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Abstract

This paper describes the testing of the gas-diffusion electrodes for polymer electrolyte membrane fuel cells utilizing phosphoric acid doped
polybenzimidazole (PBI) electrolyte, which allows for an operating temperature as high as 200 °C. In order to determine the optimum structure of
our anodes and cathodes, the platinum content in the Pt/C catalyst and catalyst loading were varied, as well as the loading of the PBI electrolyte
dispersed in the catalyst layer. The different MEAs were tested in terms of their performance by recording polarization curves using pure oxygen
and hydrogen. It was found that a high platinum content and a thin catalyst layer on both anode and cathode, gave the overall best performance.
This was attributed to the different catalyst surface areas, the location of the catalyst in relation to the electrolyte membrane and particularly the
amount of PBI dispersed in the catalyst layer. Scanning electron microscopy (SEM) was used in order to examine the cross-section of the MEAs
and measure the thickness of the catalyst layers. With this information, it was possible to give an estimate of the porosity of the catalyst layer.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

As PEM fuel cells approach commercialization there is an
increased desire to raise the operating temperature to above
100 °C. To date, most PEM fuel cells are based on an electrolyte
that relies on addition of liquid water to facilitate protonic con-
duction. Operating these fuel cells at a temperature close to the
boiling point of water introduces a dual phase water system that
must be controlled carefully. Common problems are the pos-
sible drying out of the electrolyte membrane at the anode at
high current densities and possible flooding of the gas-diffusion
electrodes due to water condensation. A lot of work has been
focussed on resolving the water-management issues related to
these fuel cells, e.g. [1-4].

Polymer electrolyte fuel cells based on polybenzimidazole
(PBI) electrolyte represent a new generation of PEM fuel
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cells that can be operated at temperatures up to 200°C. An
increased operating temperature significantly increases the toler-
ance towards carbon monoxide, as has previously been shown by
Lietal. [S] and Holladay et al. [6]. Li et al. report a CO tolerance
of 3% CO in hydrogen at current densities up to 0.8 A cm™2 at
200 °C and 0.1% CO in hydrogen at 125 °C and current densities
lower than 0.3 A cm ™2, where CO tolerance is defined by a volt-
age loss less than 10 mV. Furthermore, the electro-osmotic drag
coefficient for water and methanol in phosphoric acid doped PBI
membranes has been reported by Weng et al. [7] to be essentially
zero under all conditions. This greatly simplifies the material
balances and mass transport management and reduces the cross-
over of methanol in direct methanol fuel cells. High-temperature
PBI fuel cells offer a viable alternative to low-temperature PEM
fuel cells that demand an extensive and expensive pre-treatment
of the fuel.

Polybenzimidazole, PBI, is an amorphous basic polymer with
a high thermal stability and a reported glass transition tempera-
ture of 420 °C [8]. The conductivity of different PBI membranes
in the pure state is very low and about 10712Sem™! 9,10].
However, there are many ways of substantially increase the con-
ductivity of PBI membranes, and this has been the focus in
several recent published works, e.g. [11-16]. Polybenzimida-
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zole reacts easily with acids, and phosphoric acid is the most
frequently used dopant. Phosphoric acid undergoes hydrogen
bond interaction or proton transfer reactions with basic poly-
mers, and shows remarkable high proton conductivity even in
anhydrous form, due to its unique proton conduction mechanism
[17-19]. The idea to use PBI membranes doped with phosphoric
acid as an electrolyte in fuel cells was first introduced by Wain-
right et al. [20]. The proton conductivity of phosphoric acid
doped PBI is influenced by relative humidity, temperature and
acid doping level as reported by Ma et al. [15]. Conductivity
increases with increasing temperature following an Arrhenius
equation. At high doping levels of phosphoric acid (i.e. 630%)
they reported that conductivity increases significantly with rela-
tive humidity mainly due to the interaction of water with excess
acid. Li et al. [21] reported the presence of strong hydrogen
bonds between phosphoric acid and nitrogen atoms of the imi-
dazole rings by infrared and Raman spectroscopy. They found
that only two molecules of phosphoric acid are bonded to each
repeat unit of PBI. An excessive doping of acid is “free acid” and
contributes to the high conductivity. The upper limit of proton
transfer is thus given by the conductivity of the H3PO4 in liquid
state. In a work done by He et al. [14] the conductivity of PBI
was found to be as high as 6.8 x 1072 Scm™! at 200°C with a
H3PO4 doping level of 560% and 5% relative humidity.

