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Abstract

The topic of this thesis is the generation of electricity from hydrocarbon fuels via polymer
electrolyte fuel cells (PEFC). The aim has been to develop methods and hardware for experimental
evaluation of process parameters and design variables in PEFC reformate cells and stacks.

Reformate fuel cell systems have the potential to offer a way for utilizing fuels efficiently with low
global and local emissions. Reforming of hydrocarbon fuels may also provide a way around the
famous “chicken or egg” dilemma of hydrogen vehicles and infrastructure.

In this thesis current distribution measurements are introduced as a tool for investigating the
current distribution in a PEFC with Pt/C or PtRu/C anode catalyst as function of reformate fuel gas
composition. It is shown that CO may induce a strong transient behavior, with respect to current
density, on both Pt/C and PtRu/C catalysts, depending on mode of operation. Analysis of the
exhaust  fuel  gas  showed  that  the  oxygen  in  the  air  bleed  most  likely  reacts  close  to  the  anode
inlet, but this is not visible in the measured current density plots.  The time dependence of the CO
poisoning reactions is studied more closely in a commercial fuel cell stack.

The development of a test fuel cell system, called multisinglecell, that can multiply the capacity of
a conventional test station is reported. The setup is successfully demonstrated with initial
screening of the corrosion resistance of different stainless steel grades and coatings. Most of the
iron  originating  from  a  stainless  steel  sample  accumulates  in  the  MEA  and  GDLs.  These  results
were validated with a similar measurement in a commercial fuel cell stack.

The experimental validation of a 3D FEM computer endplate model, which can accurately predict
pressure distribution within any type of fuel cell at any temperature, is described. The model could
reliably predict trends in changes in the compression pressure distribution.

The PBI fuel cell competes with the PEFC in small-scale power applications. A high temperature
break-in procedure for PBI fuel cells is developed, which can rapidly and reproducibly ensure
stable cell behavior.

Language: English
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Sammanfattning

Denna doktorsavhandling behandlar generering av elektricitet från kolvätebränslen via
polymerelektrolytbränsleceller (PEFC). Målet har varit att utveckla metodik och experimentell
utrustning för utvärdering av processparametrar och designvariabler för enkelceller och stackar.

Reformatbränslecellssystem har potential att effektivt kunna utnyttja olika bränslen med låga
globala och lokala utsläpp. Reformering av kolvätebränslen skulle också kunna lösa det välbekanta
“hönan och ägget” problemet gällande vätgasdrivna fordon och vätgasinfrastruktur.

Segmenterade bränsleceller introduceras här som verktyg för att undersöka inverkan av
reformatbränslets sammansättning på bränslecellens strömfördelning. Resultaten visar att
kolmonoxid kan skapa ett transient beteende, med avseende på strömfördelning, över både Pt/C-
och PtRu/C-katalysatorer, beroende på om cellens effektuttag regleras galvanostatiskt eller
potentiostatiskt. Analys av gasen från anodutloppet visar att syre, tillfört som ”air bleed”,
sannolikt reagerar nära anodinloppet. Detta syns dock inte i de genomförda strömfördelnings-
mätningarna. Kolmonoxidförgiftningens tidsberoende studeras också i en kommersiell
bränslecellsstack.

Utvecklingen av en ny typ av testsystem för bränsleceller, benämnt multisingelcell, rapporteras.
Systemet demonstreras här genom testning av olika rostfria stål och beläggningar. Testerna visar
att korrosionsprodukterna från de rostfria stålproven ackumuleras framförallt i MEA och GDL.
Resultaten valideras genom liknande mätningar i en kommersiell bränslecellsstack.

Den experimentella valideringen av en 3D FEM-beräkningsmodell, som kan förutsäga
kompressionstrycksfördelning oberoende av bränslecellstyp och temperatur, beskrivs i detalj.
Modellen kan tillförlitligt förutsäga trender gällande förändringar av kompressions-
trycksfördelning.

Bränsleceller med polybenzimidazolemembran konkurrerar med PEFC i låga effektklasser. För
dessa har en högtemperaturaktivering utvecklats, som snabbt och reproducerbart kan garantera
stabil cellprestanda.

Språk: Engelska

Nyckelbord: Air bleed; Aktivering; Kompressionstryck; Kolmonoxid; CrN; Strömfördelning; HTPEM;
Modellering; Multisinglecell; PBI; PEFC; Kompressionstrycksfördelning; Reformat; Rostfritt stål
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1. Introduction
The topic of this thesis is the generation of electricity from hydrocarbon fuels via the low-
temperature polymer electrolyte fuel cell (PEFC). The main focus of the work lies on the fuel cell.
However, some system aspects are also discussed as system design affects the requirements of
the  fuel  cell  and  vice  versa.  The  first  part  of  the  work  was  made  within  the  PhD  project
“Systemstudier av stationära polymerelektrolytbränsleceller för småskalig kraftvärmeproduktion”
financed by ELFORSK and Energimyndigheten. The second part of the work was made within the
projects WorkingPEM, Marapoke, Nanoduramea and Norcoat, where the bulk of the work
reported here was financed by TEKES (National Technology Agency of Finland).

1.1 Fueling fuel cells
Fuel cells may be operated on a wide range of primary fuels depending on employed fuel cell
technology and fuel preprocessing steps. Pure hydrogen is simple to use in low-temperature fuel
cells. It has a high specific energy, 33.3 kWh kg-1 (LHV), but a low specific energy density, 2.79 kWh
nm-3. Developing compact storages for hydrogen is challenging due to its low energy density.
Hydrogen gas may be compressed to high pressures (in automotive applications currently 350 or
700 bar) for increased energy density, but the high pressure demands an expensive storage
cylinder and some energy is also lost during the compression. The automotive industry recognizes
the technical status of hydrogen storages as one of the most important roadblocks for automotive
fuel cell system commercialization [1].

Hydrogen may also be extracted from substances with higher energy density to which it is
chemically bound. This process is known as reforming. Fossil as well as renewable hydrocarbon
fuels may be used in this process. Some hydrocarbons like methanol may be reformed in few
reaction steps at fairly low temperature whereas more complex hydrocarbons like diesel and
gasoline require higher temperatures and more reaction steps. There are two main reasons for
using a hydrocarbon fuel which demands more complex fuel supply system than pure hydrogen;
availability of a less expensive fuel and space/weight limitations for the hydrogen storage.

A typical process layout of a reformer is shown in Fig. 1.

Fig. 1. Overview of possible process layout for a reformate fueled polymer electrolyte fuel cell
system.

Hydrogen may be stored in many different ways (in liquid form, metal hydrides, and different
inorganic chemical compounds [2]), which are not treated here.
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Unless the product gas from the reformer is upgraded to pure hydrogen, using for instance a
palladium membrane, the composition of the unreformed hydrocarbon gas and the chosen
reforming reaction steps will have an impact on the performance of the fuel cell. Several
compounds only dilute the fuel whereas some other may actually poison the fuel cell. This is
described in more detail below.

1.2 Reformate Power Generator Applications
Reformate fuel cell systems have the potential to offer a way to utilize renewable as well as fossil
fuels efficiently with low global and local emissions. Low temperature fuel cells have often been
regarded as unsuitable for reformate applications, due to their stringent demands on fuel quality,
in comparison to high temperature fuel cell technologies. This is contradicted by the sales statistics
for small distributed combined heat and power (CHP) plants where the PEFC technology
completely dominates the market. In 2008 95 % of the delivered fuel cell CHP systems were PEFC
based [3]. These systems could be used for instance in residential homes to supply distributed
heat and power. The preliminary lifetime targets from US Department of Energy (DOE) for CHP
applications in 2020 are currently 60 000 hours [3].

In back-up systems (uninterruptible power supply, UPS) which must cover long down times
reformate systems operated on liquid hydrocarbon fuels may be an option, due to the need for
large energy storages. The lifetime requirements for UPS applications are very site dependent.

In certain tractionary applications a fuel cell system could be used as auxiliary power unit (APU). In
these cases diesel is considered an option for reforming due to its widespread use, availability and
high energy density. Diesel has a specific energy of about 11.8 kWh kg-1 (LHV) and an energy
density of about 8.73 kWh dm-3 (LHV). The preliminary lifetime targets from DOE for diesel fueled
APU applications in 2020 are currently 20 000 hours [3].

Fuel cell reformate power generators as primary power converters for road vehicles received
much attention around the turn of the millennium. The development of these power generators
was discontinued by automotive companies in favor of compressed hydrogen [4]. The recent rapid
development of hybrid technology has decreased the demand on fast fuel supply dynamics.
Therefore it may be time to reevaluate the idea of onboard reforming for fuel cell systems acting
essentially as battery chargers, at least in some specialty applications.

1.3 Low temperature polymer electrolyte fuel cells

1.3.1 State-of-the-art lifetime and performance of PEFC
The performance and lifetime of a PEFC stack are highly dependent on the compromises the stack
designer has made, in order to reduce the cost and volume of the stack to a reasonable level in the
planned application. The cost is of course also highly dependent on the number of produced units.
The DOE cost and performance figures are therefore a valuable source, since they are based on
extensive data from stack and component manufacturers. The preliminary 2010 stack technology
status figures for automotive applications can be seen in Table 1.
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Table 1. Key technical and cost status (and targets for 2015*) at specified performance
parameters for an 80 kW automotive fuel cell stack from DOE [5].

Unit 2008 2009 2010* 2015*
Stack Efficiency
at Rated Power

% 55 55 55 55

MEA Power
Output

mW cm-2 715 833 833 1000

Pt-Group
Catalyst
Loading

mg PGM cm-2 0.25 0.15 0.15 0.15

System Gross
Power

kW 90.2 87.8 87.9 87.3

Active Area cm2 339 286 286 237
Operating Peak

Pressure
Atm 2.3 1.69 1.69 1.5

Stack Cost $ kW-1 - - 25 15
System Cost $ kW-1 - - 45 30

*These figures are preliminary, since the final figures are not yet released.

As previously stated the lifetime requirements for PEFCs in reformate applications may be as high
as 60 000 hours. Therefore, each component in the fuel cell stack may become lifetime limiting. A
brief summary of reasons for degradation of the fuel cell stack components is therefore reported
in this thesis as background to the material and stack optimization work. This background
information is summarized in Table 2. More detailed recently published reviews may be found in
literature [6-8].

Table 2. Summary of the most important causes for PEFC fuel cell degradation.
Mode of operation Cause of degradation Mitigation

Start and stop cycling
High anode potentials as a result of

fuel starvation oxidizing catalyst
support [7]

Adequate purge at shutdown,
system hybridization,

development of new materials

Freeze and thaw cycling
GDL degradation from water

expansion [7]

Adequate purge at shutdown,
thermal insulation, system

hybridization

Potential cycling
Oxidation of catalyst (dependent

on upper cycling limit) [7]
System hybridization,

development of new catalysts

Humidity cycling of gases
Mechanical properties of the

membrane [7]
Development of new polymers

and reinforcing membranes

Poisoning

Loss of active catalyst surface area
due to blocking of catalyst,

decrease of ionic conductivity of
membrane due to ion exchange, or

hydrophobicity loss  [6]

Filters in air and fuel lines, fuel
pre-processing, air bleeding,
development of regeneration

methods
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1.3.2 Fuel cell catalysts: Lifetime limiting factors
The  reactions  in  the  PEFC  are  catalyzed  by  noble  metal  catalysts  in  order  to  proceed  at  a
reasonable rate. Noble metal catalysts are expensive and therefore it is important to use as little
precious metal catalyst as possible without a great reduction of fuel cell lifetime or performance.

The first major breakthrough in reducing the amount of noble metal catalyst was made at the Los
Alamos laboratory in the late 1980s [9]  with the development of  the carbon-supported thin film
catalyst layer. This enabled high catalyst utilization by reduction of the platinum catalyst particle
size to the nanometer scale. A further reduction of platinum loading has been achieved by alloying
with other elements, as suggested for instance by Toda et al. [10].

Much work has been devoted to understanding the mechanisms controlling the degradation rate
of these supported catalysts. In 2005 the lifetime of a state-of-the-art PEFC stack operated in
cycling mode was one tenth of the steady-state lifetime [11], which clearly indicates that potential
cycling has a detrimental effect on fuel cell lifetime. From a catalyst point of view cell potential
cycling causes support carbon oxidation, platinum particle ripening and dissolution, and reduction
of dissolved platinum into solid particles inside the membrane [12]. Start and stop cycling may
oxidize the anode catalyst support if a “reversed current phenomenon” occurs when the anode
compartment is partially filled with air [13]. Substitution of the carbon support by more
electrochemically stable components has also been considered, for a recent review see
Wesselmark  et  al.  [14].  Even  though  these  binary  and  tertiary  catalysts  may  have  a  higher
selectivity for H2O2 formation, their higher stability towards Pt dissolution may still result in a
longer lifetime [15].

The anode catalysts used in PEFC reformate applications usually contain ruthenium (Ru) to
promote carbon monoxide oxidation, as outlined below. The Ru will create some reformate-
specific lifetime issues as it may dissolve and poison the cathode catalyst layer [16].

The noble metal catalyst used in the PEFC may be poisoned by various substances. These
substances and their effect on fuel cell performance and lifetime are outlined in chapters 1.3.4 –
1.3.7 below, with focus on reformate fuel.

1.3.3 General PEFC reactions
In a PEFC the oxidation of hydrogen at the anode, catalyzed by platinum, occurs through the
following reactions.

H-2PtHPt2 2 (1)

eHPtH-Pt (2)

However, most of the platinum is needed at the cathode for the reduction of oxygen (reactions 3
and 4), due to the sluggish kinetics of these reactions.

O-2PtOPt2 2 (3)
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OHPt2e2HO-Pt 2
- (4)

These reactions give the overall PEFC fuel cell reaction.

