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Abstract

Alkaline fuel cells (AFCs) have the opportunity of becoming important for mobile energy systems as, in contrast to other low temperature

fuel cells, the alkaline type requires neither noble metal catalysts nor an expensive polymer electrolyte.

In AFCs, nickel is used as anode catalyst in gas diffusion electrodes. The metal catalyst was mixed with polytetraflourethylene (PTFE) as

organic binder in a knife mile and rolled onto a metal web in a calendar to prepare the electrode. After an activation process with hydrogen

evolution at 5 mA/cm2 for 18 h, the electrodes were stressed at constant loading in a half cell equipment. During the fuel cell operation, the

electrochemical performance decreased due to changes of the polymer (PTFE) and of the metal particles in the electrode, which is described in

detail in another paper.

In this study, three types of electrodes were investigated. The first type of electrode is composed of pure Raney-nickel and PTFE powder, the

nickel particles in the second electrode type were selected according to particle size and in the third electrode copper powder was added to the

nickel powder not selected by size. The size selected nickel particles show a better electrochemical performance related to the non-selected

catalyst, but due to the electrochemically induced disintegration of the nickel particles the electrochemical performance decreases stronger.

The copper powder in the third electrode is added to improve the electronic conductivity of the nickel catalyst, but the copper is not stable

under the electrochemical conditions in fuel cell operation. With all three anode types long-term experiments have been performed. The

electrodes have been characterized after the electrochemical stressing to investigate the degradation processes. # 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Much attention has been paid to fuel cells because they

offer a highly efficient and environmentally friendly tech-

nology for energy conversion avoiding the Carnot limita-

tions of combustion engines. Low temperature fuel cells as

polymer membrane fuel cells (PEFC) and direct methanol

fuel cells (DMFC) as well as alkaline fuel cells (AFCs) are

considered as a most promising option for powering future

cars [1,2] and small combined power units due to their

modular construction and the high energy densities that can

be attained.

Each type of the low temperature fuel cells has individual

advantages compared to the other types. One advantage of

AFC is that no expensive noble metal is necessary as

catalyst, due to lower corrositivity of a basic environment

compared to an acid one. Nickel can be used as catalyst in

the anode and silver in the cathode. A second advantage is

that the liquid electrolyte can be used for the regulation of

the temperature in the fuel cell.

In addition to the costs of fuel cells, the lifetime of fuel

cells is a general problem for the technical utilization in

stationary or mobile applications. During lifetime, the fuel

cell performance and the fuel cell behavior should not

change significantly. The end of the lifetime is induced

by changes of fuel cell components, which results at last

in a decrease of the electrochemical performance. To under-

stand the decrease in the electrochemical performance, the

knowledge about the changes of the fuel cell components

and their causes as well as the understanding of the influence

of the changes of the individual components to the fuel cell

operation are necessary. Therefore, studying the changes of

single fuel cell components is the first step to investigate the

degradation of fuel cells. Numerous papers have investigated

the degradation of solid oxide fuel cell components—anodes

[4–10], cathodes [11–19], electrolyte [20–23], interconnec-

tors [24–26], etc. For PEFC, some studies are published

which have investigated the degradation of bipolar plates

[27,28], the electrolyte membrane [29–32] or the catalyst

[33–36] and the electrochemical performance [3,37,38]. The
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AFC can be separated without any problem into the com-

ponents, which allows to investigate the components with a

lot of different methods. This gives a significant advantage

for the study of degradation processes, but only few studies

on the electrochemically induced changes of AFC compo-

nents exist [39–46].

The investigated anodes consist of a metallic catalyst,

PTFE and possibly with additives on a metal web. The

catalyst is necessary for the electrochemical reaction and the

electrical conduction to the metal web. The metal web serves

as stable carrier for the electrode and for the electric con-

duction. The PTFE is hydrophobic and, thus, prevents the

electrode from being totally flooded by the electrolyte

which penetrates into the pore system. It also allows the

gas transport in the electrode; consequently, the three phase

zone where the electrochemical reaction takes place is not

only on the electrode surface, but also formed in the volume

of the electrodes. In addition, the PTFE works as organic

binder fixing the catalyst particles in the electrode.