The development of a high proton-conducting PBI mem-
brane, due to the extensive study by several groups, has notably
decreased the voltage loss over the membrane and brought for-
ward the necessity of switching the attention from the membrane
to other aspects of the fuel cell. Further research and develop-
ment of i.e. electrocatalysis and bipolar plates, are important in
order to further improve the fuel cell performance. It was found
by Barbir et al. [22] that the contact losses that occur at the
interface between the bipolar plates and the backside of the gas-
diffusion electrodes can be as high as 0.150  cm?. This value
corresponds to the resistance through an 80 wum membrane with a
conductivity of 5.33 x 1072 Scm™!, and demonstrates the need
of improving the bipolar plates in both materials and channel
geometries.

The focus in our work has been to understand the importance
of a carbon support layer, improve single cell performance by
varying the composition of the catalyst layer, and manufactur-
ing of single membrane electrode assemblies by hot-pressing.
Instead of describing the multitude of different MEAs manu-
factured, this paper will focus on the outcome of our study,
highlighting the main observations. This is best done by describ-
ing the function of each of the electrode layers. It has been found
in several studies of PEM fuel cells that the type and composition
of the catalyst is crucial for the cell performance. The electrodes
were manufactured at our department with use of commercial
catalyst (platinum on carbon) with various platinum contents.
The catalyst loading as well as the PBI loading inside the cat-
alytic layer were varied.

2. Experimental

The electrodes described in this paper were prepared by man-
ual spraying with an airbrush (Badger No. 100G). This method

allowed for the accurate determination of the catalyst loadings
as well as for a good reproducibility, and minimized loss of cata-
lystin the spraying procedure. Carbon fibre paper was purchased
from Toray (TGP-H-120) while the carbon black (Vulcan XC-
72) used in the carbon support layer was provided by Cabot
Corporation. The electrocatalysts, HISPEC™ 3000 (20% Pt
on Vulcan XC-72R), HiSPEC™ 4000 (40% Pt on Vulcan XC-
72R) and HiSPEC™ 8000 (50% Pt on Vulcan XC-72R), were
purchased from Johnson & Matthey. PBI membranes were pro-
vided by the Department of Chemistry, Technical University
of Denmark (DTU), as a partner in the European 5th Frame-
work Programme, contract no. ENKS5-CT-2000-00323, which
is acknowledged.

2.1. MEA preparation

Due to the poor mechanical strength of the catalyst layers,
they are deposited on a rigid backing or substrate. In this work,
carbon fibre paper (Toray; TGP-H-120) was wet-proofed by
immersing it in a 20% polytetrafluorethylene, PTFE-solution
(DU PONT) and hot-baked at 360 °C for 30 min in order to
polymerize the PTFE. The weight increase for the wet-proofed
paper compared with the non-wet-proofed paper was in the order
of 20%. The PTFE was found to accumulate predominantly at
the fibre crossings, thus reducing the porosity of the carbon fibre
paper. The benefit of wet-proofing in this case lies in the preven-
tion of the paper from soaking during the spraying procedure
and reduces the penetration of carbon particles into the paper.
This actually leads to a higher total porosity for the complete
electrode by wet-proofing the carbon paper, most likely due to
a lower pore size. Since wet-proofing normally helps in terms
of water management, the effect of PTFE on the cell perfor-
mance in itself at an operating temperature of 175 °C was found
to be insignificant. However, when spraying the carbon support
layer onto the carbon fibre paper, it was found that the bond-
ing between the carbon support layer and the fibre paper was
improved by wet-proofing.

2.1.1. Carbon support layer

Although the carbon fibre paper provides a fairly smooth sub-
strate on which the catalyst layer may be directly deposited, the
need of a carbon support layer was found to be of much higher
importance than first believed. Reproducible results were first
obtained after extensively testing of the different preparation
steps. The carbon support layer has several functions: (i) to pre-
vent the catalyst from penetrating into the carbon fibre paper, (ii)
to ensure a good electronic bonding between the carbon fibres
and the catalyst layer, (iii) to provide a pathway for the supply of
reactants and the removal of product water and (iv) to obtain a
smooth and uniform surface on which the catalyst is deposited.

Depending on the spraying conditions (solvent, air flow, noz-
zle size and temperature) three distinct structures of the carbon
support layer can be made, as shown in Fig. 1. Fig. 1a shows the
first structure which possesses a similar texture as the underlying
carbon fibre structure, with the carbon powder evenly distributed
on top of each fibre. It was a result of spraying with a solvent
that rapidly evaporates (e.g. isopropanol). Secondly, Fig. 1b,
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Fig. 1. Light microscope pictures of the three distinct surface structures that the
support layer obtained in this work: (a) fibre structure, (b) mud crack structure
and (c) dendrite structure.

demonstrates a mud cracked structure with large islands and
thin crevices that provided a smooth and flat surface. This struc-
ture was a result of using water as the solvent. Finally, Fig. 1c,
shows a carbon dendrite structure with many carbon spikes, and
was typically achieved when the nozzle was clogging or a too
high air flow was applied during spraying.

