18:

Performance losses due to ECSA decay over the voltage cycling test. The

138

data were selected after 0, 1000, 5000 and 10000 cycles for Pt/C (filled
symbols) and PtCox (empty symbols). The performance was sampled at
0.1 A/cm2 (triangles), at 0.5 A/cm2 (squares) and 1 A/cm2 (circles) under
fully humidified H2/Air reactants, the cell temperature was 65ºC, with a
pressure of anode and cathode of 2 bars.
Fig. 7.19:

SEM images of the membrane coated PtCox catalysts after a) 0, b) 1000,
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c) 5000 and d) 10000 cycles under 0.6 ‒ 1.2 V with 240 mV/s.
Fig. 7.20:

MEA PtCox power density measured under H2/Air and 80ºC, at 0.65 V, at
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beginning (filled squared) and end (empty squares) of degradation cycles
0.6 − 1.2 V.
Fig. 8.1:

ECSA loss versus the testing time, for 50 wt% Pt/C (BASF), considering

144

TWC with scan rates of 600, 300, 200, 150, 20 mV/s to match 2, 4, 6, 8,
60s per cycle. For each scan rate a fresh electrode was considered and
10000 cycles. The platinum loading was 80 µgPt/cm2.
Fig. 8.2:

ECSA loss versus the testing time for 52 wt% PtCox (open circles), and 20

144

wt% PtNix (open squares). Considering TWC with scan rates of 240, 150
and 60 mV/s to match 5, 8, 20 s per cycle. For each scan rate a fresh
electrode was considered and 10000 cycles. The platinum loading was 30
µgPt/cm2.
Fig. 8.3:

Effect of scan rate and different number of cycles over ECSA loss for 50

146

wt% Pt/C (BASF). The total testing time was set for 3 h, stopping after
each hour for basic voltammogram analysis. The scan rates considered
were 0.33, 2.6, 5, 3000, 6000 and 10000 mV/s. The number of cycles had
varied from 1, 8 to 15, 9000, 18000 and 30000 cycles per hour. Three
different regions were identified: i) jumps within 0.12 s, ii) dynamic
within 0.2 ‒ 240 s, iii) steady-state from about 8 min to 1 h per cycle
potentials. The platinum loading was 30 µgPt/cm2.
Fig. 8.4:

The impact of different potential window 0.6 ‒ 1.2 V (empty triangles)
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and 0.6 ‒ 0.9 V (empty circles) over the ECSA loss in time for 47 wt%
Pt/C (TKK). The platinum loading was 30 µgPt/cm2. For comparison the
ECSA loss for 47 wt% Pt/C (TKK) determined in single-cell is
represented by empty squares.
Fig. 8.5:

The losses of ECSA (empty symbols) and ORR mass activity (filled
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symbols) versus the number of cycles for 47 wt% Pt/C (TKK). The losses
for the surface area were determined by quantifying the Hupd area for both
RDE (circles) and MEA (square). The ECSA loss from TEM analysis is
represented by filled triangles.
Fig. 8.6:

The losses of ECSA (empty symbols) and ORR mass activity (filled
symbols) versus the number of cycles for 52 wt% PtCox (TKK). The
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losses for the surface area were determined by quantifying the Hupd area
for both RDE (circles) and MEA (square). TEM determined ECSA are the
filled triangles. The zero line represents the maximum ECSA obtain due
to an electrochemical leaching of the transitional metal Co this is
associated with formation of a core-shell structure.
Fig. 8.7:

The linear dependence of the mass activity losses with the ECSA for
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single-cell (square) and half-cell (circles) measurements of 52 wt% PtCox
(TKK). The single-cell ORR mass activities were determined at 0.9 V,
65ºC and normalized to a O2 partial pressure to 100 kPaabs.
Fig. 8.8:

Performance losses due to ECSA decay over the voltage cycling test. The 152
data were selected after 0, 1000, 5000 and 10000 cycles. The performance
was sampled at 0.1 A/cm2 under fully humidified H2/Air reactants, the
cell temperature was 65ºC, with a pressure of anode and cathode of 2 bars
atmospheric pressure. The predicted performance (solid line) was
determined

with

Butler-Volmer

equations

considering

oxygen

polarization conditions of 100 % RH. The measured data were recorded
for Pt/C (triangles), PtCox (circles), PtNix (squares).
Fig. 8.9:

Quantification of the catalyst failures modes – Pt mass (Pt dissolution) 154
and the dispersion (particle size change) correlated with performance mV
loss over the cumulative decay of ECSA. The catalyst sample 47 wt%
Pt/C (TKK) was exposed to potential cycling 0.6 ‒ 1.2 V, with 240 mV/s.

Fig. 8.10:

Quantification of the catalyst failures modes – Pt mass (Pt dissolution) 154
and the dispersion (particle size change) correlated with performance mV
loss over the cumulative decay of ECSA. The catalyst sample 52 wt%
PtCox (TKK) was exposed to potential cycling 0.6 ‒ 1.2 V, with 240
mV/s.

Fig. 8.11:

Quantification of the catalyst failures modes – Pt mass (Pt dissolution)

155

and the dispersion (particle size change) correlated with performance mV
loss over the cumulative decay of ECSA. The catalyst sample 20 wt%
PtNix (laboratory sample) was exposed to potential cycling 0.6 ‒ 1.2 V,
with 240 mV/s.
Fig. 8.12:

Basic voltammograms of 47 wt% Pt/C catalysts on RDE (solid line) and
XVII

157

Captions
MEA (circle symbol). The MEA BCV was performed with H2(0.5 nl/min)
purged on anode and N2(0.5nl/min)

purged on cathode under 1 bar

atmospheric pressure and 100 % RH, 20 mV/s the scan rate.
Fig. 8.13:

The cathode catalysts stability express in ECSA loss versus time, under

158

normal driving condition. The catalyst samples 47 wt% Pt/C measured on
RDE (filled circle), MEA (empty circle) and 52 wt% PtCox measured on
RDE (filled square), MEA (empty square) were exposed to TWC between
0.6 – 0.9 V.

Fig. 9.1:

ECSA loss versus the number of cycles, for 50 wt% Pt/CRC, considering 162
SWC with 1/1, 2/2, 3/3, 4/4, 30/30 s at upper/lower potentials.

Fig. 9.2:

ECSA loss versus the testing time, for 50 wt% Pt/CRC, considering SWC

162

with 1/1, 2/2, 3/3, 4/4, 30/30 s at upper and lower potentials.
Fig. 9.3:

The contributions from the different degradation processes at the end of

163

10000 SWC for the corresponding hold times (e.g., 1/1, 2/2, 3/3, 4/4 s) –
the cumulative decay of the ECSA, the Pt dissolution and of the
dispersion.
Fig. 9.4.A:

TEM image and size distribution for Pt/CRC at the beginning of life.

163

Fig. 9.4.B:

TEM images and size distributions for Pt/CRC catalysts after 10000

164

SWCs with 1/1 s (b), 2/2 s (c), 3/3 s (d), 4/4 s (e) in the potential range of
0.6 ‒ 1.2 V.
Fig. 9.5:

The effect of the potential jump time in the different scan modes NSM

166

(filled squares) and UHSM (empty squares) on the loss in ECSA. Each
point on the graph represents the loss after 10000 SWCs with a specific
hold time at upper and lower potential (e.g., 0.0002, 0.002, 0.02, 0.1, 0.2,
0.4, 0.6, 0.8, 1, 2, 4, 60 s). Note that for a voltage window between 0.6 ‒
1.2 V, the NSM with shorts hold times (e.g., < 0.01 s) does not reach the
upper potential of 1.2 V, but only a potential of ~1.15 V.
Fig. 9.6:

ECSA and ORR mass specific activity loss of Pt/CRC catalysts under

167

SWC between 0.6 and 1.2 V with different hold times at the upper and
lower potentials (0.6, 1.2 V).
Fig. 9.7:

Contributions to the ECSA loss during different phases of the NMS cycle
profile. The first 0.01 s (period I and II) at 1.2 V lead to half of the ECSA
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Captions
loss. Increasing the time at 1.2 V does not affect the losses, most likely
due to surface passivation. The other half of the ECSA loss occurs at low
potentials 0.6 V, in particular during the initial 0.3 s in period IV. No
further loss was observed when increasing the time at low potential.
Fig. 9.8:

Effect of upper limit potential and of the hold time at upper/ lower

168

potential (e.g., 1/1, 2/2, 10/10, 30/30 s) over ECSA loss.
Fig. 9.9:

Correlation between ECSA loss and cycling time upon SWC and TWC

170

cycling. ECSA loss of TWC (empty triangles) and SWC (filled squares) is
considered after 10000 cycles for hold times of 0.4, 1.2, 2, 4, 6, 8, 20, 40,
60, 120 s at upper and lower potential. Open squares denote the loss of
ECSA for SWC with increasing number of cycles (200, 1000, 5000,
10000, 20000, 40000, 60000, 100000, 400000, and 450000 cycles), with 1
s hold time at upper and low potential.
Fig. 9.10:

ECSA loss versus testing time for Pt/CRC catalysts tested under potential
cycling between 0.6 and 1.2 V with TWC (empty triangles), SWC (empty
squares) and 0.6 ‒ 0.9 V TWC (filled triangles).
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Introduction
Energy has been the life-blood for continual progress of human civilization. Thus with an
increase in the living standard of human beings, the energy consumption also accelerated.
G.D. Rai in “Non-Conventional Energy Sources” [1].
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1.1

Energy conversion systems

Globally the energy policy is addresses via the interrelated factors called “3Es”: energy
security, economic growth and environmental protection. “A secure and accessible supply of
energy is crucial for the sustainability of modern societies” [2]. Fuel cells were predicted by
various scientists and engineers to be a new option for future power generation [3]. Fuel cells
are nothing else but a result (perpetuation) of the research efforts to develop fuels and engine
for a better transformation of the chemical energy into electrical energy. The theoretical
maximum efficiency of a heat engine is given as follows [3]:

Ε max =

T1 − T2
T1

(1.1)

where, T1 is the absolute temperature of the hot inlet gases, and T2 that of the outlet gases.
Since T2 < T1, the maximum efficiency is always less than unity. Unlike other
conventional energy sources, high temperature combustion processes are absent in fuel cells.
In contrast to a normal thermal combustion engine, in which the total reaction enthalpy is
converted into heat, the fuel cells operate isothermally and are not subject to the Carnot
limitation [4]. The free energy change is available as electrical energy, thus the maximum
energy conversion efficiency occurs under reversible conditions and can be express as follows
[3]:
Ε max =

∆G
T ∆S
=1−
∆H
∆H

(1.2)

where, ∆G is the free Gibbs energy, ∆H is the heat of combustion, and ∆S is the entropy
change for the reaction temperature T.
Therefore, a fuel cell is a chemical engine that converts the chemical energy of a fuel into
electricity and heat directly through an electro-chemical process. Today, fuel cells have been
confirmed to successfully operate by providing highly efficient and clean power. Currently,
Daimler AG claims a lifetime of above 2000 h for the current fuel cell stacks operated in testvehicles all over the world [5]. “Worldwide fleet testing is in full swing, and with two million
kilometers covered, supplies valuable experience and findings for the ongoing development of
the zero-emission fuel cell drive” [5].
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A Zero Emission Vehicle (ZEV) plan was emitted in California aiming to reduce the
transportation emission to 80 % below of 1990 by 2025. This impose that by 2015 the
metropolitan areas of California to be ready through infrastructure and to permit “ZEV”. This
Californian mandate is an important step forward for the accelerated advancement of Fuel
Cells Vehicles’ (FCVs) [6].

1.1.1

Fuel Cells technologies today

Fuel cells are customarily classified according to the electrolyte employed. The most common
technologies are polymer electrolyte membrane fuel cells (PEM FCs), alkaline fuel cells
(AFCs), phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs) and solid
oxide fuel cells (SOFCs).

Alkaline Fuel Cell (AFC)
One of the first modern fuel cells was developed in the beginning of 1960. It has been used to
provide power and drinking water to space missions, for the Apollo space vehicle [3]. The
design of an alkali fuel cell is similar to that of a PEM FC, discharging only pure water.
However, the device requires very alkaline potassium hydroxide and therefore these systems
are unlikely to be commercialized [7 - 9]. The hydroxyl ions (HO−) migrate from the cathode
to the anode where they react with hydrogen to produce water and electrons. These electrons
are used to power an external circuit then return to the cathode where they react with oxygen
and water to produce more hydroxyl ions [2]. The chemical reactions are as follow:
Anode Reaction: 2 H 2 + 4 OH − → 4 H 2 O + 4 e −

(1.3)

Cathode Reaction: O 2 + 2 H 2 O + 4 e − → 4 OH −

(1.4)

Phosphoric Acid Fuel Cells (PAFC)
The conventional PAFC, were the first fuel cells to be commercialized. Phosphoric acid cells
work at around 200°C, a slightly higher temperature than PEM FCs or alkaline fuel cells, and
still require platinum catalysts on the electrodes to promote reactivity [7 - 9].
Anode Reaction: 2 H 2 → 4 H + + 4 e −

(1.5)

Cathode Reaction: O 2 + 4 H + + 4 e − → 2 H 2 O
3

(1.6)
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The efficiency is at around 40 %; nevertheless they are successful for stationary
applications. There are currently a number of working units with outputs ranging from 0.2 −
20 MW installed around the world providing power to hospitals, schools and small power
stations [8].

Molten Carbonate Fuel Cell (MCFC)
They allow the use of low cost metal cell components but operate at approximately 650°C in
order to achieve sufficient conductivity of its carbonate electrolyte [10, 11]. The cells use
either molten lithium potassium or lithium sodium carbonate salts as the electrolyte. When
heated up, these salts melt and generate carbonate ions which flow from the cathode to the
anode where they combine with hydrogen to give water, carbon dioxide and electrons. These
electrons are flowing through an external circuit back to the cathode, generating power [3,
21].
Anode Reaction: CO 32 − + H 2 → 2 H 2 O + CO 2 + 2 e −

(1.7)

Cathode Reaction: CO 2 + 1 O 2 + 2 e − → CO 32 −
2

(1.8)

The high temperature at which these cells operate means that they are able to internally
reform hydrocarbons, such as natural gas, to generate hydrogen within the fuel cell system.
Currently the cells have powers up to 2 MW, but designs up to 50 and 100 MW capacities are
planed [9] making them attractive for use in large-scale industrial processes and electricity
generating turbines.

Solid Oxide Fuel Cells (SOFC)
These cells operate at the highest temperature among all fuel cells (1000°C) [7]. They use a
solid ceramic electrolyte, such as zirconium oxide stabilized with yttrium oxide, instead of a
liquid [7]. The charge carrier in the SOFC is the oxygen ion that diffuses from the cathode to
the anode through the solid electrolyte [13 - 15].
Anode Reaction: H 2 + O 2− → H 2 O + 2 e −

(1.9)

CO + O 2− → CO 2 + 2 e −

(1.10)

Cathode Reaction: O 2 + 4 e − → 2 O 2−
4

(1.11)
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Since they are operated at high temperature, the cells are resistant to impurities such as
carbon monoxide and exhibit the highest tolerance to the sulfur contamination of all fuel cell
types. This avoids the need for external reforming to extract hydrogen from fuel; these cells
can again use petroleum or natural gas directly. These cells are expected to be used for
generating electricity and heat in industry and potentially for providing auxiliary power in
vehicles [14].

Direct methanol fuel cell (DMFC)
The fuel, methanol, used by these systems is converted to carbon dioxide and hydrogen at the
anode. As in a standard PEM fuel cell, the hydrogen will react with oxygen at cathode.
Anode Reaction: CH 3 OH + H 2 O → CO 2 + 6 H + + 6 e −

(1.12)

Cathode Reaction: 3 O 2 + 6 H + + 6 e − → 3 H 2 O
2

(1.13)

Cell Reaction: CH 3 OH + 3 O 2 → CO 2 + 2 H 2 O
2

(1.14)

The efficiency of these systems is around 40 %, operating at temperature higher than the
standard PEM fuel cell (e.g., 120°C). One drawback is the larger quantity of platinum catalyst
compared to conventional PEM fuel cells needed for the required low temperature conversion
of methanol to hydrogen and carbon dioxide. The technology is still in the early stages of
development, but it has been successfully demonstrated powering mobile phones and laptop
computers as well in stationary applications for remote controllers or traffic lights [13, 14].

Regenerative fuel cell (RFC)
The concept is relatively newer then other systems, having the same basis as a conventional
fuel cell in that hydrogen and oxygen are used as fuels. Nevertheless, the regenerative cell
performs the reverse reaction that is called electrolysis. The water generated in the fuel cell
process is fed to a solar powered electrolyser, where it is split into its constituent hydrogen
and oxygen. The resulting products are then recirculated back to the fuel cell, not needing
hydrogen from an external source. The development of a commercial system is very complex
and there are a number of issues that need to be addressed related to cost and the available
methods of using solar power systems [14].
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Polymer Electrolyte Membrane Fuel Cell
The PEM FC is the choice system for vehicular power applications. The development of this
technology has reached the point where they are achievable at an acceptable cost for
commercial markets. PEM FC’s have been validated for 30.000 driving hours through the
Daimler “Round-the-world” journey [16]. It is expected that the fuel cell B-classes will be
available on the market in 2015. The available vehicles cost $ 849 per month for a 36-month
lease that includes both insurance on the car and the cost of fuel. Fig. 1.1 displays an example
schematic fuel cells. The cells consisting membrane electrode assembly (MEA) have three
basic components: membrane, catalyst layer and gas diffusion layer (GDL). The current
membrane material is perfluorinated sulfonic acid (PSA), named Nafion which is permeable
to protons, but does not conduct electrons. In some cases, the membrane is reinforced with
polytetrafluoroethylene (PTFE) to add mechanical strength.
The cathode catalyst layer consists of platinum supported on carbon (Pt/C). The anode
may consist of the either platinum or platinum-ruthenium alloy supported on carbon. The
cathode currently consists of platinum supported carbon. Efforts are being made in order to
promote platinum-cobalt alloy for use as cathode. The carbon support used could be
Ketjenblack EC300 or Vulcan XC-72, with a high surface area or graphitized. The catalysts
coated membrane electrode unit is called catalysts-coated membrane (CCM).
A GDL is constructed from carbon cloth, carbon paper, or carbon felts. These microlayers are fabricated from the same materials e.g., Ketjenblack or XC-72 carbon supports.
Additives such as Teflon provide a way to control the hydrophobic properties of the microlayer. The GDL transports and distributes the liquid water into and away from the catalyst
layer. The gas diffusion layers, sandwich the CCMs, and then is combined with a plastic
frame to form a membrane electrode assembly (MEA). Each cell produces around 0.7 V,
about enough power to run a light bulb, in contrast to around 300 V needed to run a car.
Therefore, in order to generate a higher voltage a number of individual cells are combined in
series of a fuel cells stack. A basic stack consists of 200 to 400 cells. The adjacent cells are
connected with each other through bipolar plates. Bipolar plates could be graphite-resin
polymer composite or metal sheets. They serve directing the flow of reactants through the
cells. H2 flows into the fuel cell stack vehicle on to the anode and is split it into protons and
electrons. The protons permeate across the electrolyte to the cathode, while the electrons flow
through an external circuit, generating an electric current. O2 is supplied to the cathode and
this combines with the electrons and the hydrogen protons to produce water.
6
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Fig. 1.1: Basic design of PEM fuel cell [17].

The electric current then drives an electric motor that powers the wheels [13].
Anode:

2 H2 → 4 H+ + 4 e−

(1.15)

Cathode: O 2 + 4 H + + 4 e − → 2 H 2 O

(1.16)

Overall: 2 H 2 + O 2 → 2 H 2 O + energy

(1.17)

The PEM FC is also developed for smaller scale stationary power systems [18, 19].

1.2 Cathodes and cathode materials for PEM FC
Since the first demonstration of the fuel cell electrochemistry in 1839, platinum has been used
as the electrode material of choice because catalyzes the oxygen reduction reaction (ORR) on
the cathode fuel cells [7]. The cathode ORR is about six orders of magnitude slower than the
anode hydrogen oxidation reaction and thus limits the fuel cell performance [20]. Currently,
state-of-the-art MEAs are typically composed of highly dispersed Pt on a carbon support,
often at high-wt% Pt, in the range of 40 − 50 % Pt, that ensures the formation of thin catalyst
layers of 10 − 15 µm (Pt-loading = 0.40 mg/cm2, without any performance loss) with a
medium Pt particle size below 3 nm [21]. Detailed characterization and performance
characteristics of the current state-of-the-art catalysts were given in literature [22].
Requirements for automobile applications impose that the catalyst activity is four times higher
7

Chapter 1
than the currently achieved value between 110 and 160 mA/mgPt. Given the fourfold
performance requirement needed, this would require specific mass ORR activities between
480 and 640 mA/mgPt for an improved electrocatalyst [22]. Therefore, developing highperformance, cost-effective and durable electrocatalysts is the number one in the set of
priorities for PEM FC research and development (R&D).

1.2.1

Basic principles and catalyst formulation concepts

Significant improvements have been achieved in the last years to control the catalysts activity
toward increased oxygen reduction reaction rates. Kinoshita et al. and Nørskov et al. [23, 24]
studied the effects of Pt particle size over the ORR activity. It was found that the mass activity
of Pt reaches an optimum level for 2 nm particle size of a cuboctahedral model [23]. A
significant variation of activity depending on the facets of the Pt particle which arises from the
presence of anions has been showed in detail by the research group of Markovic [25]. In
H2SO4 solutions the order of ORR activity for the Pt facets is as follows: Pt(111) < Pt(100) <
Pt(110) planes [21]. The Pt(111) facets has the lowest activity because of strong bisulphate
adsorption. In HClO4 where anions are weakly adsorbed, the order of activity is Pt(100) <
Pt(111) < Pt(110) [26]. Nanostructured thin-films (NSTF) catalysts are the only practical
extended surface area catalysts that provide predominantly Pt(111) surfaces [20]. A
theoretical study of the Pt(111) activity towered oxygen reduction reaction is given in
literature [27, 28]. Another major effect is the adsorption or poisoning effect of intermediates
such as HO− on the surface of the Pt electrode, hindering the kinetic of the ORR. The
electrochemical reduction of oxygen to water,

O 2 + 4H + + 4e − → 2H 2 O

(1.18)

it is known to occur via two pathways, i) the direct 4e− reduction of adsorbed oxygen to water
and ii) a 2e− reduction to the formation of H2O2 that either desorbs or undergo a second
reduction via 2e− to water [29 - 31]. However, independent of the reaction mechanism or
pathway, the kinetic equation for the reaction rate is proposed to be a function of the Gibbs
energy of adsorption ∆G:

 − αnFE 
x
j = nFKcO 2 (1 − Θ ads ) exp(γ∆G)exp

 RT 
8
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where, n is the number of electrons, K is the chemical rate constant, cO2 is the concentration of
O2 in the solution and Θads in the total surface coverage, x is 1 or 2 depending on the site
requirements of the adsorbents, j is the observed current, E is the applied potential, α and γ are
the symmetry factors and ∆G is the change in the reactant free energy, which would in general
depend on the coverage and implicit on the potential [32]. Two mechanisms are proposed and
discussed in literature [20, 33] for the oxygen reduction reaction:
i) Associative mechanism

O ∗2 + e − → O ∗2

(1.20)

O∗2 + H + + e − → HO∗2

(1.21)

HO∗2 + H + + e − → H 2 O + O ∗

(1.22)

O ∗ + H + + e − → HO ∗

(1.23)

HO∗ + H + + e − → H 2 O + ∗

(1.24)

where, * denotes a site on the Pt surface.

The associative mechanism showed lower free-energy barrier at high oxygen coverage.
At low oxygen coverage, the O2 dissociation is not activated and the dissociative dominated,
having lowest barriers [33, 34].
ii) Dissociative mechanism
1 O ∗2 + e − → O ∗
2

(1.25)

O ∗ + H + + e − → HO ∗

(1.26)

HO ∗ + H + + e − → H 2 O + ∗

(1.27)

Suggesting that by delaying the hydroxyl groups adsorbing and blocking the surface
active sites lead to higher specific activities since the term (1 − θ ads ) will be larger. This
model was used by Markovic et al. [35, 36] to demonstrate the effect of the impurity anions
(e.g. Cl−, Br− in ppm levels) or metal ions (Cu+) on the current density. The impurities block
the platinum reactive sites and lower the pre-exponential term (1 − θ OH ) x [36 - 38].
A more fruitful approach to improve the ORR activity is alloying Pt with non-noble
metals. The electronic structure of Pt will change and about 20 − 40 mV is gained in the
activation overpotential [39]. The HO− adsorption is potential dependent, when alloying Pt
with other transitional metal this results in an increase of the HO− adsorption potential and
9
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hence lowering the HO− coverage of the metal surface in the kinetic region of the ORR. In
general, the second metals acts by changing the density of states, particularly the d-band
center is shifted relative to Fermi level [40, 33]. In addition, some alloy form Pt-skin (Pt3M)
structures, characterized by a compressed Pt lattice in the skin layer [41]. This will further
change the density of states. A downward shift of the d-band results in a weaker adsorbate
binding and in opposite an upward shift results in a stronger binding [42]. Nørskov et al. [43]
have applied the d-band theory of heterogeneous catalysis for the oxygen reduction reaction.
The method relies on calculating the free energy change of two reactions steps: i) the
formation of HOO− (defined as ∆G1) and ii) removal of HO− (defined as ∆G2). The
calculations were performed considering a water bilayer and an electric field. A volcano
behavior illustrated in Fig. 1.2 was observed interplay between the free energies changes of
the two steps during ORR. The stability of the surface species HOO− and HO− can be directly
correlated with the stability of the oxygen adsorption energy (defined as ∆EO). Therefore, the
∆G1 increases positively with ∆EO, while ∆G2 decreases. In the right side of the graphic (the
Pt side), the oxygen adsorption energy is too large (-0.2 – 0.0 eV), then the optimum biding
energy of 0.2 eV, resulting in less active site at the Pt surface. The more open surface tends to
bind O− and HO− stronger [44, 45]. The rate determines step in equation 1.15 is the total
surface coverage given as (1 − θ ads ) [20]. In the left side of Fig. 1.2 the ∆EO is weaker then Pt
(0.0 – 0.4 eV) and the Pt-OH bond is easy to break [45], allowing more catalytic sites at the Pt
surface. The rate determining step in equation 1.15 is given by the term ∆G [20]. The
calculations suggested that Pt3Ni(111), the material closest to the top of the volcano should be
the most active alloy.
Stamenkovic et al. [44] confirmed that single crystal of Pt3Ni(111) have an ORR
improvement of 10x over Pt. However, it is difficult to measure this desired activity for
polycrystalline catalysts, since the supported nanoparticle have many different facets.
Nørskov et al. [45] have also used density functional theory to find the most stable alloys
systems of the composition Pt3M or Pd3M. They have showed that Pt3Co, Pt3Ni and Pt3Cu
should behave similarly, with a slight improvement for Pt3Cu. In addition, Pt3Sc shows a 50
% increase in specific activity over Pt, and Pt3Y shows an improvement by a factor of six.
These catalysts systems are expected to show improved stability than Pt/C under fuel cell
conditions. However, it is very difficult to prepare polycrystalline nanoparticles of these
materials [45]. Based on the fundamental understanding of what controls the ORR activity,
other approaches that exceed the state-of-the-art Pt/C ORR activities were developed and are
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in detail described in the literature [16]. The most promising Pt alternative was found to be
PtCux-core-shell catalysts characterized by activities in the order of 5 to 6 higher than state-ofthe-art Pt catalyst [46 - 49].

Fig. 1.2: Activity versus the calculated oxygen adsorption energies relative to platinum. The
activity predicted from DFT simulation is shown by filled circles, the measured activity is
showed by open circles, furthermore, the diamonds represent polycrystalline alloys annealed
in ultrahigh vacuum, the crosses the bulk Pt3Ni(111) alloys annealed in ultrahigh vacuum, the
squares represent the Pt3Y (red) and Pt3Sc (blue) catalysts and the dashed line representing
theoretical predictions [45].

1.2.2

Phenomenology of catalysts degradation

While extensive investigation and progress has been made in an attempt to enhance the Ptbased catalysts activity, less research has been focused on the stability of these materials. The
progress of the cathode catalysts development seems to be delayed by their low durability.
Parts of the performance loss in PEM FC related to catalyst degradation are attributed to
platinum dissolution, platinum particles size change and carbon corrosion [50 - 53]. In
addition, Pt-alloys exposed to transient cycles showed that leaching of non-noble metal
contributes to the instability of these catalysts and their ORR activity [52, 54].
11
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Dissolution of platinum. It is known that the solubility of Pt changes with temperature,
pH, electrolyte composition, catalyst particle size and crystallographic orientation and more
strongly with the potential applied [55, 56]. Thermodynamically Pt dissolution occurs near 1
V at pH between −2 and 0, as shown by the Pourbaix diagram and research results [57 - 61].
The potential-pH dependence of Pt dissolution does not account for the species that Pt forms
at the surface in liquid acid environmental. It has been shown that the path for dissolution of
Pt atoms strongly depends on the surface state of Pt. The adsorption and type of oxides
formed on Pt surface depend on the voltage transition and can accelerate or passivate the
corrosion mechanism. Two main dissolution mechanisms were distinguished [62 - 65]:
i) Electrochemical dissolution, characteristic for very fast cathode transients as SWC,
when bare Pt surface atoms are exposed to high potentials [65].

Pt → Pt +2 + 2 e −

(1.28)

The Pt surface is prone to dissolution until a passivating oxide layer is formed. Patterson
et al. [63, 66] showed a rapid loss of ECSA, and Darling and Meyer [65, 67] have modeled
the rate of Pt dissolution.
ii) Chemical dissolution during the reduction of surface oxides,

Pt + H 2 O → PtO + 2H + + 2e −

(1.29)

PtO + 2H + → Pt 2+ + H 2 O

(1.30)

The origin of chemical corrosion is the formation and reduction of platinum surface
oxides according to equation 1.25 and 1.26 when platinum is prone to dissolution and
redeposition. The sequential mechanism of Pt surface oxidation versus voltage transients such
as TWC was investigated by Jerkiewicz et al. [68], as illustrated in Fig. 1.3. Adsorption of
water, takes place at 0.25 ≤ E ≤ 0.85 V, followed by formation of a 0.5 ML of chemisorbed
oxygen (Ochem) at 0.85 ≤ E ≤ 1.15 V. Further, the Ochem place-exchanges with Pt surface atoms
at 1.15 ≤ E ≤ 1.4 V and an O-Pt-O trilayer structure is formed [68 - 70]. In the place-exchange
process, while the Pt surface atoms reorganize, they are exposed to the electrolyte favoring
their dissolution. Moreover, Nagy et al. [71] demonstrated that O− can diffuse on the surface
of Pt to energetically more favorable sites, exposing further layers of Pt to the electrolyte.
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Fig. 1.3: The PtO growth mechanism [68]. (A) water adsorption, (B) discharge of a half
monolayer of H2O molecules and formation of a half monolayer of chemisorbed oxygen
(Ochem), (C) discharge of the second half monolayer of H2O molecules; the process is
−
accompanied by the development of repulsive interactions between (Pt − Pt) δ+ − O δchem

surface species that stimulate an interfacial place-exchange of Ochem and platinum surface
atoms. (D) Formation of a quasi-3D surface PtO lattice.

Mitsuschima et al. [72] investigated the dependence of Pt dissolution on voltage transient
and oxides formation. They found for SWC a consumption rate of about 10 ng cm−2 cycle−1,
independent from the cycle frequency used, concluding that the dissolution process occurs in
the potential step. On the other hand, the Pt consumption rate increased with the frequency for
the TWC. Furthermore, the Pt solubility was found to increase with temperature [72 - 74] and
with decreasing Pt particle size [75]. The dissolution of particle around 0.27 µm was found to
be two orders of magnitude faster than in the case of Pt wires. In buffer solution, the solubility
of Pt increases with the increase in pH from 4 − 10, while in acidic electrolyte the solubility of
Pt increases upon decreasing pH to 1.5. There are extensive studies of the effect of potential
on the Pt solubility. Extensive investigations of the Pt dissolution rate have been made as a
function of potential in both conditions; potentiostatic [52, 58, 72 - 75] and potential cycling
[60, 62, 65]. Under potential cycling, the dissolution rate was found 3 to 4 orders of
magnitude higher than potentiostatic conditions [76, 77].
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Fig. 1.4: Dissolved platinum concentrations as a function of potential. Crosses 76°C in 1 M
H2SO4 [52], (empty triangles) 23°C in 0.57 M HClO4 [81], circles 196°C in concentrated
H3PO4 [58], (filled triangles) 23°C in 1 M H2SO4, (upright filled triangle) 35°C in 1 M H2SO4,
(square) 51°C in 1 M H2SO4, (diamond) 76°C in 1 M H2SO4 [72]. The dashed-dotted lines
and the solid lines were calculated from the Pourbaix diagram at 25°C and 196°C,
respectively [55].

A detailed review of Pt dissolution was written by Sasaki et al. [55], in which they
summarized the Pt dissolution rates measured by different groups [72, 74, 78 - 80] and
compared with the data indicated by the Pourbaix diagram at two different temperatures 25
and 196ºC as illustrated in Fig. 1.4. The authors observed that in all measured cases the Pt
dissolution increases with the potential up to 1.1 V, afterwards at 1.15 V and higher potentials
a 3D PtO film forms that protects the surface against dissolution. This effect was studied as
well by Komanicky et al. [82] for low-index Pt facets. It was found that the edge and corners
of the Pt nanoparticle have the tendency to dissolve at potentials of 0.65 V and to disappear at
1.15 V. At 0.95 V, however, the dissolution is inhibited due to formation of oxides films.

Particle size change. The mechanism through which the Pt particle size change under
PEM FC conditions, as illustrated in Fig. 1.5, were classified by Ferreira et al. [52] to be: (1)
coalescence of platinum nanoparticles due to crystallite migration on the carbon support, (2)
platinum particle agglomeration due corrosion of the carbon support, (3) a nanoscale Ostwaldripening process, when smaller platinum particle dissolve in the ionomer phase and redeposit
on larger platinum particles that are separated by a few nanometers. In addition, (4) Shao14
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Horn et al. [80] proposed that the dissolution and precipitation of Pt as big conglomerates in
the ionomer phase should be classified as a fourth mechanism. A detailed discussion of these
mechanisms is given in the literature [55].

Fig. 1.5: The main mechanisms for degradation of carbon-supported platinum nanoparticles
in a PEMFC: A) particle migration and coalescence, B) electrochemical Ostwald ripening, C)
dissolution of platinum and its precipitation in the membrane by hydrogen molecules from the
anode [55].

The driving force behind coalescence is minimizing the particle surface energy by
increasing the particle size. This involves the migration of the Pt crystallites across the carbon
support with formation of larger particle. A specific particle distribution was observed with a
tailing toward larger particle size [83 - 87]. No Pt dissolution is involved in coalescence or in
the in case of particle growth. In the latter case (4), the factor inducing Pt loss is the carbon
corrosion process. Corrosion of the support results in the Pt nanoparticle agglomeration and
their detachment in to solid electrolyte when they are electrically isolated [88]. In opposite to
coalescence, the behavior of the nanoparticle in Ostwald-ripening process is characterized by
the formation of a tail toward smaller particle. The driving force behind the process is the
preferential dissolution of small particle as they have a higher “vapor pressure” than the larger
particles [87]. The Pt ions diffuse to the bigger particle through the electrolyte/ionomer and
the electrons through the carbon support [89, 90]. It is difficult to quantify and distinguish
between the two mechanisms, coalescence and Ostwald-ripening and they may occur
simultaneously [58]. A bimodal distribution of the particle size was suggested by Xie and
Garzon [91, 92]. Furthermore, the Pt ions that diffuse into the membrane are chemically
reduced by the hydrogen permeating from the anode side of the MEA [63, 86]. Therefore, a Pt
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band forms along the interface catalyst-membrane and its distance to the interface is given by
the partial pressure of the reactant gases [52, 93 - 95]. The driving force of Pt ions diffusing
into the membrane was attributed to concentration gradient [96, 97].

