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PREFACE

This volume includes papers presented at the first International Symposium on Proton
Conducting Membrane Fuel Cells organized by the Electrochemical Society. The decision
of the Electrochemical Society to start a series of symposia on this technical subject reflects
the significant recent growth in interest in this field of electrochemical science and
technology.

The polymer electrolyte fuel cell is a relatively new fuel cell technology. It was introduced
in the 1960s as a development for space applications. After further R&D efforts in the
1980s and 1990s, it has recently attracted significant attention as a potential source of
primary power for terrestrial transportation applications. The combination of low
emissions, high energy conversion efficiency and high power density, expected from a
polymer electrolyte fuel cell in transportation applications, explains this recent attention.
Application of such fuel cells for stationary power generation has also been considered, and
could, in fact, precede transportation applications because of less stringent cost
requirements.

The large number of electrochemical science and technology issues associated with this
power source present a significant challenge to workers in several fields of electrochemistry
and electrochemical engineering. This wide spectrum of technical issues include:
electrocatalysis at a unique (catalyst/ionomer) interface, electrocatalysis at partly poisoned
catalysts and the treatment/prevention of catalyst poisoning, a wide range of polymeric
membrane issues including thermodynaiic and dynamic (transport) aspects in
membrane/water/proton systems, membrane life and prospects of improved and/or less
costly membranes, and, last but not least, a large number of stack related performance and
engineering issues including stack materials, stack design and stack life testing.

Consideration of all of these issues requires the participation of several groups within the
community of electrochemists. Organization of this Symposium by representatives of the
Physical Electrochemistry, Energy Technology and Battery Divisions of the Society reflects
this wide interest. This is also reflected by the range of papers included in this Volume
which cover ( in this order) the subjects of: Catalysis, Components Design and Modeling,
Proton Conducting Membranes and Direct Methanol Fuel Cells.

We hope this volume will serve as an important source of updated information on the
general subject of polymer electrolyte fuel cells, and will increase the interest in the
scientific and technical subjects and challenges described here within the communities of
electrochemists and electrochemical engineers.
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OXIDATION OF H,/CO IN A PROTON EXCHANGE MEMBRANE
FUEL CELL

V.M. Schmidt, R. Ianniello, H.-F. Oetjen, H. Reger,
U, Stimming and F. Trila

Institue fiir Energieverfahrenstechnik (IEV)
Forschungszentrum Jiilich GmbH (KFA)
52425 Jiilich, Germany

The objective of the present study is to optimize the catalyst composition on the
anode for the oxidation of CO containing fuel gases in a Proton Exchange
Membrane Fuel Cell (PEMFC). In a first step, the oxidation of adsorbed CO was
studied on porous PtRu electrodes by means of cyclic voltammetry combined with
on-line mass spectrometry. It was found that Pt sRu, 5 exhibits the highest negative
shift for CO oxidation in comparison to pure Pt. Then, membrane electrode
assemblies were fabricated using dispersed Pt, Pty;Ru,3 and Pty sRu, s as anode
catalyst and pure Pt as cathode catalyst. The catalyst loading was 1 mg/cm®. The
CO tolerance of the anode catalyst in such single cells was evaluated at 80 °C
using H, containing defined amounts of CO (25-250 ppmv). Pt, sRu, 5 showed the
best performance compared with pure Pt similar to the results obtained with on-line
mass spectrometry. For a Pty sRu, s anode catalyst no difference in power density
was found between pure H, and H, with 100 ppmv CO up to current densities of
0.4 A/cm? and cell voltages of 0.75 V. )

INTRODUCTION

The Proton Exchange Membrane Fuel Cell (PEMFC) is regarded as highly
attractive for mobile application due to its high power density at temperatures of 60-100
9C. The storage of methanol on board shows advantages compared to liquid hydrogen in
terms of weight and volume (1,2). A reformer converts methanol to a hydrogen rich fuel
gas containing about 75 % H,, 24 % CO, and 1% CO. Although Pt has proven to be the
most effective catalyst for hydrogen oxidation in a PEMFC, this catalyst creates problems
when the fuel gas contains CO. This is associated with CO adsorption on active Pt sites
inhibiting hydrogen oxidation. So far, PtRu alloys seem to be the most promising
electrocatalyst to improve the CO tolerance of the anode in a PEMFC (3,4).

One criterion to assess the better electrocatalytic activity of such alloy electrodes
in comparison to pure Pt is the adsorption and oxidation of monolayers of CO. Since the
electrocatalysts applied in a PEMFC are highly dispersed noble metals on a carbon
support, model systems used for catalyst evaluation should consist of porous diffusion
electrodes having a high electrochemical active surface area. Cyclic Voltammetry (CV)
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combined with Differential Electrochemical Mass Spectrometry (DEMS) is a powerful
method for the identification of volatile and gaseous products formed during
electrochemical reactions on porous electrodes (5). As recently described, PtRu alloys
with defined compositions can be produced by electrochemical codeposition on porous
gold substrates suitable for DEMS measurements (6). The roughness factor of such
electrodes is about 100 as determined by the charge required to oxidize a monolayer of
adsorbed hydrogen on polycrystalline Pt. The onset potential for CO adsorbate oxidation
to CO, on Pt,Ru, can be determined by the mass spectrometer and can be compared with
pure Pt. This way the question arises whether results obtained on alloy electrodes in
aqueous electrolytes such as HCIO, or H,SO, can be transferred to carbon supported
PtRu alloy catalyst under fuel cell conditions. Thus, the CO tolerance of PEM single cells
was studied with Pt and Pt,Ru, catalysts on the anode and using H, containing variable
amounts of CO as fuel gas.

EXPERIMENTAL

The experimental-setup for DEMS measurements together with the appropiate
electrochemical cell is described elsewhere (6). The substrate for codeposition of various
Pt,Ru, electrodes was a porous Au electrode that was sputtered onto a hydrophobic PTFE
membrane. Different compositions of Pt,Ru, were produced potentiostatically from
solutions of 20 mM H,PtCl, and 50 mM RuCl; with various volume ratios. The deposition
was carried out at U = 0.05 V versus the Reversible Hydrogen Electrode (RHE) for 30
min. The bulk compositions of the alloys were determined by EDAX and the surfaces
were characterized by XPS as described in (7). Always freshly prepared electrodes were
used.

Adsorption experiments were performed in 1 M HCIO, saturated with CO at U,
= (.15 V vs. RHE for 5 min. The electrolyte was then purged with Ar and was
continuously replaced by CO free electrolyte for about 6 min. while the electrode potential
was kept at U,4. Thus, dissolved CO is removed completely from the electrolyte solution.
The remaining CO adsorbate was then oxidized in the first positive going potential scan
at a scan rate of 0.01 Vs?. Simultaneously to the CV the Mass Spectrometric Cyclic
Voltammogramm (MSCV) for m/z = 44 was recorded. This mass signal is assigned to
the formation of CO,.

For PEM single cell measurements, gas diffusion electrodes with a catalyst loading
of 1 mg/cm? supported on Vulcan XC 72 were used (ETEK, Natick, MA). For the
cathode pure Pt and for anodes pure Pt as well as Pty;Rug; and Pty sRu, s were used as
catalysts. Membrane Electrode Assemblies (MEAs) were fabricated by hot-pressing of gas
diffusion electrodes on NAFION 117™ at 130 °C and 10 kN. The electrodes were
previously impregnated with NAFION solution (Aldrich) having a final loading of 1
mg/cm?, The MEAs were mounted in a laboratory single cell containing stainless steel end
plates and Ti current collector plates with parallel ribbed channels for gas manifolding.
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Teflon gaskets between MEA and collector plates prevented gas leakage. The active
electrode area is 4 cm’.

The performance of PEM single cells was evaluated in a test station described
elsewhere (8). The cell temperature was 80 °C, the pressures in the anode and cathode
compartment were 2.2 and 2.4 bar (abs), respectively. The reaction gases were
humidified separately by two humidification cells.