At DLR low temperature fuel cells are investigated

focussing on the preparation of gas diffusion electrodes

and membrane–electrode assemblies, electrochemical beha-

vior, physical characterization, long-term behavior and

degradation mechanisms. The preparation of the gas diffu-

sion electrode based on Sauer [47] and Winsel [48] has been

further developed for electrodes of different low-tempera-

ture fuel cell types, AFC [49–55] and PEFC [33,56–59] as

well as for other electrochemical applications [60].

In this paper, the degradation of three different electrode

types has been investigated: type 1 electrodes consist of an

mixture of pure Raney-nickel and PTFE powder onto an

nickel web, type 2 electrodes consist of an mixture of a

Raney-nickel catalyst with an addition of copper powder and

PTFE powder onto a copper web, for the electrodes of type 3

the nickel catalysts were size-selected before electrode

preparation. The nickel catalyst is a highly porous metallic

catalyst which is formed from an aluminum–nickel alloy by

dissolving the aluminum. The used basic alloy for the

catalyst and the PTFE powder is the same in all electrodes.

The electrodes of type 2 were investigated in an earlier

study, which will be described in detail in a paper to be

published in future [61]. The different changes of nickel

electrodes are observed after electrochemical operation as

AFC anodes. During operation time a decrease of the

electrochemical performance was observed [43,46]. The

physical characterization of the electrodes after operation

shows that the pore size distribution has changed [46],

whereby the specific surface is nearly unchanged. The nickel

catalyst particles are disintegrated during electrochemical

operation. If the anodes are overloaded, so that the polar-

ization of the electrodes is high, the nickel will be oxidized

[43]. The copper is partially dissolved in the electrolyte.

Residual aluminum contains will be further dissolved

during fuel cell operation [43]. The PTFE is changed by

the electrochemical loading [42]. This result is very surpris-

ing because PTFE should be stable in all electrochemical

environments. In addition, PTFE is also used in PEFC,

which are at present a main topic of the fuel cell research.

The same changes are also observed during the activation

process of the electrodes [45] as well as a dissolving of the

copper, whereby the copper is transported through the sur-

face to the electrolyte. In X-ray photoelectron spectroscopy

measurements a change of the copper concentration on the

electrode surface, which depends on time and current den-

sity (i), was observed.

2. Experimental

2.1. Electrode preparation

Three types of electrodes were investigated. The electro-

des were prepared in the same way from a porous nickel

catalyst and PTFE powder. The porous nickel catalyst used

consisted of a nickel–aluminum alloy containing 50 wt.% of

each metal. In a KOH, the catalyst was activated by dissol-

ving the aluminum at 350 K. After this procedure, the

catalyst contained less than 5% of aluminum. During the

activation process, the nickel was loaded with 0.5–1.2

hydrogen atoms per nickel atom [62]. After this preparation

of the catalyst, the powder was washed and dried. Due to the

hydrogen in the metal and the reactivity of a metallic nickel

surface contact with oxygen during the drying process has to

be avoided. The catalyst powder cannot be handled in the

reactive state to produce the electrodes. Therefore, after

drying the catalyst powder was passivated by controlled

oxygen exposure under temperature control of the powder.

During this preparation step, the hydrogen was removed and

the catalyst surface was oxidized.

The passive catalyst and PTFE powder were mixed in a

knife mile, rolled to a strip and fixed onto a metal web. To

enhance the electrical conductivity in the electrode, metallic

copper powder was added to the mixture of the nickel

catalyst and PTFE.

The type 1 electrodes were prepared from the nickel

catalyst and PTFE powder without any additives. As metallic

web for the electrical conduction nickel was used. In the

electrodes of type 2 copper was added to the powder mixture

and a copper web was used for the electrical conduction.

The nickel particles which are used in the type 3 electrodes

were size selected, so that large particles were separated

from the catalyst powder, before the powders were mixed in

the knife mile. Like the type 2 electrodes a copper web was

also used for the type 3 electrodes.