Carbon corrosion. Its rates depend on the type of carbon, distribution and Pt loading,
operation potential, temperature, humidity and uniformity of fuel distribution [98]. In acid
electrolytes, carbon corrosion was described to be a 4e− oxidation reaction as follow [88, 99,
100]:

C + 2 H 2 O → CO 2 + 4 H + + 4 e −

E = 0.207V

(1.31)

C s → C s+ + e −

(1.32)

Cs + 1 H 2O → Cs O + H +
2

(1.33)

2C s O + H 2 O → CO 2 + 2 H + + 2 e −

(1.34)

The reaction proceeds via a three-step process and the redox couples on carbon are
associated with the formation of quinone and hydroquinone structures [99, 101 - 104]. In a
first step, the carbon is oxidized to allow the formation of carbon-oxide intermediates in a
secondary step, and finally the formation of CO2 in the third step. The theoretical standard
potential of 0.207 V characteristic for the reaction, suggest based on thermodynamics that
carbon can be oxidized at potentials above 0.2 V. Therefore, this phenomenon could occur in
three different PEM FC cathode operation conditions, (1) the normal driving conditions,
characterized by variation of the cathode voltage between 0.4 and 1.0 V, (2) the start/stop
condition that implies potential in the range of 0 − 1.5 V, and (3) local fuel starvation that is
characterized by conditions similar to start/stop. In the first case, the corrosion of carbon was
found to be negligible. However, during start/stop and local fuel starvation severe damage of
the cathode occurs via carbon corrosion [100, 105, 106]. Carbon corrosion can be monitored
by following the CO2 gas generated during operations via a mass spectrometer connected to
the exhaust gas pipe line of the stack [86, 91]. Furthermore, the loss of carbon can be followed
in liquid electrolytes by using differential electrochemical mass spectrometry [107 - 110]. The
catalyst carbon support loss induces the collapse of small platinum particle and agglomeration
in to larger ones. The porous structure of the material is destroyed, raising mass transport
losses due to blockage of the gas access. The electric resistance is increased due to a loss in
conductivity, leading to ohmic losses.
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Leaching of the non-noble metal in Pt-alloys. The phenomenon occurs, since transitionalmetals are thermodynamically unstable under PEM FC potentials in acidic electrolytes [111].
In order to minimize the contamination of the membrane with the instable transition-metals,
Mukerjee et al. [112] proposed a pre-treatment of the alloys in acidic solvents. However, the
pre-treatment process removes the non-noble metals from the first 2 layers of the
nanoparticles, resulting in Pt-skeleton catalysts [32, 33, 113 - 115]. Therefore under normal
fuel cells operations (0.4 V and 0.9 V) further leaching of the transition-metals occurs as an
effect of the potential conditions [116, 117]. To provide electrocatalyst systems with enhanced
stability against base-metal leaching, a voltammetric dealloying procedure was proposed [47 49]. The dealloying process originates from the phenomenon of corrosion [118 - 122] but
recently it has been proven to be a highly controllable route to core-shell catalysts [123 - 128].
Dealloyed PtCux nanoparticles were studied intensively and showed ORR mass activity
enhancements of 5 times compared to carbon supported Pt nanoparticles [47, 48]. The
stability of the non-noble metal in core-shell structures is considerably improved under
normal driving conditions [129].
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Research strategy
2.1

Research objectives

Years of research efforts have been made in order to obtain a more efficient energy generation
and transmission; this refers to the “energy carrier”, the “fuel”, and its “converter”, the
“engines”, and also to the kind of transmission and the propulsion system. The evolution of
fuel started from coal or liquid fuel continued to natural gas and now to the much cleaner fuel,
hydrogen; also from the engine point of view one could see the transition from tractors to the
silent fuel cells. The change in fuel and the fuel converter allowed the development of the
propulsion from a direct and later hybrid system to the electrical propulsion, a much elegant
and effective propulsion system [1]. All these developments serve to a better resource
management and assure the sustainability Fig. 2.1.
To assure a cost-competitive fuel cells technology for the automotive market, the cathode
catalyst requires major improvements related to its performance:
a) The oxygen reduction reaction kinetics must be increased by a factor of four
compared o state-of-the-art Pt/C catalysts.
b) The catalyst must maintain its activity during the operational 6000 h and must not
exceed 40 % ECSA loss, which assures ~ 50 mV loss over the entire current density
window.
c) For economic reasons, the catalyst costs should not exceed 5 $/kW. The Pt content
should be lower than 0.25 mg/m2.
In order to solve these problems, this research implies the development of new catalysts
with tailor made properties for automotive fuel cell applications. Alternative catalytic systems
in which Pt is partially replaced by non-noble metals like Cu will be elaborated. New
fundamental insight into the formulation of the desired catalyst surface properties and
structure as for PtCux-skeleton and PtCux-core-shell must be addressed.
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Fig. 2.1: Technology evolution towereds better eficiency and sustainabily serving to „Moving
the world“.

The fundamental properties of nanoparticle as well as the stability of the non-noble
metal, as a function of the formulation process have to be clarified. Furthermore, in order to
successfully implement the core-shell catalysts in the PEM FC cathode it is imperative that
the performance and durability during vehicle operation are understood and quantified. A
significant challenge central to this goal is the development of standard accelerated ex-situ
and in-situ durability test procedures. The catalyst durability tests must allow for fundamental
understanding and distinguish between different degradation mechanisms, as well as for a fast
and efficient screening of different catalysts. Accelerated durability tests for vehicle normal
driving and for more aggressive start-up/shout-down conditions must be developed and
implemented. The test procedures should allow the translation from liquid electrolyte ex-situ
to single-cell in-situ fuel cell systems, predicting the not avoidable degradation in a fuel cell
vehicle. To successful achieve this target, the various operating conditions that define the
vehicle transients (e.g. voltage, time, speed, shape) are addresses ex-situ and in-situ.
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Fig. 2.2: Main specific parameters for cathode catalysts evaluation.
A uniform and complete understanding of the operating conditions necessary to test
cathode catalysts is required. In addition, the results must provide a fundamental solid base
for the comparison of the data measured under different conditions or at different laboratories.
The knowledge achieved in this research constitutes the basis for the pre-selection of cathode
catalysts with potential interest for employment in fuel cells for electro-mobility.

2.2

Research strategy

A cathode catalyst in a fuel cells stack is difficult to investigate, and is a complex and longterm process. However, the catalyst evaluation can in general be addressed by its performance
characteristics. These characteristics contain a huge space of process variables of 1st order of
the catalyst such as follows:
a) Physical characteristics of the catalyst such as metal/support composition, particle
size/distribution and various methods for the catalyst formulations which will have an
impact over performance/activity and costs.
b) Morphological changes of the catalysts due to operation conditions with a significant
impact on the life time/durability and costs. The phenomenon depicted here considers
additional dependences that lead to 2nd order performance variables. This would be the
effect of testing characteristic (e.g., voltage, current, time, repeatability) over the
catalyst stability (e.g., Pt dissolution/agglomeration, non-noble metal leaching and
carbon corrosion).
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For a complete description one would need a matrix, which describes the global
dependence between performance characteristics and cathode fuel cell process variables. Such
a correlation can be represented as follows:


A, D i , C  I, V, t i , Pt dissolution , Pt agglomeration , carbon loss , X j , Yi ,...



(2.1)

A n  n  A n 1

(2.2)

Performances


Variables

To determine the correlation above it is necessary to separated the complete matrix into
submatrix systems with possible representations of two Y  f(X) and three Z  f(X, Y)

dimensional matrices of the multi-dimensional matrices An to a n-dimensional matrix n  A n 1 .

2.3

Systematic of investigations

In order to describe the matrix according to equation 2.2, one should determine
experimentally the catalysts specific performance characteristic against each process variable
Vi,

while keeping all other (n-1) variables constant:
C i  Vi (V1 , V2 ..., Vi  t , V11 ,...Vn )  ct

(2.3)

However, today not all the variables are identified and not all are properly addressed.
Due to large number of variables and since the individual effect of these over the catalysts life
time is not experimentally known, equation 2.3 becomes difficult to assess. Therefore, a
systematic investigation is required in order to identify and evaluate all main variables,
illustrated in Fig. 2.3, and to evaluate their impact to catalyst behaviour.

First Step: Elaboration of catalysts

Outgoing from state-of-the-art and keeping in mind the practical and economical orientation
of the research, in the first project phase the strategy focused on the elaboration of new
catalysts. This phase serves the improvement of activity and costs specific performance
characteristic. The strategy includes all procedures of:
a) Conceptual elaboration and catalyst component selection on the basis of cost
reduction and activity increasing.
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b) Preparation of carbon supported catalysts with high performance activity and
durability via a freeze-dry process.
c) Formulation and optimization. Two preparation methods are extended in this
research, in which the bimetallic alloy precursor materials are subjected to acidic
media and/or electrochemical corrosion conditions. In this way it is aim to achieved
PtCux-skeleton or PtCux-core-shell structures.
d) Characterization of the Pt active surface area of the electrocatalysts and their activity
for the ORR. Elucidating the degradation mechanism.

Second step: Development of standards test procedures

In a second project phase, the strategy developed focuses on degradation studies and
elaboration of standard procedures for rapid testing of electrocatalysts. This development
serves to durability and costs specific characteristics.
To be successfully, the systematic procedures must:
a) Identify fuel cell vehicle (FCV) parameters. Two main types of operation conditions
are identified: the normal driving conditions and start-up/shut-down. For both cases,
test procedures must be proposed by which the degradation of catalysts in a FCV is
predictable.
b) Fine design of the experiments. Translating the performance variables from the FCV
to laboratory procedures and developing test procedures.
c) Catalysts degradation prediction for a FCV. Fundamental understanding of the
conditions that the catalysts are exposed within a FCV is the main key performance
characteristics for predicting the catalyst’s life time.

Third step: Implementation in real system

The corroboration of the targets presented before offers a solid technology data basis for
potential application of the electromobility development in Daimler.

23

Chapter 2

Fig. 2.3: Research strategy.
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Experimental
In this chapter an overview of the experimental data acquisition methods as well as over the
methods for data evaluation is presented. A detailed description of the synthesis and
formulation of PtCux, the preparation of thin film electrodes and membrane electrodes
assembly (MEA) is revealed. The set-ups involved in the characterization of the
electrocatalysts includes: i) electrochemical techniques as Rotating ring disk electrodes
(RRDE), Differential electrochemical mass spectrometer (DEMS) and Membrane electrode
assembly (MEA), and ii) analytical methods as X-ray diffraction (XRD), Transmission
Electron Microscopy (TEM), Scanning electron microscopy (SEM) and Inductively coupled
plasma mass spectroscopy (ISP-MS).
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3.1 Preparation of catalysts and catalyst layer
PtCux-core-shell electrocatalysts were prepared as illustrated in Fig. 3.1. The synthesis of the
electrocatalysts is a two-step process involving the preparation of carbon-supported Cu-rich
precursor alloys (Pt/Cu stoichiometry of 1:3, Pt25Cu75) followed by electrochemical
dissolution

of

Cu

(dealloying).

PtCux

alloy

precursors

were

prepared

by

an

impregnation/freeze drying route followed by annealing. This procedure has been shown to be
an effective strategy to modify the surface electrocatalytic reactivity of Pt bimetallic
nanoparticles. In the following a detailed description of the preparation steps and procedure is
represented.

3.1.1 Synthesis of PtCux-alloy catalysts
The preparation and characterization procedure preceding the electrochemical measurements
is described in detail for the main alloy material investigated in this research. A detailed
schematic of the preparation process of PtCux catalysts is illustrated in column 1 of Fig. 3.1
[119]. Carbon supported PtCux alloy was prepared using the liquid based impregnation
method. It was synthesized by adding 1005.5 mg solid Cu precursor 98 % (Cu(NO3)2·2.5H2O,
Sigma Aldrich) to a 60.7 ml de-ionized water (>18.2 MOhm, Millipore Gradient system) and
ultrasonicated for 30 minutes. Afterwards, 1000 mg commercial powdered electrocatalyst
consisting of about 28.1 wt% platinum supported on a high-surface-area carbon support (TKK
based) was dispersed in the previous suspension and stirred for 15 hours. The stoichiometry
between Pt and Cu was optimized to 1:3 ratios. The mixture was prepared in a high density
poly ethylene scintillation vial of 250 ml volume. The slurry was then sonicated for 45 min
(Model 75D, VWR) until a thick slurry formed. The catalyst slurry was subsequently frozen
in liquid nitrogen in order to avoid the segregation of Cu atoms from the Pt/C matrix. Freezedried in vacuum (100 mbar) was followed in order to obtain a roughening surface to have a
good dispersion of the gases during annealing, the drying was performed overnight until room
temperature was achieved. The resulting catalyst precursor powder was distributed evenly
into 2 ceramic crucibles. The crucibles were then placed in the center of a long quartz tube in
a flow furnace. The powder was then annealed to a maximum temperature of 800 oC for 7 h
(10 K/min heating rate) under a flow of 4 % hydrogen atmosphere (Ar balance) and
subsequently slowly cooled down without any forced convection. After the temperature
reached 40oC, the furnace was purged with N2. The bulk material was used to prepare RRDE
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electrodes (in-house), as well as 50 cm2 (at Solvicore-printscreen) and 25 cm2 (in-house by
hand spray) CCMs.

Fig. 3.1: Schematic of catalyst preparation [102].
The obtained PtCu3 alloy from the synthesis was further treated chemically and
electrochemically. The first treatment resulted in PtCux-skeleton catalyst that in the first layer
of the PtCux nanoparticle is free of Cu atoms. The last treatment resulted in PtCux-core-shell
nanoparticle, characterized by 6 layers Pt-shell and PtCux alloy core (see Fig. 3.1) [47, 49].

3.1.2 Chemical leaching
Pre-leaching of the alloy in acidic media was performed. The 22 wt% PtCu3 catalyst was
leached in 0.5M H2SO4, at room temperature for 1 h in air as illustrated in column 2 of Fig.
3.1. To assure that one hour was enough to remove the Cu atoms that were not alloyed and/or
from the surface of the catalyst particles, another leaching in 0.5M H2SO4 was performed for
24 h. Afterwards, the electrolyte was analyzed by ICP-MS and the resulting amount of
leached Cu was similar in both cases.
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3.1.3 Electrochemical dealloying of PtCux-alloy catalyst
A major step forward for turning the strategy of “voltammetric dealloying of nanoparticles”
into a viable catalyst concept for PEM FCs consisted on the development of a methodology to
implement dealloyied catalyst into membrane electrode assembly layers. Electrochemical
dealloying

is

a

well-known

process

for

the

selective

control

of

the less noble metal in the deeper layers of an alloy particle [119 - 122, 130], leading to a
core-shell structure. The dealloying process occurs by sweeping the electrode potential
repeatedly 200 times at 1000 mV/s between 0.05 − 1.2 V until the hydrogen adsorption area
becomes stable and similar to a Pt/C surface, as illustrated in column 3 of Fig. 3.1. The Cu
atoms leached out from the PtCux precursor material diffuse into the liquid electrolyte in case
of RRDE measurements and into the solid electrolyte (membrane) in case of single-cell tests.
The measurements performed in the single-cell setup require recording the initial cyclic
voltammogram (CV) of the precursor cathode material. In this case, the cell temperature was
fixed at 30oC, whereas cathode and anode humidifier were kept at 50oC to maintain 100 %
relative humidity (RH) of the cell. Humidified hydrogen and nitrogen were fed on the anode
and cathode, respectively, at flow rate of about 160 sccm. After stabilization of the open
circuit potential (OCP), a CV was measured using a potentiostat with the cathode layer being
the working electrode. The potential was swept between 0.05 V and 1.2 V at a scan rate of 20
mV/s. Similar flow rates of the hydrogen and nitrogen were used during the dealloying
procedure. Further, the cell temperature was as well as that of the cathode and anode
humidifier (with 100% RH) increased to 80oC. The cathode feed was switched to pure
oxygen and the cell was kept at a constant voltage of 0.6 V with a potentiostat. In this
condition, the membrane and ionomer was allowed to hydrate for about 4 h. Thereafter, the
cell temperature was decreased again to 30oC, and cathode and anode humidifying
temperatures were set at 50oC. Nitrogen was fed on the cathode and in-situ voltammetric
(electrochemical) leaching was started. Thereafter, a CV was re-measured in the 0.05 − 1.2V
potential range to characterize the Pt surface area at this point of the dealloying procedure.
Since base metal dissolution contaminates the membranes and flow fields after repetitive
dealloying, the cell was disassembled and the CCM was removed and washed in 1 M H2SO4
at 80oC for 1 h, followed by repeated washing with DI water to remove SO4−2 ions in the
membrane. The CCM was then dried in an air oven at 80oC overnight. The electrochemically
dealloyied CCM was then assembled again to be tested in the single-cell.
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3.1.4 Preparation of catalysts layer
In operational PEM FCs all components have to cooperate well in order to optimize the
complex interplay of transport and reaction. This optimization involves more than 50
parameters [131]. The final quality of the cathode catalyst layer (CCL) is given by ink
morphology as well as by the complex preparation processes of coating the membrane with
the catalyst layer (CL) [132]. The main processes that occur in the catalyst layer are:
electrochemical reaction, diffusion of hydrogen or hydrocarbon-based fuels (anode) and
oxygen (cathode), migration and diffusion of protons, migration of electrons, water transport
by diffusion, permeation, electroosmotic drag, as well as vaporization/condensation of water.
Electrical current is generated/consumed at Pt nanoparticles, which are randomly dispersed on
a high-surface area carbon matrix [133]. In this section, a detailed, description of the catalysts
layer preparation is provided.
Thin-film working electrodes. Catalyst inks with to 2 mg catalyst per cm3 aqueous solution
were prepared. The suspension was ultrasonicated for 30 minutes at room temperature before
a corresponding amount (e.g., 20 μl), was dispersed onto a mirror-polished glassy carbon disk
(Sigradur GmbH, Germany) with 5 or 9 mm diameter. The catalysts loading in this research
was varied from 20 to 80 µgPt/cm2electrode, the high loading was used to be able to quantify the
Pt mass loss in the electrolyte. After the catalyst thin-film has dried under nitrogen, an
aqueous Nafion solution was added, according to the literature [134, 135]. The thickness of
the catalyst agglomerate layer (estimated ~ 1 μm) and the Nafion film (ca. 0.1 µm) on the disk
electrode are thin enough so that no significant film diffusion resistances are produced and a
defined mass transport to the disk electrode is obtained [136 - 139]. Nevertheless, the Nafion
film is thick enough to attach the catalyst particles at the glassy carbon [135].
The reproducibility of the electrode preparation was demonstrated to be within ± 5 %
[135, 136] with respect to the overall metal loading, determined by integration of the Hadsorption/desorption charge. This deviation is considered to be sufficiently accurate for the
evaluation of the electrocatalytic activity of catalysts. Moreover, at a Tafel slope of 10 − 20
mV/s an error of 10 % in catalyst loading would result in a potential shift of only 5 mV [138].
The initial state of the platinum was after the electrocatalyst was voltammetrically cleaned by
sweeping the potential between 0.6 V and 1.2 V until a steady voltammogram was obtained.
In case of PtCux-core-shell catalysts the initial state was after voltammetric dealloying.
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Membrane electrode assembly. The MEAs of PtCux catalysts used to determine the
performance characteristics in Chapter 5.4.1 were prepared in-house. The MEA used to
describe the degradation behavior of PtCox catalysts in Chapter 5.4.2 were prepared at
Solvicore. The PtCux alloy nanoparticles precursor was coated with constant geometric Pt
loading ~ 0.14 mgPt/cm2geo on the cathode, while a commercial 24.8 wt% Pt/C catalyst was
deposited on the anode with a Pt loading of about 0.2 mgPt/cm2geo. The coated 20 cm2
NRE112 Nafion® DuPont Inc. membrane was held between two Teflon sheets with a window
opening of 10 cm2 to make an accessible area for catalyst coating. The coating was performed
by hand spray and the coated layer was dried for 12 h at 80oC under N2. The catalyst ink was
prepared by taking in the order of 0.15 mg of catalyst powder and mixing it with 2 − 3 drops
of DI water to avoid burning after addition of solvent in the next step. The slurry obtained was
mixed with pre-refrigerated iso-propanol (10 − 15 min refrigeration), the amount was 33 vol%
(in L) of the catalyst weight. The solution was stirred continuously for 15 min with a magnetic
stirrer and sonicated for 1 h, followed by addition of 33 wt% Nafion (15 %, 1100 EW) and
sonication. The gas diffusion media used was GDL 21BC, Sigracet®SGL carbon Inc.

3.2 Characterization of catalysts
Characterization of PEM FC catalysts in general includes determination of the catalyst phase
and active components of the catalyst, the particle size and size distribution, the morphology,
the electrochemical active surface area and the oxygen reduction reaction reactivity. In order
to identify and understand the effect of the various catalyst morphological properties over its
activity and stability it is necessary to perform the physical characterization of the catalyst.

3.2.1

Elemental and structural analysis

It is important to better understand the catalysts composition, morphology and atomic-scale
structure. Such an understanding will help promote the development of more active and more
stable catalysts. Moreover, a beginning of life (BoL) and end of life (EoL) evaluation of the
catalyst helps to understand the morphological changes and therefore the degradation
mechanism.
Inductively coupled plasma spectrometry (ICP-MS). The amount of platinum or second
metals dissolved from the working electrode in to the electrolyte was determined by elemental
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analysis (ICP-MS) with a platinum detection limit of 0.001 ppm. The electrolyte from the
flow cell measurements was removed continuously with a flow of 20 µl/s and collected for 0,
100, 200, 400, 600, 800, 1000 cycles and analyzed for Pt content. From the RDE
measurements, the electrolyte within the measurement cell was collected after 0, 100, 200,
400, 600, 800, 1000 cycles and analyzed for Pt content.
Transmission electron microscopy (TEM). The catalysts particle size and size distribution was
determined using transmission electron microscopy (JOEL 3010 microscope operated at 300
kV). The images were taken before and after the electrochemical measurement, using the
particle analysis function of Digital Micrograph software (Gatan). The mean particle size and
the particle distribution on the support were determined by evaluating 500 particles for each
sample.
Scanning electron microscopy (SEM). The width of the cathode layer, as well the presence of
a Pt band in the membrane were determined using SEM images obtained with a LEO 1530
VP Gemini scanning electron microscope operated at 15 kV. These measurements were
performed for MEA that had Pt/C and PtCox as cathode materials (see Cap.7) after 0, 1000,
5000, 10000 cycles.
X-ray difraction (XRD). PtCux and PtCox catalysts powder diffractograms were collected on a
laboratory-source XRD to characterize the structure of the electrocatalysts using a Siemens
D5000 (θ/2θ) diffractometer equipped with a Braun (Garching, Germany) position sensitive
detector (PSD) with an angular range of 8°. The Cu-K source was operated at a potential of 35
kV and a current of 30 mA. 2θ diffraction angles ranged from 20° to 70°, using step scans of
0.02°/step and a holding time of 10 s/step.

3.2.2 Electrochemical tests and evaluation
Platinum electrochemically active surface area. In the current work, the active surface area of
the Pt/C catalyst studied in RRDE was derived from the hydrogen underpotential deposition
(Hupd) charge, subtracting the double-layer charging contribution. The adsorption peak area
(current-time) should be integrated from the onset of H+ adsorption potential to just before the
hydrogen gas evolution potential. The integration uses the capacitive charging current as a
base line. The ECSA of Pt is then calculated by dividing the integrated charge by 0.21 x 0.77
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mC/cm2Pt. This value is based on the polycrystalline surface of Pt having a Pt atom surface
density of 1.3×1015 cm−2 and assuming hydrogen coverage of 0.77 ML [108, 140]. Thus, the
active surface area of Pt/C catalyst is calculated as follows:
ECSA 

Q f Hupd 

(3.1)

0.77  0.21

where, Qf(Hupd) is the integrated charge for hydrogen underpotential deposition.
If the Pt loading within the catalyst layer is known, then the surface area of Pt (e.g.
m2/gPt) can be calculated by dividing the ECSA by the Pt loading. A bare Pt disk electrode
normally shows distinct hydrogen adsorption peaks, and the potential at which hydrogen gas
evolution starts is clearly discernible. In such cases, the peak areas caused by hydrogen
adsorption can be determined with good accuracy. However, a fuel cell electrode that has low
Pt loading and in which the Pt is dispersed on a support such as carbon, often shows less
distinctive hydrogen adsorption peaks, and the exact potential at which hydrogen gas
evolution starts is difficult to determine. In these cases, the ECSA is calculated using
hydrogen desorption peak [141]. The H2 adsorption/desorption method becomes useless for
binary catalysts (modified surfaces or alloy), since the base cycling voltammograms (BCV)
exhibits a week peak for hydrogen adsorption/desorption or hydrogen and oxygen
adsorption/desorption related features overlap, as for the PtCux catalyst.
Another method for determination of platinum ECSA is via adsorption of carbon
monoxide [142]. The bimetallic catalyst surface area was determined by COad stripping (mass
spectrometric CO2 detection, DEMS) to avoid artifacts in the Faradaic current caused by
oxidation/dissolution of the non-noble metal. CO can strongly adsorb on the Pt surface to
form a monolayer. This monolayer will be removed quickly and completely by
electrochemical oxidation. The oxidation process converts the adsorbed CO to CO2,
CO  H 2 O  CO 2  2H   2e 

(3.2)

and results in a well-defined sharp CO2 formation peak during the anodic potential scan. No
corresponding reduction current exists during the cathode potential scan. In this research,
COad stripping was followed by DEMS, applying the procedure described in the literature
[108]. CO was pre-adsorbed at a constant electrode potential of 0.06 V for 10 min, by adding
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CO-saturated 0.5 M H2SO4 solution through a separate port. After CO adsorption, the cell was
carefully flushed with Ar-saturated supporting electrolyte 0.5 M H2SO4 solution at the same
electrode potential. The COad layer was then oxidativelly stripped at a potential scan rate of 10
mV s−1, starting from the adsorption potential and recording both Faradaic and m/z = 44 ion
current. Four potential cycles of the COad-free electrode are also recorded for comparison.
Typically, COad oxidation to CO2 involves 2 electrons. The maximum COad coverage on Pt
surfaces is 0.7 ML. The COad adsorption could occur i) in a linear configuration, and the
ECSA would be calculated by dividing the integrated COad oxidation charge area by 0.42
mC/cm2Pt, and ii) interacting with two Pt atoms in a bridge adsorption configuration, and the
ECSA would be calculated by dividing the integrated COad oxidation charge area by 0.21
mC/cm2Pt. The adsorption geometry of COad on the surface of Pt is affected by the COad
coverage and potential. At a potential close to 0 V the CO adsorption is dominated by the
linear adsorption [143]. In addition, pre-adsorbed CO saturated ad-layer stripping on Pt/C
catalysts served for the calibration of CO2 signal of the DEMS by determination of the
calibration constant K*, which is defined by [108, 144]:

K 

zQ MS
QF

(3.3)

where, QMS and QF are the mass spectrometric and the Faradaic charges, respectively, and z is
the number of electrons per COad molecule oxidation to CO2.
The MEAs cathode ECSA was determined using the mean integral charge of the
hydrogen underdeposion area areas from the basic voltammograms. Well-defined Hupd peaks,
similar to RRDE measurements were obtained by flowing H2(0.5 nl/min)/N2(0.5nl/min)
through anode/cathode at 1 bar pressure, following the method proposed by Gasteiger et al.
[124]. The scan rate was 20 mV/s at room temperature and the charge used to determine the
ECSA was 0.21 x 0.77 mC/cm2Pt [108, 140]. The anode was used as reference and counter
electrode, while the cathode was the working electrode.
Oxygen reduction reaction. In order to determine the ORR activity in the RRDE, the working
electrode was mounted into a commercial (Pine Instruments, Analytical Rotator with ASR
Speed Control, Model AFASRE) ring-disk head with an exchangeable disk (5 mm in
diameter), surrounded by an insulating Teflon U-cup and an embedded polycrystalline Pt ring.
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Ring and disk potentials were controlled separately by a bi-potentiostat (Pine Instruments,
Model AFRDE5 Biopotentiostat, Metrohm and Bio-logic). The electrolyte was O2 saturated
0.5 M H2SO4 or 0.1 M HClO4 and the potential was scanned between 0.05 − 1.0 V with a rate
of 5 mV/s, the rotation rate was set to 1600 rpm. The mass transport-normalized kinetic ORR
currents, Ik, at the disk electrode were calculated as [145].


ik 

I lim I
(I lim  I)

(3.4)

where, Ilim is the limiting diffusion current taken at 0.4 V. The ORR current is in general
presented as active surface area and active mass specific kinetic ORR current densities in
Tafel plots. Hydrogen peroxide production in the O2 saturated 0.5 M H2SO4 electrolyte was
monitored using the polycrystalline Pt ring at 1.2 V. The ring collection efficiency, N, was
determined to be ca. 0.20±0.01 at a rotation rate of 1600 rpm. The fractional hydrogen
peroxide yields in the ORR, x(H2O2), were calculated from the RRDE experiments as [136]:

2I 

 2I R R 
N 
x H 2 O 2   
I 

 ID  R 
N


(3.5)

where, Ir is the measured current at the ring side of the working electrode , ID is the measured
current at the disk side of the working electrode, and N is the collecting coefficient number.
Performance tests. The primary method of assessing the performance of catalytic converters
and MEAs is single-cell polarization. There are two ways to measure the polarization curve:
first setting the current density drawn from FC and measure the cell voltage (galvanostatic);
second setting the cell voltage and measure the current density (potentiostatic). After
collecting the series of data, the cell voltage is plotted as a function of current density.
Catalyst specific activity and mass activity may be calculated as:

i s(0.9V) 

j0.9ViR  free
EPSA

(3.6)
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i


s(0.9V)

j0.9ViR  free

m Pt

(3.7)

where, i s(0.9V) is the specific activity (µA/cm2Pt); EPSA is the electrode Pt surface area
0.9ViR  free
is current density measured at 0.9 V that was corrected for the iR and
(m2Pt/m2geo); j

mass transport losses (mA/cm2geo); mPt is the site specific Pt loading (mgPt/cm2geo).
Accelerated degradation tests. The key area for fuel cell research and development is
durability, which is known to be negatively affected by fuel cell transient operation. It is
important to characterize the fuel cell voltage transients in a way that represents the realworld driving operation and relates to fuel cell testing in a laboratory setting. Therefore, a
characterization of the actual fuel cell voltage transient is valuable to know the transient
operation conditions of the FC voltage in real world driving and for comparison to the lab
transient test procedures. There are two perspectives considered when characterizing the onroad fuel cell transients: normal driving conditions and start-up/shut-down.
Normal driving condition. During normal automotive operation the cathode sees a broad

range of voltage fluctuations with the widest potential ranging from 0.6 − 0.9 V
corresponding to the range from idle to peak power. Under these fluctuations the electrode
potential is cycled between the oxide formation and reduction regions leading to higher
degradation rates [60, 62, 146, 147] than potential holding situations. It can be noted that
several cycles were distinguished, that vary considerably in shape, peak voltage, time and
number. Several automotive groups as Daimler have been analyzing and characterizing the
fuel cell real driving voltage transients in order to relate them to fuel cell testing in a
laboratory setting. The most representative cycles and also largely used in the fuel cell
community are SWC and TWC. These profiles are well controlled and able to give
reproducible diagnostics. However, not too much attention has been giving to understand the
effect of the different cycle profiles over the degradation of the Pt based electrocatalysts. In
studies by Mitsushima [72, 148, 149] and Uchimura [150, 151] symmetric and asymmetric
cycles were compared. The first group concluded that the Pt consumption rate for SWC
occurs during the potential step and is independent of the hold time, while in case of TWC the
dissolution increases with the scan rate. The latter group showed that the SWC are more
degrading then TWC and similar behaviour was reported by Ohma [152]. Moreover, Paik
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[153] investigated as well the effect of SWC and TWC showing no difference between the
two profiles. The non-agreement of the data is a result of the various conditions used by each
group when performing the measurements. A uniform and complete understanding of the
operating conditions necessary to test cathode catalysts is not available. Therefore, a current
issue in the fuel cell research area is the lack of standard durability protocols. A new
procedure for liquid electrolyte systems namely ex-situ, is developed in this research to test
the cathode catalysts under normal driving conditions. Chapter 7 describes the methodology
with specific details and transfer functions between laboratory experiments applicable to
experienced real-world drive situations.
Start-up/shut-down conditions. During start-up and shut-down, transient potentials from

open circuit potential to as high as 1.5 V are experienced by the cathode. A complete
procedure to simulate ex-situ the conditions that cathode catalysts expect during SU/SD is not
available. A new procedure for ex-situ systems is developed in this research. Chapter 6
describes the methodology with specific details. The procedure was developed for
determining the relative catalyst durability of a platinum catalyst using a three-electrode
electrochemical cell with a rotating disk electrode (RRDE).