RESULTS AND DISCUSSION

Figs. 1 and 2 show the potentiodynamic profiles for CO adsorbate oxidation on
porous Pt, sRu, 5, and pure Pt, respectively, with the simultaneously recorded ion currents
for m/z = 44, The CV of the Pt electrode is characterized by a broad prewave oxidation
peak at 0.4 V vs. RHE and a strong oxidation peak centred at about 0.73 V. The onset
potential of CO adsorbate oxidation at 0.35 V is parallel to the beginning of CO,
formation as can be seen in the MSCV. In contrast to pure Pt only one broad oxidation
peak is observed at the Pty sRuy s electrode. The potential for adsorbate oxidation on this
electrode is shifted to negative potentials by 0.3 V compared with the main CO,
production onset occurring at approx. 0.6 V on pure Pt. In a similar way, the oxidation
peak potentials in the CV and the onset potentials of the ion current in the MSCV were
determined for various PtRu alloys and for pure Ru. For characterizing the various alloys
the onset of the ion current in the MSCV was chosen. The plot of the onset of CO,
formation versus the Pt content (Fig. 3) clearly displays that Pty sRug s exhibits the highest
negative shift as compared with pure Pt. PtRu alloys prepared by potentiostatic
codeposition. in the same way as those in the present study, but on smooth Au foil
substrates, exhibit also the lowest oxidation peak potential for compositions between 40
and 50 atomic % Pt in the alloy. A negative shift of about 250 mV compared with pure
Pt was observed (7). Regarding our results summarized in Fig. 3, it should be mentioned,
however, that PtygRu,q; reveals a comparable negative shift of the CO.onset potential as
PtosRugs. The experimental findings on codeposited Pt,Ru, electrodes agree with results
obtained by Gasteiger et al. (3) on smooth PtRu, in 0.5 M H,SO, using cyclic
voltammetry. These authors studied four well-defined PtRu alloys with Ru contents of
0.07, 0.33, 0.46 and 0.55 atomic % and found the lowest oxidation peak potential at

Pty s4Rug 46

The enhanced reactivity on Pt,Ru, is explained in terms of the lower oxidation
potential for H,O adsorption (Uy,...s) on Ru compared to Pt according to

Pt + H,O > P-OH + H* +¢ [
Ru + HO ---> Ru-OH + H* + ¢ [2]

and mer—:d (Rll) < ancr--d (P t)'
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In our experiments the Pt,sRu, s electrode showed the most negative oxidation
potential thus supporting the bifunctional mechanism proposed by Watanabe and Motoo
(9) according to

Pt-CO + Ru-OH ----> Pt + Ru + CO,- H* + ¢ [3]

where Ru is covered by oxygen containing species and CO binds preferentially to Pt sites.
Under these conditions a maximum oxidation rate should be expected when the surface
concentrations of both metals atoms are equal. However, the fact that Pty g;Ru, o, exhibits
a rather negative CO oxidation onset potential cannot be explained by this bi-functional
mechanism assuming a homogeneous surface composition.

With respect to the application of Pt,Ru, as anode catalyst in a PEMFC, the
oxidation of CO should be investigated with the oxidation of hydrogen under real fuel cell
conditions. The performance data of PEM single cells having Pt,Ru, anodes should be
compared using various H,/CO mixtures in relation to pure H,. The highest curve in Fig.
4 shows a current density-cell voltage plot of a PEM single cell with a Pt anode catalyst
using H,/O,. The MEA was previously activated at a current density of 0.25 A/cm? until
reproducible current-voltage curves were obtained. Pure hydrogen was then replaced by
H, + 100 ppmv CO and the first current-voltage curve was measured after 5 min.
Repeated current-voltage measurements showed a continuous decrease of the cell
performance until a steady-state curve was obtained after about 210 min. (see Fig. 4). The
performance loss with time is explained by increasing adsorption of CO on active sites of
the dispersed Pt catalyst at the anode leading to the inhibition of hydrogen oxidation.

Fig. 5 comprises the transients of the cell voltage at 0.5 A/cm? for a Pty,Rugs,
Pty sRu, s and Pt as anode catalyst when hydrogen contains 100 ppmv CO. For the same
current density the performance loss is significantly lower at PtRu relative to pure Pt.
Figs. 4 and 5 illustrate that steady-state current-voltage curves can be obtained after about
2 h. This suggests that the poisoning of the anode in the PEM single cell at low CO
concentrations is a rather slow process.

The influence of the CO content on the cell performance is demonstrated in Fig.
6 for a pure Pt anode catalyst and in Fig. 7 for Pt,sRuys. The CO concentration in the
fuel gas was varied between 25 and 250 ppmv. Each current-voltage curve represents a
steady-state that was achieved after about 2 hours. It should be mentioned that for all
measurements an open circuit voltage of about 1.05 V was observed showing no influence
of the CO concentration and indicating that the potential of the anode is determined by the
H,/2 H* equilibrium.

Regarding the steady-state current-potential curves in Fig. 6 and 7 it can be
assumed that the voltage losses at constant current densities of the cell are caused by
higher overpotentials at the anode due to CO adsorption. As illustrated in Fig. 5, steady-
state conditions were attained after a poisoning period. Fig. 6 shows that the steady-state
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for a single cell with a Pt anode catalyst depends on the CO concentration in hydrogen.
Thus, the performance of a PEM single cell in the presence of hydrogen with small
amounts of CO can be explained by two competing reactions taking place at the anode.
These are the CO adsorption on Pt and the adsorption of hydrogen molecules on
remaining active sites according to

Pt + H,/ CO > Pt-CO + PtH [4]
followed by the oxidation reactions

Pt-H > Pt+ H* +¢ [5]

Pt + H,0 > Pt-OH + H* + & 1

Pt-CO + Pt-OH -—--> Pt + CO, + H* + ¢ [61

The comparison of pure Pt and PtysRugs as anode catalysts in Figs. 6 and 7
demonstrates that the steady-state conditions of a single cell can be influenced by
modification of the anode electrocatalyst. The current-voltage curves using a PtosRugs
catalyst are shifted to higher cell voltages for the same CO concentration as compared to
a pure Pt anode catalyst (see Figs. 5 and 6). According to the bifunctional mechanism the
reaction rate for CO oxidation is enhanced by the presence of Ru promoting the oxidation
of CO according to reactions [2] and [3].

It should be mentioned that the poisoning of CO on both, Pt and Pty sRu, s was
found to be reversible. When H, containing CO as fuel was replaced by pure hydrogen
the corresponding performance data of the H,/O, system were achieved. It is interesting
that no performance difference of PEM single cells was found for pure H,/O, with Pt or
Pty sRug s at the anode as to be seen in Figs. 6 and 7 (highest curves). Both anodes had
catalyst loadings of 1 mg/cm? and therefore the number of surface Pt atoms in Pty sRug s
should be lower than in pure Pt. This suggests that under the present experimental
condition the macroscopic kinetic for hydrogen oxidation on PtRu is not affected by the
presence of Ru.

The improvement of the CO tolerance of a PEMFC can also be illustrated by
plotting the power density versus the current density. In Fig. 8 performance data of single
cells are given with Pty;Ru, 3, Pty sRu, s and Pt anode catalysts using H, + 100 ppmv CO
as fuel. Pty sRu, s exhibits a better performance than Pt,;Ru, ; which agrees with results on
porous alloys electrodes obtained by means of DEMS (see Fig. 3). The power density of
a PEMFC at 0.5 A/cm? for a Pty sRu, s anode is higher by a factor of 3 relative to pure
Pt. Nearly no performance difference is found between pure H, and H, + 100 ppmv CO
up to 0.4 A/cm?. For application aspects this is an interesting result, because a technical
PEMFC should work at current densities up to 0.5 A/cm® with a power density of about
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0.3 - 0.4 W/cm?, Under these conditions a reasonable efficiency can be achieved for a
complete fuel cell system.

CONCLUSIONS

The potentiostatic co-deposition of Pt,Ru, on porous substrates is a useful in-situ
preparation method. The electrocatalytic activity of such samples towards the oxidation of
CO can be studied by a combination of cyclic voltammetry and on-line mass
spectrometry. It was found that CO oxidation on Pt,sRuys shows the lowest onset-
potential for CO, production compared to pure Pt that agrees with a bifunctional
mechanism.

Performance evaluation of PEM single cells at 80 °C exhibit a significant
improvement of the CO tolerance when hydrogen with CO concentration between 25 and
250 ppmv was used. Pty sRuy sas anode catalyst shows the best performance in comparison
to pure Pt according to on-line mass spectrometric data.