To obtain good adhesion of the carbon particles to the fibres
in the underlying carbon paper, structure 1 (Fig. 1a) was found
beneficial and offered a good electronic contact as well. There-
fore, after making structure 1 on top of the carbon backing we
made the mud crack structure (Fig. 1b) on top of this. A total
amount of 2mgcm™2 carbon black was found to be sufficient
to produce the desired support layer.

2.1.2. Catalyst layer

The catalyst layer is akey element in a fuel cell. It is important
that the platinum catalyst is in close contact with the polymer
membrane (electrolyte), the reaction gases and the current col-
lector, and at the same time facilitates the transport of depleted
reactants and product water out of the catalyst structure without
impeding the supply of fresh reactants.

In order to obtain a catalyst layer with PBI dispersed in the
layer, PBI was dissolved in concentrated dimethylacetamide
(DMAC), and catalyst particles were dispersed in this solution.

Table 1

Anodes created for this study

Electrode name Pt loading Catalyst type PBI loading

(mgcm~2) (% Pt/C) (mgcm™2)

Anode 1, Al 0.30 20 0.30

Anode 2, A2 0.40 20 0.40

Anode 3, A3 0.40 20 0.60

Anode 4, A4 0.40 50 0.24

Anode 5, AS 0.40 50 0.36

Anode 6, A6 0.40 50 0.48

Table 2

Cathodes created for this study

Electrode name Pt loading Catalyst type PBI loading
(mgem™2) (% Pt/C) (mgcem™2)

Cathode 1, C1 0.50 20 0.50

Cathode 2, C2 0.60 20 0.60

Cathode 3, C3 0.60 40 0.36

Cathode 4, C4 0.60 50 0.36

Cathode 5, C5 0.60 50 0.60

This dispersion was then sprayed slowly onto the support layer
described above. In this work the catalyst type and loading as
well as the PBI loading inside the catalyst layer was varied.
Table 1 lists the anodes that were used in this study and Table 2
lists the cathodes used. Cathode C1 was used as the reference
cathode when studying the anodes, while anode A2 was used as
the reference anode to the different cathodes.

At the cathode side mass transport limitations probably
become more significant than at the anode side. As a result,
the local current generation inside the cathodic catalyst layer
would shift away from the electrolyte membrane, which leads
to a higher IR loss in this layer. Clearly, there must be an opti-
mum catalyst distribution both on the anode and cathode side,
as well as an optimum with respect to the amount of PBI in the
mixture. Careful studies have been undertaken in order to find
the optimum amount.

From earlier experiments performed at our department, a
loading of equal amounts (weight) of platinum and PBI was con-
sidered standard. Note, however, that the PBI loading should, in
theory, be scaled to the expected surface area of the catalyst, not
to the overall amount. A scaling with the specific volume of the
catalyst powder should yield similar results.

The reason why the anode side may be critical for this type of
fuel cells is that the thickness of the catalyst layer may play an
important role. On the other hand, the mass transport limitations
for hydrogen are much lower than for oxygen due to the higher
diffusivity of hydrogen. This implies that the local current den-
sity on the anode remains close to the electrolyte membrane, as
long as sufficient catalyst area is provided. As a result, the 50%
Pt/C, which provides the highest surface area per unit volume,
should intuitively be the catalyst of choice at the anode side.

It should be mentioned that even with the spraying technique
it is not possible to obtain exactly the desired loadings, but an
effort was made to keep the final amount of platinum within 5%
of the desired quantity.
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2.1.3. Acid doping, hot-pressing and testing of MEAs

After spraying the catalyst layer consisting of catalyst and
PBI in DMAC, the electrodes were heated for 3h at 180 °C in
order to evaporate the remaining solvent. Li et al. report that
a drying temperature of up to 190°C for hours is necessary
to remove traces of DMAC [23]. The final step of preparing the
electrodes is to dope the PBI in the catalyst layer with phosphoric
acid by spraying. In this work we used a constant weight ratio
of 6:1 between the phosphoric acid and the PBI. It is believed
that the percentage of the acid will be evened out by diffusion
with time, and besides, the membrane contains much more acid
so that the acid loading is assumed to be less critical.

The membrane electrode assemblies (MEAs) were made
by hot-pressing a sandwich of 2cm x 2cm electrodes and a
4 cm x 4 cm PBI membrane (which were previously doped in
75 wt.% phosphoric acid) at 130 °C for 25 min with a pressure
of 25 kg cm™2. The MEAs were tested in a commercially avail-
able single cell fuel cell with one reference electrode probe and
5cm? double serpentine flow field (ElectroChem, Inc.), orig-
inally designed for low-temperature PEM fuel cells. In order
to ensure that the PBI in the catalyst layer and the membrane
was completely saturated with phosphoric acid, the MEAs were
cured for 2 weeks at ambient temperature after the hot-pressing
and then tested.