3.3 Experimental facilities and analysis methods
Inductively coupled plasma mass spectrometry. The ICP-MS is widely used for trace in (ppmppb) of elemental analysis. ICP-MS has become the most prominent MS technique due to its
extremely low detection limits for the majority of the elements and its multi-element
capability [154]. The amount of dissolved platinum and second metals (e.g., Cu, Co) from the
working electrode in to the electrolyte was determined using a metal detection limit of 0.001
ppm. The ICP-MS is based on coupling together inductively coupled plasma, as a method of
producing ions, with a mass spectrometer as a method of separating and detecting the ions.
The system comprises nebulizer, spray chamber, plasma torch, MS interface, ion lenses, and
mass separation device and ion detector. The sample, which is generally a liquid, is pumped
into a nebulizer where aerosol is generated. The finest droplets are selected by means of a
spray chamber, and transported into the plasma, where the sample follows different processes
as it travels: vaporization, atomization and ionization. Most of the ions generated are
positively charged due to the removal of one electron from the outer shell of the atom by the
energy (heat) applied from a plasma discharge. The ions are then transported into the mass
separation device passing through an interface which allows a gradual change of pressure
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from atmospheric conditions to the vacuum required by the mass spectrometer. The current of
ions is focused by different ion lenses and transformed into an electrical signal in the ion
detector after proper separation in the mass spectrometer.
Transmission electron microscopy. A commonly applied technique for studying supported
catalysts to determine the size, shape and size-distribution of supported particles. The TEM
images were obtained using a JOEL 3010 microscope operated at 300 kV. The TEM sample
was obtained by dipping one drop of diluted colloidal solution on a copper grid coated with
carbon film and dry at room temperature. Particle size and size distribution were obtained by
measuring 500 particles from the enlarged TEM images. The analyses are based on
transmitted and diffracted electrons. A primary electron beam of high energy and intensity
passes through a condenser to produce parallel rays which impinge on the sample. Depending
on the sample thickness a fraction of the electrons pass through the sample without suffering
energy loss. The attenuation of the beam depends on density, thickness and the atomic
number of the atoms. The transmitted electrons form a two-dimensional projection of the
sample mass, which is subsequently magnified by the electron optics to produce a so-called
field image. The electrons are diffracted by particles while passing through the sample. If only
the diffracted beams are analyzed, it results in dark field images, which contain
crystallographic information [155, 156]. Assuming spherical catalyst particles, TEM images
evaluation allows determining the mean size and distribution of catalyst particle. A collection
of ni spherical particles of diameter di, two mean particle size are usually considered, the
length-number mean particle size dLN (Eq. 3.8) and the volume-area mean particle size dVA
(Eq. 3.9).

d LN   nid i /  n i

(3.8)

d VA   nid i /  n i d i2

(3.9)

3

The relationships between specific surface area (SSP), dispersion (D) and mean particle
size (volume-area mean particle size, dVA) are as follow:
SSP  a(N A /M)D  6/ρ/ρ VA )

(3.10)
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where, a is the surface area occupied by an atom on the particle surface, NA is the Avogadro
number, M the atomic mass and ρ the mass density. The metal dispersion D is calculated by:
D  N S /N T

(3.11)

where, NS is the number of metal atoms present on the surface of the particle and NT the total
number of metal atoms (surface and bulk). The relationship between D and mean particle size
D  6(v/a)/d VA

(3.12)

where, v is the volume occupied by an atom in the bulk of the metal (v=M / ρNA).
Often electron microscopy is equipped with analytical tools to carry out locally resolved
elementary analysis of the sample (e.g., determination of the composition of individual
articles) by detection and analysis of the emitted X-rays which are characteristic for an
element. This technique is called energy dispersive X-ray spectroscopy (EDX) [157 - 159].
Scanning electron microscope. The Scanning Electron Microscope (SEM) is a common tool
in catalyst structure and morphology analysis, unlike TEM the image is obtained from second
or back scattering electrons reflected from the sample surface [160]. The SEM uses a beam of
electrons to scan the surface of a sample and build a three-dimensional image of the
specimen. Electrons are generated in a tungsten-hairpin gun where the tungsten filament
serves as the source of electrons. By applying a current through the filament, the tungsten
wire heats up and electrons are emitted. When the electron beam hits the sample, the
interaction between the beam electrons from the filament and the sample atoms generates a
variety of signals. Depending on the sample, these signals can include secondary electrons
(electrons from the sample itself), backscattered electrons (beam electrons from the filament
that bounce off the nuclei of atoms in the sample), X-rays, light, heat, and even transmitted
electrons (beam electrons that pass through the sample) [160]. The secondary electron
detector will detect low-energy electrons produced near the surface of the specimen,
providing a predominantly topographical image. The back-scattered electron detector will
detect high-energy electrons that have been scattered backward, and provide information
about the differences in atomic number within a sample. The SEM’s primary imaging method
operates through the collection of those secondary electrons that are released by the sample.
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Secondary Electron Imaging (SEI) works on the principle that the electron beam generates a
“splash” of electrons with kinetic energies much lower than those of the primary incident
electrons. Because of these “secondary” electrons’ low energies and low penetration depth,
their detection as a function of primary beam position makes it possible to attain high
magnifications (as much as 100.000x in some cases) and high resolutions (up to ~40 A
resolution) without extensive sample preparation or damaging the sample. These secondary
electrons are detected by a scintillation material, which is a radiation detector that produces
flashes of light from the electrons. The light flashes are then detected and amplified by a
photomultiplier tube. The SEM scans its electron beam over the sample. It is necessary that
the scan to be performed at low rates for clear images. An SEM system with the various
detectors can provide high-resolution imaging, quantitative elemental analysis of the “bulk”
material, and fast elemental mapping [160].
X-Ray photoelectron spectroscopy. The X-ray diffraction pattern of a pure substance is like a
fingerprint of the substance [155, 161]. The powder diffraction method is ideally suited for
characterization and identification of crystalline and polycrystalline phases and to estimate
particle sizes. Furthermore, it can be used to estimate alloy compositions based on Vegard’s
rule [162] or to show the presence domain of more than one phase. The Vegard’s law states
that the composition of an alloy is directly proportional to the lattice constant of the alloy with
respect to those of its components [162]. In the present study a laboratory-source XRD
(Siemens D5000 θ/2θ Diffractometer) was used to characterize the electrocatalyst structure.
The diffractrometer is equipped with a Braun Position Sensitive Detector (PSD) with an
angular range of 8°. The Cu-Kα source operates at a potential of 35 kV and current of 30 mA.
2θ diffraction angles ranged from 20° to 70°, scanned with step size of 0.02°/step and holding
time of 10 - 30 s/step. Advanced X-ray Solution (X-ray commander, Bruker AXS) software
was used to control the diffractometer. The XRD sample holder was a custom made 3x3 cm
plexi-glass with a 1 cm width x2 cm length x1 mm depth well in the center that hold the
powder samples. The powder was brought into the well and carefully flattened to form a
smooth surface. The diffraction peaks is the result of the constructive interference of
monochromatic X-ray photons. The peak intensities are determined by the atomic
arrangement within the lattice planes [155, 162]. In general, every crystalline substance gives
a pattern; the same substance always gives the same pattern; and in a mixture of substances
each produces its pattern independently of the others. The Bragg relation (Eq. 3.13) allows to
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derive the lattice spacing (d) by measuring the angles (2θ) relative to the incoming beam
under which constructively interfering X-rays with wave length (λ) leave the crystal
θλ  sin2dnn  1,2,.....

(3.13)

All XRD diffraction patterns were analyzed using the software Jade (MDI). The
reflection of each profile was obtained by a non-linear least square fit of the Kα2 and
background corrected data. Instrumental broadening was determined using an alumina
standard under identical measurement conditions. A movable detector scans the intensity of
the diffracted radiation as a function of the angle 2θ between the incoming and the diffracted
beams. When working with powder samples, such as supported or unsupported catalysts,
diffraction lines result since a fraction of the powder particles will be oriented such that a
certain crystal plane (hkl) is at the right angle to the incident beam to yield constructive
interference [157]. To enhance the number of particles that contribute to diffraction, the
sample is rotated during the measurement. When a powder with randomly oriented crystallites
is placed in an X-ray beam, the beam will be diffracted by all possible interatomic planes. The
width of the diffraction peaks carries information on the dimensions of the single-crystalline
region along the respective orientations. For particles on a supported catalyst, a diffractogram
with broad peaks is obtained. The broadening of the X-ray diffraction lines was used to
estimate the mean particle size (L) by using the Scherrer formula (Eq. 3.14), which relates the
crystallite size to the line width [155, 162 - 164].

L hkl  kλλ/(βcosθ

(3.14)

where, β is the full width at half maximum intensity (FWHM, β1/2) or the integral width βi
(total area under the line profile divided by the line intensity at maximum), k is a constant
(often taken as unity or 0.9 when β1/2 is used), λ is the wavelength of the X-radiation
employed and θ is the angular position of the peak maximum.

Electrochemical methods and set-ups

The electrochemical characterization methods used in this research include RRDE, DEMS
and single-cell. The most popular voltammetry techniques include potential cycling and linear
sweep voltammetry, potential step voltammetry.
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The heterogeneous electron-transfer step between the electrode and the electro active
species of interest from the solution represents the simplest electrochemical process [164]. In
general, the electrode possesses a charge controlled by an applied voltage. Therefore,
electrostatic interactions occur between the electrode and electrolyte. The resulting charge at
the interface forms the electric double layer that could be considered as a capacitor with a
small plate separation and a very high capacitance [165]. The first double-layer model was
proposed by Helmholtz [166, 167]. The model proposes that the interactions do not extend
into the electrolyte. Gouy and Chapman developed a diffuse double-layer model, in which the
double layer is not compact as Helmholtz proposed in his model [168, 169]. They considered
that the value of the double layer capacity depend on the applied potential and electrolyte
concentration. Stern combined the Helmholtz and the Gouy-Chapman models [170]. Thus, he
considered that the double layer was formed by a compact layer of ions next to the electrode
followed by a diffuse layer extending into bulk solution. Introducing the concept of specific
adsorption (adsorption of ions at the electrode surface after losing their salvation partially or
completely) Grahame [171] proposed a model which is constituted by three regions: i) the
inner Helmholtz plane (IHP) that passes through the center of specifically adsorbed ions, ii)
the outer Helmholtz plane (OHP) that passes through the centers of the solvated and iii) nonspecifically adsorbed ions and the diffuse region (outside the OHP).
In electrocatalytic processes, the phenomenon of adsorption could involve physisorption
or chemisorption of reactants and/or products on the electrode surface. The coverage of
adsorbed species depends on its concentration in the electrolyte and temperature. The
adsorption process can be described by adsorption isotherms; where the most common ones
are the Langmuir, Temkin and Frumkin isotherms [172]. The Langmuir isotherm assumes no
interaction present between the species adsorbed and that a surface passivation occurs.
Temkin and Frumkin isotherms contrary to the first case considers interaction between the
adsorbed species, and that the adsorption energy is a function of the coverage [145]. In
general, it is known when non-electroactive species are adsorbed on the surface, the electrode
main reaction is inhibited [172].
An electrochemical process is characterized via i) the potential of the electrode, which is
a measure of the energy of the electrons within the electrode surface, ii) the current, which is a
measure of the rate of the process [145]. The rate reaction depends on: i) the transport of
reactants to or out of the electrode surface, ii) the kinetics of adsorption/desorption surface
reaction, representing the rate-determining [173].
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Cyclic voltammetry − linear sweep voltammetry. Cyclic voltammetry refers to cycling
repetitively the potential between chosen low (initial Ei) and high points (final Ef) and
recording the current in the potential cycling region. The resulting potential versus current
plot is called a voltammogram. Following common convention the positive-going scan
currents are denoted as anode currents and the negative-going scan currents as cathode
currents [173, 174]. The sweeping of the potential is carried out linearly, and the sweeping
rate can be controlled in a wide range. Most studies are carried out with a potential scanning
rate between 1 and 1000 mV s–1. Before the scanning starts, the working electrode is usually
held at a potential that does not cause any electrochemical reactions.
The potential range (Ei and Ef) in aqueous electrolyte is usually chosen to lay between the
hydrogen and oxygen evolution potentials for electrochemically stable electrodes. If the
electrochemical reactions are thermodynamically reversible, the positions of the cathode or
anode current peaks do not change with the potential scan rate (υ), and the current peak height
is proportional to the square root of the potential scan rate, υ1/2, according to the following
equation (T=25 °C):
i P  (2.69  10 5 )n 3/2 AD1/2 υ1/2 C

(3.15)

where, ip is the peak current (amperes), n is the number of electrons per reactant molecule, A
is the electrode area (cm2), υ is the potential scan rate (V s−1), D is the diffusion coefficient
(cm2 s–1), and C is the bulk concentration of the reactant (mol cm−3) [145].
Reversibility is often related to the potential scan rate. A reaction that is reversible at low
scan rates may become quasi-reversible (or even irreversible) at high scan rates. If the
reactions are not completely reversible, the anodic peak potential becomes more positive and
the cathode peak potential becomes more negative, the curve of ip versus υ1/2 starts to bend
down. When a monolayer or an ultra-thin layer of catalysts is deposited on to the electrode
surface and the thickness of this layer is less than that of the diffusion layer the mass transport
resistance becomes negligible. Both the anodic and the cathode peaks become symmetrical,
and they look like mirror images of each other [175]. If the potential is swept in only one
direction, it is called linear sweep voltammetry.
Potential step voltammetry – chronoamperometry. Instead of cycling the potential, this can be
changed in one step from an initial level (Ei) to another level (Ef) by charging and discharging
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the surface [165]. At short time the current response to a potential-step is a current 'spike'
which is dominated by a large contribution of the double-layer charging, followed by timedependent decay. For a diffusion-controlled current (the magnitude of the current is controlled
by the rate of diffusion of reactant to the electrode [173]), the current response as function of
time is described by the Cottrell equation.
i  nFAD B

1/2

Bbulk /π1/2 t 1/2

(3.16)

where, n is the number of electrons involved in the electrochemical process per reactant
species, F is the Faraday constant, A is the surface area of the electrode, and D and C are the
diffusion coefficient and the concentration of the reacting species, respectively.
Prior to the potential step from Ei to Ef, the concentration of the reactant at the surface of
the electrode is the bulk concentration C. After the potential is stepped to Ef, the surface
concentration of the reactant decreases to zero because it reacts immediately. As time
proceeds, the reaction zone depletes, the diffusion distance from the bulk to the electrode
surface increases, and thus the concentration gradient decreases [175]. If the reaction is
controlled by diffusion then the diffusion layer thickness (δ) changes with time according to
δ  δDt 

1

2

and we would expect a plot of i(t) vs. 1/t1/2 to be a straight line.

Hydrodynamic voltammetry. Hydrodynamic methods permit the experimental variation of the
transport characteristics, as the electrode can be itself in motion (e.g., rotating disk electrode,
streaming mercury electrodes, vibrating electrodes, etc.) or the electrode may be fixed and the
electrolyte is forced to flow across the electrode surface (e.g., channel-flow cells, tubular
electrode). The advantage of these methods is that steady-state conditions can be achieved
quickly and constant in long-term experiments [145, 173].
Rotating ring disk electrode. The majority of electrochemical measurements performed in this
research were conducted on RDE as it provides an advantageous method for characterizing
cathode catalysts. Some of the advantages of using the RDE are: a) control of the pH
electrolyte, b) simple method for detecting hydrogen peroxide, c) study the impurity, d) high
accuracy of ORR data, e) highly reproducible, f) the mass transport issues are neglected, g)
avoiding the effect of other component presents in single-cells, h) low amounts of catalysts
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needed, k) provide accelerated test procedures, l) distinguish between different failure modes
of Pt/C catalysts etc. The very well-known set-up consists of an electrode material embedded
centrally in an inert shaft (e.g., Teflon), that is rotated at a controlled angular velocity (
ω  2ππfs 1 ). The rotation provides a laminar flow over the electrode surface and spins the
solution in a radial direction out from the surface. This movement in turn (Fig. 3.2) draws
fresh electrolyte towards the disk. This sustains a steady supply of electro active material to
the electrode and removes the reaction products to the electrolyte bulk.

Fig. 3.2: Scheme of a rotating ring disk electrode with the schematically streamlines in the
electrolyte.
The rotating disk electrode system is a convective electrode system for which both the
hydrodynamic equations (T. von Kármán, 1921) and the convective-diffusion equations (V.G.
Levich, 1942) have been solved for steady-state conditions [145, 176, 177].
The knowledge of the velocities in radial and vertical direction, which can be obtained
via the Navier Stokes equations, allows the calculations of the mass transport to the disk
surface through a diffusion layer with the thickness δRDE according to the equation [145].
δ RDE  1.61  ν 1/6  D1/3  ω 1/2

(3.17)

where, ν, D, and ω represent the kinematic viscosity of the electrolyte, the diffusion
coefficient of the reactant in the electrolyte and the rotation rate of the electrode (in rad s−1),
respectively.
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According to equation 3.17 the thickness of the diffusion layer of a chosen system
depends only on the rotation rate. This is different from stationary electrodes where the
diffusion layer grows with time (δstationary ∝ t1/2) into the electrolyte. Due to natural
microscopic convection the stationary layer thickness is reached within up to a minute with a
dimension of roughly 500 μm [145]. The thickness of the diffusion layer of a rotating
electrode, however, is one to two magnitudes smaller and amounts to ≈ 15 μm for dissolved
oxygen in 0.5 M H2SO4 at 1600 rotations per minute. This reduced diffusion layer thickness is
of particular importance when performing measurements, which include reactions with
dissolved gases. In the absence of enforced convection due to the small solubility (roughly 1
mM/L) only small current densities would be detected. Once the current density is only
determined by the diffusion of the reactants to the electrode the so-called diffusion limited
current density can be calculated as a function of the diffusion layer thickness (assumption of
Fick's Law).
i d  nFC 0 D/δ

(3.18)

where, n is the number of electrons involved, F the Faraday constant, and C0 is the bulk
concentration of the reactant. The combination of equations 3.17 and 3.18 leads to Levich
equation, which describes the diffusion-limited current densities (id) for RDE [173 - 176].
i d  0.62nFD 2/3 ν 1/6 C 0 ω1/2  BC 0 ω1/2

(3.19)

where, B denotes the so-called Levich constant, the equation does not contain any timedependence and the current is only determined by the rotation rate of the electrode.
The overall current density (i) for the electro-oxidation of the electroactive material on a
RDE is related to the true kinetic current density (ik) and the diffusion limited density (id),
where the latter is determined by the mass-transport properties of the RDE [173].

1/i   1/i k   1/i d   1/i k   1/BC 0 ω1/2 

(3.20)

According to this equation, a Levich-Koutecky plot of the inverse of the current density
at constant potential vs. ω−1/2 result in a straight line with an intercept corresponding to the
inverse of the purely kinetic current density and a slope defined by BC0 [145, 173]. Further
information about the processes occurring at the disk electrode surface can be obtained by
measuring the current at an independent ring electrode surrounding the disk. In this technique,
45

Chapter 3

species generated on the disk electrode are transported to the ring electrode by radial
convection and detected at the independently potentiostat ring electrode under pure diffusion
control. Usually, RRDE experiments are carried out with a bipotentiostat, which allows
separate adjustment and examination of two potentials; that of the disk (ED) and that of the
ring (ER), and two currents; iD and iR. A fraction of the disk generates electro active species
that can reach the ring, defined by the collection efficiency, N.

N  IR/ID

(3.21)

The collection efficiency depends only on the ring and disk radii [145, 173]. In addition,
N can be determined experimentally by calibration measurements as the reduction of
potassium ferricyanide (containing Fe3+) at the disk electrode and the re-oxidation of the
generated potassium ferrocyanide (containing Fe2+) at the ring electrode.
Differential electrochemical mass spectrometry set-up. A unique method for evaluation of
volatile/gaseous electrochemical reaction educts and products is the DEMS. This can be
achieved by coupling the cycling voltammetry with mass spectrometry (MS). One of the
advantages of using the DEMS in these studies was to quantify the carbon corrosion of stateof-the-art fuel cell catalysts over applied electrochemical test.
The general operation principle of a mass spectrometer is to ionize atoms and molecules
to create a gas phase, to separate them based on their m/z ratio, and to account the number of
ions of each mass-to-charge ratio per time unit [177]. In a typical DEMS experiment, the ion
current corresponding to a given species is recorded simultaneously to the Faradaic current
during the potential sweep, yielding the so-called mass spectrometric cyclic voltammograms
(MSCV) [178]. The use of on-line MS not only has the advantage of additional information,
but also the MSCV is free of double-layer charging and pseudo-capacity effects present in the
Faradaic current response. The idea of coupling the electrochemical cell (EC) and MS,
namely Electrochemical Mass Spectrometry, via a porous membrane with painted electrode
was originally proposed by Bruckenstein [177]. However, the delay time between
electrochemical product formation and their mass spectrometric detection at constant time,
was too long ca. 20 s. It was later improved by Wolter and Heitbaum [179], who were able to
lower the time constant below 0.1 s, using a porous Teflon membrane and a differential
pumping system with turbomolecular pump. It allowed the on-line detection of volatile
electrochemical reaction products. Henceforth, the authors called this technique Differential
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Electrochemical Mass Spectrometry (DEMS), because the mass signal is instantaneously
changing if the Faradaic current does, and therefore measures product formation rates
(differential values) [107].
In DEMS experiments, the electrochemical cell with the electrolyte phase is separated by
a porous Teflon membrane from the vacuum system. Due to the hydrophobicity of the
membrane, the liquid does not penetrate through it; whereas dissolved gaseous and other
volatile species readily evaporate into the pores [107] pass the membrane and enter the
differentially pumped mass spectrometer chamber. The critical pore size depends on the
surface tension of the water and the contact angle between the water and the Teflon and was
calculated to be r < 0.8 μm [179]. In the mass spectrometer, the molecules are ionized by
electrons (electron energy ca 10 eV). The ions are focused by an electric field in the ion
source and accelerated into the quadrupole analyzer to be separated according to their m/z
values. For a specific set of a.c. and d.c. voltage applied to the quadrupole rods, ions of a
given m/z value are allowed to pass and be detected, using Electron Multiplier (EM) for
amplification.
To achieve a fast transfer of the species to the membrane, the working electrode has to be
positioned very close to the Teflon membrane, which is mechanically supported on a porous
stainless steel frit. Originally, this was achieved by painting or vacuum sputtering a metal film
directly onto the Teflon membrane. The advantage of this configuration is the fast diffusion of
the volatile/gaseous species to the MS. Consequently a fast response time is attained (in the
order of milliseconds). On the other hand, this set-up suffers from mass transport issues.
Therefore, the investigation of carbon-supported catalysts is not possible in this configuration.
Furthermore, the permeability of the membrane is usually reduced since small electrode
particles may tend to clog pores of the membrane. Several types of electrodes and cells have
been described in order to attain low time constants; a detailed review is given in literature
[92]. The DEMS cell design used during this study to perform Faradaic reactions on realistic
carbon-supported catalysts under continuous flow of the electrolyte is the Dual Thin-layer
Flow through DEMS Cell (Fig. 3.3). It is based on a set-up developed and described by Z.
Jusys et al. [107, 180] in order to simultaneously carry out DEMS and electrochemical quartz
micro-balance measurements. The set-up is based on one compartment for the
electrochemical reactions and another compartment for mass spectrometric detection.
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Fig. 3.3: Double-disk Thin-layer Flow Cell configuration. A) glassy carbon with the working
electrode (generator) at its inner side. B) kel-F body of the cell with the flow channels. C)
polycrystalline Pt disk-shape electrode (collector) [181].
The electrolyte is brought in contact with the electrode surface in the first compartment
and then it flows through four capillaries into a lower area of the cell, where volatile products
can reach the Teflon membrane Scimat@, 60 μm thick, 50 % porosity, 0.2 μm pore diameter.
The membrane serves as the interface between the mass spectrometer under high vacuum and
the electrochemical cell at atmospheric pressure. The working electrode is pressed against a
ca. 50 μm thick spacer, which leaves an exposed area of 0.28 cm2. This results in an
electrolyte volume of ca. 5 μL at the working electrode. The electrolyte flow rate was about 5
− 10 μL/s, this is created by the hydrostatic pressure of the electrolyte supply bottle, which is
connected directly to the cell. The volatile products formed at the electrode surface need ca. 1
− 2 s (time constant) to reach the membrane and to evaporate into the inlet chamber (pressure
of 10 − 3 to 10 − 4 mbar, pumped by a first turbomolecular pump, TMP). A small part of the
volatile substance enters into the analyzing chamber (pressure ca. 10 − 6 mbar, pumped by the
second TMP), where the mass analyzer is placed (quadrupole mass spectrometer, Balzers
QMS 112). A Baratron and a cold cathode gauge control the pressure in the two chambers.
Two Pt wires at the inlet and outlet of the flow-cell to serve as counter electrodes and a
saturated calomel electrode connected to the outlet via a Teflon capillary is the reference
electrode [181].
Single-cells configuration. A 48 cm2 single-cell was used to test MEA consisting of an anode
and a cathode bonded onto opposite sides of a Nafion membrane. Further, the MEA was
sandwiched between a pair of anode and cathode multiple-path parallel flow fields made of
graphite. Flow fields design allows for simulation of the conditions which are occurring in full
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size automotive fuel cell stack, what gives the ability for results scaling. The edges of the
MEA are sealed by a pair of gaskets to prevent leakage of the reactants. Current collectors in
contact with the outer surface of the plates enable the measurement of the current and the
voltage. Bolts and nuts are often used to tighten the cell to a predetermined compression or
torque level via a pair of end plates. The end plates are insulated from the current collectors
by the use of insulating materials. The measurements were performed in partly automated test
station with digital data acquisition. A test station enables the control and measurement of the
current and the voltage and all the input parameters, such as the flow rate of the reactants, by
using flow meters or mass flow controllers. Hydrogen was delivered through the anode plate
flow field channel to the anode. On the other side of the cell, oxygen or/and air is delivered
through the channel plate. All the reactants were standard laboratory quality (e.g., 99.99 %
purity). Reactant humidification was achieved by injection type humidifiers calibrated to
provide desired relative humidity (RH), in case of degradation test of 100 %. Due to the small
cell dimensions the cells were operated isothermally, without a temperature gradient over the
active surface. The temperature was monitored by thermocouples. The test stations
components were regularly calibrated. The test station also has some built-in safety features
that allow the station to be shut down either manually or automatically under dangerous
situations. The potentiostatinc or potentiodynamic measurements were performed using an
external bipotentiostat.
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4
Catalyst concepts
The present work brings an insight over state-of-the-art catalysts, as well as new concept
catalysts with potential for fuel cell cathode applications. Since a detailed description of the
experimental set-up and procedures were performed in Chapter 2 of this thesis, they are not
repeated here. The chapters and figures numbering is adapted to the overall structure of the
thesis and the references are given in a common list at the end of the thesis. My contributions
to this publication are the RRDE measurements and their evaluation. Furthermore, I
synthesised the PtCux –alloy and -core-shell. I performed the structuring and the creative
process of the manuscript as well as all the Figures.
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Research efforts have made possible the development of the catalysts systems that today can
fulfil the automotive requirements regarding the increased ORR activity only. Although to
make these catalysts durable, still remains a challenge. Table 4.1 classifies different catalysts
systems such as non-platinum, carbon supported platinum (state-of-the-art catalysts), noncarbon supported catalysts and Pt-alloys.
Table 4.1: Cathode catalysts performance summary
Catalysts

ECSA
m2/g
76
79
58
60
−
90
70
65
−
−

Specific activity Mass activity
µA/cm2
mA/mg
1300
727
550
487
630
342
450
220
600
257
110
182
260
166
200
159
80
75
−
−

22 wt % PtCu alloy1
Bimetalic 22 wt % PtCu core-shel1
systems
18 wt % PtNi2
52 wt % PtCo3
100 % Pt (NSTF)4
Nobel-metal 28 wt % Pt/HSC5
systems
50 wt % Pt/C6
46.6 wt % Pt/C3
Non-noble 5 wt % Pt/non-carbon7
metal
non-Pt material7
systems
1
self-made; 2was prepared with an industrial partner P1; 3comercial catalyst (TKK);
4
catalyst prepared in collaboration with 3M Company; 5comercial catalyst (E-TEK);
6
comerial catalyst (BASF); 7was prepared with research partner P2.
It can be observed that the kinetic activity changes significantly with the catalyst surface
morphology and composition. The durability of state-of-the-art PEM FC catalysts has been
improved recently by replacing the high-surface-area of 1200 − 800 m2/g carbon support with
graphitised of 70 − 80 m2/g carbon. However, the mass activity in the latter case is slightly
lowered. Commercial Pt/C catalysts have specific activities about 0.2 mA/cm2 and mass
activities of 160 mA/mgPt. The electrochemical characteristic of the state-of-the-art
commercial catalysts varies with the preparation process developed by the supplier. Slightly
better activity and stability towards ORR were found for 50 wt% Pt/C Selectra@CRC (BASF,
Germany). Hence platinum cost and supply for large PEM commercialisation is a high
concern for automotive companies, it is desirable the development of cheap non-platinum
catalysts materials. Ti-based catalysts were electrochemically investigated and have shown 10
times lower activities than Pt/C [182, 183]. To improve the performance low amounts of Pt
varying between 1 − 6 µgPt/cm2 were used for the catalysts preparation. Fig. 4.1 illustrates the
slight ORR improvement with the increase of Pt amount in the catalysts sample.
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Fig. 4.1: Effect of Pt loading over the ORR mass activity at the beginning of life (BoL) and
end of life (EoL) after 1000 cycles between 0.6 − 1.2 V with 1 V/s.
The advantage of low Pt amounts is lost after potential cycling the electrodes between 0.6
− 1.2 V, for 10000 SWC. Another approach aiming the increased activity and durability are
extended surface area catalysts (ESA). The main advantage of these materials is the stability
against both dissolution and degradation due to carbon support corrosion. It was shown that
the nanostructured thin-films catalysts are the only practical ESA [20]. They showed
improvements in specific activity with 3 orders of magnitudes versus classical Pt/C, while the
mass activity improvements are 1.5 times higher than Pt/C.
Pt-alloy catalysts have proved to offer improved ORR activities, due to change in
electronic and geometric configuration of the nanoparticle. However, the improvements in
ORR activity are only of 1.5 − 2.5 orders of magnitude for the most promising Pt3Co and
Pt3Ni systems. It has to be noted that a factor of 4 times increased in the catalytic activity per
mass of precious metal is required for automotive applications [184]. A new strategy for
catalysts preparation [46, 49] allows the development of Pt-alloys structures that exceeds the
automotive targets. The method was successfully extended in Daimler laboratory and PtCux
catalysts with mass activity enhancements of 5 − 6 times compared to carbon supported Pt
nanoparticles were prepared in-house. The self-made PtCu3 nanoparticle showed a specific
activity of 1300 mA/cm2 and a mass activity of 727 mA/mgPt. Hence the atoms of Cu from
subsurface of platinum layers are not stable under potential cycles a deliberate partial
electrochemical dissolution of Cu atoms is performed. This results in a Pt-enriched shell and
alloy core nanoparticle catalysts. The activity of the core-shell catalysts is slightly decreased
then of the alloy, however still exceeding that of Pt/C, making them the preferential materials
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for automotive fuel cell. This great achievement alone, is not sufficient to employ the
catalysts in fuel cell stacks, another important aspect that must be address is catalysts life time
durability. In the next chapter the durability of these materials is investigated in detail and the
morphological change under different potential conditions is revealed.
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Preparation, characterization and degradation
mechanism of PtCux-alloy nanoparticles for
automotive fuel cells
The results of this research have been published in
Journal of Power Sources, 208 (2012) 288-295
Authors: A. Marcu*, G. Toth, R. Srivastava, P. Strasser
Title: “Preparation, characterization and degradation mechanisms of PtCux-alloy
nanoparticles for automotive fuel cells”

The results of this publication were overtaken in this thesis with the permission of Elsevier,
Journal of Power Sources and cited as [119]. Since a detailed description of the experimental
set-up and procedures were performed in Chapter 2 of this thesis, they are not repeated here.
The chapters and figures numbering is adapted to the overall structure of the thesis and the
references are given in a common list at the end of the thesis. In order to support the
hypothesis formulated in this chapter research, additional experiments and supplementary
results performed by myself were included as section 5.4. TEM and ICP-MS measurements
were performed at Zentrum für Werkstoffanalytik Lauf. XRD measurements were performed
at Umicore, Hanau. My contributions to this publication are the synthesis and formulation of
PtCux -alloy, -skeleton and -core-shell, as well preparation of the PtCux membrane electrode
assembly (MEA). I performed the RRDE, DEMS and single cell MEA measurements and their
evaluation, as well the evaluation of the TEM and ICP-MS results. I performed the
structuring and the creative process of the manuscript as well as all the figures.
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Abstract
Electrochemically dealloyed PtCux alloy nanoparticles successfully meet the automotive
technology target of having four times higher Pt mass activity for the electroreduction of
molecular oxygen compared to current state-of-the-art platinum catalysts [46]. However, the
catalysts must also maintain their activity throughout the aggressive automotive drive-cycles
in order to be implemented in fuel cells cars. Here, the durability of dealloyed PtCux catalysts
was systematically evaluated under various voltage-cycles using a rotating ring disk electrode.
The stability of the non-noble metal alloy component was proven at electrode potentials
below 0.6 V. The platinum stability was evaluated at potentials up to 1.1 V to avoid carbon
corrosion and then up to 1.2 V to be closer to the more aggressive cycles developed in startup/shut-down events of the fuel cells. The major known failure modes such as non-noble
metal dissolution, platinum dissolution, and particle growth/agglomeration were monitored in
order to understand closely the PtCux nanoparticles behavior under different potential cycles
and to provide a degradation fingerprint.

5.1 Introduction
Cost-competitive fuel cells vehicles require cheap and durable cathode catalyst for oxygen
reduction reaction (ORR). In the last decade, Pt particles modified with a second metal
resulting in Pt-alloy or Pt core-shell catalysts, allow fuel cell operation having low noble
metal loading thus lower costs of the system [49]. However, if the platinum-based particles
cannot maintain their structure over the lifetime of the fuel cell, changes in the morphology of
the bimetallic catalyst are likely to result in a loss of electrochemical activity. One of the main
issues of the Pt-alloy systems is the non-noble metal stability [184]. Leaching of the nonnoble metal in Pt-alloys occurs, since base-metals are thermodynamically unstable under
polymer electrolyte membrane fuel cell (PEM FC) potentials in acidic electrolytes [57].
Therefore, a pre-leaching of the alloys in acidic media was proposed by Mukerjee et al. to
minimize the contamination of the membrane with base-metals precipitate [112]. Ball et al.
[113] showed that the pre-leaching process removes the non-noble metals only from the 1-2
surface layers of the particles, resulting in Pt-skeleton catalysts [32, 44, 112]. However, under
normal fuel cells operations (0.4 V and 0.9 V) pre-leached Pt-alloy catalysts would experience
further base-metals loss as an effect of the potentials conditions [116].

56

Chapter 5
A new preparation method by voltammetric dealloying was developed [46, 47, 119, 185]
to provide more stable electrocatalysts systems. The dealloying process originates from the
phenomenon of corrosion [118, 120, 129] but recently it has been proved to be a highly
controllable route to nano-structured core-shell catalysts [47, 48]. A deliberate partial
electrochemical dissolution of the less noble components Cu atoms is achieved, resulting in
Pt-enriched shell and alloy core nanoparticle catalysts. Dealloyed PtCux nanoparticles were
studied intensively and showed ORR mass activity enhancements of 5 times compared to
carbon supported Pt nanoparticles [46, 48]. This great achievement alone, is not sufficient to
employ the catalysts in fuel cell stacks, another important aspect that must be address is
catalysts durability. Although fuel cells catalysts performance loss is unavoidable, the
degradation rate could be minimized based on a better understanding of the relevant failure
mode affecting the stability. In addition to the idle load-cycles occurring during the vehicle
life time, the cathode catalysts are exposed as well to more stressful conditions like startup/shut-down [186, 187]. Under these conditions, besides the leaching of the non-noble
metals, the catalysts may lose activity due to a decay of the electrochemical surface area. In
general the Pt electrochemical surface area (ECSA) loss could be caused by Pt dissolution and
Pt particle growth or agglomeration, which could be the effect of migration/coalescence or
carbon corrosion [187]. Therefore, in order to develop cathode catalysts with tailor-made
properties for automotive fuel cells it is extremely important to elucidate the existing
knowledge gaps regarding the Pt-alloys degradation mechanisms. The purpose of this
research is to clarify the stability of copper platinum catalysts and establish the basic data for
formulation of catalysts composition for fuel cells applications. The degradation fingerprint
method developed recently in Daimler [188] for evaluation of catalysts under severe
simulated fuel cell operation conditions had to be employed. The knowledge achieved in this
research constitutes the basis for the pre-selection of cathode catalysts with potential interest
for employing in fuel cells for electromobility.

5.2 Results and discussion
5.2.1 Catalyst preparation and formulation
A new method, the voltammetric dealloying, was proposed for the preparation of catalysts
with high potential for fuel cells applications [185, 189] and it was closely investigated in our
group because of its advantages. The method successfully solves two very important issues
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for the automotive fuel cells industry. The first advantage is the increased catalytic activity by
a factor of 5 compared to Pt/C state-of-the-art catalysts, achieving the required fuel cells
vehicles targets for cathode catalysts. The second advantage is the increased stability of the
transitional metal, due to formation of a Pt-shell that protects the Cu from leaching out.
Nevertheless, the preparation of the MEA catalyst layers for application in PEM FC requires
additional steps. PtCux-bulk alloy are first applied to a polymeric membrane as a cathode
layer and assembled in a cell. The MEA is then subjected to voltammetric cycling while the
Cu ions are selectively removed from the precursor particles and trapped at the negatively
charged SO3− inside the membrane. Finally, the membrane electrode is disassembled and
immersed in liquid acid to ion exchange the Cu ions with an excess of protons. Due to the
post treatment of the MEAs the method follows a systematic which is laborious for large
industrial application. A preferred strategy to deliberately modify the surface catalytic
properties of Pt-based alloys, for automotive applications is a chemical treatment of the
nanaoparticles. This method was extended in our group, in which the bimetallic alloy
precursor materials were subject to acidic corrosion media. In this way we achieved to remove
the Cu atoms from the PtCux nanoparticle surface and to develop a PtCux-skeleton. The
compared characteristic of the catalyst prepared with both methods are presented in the
following.