Due to the passivation of the nickel catalyst the electrodes

must be activated before being used in the electrochemical

devices. The electrodes were activated in a standard proce-

dure by hydrogen developing at 5 mA/cm2 for 18 h in a 30%

KOH [45]. During this activation procedure the oxidized

nickel was reduced to metallic nickel, the copper was

partially dissolved, the specific surface area increased and

the pore size distribution changed [45].
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2.2. Electrochemical operation conditions

and characterization

The electrodes were activated in an electrochemical half

cell configuration consisting of the electrode in a holder

manufactured from Plexiglas, a nickel counter electrode and

a Hg/HgO reference electrode. In the experimental setup, the

electrodes were supplied with pure hydrogen without over-

pressure from the backside with the metallic web. The

electrode holder was inserted into a tempered vessel contain-

ing 30% KOH. The same setup was used for the electro-

chemical characterization of fuel cell electrodes. The

electrode has an active area of 6 cm2.

After activation the electrodes were electrochemically

loaded with a constant current density; the electrodes oper-

ated at 353 K. For most of the experiments, the electrodes

were stressed with a current density of 100 mA/cm2. For the

electrochemical characterization, V–i curves were recorded.

For this purpose, the current density was set in increasing

steps and the electrode potential was recorded after the

potential had become stable. The influence of the Ohmic

losses in the measured potential was corrected by I–R drop

measurements; the current was disconnected with a fast

electronic switch and any resulting change of the potential

was recorded by a digital oscilloscope. The initial potential

step gives the voltage decrease over the Ohmic resistance

from the conducting of the electrode and in the electrolyte; it

is used for correcting the potential. The following exponen-

tial change of the electrode potential is the consequence of

the electrochemical polarization.

To study the influence of overloading the electrodes were

damaged by stressing with high current densities up to

400 mA/cm2, whereby the electrode polarization reached

the potential range where nickel oxide can be formed. The

electrodes were damaged by decreasing the KOH concen-

tration significantly.

To describe the long-term behavior of the electrochemical

performance we defined a parameter called surface specific

conductivity. For low current densities, the V–i curve has

nearly a linear run, so we defined the gradient of the V–i

curve as surface specifical conductivity. The current density

divided by the polarization at 100 mV overvoltage gives

nearly the same value. In this definition, a high surface

specifical conductivity means a high electrochemical per-

formance and a decrease is related to a decrease of the

electrochemical performance. Fig. 1 shows a typical V–i

curve. The reciprocal gradient of the added straight line is

the surface specifical conductivity.

2.3. Physical characterization of the electrodes

after electrochemical operation

The electrodes were removed from the test setup to

perform the surface analysis and rinsed with distilled water

after being removed from the half cell configuration. Sub-

sequently, the electrodes were separated to different samples

for the different applied characterization methods and indi-

vidually dried under the conditions required for the different

analyzing methods. For each measurement, a new electrode

was used. The electrodes were characterized by X-ray

photoelectron spectroscopy (XPS) to analyze the chemical

composition of the surface [63], scanning electron micro-

scopy (SEM) with energy dispersive X-ray spectroscopy

(EDX) [63] to determine the structure and element distribu-

tion and nitrogen adsorption [64] to investigate the pore size

distribution.

The investigated GDE and the different parts were dried

before being analyzed under typical conditions.

The XPS characterization of the electrodes was per-

formed in a standard UHV chamber equipped with an

XP-spectrometer (spherical analyzer r ¼ 127 mm, 300 W

X-ray tube with Al- and Mg-excitation) and a quadrupole

Fig. 1. Typical V–i curve. From the shown straight line, the surface specifically conductivity will be calculated.
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mass spectrometer. The residual pressure in the analysis

chamber was approximately P � 4 � 10�10 mbar. The

composition of the residual pressure gas was verified by

the mass spectrometer. After being rinsed with distilled

water the electrodes were subsequently dried in the vacuum

lock at 350 K for 8 h. The pressure increased by nearly

two orders of magnitude after transferring the GDE sample

into the UHV chamber. To investigate the GDE, XP spectra

of the C 1s, F 1s, Ni 2p, Cu 2p and O 1s levels were

recorded during depth profiling by alternating XPS mea-

surements and ion etching. During depth profiling of GDEs,

the etching period was increased after 10 cycles. The

changes of the surface composition during the depth profil-

ing are not only induced by the etching of the surface, but

also by the decomposition of the polymer induced by the

ionizing irradiation [42]. The experimental conditions,

drying temperature and time, X-ray doses and Arþ ion

doses during the ion etching, were kept constant for all

samples.