O2HO2H 222 (5)

Hence the main reaction product of the fuel cell is water.

1.3.4 Carbon monoxide poisoning
Carbon monoxide (CO) is the most known and investigated poison for PEFC anodes. If a
preferential oxidation reactor is used in the reforming process the level of CO in the anode gas can
be reduced to a few ppm. The literature on CO oxidation is extensive and here only the theory
significant for the present study is presented.

CO absorbs on Pt surfaces at low potentials (reaction 6) and is not electrochemically oxidized at an
appreciable rate until  the potential  reaches about 0.7 V vs.  RHE [17].  This  means that  even ppm
levels of CO will cause a high surface coverage.

CO-PtPtCO (6)

The CO thereby hinders the hydrogen dissociation and oxidation reactions (reactions 1 and 2)
above.

At higher potentials H2O may dissociate (reaction 7) and facilitate the electrooxidation of CO
(reactions 8).

-
2 eHOH-PtOHPt (7)

-
2 eH2PtCOOH-PtCO-Pt (8)

However, the electrode potential necessary for significant electrochemical CO oxidation is too high
on Pt/C for practical applications therefore carbon-supported Pt alloys with lower overpotential
for H2O dissociation and CO oxidation are used, most commonly PtRu/C.

-
2 eHOH-RuOHRu (9)

-
2 eHRuPtCOOH-RuCO-Pt (10)

The alloying with ruthenium has a twofold effect. Firstly, Ru forms hydroxides (reaction 9 above)
which  can  be  utilized  in  the  CO  oxidation  reaction  (reaction  10)  at  lower  potentials  than  for  Pt
(reaction 7) as first suggested by Watanabe and Motoo [18], secondly it decreases the bonding
energy between Pt and CO as shown by Tong et al. [19].
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Other anode catalysts than PtRu/C are also available, see a recent study by Pereira et al. [20], and
lately PtWOx catalysts have received some attention due to their capacity for oxidizing CO already
in the 0.1 V vs. RHE range [21].

The CO adsorption and desorption behavior has a very strong temperature dependence [22],
therefore the recent development of higher temperature membrane electrode assembly (MEA)
technology may somewhat reduce the CO poisoning problem.

1.3.5 Carbon dioxide poisoning
CO2 is  one  of  the  reaction  products  of  the  reforming  process  and  quite  large  quantities  (up  to
50 %) will always be present in reformed hydrocarbon fuels.

There  is  some  controversy  as  to  how  CO2 reacts and as to the nature of the resulting adsorbed
reaction product in a PEFC. Electrochemical modeling and spectroscopy studies have shown the
occurrence of various adsorbed reaction products, which partly might be attributable to different
species being formed at different potentials [23,24]. At the low potentials at which a PEFC anode is
operated most studies have reported the occurrence of linearly and bridge bonded CO [24-27].
The ratio between these two forms is also a function of potential [23].

There are two theories as to how this CO is formed. Some [26,28-30] claim that CO2 reacts
according to the so-called reversed water gas shift reaction (RWGS):

PtOHCO-PtH-2PtCO 22 (11)

Others [31], however, believe that CO2 reacts in an electrochemical reduction reaction:

OHCO-PtPt2e2HCO 2
-

2 (12)

Considering that the reversible reduction potential of CO2 lies approximately 250 mV below that of
an operating PEFC anode the RWGS reaction path seems reasonable [26]. Thermodynamic
equilibrium calculations of RWGS for a hydrogen stream diluted by CO2 results  in  a  CO
concentration ranging from 20 to 50 ppm [28], 20-100 ppm [32] or 10-170 ppm [33] depending on
assumptions on humidification, temperature, pressure and of course the partial pressures of the
different  components  in  the  gas,  especially  CO2.  However,  Pt/C  is  a  poor  catalyst  for  the  RWGS
below 250 °C and therefore the RWGS reaction is kinetically hindered [34], which could be the
reason why the calculated higher values mentioned above never have been measured
experimentally.

Ralph and Hogarth [31] performed studies of CO2 poisoning on Pt/C and PtRu/C alloys in a H2SO4

solution saturated with CO2, and showed that both catalysts form a CO-like poison at electrode
potentials below 0.4 V vs. RHE and concluded that the CO2 poisoning occurred predominantly by
the electrochemical reduction reaction since there was sufficient Pt-Hads available to promote the
reaction at that potential. Giner [35] investigated the reduction of CO2 on polycrystalline platinum
as  early  as  1963  and  since  then  this  reaction  has  been  examined  quite  extensively.  For  a  brief
historical  overview  see  Gu  et  al.  [34].  For  the  purpose  of  this  study  it  is  mainly  a  matter  of
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convention as both reactions result in adsorbed CO that will affect surface coverage and anode
polarization in the same way.

One of the most important factors that determines how severe the CO2 poisoning becomes is the
resulting CO coverage on the catalyst surface. Experiments performed on Pt/C electrodes in liquid
electrolyte saturated with CO or CO2 have shown that the equilibrium surface coverage is much
lower  for  the  CO2-saturated case, for example Papageorgopoulos et al. [26] found that the
equilibrium surface coverage of CO2 on a Pt/C electrode in H2SO4 at room temperature and 18 mV
vs. RHE was 0.78 compared to 0.98 for CO. Smolinka et al. [25] performed similar experiments;
they found that CO2 saturation resulted in a carbon monoxide surface coverage of 0.6 in the
potential  span  60  –  200  mV  vs.  RHE,  relative  a  saturated  CO  adlayer  obtained  from  a  CO-
containing electrolyte. Papageorgopoulos et al. [26] and Smolinka et al. [25] both explain this low
coverage by the fact that the RWGS reaction is self-poisoning, i.e. as the reaction proceeds the
number of adjacent catalytic sites decreases and thereby also the reduction rate and the
equilibrium surface coverage.

The studies on the effect of CO2 in the anode gas conducted on PEFCs are few and the results are
often contradictory. All conclude that CO2 negatively influences anode performance and most
have concluded that the influence is more negative than dilution with inert gas, at least for Pt/C
electrodes. Some have concluded that the performance decrease by CO2 may be attributed mainly
to dilution [25,36], whereas others have found a more negative influence than for pure inert
dilution [28,30,33,34,37]. As was shown by Urian et al. [24] the poisoning effects of CO2 on
platinum and platinum alloys are highly dependent on current density and partial pressure of CO2

in  the  anode  gas.  They  found  that  the  losses  on  a  Pt/C  catalyst  at  0.25  A  cm-2 could almost
exclusively be attributed to dilution up to a molar ratio of 50:50 (H2:CO2), increasing drastically at
0.5 A cm-2 and beyond. The same trend with respect to current density was observed on PtRu/C
and PtMo/C.

Dilution will always result in losses due to the decreased partial pressure of hydrogen in the fuel
according  to  the  Nernst  equation.  Springer  et  al.  [38]  were  among  the  first  to  investigate  the
effects of CO in combination with H2 dilution on PEFC. They found that the losses of using a dilute
hydrogen feed (40 % H2 and 60 % CO2) should not imply losses of more than 10 % if the stream is
completely free of CO. At 6 % hydrogen in the flow channel the kinetic limiting rate still
significantly exceeded 1 A cm-2. However, the loss increases significantly when 10 ppm CO is
introduced. The CO-poisoning effect is amplified as a result of the lowering of the local
concentration of hydrogen. Bhatia and Wang [39] came to the same conclusion. Hydrogen dilution
with inert gas alone does not have an appreciable effect on cell polarization, but the presence of
CO (ppm level) in combination with dilution increases the problem of CO poisoning.

CO2 has also been found to increase the Pt agglomeration rate as well as reduce the Ru dissolution
rate compared to pure H2 fuel [16].

1.3.6 Air bleed
The common method for dealing with residual CO and CO2 at the anode of a PEFC is to introduce a
small amount of air into the fuel stream, a so-called air bleed. The oxygen in the air oxidizes CO on
the anode surface that would otherwise block the catalytic surface for hydrogen dissociation. This
method of dealing with CO poisoning was presented already in 1988 by Gottesfeld and Pafford
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[40]. It is commonly accepted that air bleed has an immediate positive influence on CO poisoning,
but when it comes to CO2 fewer studies have been made, however Wilson et al. [41] indicate that
air bleed has a positive effect also on the CO2 poisoning.

The way oxygen reacts with adsorbed CO on an electrode surface is still a matter of debate. From
the  recovery  of  the  anode  polarization  due  to  CO  poisoning  it  is  clear  that  some  of  the  oxygen
reacts with the adsorbed CO and it is also clear that some of the oxygen will be electrochemically
reduced at anodic potentials. When oxygen is reduced on the electrode surface one of the
intermediate reaction products is hydrogen peroxide. This may either react further to form water
or desorb from the surface. Hence there are three competing reaction products formed by the
oxygen, namely water, carbon dioxide and hydrogen peroxide. By rotating ring disc measurements
Stamenkovic et al. [42] found that the H2O2 yield is highly dependent on CO coverage. At high CO
coverage the H2O2 yield is much higher (depending on structure and nature of the electrode the
yield might range from 60 to 100 %) than on clean surfaces. They explained this behavior with a
shortage of the catalytic pair sites available for H2O2 decomposition. Jusys and Behm [43] found
the same behavior in their flow cell measurements. After an initial H2O2 yield of approximately 90
% at high CO coverage, the H2O2 yield dropped to around 30 %, at this point about 20 % of the CO
had been removed.

The air bleed should reduce the surface coverage by CO and thereby increase the number of
available  catalyst  sites  for  hydrogen  dissociation.  However,  it  is  not  known  to  what  extent  this
occurs  in  a  PEFC.  Stamenkovic  et  al.  [42]  showed  that  air  bleeding  does  not  remove  more  than
approximately 40 % of the adsorbed CO in their rotating ring disc electrode setup. Jusys et al. [44]
observed the same thing in a similar experiment, but in their case the relative surface coverage
only decreased by 3 to 17 % depending on potential. This trend indicates that at fuel cell anode-
relevant potentials a few percent of CO-free catalyst is enough to facilitate oxygen reduction at
mass transport-limited currents under the given experimental conditions. Jusys et al. [44] found
that  only  10-4 of the oxygen they supplied to the anode was consumed in the CO oxidation
reaction at 60 mV vs. RHE.

Murthy et al. [45] showed that a 5 % air bleed completely recovers the performance of series 5561
PRIMEA® MEA supplied with 500 ppm CO (in pure hydrogen) for current densities less than 0.6 A
cm-2. The levels of air bleed required for given partial pressures of CO are of course also
dependent on catalyst loading. Gasteiger et al. [46] found that at 2 % air bleed and 100 ppm of CO
the  catalyst  loading  may  be  reduced  to  a  minimum  of  2  mg  cm-2 without any additional
overpotential related to CO poisoning using state-of-the-art catalysts. A certain amount of internal
air bleeding is always present due to crossover of oxygen through the membrane as recently
investigated by Wang [47]. Optimizing internal air bleeding would make sense only if the poisoning
reaction occurred evenly within the fuel cell.

1.3.7 Additional contaminants also present in operating reformate systems
In addition to the contaminants already mentioned in this thesis there are a number of other
compounds which may have a critical impact on PEFC performance, but they are not treated
experimentally in this study. Some of these compounds have a much more critical influence on
PEFC lifetime than CO since their effects are irreversible. The compounds which compete with H2

and CO for  active anode catalyst  sites  should preferably be treated along with CO and air  bleed
since their effects on cell performance are likely to be connected, but since their concentrations
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vary to a great extent they have been left out from the experimental part of this study. Many of
these compounds are treated in a recent review by Zamel and Li [48].

Anode side contaminants
Reformate fuel usually has some amounts of contaminants which stem from fuel processing steps.
Toluene (model compound for similar to benzene) poisoning of Pt/C catalysts was recently
investigated by Kortsdottir et al. [49]. They found that toluene oxidation in a working PEFC at 80 °C
and 90 % RH is a multistep process which only yields CO2 at potentials higher than 0.75 V and that
the performance loss due to poisoning mainly originated from increasing charge transfer
resistance.  Their  results  also  indicate  that  ppm  levels  of  toluene  might  be  acceptable  in  PEFCs.
Imamura and Hashimasa [50] found that H2S and SO2 poisoning both show the same rapid trend
when it comes to decreasing cell voltage. Recovery from sulfur poisoning requires potential cycling
[51] which may be difficult to achieve in an operating system. Ammonia irreversibly poisons the
PEFC severely already in the ppm range due to ion exchange with H+ causing a decrease in proton
conductivity for the membrane and catalyst layers [52].

Cathode side contaminants
Even though the air-borne contaminants vary to a large extent, NOx and SOx usually dominate the
cathode losses due to poisoning [48]. It has been proposed that the NOx poisoning mechanism is
composed of two different processes. The first is the competing adsorption on the catalyst surface
and the second is a lowering of pH at the cathode due to formation of nitric acid causing an
increase in oxygen reduction overpotential [53]. The poisoning effect of NO2 seems  to  be
completely reversible by introducing clean gases for several hours [53]. SO2 may cause irreversible
membrane degradation due to the increased selectivity for H2O2 formation [50,51]. It is difficult to
foresee acceptable NOx and  SOx levels for a working PEFC since most published studies have
focused on fairly high levels of single compounds. It has also been suggested that NO2 may, to a
certain degree, protect the catalyst surface from sulfur compounds when they are present
simultaneously [54]. Ion exchange effects, similar to those of ammonia, can be seen with for
instance NaCl  and CaCl2 present in ambient air (higher concentrations when used as de-icers on
the roads during winter time, than during summer time) [6]. Mikkola et al. [55] studied the effects
of NaCl on fuel cell performance and found that the strong temperature dependence of Cl-

adsorption on the catalyst probably explains why it does not seem to have any catalytic effect at
80 °C in an operating fuel cell though model studies have shown a large influence at lower
temperatures. They also found that Na+ ions cause an irreversible loss of ionic conductivity.