5.2.2 Electrochemical stability of PtCux alloy and core-shell electrocatalyst
The PtCux-skeleton sample initially showed low surface area of 43±5 m2/gPt because the Pt
surface is blocked by the presence of Cu atoms that were not completely removed during the
acid treatment. Nevertheless, as soon as voltage cycling is applied to the sample the Cu atoms
starts to leach out and more platinum becomes available for hydrogen interaction resulting in
a gradual increase in surface area. Depending on the potential window used, it takes different
number of cycles to reach a maximum of 76±4 m2/gPt. The leaching rate increases with the
upper potential limit and a maximum surface area is reached after 500 cycles when a potential
cycling of 0.6 − 1.1 V was used and after 300 cycles for potentials of 0.6 − 1.2 V. In case of
the dealloying process two different voltages cycles were applied and compared in Fig. 5.1,
the first 0.05 − 1.1 V was proposed previously in literature [46] and a second one of 0.05 −
1.2 V which was proposed for this research.
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Fig. 5.1: ECSA loss during potential cycling 0.6 − 1.1 V with 1 V/s, in H2SO4 for 10000
cycles of the PtCux-skeleton (squares), of the core-shell which was electrochemically
dealloyed at 0.5 − 1.1 V (triangle up) and at 0.5 − 1.2 V (triangle down) and for Pt/C catalysts
(circles).
When 200 dealloying cycles between 0.05 − 1.1 V were applied, the initial surface area
found was of 61±2 m2/gPt. Considering same 200 numbers of cycles but increasing the upper
potential limit to 1.2 V the initials surface area was of 70±7 m2/gPt. After the two different
dealloying cycles both core-shell systems were exposed to degradation cycles of 0.6 − 1.1 V.
The ECSA for the first core-shell systems increased to a maximum of 74±7 m2/gPt during the
first 200 degradations cycles. The second core-shell system reached a maximum surface area
of 76±4 m2/gPt, after 100 degradation cycles. This behavior suggests that a further Cu leaching
with simultaneous roughness of the Pt structure occurs after the dealloying and that the
leaching rate increases with the upper potential limit. The leaching rate increases with the
upper potential limit. This behavior has also been observed previously in literature [189]. In
this research the dealloying potential window used is 0.05 − 1.2 V considering 200 cycles,
since this procedure provides more stable core-shell. The beginning of life is considered to be
the maximum surface area reached for each of the catalysts. The carbon supported platinum
which was heat treated to have particle size of 3.6±0.2 nm similar to PtCux catalyst, initially
has a surface area of 78±4 m2/gPt similar to the maximum surface 76±4 m2/gPt determined for
the core-shell nanoparticles. In the following we investigated the Cu stability during cycles
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under potential window of 0.05 − 0.6 V. Fig. 5.2 displays the ECSA loss determined under
low potential scans for the core-shell and the Pt-skeleton samples.
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Fig. 5.2: ECSA losses determined under low potential scans 0.05 - 0.6 V for core-shell
catalyst dealloyied under 0.5 − 1.2 V and PtCux-skeleton where a) first cycle, b) after 10000
cycles, c) after 400 potential cycling cleaning of 0.5 − 1.1 V.
The low potential window has the purpose to investigate the stability of the second metal
Cu without affecting Pt stability. The base-metals are unstable in acidic electrolytes and fuel
cells potentials, leaching out of the catalyst particles [22, 111]. During potential cycling, the
surface area of the core-shell apparently decreases due to Pt surface contamination that
usually occurs at these low potentials. Cycling the electrode at higher potentials as 1.1 V, the
Pt surface is cleaned and the maximum value of the surface area is recovered. However, the
ECSA of the PtCux-skeleton sample increases and becomes similar with the core-shell,
suggesting further Cu leaching. ICP-MS was used to determine the Pt and Cu composition for
the initial bulk alloy, PtCux-skeleton and core-shell materials. An initial bulk composition was
determined to be of Pt40Cu60. During chemical leaching a 33 % of initial cupper was lost in
the electrolyte while during electrochemical dealloying 67 % was removed. After dealloying
the nanoparticles composition was determined to be Pt80Cu20, in agreement with literature
data [190]. After low potential cycling, very small amounts 0.8 µg Cu were found in the
electrolyte, for both core-shell and PtCux-skeleton samples. Increasing the upper potential
limit to 1.1 V during cleaning, the dissolution of the second metal from PtCux-skeleton
catalysts occurs and a 2.4 µgCu was found in the electrolyte. In core-shell catalyst, the noble
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metal shell protects the non-noble atoms from the core against dissolution and only 0.4 µg Cu
were found in electrolyte after cycling.
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Fig. 5.3: ECSA losses of the PtCux-skeleton (squares), PtCux-core-shell dealloyied at 0.5 −
1.2 V (triangles) and for Pt/C catalysts (circles), during potential cycling 0.6 − 1.2 V with 1
V/s, in H2SO4 for 10000 cycles.
The stability of the PtCux regarding Pt dissolution and agglomeration was investigated
under potentials cycling of 0.6 − 1.1 V and 0.6 − 1.2 V as illustrated in Fig. 5.1 and Fig. 5.3. It
can be observed that the chemical leaching process affects only the break-in time which is the
time it takes the catalyst to obtain its maximum ECSA. After a maximum surface area was
reached using 300 to 500 degradations cycles, the PtCux-skeleton behaves similar to PtCuxcore-shell. Nevertheless, the break-in time has a major impact on automotive fuel cells since
the second metal that leaches out will be found in the ionomer phase leading to increased
kinetic losses, thus lowering fuel cell performance of the MEA [22, 191]. It becomes
inherently clear from the results that there is a stability advantage of approximately 20 % for
PtCux catalyst over Pt/C under degradation cycles of 0.6 − 1.1 V. This advantage comes
particularly from alloying the Pt metal with Cu and not as a particle size effect. Both catalysts
have similar uniform particle size due to the heat treatment of the Pt/C similar to PtCux
catalyst. However, this great advantage is lost by increasing the potential window with 100
mV. Potential cycling up to 1.2 V has from the beginning a higher impact over the catalyst
degradation rate. While the total 30 % loss of ECSA is obtained at the end of 10000 cycles
under 0.6 − 1.1 V, it takes only 2000 cycles at 0.6 − 1.2 V to reach the same value.
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Furthermore after degradation the PtCux-skeleton and core-shell catalysts acts similarly to
Pt/C and the overall degradation is ~ 80 % surface area loss. For more detailed insight
regarding the trends in ECSA loss, a breakdown of the degradations mechanisms was
performed.

5.2.3 Quantification of the degradation failure modes
Several mechanisms appear to be responsible for the loss of Pt ECSA and the most significant
are Pt dissolution and Pt agglomeration/growth [50 - 52, 80, 192, 193]. To understand which
of the mechanism has a bigger impact over the ECSA loss, a quantification of the individual
failure mode was performed. TEM was used in order to characterize the particle size at initial
and final state as showed in Fig. 5.4a. Assuming a spherical particle, the mean particle size for
all three samples PtCux -bulk material, -core-shell and -skeleton was found to be similar
3.4±0.6, 3.5±0.1 and 3.8±0.4 nm in good agreement with literature data for PtCux-bulk alloy
annealed at 800˚C [194]. The mean particle size of the heat treated Pt/C was determined to be
3.6±0.2 nm. In general TEM analysis gives valuable information regarding the particle size
and distribution of Pt on the carbon support; nevertheless they are time and cost consuming.
In this research the dispersion was used as a parameter that provides information about the
changes in particle size and its relationship to ECSA loss. Based on the known definition, the
dispersion is given by the ratio between the active Pt surface atoms and the remained Pt atoms
at the working electrode. The latter is determined by subtracting the amount of Pt loss
determined from ICP-MS data, from the initial Pt amount at the working electrode. The
former is determined applying the flowing relationship:
 Q H upd
A Pt  
 F



  NA



(5.1)

where, APt is the number of active platinum atoms or surface atoms, QHupd is the hydrogen
under potential deposition charge (C) determined from the measured basic voltammograms, F
is the faraday constant F=96485 C·mol-1 and NA is the Avogadro constant 6.02×1023 mol-1.
Therefore, an initial core-shell dispersion experimentally determined DE=0.26 was found
in agreement with the dispersion determined from TEM data DTEM=0.29. Furthermore, the
initial core-shell mean particle size, from TEM analysis, of 3.5±0.1 nm corresponds to a
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theoretical surface area SAT=77±4 m2/gPt, in good agreement with the experimental maximum
surface area SAE =76±6 m2/gPt determined from Hupd.
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Fig. 5.4: TEM image and size distribution of (a) PtCux-bulk alloy, (b) PtCux-core-shell after
degradation at 0.6 − 1.1 V, (c) PtCux-core-shell after degradation at 0.5 − 1.2 V. Both samples
were dealloyied at 0.5 − 1.2 V.
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Fig. 5.5: Breakdown of the different degradation mechanism represented by the losses of
ECSA 33 % (squares), Pt dissolution 32 % (circles) and dispersion 2 % (triangles), versus the
number of cycles for PtCux-core-shell catalysts under potential cycling 0.6 − 1.1 V. The coreshell was obtained by dealloying at 0.5 − 1.2 V.
Potential cycling of 0.6 − 1.1 V for the core-shell catalyst are represented in Fig. 5.5
showing the losses of ECSA, Pt dissolution and dispersion. The percentage losses are
normalized to the corresponding cycling intervals where the process was stopped to collect
the electrolyte for ICP analysis. It can be observed that the trend of Pt dissolution is similar to
ECSA loss and the change in dispersion is negligible. The total Pt mass loss was
approximately 32 % and a 30 % loss in the ECSA was recorded, while the change in
dispersion was only 2 %. This behaviour leads to the conclusion that the main effect causing
the ECSA loss is platinum dissolution. This hypothesis is confirmed by TEM pictures
performed at the end of the degradation Fig. 5.4b. The mean particle size determined is
3.8±0.4 nm with DTEM=0.27 in good agreement with the dispersion experimentally determined
DE =0.26. Potential cycling of 0.6 − 1.2 V for the core-shell catalyst are represented in Fig.
5.6 showing the losses of ECSA, Pt dissolution and dispersion. The percentage losses are
normalized versus the corresponding cycling interval. It is interesting to note that for the first
500 cycles the trace of ECSA loss is similar to dissolution, while the change in dispersion is
negligible. Therefore, the decrease in ECSA loss initially is dominated by the dissolution of
Pt. After 500 cycles, a small change in the dispersion can be observed, the catalyst particles
starts to grow/agglomerate and the contribution of Pt dissolution over the ECSA loss starts to
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decrease. At the end of the degradation Pt dissolution still occurs but with lower rates as an
effect of the particle growth.
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Fig. 5.6: Breakdown of the different degradation mechanism represented by the losses of
ECSA 81 % (squares), Pt dissolution 54 % (circles) and dispersion 64 % (triangles),
normalized vs. the corresponding number of the cycles of potential cycling 0.6 − 1.2 V for
PtCux-core-shell catalysts, which was dealloyied previously at 0.5 − 1.2 V.
These results are in agreement with the known behavior that the growth of the platinum
particle favors the stability against dissolution [192] and with previous fingerprint data for
Pt/C determined under start/stop fuel cell conditions [188]. From the total remaining 46 %
platinum mass on the electrode, 42 % was found to be agglomerated. Therefore, at the end of
the degradation cycles the ECSA loss is predominantly affected by growth/agglomeration.
During potential cycling, the PtCux catalyst is highly degraded and at the end of 10000 cycles
very few particle are left on the carbon support. These particles are spherical with size of 5
nm and non-spherical agglomerates with a size of 7 nm as illustrated in Fig. 5.4c. The total Pt
mass loss was 81 %, with a total 54 % of the ECSA loss, while the change in dispersion was
64 %. Similar degradation behavior under potential of 0.6 − 1.2 V was found for Pt/C
reference material. Initially the ECSA loss is dominated by Pt dissolution and after 5000
cycles the most dominant failure mode becomes agglomeration/growth of the particle. This
behavior as mentioned before is dependent on the initial Pt amount and its distribution on the
surface of the support material. At the end of the degradation cycles the losses recorded were
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84 % for ECSA, 58 % for Pt mass and 63 % for dispersion. Fig. 5.7 shows that for Pt/C
catalysts the total amount of 4.4 µgPt Pt loss is comparable to 4.1 µgPt Pt loss in case of coreshell and to 4.0 µgPt Pt loss for the PtCux-skeleton. Moreover, the trend of Pt dissolution over
the number of cycles is similar for all samples Pt/C, PtCux -skeleton and -core-shell. A great
impact over the recorded high loss of the catalysts particle could be, the high surface nature of
the carbon supporting material. Linse et al. [191] showed an approximately doubling of the
CO2 concentration evolution from ~ 6 ppm at 1.1 V to ~ 13 ppm at 1.2 V for a high surface
area carbon. Therefore the similarity in Pt mass loss for all three samples could be also the
results of carbon corrosion as discussed in literature [185].

Fig. 5.7: ICP-MS data of Pt (white columns) and Cu (red columns) atoms lost under potential
cycling of 0.6 − 1.2 V. Where a) represents the Cu lost during dealloying under 0.5 − 1.2 V,
b) Cu lost during acid chemical leaching, c) platinum lost during dealloying.
The life time behaviour of the PtCux nanoparticles under different potentials conditions is
illustrated in Fig. 5.8. Starting from a PtCux-bulk alloy the nanoparticles could be chemically
leached to PtCux-skeleton or electrochemically dealloyed to PtCux-core-shell. The PtCuxskeleton under potential cycles is subjected to further Cu leaching leading to PtCux-coreshells. Based on the behavior of both systems at low 0.05 − 0.6 V and higher 0.6 − 1.1 V
potentials, discussed previously in this research, it can be concluded that the Cu atoms within
the core-shell particle are protected by platinum and don’t leach out as long as the Pt shell is
not restructured. ICP-MS was performed during the 10000 degradation cycles at 0.6 − 1.1 V.
A total number of 4·1015 Cu atoms, representing 50 % loss, were dissoluted in electrolyte,
which was slightly smaller compared to 7.5·1015 Pt atoms.
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Fig. 5.8: Behavior of the PtCux as cathode material in fuel cells. PtCux-bulk alloy could be
leached in acidic media to PtCux-skeleton, or electrochemically dealloyed to PtCux-core-shell.
PtCux-skeleton under fuel cell operational condition will develop into a core-shell structure.
PtCux-core-shell is stable as long as the shell is not restructured.
Considering the initial TEM particle size distribution the provenience of the 30 % Pt
atoms lost at the end of test, corresponds to 98 % dissolution of 1 nm particles and 50 %
dissolution of 2 nm particles. Assuming spherical particle size, Ostwald Ripening dissolution
mechanism [193] and that the 1 nm particle are free of Cu after dealloying, it was estimated
that the dissolution of 0.1 ML Pt leads to 16 Cu atoms leaching out from a 2 nm particle.
Therefore, once Pt starts dissolute, the Cu will be again prone to leaching.

5.2.4 Failure modes contribution to oxygen reduction reactivity
It is already proved that Pt mass and specific activity of the core-shell particles exceeds that of
state-of-the-art Pt electrocatalyst by more than a factor of 4 and thus meets performance
targets for fuel cell cathode electrodes [195 - 197]. Therefore, in this paper we only focused
on how the different potential windows affect the activity of the different PtCux system and
more importantly how to quantify the effect of Pt dissolution and agglomeration over the
mass activity losses. The specific and mass activities of the initials state and after degradation
of the Pt/C, PtCux-core-shell and PtCux-skeleton are related in Table 5.1. During low potential
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cycling of 0.05 − 0.6 V an apparent increase in the specific activity of the core-shell
associated with the decrease in the ECSA due to the adsorption of impurities on the surface
was observed.
Table 5.1: The specific and mass activities of the initials state and after degradation
of the Pt/C, PtCux -core-shell and -skeleton:
Specific activity (mA/cm2)
1
BoL
2
EoL@ 0.05−0.6 V
EoL@ 0.6−1.1 V
EoL@ 0.6−1.2 V
Mass activity (mA/mgPt)
BoL
EoL@ 0.05−0.6 V
EoL@ 0.6−1.1 V
EoL@ 0.6−1.2 V

Core-shell

PtCux-skeleton

Pt/C

0.55
0.55
0.28
0.25

0.60
0.55
0.29
0.24

0.14
0.14
0.14
0.13

487
470
400
89

512
490
403
91

138
137
98
61

1

BoL - Beginning of Life, 2EoL - End of Life.

After cleaning at 1.1 V both samples, the PtCux-core-shell and PtCux-skeleton, showed
similar specific and mass activities corresponding to the initial core-shell recorded values,
supporting the statement that the Pt shell is protecting the Cu against leaching. Potential
cycles of 0.6 − 1.1 V, showed initially a great advantage for PtCux-skeleton with 6x higher
specific activity then Pt/C catalyst. However, the activity decreases at the end of the
degradation and reaches similar values to the core-shell catalyst. The specific activities of
both PtCux -skeleton and -core-shell, at the end of cycling exhibits 1.5x factor compared to Pt
supported bulk catalysts. Similarly, both PtCux samples exhibit the mass activity compared to
Pt/C, with a factor of 2.5 at the end of test. Potential cycles as 0.6 − 1.2 V are in general more
stressful for the catalyst stability, leading to accelerated degradation rate as shown above.
From the specific and mass activity data it is observed that potentials as 1.2 V have a
detrimental effect on the ORR activity. This is likely attributable to the enhanced
dissolution/agglomeration probably caused by carbon corrosion. The quantification of the
mass activity losses for Pt/C at 0.9 V normalized to initial catalyst amount, the remained
catalyst at the working electrode and to the dispersion factor are displayed in Fig. 5.9. The
total loss considering the initial Pt amount is about 56 % being caused by Pt dissolution and
agglomeration.
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Fig. 5.9: Mass activity loss of Pt/C catalysts normalized versus initial catalysts amount (empty
squares), Pt amount left at the working electrode (circles), and dispersion factor (filled
squares), considering potential cycling 0.6 − 1.2 V.
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Fig. 5.10: Mass activity loss of PtCux-core-shell, dealloyied at 0.5 − 1.2 V, normalized versus
initial catalysts amount (empty squares), Pt amount at the working electrode (circles), and
dispersion factor (filled squares), considering potential cycling 0.6 - 1.2 V.
Normalizing the ORR current to the remaining Pt amount at the working electrode, the
total loss becomes 51 % corresponding to agglomeration and growth of the particles. The
trace of mass activity normalized versus the remained Pt amount, shows small losses for the
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first 500 cycles corresponding to the behavior shown previously for PtCux where
agglomeration starts after the first 500 cycles. After 5000 cycles the activity loss is enhanced
due to agglomeration, becoming the most predominant cause. When normalizing the ORR
current to dissolution and dispersion factors, the trace of the mass activity losses becomes
constant and the absolute value of the mass activity corresponds to the initial value 160
mA/mgPt. PtCux-core-shell, the ORR current after being normalized to Pt dissolution and
agglomeration, as illustrated in Fig. 5.10, is not constant but represents the losses
corresponding to the electronic changes within the particles. Therefore, at the end of
degradation, 10 % of mass activity loss is due to Pt dissolutions, the growth/agglomeration
contribute about 25 % and 50 % are attributed to the deactivation of the core-shell particles.
PtCux-core-shell catalysts are a promising approach to meet the automotive activity and
stability targets under normal driving conditions at open circuit voltage. Nevertheless, the
high cathodic potentials developed during start-up/shut-down significantly affect the catalysts
stability and therefore their implementation in fuel cell stacks. This dependence of the
stability on the start-up/shut-down conditions imposes the need to develop effective
mitigation strategies to avoid high cathode potentials.

5.3 Conclusions
PtCux-core-shell nanoparticle electrocatalyst is an important advancement in the development
of active cathode catalysts for PEMFCs. In comparison with PtCux-skeleton electrocatalysts,
they show an additional gain in non-noble metal stability and they are characterized by mass
activities of up to a factor of 5 versus carbon supported Pt catalysts.
The degradation fingerprint method developed and utilized here is a practical approach of
general applicability for the evaluation and benchmarking of potential catalysts for fuel cell
applications. Our data suggests that the non-noble metal inside the core has a good stability
against leaching under the applied conditions with the core being very well protected by the Pt
shell. We also showed that the Pt dissolution rate is clearly lower in core-shell architectures
compared to state-of-the-art carbon-supported Pt nanoparticle. The origin of the enhanced
stability could be attributed to the electronic effects and geometric structure of the Pt atoms
upon alloying Pt with Cu.
PtCux-core-shell catalysts are a promising approach to meet the automotive activity and
stability targets under normal driving conditions at open circuit voltage. Nevertheless, the
high cathode potentials developed during start-up/shut-down significantly affect the catalysts
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stability and therefore their implementation in fuel cell stacks. This dependence of the
stability on the start-up/shut-down conditions imposes the need to develop effective
mitigation strategies to avoid high cathode potentials.

5.4

Supporting information

5.4.1 PtCux ex-situ and in-situ electrochemical characterization
Elementary characterization. X-ray diffraction is one of the methods used in this study to
characterize the atomic structure and composition of the PtCux-bulk material a Pt25Cu75,
annealed at 800°C as illustrated in Fig. 5.11. PtCux alloys form continuous solid solutions in
the whole range of composition [198]. Typically in the XRD profile the (111) reflection of the
catalyst samples occurs between 2θ values and reflection of pure Pt appears at 2θ=39.8° and
of the pure Cu at 2θ=43.3°. During annealing process, smaller Cu atoms replace bigger Pt
atoms and cause the unit cell to contract, the Pt interatomic distance decreases.

Fig. 5.11: X-ray diffraction profiles of carbon-supported Pt25Cu75 precursor catalysts.
The alloying degree between Pt and Cu depends strongly on the annealing temperature
[46]. According to Bragg’s low (   2d sin( ) ) as the unit cell contracts, the value of d
(lattice spacing) becomes smaller thus resulting in an increase in the value of θ and 2θ. The
(111) reflections of pure Pt and Cu are shifted toward larger 2θ values, a wide peak at about
41.8º is revealed, indicating the formation of a solid solution. PtCux alloys form disordered
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face-centered cubic (fcc) crystal structures characterized by the strong fundamental (111)
reflection and weaker (200) and (220) reflections [199]. Hence, the disordered fcc PtCux
alloys follows the Vegard’s law [200, 201], the position of the peak (111) reflection could be
used to predict the corresponding alloy composition. The XRD shows that PtCux formed a
solid solution with a Cu content in the alloy phase between 50 at% and 75 at%. A nonalloyed, pure Cu phase is reviled by the extra peak at 43º and 51º consistent with (111) and
(200) fundamental reflections from the ICDD database [202]. The peak width suggests that
the Cu crystallites are large compared to the alloy phase. The very weak reflection at around
angle 25º can be attributed to some crystalline of carbon support material.
Ex-situ electrochemical characterization. The voltammetric characteristics of the PtCux-bulk
alloy and the PtCux-skeleton (chemical leached) and core-shell (electrochemically dealloyied)
are revealed in Fig. 5.12. In case of bulk alloy the typically hydrogen adsorption and
desorption peaks on Pt surface atoms between 0.05 and 0.4 V are absent indicating a pure Cu
surface layer.
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Fig. 5.12: Basic voltammogram of PtCux-bulk (blue), PtCux-core-shell (dark green) and
PtCux-skeleton (red).
The very first anodic scan shows the bulk Cu dissolution between 0.2 − 0.5 V, followed
by the selective Cu dissolution from the Pt-alloy material under 0.6 − 0.8 V. The PtCuxskeleton voltammogram, with an anodic feature at 0.7 V and the absence of Hupd peak,
indicates the presence of Cu atoms in the first layers of the catalyst. After dealloying, the CV
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resembled to a pure Pt nanoparticles, with the typically Hupd peaks, nevertheless shifted to
more positive potentials then Pt/C. Fig. 5.13 reveals the voltammetric response of the PtCuxcore-shell and PtCux-skeleton versus a Pt/C catalysts. It is obvious that the PtCux-skeleton
structure is only an intermediate step towards the core-shell structure. Furthermore, to
quantify Pt enrichment at the catalysts surface one can perform COad stripping. The CO
molecule will adsorb only on the Pt atoms that are not covered with Cu, therefore one can
quantify the Pt free surface of the catalysts while Cu is leaching out. The measured Faraday
current illustrated in Fig. 5.14 revels the Cu dissolution peak between 0.3 − 0.4 V from the
PtCux-bulk nanoparticle (in red). However, it is not possible to distinguish the Cu dissolution
peak between 0.7 − 0.8 V to that of CO oxidation peak. In order to obtain a clear CO
oxidation peak without interference from Faradic current, mass spectrometry analysis were
used and illustrated in Fig. 5.15. In addition, COad stripping was performed on both core-shell
and Pt/C material. The intensity of oxidation peak corresponding to PtCux reaches that of
Pt/C, nevertheless shifted to negative potentials as it can be observed in Fig. 5.16. This shift
suggests an easier oxidation of the surface and lower binding energies for PtCux compared to
the pure Pt supported on carbon.
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Fig. 5.13: Basic voltammogram of PtCux-core-shell (blue) and PtCux-skeleton (red), Pt/C
(brown).
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Fig. 5.14: Multiple COad stripping over PtCux-bulk nanoparticle showing the enrichment of
Pt-atoms at the surface while Cu dissolute in the electrolyte.
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Fig. 5.15: Multiple COads stripping mass spectrometer current of PtCux-bulk nanoparticle.
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Fig. 5.16: COads stripping voltammograms of PtCux-core-shell versus Pt/C.
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Fig. 5.17: COads stripping mass spectrometer current of PtCux-core-shell versus Pt/C.
It is clear that the combination of Pt with Cu brings an advantage over the activity. Fig.
5.17 shows the oxidation CO current on both materials without Faradic interference. Fig. 5.18
and 5.20 shows the specific and mass activities of initials state of PtCux -skeleton and -coreshell as well at the end of 10000 cycles TWC degradation under potential of 0.05 − 0.6 V.
Initially the PtCux-skeleton showed improved activity over core-shell sample. During the
low potential cycling an apparent increase in the specific activity was observed for the coreshell, associated with the decrease in the ECSA due to the adsorption of impurities on the
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surface. After potential cycling between 0.6 − 1.1 V the ORR activities of core-shell were
recovered. PtCux-skeleton ORR activities became similar to the core-shell values. Fig. 5.20
shows the specific activities of the initials state of Pt/C, the PtCux -core-shell and -skeleton as
well as the specific activities after 10000 cycles degradation under potential of 0.6 − 1.1 V.
Initially, a great advantage is observed of the PtCu-skeleton with 6x higher specific activity
then Pt/C catalyst. However, at the end of the degradation the activity decreases reaching
similar values to the core-shell catalyst 0.38 mA/cm2Pt. At the end of degradation, the specific
activities of both skeleton and core-shell still exhibits that of Pt supported on carbon by a
factor of 1.5. Similar behavior was observed for the mass activity illustrated in Fig. 5.21. Both
of samples exhibit the mass activity of Pt/C with a factor of 2.5 at the end of test.
Potentials cycling between 0.6 − 1.2 V are in general more stressful for the catalyst
stability, leading to accelerated degradation rate. From the specific and mass activity data
shown in Fig. 5.22 it is observed that potentials as 1.2 V has a detrimental effect on the ORR
activity. This is likely attributable to the enhanced dissolution and agglomeration mechanism
supported by carbon corrosion characteristic in this potential range. At the end of the
degradation almost 50 % of the platinum mass is still present at the working electrode and 42
% of this was found agglomerated and therefore inactive.
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Fig. 5.18: ORR specific activities PtCux-skeleton (triangles) and PtCux-core-shell (circles)
before (filled symbols) and after (empty symbols) potential of 0.05 − 0.6 V and after
electrochemical cleaning (light green stars – PtCux-core-shell and dark green stars – PtCuxskeleton).
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Fig. 5.19: ORR mass activities PtCux-skeleton (triangles) and core-shell (circles) before (filled
symbols) and after (empty symbols) potential of 0.05 − 0.6 V and after electrochemical
cleaning (light green stars – PtCux-core-shell and dark green stars – PtCux-skeleton).
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Fig. 5.20: ORR specific activities PtCux-skeleton (triangles) and core-shell (circles) before
(filled symbols) and after (empty symbols) potential of 0.6 − 1.1 V.
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Fig. 5.21: ORR mass activities PtCux-skeleton (triangles) and core-shell (circles) before (filled
symbols) and after (empty symbols) potential of 0.6 − 1.1 V.
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Fig. 5.22: ORR specific activities PtCux-skeleton (triangle) and core-shell (circles) at the
beginning of test (empty symbols), at the end of degradation (filled symbols) under potential
of 0.6 − 1.2 V.
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Fig. 5.23: ORR mass activities PtCux-skeleton (triangle) and core-shell (circles) at the
beginning of test (empty symbols), at the end of degradation (filled symbols) under potential
of 0.6 − 1.2 V.
The selectivity of the ORR was evaluated by the oxidation of the hydrogen peroxide
formed under the present reaction conditions on the Pt ring (at constant potential of 1.2 V).
Fig. 5.24 displays the H2O2 yields measured during ORR for PtCux -skeleton and -core-shell,
at the end of degradation potential cycling between 0.05 − 0.6 V and after cleaning at 0.6 −
1.1 V for 400 TWC. After cycling at low potentials when the surface is passivated by the
adsorption of impurities, the peroxide formation increases. After potential cleaning the
surface, the formation of peroxides becomes negligible under cathode potentials and similar to
the initial values. Potentials cycling windows 0.6 − 1.1 V illustrated in Fig. 5.25 and of the 0.6
− 1.2 V window illustrated in Fig. 5.26, results in maximum yield of 6 % H2O2 at the negative
potential limit on the Hupd blocked catalyst. In this region, the surface of Pt particle is covered
with adsorbed atomic hydrogen, which reduces oxygen to form a large amount of hydrogen
peroxide. After the degradation, a decreasing of the H2O2 yield is observed on both PtCuxskeleton and -core-shell in the Hupd region. Hydrogen peroxide production is less in the
double-layer potential region, where the surface is blocked by anions of supporting electrolyte
(HSO4−), and is fully absent at potentials more positive of 0.8 V (typically fuel cell cathode
operation potentials), indicating that the ORR proceeds preferably through a 4e− reduction
pathway, in agreement with literature data [138, 203, 204].
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Fig. 5.24: H2O2 yields measured during ORR for PtCux -skeleton (triangles) and -core-shell
(circles) before (filled symbols) and after (empty symbols) potential of 0.05 − 0.6 V and after
electrochemical cleaning (light green stars – PtCux-core-shell and dark green stars – PtCuxskeleton).
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Fig. 5.25: H2O2 yields measured during ORR for PtCux -skeleton (triangles) and -core-shell
(circles), before (filled symbols) and after (empty symbols) potential of 0.6 − 1.1 V.
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Fig. 5.26: H2O2 yields measured during ORR for PtCux -skeleton (triangles) and -core-shell
(circles), before (filled symbols) and after (empty symbols) potential of 0.6 − 1.2 V.
In-situ electrochemical characterization. PtCux-bulk nanoparticles are applied as ORR
electrocatalyst in the cathode layer of an MEA by hand spraying a Nafion membrane as
described in Cap. 3.1.4. The strategy towered PtCux-core-shell catalysts is to expose the MEA
over 200 consecutive potential cycles between 0.5 − 1.0 V under H2/N2 flow, as described in
Cap. 3.1.3. After dealloying, the resulting basic voltamogram are similar to that of a pure Pt
surface, meaning no residual Cu is present on the surface of Pt. The Cu ions removed from the
nanoparticles are trapped by the negatively charged SO3− groups of the Nafion polymer.
Therefore it is necessary to wash the CCM before testing by disassemble the CCM and
immersing in liquid acid 0.5 M H2SO4 at 80°C followed by rinsing in deionised water.
Afterwards, the single-cell is reassembled and the basic voltammogram recorded. Fig. 5.27
shows that basic voltammograms of the dealloyed cathode catalysts remained essentially
identical after the ion exchange procedure.
In-situ electrochemically dealloyed catalysts sowed the highest mass activity at 0.9 V of
675 A/mgPt. The Tafel plots exposed to H2/air are illustrated in Fig. 5.28. The voltage-current
diagram represented in Fig. 5.29 under in H2/O2 and H2/air respectively, shows that Ohmic
resistance losses and the mass transfer effects become significant at larger current densities.
The losses are attributed to secondary effect caused by the coating process. The data suggest
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that the dealloyed catalyst show significantly improved polarization behavior compared to
standard 28 wt% Pt/C cathode catalysts. The Pt-specific power densities resulted in 0.15
gPt/kW at 0.6 V, with a cathode Pt-loading of 14 mgPt/cm2electrode fulfilling the automotive
requirements [22]. Considering a total amount of Pt 72 g in one stack, this accounts for ca.
480 kW fuel cell stack in a 75 kWnet automotive fuel cell system. PtCux-core-shell catalysts
are a promising approach to meet the automotive activity and stability targets under normal
driving conditions at open circuit voltage. Nevertheless, the high cathode potentials developed
during start-up/shut-down significantly affect the catalysts stability and therefore their
implementation in fuel cell stacks. This imposes the need to develop effective procedures for
rapid evaluation of electrocatalysts under start-up/shut-down conditions.
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Fig. 5.27: Initial basic voltammogram of PtCux MEA, first scan (brown) corresponds to the
Cu atoms presents at the catalysts surface; the firsts 10 scans (light blue) represents the
graduate leaching of Cu with the formation of a core-shell structure after 200 cycles (dark
blue), and after H2SO4 treatment of the MEA (red).
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Fig. 5.28: Tafel plots exposed to H2/air illustrating the Pt and PtCux mass activity at 0.9 V.
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Fig. 5.29: The voltage-current diagram of the PtCux MEA. The cell testing conditions were set
for 80oC, 100 % RH, 2 bar for H2/O2 and 80oC, 60 % RH, 2 bar for H2/Air.

5.4.2 Electrochemical characterization of PtCux-core-shell vs PtCox
electrocatalyst
The structure, activity and stability of PtCox alloy annealed at 700ºC are compared with
PtCux-core-shell discussed previously in this chapter. In contrast to PtCux, the XRD patterns
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of PtCox do not present not-annealed pure Co crystallites phase after annealing, but two
distinct alloy phases as illustrated in Fig. 5.30.