The polarization curves of all our membrane electrode assem-
blies were recorded at different temperatures, but with focus on
175 °C as a default temperature. The fuel cells were tested with
pure hydrogen and oxygen (instrumental grade 2.0) and a suf-
ficient pressure was applied to cause a flowrate of 1.47 cm?>s~!
oxygen and 3.60 cm® s~! hydrogen.

2.2. Theoretical considerations

In this study, the effect of different platinum catalyst types
(platinum on carbon, Pt/C) and composition on the fuel cell per-
formance was investigated. The Pt/C catalysts were provided
by Johnson & Matthey, and relevant information is listed in
Table 3. In heterogeneous catalysis the available active surface
area is of major importance, and hence the 20% Pt/C powder
seems to offer the best value as the total metal area per gram
is by far the largest. This is also demonstrated by the higher
roughness factor that this catalyst may obtain. It is worth notic-
ing that there is no obvious relation between mass activity and
particle size of the catalyst. Kinoshita showed that the specific
activity of the reduction of oxygen on supported Pt particles
in acid electrolytes increases with an increase in particle size
[24].

The overall thickness of the catalyst layer, when using 20%
Pt/C, is at least twice the thickness when either 40% or 50% Pt/C
is being used. It was shown by for example Bevers et al. [28]
in their work with Nafion® fuel cells, that most of the catalytic
activity takes place in areas close to the electrolyte membrane,
typically within the first 10 pum. This might be different for PBI
fuel cells, because in terms of the permeability to the reactants
the PBI exhibits different values, which should affect the current
distribution inside the catalyst layer. Due to elevated tempera-
tures, reaction kinetics is also of importance.

Table 3

Summary of catalyst and catalyst layer

Catalyst type (nominal) and 20% Pt/C 40% Pt/C 50% Pt/C

electrode name (C2) (C3) (C4)

Catalyst measured® (wt.% Pt) 19.96 39.67 48.65

Average Pt particle size® (nm) 2.6 3.54 3.51

Minimum metal surface area® 90 60 50
(m, gp)

Theoretical roughnessb (m12)1 mg’ezo) 540 360 300

Theoretical specific Pt area® 13 23 27
(m?cm™3)

Theoretical thickness of catalyst 15.3 6.9 5.6
layer® (pm)

Real catalyst layer thicknessd (pum) 47 14 7

Estimated porosity® (%) 67 51 20

2 Data as provided by Johnson Matthey Corp.

b Assumes that the entire Pt surface area is active and a loading of 0.6 mg cm 2.

¢ Based on aloading of 0.6 mg Pt cm~2 and assuming a density of 2270 kg m >
of the carbon [25], 21,440 kg m~3 for the platinum [26] and 1350 kg m~3 as the
ultimate density for PBI [27].

d Real catalyst layer thickness as determined from SEM scans.

A theoretical thickness of about 40 wm can roughly be esti-
mated for a cathode using 20% Pt/C catalyst with a Pt loading
of 0.5mg, 0.5mgcm™2 PBI and with a porosity of 65-70%.
This value is in the range of the membrane thickness, and this
could perhaps lead to lower performance due to limited protonic
migration inside the catalyst region especially at elevated current
densities and if the electronic percolation present in the layer is
not sufficient.

At low current densities, only a small fraction of the avail-
able catalyst area is needed, and the current will be generated
at the energetically favoured sites. These sites are likely to exist
near the electrolyte membrane since it is easier for the reac-
tant gases to diffuse through than for the protons to migrate
through the catalyst layer. However, with increased current den-
sity, the reactant gases become more and more depleted, and the
local current generation shifts away from the membrane inter-
face. This may also be caused by the fact that the energetically
favoured sites are occupied. This means that the protons have to
migrate further. Because of the fact that the catalyst layer consists
only of a small fraction of PBI electrolyte, the losses associated
with the protonic migration can be of the same magnitude or
even higher than the ohmic losses in the membrane. Thus, it is
important to provide a high catalyst area in a region close to the
membrane interface without starving the cell of reactants, which
occurs when too much electrolyte is needed. This is of particular
importance at the cathode side of the PBI fuel cell, because the
permeability for oxygen through phosphoric acid doped PBI at
150°C is much lower than through Nafion®-117 at 80°C, 10~°
and 9 x 1072 cm? (STP) cm cm™2 s cmHg, respectively [29,30].

3. Results and discussion
3.1. Open circuit voltage

The open circuit voltage (OCV) is the maximum voltage that
can be achieved in a fuel cell with zero loading. Normally, the
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Table 4
Open circuit voltages for selected cells at 125 and 175 °C

MEA A2C1  A2C2  A2C3 A2C4 A2C5  ASCS;

Eocy (mV), 125°C 870 850 855 845 860 770
Eocvy (mV), 175°C 880 880 900 890 885 805

value of the OCV lies close to the thermodynamic equilibrium
potential i.e. as is observed in a hydrogen/chlorine fuel cell [31].
In other cases it can be considered as a mixed potential. In this
study, the open circuit voltage varied from one MEA to another,
but usually in the range 840-900 mV depending on the operating
temperature and MEA characteristics. The open circuit voltages
are given in Table 4.