For the SEM/EDX measurements a TOPCON DS130

microscope and a NORAN VOYAGER 3000 EDX-system

were used. The microscope beam energy can be varied in the

range of 1–40 keV, the maximum resolution of the SEM is

3 nm. The EDX analyzer is equipped with an ultra-thin

window, allowing light element analysis from carbon

upwards. The electrode samples were dried in air after being

washed in distilled water before starting the SEM and EDX

analyses.

The porosimetry and the specific surface were measured

by adsorption of nitrogen [65]. For these measurements,

the samples were dried in vacuum at 400 K for 18 h.

The nitrogen adsorption measurements were performed

in a commercial system (Carlo Erba Sorptomatic Series

1800) and were evaluated with the standard BET algorithms

[64].

3. Results and discussion

The electrodes of types 1 and 2 have nearly the same

initial electrochemical performance after their activation.

The initial performance of the electrodes of type 3 is slightly

improved. The same initial electrochemical performance of

the types 1 and 2 electrodes results from the identical nickel

catalyst in both electrodes. The improvement of the elec-

trical conductivity by the copper does not results in a better

electrochemical performance. In contrast, the size-selected

nickel catalyst in the electrode of type 3 leads to an improved

electrochemical performance. In the electrochemical long-

term experiments, a decrease of the performance is observed

for all the three electrode types as shown in Fig. 2. The

decrease of the electrochemical performance (Perf) is not

linear for each investigated electrode and it can be approxi-

mated with a function of the following type:

Perf1ðtÞ ¼ a exp � t

t0

� �
þ c: (1)

If the polarization during the electrochemical loading

increases significantly over 100 mV induced by the decreas-

ing electrochemical performance, the electrode rapidly loses

its electrochemical performance as shown for the lifetime

curve of the electrode of type 1 at on operation time of

1200 h.

For the electrodes of types 2 and 3, long-term experiments

with different electrochemical loadings were performed;

with the type 1 electrode long-term tests with different

electrochemical loadings were not performed. The initial

electrochemical performance of different samples of one elec-

trode type differs by a maximum 20%, which can be explained

by different electrochemical active areas after the activation

procedure. Electrodes of type 2 were loaded with a current

density from 25 up to 300 mA/cm2, whereby long-term tests

Fig. 2. Time-dependent surface specific source conductivity of a nickel anode of type 1 recorded at a current density of 100 mA/cm2.
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were performed at 50, 100, 150 and 200 mA/cm2. Fig. 2

shows the time curve of the electrochemical performance of

a type 1 electrode. Electrodes of the type 3 were loaded at

100 and 150 mA/cm2 in long-term experiments. Fig. 3

shows the decrease of the electrochemical performance of

type 2 electrodes operating at different current densities.

In Fig. 3c, the time curves of the electrochemical perfor-

mance have been normalized by the different initial electro-

chemical performance to compare the different samples.

The decrease of the electrochemical performance of type 3

Fig. 3. Time-dependent surface specific source conductivity of a nickel anode of type 2 recorded at a different current density: (a) 25 mA/cm2; (b) 50 mA/

cm2; (c) 100 mA/cm2; (d) 150 mA/cm2; and (e) 200 mA/cm2.
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electrodes operating at different current densities is given

in Fig. 4.

The decrease of the electrochemical performance of type

2 electrodes cannot described with an single exponential

function of the type 1. The time dependent electrochemical

performance can be described by the combination of two

e-function in form of following form:

Perf2ðtÞ ¼ a exp � t

t0

� �
þ b exp � 1

t1ðiÞ

� �
þ c (2)

The first e-function only depends on the time, the second

e-function on current density (i) and time (t).