Fig. 5.30: X-ray diffraction profiles of carbon-supported PtCox-bulk catalysts.
It was found one disordered phase fcc with an estimated molar composition of Pt90Co10
and a crystal size estimated to 5 nm. A second phase was observed with an estimated molar
composition of Pt60Co40 with bigger particle size which could be due to initial Co presence in
large conglomerates or its sintering quickly during the annealing process. The absence of nonannealed pure Co crystallites suggest that a second phase is kinetically favoured, therefore an
ordered fct phase was identified to be thermodynamically favoured structure at 600°C with
the composition of Pt50Co50 but as one increases the annealing temperature at 700ºC the two
phases become one primitive cubic.
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Fig. 5.31: Initial basic voltammogram of Pt/C bulk (brown), PtCux-bulk (blue) and PtCox-bulk
(red).
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Fig 5.32: Basic voltammogram of Pt/C bulk (brown), PtCux-core-shell (blue) and PtCox after
cycling (red), performed after 50 cycles between 0.6 − 1.1 V.
Initial basic voltammograms of the PtCux and PtCox are represented in Fig. 5.31
considering catalyst loading of 30 μg/cm2electrode and 0.5 M H2SO4. As shown previously the
initials cycles of PtCu-bulk are dominated by a high second metal dissolution from the top
85

Chapter 5
layers of the catalyst, a similar effect can be observed for PtCox. In the first cycle the Hupd area
is not distinguishable due to the presence of the second metal which gives different H2
adsorption energy then Pt. Degradation tests were performed for both samples with a potential
cycling between 0.5 − 1.1 V for 10000 cycles, at 1 V/s. After 50 cycles illustrated in Fig. 5.32
the hydrogen absorption area already becomes visible when a large part of the second metal
was removed. At the end of the test PtCux showed no significant loss in active surface area
contrary to PtCox. The degradation of PtCux results in small changes of 8 % ECSA loss
compared to 49 % loss of PtCox sample as illustrated in Fig. 5.33. To make accurate
comparisons regarding the two materials, the electrocatalytic activity was evaluated in
saturated O2 electrolytes. Fig. 5.34 displays the specific activity at begging of life and end of
life for Pt/C, PtCu core-shell and PtCox electrocatalyts.
The Pt/C catalyst as expected has a constant specific activity over the degradation cycles.
PtCux-core-shell proved to have initially 4x higher specific activities and the PtCox alloy 6x
higher than Pt/C with. After 10000 cycles under 0.6 − 1.0 V the PtCux specific activity
decreased to be 3x higher than Pt/C while the specific activity of PtCox alloy has decreased to
similar activity as the PtCux system. Fig. 5.35 displays the ORR kinetic current normalized
versus the geometric surface area of the working electrode. A 50 % loss of activity was
recorded for PtCox alloy and a 45 % of ECSA loss. PtCux showed only 5 % ECSA loss but the
activity loss accounts for 26 %; this could be explained by a second metal leaching out of the
particle. The ORR selectivity represented in Fig. 5.36 for PtCux and Fig. 5.37 for PtCox under
cathode potentials of 0.8 − 0.6 V showed negligible peroxides formation. Under anode
potentials of 0.6 − 0.05 V, PtCox showed significant increase in H2O2 at the end of
degradation, while PtCux has the highest selectivity for ORR and improving with cycling.
Overall PtCux-core-shell showed improved activity and stability versus PtCox alloys.
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Fig. 5.33: Active Pt surface area loss under potential cycling 0.5 − 1.1 V with 1 V/s for 10000
cycles, in H2SO4, of PtCux-core-shell (circles), PtCox (triangles) and Pt/C (square) catalysts.
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Fig. 5.34: Specific activities of PtCux-core-shell (circles), PtCox (triangles) and Pt/C (square)
catalysts before (filled symbols) and after (empty symbols) degradation under potential of
0.05 − 1.1 V.
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Fig. 5.35: Mass (geometric) activities of PtCux-core-shell (circles), PtCox (triangles) and Pt/C
(square) catalysts before (filled symbols) and after (empty symbols) degradation under
potential of 0.05 − 1.1 V.
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Fig. 5.36: H2O2 yields measured during ORR for PtCux-core-shell (circles) and Pt/C (square)
catalysts before (filled symbols) and after (empty symbols) degradation under potential of
0.05 − 1.1 V.
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Fig. 5.37: H2O2 yields measured during ORR for PtCox (triangles) and Pt/C (square) catalysts
before (filled symbols) and after (empty symbols) degradation under potential 0.05 − 1.1 V.
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Ex-situ testing method to characterize cathode
catalysts degradation under simulated
start-up/shut-down conditions
The results of this research have been published in
Journal of Power Sources, 215 (2012) 266-273.
Authors: A. Marcu*, G. Toth, S. Kundu, L.C. Colmenares, R.J. Behm
Title: “Ex situ testing method to characterize cathode catalyst degradation under simulated
start-up/shut-down conditions - A contribution to polymer electrolyte membrane fuel
cell benchmarking”

The results of this publication were overtaken in this thesis with the permission of Elsevier,
Journal of Power Sources and cited as [188]. Since a detailed description of the experimental
set-up and procedures were performed in Chapter 2 of this thesis, they are not repeated here.
The chapters, reference and figures numbering is adapted to the overall structure of the
thesis. In order to support the hypothesis formulated in this chapter research, additional
experiments and supplementary results were included as section 6.4. TEM and ICP-MS
measurements were performed at Zentrum für Werkstoffanalytik Lauf. DEMS measurements
and carbon corrosion calculations were performed at the Institute of Surface Chemistry and
Catalysis, Ulm University. Stack voltage measurements were performed at Automotive Fuel
Cell Cooperation. My contributions to this publication are the RRDE measurements with their
evaluation, as well the evaluation of the TEM and ICP-MS results. Furthermore, I proposed
and developed the ex-situ start-up/shut-down test procedure. I elaborated the concept and
performed the creative process of the manuscript as well as all the figures.
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Abstract
The paper introduces a novel ex-situ test procedure that was developed to quantify the ageing
of catalyst layers under critical automotive fuel cell conditions during start-up/shut-down
phases. It is based on liquid electrolyte measurements, using a thin film catalyst electrode.
The overall degradation under start-up/shut-down conditions is assessed by the decay in
electrochemically active surface area. Furthermore, contributions from different processes
leading to catalyst degradation such as Pt dissolution and Pt particle growth/agglomeration
can be separated. Finally, using a differential electrochemical mass spectrometry (DEMS) setup, also the extent and role of carbon corrosion under these conditions is accessible. The
potential of this, compared to in-situ fuel cell stack tests, rather fast and less costly ex-situ test
procedure is demonstrated in measurements using a commercial, graphitized carbon supported
Pt catalyst. The results of the degradation test and in particular the contributions from
different degradation processes such as Pt dissolution, Pt particle growth/agglomeration and
carbon corrosion during different stages of catalyst ageing are discussed.

6.1 Introduction
Proton Exchange Membrane Fuel Cells (PEM FCs), despite being a promising alternative to
combustion engines, still face many challenges related to cost and durability. In order for
automotive fuel cells to become commercially attractive, the current operational lifetime of
2,500 hours must be increased to 6,500 hours [205]. Over this lifetime, an automotive fuel cell
will be exposed to over 13,600 start-up events and 500,000 short drive cycles [85], both of
which are key drivers for degradation. Cathode catalyst degradation during transient operation
causes a gradual decline in performance through the loss of the electrochemical surface area
(ECSA) of platinum [55, 83 - 86]. Considering that the cathode accounts for 55 - 77 % of the
total PEM FC stack cost [206 - 208], it is important to understand the mechanisms of the
degradation processes that occur during automotive fuel cell operation. Of particular interest
is the degradation during start-up and shut-down (SU/SD) events in a vehicle [209]. During
shut-down, air will slowly fill the anode flow field of the fuel cell that initially was filled with
hydrogen gas, causing a hydrogen/air front to move through the anode channels. Similarly,
during start-up, hydrogen is fed to the anode, creating a H2/air front. It has been found that the
cathode voltage reaches potentials higher than 1.4 V, depending on the velocity of the H2/air
front filling the anode side of the system [209]. This creates a high interfacial potential
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difference in the region of the H2/air interface, causing carbon corrosion and oxygen evolution
at the cathode electrode. Catalyst degradation mechanisms under SU/SD conditions are often
studied using the PEM FC stack as test object, by in-situ test methods [209]. These tests,
however, can be costly, they do not allow to discriminate between different processes
contributing to the overall degradation [105, 210], which prevents a deeper understanding of
the specific mechanisms for catalyst degradation. The in-situ tests often require larger
amounts of catalyst material and therefore are not always suitable when assessing new
research catalysts. In addition, in PEM FC the degradation is difficult to quantify and
particularly the amount of dissolved Pt since it is trapped in the membrane and in the ionomer
of the catalysts layer. For rapid evaluation of catalyst materials, model studies in liquid
electrolyte (ex-situ characterization) and accelerated degradation tests would be highly
desirable. To be useful, the testing method must allow i) for a fast screening of different
catalysts and ii) to distinguish between different degradation mechanisms, while being faster,
more efficient and, most important, relevant to automotive operational modes. The US
Department of Energy (USDoE) has provided two ex-situ protocols to study catalyst
degradation. One involves a potentiostatic hold test at 1.2 V; which it is used to assess the
stability of the high surface area carbon support material, and the second one is a dynamic test
used to evaluate the durability of the electrocatalytically active nanoparticles under load
cycling. The latter consists of 30,000 square wave cycles (SWC) between idle and peak power
conditions of 0.6/0.7 – 0.9/1.0 V [79, 211, 212]. The US Fuel Cell Council (USFCC) has also
proposed a degradation test, consisting of 1000 SWC between 0.6 – 1.2 V, that is generally
accepted for evaluating the electrocatalyst durability, and a 1.5 V potential hold test to
examine the carbon support stability, especially of current state-of-the-art graphitized carbon
support materials [211]. Though the protocols from the USDoE and USFCC separately
evaluate the catalyst stability upon cycling and/or holding at high potentials, they do not
properly simulate SU/SD events in a vehicle. Therefore, these tests may not provide as much
insight into the specific degradation mechanisms characteristic for these applications. Several
groups have suggested different ex-situ cycling tests at potentials between 0.6 – 1.5 V [152,
213] or between 0.85 – 1.5 V [214]. However, degradation tests studying start-up/shut-down
cathode events separately and combined in a liquid electrolyte environment have not been
reported so far.
In this work, we propose a potential cycling protocol which was developed from
automotive stack voltage responses and which reproduces the main features exhibited during
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SU/SD processes. Combined electrochemical and mass spectrometric measurements in a
differential electrochemical mass spectrometry (DEMS) set-up were employed to follow the
degradation of the catalyst during potential cycling with time. The SU/SD degradation process
is analyzed to identify which parts of the SU/SD cycle contribute most to degradation. Finally,
the physical changes of the catalyst caused by SU/SD cycling are characterized. The results
provide a solid basis for an application relevant evaluation of the cathode catalyst durability
and degradation under SU/SD operating conditions.

6.2 Results and discussion
6.2.1 Development of accelerated SU/SD degradation test
Depending on the fuel cell application, the cathode catalyst may be exposed to various
potential windows. Typically, the fuel cell cathode is operated at voltages between 0.6 and 0.9
V [215] during a normal drive cycle. When the car is turned off, air ingress into the fuel cell
anode creates an air/air condition, where the measured potential of both electrodes is about 1.0
V [209].
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Fig. 6.1: Voltage profiles of cathode and anode for a 47 wt% Pt/C (TKK - TEC10EA50E)
electrode on a MEA, under SU/SD conditions, originating from air/air conditions on both
sides.
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During SU/SD, the potential experienced by the cathode catalyst can be higher than 1.4 V
[196, 213, 216] for short periods of time. During fuel cell SU/SD, the H2/air flow developed
on the anode side leads to cathode potentials that causes accelerated degradation of the
electrocatalysts [196, 216]. In order to follow the voltage behaviour with the change in the
H2/air flow, Fig. 6.1 displays the voltage trace collected from in-situ measurements.
The plot was generated by measuring half-cell potentials, using a proprietary reference
electrode. Loop currents were generated by flowing air continuously on the cathode while the
anode gas was switched between air and hydrogen. When air is flowing through both
electrodes, anode and cathode, a rest potential of 1.04 V is measured. Once hydrogen is
flushed over the air at the anode side, the surface Pt oxides are reduced and the anode
potential drops gradually to 0 V. On the cathode side, the potential rises to 1.45 V, further
oxidizing Pt and carbon in response to the lack of protons and electrons from the anode,
damaging the cathode catalyst layer. Afterwards, the anode filled with H2 has a potential of 0
V and the cathode filled with air has a potential of 0.9 V.
The in-situ SU/SD voltage behaviour illustrated in Fig. 6.1 was used to develop an ex-situ
SU/SD degradation test for fast and reliable testing of the electrocatalyst durability. The
development of a combined, accelerated cathode SU/SD testing protocol in a liquid electrolyte
environment allowing to identify the contributions of the different degradation processes
responsible for the loss in ECSA has not been reported so far. Cycle A in Fig. 6.2 illustrates a
potential cycle which summarizes both events SU and SD on the cathode side of a PEM FC.
The cycle begins with the SD event, which is simulated by varying the potential from normal
driving 0.6 V to peak 1.4 V conditions and holding the upper potential for 30 seconds.
Afterwards, the potential is fixed at 1.0 V for 30 s to simulate the condition when the car is
resting and is filled with air. In order to mimic the start-up event, the potential is again increased from 1.0 V to 1.4 V for 30 s, followed by a return to the normal driving voltage of 0.6
V for 30 s.
The above SU/SD profile was analysed to determine which portion of the profile
contributes most to the overall cathode degradation. Each SU/SD cycle includes at least three
different potential steps from 0.6 V to 1.4 V to 1.0 V for the shut-down portion and from 1.0
V to 1.4 V to 0.6 V for the start-up event. Therefore, two separate model protocols were studied: cycle B, which separates the wide cycling window from 0.6 ‒ 1.4 V at the start and end of
the SU/SD cycle, and cycle C, that isolates the narrow cycle window between 1.0 ‒ 1.4 V. In

95

Chapter 6
addition to the above protocols, the USFCC [211] cycling protocol, which consists of SWC
between 0.6 and 1.2 V, was considered as well for comparative purposes.
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Fig. 6.2: Profiles of square wave cycles for accelerated durability measurements: A represents
the SU/SD profile of 0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V; B represents the large voltage window 0.6
‒ 1.4 V in A; C represents the narrow voltage interval 1.0 ‒ 1.4 V in A; D the reference test
0.6 ‒ 1.2 V.

There are several ways to mitigate the H2/air front related voltage. Nevertheless, since
currently the fuel cell stack voltage definitely does exceed 0.9 V in start-up/shut-down and H2
starvation situations, we find the high potentials used in the present work realistic to mimic
the long term behaviour a stack is exposed to and the related degradation. Moreover, in a
PEM FC, the catalyst degradation depends on the relative humidity. Low water contents will
reduce Pt dissolution and carbon corrosion. Therefore, ex-situ measurements can be directly
compared with in-situ experiments if the MEA is operated at 100 % relative humidity. In the
following, the analysis of the Pt and carbon support stability of 50 wt% Pt/C (BASF
Selectra@CRCIII) under the proposed testing protocol conditions is described, and we
identify and quantify the structural changes of the catalyst induced by SU/SD cycling.

96

Chapter 6

6.2.2 Durability of platinum carbon supported under SU/SD conditions
Fig. 6.3 shows the ECSA loss resulting during the four different potential cycling profiles.
The error bars are based on the values obtained in a single DEMS measurement and two
measurements using a RRDE on two catalysts samples. In all cases, the ECSA of the catalyst
decreases with increasing cumulative number of cycles, the upper potential limit (cycle B vs.
cycle D) and the potential window range (cycle B vs. cycle C and vs. cycle D). Each SU/SD
cycle is comprised of one cycle from 0.6 ‒ 1.4 V illustrated in Fig. 6.2 (cycle B) and one cycle
from 1.0 ‒ 1.4 V illustrated as cycle C in Fig. 6.2. A sequence of 1000 cycles B led to a
cumulative ECSA loss of 76 %, while a similar sequence of C type cycles caused a loss of 18
% (Fig. 6.3). The two cycle together result in a similar cumulative ECSA loss as obtained in
the overall SU/SD testing protocol of cycle A (94 %). The result shows that the portion of the
SU/SD cycle involving the largest change of the potential contributes most to the overall
catalyst degradation as measured by the decrease in ECSA. Comparing cycling along protocol
B with that using protocol C, the ECSA loss was 50% higher for B than for C.
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Fig. 6.3: Effect of the potential window on the Pt ECSA for increasing cycle number: A (0.6 ‒
1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V); B (0.6 ‒ 1.4 V); C (1.0 ‒ 1.4 V); D (0.6 ‒ 1.2 V); 30 s each potential
step.

It is known that high potentials such as 1.4 V result in the formation of platinum surface
oxides on the Pt nanoparticles, and potentials around 1.0 V are not low enough to completely
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reduce these oxides. Therefore, the degradation process is hindered and the electrochemically
active Pt surface is largely passivated, as seen in cycle C. However, when the potential is
lowered to 0.6 V, the oxide layer is largely reduced, which leads to an increased platinum
dissolution when the potential is stepped back to high values (1.4 V). This behavior is found
in cycle B, in agreement with literature data [69, 151, 217]. The effect of potential cycling in
the range of 0.6 ‒ 1.2 V in cycle D resulted in a 52 % platinum ECSA loss, which is 20 % less
than that in cycle B (Fig. 6.3). This result is attributed to the increase of the upper potential
from 1.2 V in cycle D to 1.4 V in cycle B. In general, the corrosion of the carbon-supported Pt
catalyst is accelerated at potentials as high as 1.4 V. Since the time spent at high potentials
varied considerably in the different cycles, we plotted the ECSA losses against the time spent
at potentials higher than 1.0 V in Fig. 6.4.
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Fig. 6.4: Effect of the potential window on the Pt ECSA for increasing time spent at high
potentials (above 1.0 V): A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V); B (0.6 ‒ 1.4 V); C (1.0 ‒ 1.4 V); D
(0.6 ‒ 1.2 V); 30 s each potential step.

In the case of cycle A the time spent at high potentials is 90 s per cycle, which is longer
than for cycles B and C with 30 and 60 s, respectively, spent at high potentials. After about 8
hours cycling along the respective protocols, illustrated by the dotted line in Fig. 6.4, protocol
B was found to be most corrosive, followed by A, D and finally C. Therefore, the fact that the
highest degradation is observed during cycle A when plotting versus the cumulative number
of cycles (Fig. 6.3), is mainly due to the longer times spent at higher potentials in that
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protocol. Hence, the addition of cycle C to cycle B, which creates a profile identical to that of
cycle A in Fig. 6.2, leads to a lower ECSA loss compared to that during B cycling, and thus to
a stabilization of the catalyst. As discussed before, cycle A represents more properly the
potential conditions encountered in the car during SU/SD, and thus is more suitable to
investigate cathode catalyst materials under conditions close to SU/SD events encountered in
fuel cells.

6.2.3 Durability of carbon support material under SU/SD conditions
Another factor contributing to the degradation of the cathode catalyst is the corrosion of the
carbon support material. Possible mechanisms of the carbon corrosion process have been
discussed in the literature [53, 209 - 214, 217]. Therefore, the focus of this study was to
quantify the carbon mass loss during the different potential cycles A, B, C and D. Fig. 6.5
shows the cumulative carbon weight loss, determined from the mass spectrometric CO2+
signal (m/z=44) recorded simultaneously to the Faradaic current, as a function of the
cumulative number of cycles. It shows very low cumulative carbon mass losses, with 6 % in
maximum obtained for cycle A (see Fig. 6.5). The error bars are based on DEMS
measurements performed for two catalyst samples with graphitized carbon support (1
measurement per sample).

Carbon weight loss / %

8

6

4

A
B

2

D
C

0

0

200

400
600
800
Cycling number

1000

Fig. 6.5: Effect of potential cycling on the carbon weight loss for increasing number of cycles:
A (0.6 – 1.4 – 1.0 – 1.4 – 0.6 V); B (0.6 – 1.4 V); C (1.0 – 1.4 V); D (0.6 – 1.2 V); 30 s each
potential step.
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The corrosion resistance of the carbon may be related to the graphitic nature of the
carbon surface. Nevertheless, the (local) loss of carbon may severely weaken the interaction
between Pt nanoparticles and the carbon support, and thus cause a detachment of the Pt
nanoparticles from the support, resulting in a loss of ECSA. Carbon corrosion is highest
during testing cycle A, followed by B and D, and it is lowest after cycling protocol C as
illustrated in Fig. 6.5. When cycling between 0.6 ‒ 1.4 V (cycle B), the carbon mass loss is 50
% higher than during cycling in the potential window of 0.6 ‒ 1.2 V (cycle D) and 70 %
higher than in the range of 1.0 ‒ 1.4 V (cycle C). These experiments indicate that similar to
the ECSA loss the carbon weight loss is approximately additive, as the added carbon losses
for cycles B and C are comparable to those obtained during cycles A, despite the rather
different cumulative times at potentials higher than 1.0 V.
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Fig. 6.6: Effect of potential cycling on the carbon weight loss for increasing time at high
potentials: A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V); B (0.6 ‒ 1.4 V); C (1.0 ‒ 1.4 V); D (0.6 ‒ 1.2 V);
30 s each potential step.

Fig. 6.6 shows the carbon weight loss as a function of time spent at high potentials (E >
1.0 V). It is interesting to note that the carbon mass losses in D and C are similar after 8 hours
cycling, if only the time above 1.0 V is considered. Similar behaviour was observed also for
the ECSA loss (see above). Most likely, potentials of 1.2 V are not high enough to induce
substantial carbon corrosion on graphitized carbon materials, and upon cycling in the potential
window of 1.0 ‒ 1.4 V corrosion is hindered by surface oxide species [214]. Decreasing the
100

Chapter 6
lower potential limit to 0.6 V in cycle B, carbon corrosion increases by a factor of four, from
~ 0.5% to ~ 2.5%, compared with D and C. The combination of the potential cycles of B and
C in the new SU/SD testing protocol A shows the influence of the strong passivation effect of
the ‘oxide’ layer on the carbon support surface. The passivation effect imposed by the
addition of cycle C into the protocol B is much more pronounced for carbon corrosion than
for the platinum ECSA loss (see Fig. 6.4), comparing similar times spent at high potentials
(30.000 s).
Carbon corrosion is essentially reduced to half when cycles B and cycles A are
compared, while the ECSA loss is only ~ 10% lower. This difference must be related to the
specific degradation mechanism that dominates the losses of carbon and of Pt surface area at
high potentials. Obviously, the passivation introduced by the narrow potential windows (1.0 ‒
1.4 V) is more efficient for stabilizing the ECSA against losses in the subsequent wide
potential window (0.6 ‒ 1.4 V) than for stabilization of carbon against surface oxidation. This
may be related to the accelerated corrosion of carbon in the presence of Pt nanoparticles
[196].

6.2.4 Quantification of the main contributions to catalyst degradation
Several mechanisms are commonly held responsible for the loss of Pt ECSA such as Pt
dissolution, Pt agglomeration and carbon corrosion [50 - 52, 80]. To unravel which process
has the biggest impact on the overall Pt ECSA losses, we tried to quantify the contributions
from the individual degradation processes in the SU/SD durability test A. During the
degradation, the liquid electrolyte was periodically collected and analyzed by ICP-MS in
order to quantify the platinum mass loss. The Pt particle size was determined by TEM
analysis at the beginning and at the end of the test. The contribution from carbon corrosion
was discussed already in section 6.2.3. From TEM images, the volume-area mean particle size
dva of the fresh Pt/C catalyst was determined to 5.35±0.45 nm (see Fig. 6.7). Assuming
spherical particles, this mean particle size corresponds to a theoretical surface area
SAT=52.36±4.40 m2 gPt-1, which is in good agreement with the experimental surface area
SAE=52.04±0.76 m2 gPt-1 determined by integration of the Hupd adsorption charge. After the
SU/SD cycles (1000 cycles), there was a substantial change in particle shapes/sizes and in the
distribution of platinum particles due to growth and agglomeration, and different particle
shapes, both spherical and non-spherical shapes, could be distinguished, as illustrated in the
TEM image in Fig. 6.7b. TEM images of the highly degraded catalysts are difficult to
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evaluate due to the large fraction of agglomerated and overlapping particles [218 - 220],
which causes large deviations in the particle size distribution and in the calculation of the
mean particle size. In order to not only rely on the TEM images, we also calculated the
dispersion of the catalyst from electrochemical (Hupd) and analytical (ICP-MS) measurements.
The catalyst dispersion can be considered as a parameter that provides information about
particle growth/agglomeration and its relationship to ECSA loss. The dispersion is given by
the ratio of the active Pt surface atoms and the total number of Pt atoms at the working
electrode, as follows:

DE =

A Pt
TPt

(6.1)

where: DE is the dispersion of Pt particles, determined from experimental data, Tpt is the total
number of Pt atoms present at the working electrode, determined from the difference between
the initial Pt loading and the Pt loss, during degradation cycles, measured by ICP (see Table
6.1) and APt is the number of active surface platinum atoms, determined via the following:
 QH 
APt =  upd  ∗ N A
 F 

(6.2)

where: QHupd is the hydrogen underpotential deposition charge (C), which is determined by
integrating the hydrogen adsorption area of the measured basic voltammogram, F is the
Faraday constant (F=96485 C mol-1) and NA is the Avogadro constant 6.02×1023 mol-1.
For the fresh catalyst, the dispersion of DE=0.17 (see Table 6.1) calculated by this
approach is in good agreement with the initial dispersion determined from the TEM data
(DTEM=0.17±0.014). The above procedure is of great advantage since it does not rely on
assumptions on the shape of the particles, in contrary to the TEM data, making it more
accurate for characterizing fresh and, more important degraded electrocatalysts. At the end of
the degradation cycle A, the dispersion had decreased to DE=0.0082, and the corresponding
surface area to SAE=2.51 m2/gPt. In the following, we evaluate the quantitative contributions
of the different degradation processes, Pt dissolution and Pt particle growth/agglomeration, to
the ECSA loss. Fig. 6.8 shows the cumulative decay of the ECSA, of the amount of platinum
(platinum dissolution) and of the dispersion from the fresh catalyst up to 1000 cycles of the
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SU/SD testing protocol (cycle A). The data indicate an exponential decay of the ECSA to a
very low value of 2% of the initial value. Likewise, also the Pt mass decays about
exponentially, but with a significantly higher final value (27 % of the initial mass). In good
agreement with these findings, the loss in dispersion is initially, in the first 200 cycles, rather
small, but then increases significantly and exceeds that caused by Pt dissolution after about
500 cycles. Finally, also the dispersion has decayed to a very low value, about 5 % of the
initial value. Accordingly, the degradation of the catalyst is initially dominated by the
dissolution of Pt. This process becomes less dominant after about 200 cycles, when the Pt
particle increase leads to a steep decay of the dispersion, and finally growth/agglomeration of
Pt particles, as indicated by the decay of the dispersion, is the dominant factor for the decay in
ECSA.

Table 6.1: ECSA, remaining Pt mass, active Pt mass and
calculated dispersion as a function of number of cycles.
Cumulative
No. SWCs

ECSA
2

/ cm

Remaining
Pt mass

1

Active
Pt mass

/ µg

/ µg

Dispersion
2

/%

0

8.96

16.65

2.93

17.59

100

6.45

12.67

2.11

16.64

200

4.48

9.88

1.46

14.83

400

1.92

7.24

0.63

8.68

600

0.81

5.73

0.26

4.62

800

0.35

5.03

0.11

2.27

1000

0.11

4.51

0.04

0.82

1

determined from ICP-MS analysis;
determined from electrochemical data (Hupd)

2
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Fig. 6.7. TEM images of the Pt/C catalyst (a) before and (b) after the 1000 degradation
cycling test using protocol A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V); 30 s each potential step.
The contributions of the two individual degradation processes, Pt dissolution and Pt
particle growth/agglomeration, to the overall decay of the ECSA are more obvious from plots
of the ECSA as a function of loss in Pt mass (Pt dissolution) and Pt dispersion (Pt particle
growth/agglomeration), respectively, in Fig. 6.9. This plot reveals that the ECSA decreases
linearly with the loss of platinum mass and about exponentially with the decrease of the
dispersion, induced by the growth/agglomeration of the Pt particles. In the former case it is
interesting to note that the ECSA is almost completely lost at a point (after 1000 cycles),
where the Pt mass loss is about 73 %. Hence, most of the remaining Pt mass of 4.5 µg at the
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working electrode (Table 6.1) must be agglomerated and essentially inactive. The large
effective Pt particle size is reflected also by the very low final dispersion of only DE=0.0082,
which is equivalent to a mean particle size of 100 nm, assuming spherical particles. Further
information on the contributions of the different degradation processes to the surface area loss
during SU/SD degradation tests can be obtained from the differential losses of ECSA, Pt mass
and dispersion, reflecting the relative change of these properties between subsequent analysis
steps. These are plotted in Fig. 6.48 versus the number of cycles (see also Table 6.1 for
absolute numbers).
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Fig. 6.8: Separation of the contributions from the different degradation processes – the
cumulative decay of the ECSA, the Pt mass (Pt dissolution) and of the dispersion during
cycling using protocol A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V) vs. the number of cycles.

For the first 100 cycles, the trace of the ECSA loss closely resembles that for Pt
dissolution, indicating that the ECSA loss is mainly caused by irreversible Pt dissolution into
the electrolyte. For the next 100 cycles, the losses in ECSA and Pt mass remain almost
constant, while the dispersion loss increases, as expected for a beginning contribution from Pt
particle growth/agglomeration to the overall ECSA loss. With further increasing number of
cycles, up to 400 cycles, both ECSA loss and dispersion loss increase considerably, while Pt
dissolution remains about constant. Hence, the contribution of Pt dissolution to the overall
ECSA loss decreased significantly.
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Fig. 6.9: The dependence of the ECSA on the cumulative loss of Pt mass and of the Pt
dispersion, during cycling using protocol A (0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V).
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Fig. 6.10: Evolution of the overall ECSA loss and the losses due to Pt dissolution and Pt
particle growth/agglomeration (dispersion) with increasing number of cycles using protocol A
(0.6 ‒ 1.4 ‒ 1.0 ‒ 1.4 ‒ 0.6 V) (in all cases differential losses, see Table 6.1 for absolute
values).

Continuing stepwise to 1000 cycles, the increase in ECSA and dispersion losses
continues, though less pronounced, while Pt dissolution decreases slightly. In combination,
this results in a further decreasing contribution of Pt dissolution to the overall ECSA loss.
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Therefore, at the end of the SU/SD test, the ECSA loss is dominated by Pt particle
growth/agglomeration; Pt dissolution still occurs, but at a lower rate. The decreasing
contribution from Pt dissolution with continuing cycling agrees well with previous findings
that platinum particle growth stabilizes them against dissolution [192].

6.3 Conclusions
A new ex-situ catalyst durability test, assessing the catalyst stability and degradation
processes under SU/SD conditions, has been developed as a practical and meaningful
approach for benchmarking potential fuel cell catalysts. These ex-situ tests have the advantage
of being faster and less costly than in-situ tests, and also avoid contributions from other
components inside a fuel cell stack. The testing procedure allows us to distinguish between
different degradation processes occurring under SU/SD. It was shown that under SU/SD
conditions the large voltage windows and high potentials occurring during cycle B (0.6 – 1.4
V) contribute most to the degradation of the present catalyst, while the narrow potential
window applied during cycle C (1.0 – 1.4 V) in fact lowers the overall degradation. It was
also shown that in the proposed ex-situ test carbon corrosion was very low, making it likely
that this does not contribute significantly to the catalyst degradation under SU/SD conditions.
Degradation of the present catalyst is initially, during the first 200 cycles, dominated by the
irreversible dissolution of Pt, while for longer cycling Pt particle growth/agglomeration
contributes increasingly to the catalyst degradation, expressed by the loss in ECSA. At the end
of the test, after 1000 cycles, the latter process has become the predominant failure mode.
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6.4

Supporting information

6.4.1 Protocol development
The voltages used for SU/SD ex-situ durability test were estimated from single-cell test and
from the SU/SD mechanism presented in literature [196, 213]. Fig. 6.11 shows a first sketch
of the ex-situ testing protocol. As discussed before in this chapter, during SU/SD transient
potentials from idle (e.g., 0.9 V) to peak (e.g. > 1.4 V) are experienced by the cathode catalyst
[196, 213]. The lower potentials of 0.6 V are close to the cathode potential when PEM FC is
running with a higher power density with a load of 1.03 A/cm2. This step is followed by idling
conditions with 0.95 V corresponding to 0.05 A/cm2. During the shut-down event the anode
reactant composition changes from hydrogen to air (or air/N2 mix) and a loop current is
created in the cell that can lead to corrosion of the cathode catalyst support. In general to
purge fully the anode with air in a single-cell it takes roughly around 60 s, enough time for the
cathode potentials to rise up. In vehicles stack the air is diffusing to anode through sealing and
corners of connecting systems and the voltage peak achieved depends strongly on the anode
air front [196, 213].
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Fig. 6.11: Voltage profiles of ex-situ start-up/shut-down testing procedure translated from
internal single-cell protocols.
Hence the air diffusion in vehicle stacks is a slow process, the voltage peak during shutdown could be not as damaging as in start-up. Potential of 1 V is considered as rest potential
and is characteristic to situation when the cathode and anode are filed with air [213], for the
108

Chapter 6
catalysts this is considered as potentiostatic condition. When hydrogen is introduced into the
anode during start-up, a H2/air front is created and the cathode is exposed to high potentials. It
is generally understood that the starting conditions are much shorter in time but with higher
voltage peaks due to fast purge of H2. After the anode is filled with H2, the car reaches again
idling conditions. The damage to the cathode layer in start-up depends on the catalysts surface
state before the voltage rises. In RDE set-up when the electrode is exposed to long
potentiostatic condition the catalysts surface is blocked by impurities (e.g., hydroxyl)
phenomenon named passivation [150]. It can be assumed when the vehicle has spent long
times in the rest situation, the voltage rise during start-up cause the oxidation of the impurities
and cleaning of the catalyst surface rather than damaging it. In driving conditions the
frequency of the potential fluctuation is relative depending on the driver; it could count for
each 1 or 10 repeated SU/SD cycles. While the former case was described above, the latter
case is illustrated in Fig. 6.12. Short periods of drive and rest of the vehicle, will exposed the
cathode layer to repeatedly low 0.6 V and high 1.4 V potentials resulting in significant
damage of the catalysts.
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Fig. 6.12: Sketch profile for ex-situ start-up/shut-down SWC testing protocol, simulating
aggressive short start-up/shut-down situation in fuel cell vehicles.
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Fig. 6.13: The effect of the time spent at high potentials over the decay in ECSA.

The cathode voltage peak profile can resemble to a triangular wave or square wave
profile, depending strongly on the H2/air front at the anode side. However, the most damaging
situation is not depended on profile but on the time spent at high potentials. Fig. 6.13
illustrates the effect of the time spent at high potentials over the decay in ECSA. Cycling the
electrode between 0.6 ‒ 1.4 V SWC, with 30/30 s at high/low hold potential result in 61 %
ECSA loss, while a reducing the hold time to 10/10 and 1/1 s resulted in 21 and 11 % ECSA
loss, respectively. The difference in the losses is given by the effect of cumulative times at
high potentials over the carbon support corrosion. Furthermore, 20 % decay in ECSA was
recorded for TWC with a scan rate of 26 mV/s that match 30/30 s for the up/down sweep.
The loss in TWC compared to SWC could be attributed to the total time 7.5 s spend at high
potentials between 1.3 ‒ 1.4 V. It can be observed that the SWC with a cycle of 10/10 s results
in a similar degradation with the TWC. Therefore, in 30/30 s TWC the effect of high potential
is minimised as compared to 30/30 s SWC. The protocol developed and proposed in this
chapter simulates the most damaging situations for cathode in fuel cell vehicles. The
procedure considers repeated start-up/shut-down events and 30 s as a maximum possible time
for the catalysts to be exposed at high potentials in one of the events.