Dispersed PtRu electrocatalysts as anode material show promising behaviour for
the utilization of hydrogen-rich reformer gas in a PEMFC. The power density up to
technically interesting current densities exhibits nearly no difference between hydrogen
containing 100 ppmv CO and pure hydrogen. However, the long-term stability of such
PtRu electrocatalysts are still to be tested in terms of Ru corrosion and possible surface
segregation effects.
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Onset potentials of the ion current for m/z = 44 associated to CO, formation versus the Pt
content in porous Pt,Ruy alloy electrodes.
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Steady-state current-voltage plots of a PEM single cell using H, + CO (25 - 250 ppmv) and a
pure Pt anode catalyst (cathode: Pt; catalyst loading on both gas diffusion electrodes: 1mg/cm?).
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OPTIMIZED CO TOLERANT ELECTROCATALYSTS FOR
POLYMER ELECTROLYTE FUEL CELLS
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Future Project Division No.1, Higashifuji Technical Center
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1200 Mishuku, Susono, Shizuoka 410-11, Japan

ABSTRACT

Ten different kinds of Pt-based alloy electrocatalysts (Pt-Ru, Pt-Ir,
Pt-V, Pt-Rh, Pt-Cr, Pt-Co, Pt-Ni, Pt-Fe, Pt-Mn and Pt-Pd) were studied as
potential CO tolerant electrocatalysts for anodes in Polymer Electrolyte Fucl
Cells (PEFCs). Of the above, the electrocatalyst made of Pt-Ru showed the
highest tolerance to CO. The alloy ratio and the thickness of the active layer
have been optimized for the Pt-Ru clectrocatalyst. As a result, fuel cell
performance equivalent to that of pure hydrogen fuel has been attained,
even with a CO concentration of 100 ppm.

INTRODUCTION

Fuel cells have received increasing attention as an cnergy power source gentle to the
earth's environment. Polymer electrolyte fuel cells (PEFCs) in particular are seen as a
potential energy source for electric vehicles, because of their high energy conversion
efficiency and high power density. In the application of PEFCs to automobiles, hydrogen
(H,) generated from methanol by steam reforming process is a viable fuel source, as it is
known that methanol can be stored more e‘asily on vehicles than hydrogen. However, in
addition to H,, methanol reformate gas can contains as much as 25 % carbon dioxide (CO,),
along with a small amount of carbon monoxide (CO). It has been proven that PEFC
performance drops with a CO concentration of only several ppm (1-5). This is due to the
strong chemisorption force of CO onto the Pt generally used as the anode electrocatalyst in
PEFCs. CO concentration can be reduced by installing a CO selective oxidization unit to
the reformer. It is, however, extremely difficult to suppress the CO concentration below 10
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ppm continuously and stably. Moreover, it has been determined that a PEFC must be
capablc of tolerating a CO concentration of at least 100 ppm in order reduce the size of the
reformer unit.

There are two methods to avoid the effect of CO on PEFC performance. The first
method is (o reduce CO poisoning the electrocatalyst by blowing 2 % of air (O,) into the
anode, as reported by M. S. Wilson et al. (2). This method, however, makes the structure
and control of the PEFC system complex. The second method is to enhance the CO tolerance
of the electrocatalyst by alloying the Pt with a second clement. This method has been
studied recently at a number of research institutes (4-6) since it was discovered that it could
be used to operate a PEFC system with reformate gas containing CO. No report has been
published to indicate that adequate CO tolerance can be obtained with this method.

This paper reports an alloy electrocatalyst with high CO tolerance for anodes of PEFCs,

developed by conducting studies on Pt-based alloy clectrocatalysts.
EXPERIMENTAL

Pt-based alloy clectrocatalysts made of Pt-Ru, Pt-Ir, Pt-V, Pt-Rh, Pt-Cr, Pt-Co,
Pt-Ni, Pt-Fe, Pt-Mn and Pt-Pd respectively were studied as anode electrocatalysts. All of
them were made of 20wt % alloy on carbon (Vulcan XC72R) with the Pt loading rate of 0.4
mg Pvcm?®. Cathode electrocatalysts were made of 20wt % PYC (Vulcan XC72R) with 0.4
mg Pv/cm?. After mixing the PUC or the alloy clectrocatalyst on carbon with 5wt % Nafion
solution (Aldrich), the mixture was applicd onto the uncatalyzed carbon backing (geometric
area of electrode: 10 cm?). Such an anode and cathode were hot-pressed into a membrane
of Nafion® 115 to form a membrane and electrode assembly (MEA).

The cell performance was evaluated with single cell testing. The MEA was set into
a holder, while pure H, or 100 ppm CO/H, was supplied to the anode using a gas cylinder.
Air was also supplicd to the cathode using a gas cylinder. Pressure was sct at 0.15 MPa for
both of the gases, while the cell temperature was set at 80°C. The MEA was humidified by
bubbling. The cell performance was measured using an electronic load application device
(EUL300 « B made by FUJITSU DENSO LTD. ) and a power supply (PK46 made by
KIKUSUI ELECTRONICS CORP.).
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RESULTS AND DISCUSSION

lloy Electrocatalysts

Pt-based alloy electrocatalysts - Pt-Ru, Pt-Ir, Pt-V, Pt-Rh. Pt-Cr., Pt-Co, Pt-Ni, Pt-Fe,
Pt-Mn and Pt-Pd - were compared as anode electrocatalysts in terms of CO tolerance. It
was verificd with X-ray diffraction (XRD) that all of those electrocatalysts were properly
alloyed. Figure 1 shows the CO tolerance where Pt-Ru, Pt-Tr, P-V, Pi-Rh. Pt-Cr., Pt-Co and
Pt-Ni were used respectively as anode electrocatalysts. Their cell voltages at 0.4 A/em? are
shown in the figurc, where the CO concentration was set at 100 ppm. The Pt-Ru
elcctrocatalyst was found to be the only alloy having a higher CO tolerance than the Pt
clectrocatalyst. The CO tolerances of Pt-Fe, Pt-Mn and Pt-Pd were also evaluated, but
none of them showed higher CO tolerance than Pt-Ru.

The mechanism that enhances CO tolerance was studied using the Pt-Ru
clectrocatalyst. Table | shows the analytical results of gases at the anode inlet and the
outlet, where the 500 ppm CO/H, gas was supplied at the rate of 100 ml/min. The anode
electrocatalyst used for the analysis was 20wt % Pt/C (0.4 mg Pt/cm?) with the current
density of 0.3 A/cm’. At the anode gas outlet, CO, was detected together with CO. The
sum of the molar quantity of CO and CO, at the anode gas outlet agrees roughly with the
molar quantity at the gas inlet. It was deduced from the results that part of the CO absorbed
onto the Pt was oxidized and became CO,, then desorbed from the Ptand exhausted out of
the cell. It was also deduced that the oxidizing reagent for the CO was the steam supplied
for the humidification of electrolytic membrane. Therefore, it is presumed that the
oxidization from CO to CO, takes place by the reactions that would accur in the following

Lwo stages.

CO + Pt — CO-Pt 0
CO-Pt+ H,0 = CO, + Pt + 2H* + 2¢ 2]

where reaction [1] is the process of absorbing CO onto Pt, while reaction [2] is the process
of the absorbed CO oxidizing into CO, with H,O.

Figure 2 shows the measured results of CO oxidization potentials of a Pt electrocatalyst
and a Pt-Ru electrocatalyst. Cyclic voltammograms measured with the bipolar method
using the anode as the working electrode, while using the cathode as the counter/reference

electrode, are shown here. 1000 ppm CO/N, gas was fed into the anode, while H, gas was
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fed into the cathode. The cell temperature was 40°C and the gas pressure was 0.10 MPa.
Voltage was applied to the cell at the scanning speed of 20 mV/sec. In the case of Pt-Ru,
the CO oxidization peak shifted toward the lower potential side by 200 mV, compared to
that of Pt. The aftinity of Ru for H,O is stronger than that of Pt (that is, water absorption
oceurs at a lower potential for Ru). Hence the CO absorbed onto Pt should be oxidized into
CO, with a lower potential.

Figure 3 shows the CO tolerances of an electrocatalyst in which Ptand Ru are alloyed,
and another electrocatalyst in which Pt and Ru are not alloyed but mixed. The latter is a
Pt-Ru without heat treatment for atloying. The tigure indicates that alloying is necessary in
order to obtain high CO tolerance. The oxidization of CO occurs by the interaction between

Pt and Ru as-expresscd in Equation [3]. Therefore, it is confirmed that the Pt atom and Ru
atom must be adjacent to cach other.