System and stack contaminants
The fuel cell stack and system itself can also be a source of contaminants. Degradation products,
i.e. cations, from metal bipolar plates, membrane, fittings and endplates may poison the catalysts
or membrane as described in more detail below. The cell gaskets, system piping, cooling liquid and
oils from mechanical components are other possible sources of contaminants.

1.3.8 Membrane degradation in PEFCs
The main physical requirements on a fuel cell membrane are that it should conduct protons and
separate fuel and oxidant. Proton conductivity should be in the 0.1 S cm-1 range and permeability
should be smaller than 10-12 mol H2 cm-1 s-1 kPa-1 and 10-11 O2 cm-1 s-1 kPa-1 [56]. The membrane
also needs to be an electric insulator. Short circuiting, however, is generally only a manufacturing
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issue [57]. State-of-the-art fuel cell membrane electrode assemblies may have as low voltage
degradation rates as 1-2 µ V h-1 during steady state operation.

The perfluorinated sulfonic acid ionomer (PFSA) developed by Dupont in the 1960, sold under the
trade name Nafion, is considered as industry standard, though different proton-conducting
polymers may be used as electrolytes in fuel cells. Commercially available membranes for
automotive applications may be operated at low relative humidity in the temperature range up to
85 °C and many (mostly unsuccessful) attempts have been made to find new polymers which may
increase operating temperature. Recently, Goto et al. [58] reported that they have developed an
aromatic polymer electrolyte membrane which outperforms conventional membranes in real
applications with respect to performance, lifetime and operating temperature (>95 °C). The
membranes here after discussed are PFSA based.

In  the  oxygen  reduction  reaction  at  a  PEFC  cathode,  oxygen  and  protons  react  and  form  water
according to reaction 4. Hydrogen peroxide, H2O2, will also form and can further decompose into
hydroxyl  and peroxyl  radicals.  Hydrogen peroxide or  radicals  may also form at  the anode due to
oxygen crossover through the membrane [59]. Recent studies [59-61] have shown that species
formed directly on the Pt catalyst surface, or within the membrane, may also attack the polymer
without the formation of H2O2.

The degradation rates of new modified PFSA membranes made by Dupont [62] have been lowered
substantially by elimination of reactive end groups in the polymer chains that contain residual
terminal H groups sensitive to attacks by hydroxyl (*OH) or peroxy (*OOH) radicals. Cerium (Ce3+)
and manganese (Mn2+)  ions,  which catalyze decomposition of  *OH and *OOH, may be added to
the membrane or catalyst layer [63,64] to further decrease radical-induced membrane
degradation.

Membrane degradation increases at open circuit voltage [65]. Earlier studies [66] highlighted
factors which contribute to a high rate of chemical membrane degradation such as high
temperature, pressure and cell voltage and low relative humidity of the gases. The membrane
degradation rate is often measured by analyzing the fuel cell exhaust water for fluoride emissions
[67].

A compromise must be made between the mechanical stability and ionic conductivity with respect
to membrane thickness, when manufacturing membranes for fuel cells. Thin membranes put high
demands not only on the membrane-manufacturing process, but also on fuel cell stack design and
system operation. Large gas differential pressures, humidity and temperature cycling [68], as well
as uneven current distribution and contact pressure over the MEA may lead to mechanical failure
of the membrane. In order to increase the mechanical strength of these thin membranes a second
non-conducting component, for instance polytetrafluoroethylene (PTFE), may be added for
mechanical support [69]. For a thorough review on the mechanical properties of reinforced
membranes see Tang et al. [70].

PFSA membranes are sensitive towards cation poisoning. The conducting protons within the
membrane may be exchanged for metal ions. This results of this poisoning may be divided into a
direct effect, lowering of the proton conductivity, and an indirect effect, lowering of the
hydrophilicity of the membrane causing local drying [57]. Sodium, readily available as sodium
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chloride in unfiltered air, and ammonia may also poison the membrane in the same way as
described in section 1.3.7 above.

Freeze and thaw cycling is also of practical interest especially for automotive fuel cell applications.
It has been observed that these cycles do not necessarily cause irreversible damage on the
membrane itself [71].  Thompson et al. [72] studied the freezing of Nafion membranes with
different initial water contents and found that irrespective of total water content the conductivity
of the membranes converged at low temperatures as a result of the constant amount of 6-7 water
molecules per sulfonic acid group remaining in the liquid state.

1.3.9 Gas diffusion layer degradation
As the lifetime of PEFC membranes and catalysts increase the gas diffusion layer (GDL) may
become a limiting factor. Aging of GDL materials results in less hydrophobic surfaces [6] and this
causes performance losses in several ways. Firstly, a less hydrophobic GDL surface requires a
higher gas velocity to efficiently remove water droplets in the gas channels in the flow field [73]. If
this is not taken into account at the fuel cell design stage, maldistribution of gases between and
within cells may be induced by GDL aging. Secondly, less efficient water transport from the cell will
give higher steady state water retention in the GDL [74] which causes mass-transport losses. The
reasons for the hydrophobicity loss are not yet well understood, but suggested reasons are
oxidation of PTFE and carbon, mechanical effects and impurities [75].

Freeze and thaw cycling may also lead to mechanical GDL degradation due to water expanding
upon freezing [7]. This may cause more GDL intrusion in channels and decrease the support for the
MEA.

1.3.10 Stainless steel in PEFC bipolar plates
Stainless steel (SS) is used as a bipolar plate material in polymer electrolyte fuel cells. The use of
stainless steel provides an opportunity to lower the cost and increase the robustness and power
density of the PEFC. The challenge of SS bipolar plates is to achieve both high corrosion resistance
and low electrical contact resistance.

In the literature there have been some studies of stainless steel as bipolar plate material without
protective coating, see e.g. [76,77]. However, it seems to be necessary to apply a coating to fulfil
the requirements of low interfacial contact resistance and high corrosion resistance. The corrosion
resistance  and  interfacial  contact  resistance  will  depend  on  both  the  SS  grade  and  the  type  of
coating. In addition to corrosion resistance and interfacial contact resistance (ICR), formability and
cost  also  need  to  be  taken  into  account  when  selecting  a  stainless  steel.  Ferritic  steels  are
generally less expensive than austenitic steels, since they do not contain nickel, and could
therefore be an interesting option when combined with a corrosion-resistant coating. On the
other hand the formability of the ferritic steel grade 430 has been found to be worse than that of
austenitic steels such as 304 and 316L [78].The manufacturing process conditions may also play a
great role in the final corrosion resistance of the bipolar plate [79].

Successful coatings in terms of contact resistance have been reported [80], but these findings are
usually not accompanied by actual in-situ fuel cell corrosion rates. Corrosion rates have only been
reported either as corrosion products in the MEA [81,82] or effluent water [83]. In these studies,
the possibility of iron accumulation in the cells and gas manifolds has not been discussed. In
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addition there is corrosion data resulting from ex-situ corrosion current measurements (see e.g.
review article [84]). The corrosion resistance of different stainless steels has previously been
studied with ex-situ measurements [85,86], but in-situ corrosion studies are rare.

Corrosion of stainless steel may also affect the lifetime of MEA. Ferric ions, which can be released
from stainless steel bipolar plates, are known to accelerate the decomposition of hydrogen
peroxide into hydroxyl and peroxyl radicals [66]. These radicals may attack the membrane as
described above.

1.4 High temperature polymer electrolyte fuel cells

1.4.1 PBI fuel cells in reformate applications
At first sight, phosphonic acid doped polybenzimidazole (PBI) fuel cell MEAs are very similar to
PFSA-based  PEFC  MEAs,  as  both  utilize  carbon  fiber  GDLs  and  platinum-based  catalyst  layers.  A
closer look reveals that the PBI fuel cell in reality is more of a modern version of the well-
developed phosphoric acid fuel cell. The main difference lies within the proton-conducting
electrolyte. In the PBI fuel cell high amounts of phosphoric acid are bonded to a PBI polymer which
gives a thin and robust MEA, whereas the older phosphoric acid fuel cell electrolyte is liquid acid
within a PTFE-bonded silicone carbide matrix.

The operating temperature (>160°C) of the PBI fuel cell technology offers many of the same
advantages as other intermediate- and high-temperature (phosphoric acid, solid oxide and molten
carbonate)  fuel  cell  technologies  in  terms  of  thermal  management  and  tolerance  toward
impurities. PBI fuel cells enable the design of very simple fuel cell systems since they do not
require humidification of reactant gases and have an excellent driving force for heat rejection,
especially for small-scale power generation based on reformate fuel. Current state-of-the-art PBI
MEAs have shown long-term stability at degradation rates of 5 µV h-1 [87], nevertheless, there are
still issues which need to be addressed.

PBI  fuel  cells  are  more  sensitive  than  low-temperature  PEFC  toward  open  circuit  voltage  (OCV)
operation, since the operating temperature of the PBI fuel cell facilitates fast kinetics of platinum
dissolution and re-deposition, as well as carbon support corrosion, resulting in a rapid decrease of
electrochemically active surface area at the cathode. [88]. In order to achieve long fuel cell
lifetimes the management of the proton-conducting acid is a key parameter to control [89]. Water
condensation during start-up and shut-down causes a loss of proton-conducting acid [90,91].
Under start and stop cycling, a degradation rate of 0.2 mV cycle-1 has been measured for a Celtec®
–P1000 MEA, without purging or using a dump load  according to Schmidt et al. [87]. Therefore,
accurate  control  of  the  operating  temperature  and  cell  voltage  is  important  in  order  to  obtain
reproducible data.

Cell and stack performance as a function of gas composition, temperature and pressure are
becoming important topics of research as PBI technology is being commercialized. In addition to
performance studies, the effect of different impurities on cell degradation should be investigated
for various impurity concentrations, combinations and time scales. These measurements call for a
very large test matrix, and therefore a stable and reproducible MEA performance should be
reached as soon as possible from the beginning of each experiment.
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1.4.2 Break-in procedures for PBI fuel cells
One of the most important parameters to control in PBI MEA design is the amount of phosphoric
acid in the catalyst layer [92-94]. At the beginning of life a PBI fuel cell MEA may experience
rejection of excess acid from production [95], as well as redistribution of acid between the
membrane  and  the  catalyst  layer  [94].  Therefore  it  is  of  vital  importance  to  employ  a  fuel  cell
break-in protocol before starting an in-situ measurement. Recently Boaventura and Mendes [96]
published a work where they investigated the effects of the break-in protocol suggested by PBI
MEA supplier BASF Fuel Cell GmbH.

A break-in of a fuel cell is an initial period of operation after which the fuel cell is operating in a
way which enables reproducibility and comparability of results. Rapid and reproducible break-in
methods, as part of standardized test protocols, have been developed for low-temperature PEFCs
by several organizations [97-100]. These break-in methods are crucial to ensure reproducibility
and comparability of experimental results within the field of PEFC research. Currently, neither
standardized test protocols nor recommendations for rapid break-in of PBI fuel cells exist.

1.5 Fuel cell stack endplate design
The main function of the fuel cell stack endplates is to apply a desired compression pressure
distribution over the bipolar plate. A uniform compression pressure distribution is needed to
ensure gas and water tightness and homogeneous compression of the GDL over the MEA active
area. Endplates also provide electric and thermal insulation towards the surrounding environment.
Uniform compression pressure distribution over the fuel cell active area and gaskets is essential to
its  performance  and  lifetime  [101]  as  it  has  a  major  impact  on  the  properties  of  the  GDL  and
contact resistances [102-110], affecting both current and temperature distributions. The
compression pressure is uneven both under the ribs in the flow fields [101,111-113] as well as
over the whole MEA and gaskets [114-116].

For the low-temperature fuel cells the pressure distribution can be measured experimentally near
the operating temperature using pressure-sensitive films. For high-temperature fuel cells this is
not possible, due to a limited operating temperature range of the pressure-sensitive films.
Therefore, the compression pressure distribution within a high-temperature fuel cell stack must
be modeled, thereby creating a need for an experimentally validated modeling tool. With a high
quality modeling tool, optimal endplate structures and clamping schemes of both high and low
temperature fuel cells can be readily designed.

In the past a few attempts have been made to simulate the compression pressure within a PEFC
using finite element method (FEM) computer models [114,115,117]. Lee et al. [114] modeled the
pressure distribution inside a small unit cell and validated their model with experiments. There
was up to 60 % difference between model predictions and measurement results, but
quantitatively, the trends in results were similar. Liu et al. [115] presented a method for optimizing
the assembly pressure and clamping bolt locations to achieve more uniform pressure distribution
in a unit cell. Their work did not contain any experimental validation. Karvonen et al. [117] used a
FEM  model  to  investigate  pressure  distribution  in  a  multi  cell  stack,  and  compared  various
endplate structures and materials and clamping force schemes. Their validation process did not
include numerical comparison, but qualitatively the experiments and modeling results showed the
same trends. The developed models have shown the importance of correct endplate design and
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clamping pressure application, but none of them can reliably predict the compression pressure
distribution inside a cell or a stack.

1.6 In-situ fuel cell high throughput screening
The durability of MEAs and stack components has so far been tested either in conventional single
fuel cells or by ex-situ measurements. In the former, different accelerated procedures are
frequently  applied,  as  testing  capacity  often  is  a  limiting  factor  [118].  By  choosing  accelerated
conditions carefully the results can provide a good, but not perfect, picture of degradation during
actual operating conditions. In the ex-situ measurements, components can be tested in a cost-
efficient way; however the results are not always fully correlated with in-situ experiments as the
degradation mechanism may be different, especially for the membrane [59] .