6.4.2 Protocol validation
In order to ensure the reproducibility and to validate the protocol, measurements with two
different commercial electrocatalysts 50 wt% Pt/C Selectra@CRC (BASF, Germany) and 47
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wt% TEC10EA50E (TKK, Japan) were performed in RDE and DEMS set-ups. The
measurements were stopped at each 200 cycles in order to record the surface area and carbon
corrosion. What becomes quickly evident and it is common to all measurements is 20 %
difference in the measurements of the different equipment’s. This difference is attributed to
several factors: a) the stopping and non stopping at each 200 cycles to measure ECSA and
carbon corrosion, b) the difference in the glassy carbon electrode diameter, the RDE electrode
has 5 mm diameter, the DEMS electrode has 9 mm with a sample dispersion of about 5 to 6
mm, d) the two measurements were conducted by different operators. Nevertheless,
considering the different factors the results are within similar range, suggesting the accuracy
of the proposed protocol.
Fig. 6.14 displays the normalized ECSA loss with respect to cycle number considering a
degradation voltage cycling of 0.6 ‒ 1.2 V (cycle D) with 30 s each hold potential. It should
be noted that the two catalysts have the same trance with a slight stability advantage for 50
wt% Pt/C catalysts. This trend is observable for both testing equipment’s.
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Fig. 6.14: ECSA loss versus the cycle number for 50 wt% Pt/C (BASF, empty symbols) and
47 wt% Pt/C (TKK, filled symbols), exposed to SWC of 0.6 ‒ 1.2 V, with 30 s at each
potential, on RDE (circles) and DEMS (square).
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Fig. 6.15: ECSA loss versus the number of cycles for 50 wt% Pt/C (BASF, empty symbols)
and 47 wt% Pt/C (TKK, filled symbols), exposed to SWC of 0.6 ‒ 1.4 V, with 30 s at each
potential, on RDE (circles) and DEMS (square).
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Fig. 6.16: ECSA loss versus the cycle number for 50 wt% Pt/C (BASF, empty symbols) and
47 wt% Pt/C (TKK, filled symbols), exposed to SWC of 1.0 ‒ 1.4 V, with 30 s at each
potential, on RDE (circles) and DEMS (square).
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Fig. 6.17: ECSA loss versus the cycle number for 50 wt% Pt/C (BASF, empty symbols) and
47 wt% Pt/C (TKK, filled symbols), exposed to SWC of 0.6 ‒ 1.4 ‒ 1 ‒ 1.4 ‒ 0.6 V, with 30 s
at each potential, on RDE (circles) and DEMS (square).
The results obtain under RDE showed a maximum decay of 45 % in ECSA
corresponding to 47 wt% Pt/C and 39 % ECSA loss for the 50 wt% Pt/C catalysts. Similar
loss variation between the two samples were observed under DEMS, with a maximum decay
in ECSA of 60 % and 51 % for the 50 and 47 wt% Pt/C catalysts. Fig. 6.15 illustrated the
ECSA loss for the two commercial catalysts considering cycle B of 0.6 ‒ 1.4 V as degradation
test. Similar behaviour as before can be observed in RDE the degradation is slightly lower
than in DEMS. The maximum ECSA loss recorded under these potentials was 85 % when the
50 wt% Pt/C has a slight advantage in stability compared to 47 wt% Pt/C. Fig. 6.16 shows the
ECSA loss of both catalysts under square wave cycling between 1.0 ‒ 1.4 V. As well in this
case there is a comparable difference between the RDE and DEMS; nevertheless both
catalysts behave the same. The recorded surface area was of 18 % for both catalysts on DEMS
and almost negligible of 5 % on RDE.
Most interestingly are the results obtained under the new protocol developed to
summarize all above voltage windows in SU/SD cycle 0.6 ‒ 1.4 ‒ 1 ‒ 1.4 ‒ 0.6 V, with 30 s
hold at each potential. Fig. 6.17 displays the ECSA loss for both catalysts with respect to
cycle number. High degradation rates are observed of about 90 % ECSA loss in both cases
RDE and DEMS. ICP-MS analyses were performed to quantify the loss of Pt mass from the
collected working electrolyte at the end of SU/SD cycling. The 50 wt% Pt/C showed 73 % Pt
mass loss in electrolyte, while the 47 wt% Pt/C has lost 100 % of the Pt from the electrode.
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TEM image analysis of the samples at the end of cycles confirms th
thee ICP
ICP--MS
MS results. In
Fig. 6.
6.18
18 the
the final
final particle
particle size and distribution state of 50 wt% Pt/C (a) is compared
compared with
with 47
47
wt%
wt% Pt/C
Pt/C (b).
(b). The
The former
former sample represents huge agglomerates on the
the carbon
carbon support,
support, while
while
in
in the
the latter
latter sample no Pt particle was detected on the support material.
material. A
A lar
large
large amount of Pt
particle
particle after
after degradation,
degradation, in the first sample, seems to be detached from
from the
the carbon
carbon support
support
but
but still
still present
present at
at the
the glassy
glassy carbon. The particle could be formed
formed during
during the
the sonication
sonication
procedure for preparing the TEM samples or during degra
degradation
dation and the Nafion film applied
on
on top
top of
of the
the catalyst
catalyst kept the metal particle at the surface of the working
working electrode.
electrode.

Fig. 6.
6.18
18
18:: TEM images performed under cycle A (0.6 ‒ 1.4 ‒ 1 ‒ 1.4 ‒ 0.6 V) for the 50 wt
wt%
%
Pt/C (BASF) a) begging of life, b) end of life and 47 wt
wt%
% Pt/C (TKK) c) begging of life, d)
end of life
life..
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Electrocatalytic oxygen reduction reaction analysis were carried out using the RDE setup,
considering a fix low potentials of 0.6 V, while varying the upper potentials to 1.2 V and 1.4
V. The specific activity of both catalysts is represented by the kinetic current normalized to
the Pt surface area and is fairly constant over the number of cycles for both potentials
windows as illustrated in Fig. 6.19 and 6.20. Furthermore, Fig. 6.21 and 6.22 reveals the mass
activity loss for both commercial electrocatalysts. Both catalysts showed similar degradation
behaviour for 0.6 ‒ 1.2 V cycling but not for 0.6 ‒ 1.4 V cycling, the 47 wt% Pt/C (TKK)
recorded higher losses at higher potentials. Potentials cycling as 0.6 ‒ 1.4 V are in general
more stressful for the carbon support stability, leading to accelerated degradation of the Pt
nanoparticle. A decay of 84 % in mass activity was recorded after cycling 0.6 ‒ 1.4 V,
compared with 66 % loss after cycling between 0.6 ‒ 1.2 V for the 47 wt% Pt/C.
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Fig. 6.19: Specific activity of 50 wt% Pt/C (BASF, square) and 47 wt% Pt/C (TKK, circles)
before (filled symbols) and after (empty symbols) with potential cycling between 0.6 ‒ 1.2 V.
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Fig. 6.20: Specific activity of 50 wt% Pt/C (BASF, square) and 47 wt% Pt/C (TKK, circles)
before (filled symbols) and after (empty symbols) potential cycling between 0.6 – 1.4 V.
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Fig. 6.21: Mass activity of 50 wt% Pt/C (BASF square) and 47 wt% Pt/C (TKK circles)
before (filled symbols) and after (empty symbols) under potential cycling between 0.6 ‒ 1.2
V.
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Fig. 6.22: Mass activity of 50 wt% Pt/C (BASF, in square) and 47 wt% Pt/C (TKK, in
circles) before (filled symbols) and after (empty symbols) under potential cycling between 0.6
‒ 1.4 V.
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Cathode catalysts degradation mechanism from
liquid electrolyte to
polymer electrolyte membrane fuel cells
The results from this research has been published in
Journal of Electrochemical Society, ECS Transactions 50(2) (2012) 1523-1532
Authors: A. Marcu*, G. Toth, P. Pietrasz
Title: “Cathode catalysts degradation mechanism from liquid electrolyte to polymer
electrolyte membrane fuel cells”

The results of this publication was overtaken in this thesis with the permission of The
Electrochemical Society, ECS Transactions and cited as [221]. Since a detailed description of
the experimental set-up and procedures were performed in Chapter 2 of this thesis, they are
not repeated here. The chapters and figures numbering is adapted to the overall structure of
the thesis and the references are given in a common list at the end of the thesis. In order to
support the hypothesis formulated in this chapter research, additional experiments and
supplementary results performed by myself were included as section 7.4. TEM and ICP-MS
measurements were performed at Zentrum für Werkstoffanalytik Lauf. My contributions to
this publication are the RRDE measurements and their evaluation. Furthermore, I evaluated
the measurement results of the single-cell MEA, TEM and ICP-MS. I elaborated the concept
and performed the creative process of the manuscript as well as all the figures.
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Abstract
Single-cell and half-cell degradation test procedures are evaluated for carbon supported Pt
catalysts. Half-cell analyses are employed in identification of specific test parameters for
evaluation of cathode catalysts. Single-cell measurements run at 100 % relative humidity
(RH) evaluate the impact of catalysts degradation on fuel cell performance. The
measurements in both setups show a 20 % deviation of the electrochemical surface area loss
(ECSA), while the oxygen reduction reaction (ORR) activity losses were comparable. The
quantification of specific degradation mechanism as Pt dissolution and particle agglomeration
in correlation with surface area and oxygen reduction activity is discussed.

7.1 Introduction
The state-of-the-art catalysts for the ORR in polymer electrolyte fuel cells (PEMFC) is carbon
supported platinum Pt/C. However, platinum is a precious metal, with limited world supply
and high costs [21, 79]. Research and development efforts have been made in order to design
cheap and stable electrocatalysts for the oxygen reduction reaction. Several approaches from
non-platinum systems, to nanostructured Pt or bulk Pt and continuing with bi- or tri-metallic
systems with different morphologies as Pt-skin, Pt-skeleton and core-shell have been
developed [184]. However, the evaluation of these materials was performed under various
conditions and many of theses catalysts are described in the literature without considerations
for durability. It is important to evaluate new catalyst materials with respect to relevant fuel
cell operational conditions [152]. For the catalyst material developers it is necessary to
evaluate catalyst materials life time, with minimum effort and cost [188]. The membrane
electrode assemblies (MEA) single-cell, are time consuming and costly. In PEMFC tests the
catalyst only degradation is difficult to quantify, particularly with respect to the amount of
dissolved metals such as Pt since are trapped in the membrane and in the ionomer of the
catalysts layer [52]. Moreover, it is difficult to discriminate between different processes
contributing to the overall degradation as the membrane/ionomer degradation and catalysts
layer property given by the preparation process [105, 210]. Furthermore, in order to optimize
MEA prototyping, larger amounts of catalyst material are required and not always available.
There is a need to assess the long-term performance catalysts even from the earliest stage of
their development. Liquid electrolyte models or half-cell, are the choice techniques to study
catalysts durability issues [136, 137]. The testing procedures offers the advantage of fast
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screening a high number of catalysts

and to distinguish between different degradation

mechanisms, while being more efficient and most important, relevant to automotive
operational modes [188]. However, the development of transfer functions between laboratory
experiments applicable to experienced real-world drive situations has thus far not been
reported. In this research half-cell durability tests are compared with single-cell tests.
Triangular wave cycles (TWC) were employed to follow the degradation of Pt-based catalyst
in both setups. Different scan rates and number of cycles were analyzed to identify their
contribution to the degradation. Finally, a catalyst degradation fingerprint is provided and
correlated with MEA catalysts layer degradation. The fingerprint developed previously in our
group [188, 119] distinguishes the physical changes of the catalyst and provides information
about the quantitative contribution of each degradation mechanism over electrode durability.

7.2 Results and dissection
7.2.1 Effect of scan rate in triangle wave voltammetry over Pt/C catalysts
Commercial 50 wt% Pt/CRC catalysts (Selectra®-E-CRC BASF, Germany) was subject to
several TWC, between 0.6 − 1.2 V considering 10000 cycles at different scan rates of 600,
300, 200, 150, 20 mV/s to match 2, 4, 6, 8, 60 s per cycle. The tests were performed with a
platinum loading of 80 µgPt/cm2. It is known that ECSA loss increases with the number of
cycles [62, 69, 148, 149, 222]. However, most of the measurements reported in literature were
performed considering different number of cycles but at the same scan rate. Fig. 7.1 illustrates
the ECSA loss for different scan rates versus the corresponding testing time. Although the
final loss varies with the test performed, all the data measured follow the same trend. More
interestingly, at a particular time the degradation rate is the same for all measurements. This
behavior suggests that the ECSA loss is independent of the scan rate and the number of
cycles. To further support this observation five different electrodes were exposed to cycling
for a total test time of 3 h but at different scan rates of 0.33, 2.6, 5, 3000, 6000 mV/s as
illustrated in Fig. 7.2. The data suggest the possibility of a limiting scan rate that distinguish
between two degradation behaviors. Lowering the scan rate to 0.33 and 2.6 mV/s, no ECSA
loss was recorded and above 5 mV/s the losses in ECSA are similar for the corresponding
tested time. Although in the latter case, the number of cycles was varied from 16 cycles per
hour to 9000 and 18000 cycles, the ECSA loss at the end of each testing hour is similar in all
three cases.
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Fig. 7.1: ECSA loss versus the testing time, for 50 wt% Pt/C (BASF), considering TWC with
scan rates of 600, 300, 200, 150, 20 mV/s to match 2, 4, 6, 8, 60 s per cycle. For each scan
rate a fresh electrode was considered and 10000 cycles. Platinum loading was 80 µgPt/cm2.
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Fig. 7.2: Effect of scan rate and number of cycles over ECSA loss for 50 wt% Pt/C (BASF)
The total testing time was set for 3 h, stopping after each hour for basic voltammogram
analysis. The scan rates considered were 0.33, 2.6, 5, 3000, 6000 mV/s that match 3600, 450,
240, 0.39, 0.19 s per cycle. The number of cycles varied from 1, 8 to 16, 9000, 18000 cycles
per hour. The platinum loading was 30 µgPt/cm2.
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Contrary to the current understanding that the degradation depends on the number of
cycles [62, 69, 148, 149, 152, 222, 223] we show that above 5 mV/s the number of voltage
cycles is not observed to influence catalyst degradation. It rather appears to be an effect of
ECSA loss with cumulative time spent under voltage transients. The dissimilarity between
low and high scan rates was also noted in previous studies by Paik et al. [153]. They showed
higher ECSA losses for 53 mV/s triangle cycle test compared with 2.6 mV/s scanning over
800 min cycles test. The discrepancy was attributed to different number of cycles 20x more in
the first case. However, the results in the present study suggest that most probably a steady
state situation at the surface of the catalysts is achieved. In order to overcome this
dissimilarity, the scan rate must be increased instead of the number of cycles. In addition, to
show that the behavior above applies to other catalysts systems four different materials 50
wt% Pt/CRC (BASF), 47 wt% Pt/C (TKK), 28 wt% Pt/HSC (E-TEC) and NSTF (3M), were
tested under similar conditions as illustrated in Fig. 7.3. The test was performed with an
electrode loading of 30 µgPt/cm2 and with a total testing time of 3 h. Different ECSA
percentages losses were observed in-between the samples, however following the same
behavior as function of scan rate as described above.
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Fig. 7.3: Effect of scan rate and number of cycles over ECSA loss for different catalysts
materials 50 wt% Pt/CRC (BASF), NSTF (3M), 47 wt% Pt/C (TKK), 28 wt% Pt/HSC (ETEC). TWC with 0.33, 2.6, 5, 3000, 6000 mV/s were employed, to match 3600, 450, 240,
0.39, 0.19s pro cycle. The number of cycles varied from 1, 8 to 16, 9000, 18000 cycles per
hour. The total testing time was set for 3 h. The platinum loading was 30 µgPt/cm2.
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The data findings in this study allow comparing catalysts that were tested within the same
potential window but with different number of cycles or scan rates. In addition, due to the
time dependence degradation, the TWC would not represent an accelerated test protocol. For
evaluation of catalyst, it would be necessary to account for the total automotive target of 5000
h. It is known that the square wave cycles (SWC) offers accelerated degradation compared to
TWC [152]. It is assumed that most of the degradation occurs in the transitional potential and
is not affected by the potential hold time [150]. Fig. 7.4 shows the effect of SWC potential
hold time over the ECSA loss in opposite to TWC. Although the hold time in SWC was
varied from 1, 4, 8 and 60 s per cycle the ECSA loss 30±4 % is similar in all cases after 10000
cycles. Therefore, accelerated test procedures can be developed using potential hold time
down to 1 s.
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Fig. 7.4: The impact of potential hold time in SWC and of the scan rate in TWC over ECSA
decay. The cycle time in both profiles were varied to 1, 4, 8 and 60 s considering for each
measurement 10000 cycles. The platinum loading was 80 µgPt/cm2.
Careful consideration is required when the different cycles profiles are to be compared. It
has to be noted that in SWC the number of cycles are responsible for the losses, while in
TWC the transitional testing time is responsible for the loss. Therefore, considering the same
number of cycles or same testing time both profiles results in different losses.
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7.2.2 Single-cell and half-cell electrochemical catalysts durability for Pt/C
systems
Commercial 47 wt% Pt/C catalyst (TEC10EA50E TKK) was subject to 10000 TWC, between
0.6 − 1.2 V with a scan rate of 240 mV/s. The RDE tests were performed considering a
loading of 30 µgPt/cm2. Fig. 7.5 reveals the ECSA losses versus the number of cycles
determined in both setups. The Pt surface area was determined by quantifying the Hads charge
(empty squares) and Hdes charge (filled square) of the basic voltammograms. The half-cell
ECSA loss shows a 5 % difference related to the determination mode while single-cell a
difference of 20 % is recorded between the two evaluation methods. The absolute values
determined are detailed in Table 7.1. As expected, the Hads charge leads to higher ECSA
compared to Hdes due to the contribution given by the amount of H2 evolved during the
cathode potential sweep [141]. About 40 % ECSA loss was recorded for half-cell and 45 to 60
% loss for the single-cell. An excellent match was found between the half-cell ECSA loss and
the theoretical surface area loss determined from transmission electron microscopy (TEM)
data analysis. Slightly higher mass and specific activities were determined in RDE versus
single-cell setups as illustrated in Fig. 7.5 and Table 7.1.

Table 7.1: Catalysts characterization
Singel-cell
Hdes

Hads

41.4

73.6

ECSAfinal m /gPt

16.6

*ORRinitial mA/cm2

Half-cell
Hads

TEM

64.6

89.6

93.2

39.8

46.5

53.0

52.7

0.28

0.16

0.19

0.13

*ORRfinal mA/cm2

0.21

0.09

0.20

0.15

*ORRinitial mA/mgPt

112

118

119

119

*ORRfinal mA/mgPt

42.6

40.7

52.6

52.6

ECSAinitial m2/gPt
2
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Fig. 7.5: ECSA loss versus the number of cycles for 47 wt% Pt/C (TKK). The losses from
single-cell (blue/black) basic voltammograms were determined by quantifying the Hads charge
(empty squares) and Hdes charge (filled square). Similar the losses from half-cell (red/grey)
measurements were determined by quantifying the Hads charge (empty circles) and Hdes charge
(filled circles). The ECSA loss was also determined from TEM analysis (green/dark grey
bullet).
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Fig. 7.6: Mass activity losses at 0.9 V versus the number of cycles for 47 wt% Pt/C (TKK),
from single-cell (squares) and half-cell (circles).
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The influence of ECSA on the fuel cell performance loss is illustrated in Fig. 7.7. H2-Air
(triangle) performance losses at 0.1 A/cm2 were measured for 0, 1000, 5000 and 10000 cycles.
The predicted performance losses (solid line) based on Butler-Volmer approach, were
estimated with Tafel slope at 85ºC and 2 bar pressure. The data indicate an exponential decay
of the performance with the ECSA loss. In good agreement with the predicted data, the losses
in H2-Air performance are rather small, in the first 1000 cycles. After about 5000 cycles, the
losses increase significantly and exceed those predicted. Finally, the overall decay of the H2Air performance is accounted to be 43 mV losses corresponding to 60 % ECSA loss, while
the predicted models for the same ECSA loss show 27 mV losses. The former losses could be
attributed to diffusion and precipitation of the Pt dissolute ions in the membrane. SEM
analysis showed a decrease of the metal density in the catalyst layer and the formation of a
bright metal band at the catalyst/membrane interface. The thickness of the metal band
increases with the number of cycles from 0, 200, 346 to 500 nm for 0, 1000, 5000 and 10000
cycles respectively, as illustrated in Fig. 7.8. However, it is quite difficult from these
measurements to quantify the Pt loss in the membrane.
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Fig. 7.7: Performance losses due to ECSA decay over the voltage cycling test. The data
(triangles) were selected after 0, 1000, 5000 and 10000 cycles. The performance was sampled
at 0.1 A/cm2 under fully humidified H2/Air reactants, the cell temperature was 65ºC, with a
pressure of anode and cathode of 2 bars. The predicted performance (solid line) was
determined with Butler-Volmer equations considering oxygen polarization conditions of
85ºC, 100 % RH.
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Fig. 7.8: SEM images of the membrane coted catalysts after a) 0, b) 1000, c) 5000 and d)
10000 cycles under 0.6 - 1.2 V with 240 mV/s.

7.2.3 Quantification of the Pt/C catalysts degradation failures modes
Degradation
egradation fingerprints were developed and analyzed in
in order to understand the contribution
of Pt dissolution and agglomeration to ECSA and ORR activity decay, in half-cell
half
setups. The
quantification of the metal losses in the liquid electrolyte after the corresponding number of
cycles was performed by inductive coupled plasma - mass spectroscopy (ICP-MS).
(ICP
The
changes in particle size and distribution
distribution at the beginning and end of life were followed by
TEM images (not shown here), by counting 500 particles. The initial volume-area
volume
mean
particle size dva of the Pt/C catalyst was determined to be 2.8±0.4 nm. Assuming spherical
particles, this mean particle size corresponds to a theoretical surface area SAT=93.6±4 m2/gPt
in excellent agreement with the experimental surface area SAE=90.6±3.7 m2/gPt determined by
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integration of the Hads charge. To quantify the changes in particle size during cycling, the
dispersion factor was determined according to our previous studies [119, 188]. An initial
dispersion determined experimentally from Hads and ICP-MS data of DE=0.37 was found in
excellent agreement with the dispersion determined from TEM data DTEM=0.37. Furthermore,
at the end of degradation the particle size increased to dva=5.6 nm with the corresponding
SAT=50.6±4 m2/gPt and a DTEM=0.20. These are in good agreement with the experimentally
determined SAE=53±5 m2/gPt and DE=0.25. Fig. 7.9 shows the cumulative losses of the
ECSA, of the amount of platinum (platinum dissolution) and of the dispersion from the fresh
Pt/C catalyst to 10000 cycles TWC. The results indicate decay in the ECSA of 41 % loss.
Likewise, Pt mass at the working electrode decreases with a significant final value of 12 %
from the initial mass and in the first 500 cycles the trace of the ECSA loss resembles that of Pt
mass. After, about 2000 cycles the loss of Pt mass is reduced and over the number of cycles
showing a cumulative constant behaviour. This behaviour is in good agreement with the
single-cell findings. Initially, in the first 1000 cycles, a Pt band of 200 nm was found, further
this increases with 146 nm and 151 nm as measured after 5000 and 10000 cycles,

ECSA-Pt mass-dispersion losess / %
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Fig. 7.9: Quantification of the catalyst failures modes – the cumulative decay of ECSA, the Pt
mass (Pt dissolution) and the dispersion, during half-cell potential cycling 0.6 − 1.2 V with
240 mV/s.

Furthermore, the loss in dispersion, considering the half-cell setup, initially is rather
small, indicating that the degradation of the catalyst initially is dominated by irreversible Pt
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dissolution. The dispersion losses increases and exceeds those of Pt dissolution after about
2000 cycles to a final 33 % loss. In agreement with previous findings [168] the increase in
particle size leads to a decrease in Pt mass loss. Therefore, at the end of the degradation the
ECSA loss is dominated by Pt particle growth/agglomeration. The quantification of the mass
activity losses at 0.9 V in Fig. 7.6, were performed normalizing the kinetic current to initial
catalyst amount. After 10000 cycles the total ORR mass loss was about 55 % caused by Pt
dissolution and by Pt particle growth/agglomeration. Normalizing the ORR current to the
remaining Pt amount at the working electrode, the total loss becomes 36 % attributed to
growth/agglomeration of the particles. Finally, normalizing the ORR current accounting the
dispersion factor, the percentage loss becomes constant and the absolute value of the mass
activity corresponds to the initial value 119 mA/mgPt.

7.3 Conclusions
The decay in ECSA for Pt-based materials under TWC was found to be an effect of the
cumulative times spent under voltage transients and not depending on the number of cycles.
Low scan rates were found to limit the catalysts degradation by showing no loss in ECSA,
while above 5 mV/s the scans rate variation has no impact over the ECSA loss. The time
dependence degradation allows comparing different catalysts tested with different number of
cycles or scans rate, however does not allow for accelerated test procedure development.
Hence, the degradation under SWC is depended on the number of cycles they are the choice
cycle profile for development of accelerated test procedures. A direct comparison between the
two profiles is arduous due to the different parameters affecting the degradation mechanism.
Single-cell and half-cell tests were performed and compared in order to understand the
catalyst related degradation in MEA. Similar ORR actives losses were found in both setups,
while a 20 % higher ECSA loss was found for the single-cell compared to half-cell. It was
found a 43 mV performance loss corresponding to about 60 % ECSA loss. A degradation
fingerprint of the Pt/C catalyst is provided in order to understand and quantify the catalyst
failure modes responsible for the ECSA loss. The degradation of the considered catalysts is
initially dominated by Pt dissolution. This process becomes less dominant after 500 cycles,
when the Pt particle starts to increase and to contribute to the catalyst ECSA loss. Finally, the
growth/agglomeration of Pt particles is the dominant factor for the decrease in ECSA.
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7.4 Supporting information
Triangle wave voltammetry in half-cell set-up. Fig. 7.10 illustrates the ECSA loss versus
number of cycles for TWCs, when the scan rate was varied to 0.6, 0.3, 0.2, 0.15, 0.02 V/s to
match 2, 4, 6, 8, 60 s/cycle. The slowest scan rate accounts for 67 % ECSA loss, while the
fastest scan gives the smallest degradation of 18 % ECSA loss after 10000 cycles. A
significant increase in the degradation rate with the number of cycles and scan rate was
observed.
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Fig. 7.10: ECSA loss versus the number of cycles, for 50 wt% Pt/C, considering TWC with
scan rates of 0.6, 0.3, 0.2, 0.15, 0.02 V/s to match 2, 4, 6, 8, 60 s pro cycle.

TEM images are represented in Fig. 7.11, for the samples that undergo the following
scans 0.6, 0.3, 0.2, 0.15 and 0.02 V/s with 10000 cycles. The mean Pt particle size was found
to increase with the decrease in the scan rate as follow 3.7, 3.9, 4.7 and 5.15 nm being
consistent with the increase in ECSA loss. The particle size distribution analysis showed that
with increasing the testing time, the percentage of the smaller particles gradually decreases
and the bigger particle percentage increases.
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Fig. 7.11: TEM image and size distribution for Pt/C after 10000 TWC with 2 s (a), 4 s (b), 6 s
(c) and 8 s (d), under potentials of 0.6 ‒ 1.2 V.
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The test with a cycle of 4 s shows 10 % decreases of 2 and 3 nm particles with a 10 %
increase in particle above 5 nm. Furthermore, the 8 s TWC showed 80 % loss of 2 nm
particles and a gain of 60 % of particle above 5 nm. This suggests a time dependent
coarsening of the Pt particle via Pt dissolution and redeposition. In addition Fig 7.12
illustrates the TEM imagines performed in the begging and at the end of degradation under
TWC with scan rates of 240 mV/s. In comparison to the fresh Pt/C catalyst, the post cycled
Pt/C catalyst presented four times increase in mean Pt particle size over 10000 voltage cycles.
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Fig. 7.12: TEM image and particle size distribution for Pt/C after 10000 TWC with 240 mV/s
at BoL (a) and EoL (b), under potentials of 0.6 ‒ 1.2 V.

The 4 s TWC shows 10 % decreases of 2 and 3 nm particles with a 10 % increase in
particle above 5 nm. Further, the 8 s TWC showed 80 % loss of 2 nm particles and a gain of
60 % of particle above 5 nm. This suggests a time dependent coarsening of the Pt particle via
Pt dissolution and redeposition. In addition Fig 7.12 illustrates the TEM images performed in
the beginning and at the end of degradation under TWC with scan rates of 240 mV/s. In
comparison to the fresh Pt/C catalyst, the post cycled Pt/C catalyst presented four times
increase in mean Pt particle size over 10000 voltage cycles.
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Single-cell performance of polarization tests. Performance polarization curves before and after
10000 degradation cycling between 0.6 − 1.2 V at 250 mV/s are illustrated in Fig. 7.13. Large
losses at high current densities were observed and attributed to mass transport and Ohmic
losses.
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Fig. 7.13: Polarization curves obtained at 60°C, 100% RH, 1.7/1.5 bar partial pressure at
anode/cathode under H2/air for Pt/C MEA.
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Fig. 7.14: MEA Pt power density measured under H2/Air and 80ºC, at 0.65 V, at beginning
(filled squared) and end (empty squares) of degradation cycles 0.6 − 1.2 V.

134

Chapter 7
The initial Pt power density measured under H2/Air and 80ºC, at 0.65 V (to achieve
conversion efficiencies of > 55 % [22]), was found to be 0.57 W/cm2MEA. With a cathode Pt
loading of 0.30 mgPt/cm2, the MEA initial Pt-specific power densities is 0.5 gPt/kW. This
corresponds to 136 kW fuel cell stack with 72 gPt and 75 kWnet system. After degradation
cycles the specific power density increased to 1 A/cm2 as illustrated in Fig. 7.14.

Single-cell and half-cell electrochemical PtCox catalysts durability investigations. Commercial
47 wt% PtCox catalyst (TEC10EA36E TKK) was subjected to 10000 TWC, between 0.6 − 1.2
V with a scan rate of 240 mV/s. Both test single-cell and half-cell were performed similar to
Pt/C discussed in this chapter. The Pt loading in the RDE tests was 30 µgPt/cm2. A good
agreement between the two set-ups was found for the decay in ECSA and mass activity after
degradation test. In addition, an excellent agreement between the theoretical surfaces area
determined from TEM analysis and the experimental one from Hupd as detailed in Fig. 7.15.
It is of great importance to follow and quantify the initial behavior of Pt-alloys materials.
Since transition metals are unstable under potential cycling, the Co species from the catalysts
particle will leach out during initials degradation cycles, resulting in surface area increase.
The resulting highest surface area was considered in this study as being the initial state of the
catalysts. The leaching phenomenon is represented in Fig. 7.15 by the ECSA loss trace at the
negative side of the X-axes. This phenomenon is less visible for the single-cell since the loss
of cobalt can already occur during preparation and conditioning of the MEA where it cannot
be quantified. The initial ECSA of PtCo determined in half-cell was found of 40±5 m2/gPt and
after the first 1000 cycles reaches its maximum of 64±6 m2/gPt. In good agreement the initial
single-cell ECSA was found of 60±4 m2/gPt.

135

Chapter 7

-20

ECSA loss / %

0
20
40
60
TEM
Half-cell
Single-cell

80
100

0

2k

4k
6k
Number of cycles

8k

10k

Fig. 7.15: ECSA loss versus number of cycles for 36 wt% PtCox (TKK). Single-cell (square)
losses were determined by quantifying the Hdes charge. The half-cell losses (circles) were
determined by quantifying the Hads charge. TEM ECSA loss is represented by triangle.
Moreover, a theoretical surface area of SAT=64.36±3.8 m2 gPt-1 was determined from
TEM analysis of the electrocatalyst. An initial volume-area mean particle size of 7.8±0.5 nm
was determined for PtCox illustrated in Fig. 7.16. The maximum ECSA loss recorded for
PtCox was found to be 15±5 % much more stable than Pt/C with a loss of about 40 %. The
increased stability of the Pt-alloy could be attributed to much higher PtCox particle size
compared to 3.2 nm for Pt/C. At the end of the degradation test the volume mean particle size
of the PtCox catalysts increased to 9.6 nm. The initial ORR mass activity of measured halfcell had slightly higher values of 0.44 mA/cm2Pt than single-cell measured 0.36 mA/cm2Pt.
The leaching of the second metal leads to a decrease in ORR activity and thus lower
initial values single-cell. The loss of mass activities measured at 0.9 V for PtCox catalysts, are
quantified in Fig. 7.17 versus the ECSA loss for both set-ups. Both measurements showed a
linear dependence with ECSA loss. The beginning of life is characterized by a 2x single-cell
and 2.5x half-cell higher specific activity versus Pt, in agreement with literature [185]. After
10000 potential cycles a significant decreased in PtCox mass activity of about 50 % was
recorded. Similarly the specific activity decreased during degradation to finally be similar to
pure platinum activity 0.16 mA/cm2.

136

Chapter 7

60
Frequency / %

a

40

20

0

2

3

4

5

6 7
d / nm

8

9

10

60
Frequency / %

b
40

20

0

2

3

4

5

6 7
d / nm

8

9

10

Fig. 7.16: TEM image and particle size distribution for PtCox after 10000 TWC with 240
mV/s at BoL (a) and EoL (b), under potentials of 0.6 ‒ 1.2 V.
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determined at 0.9 V, 85ºC and normalized to O2 partial pressure to 100 kPaabs.
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Fig. 7.18: Performance losses due to ECSA decay over the voltage cycling test. The data were
selected after 0, 1000, 5000 and 10000 cycles for Pt/C (filled symbols) and PtCox (empty
symbols). The performance was sampled at 0.1 A/cm2 (triangles), at 0.5 A/cm2 (squares) and
1 A/cm2 (circles) under fully humidified H2/Air reactants, the cell temperature was 65ºC, with
a pressure of anode and cathode of 2 bars.

The influence of ECSA loss on the fuel cells H2-Air performance loss at 0.1 and 0.5
A/cm-2 is illustrated in Fig. 4.78 for Pt/C and PtCox electrocatalysts. The performance losses
corresponding to Pt/C are similar at higher and low current density. A 40 % loss in ECSA
leads to about 40 mV loss. However, for PtCox the performance measured varies significantly
with the current density. At low current density a total of 27 mV is recorded corresponding to
15 % ECSA loss, while at high current density 57 mV loss were recorded.
The significant performance losses are attributed to membrane contamination with Co
and Pt as shown by the SEM analysis in Fig. 7.19. The fresh MEA are characterized by a
uniform distribution of the metal in the cathode layer. However, after 10000 cycles a decrease
in metal density in the catalyst layer and a bright metal band of about 1 µm at the
catalyst/membrane interface is observed.
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Fig. 7.19: SEM images of the membrane coated PtCox catalysts after a) 0, b) 1000, c) 5000
and d) 10000 cycles under 0.6 ‒ 1.2 V with 240 mV/s.

The changes in thickness of the cathode catalyst layer were negligible of 8 %. The initial
PtCox power density measured under H2/Air and 80ºC, at 0.6 V (to achieve conversion
efficiencies of > 55 % [22]) was found to be 0.55 W/cm2MEA slightly improved comparing
comp
to
Pt/C. With a cathode Pt loading of 0.30 mgPt/cm2, the MEA initial Pt-specific
specific power densitiy
is 0.54 gPt/kW. This corresponds to 133 kW fuel cells stack with 72 gPt and 75 kWnet system.
However, the power density decreased during degradation cycling and at 0.59 V was
measured to be 1.01 A/cm2 as illustrated in Fig. 7.20.
7.2
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Fig. 7.20: MEA PtCox power density measured under H2/Air and 80ºC, at 0.65 V, at
beginning (filled squared) and end (empty squares) of degradation cycles 0.6 − 1.2 V.
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Abstract
Single-cell and half-cell degradation test procedures were evaluated for carbon supported
Pt/C, PtCox and PtNix catalysts. Half-cell analyses were employed to understand the effect of
number of cycles and scan rate over the cathode catalysts degradation under potential cycling
0.6 - 1.2 V. The data suggested a time dependent degradation for all three catalytic systems.
The single-cell measurements were used to evaluate the impact of catalyst degradation on fuel
cell performance. The measurements in both set-ups showed similar ECSA and ORR mass
activity losses. Specific degradation mechanisms related to Pt dissolution, Pt agglomeration
and transitional metal leaching were quantified and correlated with performance losses.

8.1 Introduction
Considerable effort has been made over the last decade in the detailed evaluation of carbon
supported platinum catalyst (Pt/C) degradation under various Polymer Electrolyte Fuel Cell
(PEM FC) conditions. For a large and efficient catalyst benchmarking exercise, it would be
necessary to evaluate material lifetime, with minimum effort and cost [79, 186, 188, 225]. The
21st century challenge is to find greener processes with better atom economy of the catalysts
and their stability [226 - 229]. Membrane electrode assembly (MEA) single-cell tests are time
consuming and costly [213]. In PEM FCs it is difficult to quantify the amount of dissolved
metals (e.g., Pt, Co, Ni, etc.) during degradation tests, since these cations are trapped in the
membrane and ionomer of the catalysts layer [52]. In addition, it is difficult to discriminate
between different processes contributing to the overall degradation, as the membrane/ionomer
degradation and catalyst layer properties that are dependent on the preparation process [105,
210]. Furthermore, in order to optimize MEA prototyping, larger amounts of catalyst material
are required and not always available. There is a need to assess the long-term performance of
catalysts even from the earliest stage of their development. Liquid electrolyte models or halfcell experiments are the preferred techniques to study catalyst durability issues [203, 135,
230]. Rotating disk electrode (RDE) testing procedures offer the advantage of fast screening
of a high number of catalysts and the ability to distinguish between different degradation
mechanisms, while being more efficient and relevant to automotive operational modes [79,
231]. However, the development of transfer functions between laboratory experiments and
real-world driving conditions has thus far not been reported. In this research, half-cell
durability tests are compared with single-cell tests. Triangular wave cycles (TWC) were
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employed to follow the degradation of Pt-based catalyst in both setups. Different scan rates
and cycle counts were analyzed to identify their contribution to the degradation and identify
an optimum scan rate for catalyst testing. Finally, the quantitative contribution of each
degradation mechanism over the kinetic performance losses is provided.