PI-CO + Ru-OH — Pt + Ru + CO, + H* + ¢ (3]

Pt/Ru Alloy Ratio

It was necessary to optimize the Pt/Ru ratio for the enhancement of the Pt-Ru
clectrocatalyst's CO tolerance. The atomic ratio of P/Ru was hence varied in the range of
100:0 10 0:100.  All of those clcctrocatalysts were made of 20wt % alloy on carbon with
the Pt loading rate of 0.4 mg Pt/cm? (except for an clectrocatalyst made of 100 % Ru with
the loading rate of 0.4 mg Ru/cm?). It was verificd by means of XRD that these
electrocatalysts, thus prepared, had the crystal structures expected for their alloy
compositions (7). Figure 4 shows the ccll voltages at a CO concentration of 100 ppm (0.3
A/em?). The figure indicates that high cell voltages can be obtained only where the Pt:Ru
ratio is 50:50, for both pure hydrogen and 100 ppm CO/H,. In the case of pure hydrogen,
practically the same performance was obtained when the Ru rate was 0 to 50 %, while the
Pt loading rate was kept constant at 0.4 mg/cm?.  Performance dropped when the Ru rate
was 50 to 100 %, as the active layer became thicker. CO tolerance increased as the Ru rate
became higher, up to 50 %. However, when the Ru rate was over 50%, the power was
reduced as the electrode performance (in pure hydrogen) was reduced.

It can be seen in the phase diagram shown in Figure 5 that CO tolerance is ensured
over a wide range of PY/Ru ratios (85:15 to 15:85). This is true regardless of the crystal
structure of the electrocatalyst, though the crystal structure changes around the PY/Ru ratio
of 30:70. This indicates that proper CO tolerance can be obtained as long as an Ru atom

exists in either one of adjacent atoms to a given Pt atom.
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Active Layer Thickness

The active layer thickness can be reduced by increasing the weight percentage of
electrocatalyst supported in the carbon powder, without changing the amount of
clectrocatalyst per unit arca of electrode. The CO tolerance was mecasured using three
kinds of electrocatalysts of 20, 30 and 40wt % Pt-Ru supported on carbon, where the Pt
rate in each electrocatalyst was kept constant at 0.4 mg/cm’. Figure 6 shows their cell
voltages (0.6 A/cm?) in the CO concentration of 100 ppm. It is seen that the clectrocatalyst
of 40wt % Pt-Ru on carbon has the highest CO tolerance. Table 2 shows the active Jayer
thickness of each clectrocatalyst determined by SEM, and the Pt surface area that can
contribute to the electrode reaction determined by the cyclic voltammogram. It was
confirmed that the higher the weight percentage of Pt-Ru on carbon, the thinner the active
layer becomes and the greater the Pt surface area that can contribute to the reaction.

It was reported in a study conducted by S. Srinivasan et al. (8) that the fuel cell
clectrode reaction actually occurred in a small area of less than 10 s« m from the surface of
the active layer. Where the active layer was thicker than the above, the presence of Pt was
limited to the region of shallow depth from the surface of the active layer. An electrocatalyst
located at a deeper region (on the membrane side) did not contribute to the reaction of the
active layer. By increasing the weight percentage of Pt-Ru on carbon, it was possible to
concentrate electrocatalysts in the active region without changing the amount of
electrocatalysts per unit geometric area of electrode. As a result, the cell performance was
enhanced by increasing the number of Pt particles that could contribute to the reaction.

C ler: of Pt-Ru Electrocatalys

A membrane and electrode assembly (MEA) was prepared according to the results/
findings described above, using a Pt-Ru electrocatalyst (0.4 mgPt/cm?) with the PYRu ratio
of 50:50 and the weight percentage of 40 % on carbon as the anode electrocatalyst. The
cell performance using this MEA operated in 100 ppm CO/H, is shown in Figure 7. Operated
with pure hydrogen, better cell performance was recorded using the optimized Pt-Ru
electrocatalyst than that obtained using Pt as the anode electrocatalyst. Moreover,
performance equivalent to the Pt electrocatalyst operated with pure hydrogen was attained

with the Pt-Ru operated with in a CO concentration of 100 ppm.
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SUMMARY

Results of the study done on Pt-based alloy electrocatalyst, identified the Pt-Ru
clectrocatalyst as having excellent CO tolerance.

It was deduced that the Ru in the Pt-Ru electrocatalyst absorbs H,0 and facilitates
the oxidization of CO.

Although, adequate CO tolerance can be obtained over a wide Ru range of 15 t0 85
%, the optimum ratio of PVRu was determined to be around 50:50.

By using an electrocatalyst having a high weight percentage of Pt-Ru on carbon, the
number of Pt particles that can contribute to the reaction is increased and CO tolerance is
also increased without changing the amount of electrocatalyst per unit area.

By optimizing the Pt-Ru electrocatalyst, cell performance equivalent to that of pure

hydrogen can be attained with a CO concentration as high as 100 ppm.

It is expected that the improvement in CO tolerance indicated by the above described
clectrocatalyst will allow PEFCs to be operated stably, even under the condition where the
CO concentration in the reformer generated gas is high, such as at the time of system start

up.
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Table I. Molar quantity CO and CO, at anode inlet and outlet. Anode electrocatalyst :
20wt %PV/C, 0.4 mg Pv/em®. Current density : 0.3 A/cm?. Anode gas : 500 ppmCO/H (100

ml/min). Pressure : 0.10MPa.

Molar quantity in CO

Molar quantity in CO,

Molar quantity in
Co+Co,

Anode inlet

1.73 X 10mol

Oomol

Anode outlet

1.26X10%mol

0.42X10%mol

1.68 X 10-%mol

Table 2. The active layer thickness of 20, 30, 40wt % Pt-Ru/C with the Pt loading rate of
0.4 mg Pem?® determined by SEM and the Pt surface arca that can contribute to the clectrode

reaction determined by the cyclic voltammogram.

Pt-Ru wt % on carbon 20% 30% 40%
Active layer thickness (¢ m) 4] 24 8
Pt surface arca con.tribululale to 0.10 0.12 0.14

electrode reaction (m*”)
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Figure 2. Bipolar cyclic voltammograms using each anode as the working clectrode and
cathode as the counter/reference electrode. Pt: 20wt % PUC, 0.4 mg Pt/cm?. Pt-Ru: 20wt
% Pt-Ru/C, 0.4 mg Pcm?®. Anode gas: 1000 ppm CO/N,. Cathode gas: H,. Scanning
speed: 20 mV/sec. Cell temperature: 40°C. Pressure: 0.10 MPa.
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ABSTRACT
The highly-active catalyst for polymer electrolyte fuel cells was
prepared by two methods. Trinitro-diammine Pt complex solution
was used and directly impregnated onto CB/PTFE electrode sheet.
Pt catalyst was loaded by H, reduction. Average particle size was
ca. 2 nm. The maximum power density was 6.7W/mg-Pt, at 0.06
mg/cm? of Pt loading amount. In the other method, an ion-
exchange method was applied on the carbon support. Carbon
surface were oxidized by ozone gas. Consequently functional
groups such as carboxylic group were generated. The acidic
species on the functional groups were exchanged by platinum
cationic complex such as [PNH,) Cl ]*. The particle size was
ave. 2 nm. The cell voltage was 0.5V at 0.4A at 1 atm. These
methods were available to prepare the fine active catalyst and avoid
a coagulation of platinum particles, comparing with conventional
method which is impregnating Pt complex into carbon support,

such as H,PtCl, without any pretreatment.

1. Introduction

Recently, there have been various reports on the development of polymer electrolyte fuel
cells (PEFCs) and new materials for the PEFCs have been actively developed. Platinum
has been regarded as catalytically the most active metal. Recent development of the solid
polymer electrolyte fuel cells has lead to intensive studies on platinum supported on gas
diffusion electrode. An increase of catalytic activity requires manufacturing an highly-
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dispersed Pt loaded carbon electrode(1, 2). The target of lowering Pt amount is assumed at
0.1-0.2g/kW-Pt, i.e., 5-10 W/mg-Pt, because these amounts are comparable with current
consumptions in internal combustion engines. However, there are many problems in order
to lower loading amount of catalyst. We have been studying a Pt loading technique on
carbon powder for PEFC. In previous study, we obtained the cell performance more than
2W/cm?(3). However, we used anionic platinum complex, H,P(Cl, as a precursor. Pt load-
ing amount was still high and reducing catalyst amount has been strongly needed.