In normal industrial and university research, conventional commercial and in-house fuel cell
hardware have been applied for durability research. So far, special cells have only been designed
for PEFC component performance studies and current distribution studies [103,119]. For screening
of the catalyst performance, different high-throughput electrochemical methods have also been
developed [120]. In open literature, the only reported attempt to develop high-throughput fuel
cell hardware for durability study purposes is the study by Hicks et al. [121] in which a number of
conventional single cells were connected in parallel.

1.7 Current distribution within a PEFC
The current distribution of a fuel cell describes where in the cell reactions are taking place and
through this also where in the cell heat is produced. The parameters that influence the current
distribution  are  the  geometry  of  the  fuel  cell,  the  concentrations  of  different  species  over  the
electrode surface, the local resistance of the membrane and local contact resistances. Hence these
measurements are highly sensitive to the humidification of the gases and poisoning of the
electrodes. Measurements of current distribution are important since they give an insight as to
how water management, gas composition and different components (such as for instance
different flow fields) influence the performance locally in the fuel cell and not only average current
and voltage output. These measurements can also be used to validate computer models and can
be of special interest to those modeling influence of temperature and mass transport in PEFCs,
since temperature and concentration gradients can be created and studied within the cell. For a
recent review of current distribution measurements see Pérez et al. [122] .
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2. Scope of this thesis
All  the  studies  reported  in  this  thesis  are  relevant  to  the  design  of  PEFC  reformate  power
generators. The aim has been to develop methods and hardware for experimental evaluation of
process parameters and design variables in PEFC reformate cells and stacks.

Current distribution measurements in PEFCs have traditionally been used mostly for investigating
water balance, flow field designs and for model validation. Here they are introduced as a tool for
investigating the current distribution in a PEFC with Pt/C or PtRu/C anode as function of the partial
pressures of H2,  N2, CO2,  CO and air  in  the reformate.  CO2 poisoning could influence the current
distribution since the CO2 content varies in the cell as a result of hydrogen being consumed along
the flow direction. Due to the high adsorption rate of CO and the large overpotential for O2

reduction  at  the  anode,  these  species  are  also  likely  to  cause  current  density  gradients  and
transients. These gradients and transients are described, and some answers are given as to how
these processes occur and also how much, how and where air bleed should be added.

In addition to the current distribution measurements the influence of reformate fuel is studied in a
5 kW commercial stack, where also the time dependence of the poisoning reactions are studied
more closely. The reason for investigating biogas-like gas compositions and more specifically fuel
dilution was that at the time of the study very little had been reported on biogas fueled PEFCs.
This data might also be of interest if a fuel recirculation pump is used in other reformate-fueled
PEFC systems.

Material screening in working PEFCs is costly and time consuming. Here the development of a test
cell system that can multiply the capacity of a conventional commercial test station with modest
investment and labor and without significantly sacrificing measurement accuracy is reported. The
development has led to the concept of the multisinglecell (MSC). The MSC results reported here
are focused on stainless steel and coatings which are used as bipolar plate material in reformate
generators for portable applications, but the concept can also be applied to MEA or GDL research.
The MSC methodology is compared to coating experiments in a real fuel cell stack.

The endplate is one of the most important components when moving from single cell to stack
measurements. A 3D FEM computer endplate model was developed which can accurately predict
pressure distributions within any type of fuel cell at any temperature. It was validated through
experiments with pressure-sensitive films using an in-house PEFC stack with highly deformable
components.

The PBI fuel cell is one of the most relevant competitors to the PEFC in small-scale power
applications. It is not yet as well developed as the PEFC and currently no standardized break-in
protocols exist. A break-in protocol specifies how a fuel cell should be operated before starting an
experiment in order to ensure reproducibility and comparability of results. Here, different types of
break-in procedures are studied for PBI fuel cells. The focus lies on methods that can rapidly and
reproducibly ensure stable cell behavior for performance and contamination studies in cells and
stacks.
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3. Experimental

3.1 Membrane electrode assemblies
The MEAs used in the single cell and segmented cell experiments with CO, CO2 and air bleed were
Gore PRIMEA® series 5620 and 5621. The GDLs were Carbel™ CL carbon cloth. In the experiments
with  the  gas  analysis  equipment  the  large  single  cell  was  also  mounted  with  a  Nafion®  112
membrane and Carbel™ GDLs in order to evaluate if any oxygen reacted somewhere else than on
the  catalyst  layer.  A  Powercell  Mark  1.0  5  kW  reformate  stack  used  for  CO,  CO2 and  air  bleed
studies had Gore PRIMEA® series 5561 MEAs and Carbel™ gas diffusion layers.

The MEAs used in the multisinglecell experiments were Gore PRIMEA® 5640 and the gas diffusion
layers were Gore Carbel™ CL carbon cloth.

The MEAs in the measurements with the PBI single cell were Celtec®-P 1000 MEA (BASF Fuel Cell
GmbH). The cathode catalyst was a Vulcan XC72 supported Pt-alloy with a Pt loading of 0.75 mg
cm-2, and the anode catalyst was Vulcan XC72 supported Pt with a loading of 1 mg cm-2[87].

The MEAs and GDLs used in the stack supplied by Cellkraft AB are proprietary.

3.2 Test cell hardware
Micro fuel cell hardware
For  micro  fuel  cell  testing  a  7  cm2 in-house made cell was used. The clamping pressure of the
current  collectors  was  controlled  by  a  pneumatic  piston.  The  graphite  current  collectors  had  a
spiral flow field design. The small laboratory cell and its experimental setup are described in more
detail by Ihonen et al. [103].

Fig. 2. Segmented straight parallel channel flow field and current collector in 54 cm2 segmented
cell.

Segmented cell hardware
The segmented cell had an active area of 54 cm2 and was segmented by eight rows and four
columns at the cathode, see Fig. 2. The segmented cathode side flow distributor had parallel
channels and the anode side had an un-segmented stainless steel net. The currents through the
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individual segments were calculated from potential differences over shunt resistances. The gas
flow is co-flow in all experiments. The segmented cell and its experimental setup have been
outlined by Noponen et al. [123].

Large single cell hardware
The large single cell had an active area of 54 cm2 and both flow distributors were stainless steel
nets. It was identical to the segmented cell used except for the flow field on the cathode side
which in this case was a stainless steel net.

Multisinglecell hardware
Flow splitting is commonly applied in other fields of science and also in fuel cell stacks as passive
flow management. The main problem of flow splitting for single cells in stacks is the limited
accuracy of cell tolerances, which may cause significant variation in flows in different cells even
when they are dry. The problem becomes worse when the cells are operated under wet
conditions, as the water formed in channels may partially or completely block one or more of the
channels and because the pressure drop required for moving the water depends on the channel
diameter [124]. There are reports of successful development of active flow management for stacks
using micro valves that can mitigate these problems [125]. However, for a durability measurement
system, the flow splitting should preferably be simple and easy to apply.

The  key  is  to  apply  additional  flow  resistances,  either  before  or  after  each  cell,  having  several
times higher flow resistance than that of the cells. When the total flow resistance is dominated by
additional constant resistances, the variations of flow resistance in the cells become a minor factor
and even flow splitting can be achieved. If flow resistances are installed after the cells, the effluent
gases must be dried before gas is conducted through them. If the flow resistances are installed
before the cells, the gases entering them must be clean and non-condensing.

In the multisinglecell, a single channel flow field should be applied. As the total pressure drop is
mostly due to additional flow resistance, the pressure drop in the cells can be insufficient for
removing water from the parallel channels [125]. The schematic picture of the measurement
system with flow resistances installed after the cells is presented in Fig. 3.

Fig. 3. The flow arrangement of a multisinglecell.
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Due to external manifolding of the outlet flows, the effluent water from each half-cell can be
collected separately, and corrosion or degradation products in the water can be analyzed. If the
water is accurately condensed water balance data can also be gained [126].

The schematic picture of a single unit of the multisinglecell is presented in Fig. 4. Each unit is
electrically separated by polyvinylidene difluoride (PVDF) pieces and thermostated by liquid flows
in the channels located on the backside of the graphite current collectors (CC). M6 brass bolts are
installed in the current collectors for current leads. The material for the current collectors is
phenol-impregnated graphite (graphite grade ISEM-3 from Svenska Tanso AB). In the cells there
are single serpentine channels that form the flow field, which has an active area of 9.28 cm2. The
channels and ribs are 1 mm wide and the channels are 2 mm deep.

The multisinglecell version used in this study has been developed for in-situ aging studies of SS
bipolar plate materials, as illustrated in Fig. 4. This special-purpose design has features that are
unnecessary for testing of MEAs. The double gasket structure, consisting of a soft groove gasket
and a hard PTFE gasket, complicates the assembly of the device considerably. The function of soft
gaskets between current collectors and PVDF pieces is to mitigate possible tolerance errors in the
fabrication of other components.

Fig. 4. Repeating unit cell in multisinglecell assembly.

In external manifolding, pneumatic metal-free fittings and couplings (SMC corporation) were
applied. Additional flow resistances, installed after the cells, were built from about 45 cm 0.75 mm
i.d.  PTFE  pipe  (Valco  Instruments  Co.,  TTF230).   These  additional  flow  resistances  were  about  5
times larger than the flow resistance in the cells and the variation of resistances was within ± 2 %.
Water vapor in the exhaust gases was condensed in a cooling cascade, i.e. a device in which all gas
flows are cooled individually by heat exchange with a thermostating liquid. The condensed
exhaust water was collected in high-density polyethylene bottles while the dry gases were led to
additional flow resistances.

PBI single cell hardware
A commercial 45 cm2 single test cell (BASF Fuel Cell GmbH) was used in this study. It has a three-
channel serpentine flow field at the cathode and a two-channel serpentine flow field at the anode.
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The cell’s channels and ribs are 1.2 mm wide. The cell temperature was regulated using electric
heaters.

3.3 Fuel cell stack hardware
Fuel cell stack CO, CO2 and air bleed experiments
The Powercell Mark 1.0 5 kW reformate stack used for CO, CO2 and air bleed studies consists of 40
cells and is water-cooled. The bipolar plates are made of stainless steel as well as the endplates.

Fuel cell stack bipolar plate coating experiments
The  validation  of  the  multisinglecell  measurements  on  the  CrN  coatings  was  conducted  with  a
water cooled stack design by Cellkraft AB. The bipolar plates were manufactured from SS 316L by
etching.  The  active  area  was  64  cm2. For testing the bipolar plates were PVD CrN coated by
Oerlikon Balzers Sandvik and there were five cells with single layer PVD coated bipolar plates and
five cells with double layer PVD coating.

Fuel cell stack compression pressure modeling validation experiments
In the compression pressure modeling study, a new metal-free endplate structure was developed
for a previously designed in-house stack, for validation purposes. The structure included relatively
soft endplates made of fiberglass reinforced polyphenylene sulfide (PPS, Ensigner Tecatron GF 40),
expanded natural graphite current collectors (GrafTech GrafCell FFP-300) and butyl rubber
(polyisobutadiene) compression pressure equalization layers (EQL). The EQLs between endplates
and current collectors deform and thereby transfer pressure from the high pressure regions to the
low pressure regions. The developed new endplate structure is metal free.

The experimental setup is shown in Fig. 5. Between the current collectors a bipolar plate
substitute (two 0.5 mm thick PTFE sheets) was added to reduce the disturbing effect of the current
collector roughness on the pressure distribution measurements and to avoid discoloration of the
pressure-sensitive films by the current collectors. Pressure sensitive films (Pressurex® Super Low
Pressure LLW, FUJIFILM NDT Systems, Inc.) were placed within the bipolar plate substitute (see
Fig. 5). The compression pressure was exerted by a stack of disc springs (Mubea Tellerfedern
GmbH) around each clamping bolt.

Fig. 5. Left: Stack overview. Right: Stack quarter section view along symmetry planes.
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3.4 Fuel cell measurement test procedures

Micro, segmented and large single cell test procedure
In the experiments with CO, CO2 and air bleed the relative humidity was held at 100 % and the cell
or stack temperature was 60 °C in all experiments. Pressures were ambient on both anode and
cathode. In the CO2 dilution experiments the fuel cell equilibrated during 1 hour at each gas
composition before the data were recorded. Before CO or air was introduced to the anode the cell
was always operated for 1 hour with pure H2 and O2 and thereafter for 1 hour at the experimental
design point without CO. The preferred mode of operation during the segmented experiments was
galvanostatic as it enables easy control of the stoichiometry using manual gas mixing. However,
the CO experiments on the PtRu/C anode were also conducted in a potentiostatic mode to avoid
the oscillating cell voltage that otherwise occurs.

The dry gas composition in the large single cell experiments was analyzed continuously. The gas
analysis equipment has been described in more detail by Wallmark et al. [127].

Fuel cell stack CO, CO2 and air bleed test procedure
In the CO, CO2 and air bleed experiments on the Powercell Mark 1 stack, the temperature in all
experiments was 60 C to match the previous experiments on segmented and single cells. The
stoichiometries  were  always  2.0  at  cathode  and  1.5  at  anode  except  in  the  fuel  utilization
experiments. The stack was operated at least 1 h on pure gases before measuring to ensure that it
had  reached  a  stable  point  of  operation.  During  the  dilution  experiments  with  CO2 and  N2 the
pressures were held at 0.5 bar gauge pressure at both anode and cathode outlets. The stack was
equilibrated for 1 h at each dilution level with CO2 and for 20 minutes at each dilution level with N2

before the cell voltage was recorded. Pressures were held at 1 bar gauge pressure at both anode
and cathode in all experiments with reformate-like mixtures. The polarization curves were taken
at a galvanostatic sweep rate of 0.1 A cm-2 minute-1, or approximately 0.55 mV s-1 cell-1. Two kinds
of CO poisoning transients were tested. During the experiments with different CO levels at
constant  air  bleed  level  the  CO  level  was  ramped  upwards  from  40  ppm  by  20  ppm  every  15
minutes. When CO peaks were investigated 1 minute long pulses at different CO levels were
introduced  at  constant  air  bleed  into  the  anode  fuel  streams  until  the  lowest  cell  voltage  was
below 400 mV. After all poisoning transient experiments the stack was allowed to stabilize at the
cell voltage it had before the transient, always with at least 10 minutes at a sufficient air bleed
level though the recovery of the voltage was much faster. The composition of the simulated
reformate from non-upgraded biogas containing 40, 60 and 80 % methane, respectively, in carbon
dioxide was calculated using a steady-state, isothermal model of the combinatorial biogas
reformer in the KTH fuel cell test facility. The calculation of the amount of air bleed is based on the
total flow.