8.2 Results and Discussion
8.2.1 Effect of scan rate in triangle wave voltammetry over Pt/C, PtCox and
PtNix catalysts
A cathode catalyst during its lifetime may expect potential sweeps in between three different
regions. For a potential window between 0.6 – 1.2 V, these regions could be classified as: i) a
jump occurring within 10 ms [141] ii) a dynamic region that would include various scan rates
and number of cycles and iii) a steady-state where the surface of the catalyst is mainly
protected by the building of surface oxides [69, 150]. Valuable literature is already available
related to the catalyst behavior under the different situations described above [62, 64, 69, 139,
152]. However, little or no understanding has been developed so far of how to correlate the
three situations above to the vehicle lifetime target. In order to be able to express the proposed
target of 40 % ECSA loss within 6000 h [205], for the three different regions in this study we
proceeded in two steps: i) we kept constant the number of cycles to 10000 and varied the scan
rate, ii) we kept constant the testing time and varied the number of cycles. The potential
window was kept constant at 0.6 – 1.2 V in order to provoke an accelerated degradation of the
catalysts from Pt dissolution and growth/agglomeration. Fig. 8.1 illustrates the ECSA loss
after 10000 cycles for different scan rates versus the corresponding testing time. A
commercial 50 wt% Pt/C (BASF) having a carbon corrosion resistant support material, was
subject to several TWC, at different scan rates of 600, 300, 200, 150, 20 mV/s to match 2, 4,
6, 8, 60 s per cycle. The data show that the ECSA after each 10000 cycles varied from 20 to
60 % loss. However, the individual traces of the ECSA losses overlap each other, resulting in
a single profile of the losses over time. Furthermore, similar behavior was observed for 52
wt% PtCox (TKK) and 20 wt% PtNix (laboratory sample), represented in Fig. 8.2. Both alloys
were initially dealloyed to core-shell structures after a method previously described [119].
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Fig. 8.1: ECSA loss versus the testing time, for 50 wt% Pt/C (BASF), considering TWC with
scan rates of 600, 300, 200, 150, 20 mV/s to match 2, 4, 6, 8, 60s per cycle. For each scan rate
a fresh electrode was considered and 10000 cycles. The platinum loading was 80 µgPt/cm2.
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Fig. 8.2: ECSA loss versus the testing time for 52 wt% PtCox (open circles), and 20 wt%
PtNix (open squares). Considering TWC with scan rates of 240, 150 and 60 mV/s to match 5,
8, 20 s per cycle. For each scan rate a fresh electrode was considered and 10000 cycles. The
platinum loading was 30 µgPt/cm2.
The losses of ECSA after 10000 cycles vary with the scan rates of 60, 150, and 240
mV/s, even though they follow the same loss profile with time. At a given point in time the
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ECSA loss was found to be equal for all the different tests, independent of the number of
cycles. After 10000 cycles of a 2 s/cycle test a 20 % ECSA loss was observed, similar to only
300 cycles corresponding to a 60 s/cycle test. This behavior suggests that the number of
cycles or the scan rate, within a given time period, does not contribute directly to the ECSA
loss, while potential cycling between 0.6 to 1.2 V fit a similar trend. In fact, lowering the scan
rate from 600 to 20 mV/s and keeping the number of cycles constant to 10000, results in an
increase of the total time that the catalyst is exposed to potential cycling.
To further support this observation, different Pt/C electrodes were exposed to cycling
under a fixed total test time of 3 h and at scan rates of 0.33, 2.6, 5, 3000, 6000, and 10000
mV/s, as illustrated in Fig. 8.3. Two limiting scan rates were found that can distinguish
between the three regimes described above. Varying the scan rate between 5, 3000 and 6000
mV/s, within same testing time resulted in similar ECSA losses, although the number of
cycles was varied from 15 to 18000 cycles. Due to the various scan rates and number of
cycles that can be found between 5 and 6000 mV/s, this region was identified as being
dynamic. Moreover, increasing the time of one cycle to 1 h with a low scan rate of 0.33 mV/s,
a steady-state situation develops at the surface of the catalyst. The path for nanoparticle
degradation strongly depends on the surface state of Pt. The adsorption and types of oxides
formed on the Pt surface depend on the voltage transition that can accelerate or passivate the
corrosion mechanism [58 - 60, 73]. A negligible 4±3% variation in measured ECSA is within
the error measurement and was found for different scan rates between 0.33 and 2.6 mV/s. The
behavior, similar to a potential hold situation, could be the result of the lower scan rates that
allow passivation of the active Pt surface, hindering the degradation process. The data are in
good agreement with Paik et al. [153] that observed a higher ECSA loss for a 53 mV/s
triangle cycle test compared to negligible losses at 2.6 mV/s over an 800 min cycling test.
However, they attributed the discrepancy to the different number of cycles in between the two
regimes. Contrary to the current understanding that the degradation depends on the number of
cycles or scan rate [151, 152, 223], we show that in the dynamic regime the number of voltage
cycles is not observed to influence the catalyst degradation. It rather appears to be an effect of
ECSA loss with cumulative time spent under voltage transients. The cycling procedures
contribute to surface oxide stripping and implicitly supplying more catalytic active sites
through surface roughening.
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Fig. 8.3: Effect of scan rate and different number of cycles over ECSA loss for 50 wt% Pt/C
(BASF). The total testing time was set for 3 h, stopping after each hour for basic
voltammogram analysis. The scan rates considered were 0.33, 2.6, 5, 3000, 6000 and 10000
mV/s. The number of cycles had varied from 1, 8 to 15, 9000, 18000 and 30000 cycles per
hour. Three different regions were identified: i) jumps within 0.12 s, ii) dynamic within 0.2 –
240 s, iii) steady-state from about 8 min to 1 h per cycle potentials. The platinum loading was
30 µgPt/cm2.
Furthermore, increasing the scan rate to 10 V/s in order to approximate a potential jump
was found to result in a negligible 5±2% variation in ECSA loss after 3 h of testing for 90000
cycles. It has been reported by S. Mitsushima et al. [72], that the extent of Pt mass loss of a Pt
wire after cycling between 0.5 – 1.8 V increases as the cycle frequency increases from 8 to 40
Hz. Increasing the scan rate above 10 V/s from 0.6 to 1.2 V requires 120 ms per cycle. In fact,
this time is lower than the total time of 410 ms necessary for a square wave cycle to offer
complete oxidation/reduction degradation under cycling 0.6 – 1.2 V for a carbon supported Pt
nanoparticle catalysts [232]. Therefore, in this study the higher scan rates approach the losses
under the potential jump regime where the contribution of the Pt mass loss to the ECSA losses
is negligible. In previous research [221] we showed that Pt supported on high surface area
carbon and Pt-coated nano-whiskers have similar behavior under the different scan rates.
In normal fuel cell driving operations the potential is known to vary between 0.6 – 0.85
V. The narrow voltage window and the low potentials lead to much lower degradation rates
than cycling between 0.6 – 1.2 V. Fig. 8.4 illustrates the ECSA loss versus the testing time for
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both potential windows 0.6 – 0.9 V and 0.6 – 1.2 V. A 277 h test performed under the lower
potential window with 400 mV/s, resulted in only 20 % ECSA loss.
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Fig. 8.4: The impact of different potential window 0.6 – 1.2 V (empty triangles) and 0.6 - 0.9
V (empty circles) over the ECSA loss in time for 47 wt% Pt/C (TKK). The platinum loading
was 30 µgPt/cm2. For comparison the ECSA loss for 47 wt% Pt/C (TKK) determined in
single-cell is represented by empty squares.

A logarithmic extrapolation of the data acquired under low potential cycling, suggests
that the degradation of 40 % ECSA loss would be achieved after 6000 h (considering a
deviation of 10%). Considering that the degradation mechanism may be different, only 20 h
were necessary to achieve the same percentages ECSA loss after potential cycling from 0.6 –
1.2 V. A further acceleration of the testing time to 4 h was achieved with potential cycling
between 0.6 – 1.2 V and by changing the potential cycle profile from triangle to square wave.
This time would correspond to 6000 h of potential cycling between 0.6 – 0.9 V, as described
in our previous research [232]. Furthermore, Fig. 8.4 shows an excellent correlation between
the relative data measured on RDE and a single-cell run at 100 % relative humidity (RH)
under both potential regimes.
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8.2.2

Single-cell

and

half-cell

electrochemical

catalysts

durability

investigations over Pt/C, PtCox and PtNix systems
Commercial 47 wt% Pt/C (TKK), 52 wt% PtCox (TKK) and 20 wt% PtNix (laboratory
sample) were subjected to 10000 TWC, between 0.6 - 1.2 V with a scan rate of 240 mV/s. The
RDE tests were performed at a loading of 30 µgPt/cm2. The Pt surface area was determined by
quantifying the Had charge of the basic voltammograms. A 5 to 8 % difference was found
between the two set-up measurements. Fig. 8.5 reveals the losses of ECSA (empty symbols)
and ORR mass activity measured at 0.9 V (filled symbols) versus the number of cycles
determined in both RDE (circles) and MEA (squares) for Pt/C catalysts. The half-cell ECSA
loss of 40 % was found in good agreement with 45 % ECSA loss determined from the single
cell. An excellent match was found between the theoretical surface area loss determined from
TEM data analysis (filled triangles) and the RDE determined ECSA losses. A good
correlation of the mass and specific activities between both set-ups was also observed as
illustrated in Table 8.1.
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Fig. 8.5: The losses of ECSA (empty symbols) and ORR mass activity (filled symbols) versus
the number of cycles for 47 wt% Pt/C (TKK). The losses for the surface area were determined
by quantifying the Hupd area for both RDE (circles) and MEA (square). The ECSA loss from
TEM analysis is represented by filled triangles.
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Table 8.1: Catalysts characterization, ECSA and ORR mass activity
Single-cell*

Half-cell

BoL1 ZL2 EoL3
Pt/C

PtCo

PtNi

ECSA m2/gPt

75.6

–

ORR A/mgPt

0.11

ECSA m2/gPt
ORR A/mgPt
2

BoL1 ZL1

TEM
EoL3

BoL1 EoL3

40.9

90.6

–

51.3

93.0

–

0.04

0.14

–

0.07

–

48.6

–

42.2

43.1

51.4 44.0

49.0

0.21

–

0.08

0.27

0.22 0.11

–

ECSA m /gPt

49.4

59.7 42.1

52.7

63.8 45.1

62.2

ORR A/mgPt

0.29

0.25 0.08

0.39

0.28 0.13

–

52.7

45.0

48.0

*ORR mass activities at 0.9 V, 85ºC and normalized to O2 partial pressure to 100 kPaabs;
1
BoL – Beginning of life; 2ZL – zero line representing the maximum ECSA associated to
a core-shell structure; 3EoL – End of life
Likewise, the losses of ECSA and ORR mass activity, for PtCox and PtNix alloy, from
both set-ups follow in good agreement with each other, showing comparable degradation for
both testing methods. For both alloys, an initial increase in the ECSA could be observed. The
zero line in Fig. 8.5 and 8.6 represent the maximum ECSA obtained for PtCox and PtNix
respectively. This was associated with the electrochemical leaching of the transition metal
component during cycling [119] and was considered to be the initial state of the catalysts.
However, in single-cell testing this behaviour could be observed only for PtNix alloy and with
a lower intensity than in the case of RDE. This could be attributed to the loss of base metal
from conditioning of the MEAs and the potential control of the set-up. It is known that all
platinum-transition metal alloys are thermodynamically unstable at low pH and leach out the
base metal from the nanoparticles, leading to an initial ORR activity decrease [22, 192]. The
rate of the mass activity decrease was found to be higher for PtNix catalysts than for PtCox.
This could be attributed to the different particle size. The RDE measurements for the Pt-alloys
may show initially higher ORR mass activities than the single-cell data. Fig. 8.6 illustrates the
loss of mass activities measured at 0.9 V for RDE and single-cell versus the corresponding
ECSA loss for PtCox catalysts. The measurements in both set-ups show a linear dependence
with ECSA loss. The zero value on the y-axis as described above represents the maximum
ECSA obtained for the catalysts. In RDE measurements to achieve a maximum in ECSA,
about 20 % of ORR mass activity is lost. In the single cell set-up a maximum ECSA is found
from the beginning of the test. The initial PtCox ECSA measured in single-cell of about 48.6
m2/gPt has a corresponding mass activity of 0.21 A/mgPt, as shown in Table 8.1. The ECSA
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measured initially by RDE of 43.1 m2/gPt corresponds to initial mass activity of 0.27 A/mgPt.
The higher mass activity and lower surface area are attributed to the presence of the base
metal in the outer layers of the catalyst nanoparticle [119]. However, after 800 potential
cycles in an RDE set-up, the transition metals leach out of the nanoparticle [119] resulting in a
surface area increase to 51.4 m2/gPt. In fact, the increase in ECSA to a maximum value
corresponds to the initial surface area measured in the single-cell. However, the mass activity
after 800 potential cycles, due to the loss of transition metal atoms, decreases to 0.22 A/mgPt,
corresponding to the initial mass activity measured in the single-cell.
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Fig. 8.6: The losses of ECSA (empty symbols) and ORR mass activity (filled symbols) versus
the number of cycles for 52 wt% PtCox (TKK). The losses for the surface area were
determined by quantifying the Hupd area for both RDE (circles) and MEA (square). TEM
determined ECSA are the filled triangles. The zero line represents the maximum ECSA obtain
due to an electrochemical leaching of the transitional metal Co, this is associated with
formation of a core-shell structure.

Contrary to PtCox alloy behaviour, the PtNix test demonstrates an initial ECSA increase
in both single cell and RDE measurements. The matching values in this case, between singlecell and RDE, are recorded at the zero line of Fig. 8.7. The different observations in the initial
behaviour of the two catalyst systems could be attributed to the different preparation,
processing, and pretreatment process of the catalysts nanoparticle as well as to the potential
control over the single-cell set-up.
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The alloy behaviour described above encourages the applicability of catalysts with coreshell structures. Since the initially advantageous characteristics of the catalysts are lost during
pretreatment or potential cycling, it is preferable to target a 4 times higher activity than stateof-the-art after a maximum in ECSA has been achieved, which then represents the postleached structure of the catalysts. The leaching process depends on the nanoparticle
preparation, atomic ratio and particle size [49, 119, 189].
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Fig. 8.7: The linear dependence of the mass activity losses with the ECSA for single-cell
(square) and half-cell (circles) measurements of 52 wt% PtCox (TKK). The single-cell ORR
mass activities were determined at 0.9 V, 65ºC and normalized to O2 partial pressure to 100
kPaabs.
Fig. 8.8 illustrates the influence of ECSA on the fuel cell performance loss for Pt/C
(empty triangles), PtCox (empty circles) and PtNix (empty squares). H2-Air performance
losses at 0.1 A/cm2 were measured for 0, 1000, 5000 and 10000 cycles. The predicted
performance losses (solid line) based on Tafel kinetics -∆E = RT/nF ln(ECA/ECAinitial) [152],
were estimated with Tafel slope RT/nF at 65ºC and 2 bar absolute pressure. The data indicate
a decrease of the cell performance with ECSA loss. In good agreement with the predicted
data, initially the losses in H2-Air performance are rather small. However during the test, the
losses increase significantly and slightly exceed those predicted.
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Fig. 8.8: Performance losses due to ECSA decay over the voltage cycling test. The data were
selected after 0, 1000, 5000 and 10000 cycles. The performance was sampled at 0.1 A/cm2
under fully humidified H2/Air reactants, the cell temperature was 65ºC, with a pressure of
anode and cathode of 2 bars atmospheric pressure. The predicted performance (solid line) was
determined with Butler-Volmer equations considering oxygen polarization conditions of 100
% RH. The measured data were recorded for Pt/C (triangles), PtCox (circles), PtNix (squares).
The kinetic performance losses were associated with the catalyst degradation. The PtNix
showed an increased 52 mV kinetic performance loss compared to Pt/C of 40 mV and PtCox
of 10 mV losses. The increased kinetic loss could be attributed, among all catalyst failure
modes, mainly to Ni leaching out of the nanoparticle. Moreover, since both testing methods
result in similar losses, a correlation of the performance and the catalyst failure modes is
provided.

8.2.3 Quantification of the catalysts performance loss
To unravel which of the catalysts nanoparticle failure modes has the biggest impact on the
kinetic performance decay, we quantified the contributions of Pt dissolution, Pt agglomeration
and base metal leaching from RDE measurements. The metal losses were quantified from the
liquid electrolyte after the corresponding number of cycles using ICP-MS. The changes in
particle size and distribution at the beginning and end of life were followed by TEM imaging
counting 500 particles. The initial volume-area mean particle size dva of the Pt/C catalyst was
determined to be 2.8±0.4 nm, 4.5±0.3 nm for PtNix and 6.0±0.5 nm for PtCox. After voltage
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cycling, the particle size increased to 5.3±0.4, 5.8±0.4 and 6.2±0.2 nm, respectively. To
efficiently quantify the changes in particle size during cycling, the dispersion factor was
determined and used according to our previous studies [188, 119]. An excellent agreement
was found for the ECSA and dispersion factors determined from the experimental data and
those derived from TEM analysis for all catalysts as shown in Table 8.2.

Table 8.2: ECSA and dispersion from RDE and TEM
Half-cell

Pt/C

PtCo

PtNi
1
2

TEM

ZL1

EoL2

ZL1

EoL2

ECSA m2/gPt

90.6

51.3

93.0

52.7

Dispersion

0.34

0.19

0.37

0.21

ECSA m /gPt

51.4

44.0

49.0

45.0

Dispersion

0.17

0.17

0.18

0.18

ECSA m2/gPt

63.8

45.1

62.7

48.0

Dispersion

0.20

0.16

0.24

0.19

2

ZL – zero line representing the maximum ECSA associated to a core-shell
EoL – End of life
Fig. 8.9 shows the measured performance losses at 0.1 A/cm2, and the cumulative Pt

mass and dispersion losses versus the ECSA loss of the Pt/C catalyst tested over 10000 cycles
TWC. The results indicate a decrease in the kinetic performance of 40 mV corresponding to
an ECSA loss of 60 %. Likewise, Pt mass at the working electrode decreases with a
significant final value of 28 % from the initial mass. For the first 30 % ECSA loss the trace of
the performance loss resembles that of Pt mass. The loss in dispersion initially is rather
negligible, indicating that the mV decay initially is dominated by irreversible Pt dissolution.
After a decrease in ECSA of about 40 %, the loss of Pt mass remains constant at 19 %. In the
same time, the dispersion losses increase and exceed those of Pt dissolution to a final 32 %
loss. In agreement with previous findings [188, 119] the increase in particle size leads to a
decrease in Pt mass loss. Therefore, at the end of the test the loss of performance is mainly
dominated by Pt particle growth/agglomeration.
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Fig. 8.9: Quantification of the catalyst failures modes – Pt mass (Pt dissolution) and the
dispersion (particle size change) correlated with performance mV loss over the cumulative
decay of ECSA. The catalyst sample 47 wt% Pt/C (TKK) was exposed to potential cycling 0.6
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Fig. 8.10: Quantification of the catalyst failures modes – Pt mass (Pt dissolution) and the
dispersion (particle size change) correlated with performance mV loss over the cumulative
decay of ECSA. The catalyst sample 52 wt% PtCox (TKK) was exposed to potential cycling
0.6 – 1.2 V, with 240 mV/s.
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Fig. 8.10 illustrates the losses of PtCox alloy catalysts. The data suggest that the total loss
in performance of 12 mV is caused mainly by a decrease in Pt mass at the working electrode
with a total 4.5±0.1 µgPt from initial 30 µgPt, while the dispersion losses are negligible. The
high stability against growth/agglomeration of the alloy nanoparticle could be explained by
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the increased initial particle size of 6 nm. The losses of Co mass were found to be only 7 %.

100

Fig. 8.11: Quantification of the catalyst failures modes – Pt mass (Pt dissolution) and the
dispersion (particle size change) correlated with performance mV loss over the cumulative
decay of ECSA. The catalyst sample 20 wt% PtNix (laboratory sample) was exposed to
potential cycling 0.6 – 1.2 V, with 240 mV/s.

Fig. 8.11 evaluates the quantitative contributions of the different degradation processes to
the performance decay for PtNix catalyst. The data indicated a Pt mass decrease similar to
PtCox catalyst, 5.2±0.4 µgPt of initial mass from initial 30 µgPt at the working electrode.
However the ECSA and performance losses are considerably higher compared to PtCox.
About a 52 mV loss was recorded corresponding to only 32 % ECSA loss. Contrary to Pt/C
catalysts, the degradation of PtNix initially is not dominated by Pt dissolution but rather the
result of both mechanisms of dissolution and agglomeration occurring in parallel. Due to
initial particle size of 4.7 nm the dispersion loss increases with 10 % and the Pt mass loss with
16 %, contributing to the final ECSA loss. Although we could attribute the contribution of Pt
dissolution and dispersion to the ECSA loss, the performance decay trace more closely
resembles the Ni mass loss. A 58 % loss of Ni mass was recorded after 10000 cycles. Hence
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initially the amount of Ni at the working electrode is only half of Co amount. During cycling,
however, the loss in specific ORR activity and therefore kinetic performance is considerably
higher for PtNix catalysts. The comparison amongst the three materials suggests that the
catalyst stability is affected by the particle size and the composition of the alloy.

8.3 Conclusions
Two limiting scan rates have been found to distinguish the TWC in three different regimes,
dynamic: 5 – 6000 mV/s, steady-state: 2.6 – 0.33 mV/s and jumps within 10 ms under
potential cycling between 0.6 – 1.2 V. The last two regions have a negligible effect on the
ECSA loss. The dynamic regime is characterized by a decrease in ECSA that is mainly
dominated by the cumulative time spent under voltage transients. Furthermore, the losses
were estimated and compared to the ECSA loss under normal driving cycles of 0.6 – 0.9 V.
After about 6000 h of low potential cycling an estimated loss of about 40 % was found. By
increasing the upper potential limit to 1.2 V, an acceleration of the ECSA percentage losses
within about 20 hours has been achieved.
Single-cell and half-cell tests were performed and compared in order to understand the
catalyst related degradation in MEA. We show that it is necessary to consider and distinguish
between the initial and maximum ECSA of an alloy. Due to initial instability of the base
metal, the characteristics of alloy catalysts in both set-ups could be different at the beginning
of the test. However, we showed that once a core-shell structure is achieved both testing
methods result in similar ECSA and ORR activity losses. Careful consideration is also
required when attempting to identify 4x higher activity for alloy materials. A quantification of
the catalyst failure mode was provided and correlated with performance losses. Depending on
the particle size, the performance loss could be dominated either only by Pt dissolution
(PtCox) or by dissolution/agglomeration (Pt/C) and base metal loss (PtNix).
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8.4 Supporting information
The Pt ECSA was determined using the mean integral charge of the Had areas from the basic
cycling voltammograms (BCV). Fig. 8.12 shows the hydrogen adsorption and desorption
areas from BCVs measured for half-cell (solid line) and single-cell (triangles).
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Fig. 8.12: Basic voltammograms of 47 wt% Pt/C catalysts on RDE (solid line) and MEA
(circle symbol). The MEA BCV was performed with H2(0.5 nl/min) purged on anode and
N2(0.5nl/min) purged on cathode under 1 bar atmospheric pressure and 100 % RH, 20 mV/s
the scan rate [224].

Well-defined Had features were found for both measurements, resulting in comparable
surface areas. The single-cell BCVs were measured by flowing H2(0.5 nl/min)/N2(0.5 nl/min)
gases through the anode/cathode at 1 bar absolute pressure, following a method proposed in
literature [141, 150]. The scan rate was 20 mV/s at room temperature. The anode was used as
reference and counter electrode, while the cathode was the working electrode. The single-cell
measurements were performed with a 48 cm2 cell. The MEAs (SolviCore) were 25 µm
membranes coated with 0.4 and 0.1 mgPt/cm2 at the cathode and anode sides, respectively.
Fig. 8.13 illustrates the ECSA loss versus the testing time for potential cycling between 0.6 0.9 V. The test of 227 h performed with 400 mV/s of cycling between 0.6 – 0.9 V, resulted in
20 % ECSA loss for standard Pt/C catalyst and about 12 % ECSA loss for PtCox catalyst.
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Fig. 8.13: The cathode catalysts stability express in ECSA loss versus time, under normal
driving condition. The catalyst samples 47 wt% Pt/C measured on RDE (filled circle), MEA
(empty circle) and 52 wt% PtCox measured on RDE (filled square), MEA (empty square)
were exposed to TWC between 0.6 – 0.9 V.

A logarithmic extrapolation of the data acquired, suggests that after an estimated 6000 h
the Pt/C catalyst shows a 40 % loss in ECSA, while PtCox catalyst maintain its stability with
less than 20 % ECSA loss. The gain in stability observed for PtCox catalyst is attributed to the
particle size 6 nm, compared to only 3 nm of the standard Pt/C catalyst. Furthermore, the data
shows an excellent agreement between the ECSA loss measured on RDE and single-cell for
both catalysts, considering 100 % RH and room temperature for both set-ups. It has to be
mentioned here that in a fuel cell stack the variation in relative humidity (RH) of the gas flows
could results in different ECSA losses.
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Abstract
The paper introduces an accelerated test procedure that was developed to evaluate the cathode
catalyst stability. It is based on systematic analysis of square wave cycles (SWC) in
comparison to triangular wave cycles (TWC). Two voltage windows used were: i) 0.6 - 0.9 V
to simulate the fuel cell drive cycles and ii) 0.6 – 1.2 V to accelerate the test. When simulating
the drive cycles over 6000 h, an estimated loss of 40 % in electrochemical surface area
(ECSA) is found. Increasing the potential window, the testing time could be reduced to 20 h
for TWC and for SWC to 4 h.

9.1 Introduction
The last decade has seen extensive innovations in high performance cathode catalysts for
Polymer Electrolyte Membrane Fuel Cell (PEM FC) [233-236]. Starting from state-of-the-art
carbon supported platinum (Pt/C) catalysts, the newly proposed catalysts must fulfill the
following outstanding conditions: i) for economic reasons the amount of precious metal must
not be larger than 0.125 mg/cm2electrode, therefore ii) the catalyst activity has to be higher than
0.44 A/mgPt, and iii) the durability at a stack level must excel 6000 h, based on a maximum
loss of the electrochemical surface area (ECSA) of 40 % [22, 186, 205].
For an effective benchmarking it is necessary to find accelerated methods to stress the
catalysts in a way and under conditions that lead to reproducible results and similar behavior
like the functionality over 6000 h. Over a vehicle lifetime, the cathode catalyst is exposed to
over 13,600 start-up events and continuous driving events [188]. Depending on the driver, the
latter event is characterized by several cycles that vary considerably in shape, peak voltage,
time and number. The most representative voltage cycles, which are largely used in the fuel
cell community to simulate the above conditions, are square wave cycles (SWC) and
triangular wave cycles (TWC). These profiles can be well controlled and are able to provide
reproducible diagnostics. However, not much attention has been given to understand the effect
of the different cycle profiles on the degradation of the Pt based electrocatalysts. In studies by
Mitsushima et al. [72, 148, 149] and Uchimura et al. [150, 151], symmetric and asymmetric
cycles profile were compared. The first group concluded that the Pt loss in SWCs occurs
during the potential step and is independent of the hold time, while the dissolution under
TWCs increases with the scan rate. The latter group showed that the SWC are more degrading
than TWCs, and a similar behavior was reported by Ohma et al. [152]. Moreover, Paik et al.
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[153] investigated the effect of SWCs and TWCs as well, finding no difference between the
two types of profiles. The discrepancy between these findings is, among others, a result of the
different conditions used when performing the measurements.
In the previous research [221] we have shown that the ECSA loss of Pt nanoparticles
under TWCs is not influenced by the number of voltage cycles. Considering that the number
of cycles, test time and scan rate are not independed from each other, two test procedures
were considered: i) keeping constant the degradation time to 3 h and varying the scan rate to
0.33, 2.6, 5, 3000, 6000 mV/s and ii) keeping constant the number of cycles and varying the
scan rate 600, 300, 200, 150, 20 mV/s. The degradation is determined by the accumulated
time spent during voltage transients 0.6 – 1.2 V. In contrast, the losses under SWCs do not
follow the same trend, but it appears to be dominated by the number of cycles. Therefore,
careful consideration is required when the different profiles are to be compared. A detailed
understanding of the Pt nanoparticle degradation during the different voltage profiles, which
is necessary for meaningful tests of cathode catalysts, is not available at present.
In this work, it is propose the SWC as accelerated method to evaluate the durability of
platinum cathode catalysts under simulated driving operation conditions. The losses measured
during the accelerated test procedure were compared/correlated with the losses obtained after
6000 h of simulated fuel cell driving conditions. To gain a fundamental understanding of the
cathode catalyst durability during SWC treatment, parameters such as hold periods and
number of cycles were varied over a wide range. The results provide a solid base for the
understanding the different profiles SWC and TWC, and of correlation between them.

9.2

Results and discussion

9.2.1 Effect of hold time in square wave voltammetry
To gain a fundamental understanding of the cathode catalysts durability under SWCs, a wide
range of hold periods were evaluated under potential cycling of 0.6 – 1.2 V. Fig. 9.1 assesses
the ECSA loss accumulated during 10,000 cycles on a 50 wt% Pt/CRC catalyst. The hold time
at lower/upper potentials was systematically varied, including 0.5/0.5, 1/1, 2/2, 3/3, 4/4 and
30/30 s. In all cases, from the initial average surface area SAE=67±0.4 m2/gPt, a maximum
ECSA loss of 30±4 % was reached with increasing number of cycles.
In order to better illustrate the effect of the hold time, Fig. 9.2 depicts the ECSA loss
versus the corresponding testing time. In good agreement with the literature data [149], the
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ECSA losses after the same number of degradation cycles are identical for the various hold
times used. The data suggest that the hold time at high or low potential plays no significant
role for the degradation process.
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Fig. 9.1: ECSA loss versus the number of cycles, for 50 wt% Pt/CRC, considering SWCs with
hold times of 1/1, 2/2, 3/3, 4/4, 30/30 s at the upper/lower potentials.
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Fig. 9.2: ECSA loss versus the testing time, for 50 wt% Pt/CRC, considering SWCs with hold
times of 1/1, 2/2, 3/3, 4/4, 30/30 s at the upper/lower potentials.
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Upon voltage cycling, the particle size increased in a rather similar way for all four SWC
tests, as illustrated in Fig. 9.4B. The resulting mean particle sizes were 4.77, 4.79, 4.68, and
4.61 nm for 1/1, 2/2, 3/3 and 4/4 s, respectively. As a result of the change in particle size, the
dispersion had decayed by 27 %, corresponding to a final surface area of SATEM=46.5±5
m2/gPt, in good agreement with SAE=45±3 m2/gPt from the electrochemical data.
Correspondingly, the TEM determined dispersion factors of around DTEM=0.18±0.01 at the
end of the test were found to be in excellent agreement with the value DE=0.17±0.05 from the
electrochemical analysis. The data suggest that the decay in ECSA in all experiments at the
end of the test is dominated by growth/agglomeration of Pt particles. However, the individual
contribution of coalescence and Pt mass loss via Ostwald ripening mechanism could not be
quantified. The contribution of Pt ions dissolved in the electrolyte to the overall ECSA loss is
about 5±0.5 %. The total amount of Pt mass loss determined by ICP-MS analysis from the
collected electrolyte after 10,000 cycles was 0.031, 0.046, 0.077 and 0.050 µgPt/cm2Pt for 1/1,
2/2, 3/3 and 4/4 s, respectively. The data suggesting that the contribution of Pt ions dissolved
in the electrolyte to the overall ECSA loss is rather negligible.
Mitsushima [148] and Uchimura [151] had concluded that the degradation during the
SWC treatment occurs only during the transition of the potentials, meaning that the hold time
plays no role. They assumed that a passivating oxide layer is formed at the platinum surface
that hinders the degradation. Therefore, the loss in Pt surface area depends on the number of
cycles employed. In contrast, varying the number of cycles in a definite time seems not to
affect the Pt surface area loss in TWC [221]. The unlike loss dependence on the number of
cycles makes the comparison among the two profiles arduous. To further explore this
dependence, we conducted a SWC test involving a decrease of the hold time from 0.5/0.5 to 0
s. This could be achieved using the ultra-high speed mode (UHSM) of the potentiostat, by
setting the cycle time to 200 µs. Here the necessary time to step the potential from 0.6 to 1.2
V is 100 µs, therefore resulting in zero hold time. In contrast to the UHSM, the normal speed
mode (NSM) of the potentiostat, requires 0.01 s for a potential step from 0.6 – 1.2 V.
Fig. 9.5 illustrates the decay in ECSA after 10,000 cycles versus the corresponding cycle
time. A significant change in ECSA was found with the decrease of the hold time from 0.5/0.5
s to 0 s. In addition to the previous assumption that only the potential jump contributes to the
degradation, the current results suggests that a minimum hold time of 0.05/0.4 s is necessary
for degradation. Apparently, upon exceeding this limit, the Pt surface is passivated and any
further increase of the hold time only delays the measurement. In agreement with our data,
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Topalov et al. [238] observed a time dependent Pt dissolution rate. The authors showed that
independent of the upper potential limit (e.g., 0.15, 1.0, and 1.6 V) the Pt dissolution rate
declines to negligible values in the first seconds after the potential jump.
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Fig. 9.5: The effect of the potential jump time in the different scan modes NSM (filled
squares) and UHSM (empty squares) on the loss in ECSA. Each point on the graph represents
the loss after 10000 SWCs with a specific hold time at upper and lower potential (e.g., 0.0002,
0.002, 0.02, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 2, 4, 60 s). Note that for a voltage window between 0.6 –
1.2 V, the NSM with shorts hold times (e.g. < 0.01 s) does not reach the upper potential of 1.2
V, but only a potential of ~1.15 V.