In this viewpoint, we have been studying on the preparation method of Pt/C electrode
using the pretreated carbon having functional groups on its surface (4). According to the
study, the carbon support having functional group is available for ion-exchange method
between acidic group and platinum complex.

In this study, we present some results concerning new loading methods of Pt catalyst.
One of them is the method using platinum complex containing the legand which does not
include chlorine species. Another method is using the pretreated carbon with highly active
functional group on its surface by means of oxidation by ozone gas flow. The evaluation

tests for these electrodes were carried out.

2. Experimental
One of methods for increasing the activity of catalyst is reducing catalyst particle size at
the range at a few nanometers. We prepared two types of gas diffusion electrode supporting

an highly active catalyst.

Type-1 electrode— Using Trinitro-diammine Pt complexes:

We used platinum complex reacting with hydrogen for reducing rapidly. Using platinum
complex containing chlorine species, such as H,PtCl, coagulation of the reduced platinum
particle occurred. In order to avoid the coagulation, platinum complex which does not
include chlorine species, trinitro-diammine platinum complex, was used (5). As an
electrode substance, we prepared handmade carbon black(CB)/polytetrafluoro-ethylene
(PTFE) composite sheet. CB content was 70 w/o. The thickness was 0.1 mm, which were
reduced by hot-pressing to 0.06 mm. The obtained CB/PTFE sheet was cut to the electrode
size which was 36.5 mm¢ (10 cm?). Trinitro-diammine platinum complex solution was
used as precursor of platinum catalyst. The Pt solution was dipped and penetrated into CB/
PTFE sheet, dried, and reduced in H, gas flow. H, gas was diluted with N, gas less than 50
v/o in order to avoid intensive reaction. Pt loading amount was 0.06-4.0 mg/cm? for each
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clectrode. For measurement of mass activity, the electrodes with lower platinum loading
amount were also used (6). Loading amount is 0.01-0.4 mg/cm?. Preparation method is
similar as the one for cell performance measurement.

Type-1I electrode: Using pretreated carbon:

In this case, pretreated carbon sheet by ozone gas was used, because oxidation process
can be carried out in room temperature and without strong oxidant solutions. The surface of
CB/PTFE sheet was oxidized by ozone gas flow and acidic functional group was formed,
such as carboxyl group. The acidic species on the functional group was ion-exchanged
with Pt complex ion such as [Pt (NH,),J**. Pt complex was reduced by H, gas flow and
loaded on carbon surface. Pt loading amount was ca. 0.09 mg/cm?.

Characterization and measurement of cell performance:
The loaded Pt catalyst was observed by TEM. Distribution of the particle size of the Pt

catalyst was calculated by image analysis (4). For both electrodes, a cell assembly was
prepared by hot-pressing with perfluorosulfonic acid membrane. Membrane used was such
as Nafion® (Du Pont) 112, mainly. We measured a cell performance using these cell
assemblies. Feed gases were H, and O,. Operating pressure ranged from 1.00 to 5.84 atm,
temperature ranged from 80 to 100°C. In order to classify resistance and overpotential, IR
drop was measured with current interrupter.

For calculating platinum mass activity, the platinum surface area is calculated from the
distribution of the platinum particle size and measured by BET method using carbon mono-
oxide adsorption. The mass activity was calculated from current values at 0.9V of cathode
potential. The cathode potential which was measured by a single cell with a reference
electrode using hydrogen standard electrode. Each value of the cathode potential was
determined after subtracting overpotentials assigned to the resistance of membrane,
electrode, and so on.

3. Results and discussion

Type-I electrode

cell performance and catalytic activity — T)"pical cell performance of PEFC using
Type-I gas diffusion electrode is shown in Fig.1. Platinum loading amount is 0.1 mg/cm?
Operating feed gases were hydrogen and oxygen.

In this case, operating under the pressure at 1 atm, as feed gas is mostly water vapor, cell
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Fig. 2. Cell performance of PEFC using electrode prepared from trinitro-diammine
Pt complex. Feed gas: H, and O,, 5.84 atm. Temperature: 100°C.
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performance was not so high. In the case of 5.84 atm, the power density was reaching to
0.85 W/cm2 Although this values are still smaller than that of conventional method using
platinum catalyst of 4mg/cm2, it is necessary to consider the platinum amount. In order to
show activity of catalyst, the specific power density is calculated as ; V/2wpt; where / ,V,
and w are current density, cell voltage, and platinum loading amount for each electrode,
respectively. This value represents the output power per a unit weight of platinum loaded
on the electrode. This shows the one of performances of catalyst (7). The specific power
density increases as the platinum loading amount decreases as shown in Fig.2.

Power density decreased as the platinum loading amount reduced. In this case, however,
the performance did not decrease so much at the platinum amount range below 1.0 mg/cm2
Therefore, In the case of 0.06 mg/cm2 the power density reached up to 6.7 W/mg-Pt,
(0.15g-Pt/kW). In the case of > 0.1 mg/cm2 the cell performance increases as the Pt load-
ing amount increases. However, the specific power density decreases. It is shown that the
effective amount increases.

Then, we calculated the surface area of platinum surface from the distribution of catalyst
particle size with assumption that the platinum particles have spherical form. A typical

Fig.3. Distribution of platinum particle size on Type-1 electrode. Loading
amount: 0.06 mg/cm2.
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Table I. Variations of average particle size, specific surface area, and surface area
in 1 cm? of platinum electrode with platinum loading amount using Type-|
electrodes.

Pt loading Average Pt specific Pt surface area in
amount particle size surface area 1cm? of the electorde
[mg/cm?) [nm) [m?/g] [cm?/cm?-electrode]
0.06 1.8 64.9 0.389
0.10 2.1 53.4 0.534
0.40 23 48.7 1.948
1.00 34 40.1 4.01
4.00 4.8 35.0 14.0

example of which loading amount is 0.06mg/cm? is shown in Fig.3. This has very narrow
distribution of the particle size.

According to studies concerning a relationship between particle size of catalyst and the
catalytic activity, it has been suggested that the loss activity exists in the case of using fine
particle below ca. 3 nm (8). However, in this case, the activity of the catalyst is obviously
increased. The distribution of catalyst depends on the platinum loading amounts. The
value of average particle size increases as the loading amount. Table I shows the calculated
surface areas. Surface area does not increase so much, except the case of 4.0 mg/cm? of the
loading amount, even the loading amount increases. This is because the coagulation effect
appeared with increase of an average particle size and particle size increased, when much
platinum was loaded. Therefore the activity loss by the particle size effect was not ob-
served in this range of the platinum particle size.

Mass activity of platinum catalyst —— Platinum mass activity has been used as the
index showing the activity loss (6, 8). Results of measurement of the surface area by BET
method is not so different as that from TEM measurement in Table I (within 5%). In Fig4,
mass activity of the platinum catalyst at 0.9V of the cathode potential. The pressure depen-
dence is also shown. The linear relationships are observed between mass activity and plati-
num surface area at each pressure. The mass activity did not decrease at the lower range of
platinum loading amount, although, in the lower pressure, mass activity decreases at more
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Fig.4. Mass activity of the platinum catalyst at 0.9V of the cathode potential.
Broken line is a result in various sulfufic acid electrolytes solution from Ref.(6, 9).

than 80 m?/g of platinum surface area because of decrease of fraction of oxygen in cathode
inlet gases by humidification.

However, in this case, comparing with the result in various sulfuric acid electrolytes
solution, these values are much lower than the results for the liquid solutions (9). Itis
suggested that the reaction area consisting of three phase; gas, electrolyte, and platinum
active surface was not completely constructed. This time, we have not finished optimizing
the loading method yet. Then further studies are going to be continued for this optimization
of loading method.

Type-II electrode(10)

According to our previous work (4), the deposition of platinum on various carbon blacks
was carried out by forming active functional groups on the surface of carbon support, and
exchanging these active groups with ammonium platinum chloride. An exchange between
cationic platinum complexes and surface functional groups takes place. Platinum particles
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Fig.5. Distribution of platinum particle size on Type-Il electrode. Loading

amount: 0.09 mg/cm?2.