In a Hy/O; fuel cell, the measurement of the thermodynamic
rest potential on the oxygen reduction is very difficult due to the
very low exchange current density of the oxygen electrode on
platinum (around 10~'% A cm~2) [32]. As a consequence to this,
the measurement of the open circuit potential is easily influenced
by any side reactions, i.e. corrosion of platinum. In fact, the rest
potential measured rarely exceeds 1.1V versus the NHE even
on a very active platinum electrode in purified acid or alkaline
aqueous solution, with 1 atm of oxygen and ambient temperature
[33]. The most frequently reported open circuit potentials for
oxygen electrodes in Nafion®-based fuel cells are around 1.0 V
versus the NHE.

Extensive research has been done in order to minimize the
polarization losses on the cathode by improving the kinetics of
the oxygen reduction reaction. A part of the problem is that the
complete reduction of oxygen to water involves four successive
electron transfer steps that are particularly slow in phosphoric
acid environment due to the presence of the bulky phosphate
anions adsorbed at the catalyst surface.

The anode operates at a potential just above the reference
hydrogen potential and under such highly reducing conditions
that carbon has low probability to corrode. On the other hand,
when the fuel cell is operated at low current densities, the poten-
tial at the cathode can be about 0.7 V above that of the anode
and even higher at open circuit. Carbon will oxidize to carbon
dioxide at this potential, but only at a very slow rate [34]:

C + 2H,O — CO, +4H" +4e™ 6}

Such anodic back reactions are another reason why fuel cells
with carbon supported catalysts do not give the thermodynamic
equilibrium voltage for the hydrogen/oxygen reaction at open
circuit.

In this work an increase, usually around 30 mV, in the open
circuit voltage was observed, as the temperature was increased
from 125 to 175 °C. This is believed to be due to better kinetics as
the temperature increases and that the exhaust water in gaseous
state will leave with less hindrance at a higher temperature.

The most likely reason for the low open circuit voltage, how-
ever, is fuel cross-over, i.e. hydrogen cross-over in a H»/O; fuel
cell, that establishes a mixed potential on the cathode. Using
a thin membrane the resistance to cross-over of reaction gases
through the membrane is lower and a more pronounced effect

Cell Voltage / V

I I I I
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Current Density / A cm™

Fig. 2. Polarization curves for A1CI1 (squares), A2C1 (circles) and A3C1 (tri-
angles) at 175 °C.

of a mixed potential is expected. Thus the electrode potential
and the corresponding open circuit voltage of the fuel cell will
decrease. This was observed by the low open circuit voltage
obtained by using a thin membrane (25 m) in the MEA denoted
AS5CS;; compared to the open circuit values for the other MEAs
(thickness around 40 pm). One of the most critical issues when
operating a fuel cell is the chance of puncturing the membrane
and thus creating an easy path for reaction gases to the opposite
electrode. This is the most likely reason why an MEA stops func-
tioning and thus leads to an extremely low open circuit voltage.
Puncturing or cracking of the membranes is particularly critical
when operating a fuel cell stack.

3.2. Anode side

Fig. 2 shows the polarization curves at 175 °C for MEAs
where the loading of the platinum catalyst and the amount of
PBI in the catalyst layer of the anode is varied. See Table 1 for
relevant information. Note again that the electrode composition
used at the cathode side was the same in all cases and equal to
cathode C1 (Table 2). Inconsistencies in the spraying technique,
hot-pressing, membrane thickness or cutting of 2cm x 2cm
electrodes could lead to small changes in performance. How-
ever, after continuously improving our testing procedure, we
found the performance of the MEAs to be quite reproducible.

As seen from Fig. 2, the effect of an increase in catalyst
loading on the anode side was found to be relatively strong,
as opposed to Nafion® fuel cells, where the effect of the anode
side is usually neglected. This is apparently not the case with PBI
fuel cells, where the hydrogen oxidation may be more lethargic
in the phosphoric acid environment. Fig. 2 shows the polariza-
tion curves of A1C1, A2C1 and A3Cl1, and an improvement
of current density was found to be around 15-20% at a cell
voltage of 500 mV when increasing the platinum loading from
0.3 to 0.4 mgcm™2. A further increase in the current density of
somewhat less than 10% was previously found when the load-
ing was increased to 0.6 mg cm ™2 on the anode side. The effect
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Fig. 3. Polarization curves for A2C1 (squares), A4C1 (circles), ASC1 (triangles)
and A6C1 (diamonds) at 175°C.

of catalyst loading was found to be even more pronounced at
125°C.