In order to understand which of the steps in the SWCs is responsible for the catalyst
degradation, we compared the ECSA loss and the ORR mass activity after 10,000 cycles of
UHSM with 0.01/0.1, 0.1/0.1, 0.4/0.1, 0.1/0.2, 0.1/0.3, 0.1/0.4 and 0.4/0.4 s SWC (see Fig.
9.6). First, the effect of the time at the upper potential on the ECSA loss was followed,
keeping the low potential time constant at 0.1 s. For a hold time of 0.1 s at 1.2 V, the ECSA
loss was found to be 14±2 %. A further increase of the hold time to 0.4 s and above resulted in
losses of 15 %, suggesting that already after 0.1 s the platinum surface is passivated and no
additional losses are experienced. This loss, however, explains only half of the decay in the
ECSA recorded and presented during cycling with identical hold times at upper and lower
potential (see Fig. 9.2). Therefore, to reach the full loss during 10,000 cycles between 0.6 and
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1.2 V, we varied the time at low potentials, keeping the time at the upper potential time
constant at 0.1 s.
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Fig. 9.6: ECSA and ORR mass specific activity loss of Pt/CRC catalysts under SWC between
0.6 and 1.2 V with different hold times at the upper and lower potentials (0.6, 1.2 V).
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Fig. 9.7: Contributions to the ECSA loss during different phases of the NMS cycle profile.
The first 0.01 s (period I and II) at 1.2 V lead to half of the ECSA loss. Increasing the time at
1.2 V does not affect the losses, most likely due to surface passivation. The other half of the
ECSA loss occurs at low potentials 0.6 V, in particular during the initial 0.3 s in period IV. No
further loss was observed when increasing the time at low potential.
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Increasing the low potential hold time from 0.1 s to 0.3 s causes no additional loss, i.e.,
under these conditions the decay in ECSA purely depends on the time at high potential. In
fact, the maximum ECSA loss of 30 % was obtained when the time at low potential has
reached 0.4 s. A further increase in the lower hold time has no further effect on the ECSA
loss. A similar dependence on the hold times can be observed also for the ORR mass specific
activity measured at 0.9 V.
In Fig. 9.7 the contributions to the ECSA loss were identified in the different phases of
the SWCs using the NMS mode (losses accumulated over 10,000 cycles). Adjusting the time
at the hold potential to 0.01/0.01 s, a loss of 14±2 % ECSA loss is achieved after 10,000
cycles (Fig. 9.6). In fact, 0.01 s represents the necessary time for the equipment to step the
potential from 0.6 V to 1.2 V. This potential step consists of two parts, a rapid linear increase
from 0.6 V to 1.15 V, occurring in 3.5 ms, followed by an exponential increase from 1.15 V to
1.2 V that requires 6.5 ms (Fig. 9.7). Increasing the potential from 0.6 to 1.2 V with a hold
time of only 3.5 ms, a jump to 1.15 V was achieved and the degradation of the first part of the
jump (period I) was determined to be 8±2 % (Fig. 9.6).
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Fig. 9.8: Effect of upper limit potential and of the hold time at upper/ lower potential (e.g.,
1/1, 2/2, 10/10, 30/30 s) over ECSA loss.

The second part of the jump (period II), accounts for another 6±2 % ECSA loss. This loss
was determined by subtracting the losses experienced during the period I from the total 14 %
loss recorded for a 0.01/0.01 s test (Fig. 9.6). Increasing the upper potential hold time to 0.4 s
168

Chapter 9
does not cause any further loss in ECSA. However, as discussed above (see Fig. 9.2), this
ECSA loss represents only half of the total degradation measured. The other half must occur
during the reduction of the oxide layer at lower potentials, in period IV during the first 0.3 s
(Fig. 9.6). No further loss was observed when increasing the time at low potentials. This
behavior is in excellent agreement with the time-resolved dissolution profiles recorded for
polycrystalline Pt in 0.1 M HClO4 by Topalov et al. [59, 238]. The authors showed two
distinct dissolution features corresponding to the electro-oxidation and electro-reduction of Pt
surface.
Likewise, the degradation behavior in the UHSM cycles showed distinct periods.
However, no degradation was recorded after 10,000 cycles of 0 hold times. The initial 14 %
ECSA loss was measured after the time at upper potential was adjusted to 0.1 s, as illustrated
by Fig. 9.5. Considering that the total time needed for degradation is 0.1/0.4 s, a higher
number of cycles are required in order to allow the catalyst to spend more time under
degradation potentials. Therefore, Fig. 9.2 shows the ECSA loss as function of total testing
time, which in fact does not represent the degradation time. Since only 10,000 cycles were
applied to all samples, a similar total degradation time was achieved and therefore the losses
of 30 % ECSA loss are identical. This behavior is valid for the potential window of 0.6 - 1.2
V and graphitized carbon supports materials. It has to be noted that potentials higher than 1.0
V can shift the balance between the occurring degradation mechanism (e.g., Pt dissolution, Pt
particle growth/agglomeration and Pt particle detachment). Fig. 9.8 illustrates the effect of
varying the SWC hold time between 1/1 and 30/30 s after 10,000 cycles, considering two
different upper potential limits, 1.2 and 1.4 V. Contrary to the first value, the upper potential
of 1.4 V results in an increases in ECSA loss with increasing hold time. Potentials as high as
1.4 V are generally known as highly corrosive for carbon supported catalysts. The increased
loss in ECSA represents nothing else but the effect of the accumulated times at carbon
corrosion potentials and its impact on platinum loss.

9.2.2 Effect of the different cycles profile over Pt/C stability
In order to understand the correlation between the SWC and TWC over a 50 wt% Pt/CRC
catalyst, during potential cycling between 0.6 and 1.2 V, Fig. 9.9 illustrates the loss in ECSA
versus the testing time for both profiles. The scan rate in TWC was varied to 0.6, 0.3, 0.2,
0.15, 0.02 V/s to match the hold time of 1/1, 2/2, 3/3, 4/4, 30/30 s in SWC. As previously
shown [149, 221], the losses during TWC cycling (empty triangle) suggest that the
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degradation is time depending, a behavior that is contrary to that under SWC conditions when
considering longer hold times, as illustrated by the filled squares. However, in opposite to the
understanding that the degradation in SWC occurs only in the potential step [149], we showed
that the very few milliseconds at upper and lower potential play a major role in degradation.
Therefore, considering only the optimum cycle time 0.1/0.4 s, a new correlation between the
two profiles is obtained. The empty squares in Fig. 9.9 represent the ECSA losses under SWC
conditions, considering the degradation over the time. It should be noted that the accurate
application of very short holds times and increased number of cycles (e.g., 10,000 cycles),
depends on the equipment applying the potential. The accelerating testing procedure was
performed following the characteristics data presented in Table 9.1.
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Fig. 9.9: Correlation between ECSA loss and cycling time upon SWC and TWC cycling.
ECSA loss of TWC (empty triangles) and SWC (filled squares) is considered after 10000
cycles for hold times of 0.4, 1.2, 2, 4, 6, 8, 20, 40, 60, 120 s at upper and lower potential.
Open squares denote the loss of ECSA for SWC with increasing number of cycles (200, 1000,
5000, 10000, 20000, 40000, 60000, 100000, 400000, and 450000 cycles), with 1 s hold time
at upper and low potential.
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Table 9.1: Summary of SWC test procedure
Process

Time

Potential

Sweep

(h)

(VRHE)

rate

gas

No.

Comments

cycles

prepare via spin

Electrode

0.33

preparation

‒

‒

N2

coating at 700

‒

rpm

Electrochemic

0.33

0.6 ‒ 1.2

100 mV/s

N2

100

BCV

0.116

0.01 ‒ 1.0

20 mV/s

N2

4

ORR

0.116

0.01 ‒ 1.0

20 mV/s

O2

4

AST

4

0.6 ‒ 1.2

1 s/cycle

N2

15000

al cleaning

‒
repeated after
each stop
‒
stop in between
for BCV

The automotive manufactures require a 6000 h life-time consisting of start-up/shut-down
events and normal driving operation of potential cycles under low voltage limits (0.6 – 0.9 V)
with an accepted surface area loss of 40 % [22, 205]. The degradation under the former
conditions was previously characterized [174, 186, 216, 237] and is therefore not addressed in
this study.
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Fig. 9.10: ECSA loss versus testing time for Pt/CRC catalysts tested under potential cycling
between 0.6 and 1.2 V with TWC (empty triangles), SWC (empty squares) and 0.6 – 0.9 V
TWC (filled triangles).
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The degradation under low voltage limits requires extremely long testing times, as
illustrated by the extrapolation of the filled triangles data in Fig. 9.10. An estimated 6000 to
8000 h would be necessary to reach about 40 % ECSA decay. In a fuel cell stack the
dynamical variation in relative humidity (RH) of the gas flows could results in different
ECSA losses. However, no fuel cell developer can afford this time to benchmark catalysts. It
is absolutely necessary to find methods to stress the catalysts under conditions that are
reproducible and considerably faster. In previous research [188], it was shown that increasing
the number of cycles with triangular profile is not suitable to accelerate the degradation.
Based on the knowledge of this research, we propose to use the following two stressors in
order to reduce the testing time: i) to increasing the upper potential to 1.2 V, which is above
that what is experienced in the car during normal drive cycles (e.g., 0.9 V), but low enough to
avoid supplementary losses as for example provoked by carbon corrosion, and ii) using a
square wave voltage profile instead of a triangular profile, which further accelerates the
degradation. As illustrated in Fig. 9.10, the former path would results in a test acceleration of
29 h, while the latter will reduce the testing time to 4 h corresponding to 40 % ECSA loss.

9.3 Conclusions
Square wave cycles are proposed as accelerated test methods to evaluate and benchmark
potential cathode catalysts for automotive fuel cells. By quantifying the ECSA loss per cycle,
we showed a time dependent degradation. In additions to the assumptions that only the
potential jump contributes to the degradation, we showed that an optimum hold time of
0.05/0.4 s (NMS) and 0.1/0.4 s (UHSM) at upper/lower potential is necessary for the
degradation. A further increase of the hold time at the high/low potentials plays no role for the
degradation process. At the end of the test the decay in ECSA loss is dominated by
growth/agglomeration for all hold time variations (e.g., 0.5 to 30 s). These findings allow us
to properly compare between SWC and TWC, since in both cases the degradations depends
on the accumulated testing time. Moreover, it was developed a first correlation between the
long-term stability of Pt/C catalysts and accelerated test procedure. Achieving an ECSA loss
of about 40 % require an estimated 6000 h of drive conditions, simulated by potential cycling
between 0.6 – 0.9 V TWC. This extremely long time can be reduced by applying two
stressors: i) by increasing the voltage upper limit above that experienced in the car, but not too
much to avoid additional losses, e.g., by carbon corrosion, and ii) using SWC instead of
TWC. The former stressor, 0.6 – 1.2 V of TWC, results in a decrease of testing time to 29 h.
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The latter stressor, SWC in the range 0.6 – 1.2, V reduces the testing time to 4 h. The insights
achieved in this research can serve as a valuable basis for preselecting cathode catalysts with
promising performances for employing in fuel cells.

9.4 Supporting information
The accelerating triangle wave cycling procedure was performed following the characteristics
data presented in Table 9.2.

Table 9.2: Summary of TWC test procedure
Process

Electrode
preparation
Electrochemic

Time

Potential

Sweep

(h)

(VRHE)

rate

gas

No.
cycles

prepare via spin
0.33

‒

‒

N2

‒

coating at 700
rpm

0.33

0.6 ‒ 1.2

100 mV/s

N2

100

BCV

0.116

0.01 ‒ 1.0

20 mV/s

N2

4

ORR

0.116

0.01 ‒ 1.0

20 mV/s

O2

4

AST

20

0.6 ‒ 1.2

~mV/s1

N2

a2

al cleaning

Comments

‒
repeated after
each stop
‒
stop in between
for BCV

1 – The scan rate can vary between 5 – 6000 mV/s, since in this regime only the testing time affects the
ECSA loss; 2 – depending on the scan rate and testing time.

The ECSA losses measured under the above test procedure were compared to the ECSA loss
under normal driving cycles of 0.6 – 0.85 V. After about 5000 h of low potential cycling an
estimated loss of about 40 % was found. By increasing the upper potential limit to 1.2 V in the
present test procedure, an acceleration of the ECSA percentage losses within about 20 hours
has been achieved.
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Conclusions
The present work describes a systematic research on the topic of cathode catalysts and
technology aspects for testing and implementation of the fuel cells in electromobility.
According with the objective and following the strategy presented in Cap. 2, Fig. 2.3 three
major achievements were reached:
- A new PtCux cathode catalyst series with tailor-made properties for automotive fuel cell
applications was elaborated and systematically investigated.
- New standard procedures for rapid evaluation of fuel cell catalysts durability under
normal driving and start-up/shout-down conditions were developed and implemented.
- One of the developed PtCux cathode catalysts with promissory performances was
implemented in prototype fuel cell stacks and tested under real conditions.
Cathode catalyst advancements for fuel cell applications
To assure competitive automotive fuel cells, the cathode catalyst requires major improvements
related to its performances:
- High activity. In order to be feasible for benchmarking, the mass activity of standard Pt/C
catalysts that lies at about 160 mA/mgPt should be increased by a factor of 4 or more.
- Enhanced durability. From an economic point of view an electrochemical surface area
(ECSA) loss of maximum 40 % could be accepted, which is equivalent to about 6000 h.
- Low cost. In order to be commercially viable, the cost of cathode catalyst must not
exceed 5 $/kW. The costs of standard Pt/C are considerably reduced by partially
replacing Pt with transition metal (e.g., Cu, Co, Ni) to form bimetallic catalysts.
The conceptual elaboration and the catalyst component selection were performed
considering the d-band model and the resulting volcano plots (see p. 11, Fig. 1.2) proposed in
the literature for bimetallic alloy catalysts. Alternative catalytic systems in which Pt is partially
replaced by non-noble metals like Cu were synthesized. The scientific goal toward improved
cathode catalysts was to understand and gain a solid fundamental knowledge related to
structure-activity-durability relationship in alloy and core-shell catalyst systems. The
investigation of the PtCux catalysts prepared in our laboratory and the comparison with
commercial PtCox and PtNix catalysts, contributed to the above objectives in the following way:
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- Due to their thermodynamic instability the non-noble metals (e.g., Cu, Co, Ni) leaches
from their nanoparticle, contaminating the membrane and ionomere phase. In order to avoid
this phenomenon a dealloying of the alloy catalysts is required before employed in fuel cells.
Supported by the present research evidences, we strongly recommend that the activity
enhancement must be considered for the post-dealloyed structure of the bimetallic catalysts, and
not only for the bulk alloy as it is often reported in literature. As a result of the transition metal
instability, the initial ORR activities of PtCux, 727 mA/mgPt > PtNix, 398 mA/mgPt > PtCox, 276
mA/mgPt alloys catalyst, decreases after dealloying in the order of PtCux, 487 mA/mgPt < PtNix,
281 mA/mgPt < PtCox, 228 mA/mgPt. Furthermore, we showed that the ORR activity depends
on the pretreatment method. The catalysts resulting from electrochemical dealloying is less
active than those resulting from chemical leaching or directly from synthesis, as showed in the
series: PtCux-core-shell, 485 mA/mgPt < PtCux-skeleton, 512 mA/mgPt < PtCux-bulk, 727
mA/mgPt. All these PtCux structures exceed by far the reported values of the standard Pt/C
catalyst.
- In this research we further showed that the catalyst stability increase as function of the
pretreatment method and therefore of the resulting nanoparticle architecture. Among the three
architectures, PtCux-core-shell catalysts showed higher stability against Cu leaching than
PtCux-skeletons or PtCux-bulk. The PtCux catalysts proved enhanced stability against Pt
dissolution compared to standard Pt/C catalysts. A gain in stability of 20 % against Pt/C
catalyst, over 10,000 cycles between 0.6 and 1.1 V was achieved. It should be mentioned here
that PtCux-core-shell catalysts, although not having the highest activity in the elaborated series,
successfully maintain their specific activity over 10,000 cycles between 0.6 and 1.1 V, with less
than 10 % specific activity loss. The catalysts achieved the automotive durability requirement
under normal driving conditions. However, the improvement in stability seems to disappear
under potentials above 1.2 V. Our data analysis suggested that under these potentials, the Pt
atoms from the shell-structure are prone to dissolution. Once the shell is restructured, the
transition metal leaches further into the ionomer phase and finally the Pt particles sinter into
agglomerates (see p. 67, Fig. 5.8). Due to the strong dependency of the catalyst stability on
potentials higher than 1.2 V, mitigation strategies need to be developed for start-up/shut-down
(SU/SD) operations.
- PtCux-core-shell catalysts proved to be an economical alternative to standard Pt/C due to
the reduced amount of Pt used trough partially replacing Pt atoms with Cu base metal atoms. In
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order to successfully implement the PtCux-core-shell catalysts in the PEM FC cathode it is
imperative that the performance and durability are quantified under fuel cell vehicle operations.
A significant challenge central to this goal is the development of standard accelerated ex-situ
and in-situ durability test procedures.
Development of new standard procedures for rapid evaluation of fuel cell cathode catalysts
The systematic research conducted for the development of two new standard test procedures for
normal driving and SU/SD conditions includes:
- Elaboration of a new rotating ring disk (RDE) procedure that is based on the voltage and
current responses from fuel cell membrane electrode assemblies (MEA) stacks under
different operation conditions including normal drive cycles and aggressive SU/SD.
- Analysis and implementation of the collected data in a laboratory set-up.
- Clarifying the degradation mechanism under simulated fuel cell operation conditions.
A first ex-situ accelerated test procedure was successfully developed for clarifying the
unavoidable degradation of the cathode catalysts under normal driving operations. The research
evidences related to the proposed standard procedure are:
- The testing of cathode catalysts can be accelerated via two procedures: i) by increasing
the upper potential from 0.9 V to 1.2 V independent of the potential cycle profile, and ii) by
using square wave cycling (SWC) instead of triangular (TWC) independent of the potential
cycling window. The SWC procedure with cycling at 0.6 – 1.2 V results in 40 % ECSA loss
after only 4 h test time (see p. 171, Fig. 9.10). The same ECSA loss is achieved under 0.6 – 0.9
V drive cycles, after 6000 h only. In comparison to this the TWC procedures requires about 20
h. Moreover, the analysis showed time dependence degradation for both profile SWC and TWC
(see p.170, Fig. 9.9), suggesting that it is not necessary to count the number of voltage cycles or
voltage scan rates during the life time of a vehicle. This is strong support for correlating the
long-term stability of Pt/C catalysts and accelerated test procedure.
- The ex-situ investigations of standard Pt/C and Pt-alloy catalysts were successful
validated in single-cell/stack. The test procedure developed here allows the translation from
liquid electrolyte ex-situ to single-cell in-situ fuel cell systems. An excellent agreement
between the RDE and single-cell/stack data of ECSA and ORR activities was found at 30°C
and 100 % RH, over the testing time (see p. 147, Fig. 8.4). This founding supports further the
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understanding of Pt/C catalysts long-term stability and predicting the not avoidable degradation
in a fuel cell vehicle.
- The data showed that the standard Pt/C catalysts with particle size of 3 nm meets the
automotive requirements of having less than 40 % loss in ECSA over 6000 h functionality only
under normal driving conditions. However, Pt-based catalyst with particle size of 6 nm
successfully maintains their durability with less than 20 % ECSA loss, over 6000 h under 0.6 –
0.9 V (see p. 158, Fig. 8.13). The gain in stability due to increased particle size would allow a
further loss in ECSA of maximum 20 % from SU/SD conditions as contributing to the total
degradation over 6000 h functionality.
A second ex-situ test procedure was successfully elaborated, reproducing the main features
exhibited during SU/SD, the most aggressive processes occurring at the cathode side of the fuel
cells. The protocol employs the potential excursion from 0.6 V to a peak of 1.4 V to simulate
the shut-down, a further step to 1.0 V to simulate the air-air situation and finally the sweep
between peak 1.4 V and 0.6 V to simulate the start-up procedure. The research highlights
resulted from our investigations could be summarized as follows:
- The high merit of our new rapid evaluation procedure is the reduction of the testing time
from 336 h to 48 h. Moreover, a reduction of the costs for one test, from about 3.2 $ for the Pt
content in one commercial MEA with 60 mgPt to 0.004 $ for the Pt content in a RDE electrode
with 80 μgPt (considering a Pt price of 52-53 $/g in October 2013) is achieved.
- The procedure allows distinguishing between different degradation processes occurring
under SU/SD as Pt-dissolution, Pt-growth/agglomeration and carbon corrosion. The analysis
conducted suggested that under SU/SD the degradation is dominated in the first 200 cycles by
Pt dissolution and after 1000 cycles by Pt particle growth/agglomeration, with a total loss in
ECSA of 80 %. The total carbon loss was less than 5 % after 48 h test.
- Although, the desired Pt-based catalyst durability under normal driving conditions is
achieved (see p. 171, Fig. 9.10), the catalysts stability still depends on the SU/SD conditions.
This imposes the need to develop mitigations strategies to avoid the strong degradation under
potentials higher than 1.4 V. In a fuel cell vehicle, the cathode voltage peak profile can
resemble to a triangular wave or square wave like profile, depending strongly on the H2/air
front at the anode side. However, our analysis identifies that the most damaging situation does
not depend on the voltage profile, but on the time spent at high potentials. Therefore, reducing
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the time of the high voltage peaks to a minimum possible could further improve the life time of
the catalyst system.
Implementation in real systems
The high accomplishment of this work is that the achievements shown above were already
implemented in Daimler and tested, as described before. The results of this applied orientated
research offer a solid fundamental data basis and bring together the theoretical and practical
details related to the cathode and fuel cell technology. In such a way, the work is an excellent
supports for the business oriented electro mobility activities in Daimler. The current R&D work
is a proud part of Daimler efforts in offering solutions for improving the electromobility in the
world.
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Zusammenfassung
Die aktuelle Arbeit beschreibt die systematische Erforschung von Kathodenkatalysatoren
sowie

Aspekte

der

Erprobung

und

Implementation

in

Brennstoffzellen

für

die

Elektromobilität. Entsprechend dieser Ziele und der in Kapitel 2, Abb. 2.3 gezeigten Strategie
wurden drei Haupterfolge erreicht:
- Eine

neue

PtCux-Kathodenkatalysatorserie,

für

die

automobile

Applikation

maßgeschneiderten Eigenschaften, wurde entwickelt und erforscht.
- Neue Standardmessprozeduren, für die beschleunigte Erprobung der Zuverlässigkeit
von Brennstoffzellenkatalysatoren im Fahrbetrieb und beim Start/Stop Betrieb, wurden
entwickelt und qualifiziert.
- Einer der PtCux-Kathodenkatalysatoren, mit vielversprechender Performance wurde in
Brennstoffzellen-Prototypen implementiert und unter realen Bedingungen erprobt.

Entwicklung von Kathodenkatalysator für die Brennstoffzellenanwendungen
Um die Wettbewerbsfähigkeit der automobilen Brennstoffzellen zu gewährleisten, müssen
vom Kathodenkatalysator folgende Hauptzielsetzungen erfüllt werden.
- Hohe Leistung. Die gewichtbezogene, katalytische Aktivität von Standard Pt/CBrennstoffzellenkatalysatoren, welche derzeit bei ca. 160 mA/mg Pt liegt, muss um den
Faktor 4, oder mehr, erhöht werden.
- Verbesserte Zuverlässigkeit. Vom wirtschaftlichen Standpunkt könnte ein Verlust an
elektrochemisch aktiver Katalysatoroberflächen (ESCA) von bis zu 40% akzeptieren
werden. Dies entspricht einer Funktionalität von ca. 6000 Betriebsstunden.
- Niedrige Kosten. Um wirtschaftlich rentabel zu sein, dürfen die Kosten für den
Kathodenkatalysator 5 $/ kW nicht überschreiten.

Die konzeptionelle Entwicklung und die Auswahl der Katalysatorkomponenten wurden
unter Berücksichtigung des D-Band Modells, und der daraus resultierenden Vulkan-Graph
Theorie

(s.

S.

11,

Abb.

1.2),

welches

Legierungskatalysatoren vorgeschlagen wird.

in

der

Literatur

für

bi-metallische

Alternative katalytische Systeme wurden

synthetisiert, in welchen das Platin partiell durch unedle Metalle, wie Kupfer, ersetzt worden
waren. Das wissenschaftliche Ziel, hinsichtlich verbesserter Kathodenkatalysatoren, war es,
ein fundamentales Verständnis zu den Zusammenhängen zwischen Struktur, Aktivität und
Stabilität

bei

Legierungskatalysatoren

und
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Core-Shell

Systemen

aufzubauen.

Die

Zusammenfassung
Untersuchung an PtCux-Katalysatoren, welche in unserem Labor hergestellt worden sind, und
die Bewertung im Vergleich mit kommerziell erhältlichen PtCox- und PtNix-Katalysatoren
haben zu den oben beschriebenen Zielsetzungen in folgender Weise beigetragen:
- Wegen ihrer thermodynamischen Instabilität laugen die unedlen Legierungsmetalle
(z.B. Cu, Co, Ni) aus den Nanopartikeln aus, und verunreinigen die Membran und die
Ionomerphase.

Um

die

Phänomen

zu

vermeiden,

ist

es

erforderlich,

die

Legierungskatalysatoren vor ihrer Verwendung in der Brennstoffzelle kontrolliert zu
„entlegieren“. In der Fachliteratur wird oft berichtet, dass nur „Bulk“-Legierungen eine
erhöhte Aktivität aufweisen. Die aktuellen Forschungsresultate lassen die Schlussfolgerung
zu, dass auch entsprechend vorbehandelte („partiell entlegierte“) bi-metallische Katalysatoren
solch eine Aktivitätserhöhung aufweisen können. Als ein Resultat der Instabilität der
Übergangsmetalle baut sich die ursprüngliche ORR Aktivität (PtCux, 727 mA/mgPt > PtNix,
398 mA/mgPt > PtCox, 276 mA/mgPt) von Legierungskatalysatoren durch das „entlegieren“
ab (PtCux, 487 mA/mgPt < PtNix, 281 mA/mgPt < PtCox, 228 mA/mgPt). Weiterhin konnten
gezeigt werden, dass die ORR Aktivität von der Vorbehandlungsmethode abhängt.
Katalysatoren, welche elektrochemisch ausgelaugt wurden sind weniger aktiv, als
Katalysatoren welche chemisch ausgelaugt wurden oder direkt aus der Synthese kommen. So
ergibt sich folgende Reihenfolge: PtCux-Core-Shell, 485 mA/mgPt < PtCux-Skeleton, 512
mA/mgPt < PtCux-Bulk, 727 mA/mgPt. All diese PtCux-Strukturen übersteigen weit die
bekannten Werte für Standard Pt/C Katalysatoren.
- In dieser Forschungsarbeit wurde weiter aufgezeigt, dass die Katalysatorstabilität als
Funktion der Vorbehandlung, bzw. der resultierenden Struktur der Nanopartikel zunimmt.
Unter den drei möglichen Strukturen zeigen PtCux-Katalysatoren die beste Stabilität gegen
das Auslaugen des Kupfers. Dann folgen die sogenannte „PtCux-Skeleton-Struktur“, und
zuletzt die „PtCux-Bulk-Struktur“. PtCux-Katalysatoren bieten auch eine im Vergleich zu
Standard Pt/C-Katalysatoren erhöhte Stabilität gegenüber Platinauflösung. Gegenüber diesem
Pt/C-Katalysator wurde hier ein um 20% verbesserte Stabilität ermittelt, wenn die Proben
10.000 mal in einem Potentialbereich zwischen 0,6 V und 1,1 V gezykelt wurden. An dieser
Stelle sollte erwähnt werden, dass PtCux-Katalysatoren, obwohl sie nicht die höchste Aktivität
der untersuchten Proben hatten, nach 10.000 Lastzyklen 0,6 – 1,1 V, weniger als 10% ihrer
ursprünglichen Aktivität verloren hatten. Diese Katalysatoren erreichten die automobilen
Stabilitätsziele bei Testbedingungen, welche den normalen Fahrbetrieb abgebildet haben.
Trotzdem geht diese Stabilität bei Potentialzyklen über 1,2 V verloren. Die Bewertung unserer
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Versuchsdaten legt nahe, dass die Platinatome aus der Schalen-Struktur (Shell) für die
Auflösung anfällig sind. Sobald dann die Schalle aufgelöst ist, lösen sich die
Übergangsmetalle wieder heraus, und kontaminieren das Ionomer Phase. Zum Schluss bilden
sich wieder Platinagglomerate (s. S. 67, Abb. 5.8). Der starke Einfluss von Potentialen über
1,2 V auf die Katalysatorstabilität macht die Entwicklung von Vermeidungsstrategien für den
Start/Stop-Betrieb (start-up/shut-down: SU/SD) erforderlich.
- PtCux-Core-Shell-Katalysatoren haben gezeigt, dass sie durch ihren reduzierten
Platingehalt, der durch einen partiellen Austausch von Platinatomen gegen Kupferatomen
erreicht wird, eine wirtschaftliche Alternative zu Standard Pt/C-Katalysatoren sein können.
Um jedoch diese PtCux-Core-Shell-Katalysatoren erfolgreich als Kathodenkatalysator
einsetzten

zu

können

ist

es

zwingend

erforderlich,

dass

seine

Eignung

unter

anwendungsnahen Bedingungen nachgewiesen wird. Aus diesem Ziel ergibt sich die
Notwendigkeit beschleunigte ex-Situ und in-Situ Test Prozeduren zu entwickeln.

Entwicklung

von

neuen

Standardprozeduren

zur

schnellen

Charakterisierung

von

Brennstoffzellen Kathodenkatalysatoren.
Die systematischen Forschungsarbeiten für die Entwicklung von zwei neuen Standard Test
Prozeduren für die Abbildung des normalen Fahrbetriebes und der Start/Stop-Betriebs
beinhalten:
- Entwicklung einer neuen RDE (Rotating Disk Elektrode) Test Prozedur auf Basis von
Messdaten (Strom-Spannungs-Antworten) von Brennstoffzellen MEA (MembranElektroden Einheiten) aus Normalbetriebs- und aggressiven Start/Stop-Versuchen.
- Auswertung und Implementierung der Resultate in einem Labortestaufbau.
- Aufklärung

der

Degradationsmechanismen

während

dieser

simulierten

Brennstoffzellen-Betriebsbedingungen.

Erfolgreich wurde eine erste beschleunigte Test-Prozedur entwickelt, welche die
Bewertung der nicht vermeidbaren Degradation von Kathodenkatalysatoren im Normalbetrieb
erlaubt. Die Forschungsergebnisse aus dieser hier vorgeschlagenen Prozedur sind:
- Die Erprobung von Kathodenkatalysatoren kann durch zwei Maßnahmen beschleunigt
werden: i) durch Erhöhung des oberen Potentialniveaus von 0,9 V auf 1,2 V, unabhängig von
der Potentialzyklusform, und ii) durch den Einsatz von Rechteck-Potentialzyklen (SWC),
anstelle von Dreieck-Potentialzyklen (TWC), unabhängig vom untersuchen Potentialbereich.
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Eine SWC Testprozedur, die in einem Potentialbereich zwischen 0,6 V und 1,2 V
durchgeführt wird, resultiert in einem ECSA Verlust von 40% nach nur 4 Teststunden (s. S.
171, Abb. 9.10). Der gleiche ECSA Verlust wurde bei TWC Versuch zwischen 0,6 V und 0.9
V (normal drive cycle) erst nach 6000 Stunden erreicht werden. Würde dieser TWC Versuch
im Potentialbereich 0,6 V bis 1,2 V durchgeführt werden, würde der Versuch 20 Stunden
benötigen. Weiterhin haben die Analysen gezeigt, dass bei beiden Test-Profilen (SWC und
TWC) die Degradation zeitabhängig ist. Dies legt die Schlussfolgerung nahe, dass die
Alterung im realen normalen Fahrbetrieb nicht von der Anzahl der Lastzyklen abhängt.
Dieses Resultat erlaubt die Entwicklung eines Modells zur Lebensdauervorhersage aus den
beschleunigten Degradationstests.
- Die ex-Situ Untersuchungen an Standard Pt/C und Pt-Legierungskatalysatoren konnten
erfolgreich mit Untersuchungen in Einzellern und Stacks bestätigt werden. Dies erlaubt die
Übersetzung der ex-Situ Resultate, im flüssigen Elektrolyt (RDE), in das zu erwartende
Verhalten

in

Einzeller-Brennstoffzellenversuchen.

Eine

exzellente

Übereinstimmung

zwischen der RDE und Einzeller/Stack-Daten für ECSA und ORR Aktivität würden für
Versuche bei 30°C und 100% Befeuchtung (s. S. 147, Abb. 8.4) gefunden. Diese Resultate
unterstützen weiterhin das Verständnis zur Langzeitstabilität von Pt/C-Katalysatoren, und zur
Vorhersage der nichtvermeidbaren Lebensdaueralterung in Brennstoffzellenfahrzeugen.
- Die Daten zeigten, dass der Standard Pt/C-Katalysator, mit einer Partikelgröße von 3
nm die automobilen Anforderungen eines ECSA Verlustes von weniger als 40% nach 6000
Betriebsstunden im normalen Fahrbetrieb erreicht. Allerdings wird mit Pt-Katalysator mit
einer Teilchengröße von 6 nm sogar eine Alterungswert von weniger als 20% nach 6000
Stunden bei 0,6 V bis 0,9 V Testbedingungen (s. S. 158, Abb. 8.13). Dieser Zuwachs an
Stabilität durch diese Partikelgröße würde als weiteren Beitrag zu den Lebensdauerzielen,
während der 6000 Betriebsstunden einen zusätzlichen ECSA Verlust von 20% durch SU/SDBedingungen erlauben.

Eine zweite ex-Situ Testprozedur, welche die charakteristischen Stressoren während des
Start/Stop-Betriebes abbildet, wurde erfolgreich entwickelt. Das Protokoll beinhaltet eine
Potentialzyklusfolge zwischen 0,6 V und 1,4 V, um den „Shut-Down“ zu simulieren, springt
dann zu einem Potential von 1 V, um die „Luft-Luft“ Situation nachzubilden, und endet dann
mit einem Potentialzyklus von 1,4 V zu 0,6 V, welcher den „Start-Up“ nachzeichnet. Die
Hauptresultate dieser Forschungsarbeit können wie folgt zusammengefasst werden:
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- Der Hauptvorteil dieser neuen beschleunigten Erprobungsprozedur ist die Reduktion der
Versuchsdauer von ursprünglich 336 Stunden auf 48 Stunden. Weiterhin reduzieren sich die
Edelmetallkosten von ca. 3,2 $ bei einer kommerziellen MEA mit 60 mg Platin, auf nur noch
0,004 $ bei einer RDE Elektrode mit 80 µg Platin. (Grundlage der Abschätzung ist eine
Platinpreis von 52-53 $/g Pt im Oktober 2013).
- Die Prozedur lässt die Unterscheidung verschiedener Degradationsmechanismen zu,
welche während des SU/SD-Betriebs auftreten. Diese sind Platinauflösung, PlatinAgglomeration und Kohlenstoffkorrosion. Die durchgeführten Analysen zeigen, dass während
des SU/SD die Degradation zunächst, während der ersten 200 Zyklen, durch die
Platinauflösung dominiert ist. Im weiteren Verlauf dominiert dann das Partikelwachstum bzw.
die Agglomeration, sodass nach 1000 Lastzyklen ein Gesamt ECSA Verlust von 80% zu
verzeichnen war. Der Kohlenstoffverlust während dieser 48 Stunden betrug weniger als 5%.
- Obwohl die erwünschte Stabilität bei Pt-Katalysatoren im Normalbetrieb erreicht wurde
(s. S. 171, Abb. 9.10), hängt die Katalysatorstabilität noch immer von den SU/SD
Konditionen ab. Aus diesem Umstand ergibt sich die Notwendigkeit für die Entwicklung einer
Vermeidungsstrategie, um die starke Degradation bei Potentialen über 1,4 V zu vermeiden. In
einem Brennstoffzellenfahrzeug kann das Kathodenspannungslastprofil aus einer Abfolge von
Dreiecksspannungen oder rechteckähnliche Spannungen zusammengesetzt werden, welch
sehr stark von der Wasserstoff/Luft Front auf der Anode abhängen. Indes haben unsere
Analysen ergeben, dass nicht das Lastprofil selber, sondern die Zeit bei einem Potential über
1,2 V die größte Degradation verursacht. Deshalb würde die Reduktion dieser Zeit bei hohen
Potentialen die Lebensdauer des Katalysatorsystems deutlich verbessern.

Implementierung im realen System.
Die besondere Leistung dieser Arbeit ist es, dass die oben vorgestellten Resultate bereits
erfolgreich bei Daimler implementiert und erprobt worden sind. Die Ergebnisse dieser
anwendungsorientierten Forschungsarbeit bieten ein solides grundlegende Datenbasis und
zusammenbringen die theoretische und praktische Details zur Kathodenkatalysatoren. Daher
unterstützt die Arbeit in besonderer Weise die Geschäftsorientierten Aktivitäten der Daimler
AG zur Elektromobilität. Die aktuelle vorgelegte Forschungs- und Entwicklungsarbeit ist
stolzer Teil der Arbeiten bei Daimler, um Lösungen zur Elektromobilität in der Welt
anzubieten.
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