Fig. 6. Cell performance of PEFC using electrode prepared by ion-exchange
method. Feed gas: H2and O2, 1.00 atm. Temperature: 80’C. a;ion-exchange method
(Pt: 0.09 mg/cm32), b; HZPtCi6impregnation (Pt: 0.1mg/cm2).
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are extremely small (0.75-1.7 nm) and highly dispersed on the surface of carbon black.
The catalytic activity mainly depends on the particle size rather than the loading amount of
catalyst. In this case, also, highly-dispersed Pt catalyst was obtained. An average Pt par-
ticle size was ca. 2 nm and a S.D. of the distribution is 0.487nm as shown in Fig.5. These
results show that the Pt catalyst prepared from ion-exchange method is highly-dispersed
and has narrow distribution. The cell performance of the cell assembly is shown in Fig.6.
The performance of cell prepared by ion-exchange method is superior to that prepared by
conventional method.

4. Conclusion

The highly-active catalyst for polymer electrolyte fuel cells were prepared. One method
was that newly Pt complex was used and directly impregnated onto a CB/PTFE electrode
sheet. Catalyst was reduced by H, and highly-dispersed Pt catalyst was loaded on untreated
carbon surface. The power density reached up to 6.7W/mg-Pt, which was obtained in the
case that 0.06 mg/cm? of Pt was loaded on each electrode. For another case, an ion-ex-
change method was applied to preparing the electrode. The particle size was av. 2 nm, and
had a narrow distribution. The cell voltage was 0.5V at 0.4A/cm? at 1 atm. Although the
cell performance was improved from conventional method, it is necessary to increase the
activity more than the present state. However, a possibility of lowering Pt loading amount
was shown for various application of PEFCs.
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ABSTRACT

The present tendency is to increase the Pt/C ratio from 20% to 40% within
the PEMFC layers and so new limitations on mass transfer could appear at
the particle level. Four models presenting an increasing complexity are
proposed in order to point out the geometrical effects on mass transfer.
They show that the geometrical effect is masked at the cathode where
oxygen reduction is limited by. kinetics while hydrogen oxidation under
diffusion control depends on the geometric characteristics of the active
layer.

INTRODUCTION

Many projects in course are devoted to proton exchange membrane fuel cells
(P.E.M.F.C.) which could be extremely attractive as a power source for space and
terrestrial using. However the potential development of such a solution is strongly
dependent on money savings to be performed for these systems. Among several
keypoints, the technical ability of reducing the catalyst amount appears to be one of the
main priorities. Therefore this work offers several complementary models at the
particle level allowing to predict the behavior of the active layer. The goal to be
reached should be a more efficient distribution of catalyst particles within the active
layer from the basic knowledge of the local catalyst requirements.

CLASSICAL ACTIVE LAYER MODELS

The aim of this first part is to recall some classical models and experimental
results presented in literature.
For a PEMF.C. electrode, the kinetic current density related to the geometrical area
is related to the specific activity i* by :

ik=y i (n)=WSi(n) 1
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W being the catalyst loading, y the ratio of the real surface area to the geometrical one
and S the specific area which varies as d*' for spherical or hemi-spherical particles.
Then the mass activity (MA) is defined as :

MA =S i"(n) (2]

Numerous authors reported that the specific activity decreases for small Pt particles
and thus obtained an experimental evidence of the particle size effect. The mass
activity reach a peak value when the catalyst particle size is about 3 nm for O.R.R (1).
Consequently, the kinetic current density i, is optimal when the mass activity is
maximal, i. e. when the mean particle diameter d is about 3 nm.

"The “experimental” current density icyp =€ iy can be optimized taking in mind the

calculation of the effectiveness factor € (2) by the previous flooded model with the
parameters relative to P.E.M. (3).
In this relation, the effectiveness factor ¢ is considered to be defined as following :

¢ = actual rate (current density) 5]
rate (current density) without mass and ohmic limitations

So, if the ohmic and diffusion limitations are negligible, € is close to unity and all the
catalyst uniformly works in the porous electrode.
At the membrane-particle interface, the charge transfer flux density is expressed by :

0=k ¢ )

as a function of the kinetic constant k :

L i

oF dC Bl

k(n)=

The continuous flooded model takes into account that the reactant diffuses into
the Nafion® phase and simultaneously reacts at the catalyst interface. It was both
admitted that the system is isothermal and under steady state conditions and that
governing equations are reduced to a one-dimension form. At the electrode, a Tafel
kinetics is assumed and all the coefficients are supposed to be constant in the active
layer. Ionic conduction and diffusion are modelled using the Ohm's and Fick's laws.
For the totally flooded model, two characteristic dimensionless parameters can be
defined :

U= (61
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Walo (%ﬂ) (]
(o]

For very high values of the ratio U-/Wa such as in the usual case of P.E.M.

(Naﬂon® ), the active layer behavior is controlled by a strong diffusion limitation
(much more important than the ohmic drop one). Then solving equations in respect of

the boundary conditions leads to: .
Tanh(\/u“)
U-—l
Applying the flooded model leads to a theoretical increasing of the effectiveness
factor when the active layer thickness L decreases. This implies an advantage when
using a thin P.EM.F.C. layer (4)), but also when the catalyst active surface area per
geometrical area decreases and therefore when the interparticle distance increases.
For other models with rather close gas pores, as the thin film model (5), the diffusion
limitation is negligible in front of ohmic drops (very low U'/Wa' values), but
nevertheless the effectiveness factor € decreases when v increases.

(8]

€=

Whereas numerous works have indicated an effect due to the particle size,
Stonehart (6) suggested that an other interparticle effect occurs at the local level. They
evoke a mutual influence of particles on diffusion when they are close together. Then it
is very important to check if the tendency of present researches consisting in increasing
the Pt/C ratio from 10 to 40% (and consequently to decrease L) does not induce new
limitations at the particle level.

MODELLING AT THE PARTICLE LEVEL

Definition of the physical problem

Several mathematical models have been developed for describing the behavior of
the PEMF.C. electrodes. All these models are classically based on the same
description of the active layer structure : catalyst particles form porous aggregates
which are flooded with electrolyte in the cell. In this way, a three-dimensional network
of catalyst and electrolyte is present throughout the active layer. Moreover the carbon
particles form a gas-filled network intermingled with the previous one and supplying
gas throughout the active catalyst layer. The two major kinds of models proposed by
literature are respectively the thin film model and the flooded model.

On one hand, the statement of the thin film model assumes that all the catalyst
particles are located on the pore wall and that the thickness of the electrolyte film
covering the whole pore is constant and very small compared to the pore size.
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On the other hand the flooded model considers that the catalyst particles are
uniformly dispersed within the electrolyte phase, so forming a continuous phase with
the electrolyte phase. Obviously such models are not able to satisfactorily describe the
spherical diffusion behavior in the neighboring of the carbon substrate nor to point out
the interparticle distance effects. These lacks lead us to propose here a modelling at the
particle level for predicting the behavior of the active layer.

In order to analyze the geometrical effects, four models concerning systems
presenting an increasing geometrical complexity have been elaborated. The two first
models are focused on isolated particles and the two other ones allow to consider the
whole network of particles. In a more accurate way, the first model is devoted to two
isolated particles while the second one concerns a fraction of an isolated particle
disposed on a carbon plane. The third model is a thin film model developed from the
particle level by considering a two-dimensional hexagonal network of hemispherical
particles under a thin film layer of electrolyte. Finally the last model is a flooded model
based on a description at the particle level for a three dimensional network (Figure 1).

In spite of the geometrical differences, the same following hypotheses were
assumed for the four systems under study :
- the catalyst particles are spheres having the same mean diameter and moreover for
models 3 and 4, they are steadily distributed within the electrolyte phase according to
an hexagonal network ,
- ohmic drops limitation are negligible in front of the mass transfer limitation and all
the transfer coefficients are looked as constant in the neighboring of the substrate,
- The kinetic rate equation for the electrochemical reaction on the particle active
surface is described by a Tafel law and it is a first order vs the activity of the gaseous
reactant. Thus the transfer current density is given by:

- n) €
i=i exp(2.3b) c [9]

while the reaction rate for the gas reactant is expressed as : ¢ = ynF‘
- At the particle level, overpotentials are assumed to be constant because the

characteristic dimensions are small compared to the electrode size and consequently
the mass transfer coefficient is also constant.