Fuel cell stack bipolar plate coating experiments
In the commercial stack testing of coated steel plates the stack was heated with the water cooling
circuit  flow  to  60  °C.  The  gases  were  humidified  in  such  a  manner  that  the  set  point  was  70  °C
giving 10-15 °C lower dew point.  In  the long-term durability  test  the current density  was 0.15 A
cm-2. In polarization curves the step time was 60 seconds and the last 10 seconds of the data were
used for graphs. Before each polarization curve the stack was conditioned by running it at low
current (0.015 A cm-2) and consuming all air from the cathode. This method produces a
reproducible state for the cathode catalyst and is here called “activation cycle”.  During constant
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current  operation  the  gas  flows  were  0.2  and  1  dm3 min-1, for hydrogen and air, respectively.
During the polarization curves the flow rates were 0.5 and 2 dm3 min-1. The duration of the stack
test was planned to be equal to the multisinglecell tests but due to a failure in the test station the
test ended after 95 hours. Polarization curves were measured approximately every 24 h.

Multisinglecell test procedure
In the multisinglecell test the cell temperature was 80 °C. The gases were fully humidified and the
flow rates were 0.3 and 0.6 dm3 min-1 for hydrogen and air, respectively. The test duration in all
the setups was between 618 and 650 h.  The current density drawn from the cell was 10 mA cm-2

(except for the uncoated SS 904L test, where the current density was reduced to 5 mA cm-2 due to
water management problems). First two tests with non-coated samples were conducted in order
to test the functionality of the measurement device and to define the baseline corrosion of the
experimental setup. In each setup there were 8 unit cells and two of them were operated as
reference cells without samples, which measured the background contamination. The reference
cells were placed at the ends of the multisinglecell.

PBI single cell test procedure
The exhaust gases from the fuel cell were fed back to the test station after the exhaust water and
phosphoric acid had condensed in cooled bottles. The pH of the collected water was measured at
different intervals. The temperature of the cell was regulated at 160-200 °C. The pipes were kept
at 85 °C. The cell was operated at atmospheric pressure on dry air and hydrogen at stoichiometries
of 2 and 1.2, except in the potential cycling experiment where the gas flows were constant at 1520
and 375 ml min-1, respectively. The minimum cathode and anode gas flows were 100 and 50 ml
min-1.  The  polarization  curves  in  this  work  were  performed  from  low  to  high  currents.  The
equilibrium time was 300 s per current step. All polarization curves were performed at 160 °C.

3.5 Pressure-sensitive film test procedure
A set of calibration measurements, in the range of 3–28 bar, were performed to obtain a relation
between the color intensity in the pressure-sensitive film and applied pressure. The resulting
calibration curve was used in data processing to convert the color pattern on the pressure-
sensitive film to numeric pressure distribution data. The applicable pressure range was found to
be 4–25 bar.

All experimental work with pressure-sensitive film reported here was carried out under controlled
ambient  conditions.  Air  temperature  and  relative  humidity  were  maintained  at  23  °C  and  50  %,
respectively. Impact time for all pressure sensitive film measurements was 2 h. All measurements
were performed twice.

Five test cases were compiled for model validation, these are presented in chapter 4.2 with the
results. Pressure distribution between the bipolar plate substitutes was both modeled and
experimentally measured for all cases. The effect of equalization layer was investigated using
three test cases: no equalization layer, basic equalization layer and modified equalization layer.
The basic EQL is solid, except for the holes required for clamping bolts and gas channels. The
modified, but non-optimized EQL contains additional holes, which modify the overall rigidity in the
vicinity of the holes, see Fig. 6.
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Fig. 6. Left: Applied forces in clamping force cases. Top: Case 4, bottom: Case 5. Right:
Equalization layer. The basic EQL does not have the perforations marked with darker color. The
numbers refer to grid squares used for numerical comparison.

The results from the model and the measured data were analyzed in the following way. Resulting
pressure maps were scanned at 300 DPI to digital format and processed using Matlab®. Since the
system is symmetric the measured data was averaged over one quarter of the active area in order
to obtain a larger statistical selection. To reduce noise, the data from the scans was further
averaged  over  squares  so  that  the  final  images  had  ca.  104  data  points.  The  coloration  of  the
pressure maps was converted into surface pressures using the obtained calibration curve. Since
data measured above the saturation limit of the pressure-sensitive film cannot be considered
reliable all data indicating pressures higher than the saturation limit were set to 25 bar. To analyze
the results, the compression pressure over the active area was integrated over grid squares and
resulting forces were compared between the measurement and modeling results.

3.6 Characterization of corrosion behavior of stainless steel and coatings
During the stainless steel corrosion tests, the exhaust water from each single cell anode and
cathode was collected five times. From these water samples, the fluoride amounts were analyzed
with a fluoride ion-selective electrode (Orion ionplus® fluoride electrode and Orion 4-Star pH/ISE
Benchtop Meter).

The iron emitted from the stainless steel adsorbs onto the MEA and GDLs, current collector plates,
gas lines and the water collecting bottles. It can also remain dissolved in the product water. The
ferric  ions  have  a  very  low  solubility  product  and  therefore  they  adsorb  easily  to  surfaces.   The
desorbing of  the ions from surfaces was accomplished by nitric  acid treatment with at  least  1 %
nitric acid content in the liquid. The required amount of acid was added to the water collection
bottles. The multisinglecell gas lines were acid washed and the washing acid was analyzed in order
to determine the amount of adsorbed iron.
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The  water  and  acid  wash  samples  were  analyzed  for  iron  emissions  by  gas  furnace  atomic
absorption spectroscopy (GF-AAS). The fuel cell MEAs were also treated with acid in quartz vessels
to  desorb  the  ferric  ions,  and  the  iron  content  of  the  acid  was  measured  with  flame  atomic
absorption spectroscopy (F-AAS) and inductively coupled plasma atomic emission spectroscopy
(ICP-AES). The current collector plates were washed between each test. However, it was not
possible to collect and analyze the washing liquid.

The  interfacial  contact  resistance  (ICR)  between  a  stainless  steel  sample  and  a  carbon  cloth
without microporous layer was measured with a measurement system similar to the one
described by Brett et al. [128] with a single sample. The steel sample was sandwiched between
carbon cloth pieces and graphite current collectors. A piece of carbon cloth was placed between
two graphite blocks as well. Voltages between stainless steel and graphite and the two graphite
plates were measured while different current densities were led through the stack. This was
repeated with higher compression pressures between 5 and 20 bar. The values from before the
corrosion test were compared to those measured after the test.

The steel samples were also investigated using scanning electron microscopy (SEM) imaging and
optical microscopes.

3.7 Tested stainless steel grades and coatings
The position of the multisinglecell stainless steel sample can be seen in Fig. 4. The samples are
placed inside the fuel cell, either on the cathode or anode side, between the current collector and
the GDL. Several types of SS samples have been tested with the multisinglecell device. In most
experiments at least three samples of each type were tested on both the anode and the cathode
sides of a fuel cell to determine the reliability of the results. The tested SS grades were 316L, 430
and 904L. The tested commercial coatings were physically vapor-deposited (PVD) CrN (Oerlikon
Balzers Sandvik) and gold coating by arc discharge deposition (by Diarc Technology Inc.). The
thickness of the CrN coating was 3-4 µm and of the Au coating 30-70 nm. All the samples were first
ground with sand paper and electropolished (EP) before coating or assembling. In Table 3 the
different combinations of steel grades and coatings can be seen. In the commercial stack test the
steel bipolar plates by Cellkraft AB were coated with the commercial PVD CrN coating. There were
two  types  of  CrN  coatings,  single  layer  and  double  layer  PVD.  Multilayer  coatings  are  known  to
have better mechanical stability than the corresponding single layer coatings and therefore
improve the corrosion resistance [129-131].

Table  3.  The  combinations  of  stainless  steel  grade  and  surface  treatment  used  in  the
multisinglecell corrosion testing.
Stainless steel grade Coating / electropolishing
316L EP
904L EP
430 EP
316L CrN
430 CrN
904L Au
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4. Results and discussion

4.1 Influence of reformate composition on fuel cell performance

Effect of CO2 and fuel dilution on fuel cell performance and current distribution
As  seen  in  Fig.  7 the dilution of hydrogen with carbon dioxide as compared to dilution with
nitrogen causes a clear deterioration in cell voltage on a Pt/C electrode and a small deterioration
on a PtRu/C electrode in the single cell setup. We can see that the anode is poisoned by CO2 and
that the PtRu/C electrode is better at handling this poisoning than the Pt/C catalyst. This indicates
that the poisoning is similar to the CO poisoning for which the PtRu/C catalysts are developed and
thus supports the theory that the reaction product is a CO-like compound. Whether this
compound is formed through the RWGS reaction (reaction 11), or the electroreduction reaction
(reaction 12) is not possible to distinguish, but its influence on cell voltage is clear. It is also clear
that  no matter  how high the CO2 concentration in the anode feed the resulting poisoning is not
nearly as severe as the poisoning induced by a small fraction of CO. This indicates that the CO2

poisoning results in a lower surface coverage than poisoning by CO in a PEFC.  This supports the
works  of  Smolinka  et  al.  [25]  and  Papageorgopoulos  et  al.  [26]  and  demonstrates  that  the
conclusions they drew based on their model experiments about a self-poisoning reaction are likely
to be valid for the present experimental PEFC setup.

Fig. 7. Galvanostatic (average current density 1 A cm-2) single cell testing of H2 dilution by N2 or
CO2 for Pt/C and PtRu/C anodes, Pt/C cathode. Stoichiometry cathode 2.4, anode 1.5. Cell
temperature 60 °C. RH 100 %. Pressure ambient.

The dilution by N2 or CO2 was also tested in the segmented cell setup with both Pt/C and PtRu/C
catalysts  up  to  a  dilution  degree  of  20  %  H2. Both dilution cases follow the same trend and the
change in current distribution may be attributed to an additional dilution of the anode gas due to
consumption of H2 in the flow direction. The cell voltage of the segmented cell when diluted with
N2 or  CO2 follows  the  same  trend  as  in  Fig.  7.  This  implies  an  even  poisoning  of  the  electrode
surface.
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Fig. 8. Polarization curves from a 5 kW PEM fuel cell stack. 50 ppm CO and 2 % air bleed in all
experiments. First three are simulated reformate mixtures from autothermal reforming of 80, 60
and  40  %  CH4 in CO2. The lower two are “artificial”. Stoichiometry cathode 2.0, anode 1.5.
Pressures 2 barabs. Cell temperature 60 C. Relative humidity 100 %.

The three polarization curves at  the top in Fig.  8  show a 5 kW PEM fuel  cell   stack operated on
simulated dilute reformate. As can be seen, the maximum loss is 2 % in fuel cell stack efficiency
when we reduced the energy content in the fuel by more than half. No other measures had to be
taken when the gas composition was changed. This demonstrates that high fuel dilution in
combination with CO poisoning is not a problem if a sufficient air bleed is added.

Effect of CO on fuel cell performance and current distribution
In the current distribution experiments reported here the influence of air bleeding and ppm levels
of CO on a PtRu/C or Pt/C catalyst in a mixture of 50 % H2, 40 % CO2 and 10 % N2 (This gas mixture
is henceforth called reformate mix) was investigated.
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Fig. 9. a) – f) Current distribution plots. Base fuel composition: a) – e) 50 % H2, 40 % CO2 and 10
% N2 (reformate mix), f) pure H2. Stoichiometry cathode 2.4, anode 1.5. Cell temperature 60 °C.
RH 100 %. Pressure ambient.

In all current distribution plots the average current density per row is plotted vs. the number of
the  row,  where  the  gas  inlet  is  located  at  row  number  1  and  the  gas  outlet  is  located  at  row
number  8.  As  can  be  seen  in  Fig.  9a  introducing  up  to  80  ppm  of  CO  will  not  cause  any  major
transient  behavior  with  respect  to  current  density  on  a  PtRu/C  catalyst,  as  long  as  the  current
density is constant. There are small deviations, but no trend can be distinguished. However, the
situation is quite different when the cell is operated potentiostatically at 680 mV. As can be seen
in Fig. 9b the adsorption of CO (reaction 6) is fast and decreases the available surface area for
hydrogen dissociation and oxidation (reactions 1 and 2) at the inlet faster than at the outlet. As
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the  CO  coverage  at  the  inlet  increases  the  CO  can  be  transported  further  and  further  along  the
flow direction, eventually giving rise to an even current distribution, at a total current much lower
than for the non-poisoned case. After 1 hour the current density distribution is fairly stable for the
10 ppm case (not shown here), whereas 10 minutes is enough for the 80 ppm CO (Fig. 9b).

The reason for the discrepancy between the two modes of operation lies in the anodic
polarization. In the galvanostatic experiment the cell voltage fluctuates (see small figure in Fig. 9a),
this  means  that  as  the  CO  coverage  increases  the  anodic  potential  will  also  increase.  As  the
potential increases hydroxides form at the Ru sites of the catalyst (reaction 9), these will be
utilized in the carbon monoxide oxidation reaction (reaction 10) according to the so-called bi-
functional mechanism. These oxidation pulses occur evenly over the catalyst surface and thereby
lower the surface coverage and make the current distribution more even. As soon as the CO
coverage drops the anodic polarization will also drop and the adsorption and oxidation cycle can
start over again. For the potentiostatic case the potential of the anode is fixed below that of any
substantial CO oxidation (OCV – operating voltage – resistive losses – cathodic polarization), which
means that CO adsorbed stays on the surface.