In contrast for the electrodes of type 3, the time-dependent

electrochemical performance can be described with a single

e-function, whereby the e-function depends on the charging

density.

Perf3ðtÞ ¼ a exp � t

t0ðiÞ

� �
þ c (3)

The decrease of the electrochemical performance of the

three electrode types is not very different. For the electrodes

of types 1 and 3 at the described operation conditions and a

current density of 100 mA/cm2, a time constant t0 of

approximately 250 h was determined from the long-term

behavior of the surface specifical source conductivity using

Eq. (1) and (3). For the electrodes of type 2 at 100 mA/cm2

for one term of Eq. (2) one of the two time constants (t0) was

also determined to be approximately 250 h. The time con-

stants for all electrode types are nearly the same.

At higher current densities for the type 3 electrode the

time constant for the decrease of the surface specific source

conductivity at 150 mA/cm2 was determined to approxi-

mately 100 h. This indicates that the decrease of the elec-

trochemical performance does not depend on the

electrochemical loading alone. At higher current densities,

the degradation is accelerated more than the ratio of the

current densities. For the electrode of type 2, this time

constant does not depend on the current density so strongly;

it ranged from approximately 300 h at 50 mA/cm2 up to

150 h at 200 mA/cm2. The time constant of the second term

in Eq. (2) which is necessary depends much more on the

current density, indicating that two different degradation

processes are relevant for the type 2 electrodes.

The disintegration of the nickel particles should be com-

parable for the electrodes of types 1 and 2, because the same

catalyst is used in both electrodes. Due to the size-selection

of the nickel catalyst in the type 3 electrodes, the conse-

quence of the nickel particles disintegration differs from that

of the other electrodes. For all electrode types, the concen-

tration of small nickel particles increases, but because of the

disintegration of large nickel particles in electrodes of types

1 and 2, nickel particles of different sizes are rebuilt so that

the change of the size distribution is not so significant as for

the nickel catalyst in type 3 electrodes; only the large nickel

catalyst particles are removed from the particle size dis-

tribution in types 1 and 2 electrodes. In the electrodes of type

3, the initial particle size distribution is shifted to lower

particle sizes.

As a consequence of the disintegration of the nickel

catalysts the pore size distribution determined by nitrogen

adsorption measurements changes. The pore size distribu-

tions of electrodes of types 2 and 3 were recorded after

different operation times, whereby for each measurement

one electrode was necessary. The nitrogen adsorption mea-

surements show that the pore size distribution is dominated

by pores with a pore radius of 2 nm, which is related to the

pore system of the Raney-nickel catalyst [45]. Fig. 5 shows

the pore frequency at 2 nm pore radius for the electrodes of

types 2 and 3 as function of the operation time. For the type 2

electrodes, the pore frequency at 2 nm pore radius increases

Fig. 4. Time-dependent surface specific source conductivity of a nickel anode of type 3 recorded at a different current density: dashed line, 100 mA/cm2;

solid line, 150 mA/cm2.
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during operation time. In contrast, for the electrodes of type

3 the pore frequency has a maximum at approximately 500 h

operation time due to the size-selection of the nickel par-

ticles. For the type 2 electrode, a strong correlation between

the pore frequency at 2 nm and the area specific source

conductivity was observed [61], while such a correlation

does not exist for the electrode of the type 3. During the

disintegration of very small nickel particles, the pore system

of the Raney-nickel disappeared and so the pore frequency at

2 nm decreased.

In addition to the pore size distribution, the specific

surface area was recorded by the nitrogen adsorption mea-

surement. Due to the disintegration of the nickel particles, it

can be expected that the specific surface increases, but an

increase of the specific surface was not observed. The

specific surface area of the electrodes of type 2 decreased

only slightly during operation time, in contrast the specific

surface area of type 3 electrodes decreased by approximately

40% after an operation time of 1000 h.