Based on this finding we conclude that the hydrogen sol-
ubility is low and the hydrogen permeability and kinetics are
slow in phosphoric acid doped PBI environment compared to
Nafion®, and thus an increased three-phase region (reactant,
membrane and catalyst) is desired. An increased reaction zone
can be achieved by increasing the platinum and PBI loading up
to a certain extent, increasing the platinum content or increas-
ing the catalyst layer thickness. However, an increased platinum
content would decrease the catalyst layer thickness when equal
amount of platinum is to be used, so there will be a compromise
between the two.

By comparing the performance of the cells A2C1 and A3C1
in Fig. 2, and A4C1, A5C1 and A6CI1 in Fig. 3, an effect of
increasing the PBI loading in the catalyst layer can be observed.
When the PBI loading was increased by 50%, with the same type
and same amount of catalyst, there was a noticeable increase in
fuel cell performance implying that an increase of the amount
of PBI had a beneficial effect on the performance. An increase
in the PBI loading obviously enhances the protonic transport
inside the catalyst layer and makes the catalyst to be used more
effectively. Interestingly, the performance of A6C1 in Fig. 3
clearly demonstrates the effect of having too much PBI in the
catalyst layer. The performance drops drastically and was related
to the isolating and blocking of active catalyst particles by the
excessive amount of PBI, thus reducing the overall oxidation
rate of hydrogen.

The effect of using a higher platinum concentration on the
anode side near the membrane interface could be interpreted by
comparing the performance of A2C1 versus A4Cl1 in Fig. 3.
Anode A2 and anode A4 are theoretically comparable in the
platinum loading and the PBI loading, which was scaled with
respect to the catalyst volume. The performance of these cells
was found to be similar, although the surface area of the catalyst
must be higher for anode A2. Note again that an effort was
made to scale the PBI loading with the volume of Pt/C catalyst
powder.

Considering the fact that anode A5 was slightly better than
anode A3, and taking into account that the price of the 50% Pt/C
catalyst is lower based on the amount of platinum, we conclude
that using a high platinum content and relative high PBI load-
ing in the catalyst layer yields the best performance and hence
decreases the cost in making our MEAs.

3.3. Cathode side

Similar to the anode side, the various cathodes made for this
study were tested, using the anode A2 given in row 2 in Table 1
for counter electrode. The cathodes prepared varied in the Pt/C
catalyst composition and loading, as well as the PBI loading.
Polarization curves of the corresponding fuel cells were recorded
at different temperatures with 175 °C as the reference tempera-
ture. The performances of the different MEAs tested at 175 °C
are given in Fig. 4.

The effect of simply increasing the amount of catalyst was
observed by noticing the change in performance between A2C1
and A2C2 in Fig. 4, where the catalyst loading on the cathode
side was changed from 0.5 to 0.6 mg cm™2, respectively. Con-
sidering that the increase in catalyst loading is 20%, the effect on
the performance is low, resulting in an increased performance of
around 5%. It was found that when increasing the temperature,
the performances of cathodes C2, C3 and C4 became almost
identical. However, cathode C5 clearly showed an advantage
over the other cathodes at 175 °C. The performance was superior
in all potential regions. Of all the cathodes tested in Fig. 4, cath-
ode C5 had the highest PBI loading based on catalyst volume,
and we can conclude that a high amount of PBI was advanta-
geous on the cathode side.

The differences between the different cathodes, except cath-
ode C5, were relatively small compared to the differences that
occurred when using different anodes. This was an interesting
and unexpected finding, which indicates that a lot of the losses
in this type of fuel cells are related to the limited permeability of

Cell Voltage / V

0.0 O
0.0 0.4 0.8 1.2 1.6 2.0
Current Density / A cm™

Fig. 4. Polarization curves of five MEAs with varying cathodes at 175°C,
A2CI1 (squares), A2C2 (circles), A2C3 (triangles), A2C4 (diamonds) and A2C5
(stars).
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the reactant gases at the catalyst layers and solubility of reactants
in the dispersed PBI particles.

3.4. Platinum and PBI loading inside the catalyst layer

The catalyst layer is important in many ways and critical
when it comes to cell design. It has to be ensured that on one
side the reactants (e.g. oxygen) have access to the platinum sur-
face, but on the other side the protons, which are being conducted
through the electrolyte, must be able to reach the reaction site.
As a consequence, it is desirable to have a thin film of elec-
trolyte material covering the catalyst to facilitate the transport
of protons. Because of the numerous transport phenomena that
occur inside the catalyst layer, the exact amount of PBI has to
be carefully determined for optimum cell performance.

An important finding here was that it takes a few days for
the PBI to absorb the phosphoric acid and hence become a good
protonic conductor. This means that during the first days the
performance of the cell changes considerably, which compli-
cated the testing procedures. As a remedy for this we decided
to let all our MEAs cure for 2 weeks at ambient temperature
before testing them. This ensured that the PBI was satisfac-
torily doped with phosphoric acid and provided reproducible
results.