As can be seen in Fig. 9c, a steady-state current distribution profile is developed when introducing
CO into a Pt/C anode run in a galvanostatic mode. The current at the inlet of the cell is lower than
the current at the outlet at a cell voltage of around 400 mV for 10 ppm (not shown here) and 300
mV for 80 ppm CO. The reason for this uneven current distribution profile might be that as the
surface coverage at the inlet increases the anodic polarization also increases enough to cause
small pulses of electrochemical CO oxidation. These pulses might oxidize the CO that is being
continuously transferred to the surface, thus maintaining the steady-state profile. The oxidizing
current pulses in  this  case would not be as high as in  the PtRu/C case,  where they have a much
more predominant effect on current distribution. The same behavior is observed for the 80 ppm
case as for the 10 ppm case only with a faster time dependence.

Effect of air bleed on fuel cell performance and current distribution
The influence of air bleed on current distribution was tested both for CO and CO2 poisoning. The
recovery of cell performance from CO2 poisoning for a Pt/C anode by air bleed was very fast, an air
bleed level of 0.5 % (all references to air bleed levels are based on percentage of total flow) was
enough to give a cell voltage of the same magnitude as when diluting to the same degree with N2.

When CO was added to the fuel stream more air bleed was needed than for the CO2 case. As can
be seen in Fig. 9d the cell performance of a PtRu/C anode with 80 ppm CO in the anode gas starts
to improve already at low air bleed levels, but is not fully recovered until the air bleed level is 4 %.
It was found that approximately 0.5 % air bleed is needed for each 10 ppm CO in the segmented
cell setup. This was also true for the Pt/C anode, when operated in galvanostatic mode. An air
bleed level of 0.5 % per 10 ppm CO means that a maximum of 0.5 % of the added oxygen reacts
with  CO.  As  previously  mentioned,  Jusys  et  al.  [44]  found  that  10-4  (up  to  50  times  less)  of  the
oxygen supplied in their flow cell study reacted with CO, this might be attributed to different flow
conditions. Whenever PtRu/C was operated under galvanostatic conditions with CO, the air bleed
stabilized the otherwise very unstable cell voltage.

As seen in Fig. 9e, it takes approximately 4 minutes for the PtRu/C to reach steady-state when 3 %
air  bleed is  introduced.  This  is  half  the time it  takes for  the poisoning effect  of  80 ppm to reach
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steady state, Fig. 9b. During the recovery of an electrode poisoned by 80 ppm CO in the
potentiostatic mode, there is no dependence on air bleed level (Fig. 9d) or time of air bleed (Fig.
9e)  on  current  distribution.  This  implies  that  oxygen  reacts  evenly  over  the  surface  also  in  the
cases where there is not enough oxygen present to recover all of the current, in spite of the
extreme overpotential with reference to oxygen reduction. However, if this were the case there
would be some oxygen present at the anode outlet of the cell, especially at high air bleed levels.
As  can  be  seen  in  Table  4  there  is  no  O2 present at the anode outlet whenever a catalyst layer
present. If the cell is mounted with only a Nafion® membrane instead of a MEA the O2 is present at
the outlet of the cell at the same partial pressure as at the inlet. This means that only a very small
amount  of  O2 could react for instance on the carbon in the GDL. Since no O2 is detected at the
anode outlet when operating the cell with a Gore PRIMEA® series 5621 MEA, even at an air bleed
level of 2.5 % (0.53 % O2) most of the O2 probably reacts at the anode inlet even if this cannot be
seen in the current distribution measurements. The reason could be that the anode inlet simply
acts as a preferential oxidation reactor, cutting the supply of CO to the catalyst further
downstream. Thus the increase in available surface area for hydrogen oxidation towards the end
of the cell would not be a result of O2 reaching the end of the cell, but of the local concentration of
CO  at  the  outlet  being  lowered  by  O2 oxidation at the anode inlet. In Table 4 the CO partial
pressure is also accounted for. As can be seen the CO level at the anode outlet reaches 0 ppm
already at a very low air bleed. However, the cell performance is not recovered until the air bleed
level is much higher, as can be seen for instance in Fig. 9d. The performance of the cell is of course
not recovered until there is no electrochemical CO oxidation and this is not related to the CO level
at the outlet.

Table 4. Results from gas analysis with and without catalyst in a 54 cm2 PEFC single cell.
O2 % Cell

Inlet
CO ppm
Cell Inlet

O2 % Cell
Outlet

CO ppm
Cell Outlet

Gore
PRIMEA®

series 5621,
Carbel™

0.00
0.13
0.26
0.53

100
100
100
100

0.00
0.00
0.00
0.00

100
0.00
0.00
0.00

Nafion® 112,
Carbel™

0.00
0.11
0.13
0.40
0.85
1.57

9.93
10.07
9.89
9.86
9.52
9.12

0.00
0.12
0.20
0.44
0.83
1.53

9.99
9.95
9.86
9.73
9.35
8.97

As  seen  in  Fig.  9f  there  is  no  influence  of  air  bleed  level  on  the  current  distribution  with  fully
humidified  gases.  As  mentioned  above,  a  maximum  of  0.5  %  of  the  oxygen  in  the  air  bleed  is
actually utilized in oxidizing CO. If the remaining oxygen reacts with hydrogen and forms water it
would  produce  heat,  since  the  enthalpy  of  that  reaction  is  approximately  -240  kJ  mol-1. When
adding  4  %  air  bleed  the  heat  production  in  the  cell  could  potentially  increase  by  25  %
(at 0.6 V and 0.5 A cm-2) in the cell and thus dry out the membrane at the inlet, where the water
content is already low, and thereby shift the current distribution to lower values at the inlet and
higher  values  at  the  outlet.  This  is  clearly  not  the  case  when  operating  the  cell  with  well-
humidified gases, but could potentially be a problem if the cathode humidity were to be lowered
(the anode gases are likely to always be fully humidified after reforming process).
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Fig. 10. Different CO levels at two constant air bleed levels for a 5 kW PEM fuel cell stack.
Current density 0.5 A cm-2.  Fuel  50 % H2,  40 % CO2,  10 % N2, varying  CO and  air bleed levels.
Stoichiometry cathode 2.0, anode 1.5. Pressures 2 barabs. Cell temperature 60 C. Relative
humidity 100 %.

If a fuel cell system is operated at steady state it will be beneficial for both lifetime and system
efficiency to minimize the amount of added air. Approximately 0.5 % air bleed was needed for
every 10 ppm CO when a PtRu/C catalyst was operated in potentiostatic mode in the segmented
cell experiments. The air bleed level in the stack experiments is slightly lower, as can be seen in
Fig. 10. There are two reasons for this. Firstly the 5 kW stack is operated galvanostatically. This
means that as the surface coverage of CO increases the anodic potential will increase facilitating a
small electrochemical CO oxidation. In this case the rate of electrochemical CO oxidation is
probably not high since the cell voltages do not oscillate. However, it means that the air bleed
needed  to  restore  the  surface  from  poisoning  of  a  given  amount  of  CO  will  be  somewhat  lower
than for the potentiostatic case where the anodic potential is fixed below that of any substantial
electrochemical CO oxidation. Secondly the MEA used for the fuel cell stack is thinner than the one
used in the segmented cell, which generally means that there is a larger permeation of oxygen
through the membrane in the stack adding to the oxygen supplied by the air bleed. Fig. 10 could
be  used  to  minimize  the  amount  of  air  bleed,  bearing  in  mind  that  at  the  point  when  the  cell
voltage starts to decline the CO surface coverage is already high (discussed more in detail below)
and that over long periods of time (days) this could increase.
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CO peaks
If a reformer is operated with a varying fuel feed composition (and hence energy content), or if the
system is operated in a load-following mode, the composition of the output gas from the reformer
will vary. This means that CO peaks might occur during periods when the reformer is changing its
point of operation. However, as seen in for instance Fig. 9b the poisoning transients are quite slow
in the segmented cell setup. In Fig. 11 one minute CO peaks of different concentrations are shown
for an air bleed level of 2 % in a 5 kW fuel cell stack. As will be discussed later the 50 ppm CO that
is present in the gas before the peaks is close to the point where the potential starts to drop due
to  CO  poisoning.  This  can  also  be  seen  in  this  case.  Already  a  peak  of  200  ppm  will  cause  a
potential drop of 50 mV. A peak of 400 ppm will cause a rapid decrease resulting in a cell voltage
oscillating around 450 mV. At this point only a small amount of the CO is oxidized by the air bleed,
since most is oxidized in electrochemical reaction at the anode (anode potential at this point
approximately  250  –  300  mV).  If  the  fuel  cell  is  operated  with  a  reformer  that  gives  CO  peaks
higher than 200 ppm the air bleed level above would not be sufficient. One way of dealing with
these pulses would be to increase the air bleed level.

Fig. 11. CO pulses in a 5 kW PEM fuel cell stack. Fuel 50 % H2, 40 % CO2, 10 % N2 and 50 ppm CO
(before peaks) at a constant air bleed level of 2 %. Current density 0.5 A cm-2. As the lowest cell
potential goes below 400 mV a 4 % air bleed is turned on (only average shown here).
Stoichiometry cathode 2.0, anode 1.5. Pressures 2 barabs. Cell temperature 60 C. Relative
humidity 100 %.

As mentioned above air bleeding does not remove all adsorbed CO even if the cell voltage does
not  indicate  a  poisoning.  This  is  emphasized  in  Fig.  12.  As  can  be  seen  an  anode  catalyst  that  is
completely clean will need a few minutes (210 s for 50 ppm and 150 s for 100 ppm CO) before the
surface coverage is so high that the potential starts to decrease, giving a control system some time
to take action. If the air bleed is turned off while having a constant CO level of 50 ppm the
potential of the cell starts to decrease after approximately 90 seconds, which then is even worse
than  a  100  ppm  CO  pulse  on  a  clean  catalyst.  (The  supply  of  CO  to  the  cell  is  almost
instantaneous). This indicates that the surface coverage of CO is quite high already with air bleed
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in the “air bleed failure” case. The transients of recovery when adding 4 % air bleed are almost
instantaneous. This means that if the CO level should increase due to transient behavior of the
reformer this is not fatal for the system.

Fig. 12. In the first case the CO level stepped from 0  to 50 ppm. Current density 0.5 A cm-2. In
the second case the CO level stepped from 0  to 100 ppm. In the third case a 4 % air bleed is
turned off while the 50 ppm CO level is left constant. As the lowest cell potential goes below 400
mV a 4 % air  bleed is  turned on (only average shown here).  Stoichiometry cathode 2.0,  anode
1.5. Pressures 2 barabs. Cell temperature 60 C. Relative humidity 100 %.

4.2 Endplate model validation
Modeled and measured compression pressure distributions over the active area are presented in
Fig. 13 and Fig. 14 for the different cases given in Table 5. Although the pressure distribution was
modeled and measured over the whole area of the bipolar plate substitute, only the distribution
on the active area is shown in the figures.

Table 5. Clamping force arrangement.
EQL 3 kN at each bolt High force on short edge High force on long edge

No EQL Case 1
Basic Case 2

Modified Case 3 Case 4 Case 5

In Case 1, there is no EQL present in the system to transfer pressure from high pressure regions to
low pressure regions and therefore the compression pressure is mainly located at the outer edges
of the active area, especially the outer corner. In Case 2, a solid EQL is applied which compensates
for the deformation of the endplate and transfers some pressure from the corners towards the
middle of the active area. In Case 3, an EQL, which is modified with a number of holes for
increased deformation, distributes the pressure even more evenly over the active area.

The compression pressure distribution caused by applying different forces to the bolts in the stack
was studied using the modified EQL. Comparing test Cases 3–5, it can be seen that the clamping
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force arrangements have a significant impact on the pressure distribution. In Case 5, a significant
amount of pressure has been transferred to the middle of the active area due to EQL deformation.

Fig. 13. a-e) represents cases 1–5, respectively. Modeled pressure distributions on the bottom of
the bipolar plate substitute over a 90 mm × 60 mm rectangle on the active area. The center of
the stack is at the lower left corner of each picture.

In all cases, the measured pressure distributions show the same trends as the model predictions.
However, there are notable quantitative differences in areas where the measured pressure is
close to the upper or lower limit of the pressure sensitive film's range (4–25 bar). Below 4 bar, the
pressure does not register on the film, and the coloration reaches saturation at 25 bar.
Furthermore, data averaging, which was performed to reduce noise, obscures the areas of highest
compression. In general, all measured pressure distributions indicate lower pressures than their
modeled counterparts. Consistently, the model predicts higher compression than the
measurements indicate. The most probable cause for this behavior is the inaccuracy of material
parameters  used  in  the  model,  especially  Young's  modulus  for  the  current  collector  and
equalization layer. The largest errors in each case are seen where the measured pressure was
close to the lower end of the measurable range, but where the measured pressure was between 7
and 20 bar, the error is generally below 30 %. This confirms that the model predictions are
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qualitatively correct. Among the cases, the largest errors occur in Case 1, where close to 80 % of
the compressive force was exerted outside the active area.

Fig. 14. a-e) represents cases 1–5, respectively. Measured pressure distributions on the bottom
of the bipolar plate substitute over a 90 mm × 60 mm rectangle on the active area. The centre of
the stack is at the lower left corner of each picture.