The oxidation stability of the nickel catalyst is indepen-

dent of the catalyst type, it only depends on the electro-

chemical potential. Therefore, for all electrode types, the

nickel catalyst is oxidized, if the anodic polarization is too

high. Therefore, the stability of the electrodes against over-

loading to high anodic potentials is the same for all electrode

types. The electrodes which were overloaded for some time

lost their electrochemical activity and the nickel catalyst was

partially oxidized. The different oxidation states of the

nickel can be distinguished in the XP spectra as shown in

Fig. 6 [66,67]. A significant difference in the spectrum of

metallic nickel and oxidized nickel can be seen in the

satellite peaks of the nickel oxide. The active electrodes

show metallic nickel like freshly activated electrodes. In the

electrodes of type 3 the part of nickel oxide increases with

operation time, while with XPS investigations of active type

2 electrodes no increasing nickel oxide signal is observed for

the aged electrodes. The increased part of nickel oxide in the

Fig. 5. Pore frequency at 2 nm as function of time recorded with nitrogen

adsorption measurements of electrodes of type 2 (on the top) and type 3

(on the bottom). In the diagram, for the electrode of type 3, the data of four

electrode samples, which were overloaded are added and marked with

squares symbols.

Fig. 6. Ni 2p spectra recorded by X-ray photoelectron spectroscopy of an

active (on the top) and an overloaded electrode (on the bottom) of type 3.
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type 3 electrodes may be an artifact of the transfer process

from the electrolyte to the analytical methods. The nickel

particles can be oxidized on the surface by air or water

during the transfer process [68]. The part of the nickel oxide

determined by XPS can, thus, depend on the size of the

nickel particles and, therefore, the effect would be stronger

for the electrodes of type 3 than it would be for electrodes of

type 2.

The pore system can also be changed induced by the

overloading. For the electrodes of type 2, passivated by

overloading the pore frequency is slightly reduced compared

with active electrodes with similar operation times, but the

difference is not very big. In contrast, for the electrodes of

type 3 passivated by overloading the pore frequency is

strongly reduced compared with the active electrodes as

shown in Fig. 5. Additionally, the specific surface area of the

overloaded type 3 electrodes is also reduced.

Due to the differences between the three electrode types,

differences in the degradation processes are possible. As

there is no copper in the electrodes of type 1 no copper can

be solved from these electrodes. The copper in the electrodes

of types 2 and 3 is partially solved and the copper distribu-

tion in these electrodes is changed as also observed during

the activation procedure of type 2 electrodes [45]. The

dissolution of the copper is surprising because copper is

more noble than the nickel catalyst [69]. Copper, however, is

dissolved under basic environmental conditions by a suffi-

cient anodic polarization and in contrast nickel is oxidized,

but not dissolved. The changes of the copper distribution in

the electrodes show that the electrochemical conditions in

the electrodes are locally quite different, and not only locally

different but also fluctuant in time.

During long-term operation the polymer in the electrodes

is changed caused by the electrochemical stressing [42].

A changed decomposition kinetic of the PTFE induced by

ionizing radiation is an observable consequence of the

changes of the PTFE induced by the fuel cell operation

of the electrodes [42]. These changes are observed for all

three electrode types, significant differences between the

different electrode types cannot be detected. An indicator for

the different rates of PTFE decomposition induced by

ionizing radiation is the decrease of the fluorine concentra-

tion during XPS depth profile measurements. Fig. 7 shows

the decrease of the fluorine concentration recorded for type 2

electrodes after different operation times. The line is a

regression straight line calculated for the shown measure-

ment points. The electrochemically induced changes of the

PTFE as well as the influence of the operation time can also

be deduced from the form of the C 1s spectra during the

depth profiles [42].

4. Conclusions

For all the investigated gas diffusion electrodes with

nickel catalyst used as anode in AFCs a decrease of the

electrochemical performance was observed, which is

induced by electrochemical stressing. The decrease of the

electrochemical performance is different for the different

electrode types; for the electrodes of types 1 and 3 the

decrease can be described by an e-function, while for the

electrodes of type 2 two e-functions are necessary. For all

electrodes a time constant in the e-function of approximately

250 h is observed at a current density of 100 mA/cm2. This

time constant depends on the current density, whereby the

dependence on the current density is stronger for the type 3

electrodes than for those of type 2. The second time constant

for describing the degradation of the electrochemical

performance of type 2 electrodes strongly depends on the

current density.