Formulation of the problem

The ‘modelling depends on a lot of variables such as geometrical parameters
(interparticle distance, particle diameter), transfer characteristics (diffusion coefficient,
mass transfer coefficient, ionic conductivity), reactant concentration and flux density.
A dimensionless formulation is suitable for describing in the most general way the
problem under study.
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This is done by defining the following variables :

- the dimensionless flux density (mean calculated flux density referred to the particle
active surface area in reference to the flux density for an isolated spherical particle) :

®
DC,(d/2) f10]

- the dimensionless ratio between charge transfer and ohmic resistances (Wagner
number):

e}
Y= (G a2 (]

- the dimensionless ratio of spherical diffusion and charge transfer flux densities
(inverse of a modified Damkohler number) :

[12]

- the dimensionless geometric ratio between the interparticle distance and the particle
diameter : a/d

At the particle level, the active layer behavior can be summarized as following.
The electroactive species diffuses throughout the thin film of Nafion® electrolyte from
the gas-membrane interface where gas dissolution occurs to the membrane-particle
interface where gas reacts. Diffusion within the electrolyte thin layer is controlled by
the Laplace equation [13] and the concentration at the gas-membrane interface is
imposed at a constant value while the reactant is consumed at the membrane-particule
interface. :

The resolution of the dimensionless equation is performed for spherical particles

with the commercial software FLUX-EXPERT® by using the finite elements method.
Subsequently the mass transfer flux density can be deduced by solving the Laplace
equation in respect to the following boundary conditions.
All the geometrical systems under study present an axial symmetry. For the two last
systems, symmetry is not so obvious as for the two first ones. In fact six symmetry
planes are to be considered between a given particle and its neighboring, so implying
an hexagonal symmetry which can be approximated by a cylindrical symmetry. As a
result, the dimensionless equation can be rewritten in terms of cylindrical coordinates
by using axisymmetric conditions for any variable X (0X/06=0).
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Then the Laplace equation :
vic=0 [13]

(:2e),2¢. ()
r\ o) 0%z

is reduced to :

and has to be solved with the following boundary conditions :
- Dirichlet condition at the gas-membrane interface

c=C, [15]
- non homogeneous Neumann condition at the membrane-particule interface
9=kC; [16]

The mean flux density computed at the membrane-particle interface is calculated with:

0=]lo ds/s (17]

where S is the usable particle active surface area.
RESULTS AND COMMENTS

As a preliminary study, the numerical approach using finite element method was
validated by comparing the obtained solutions to the well-known ones established in
some classical limiting cases for heat transfer. The analogy between heat and mass
transfers is obvious owing to the similarity of both Laplace equations and boundary
conditions leading to formally equal heat flow and mass transfer densities in a same
geometrical system. In order to compare and to validate the numerical solution, two
limiting cases leading to the analytical solutions (see appendix) were considered here.

The dimensionless flux density calculated by the software for highest values of
the ratio a/d under diffusion control tends to unity, value forecasted by the analytical
solution in the case of two isolated particles located in an infinite medium (Figure 2)
and characteristic of a spherical diffusion. Moreover, for well dispersed catalyst
particles (a/d>10) under a thin film of electrolyte (e/d=10-20), the computed flux
density tends to the values predicted from the analytical solution (case of an isothermal
sphere located in a semi-infinite medium limited by an isothermal surface) (figure 4).
As shown by figures 2 and 4, the results obtained from the numerical method proposed
here with axisymmetric conditions are in a good agreement with the analytical
solutions. Thus the selected computing method appears to be suitable for determining
the flux density in the systems under study.
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Case 1

For two isolated particles flooded in the Nafion® electrolyte under a mixed

diffusion and kinetic control, solving the dimensionless equation allows to deduce the
mean flux density as a function of the dimensionless a/d and u parameters. Then it
becomes possible to estimate the effect of interparticle distance (related to the diameter
particle) on the flux density as shown by figure 2.
If the system is under kinetic limitation (u<10-2), the dimensionless flux density does
not depend on the geometrical ratio a/d, so proving that the interparticle distance a/d
has no effect. However when diffusion becomes predominant, the flux density clearly
depends on parameter a/d. Namely, it strongly decreases from a plateau value when a/d
becomes smaller than 10.

As a conclusion, it can be stated that under diffusion control, when the
interparticle distance becomes smaller than 10 times the particle diameter, the apparent
specific activity significantly decreases.

Case 2

The second geometrical case concerns a fraction of particle disposed on a carbon
plane under a thick Nafion® layer. Diffusion limitation will be only considered here.
The aim of this study is to point out the effect of the contact angle 8 between the
carbon substrate and the particule in order to estimate the corner effect.

It appears that if the contact angle is equal to 90° corresponding to the case of
one hemispherical particle, the dimensionless flux density is the same as for an isolated
sphere, so showing that there is no noticeable effect of the substrate. Nevertheless,
when the contact angle decreases down to 0°, the dimensionless flux density slightly
decreases.

So there is an effect due to the contact angle between the particle and the
substrate, although the corner effect remains smaller. This fact clearly establishes that
the entire particle active surface area is not available.

Case 3

The purpose of the third case is to study diffusion toward a two-dimensional
network of hemispherical particles under a thin film layer for a mixed diffusion and
kinetic control. Here the flux density is again computed as a function of parameters u
and a/d as shown on figure 3.

On one hand, under kinetic limitation as for the first modelling, the flux density
does not depend on the interparticle distance and thus no more on the catalyst loading.
Otherwise it is noticed that kinetics mask the whole geometrical effect. On the other
hand, if diffusion becomes predominant, the flux density depends on the loading and
the geometric effects are quite the same as for two isolated particles. When the
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dimensionless ratio a/d decreases from 10, the flux density strongly decreases while it
remains constant for a/d values higher than 10 (figure 3). Nevertheless, the most
important point is that the flux density is the same as for an isolated sphere for the
large values of a/d, while the effective diffusion is close to planar diffusion for small
values of a/d (figure 4). Consequently it appears not only an interparticle distance
effect but moreover a concentration diminution due to the increasing of catalyst
loading on the surface.

To conclude about the interparticle effect, such an effect is easy to be explained.
On one hand, when a particle is well separated from the neighboring particles, then the
full active surface area is available for the reactant which is undergoing to a spherical
diffusion to the individual particles. On the other hand, if the particles are close
together within some critical region, a mutual influence on diffusion occurs, so limiting
the available active surface area.

Case 4

The three previous systems provide interesting information concerning the mass
transfer, but their major inconvenient is a relevant description limited to the
neighboring of the substrate and consequently to very thin layers. So a more realistic
geometric model is required for modelling the behavior of the active layers. Such a
modelling is possible from a three dimensional hexagonal network of particles, the
symmetry of which allows again a two-dimension mathematical treatment. Moreover
the results forecasted from this modelling can be compared to the flooded model and
to a modified flooded model which takes into account the local spherical diffusion in
the particle vicinity (see appendix). The comparison between these three models is
described by figure 5 from the evolution of the effectiveness factor with parameter u.

If kinetics are predominant (u>10%), no difference appears between the results
provided by the three models. In opposition when diffusion becomes the limiting. step
(u<10?), similar predictions are only obtained from computations with FLUX-
EXPERT® and analytic calculations from the modified flooded model which both
conclude to a stiffer decreasing of the effectiveness factor than with the flooded model.
This strong difference is due to the fact that the local geometry is not taken into
account for stating the classical flooded model while actually the accumulation of
catalyst under a particle form induces a spherical diffusion limitation and probably a
shielding effect of particles).

A parametric study performed with the FLUX-EXPERT® software, shows that,
if the layer active thickness L or the real surface area / geometric area ratio y increases
the effectiveness factor € decreases as forecasted by the flooded model (figures 6 and
7) as the results given by the flooded model. In other respects, for constant values of L
and v, the effectiveness factor & increases if interparticle distance a increases (figure 8)
due to the diminution of the mutual interaction between particles.
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CONCLUSIONS

the Pt/C ratio induces new limitations at the particle level only for the anode.