4.3 In-situ testing of stainless steel and coatings for PEFC

Interfacial contact resistance in multisinglecell samples
The results show that the interfacial contact resistance (ICR) values are notably lower for the
coated samples compared to the uncoated samples. The nm-thick passive layers present on the
uncoated stainless steels cause an increase in the interfacial resistivity. However, a factor which
could contribute to the high interfacial resistance could be the low surface roughness (small
effective contact area) after the electropolishing [132]. In Fig. 15 the ICR values of different
samples can be seen. The ICR values of the coatings tested in this study were very low and the
values after the corrosion test were higher than the values measured before the test.  The coated
samples met the U. S. DoE target for ICRs, below 10 m  cm2 [11], at a compression force close to



34

that of realistic fuel cell operation, both before and after the corrosion testing. As was expected,
the contact resistance values were the lowest with the gold-coated samples, only approximately 2

 cm2.

Fig. 15. The average ICR values of the PVD CrN and Au coated stainless steel samples before and
after the corrosion test at 15 bar compression pressure.

Iron emission analysis and corresponding surface quality in multisinglecell samples
The largest iron accumulation was generally found in the MEAs and GDLs, compared to iron
analysis performed on the cell effluent water and washing acid of the gas lines. In Fig. 16 the iron
amounts  obtained  from  the  MEAs  of  the  cells  with  uncoated  SS  904L  samples  can  be  seen.  In
addition to MEAs from the tested fuel cells, the iron contents in fresh MEAs with GDLs were also
measured. The reference cells were run with graphite flow fields, without stainless steel samples.
From Fig. 16 it can be seen that the iron amounts of the fresh MEAs and the reference cell MEAs
are very close to each other. This implies that the iron contamination originating from the system,
in particular the gas humidification bottles, is relatively low. There is always some error and
random variation in the values and the difference between the fresh MEA and the reference cell
MEA is negligible.

Iron accumulation with Au-coated SS 904L samples at the cathode was relatively high compared to
that with samples at the anode. MEA iron amounts can be seen in Fig. 17. The anode SS sample
iron amounts are comparable to reference cell values. Microscope images acquired with a Leica
MZ12 device showed that the degradation of the cathode SS samples was worse (not included
here, see paper IV). This correlates with the iron emission results.
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Fig.  16.  Average  MEA  iron  amounts  from  the  SS  904L  corrosion  test.  (Three  904L  anode  and
cathode samples, four fresh samples and two reference samples)

Fig. 17. Iron content in the MEA with Au-coated SS 904L.
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The iron amounts in the SS 316L + CrN cell MEAs were very low in most of the samples, as can be
seen  in  Fig.  18.  The  iron  content  of  MEA  from  cell  with  anode  sample  3  is  so  high,  that  a
contamination of the sample is most likely the explanation. In the SEM images no difference in the
surface quality between the anode sample 3 and cathode sample 2 can be seen. Micropores with a
diameter  of  approximately  1  µm  can  be  seen  in  both  of  them  (see  Fig.  19).  These  pores  do  not
seem to affect the corrosion properties. Pores of the same size were found on the other of the
PVD coated samples as well.

Results show that coating quality can vary even if it is not visually evident before the corrosion
test.  The  appearance  of  the  SS  samples  after  the  corrosion  test  is  similar,  but  there  is  a  large
difference between the iron emissions two SS 430 + CrN samples, which are supposed to be
identical,  (see Fig.  18).  In  430 + CrN sample 1,  the MEA iron contents are high,  but in  430 + CrN
sample 2, the MEA iron content is lower than in the reference cell. This discrepancy is the result of
a difference in the coating quality, which can be seen in scanning electron microscopy (SEM)
images of these samples taken from areas on the samples which have been under the MEA, Fig. 20
and Fig. 21. There are large areas in sample 1 where the coating has completely peeled off,
whereas in sample 2, the surface of the coating is mostly flawless. A larger magnification of sample
1 can be seen in Fig. 21. SEM imaging of the non-active area under the cell gasket of both samples
(not included here) showed no visible difference in the coating quality of those two samples. The
coating method used for this coating, PVD, is prone to low quality [130,133], resulting in
microcracks and pinholes in the coating. This method was still chosen for testing since it provides a
quick route to test a specific coating composition with a reasonable surface quality. One method
suggested to overcome the low quality of PVD coatings is thermal nitridation of Ni-Cr alloy to form
defect-free coating layers of CrN and Cr2N [80,134]. This, however, has not been tested in fuel cells
yet.

The  iron  content  in  the  MEA  from  the  cell  with  the  316L  +  CrN  sample  2  was  also  higher,  even
though the failure of the coating was not visible as in the first 430 + CrN sample.

An example of the accumulation of iron in different components in the test setup and in collected
water samples can be seen in Table 6. The iron emitted from the SS samples accumulates
everywhere in the multisinglecell assembly. The main accumulation site for iron is the MEA and
the GDLs. This is supported by the fact that the ions adsorb easily and are captured by the MEA
soon  after  dissolution  from  the  steel  sample.  The  water  sample  amount  from  each  cell  was
approximately  1750  ml  from  the  cathode  and  750  ml  from  the  anode.  Therefore,  the  samples
were very dilute with respect to iron ions. The iron ion contents were mostly far below 1 µg dm-3,
which was the detection limit. The gas line acid wash samples were more concentrated, and
therefore the accuracy is higher.
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Fig. 18. The results of the MEA iron analysis of the corrosion test of CrN-coated steels 316L and
430.

Fig. 19. SEM images of CrN coated SS 316L samples. On the left: anode sample 3, on the right:
cathode sample 2.



38

Table 6. Examples of the magnitude of the iron content in different accumulation sites of a
multisinglecell corrosion test.

Cell type
MEA iron contents

(µg)
Water iron contents (µg)

Gas line iron content
(µg)

316L + CrN 20.9
below determination

limit
0.6

430 + CrN 18.5
below determination

limit
1.2

316L
electropolished

9.8
below determination

limit
1.3

430 electropolished 4.4
below determination

limit
0.9

Reference cell 1.3
below determination

limit
0.5

Fig. 20. SEM pictures taken from the stainless steel 430 + CrN samples 1 and 2 in the active area
of a fuel cell after the corrosion test. On the left: sample 1, on the right: sample 2.

The amounts of iron measured from the manifolds and the exhaust water are similar in cells with
and without SS samples. The reference cell iron amounts are considered a control of the upstream
metal part iron release. As was seen in Fig. 16 the iron amounts measured from a fresh MEA and
GDLs are in the same order of magnitude as the reference cell values. This implies that there is
always some residue iron in the fresh materials and that the iron originating from the test station
is negligible.
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Fig. 21. A larger SEM magnification of the SS 430 + CrN sample 1 after the corrosion test. The fair
color indicates the stainless steel, light gray shows the CrN-layer and the dark areas are oxides.

Fluoride emission rates
The fluoride emissions from the MEAs were mostly very low. The fuel cell exhaust water was
analyzed for fluoride after each multisinglecell test to see how the membrane was affected by the
corrosion products from the stainless steel. The fluoride emission rates (FER) in all experiments
followed the same pattern. In the beginning the FER was slightly elevated and after this the values
settled to a fairly  low level,  mostly  below 0.2 µg cm-2 h-1. Due to errors or contamination of the
MEA in the assembly there were a few higher exceptions from the average level of fluoride
emissions. These differences, however, did not correlate with higher iron emission results. On the
anode the values were slightly lower. The higher values in the beginning are most likely due to a
flush phenomenon where residual loose fluoride on the surface of the MEA and the GDLs is
flushed out of the cell as humid gases are led in. The low FER level indicates that the accelerated
MEA degradation due to iron ions is a slow phenomenon and is not evident during the 650 h
measuring period. When considering long-term testing of several tens of thousands of hours the
weakening effect of the fluoride emissions could possibly be distinguished in the mass of the
membrane.

Stack test
The  fuel  cell  stack  test  with  PVD  CrN  coated  Cellkraft  stack  bipolar  plates  showed  constantly
improving performance. The test was planned to last equally long as the multisinglecell tests but,
unfortunately, a test station problem caused a premature MEA failure to the stack at 100 h. In the
small inserts in Fig. 22a and Fig. 22b the voltage of the individual cells in the stack as a function of
time can be seen. The coating of cells 1-5 was a single layer PVD CrN and cells 6-10 a double layer
CrN. There were some hydrogen supply problems in the test station which caused drops in the cell
voltages. After the first 20 h the cell voltages improved drastically as the stack was conditioned.
Also after this some improvement was observed. This can be seen more clearly in the small
voltage-time curves in Fig. 22a and Fig. 22b. It can be seen that the first polarization curve depicts
poor performance, but the performance improves after every polarization curve measurement.
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Fig. 22. Polarization curve for cells 1-5, b) Polarization curve for cells 6-10 (Cell voltage as a
function of time in small figures).

There were no visible signs of corrosion or coating degradation in the stack bipolar plates. As can
be seen from Fig. 22a-b the average performance of the stack unit cells of each type of coating
improve with time indicating no deteriorating mechanisms affecting the stack. The performance of
cells 6-10 with multilayer CrN coating was slightly better, possible due to lower contact resistance.

The ICR after the stack test with single and double layer CrN are similar as can be seen in Fig. 23.
There  is  more  variation  in  the  single  layer  CrN  coating  ICR  values  which  might  imply  to  a  less
uniform quality of the coating. The double layer CrN ICR values are more similar to each other.
Neither  of  the  coatings  reach  the  DoE  target  value  for  ICR  (10  m  cm2 at 15 bar), but both are
close.

Fig. 23. ICR results from the stack test. Single layer CrN marked with purple, double layer CrN
marked with green.
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Iron analysis  was performed on the stack MEAs as well  and the results  can be seen in Fig.  24.  It
should be noted that the active area of the multisinglecell is approximately 10 cm2 and test time
up to 650 h giving iron emissions between 0.15 – 3.4 ng cm-2 h-1 (where 0.15 ng cm-2 h-1 was the
detection limit). The active area of the stack, however, is 64 cm2, but the measurement time was
only 100 h, giving iron emissions of 0.95 – 3.7 ng cm-2 h-1. Therefore the iron emissions of the stack
plates are comparable with the CrN plates in the multisinglecell.

Fig. 24. The iron emissions from the stack with PVD CrN coated bipolar plates.

Comparison between corrosion tests with multisinglecells and fuel cell stacks
Manufacturing stainless steel samples for a multisinglecell is less expensive than working with
ordinary bipolar plates and hardware for fuel cell stacks. The multisinglecell enables easy
measurement of the test setup base-level contamination and separation of anode and cathode
corrosion. It is therefore an efficient tool for initial screening of new materials. Promising coatings
and steel candidates also have to be tested in ordinary fuel cell stacks in order to achieve fully
realistic conditions. In this type of study the difference between multisinglecell and stack testing is
not very large. However, implementing only half cell testing in a stack with a SS material can be
more difficult as the opposing half cell has to be very well-performing material, e.g. thick Au. A
promising coating was screened using the multisinglecell hardware and a preliminary stack test
confirmed the multisinglecell test results.

4.4 Break-in procedures for PBI fuel cells
The MEA supplier recommends a 100-hour constant current break-in at relatively low current
(0.2 A cm-2). During this galvanostatic break-in, the performance of a MEA increases noticeably. At
0.2 A cm-2 the voltage increase is approximately 20 – 25 mV over 100 hours. Most of the voltage
increase  occurs  during  the  first  60  hours,  as  can  be  seen  in  Fig.  25a,  where  a  number  of  similar
activations are shown. The exact nature of the activation is not known, but possible reasons for
this performance increase may be humidification of the membrane by the product water, removal
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of impurities from the catalyst, ripening of the catalyst and redistribution of the electrolyte during
operation.

Fig. 25. Cell voltage during different break-in procedures of Celtec P1000 MEAs. a) Cell
temperature at 160 °C, 0.2 A cm-2. b) Cell temperature at 160 °C, potential cycling activation c)
Operation at 200 °C, 0.2 A cm-2, after an initial 100 h constant current conditioning at 160 °C.

In Fig. 25a there is a noticeable difference between different MEAs, even after 100 hours of
constant-current operation. It is clear that the cells have not been activated to the same extent
and that the MEAs are not at a steady state after 100 hours.

The  polarization  curves  in  Fig.  26  show  that  the  galvanostatic  activation  at  160  °C  increases  the
fuel cell performance over the entire potential range. There is significant gain in the low-current
region indicating an increase in catalytic activity.

The mild and simple constant current activation at 160 °C clearly increases the performance of the
PBI fuel cell and is therefore a good procedure for activating PBI fuel cell stacks for commercial
applications. However, for research purposes the procedure is not suitable as the increase in
performance clearly continues after 100 hours. The continuous increase in performance after 100
hours has been identified as a  major problem when performance is  studied as a  function of  gas
pressure and composition.
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Fig. 26. Polarization curves before and after different break-in steps. Cell temperature at 160 °C,
pressure ambient, air and hydrogen stoichiometries 2 and 1.2, respectively.

Break-in using potential cycling
All available standardized single cell test protocols for low-temperature PEFCs contain some
cycling of the cell voltage. Therefore, this method was also used for the PBI fuel cell. Cycling the
potential of a low-temperature PEFC can increase its performance, mainly due to impurities on the
catalyst surface being oxidized or reduced. The chemical state of the catalyst as well as its size can
also be influenced depending on the limits of the potential cycling. As Fig. 25b reveals, potential
cycling does not increase the performance of a PBI fuel cell, irrespective of upper potential limit.
There is actually a small decrease in performance of the PBI fuel cell.

Potential cycling to higher cell voltages may dissolve the catalyst and was therefore not
investigated. Potential cycling to lower cell voltages may be achieved by applying higher currents,
or by cutting the oxidant supply while still maintaining a sufficient fuel flow and a low current. The
former option is limited by the voltage losses in a system operated with an electronic load. The
long-term consequences of the latter option are not known, and therefore it was not tested here.
It seems that potential cycling is not a suitable break-in method for PBI fuel cells.