Fig. 7. Decrease of the fluorine concentration during depth profile measurements of type 2 electrodes after different operation times. The solid line is the

regression straight line calculated from the data points.

E. Gülzow et al. / Journal of Power Sources 106 (2002) 126–135 133



It is surprising that the electrodes with the size selected

nickel catalyst nearly have the same time constants as the

electrodes with the standard nickel catalyst. The disintegra-

tion of the nickel particles, which effect the electrochemical

activity, is different. The different time dependences of

frequency of pores at 2 nm radius for the electrodes of types

2 and 3 reflect the different nickel particle disintegrations. In

contrast to the strong correlation between the electrochemi-

cal performance (surface specifical conductivity) and the

pore frequency observed for the electrodes of type 2 [61], a

strong correlation between these two characteristics could

not be observed for the electrodes of type 3. For electrodes of

type 3 passivated by overloading the frequency of pores with

2 nm radius is significantly lower than for active electrodes.

This effect is significantly lower for type 2 electrodes.

The total passivation of the electrodes is correlated with

an oxidation of the nickel catalyst. In the XP spectra of the

electrodes passivated by overloading oxidized nickel was

observed, as expected. During overloading, the electrode

potential becomes so anodic that the nickel is in the oxida-

tion potential. In contrast to the electrodes totally passivated

by overloading in the activated by aged type 2 electrodes no

significant part of nickel oxide is observed. Therefore, the

oxidation of nickel does not generally dominate the degra-

dation process. In the type 3 electrodes, the part of the

oxidized nickel increases with operation time and, therefore,

the oxidation of the nickel may be relevant for the degrada-

tion process of the type 3 electrodes. Thus, it must be

expected that the lifetime of the electrodes depends on

the current density caused by the higher anodic polarization

at higher current density.

In the electrodes of types 2 and 3, the copper distribution

changed because the copper is partially dissolved and trans-

ported through the surface during operation time, whereby a

part of the copper is re-deposited during the transport process.

A significant effect for the long-term behavior of the copper

cannot be concluded from the measurements shown.

In addition to the decrease of the electrochemical perfor-

mance and the changes of the metallic parts of the electrodes

a change of the PTFE induced by electrochemical stressing

is observed. The change of the PTFE leads to an accelerated

decomposition kinetic due to ionizing radiation during XPS

depth profile measurements. The PTFE is not electroche-

mically active in the electrode, but it is necessary for the gas

transport and the mechanical stability of the electrodes. A

change of the transport characteristic could not be observed

with the used methods. A change of the mechanical stability

can effect the electrical contact between the metallic elec-

trode components and, thus, change the electrical resistance

and consequently the active zone of the electrode, but this

effect cannot be estimated.

The degradation process seems to be dominated by the

disintegration of the nickel particles and by the changes of

the PTFE, whereby the contribution of the PTFE changes to

the decrease of the electrochemical performance is not quite

clear.

The long-term measurements with the nickel AFC anodes

show that different degradation processes run in parallel.

Comparable changes may also be created in other low

temperature fuel cell types, e.g. PEFCs. PTFE is used in

these electrodes, too. The changes of the PTFE in PEFC

electrodes may influence the transport mechanisms more

drastically than in the AFC. By a partial decomposition of

the PTFE new chemical groups can be added and so the

hydrophobic character can be changed. A change of the

PTFE is also observed in PEFC electrodes [33]. The dis-

tribution of catalysts in PEFC electrodes is also observed,

whereby in contrast to the nickel particles in AFC there is no

disintegration observed, but an accumulation [70].

For understanding the degradation process it is not suffi-

cient to study the changes of the electrochemical perfor-

mance, but the physical characteristics of electrodes must

also be investigated.
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