In this study we have found that the amount of PBI is one
of the most important parameters in order to improve the fuel
cell performance. The function of the PBI inside the catalyst
layer is obviously to provide a path for the protons to reach the
platinum surface, where the reaction occurs. The oxygen and
hydrogen have to dissolve into the PBI and diffuse towards the
platinum. This means that the PBI has to be a protonic conductor,
and at the same time have a high solubility and diffusivity for
the reactants. A high amount of PBI will improve the protonic
transport on one hand, but also it will make it more difficult for
the reactants to reach the platinum surface, hence it will cut off
the current significantly as clearly illustrated by the performance
of anode A6 in Fig. 3. A low amount of PBI means that the
reactant gases can easier reach the platinum surface, but at the
same time it limits the proton migration inside the catalyst layer.
It is important that the solubility of oxygen and hydrogen in
PBI is high, and work concerning ways of increasing solubility
should be of high priority.

It appears logical that the amount of PBI mixed into the cata-
lyst layer should be scaled with the expected surface area of the
platinum rather than with the weighed amount of platinum. The
amount of PBI was tested in a parametric study and the amount
of PBI used in anode A5 and cathode C5, 0.36 and 0.6 mg cm™2,
respectively, was found to be the optimum among the electrodes
tested in this study. In fact, the polarization curves obtained
with the various electrodes indicate that A5 and C5 are the best
anode and cathode compositions, respectively. The overall plat-
inum loading is 1.0 mg cm~2 and both electrodes employed the
50% Pt/C catalyst. The resulting cell performance and power
density curves when the best anode and the best cathode were
combined are given for 125, 150 and 175 °C in Fig. 5. The effect
of increasing the temperature is clearly seen. This is mostly due
to enhanced reaction kinetics and lower IR losses.
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Fig. 5. Polarization curves (closed symbols) and power density curves (open
symbols) at 125°C (squares), 150 °C (circles) and 175 °C (triangles) for the
MEA A5CS;;.

3.5. Scanning electron microscopy (SEM)

Several SEM scans were performed in this study. Both surface
scans of the various electrodes and cross-sectional scans of the
MEAs were conducted. Backscatter mode was preferred as the
catalyst layer can easily be seen since platinum shines up due to
its high atomic weight. Cross-sections of the MEAs were exam-
ined by SEM after testing them. In order to obtain high quality
SEM images of the cross-section near the membrane, the MEAs
were broken immediately after dipping in liquid nitrogen. SEM
scans also show the quality and reproducibility of the spraying
technique, which in our case is satisfactorily.

Fig. 6 shows SEM pictures in backscattered mode of the
MEAs A2C1, A2C2, A2C3 and A2C4, which were all used
in this work. The catalyst layer can be seen as narrow bright
bands on both sides of the membrane. The carbon support layer
can also easily be identified as the dark region on the outside
of the catalyst layer. It is easy to see how marked the difference
in catalyst layer thickness appears to be between the different
catalyst compositions. SEM images of the cross-section of the
respective MEA provides rough estimates of the real thickness
of the catalyst layer. The 20% Pt/C catalyst with a platinum
loading of 0.6 mg cm ™2 clearly gives a huge thickness of about
50 wm on the cathode side. As the cathode catalyst composition
varies from 20% Pt/C (C1, C2) to 40% Pt/C (C3) and up to 50%
Pt/C (C4, C5) the thickness is substantially decreased. The over-
all thickness of the catalyst layer (cathode side) was measured
from the SEM images in Fig. 6 to be 47 um for cathode C2
(20% Pt/C), 14 pm for cathode C3 (40% Pt/C), and as low as
7 pm for cathode C4 (50% Pt/C). The corresponding porosity
of the catalyst layer was estimated to be 67%, 51% and 20%
respectively (see also Table 3). This shows an even stronger
dependency on platinum content than indicated by theoretical
considerations. This huge difference between the expected and
actually measured thickness may be due to the different prop-
erties the catalyst particles obtain in the DMAC solution due to
different catalyst compositions and particle size.