High-temperature galvanostatic break-in
Lobato et al. [135] showed that the performance of their in-house made MEAs strongly depended
on the temperature (100 – 175 °C) at which the cells had been conditioned prior to measurement
and argued that this is due to dehydration of the membrane and possibly catalyst agglomeration.
Increasing the temperature of a PBI fuel cell for a limited period of time could be used as a break-
in  procedure  to  avoid  very  long  galvanostatic  cell  break-in.  Operating  a  PBI  fuel  cell  above  the
temperature for which it is designed will inevitably cause a decrease in performance, due to
evaporation of H3PO3 and thereby lowering of membrane conductivity. This loss of conductivity
will eventually degrade cell performance to an unacceptably low level. In a low-temperature PEFC,
high temperature break-in has not been discussed due to inevitable formation of hot spots and
pin-holes. In PBI fuel cells, hot spots may cause local evaporation of H3PO3 which can potentially
lower the local current density and heat production in a self-regulating manner.
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Fig.  25c  shows  the  results  from  a  measurement  in  which  break-in  was  done  using  a  constant
current  recommended  by  the  MEA  supplier  (0.2  A  cm-2), followed by a further break-in period
using  the  same  current  density  at  a  higher  temperature  (200  °C).  At  200  °C  a  rapid  increase  in
performance is followed by performance degradation. The performance reaches a maximum after
approximately 16 hours and starts decreasing again after about 40 hours. The processes involved
in creating this maximum are most probably the increased catalytic activity versus decreasing ionic
conductivity. The results in Fig. 25c also show that that an extended period of time at a high
temperature is not a suitable break-in procedure, as it will lead to a significant performance loss.
However, if a PBI fuel cell is operated above the design temperature only for a limited period of
time, the consequences for the MEA are not very severe. A break-in period of 18 hours was
chosen for further studies.

In Fig. 26 polarization curves are shown for a cell which was first activated galvanostatically during
100 hour at 160 °C and 0.2 A cm-2, after which a polarization curve was recorded. Thereafter the
cell  temperature  was  increased  to  200  °C  for  18  h  at  0.2  A  cm-2, after which a new polarization
curve was recorded. As can be seen the catalytic activity increased after 18 hours of high-
temperature break-in, while the ionic conductivity of the membrane decreased somewhat.

The pH of the collected water from the fuel cell exhaust gives an indication of the loss of proton-
conducting  acid.  It  was  observed  that  the  pH  of  the  exhaust  water  was  more  acidic  during  the
high-temperature break-in. The calculated average acid evaporation rates (cathode 0.87 µ moles
H+ h-1 and anode 0.11 µ moles H+ h-1) during the 18 hours at 200 °C were only approximately six
times higher at both anode and cathode, as compared to the constant current break-in at 160 °C.
This indicates that other processes, such as catalyst degradation, may be involved in decreasing
cell performance at high currents.

Fig. 27. Polarization curves at different times before and after high temperature Break-in. Cell
temperature at 160 °C, pressure ambient, air and hydrogen stoichiometries 2 and 1.2.

The performance measured right after a high-temperature break-in has not yet reached a steady
state. In Fig. 27, an experiment is shown where a polarization curve was recorded one hour after
the cell had been warmed to 160 °C; thereafter the temperature was increased to 200 °C for 18
hours and the relaxation of the performance was investigated with polarization curves at different
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times. As can be seen in Fig. 27, the performance of the MEA changes significantly after the high-
temperature break-in. Performance remains stable only 48 hours after the high-temperature
break-in. The standard deviation of the current steps in the four polarization curves recorded
between 78 and 144 hours is one mV or less.

Polarization curves after high temperature conditioning of four different MEAs can be seen in Fig.
28.  In  addition  to  two  measurements  with  break-in  at  both  160  °C  and  200  °C  operation,  two
measurement  are  shown  in  which  only  a  200  °C  break-in  was  made.  The  reproducibility  is
excellent.

Fig. 28. Polarization curves after HT break-in of four different MEAs. Cell temperature at 160 °C,
pressure ambient, air and hydrogen stoichiometries 2 and 1.2.
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5. Conclusions

5.1 Influence of reformate composition on fuel cell performance
CO2 has a more negative effect on the cell voltage of a PEFC than N2 and the effect is enhanced by
increased dilution. The poisoning effect is dependent on anode catalyst used and may be
recovered with an air bleed, which means that it is catalytic. However, the effect is small and the
moderate surface coverage achieved by CO2 does not influence the current distribution to any
large extent, even at very high partial pressures of CO2. Air bleed is not needed for the CO2

poisoning (at least not short term), even though a small air bleed recovered 2/3 of the losses
associated with CO2 poisoning.

A 5 kW polymer electrolyte fuel stack was supplied with simulated reformate with hydrogen
content  as  low  as  25  %.  The  stack  showed  stable  operation  conditions  for  all  experiments
performed. The efficiency of the fuel cell stack is not significantly changed when diluted fuel
streams are used. The electrochemical efficiency at 0.5 A cm-2 is  reduced from 58.5 % to 56.7 %
when the CO2 content in the gas is doubled from 23 to 50 %. The same trend is valid for all load
levels. Thus a high fraction of CO2 is not a significant problem when using a Pt/C or PtRu/C anode
catalyst. Reformate from biogas, or other primary fuels which give a high carbon dioxide content,
is from this perspective a suitable gas for PEFCs.

CO poisoning is  much more significant than CO2 poisoning and will,  unlike CO2, cause significant
current density gradients in a PEFC. The CO adsorbs more strongly onto a Pt/C catalyst than onto
PtRu/C  and  this  behavior  is  also  seen  in  the  segmented  cell.  The  gradients  were  of  course
dependent on CO partial pressure, but for a PtRu/C catalyst also on the mode in which the cell was
operated. In a galvanostatic mode the cell voltage is allowed to oscillate, and thereby the anode
potential  will  be  able  to  reach  values  for  which  considerable  CO  oxidation  currents  may  occur,
which decreases the effects on current distribution. If the cell is operated in a potentiostatic mode
the anodic polarization will not reach higher values than at maximum open circuit minus applied
voltage (if the cell is so poisoned that no current is running). If the operating point is chosen so
that the anodic potential will not reach values where CO is oxidized at a sufficient rate the effect
on current distribution will be great.

Air bleed can recover the gradients caused by CO. In the segmented cell setup an air bleed level of
approximately 0.5 % was needed for each 10 ppm of CO, which means that a maximum of 0.5 % of
the added oxygen reacted with CO. For the 5 kW stack the air bleed level needed was 0.25 % per
10 ppm CO. The disagreement with the segmented cell results was attributed to the galvanostatic
operation condition and thinner MEA in these experiments.

The recovery of cell performance during air bleed occurs evenly over the electrode surface even
when the O2 partial pressure is far too low to fully recover the CO poisoning. The O2 supplied to
the anode reacts on the anode catalyst and no O2 is measured at the cell outlet. The CO level at
the anode outlet reaches 0 ppm already for a very low air bleed. However, the cell performance is
not recovered until the air bleed level is much higher since the performance of the cell is related
to the available surface area for  H2 oxidation and the rate of electrochemical CO oxidation (thus
not directly to the CO level at the anode outlet).
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CO peaks of 300 ppm during one minute are not fatal for the system. If no measures are taken the
power output is temporarily reduced from 3 kW to 1.9 kW in the stack measurements, but the
system is fully recovered after 10 minutes of normal operation (50 ppm CO in the gas before peak,
2 % air bleed).

The poisoning transients for these CO concentrations are fast, but the air bleeding recovery
transients are faster. If running a fuel cell on gas from a load-following reformer slightly more air
bleed is recommended than needed at steady-state in order to facilitate a faster recovery from
peaks.

At a non-poisoned PtRu/C electrode air bleeding does not influence the current distribution at all,
thus the heat generated is not enough to disturb the water balance when operating the cell on
fully humidified gases.

Even if the cell voltage is restored by the air bleeding this does not mean that the anode surface
area is completely free of CO. The surface coverage seems to be quite high also for rather high air
bleed levels.

Since the poisoning effects are clearly unevenly distributed through the cell, current distribution
measurement is a good tool for evaluating poisoning phenomena in a full-size PEFC.

5.2 Endplate model validation
A FEM model which predicts the compression pressure distribution and component deformation
in  the  outermost  cells  in  a  fuel  cell  stack  has  been  developed  and  experimentally  validated.  It
shows good qualitative agreement with measured pressure distributions for different equalization
layers, clamping schemes and forces. Quantitatively, the model predicted higher compression
pressures than were measured. For a large part, this is due to the limited range of the pressure-
sensitive  film  that  was  used.  Here,  it  was  observed  that  the  color  intensity  of  5  to  10  %  of  the
pixels in the scans of the pressure-sensitive films was at saturation limit. In retrospect, it is clear
that several pressure sensitive films with different pressure ranges should be used in experiments
to record a larger portion of the pressure spectrum.

Other possible sources of error are the uncertainty in some of the material parameters used in the
model, and manufacturing tolerances in the experimental hardware. A preliminary sensitivity
analysis was performed to investigate the sensitivity of the model to material parameters.

5.3 In-situ testing of stainless steel and coatings for PEFC
The multisinglecell setup is an efficient tool for initial screening of corrosion resistance of different
stainless steel grades and coatings. This type of in-situ corrosion test induces a realistic change in
the interfacial contact resistance, even though it is small with the coated samples. Most of the iron
originating  from  stainless  steel  sample  accumulates  in  the  MEA  and  GDLs.  The  amount  of  iron
found in the exhaust water in these measurements was similar between tests even though MEA
iron amounts varied. Therefore the research on corrosion products in the fuel cell should be
concentrated on the MEA and GDL analysis. The correspondence between elevated iron emissions
and coating quality could be preliminarily established based on the Au-coated stainless steel 904L
multisinglecell test. The cathode samples had emitted higher amounts of iron, and through
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microscope imaging the quality of the coating was observed to be poorer than in the samples on
the anode. A difference in the coating quality of CrN-coated stainless steel 430 samples also
showed the consistency between post-mortem SEM imaging of coated samples and iron ion
analysis of the MEAs. The tested CrN coating met the DoE targets for ICR both before and after the
multisinglecell corrosion testing. It can therefore be noted that long-term exposure of the coated
sample  or  plate  is  required  to  reliably  assess  the  coating  quality.  The  CrN  coating  was
demonstrated in a commercial fuel cell stack. The performance of the stack improved during
operation but there was a gas supply malfunction in the test station which caused a stack failure
after 100 h. After the stack test the measured interfacial contact resistance values were slightly
higher than the DoE target and the multisinglecell sample values. The interfacial contact resistance
results are not good enough for a commercial bipolar plate coating material but the reproducibility
of  the  testing  is  good  and  it  shows  that  the  method  is  suitable  for  this  type  of  study.  The  iron
emissions from the coated stack bipolar plates were in the same order of magnitude as from the
multisinglecell stainless steel samples when measurement time and active area were taken into
account.

5.4 Break-in procedures for PBI fuel cells
PBI fuel cell break-in is a challenging task. A galvanostatic break-in procedure clearly enhances the
performance of PBI fuel cells. However, it is not enough to ensure a stable baseline performance
for further measurements.

Potential cycling in the range of 0.5 – 0.8 V after 100 hours of galvanostatic break-in does not have
an activating effect on PBI fuel cells.

A suitable break-in procedure for many PBI fuel cell research purposes seems to be a one-day
galvanostatic operation at 200 °C followed by two days of relaxation at 160 °C.  This short-term
break-in stabilizes fuel cell performance to a very reproducible baseline level.
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6. Outlook
PEFC-based reformate power generators are being employed in growing numbers. Most of these
sales are still subsidized and therefore cost reductions are still needed for larger market
penetration.

The fuel cell community has for some years had a strong (justified) focus on increasing fuel cell
durability at high-temperature and low humidity levels. PEFC MEA technology has progressed
rapidly with respect to this kind of operation. Therefore, it may be time to somewhat shift focus
towards increased MEA performance with respect to power density to further reduce stack and
system cost.

Coatings for stainless steel bipolar plates still account for a great portion of the total cost in
tractionary PEFC stacks. The development of reliable low cost coatings with sufficient corrosion
resistance and conductivity is therefore a key to further PEFC stack cost reduction.

Performance losses due to poisoning from combinations of different contaminants at low
concentrations are becoming increasingly important when moving from lab to real-life systems.
These slow poisoning mechanisms and their possible mitigation strategies are very important
topics for future research, since they are involved in setting the limit for how much the noble
metal catalyst loading in the MEA can be reduced while maintaining acceptable fuel cell lifetime.

The mechanism for the recovery of cell performance when introducing air bleed into a CO
poisoned PEFC anode is not yet fully understood and should be studied in more detail. How the O2

which permeates through the membrane from cathode to anode reacts may also be of interest in
hydrogen systems with re-circulation where contaminants may accumulate over time.

The increased operating temperature of automotive MEAs may alleviate some of the catalyst
poisoning issues. Therefore poisoning studies of combined contaminants at elevated temperature
is of great importance.

Development of PEFC MEAs for increased CO-tolerance with respect to lower air bleed levels and
longer lifetime would further reduce the cost of operation and increase the competiveness of
PEFC-based reformate power generators.

PBI  fuel  cell  MEA development should aim at  increasing operating temperature closer  to that  of
methanol reforming (<250 °C). This would enable the development of highly integrated methanol-
based reformate power generators. The main obstacles to overcome in order to achieve a higher
operating temperature are catalyst stability at elevated temperatures and phosphoric acid
management (replenishment).

The most important parameter to control in practical work with large PEFC single cells or stacks is
their compression pressure distribution. This is becoming increasingly difficult as GDL
development is striving towards thinner and stiffer GDLs which do not compensate for tolerance
problems in endplate and bipolar plate manufacturing. Further development of computer models,
combined with material property data bases, which enable simple design of endplate systems is
therefore still relevant.
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