It is important to note that the mud cracked morphology that
is obtained after spraying the support layer (Fig. 1b) may not be
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WD16.4mm 20.0

Fig. 6. Scanning electron microscopy (SEM) scans in backscattered mode of the cross-sections of the MEAs (a) A2C1, (b) A2C2, (c) A2C3 and (d) A2C4. The
cathode is situated to the right side of the PBI membrane in (a) and (b), while it is situated to the left side of the PBI membrane in images (c) and (d).

the most optimal one. Due to this mud cracked structure a sub-
stantial amount of catalyst is being forced into the crevices when
spraying the catalyst layer and this catalyst will not contribute
to the cell performance. Fig. 7a shows a top-view SEM scan of
the complete electrode, cathode C5, used in this study. A SEM
picture of the cross-section of the corresponding MEA, A2C5, is
given in Fig. 7b. The last picture focuses on the small crevice on
the cathode side, and we can clearly see that the catalyst has been
sprayed into this crevice. This is a major disadvantage of spray-
ing catalyst onto a carbon fibre paper instead of directly onto
the polymer membrane. Direct spraying onto the membrane is
currently being investigated in our laboratories. When preparing
electrodes separate from the membrane we conclude from this
that the desired surface consists of very large islands with as
small crevices as possible to limit the loss of active catalyst, but
not constraining the diffusion of reactants to the reaction sites.
Our electrodes have a measured crack width of about 5-10 pum
(Fig. 7).

3.6. Effect of membrane thickness

The thickness of the PBI membrane is varying from one
research group to the other, but generally it is quite low. Case
Western Reserve University group [20,35,36] and the group at
the Danish Technical University (DTU) [37] make membranes
about 80 wm thick. Savadogo and Xing used commercially
bought (Hoechst Celanese) PBI films of 40 wm thickness [38]
and obtained very nice performance of their fuel cells. Staiti et
al. measured the thickness of their dried PBI membranes to be
in the range of 47 &= 3 wm [39]. The PBI membranes used in this

00um

Fig. 7. SEM scans in backscattered mode: (a) top-view of cathode C5 showing
the mud crack surface structure; (b) cross-section of the corresponding MEA,
A2CS5, with focus on the small crevice on the cathode (left) side.
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Fig. 8. Performance of two MEAs with different membrane thickness, ASCS5;
(40 pm, squares) and ASCS5;; (25 wm, circles) at 125 °C (closed symbols) and
175 °C (open symbols).

work were provided by DTU with a measured thickness after
hot-pressing around 40 pm.

The best anodes and cathodes in this study were put together
to make MEAs denoted AS5CS,,, where n indicates a specific
MEA. We wanted to test the influence of different membrane
thickness at two distinct temperatures. ASCS5; is around 40 pm
thick while A5CS;;j is the thinnest one with membrane thickness
of only 25 pm.

From Fig. 8 we can see that the membrane thickness is affect-
ing the performance of the fuel cell. A thin membrane clearly
enhances the performance at lower potentials while a thick mem-
brane would supposedly show better results at higher potentials
where the current density is low.

One of our largest concerns when testing our MEAs is the
high possibility of puncturing the membrane while running. A
thin membrane can easily break at the edges of the membrane
electrode sandwich due to the stress that occurs when fitting
it in our fuel cell hardware and when applying gases on both
sides. Taking this into consideration, a slightly thicker mem-
brane would make continuous testing possible and was therefore
preferred (ASCS5;).

4. Conclusions and future work

This paper focuses on the understanding of the gas-diffusion
electrodes in PBI fuel cells and their effect on the performance.
Various electrodes were prepared using a spraying technique.
The best performance was obtained using a catalyst of 50%
Pt/C and a relative high PBI loading in the catalyst layer on both
anode and cathode, anode A5 (0.4 mg cm~2 Pt, 0.36 mg cm 2
PBI) and cathode C5 (0.6 mg cm ™2 Pt, 0.6 mg cm ™2 PBI) respec-
tively. The structure of the support layer was found to be of more
importance than first believed. A mixture of dry and wet spray-
ing gave the best characteristics with a good bonding to the
carbon fibre paper and a good support for the catalyst layer. In
order to further reduce the catalyst loading, different techniques
have been proposed, such as sputtering of fine catalyst particles

on top of the electrode and spraying of catalyst directly onto
the polymer membrane. This will be investigated further at our
department.

In addition, it was mentioned that the current tests were all
performed using bipolar plates designed for low-temperature
Nafion® fuel cells. These fuel cells exhibit a comparatively high
amount of mass transport problems, which are in part caused
by the existence of liquid water inside the gas-diffusion layers
(e.g.), and partly due to the low diffusivity of the reactants, which
are temperature-dependent. These phenomena have caused fuel
cell manufacturers to use bipolar plates with long, serpentine
channels, where a high pressure drop forces the liquid water
out of the channels, or else use interdigitated designs, where
a pressure drop is induced between flow channels in order to
eliminate mass transport losses. The disadvantage of serpentine
channels is clearly the expected uneven current distribution, as
the gases will be very rich at the inlet and depleted towards the
outlet. In the case of PBI fuel cells operating up to 200 °C, the
mass transport problems should be significantly reduced. This
should allow for the use of different bipolar plate designs with a
larger shoulder width in order to reduce the contact resistance,
and possibly with a higher number of parallel channels, which
would result in a more even distribution of the local current
densities, provided proper manifolding can be obtained.
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