This study demonstrates an geometrical effect on the flux density due to the
interparticle distance, the corner effect and the catalyst loading . This effect acts as a
function of the dimensionless parameter u =2 D/k d.
If considering the concrete case of oxygen/hydrogen fuel cells, the oxygen reduction is
controlled by kinetics (u<10?), thus the geometrical effect is masked at the cathode.
However, the hydrogen oxidation is controlled by diffusion (u<10-2) and so depends on
the geometric characteristics of the active layer. Consequently the tendency to increase

NOMENCLATURE

Q6 3<% gm: T me oo

o index referring to the gas-electrolyte interface
APPENDIX
Appendix 1 ;  Analytical solution for an isothermal sphere buried in semi-infinite

“interparticle distance (m)

Tafel slope (V.dec)

concentration in the electrolyte phase (mol.m-3)

mean particle diameter (m)

diffusion coefficient within the electrolyte phase (m2.s)
layer thickness (m)

Faraday constant (96500 C.mole")

current density (A.m?)

kinetic constant (m.s'')

active layer thickness (m)

total number of electrons involved in the electrochemical reaction
catalyst specific area (m2.kg')

catalyst loading (kg.m?)

real catalyst area / geometric area ratio (m2.m-?)

local overpotential (V)

flux density (mole.m.s1)

ionic conductivity within the electrolyte phase (S.m")
contact angle between the particle and the substrate (°)

index referring to the electrolyte membrane-particle interface

medium having an isothermal surface (7) :

The heat flow density ¢ is given by :

0= K AT 1
d/2 \1-d/4e
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where K is the thermal conductivity, AT the temperature difference and e the distance
between the sphere center and the isothermal surface.

By analogy the mass flow density is expressed form the concentration difference AC

as
Dac (1
=== 9
MY (1—~d/4e] (]

Appendix 2 : Flooded model and modified model equations :

For the flooded model, the flux density is defined by the relationship :

DC
Zd° tanh(yzd) Co [20]

with Zg = ,/D/K , where L is the active layer thickness of electrolyte and K (s') the
reaction rate constant for a first order reaction.

(p:

The one final difference between the classical flooded model and the modified one
consists in using a modified reaction rate constant K including local spherical diffusion
expressed as (8) :

2 D/
K= y k D/ '. [21]
L |k+2Dy
instead of :
vk
K=— 22
7 [22]
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. CASE 1:Two isolated particles
o .- both diffusion and kinetic control

CASE 2 : Contact between particles
Co and substrate diffusion control

I CASE 3 : Hemispheric particles
within an hexagonal 2D network

X diffusion control

CASE 4 : Spherical particles within
an hexagonal 3D network both
diffusion and kinetic control

Co

Figure 1: Geometrical case under study

Figure 2: Dimensionless flux density to 2 isolated spherical particles vs. dimensionless

geometrical ratio under mixed diffusion and kinetic control.
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Figure 3: Dimensionless flux density to a 2D hexagonal network of spherical particles
vs. dimensionless geometrical ratio under mixed diffusion and kinetic control.
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Figure 4:

Dimensionless flux density to a 2D hexagonal network of hemispherical
particles vs. dimensionless geometrical ratio under diffusion control.
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Proton Exchange Membrane Fuel Cells (PEMFCs) are in an
advanced state of development. However, the weight, volume, and cost of
this type of systems are still limiting factors to their commercialization.
In order to overcome some of these constraints, work has been conducted
to attain high performances in hydrogen/air PEMFC, working at
atmospheric pressure. The electrodes were prepared by either the spray or
the dry method, and contained a platinum loading varying between 2 and
6 mg/cm’, The influence of the PTFE content in the electrode, both for the
anode and cathode, as well as of the concentration of platinum supported
on carbon on the PEMFC performance were investigated. The
optimization of the composition and structure of the electrode catalyst
layer led to performance such as 0.35 W/cm® at cell voltage of 0.7 V.

INTRODUCTION

High power density and high energy efficiency PEMFC development has been
the objective of many investigations during the last 15 years and PEMFC power plants
are now very close to reaching this goal as well as commercialization. The increased
interest in this type of power source is due to its potential for meeting the power
requirements needed for electric traction. However, further decreases of the weight and
volume of the fuel cell stacks and auxiliaries are required. One way to decrease the
weight and increase the specific power of such system is to operate it at atmospheric
pressure, but without significant loss of performance. This would eliminate auxiliaries,
such as a compressor, and also would lead to a lighter stack. The aim of this work is to
develop high performance electrodes for PEMFCs, which can operate at current densities
higher than 0.3 A/cm” at cell voltage of 0.7 V, with hydrogen and air as reactants and at
atmospheric pressure. Previous investigations at the Center for Electrochemical Systems
and Hydrogen Research (1, 2) indicate that such PEMFC performance could be
achieved by using electrodes with a high percent of platinum content on the carbon
support, by optimizing the electrode structure, and by minimizing the ohmic losses in the
proton conducting membrane electrolyte.
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EXPERIMENTAL

Methods of Electrode Preparation

Two methods of electrode preparation were used. The first one - the spraying
method consists of spraying a suspension of uncatalyzed or catalyzed carbon particles in
water/alcohol mixtures to form the gas-diffusion and active layers respectively on the
heated, Teflonized carbon cloth substrate (3 ). The second one - the dry method consists
in casting the dry powdered materials on the carbon cloth, and subsequently cold
pressing of this powdered material/carbon cloth composite to form the electrode.

M n m ration

These electrodes (hydrogen and oxygen) were impregnated with Nafion 117
solution (5 wt % in alcohol) by brushing. The amount of proton conducting polymer
deposited in the electrodes was about 0.6 mg/cm®. The Nafion impregnated electrodes
were hot pressed onto the proton conducting membrane. The membranes, used in this
work, were Aciplex S 1104, Nafion 115 and Nafion 112. The thickness of the first two
membranes in the dry state was approximately 120 pm, the thickness of the third
membrane was 50 um.

Single Cell Electrochemical Tests

The performances of all MEAs were investigated in 5 cm® geometrically active
area single cells. Those cells were connected to the fuel cell test stations, equipped with
controls for the current density, cell voltage, electrode potentials, gas pressures, and cell
temperature, as well as gas humidification bottles. All experiments were performed at
constant gas flow. The steady state current-voltage dependencies were recorded by
using a computerized data acquisition facility. The experiments were carried out at 70 °C
cell temperature and at atmospheric pressure of the reactant gases unless otherwise
specified.

RESULTS AND DISCUSSION

r Density Limiting Factors
Most of the limitations of a PEMFC operating at atmospheric pressure are due to
*(i) the low concentration of O, in the gas phase which reduces further the cell voltage,
(ii) the slow diffusion of O, dissolved in the electrolyte, to the electrocatalyst particles in
the active layer, and/or (iii) O, diffusion through the substrate diffusion layer which in all
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probability contains water droplets or films and a nitrogen blanket. In order to overcome
these problems, previous studies have shown that the thickness of the active layer should
be reduced and the electrocatalyst loading of the electrode increased. This goal can be
achieved by using a higher concentration of platinum supported on the high surface area
carbon. Another way of improving the electrode performance is to vary the PTFE
content in order to optimize the water management in the active layer.

Influence of Methods of Preparation

The effect of the different methods of electrode preparation on the PEMFC
performance is illustrated in Figure 1. The platinum loading of the electrodes was 2.5
mg Pt/cm’, The gas-diffusion layers consisted of 4 mg/cm” of acetylene black Teflonized
with 30% PTFE. Four different ways of preparation of the active layer were used: (i)
spraying of Pt/carbon catalyst/30% FEP suspension, drying and rolling (4 ) (spray); (ii)
spraying of initially Teflonized Pt/carbon catalyst suspension, drying, and
pressing(Teflonized spray); (iii) spraying of Pt/carbon catalyst mixed with Teflonized
(30% PTFE) acetylene black, drying and pressing (spray/dry); (iv) dry-casting of
Pt/carbon catalyst mixed with Teflonized (30% PTFE) acetylene black and pressing
(dry). The results showed that there is no significant influence of the method of
electrode preparation on the electrode performances for current densities up to 800
mA/cm”. Thus it was decided to use the dry method of preparation for subsequent
experiments because this method is relatively easy to use, fast, and without any loss of
the platinum electrocatalyst during fabrication.

Influence of Platinum Loading

The influence of the platinum loading in the electrode on the PEMFC
performance was studied by using supported platinum on carbon electrocatalysts
consisting of 40, 60 and 80 wt % platinum. The amount of supported electrocatalysts
was kept constant at 6.6 mg/cm’, while the platinum loading of the electrodes were
2.64 mg/em’ (40% PYC), 3.96 mg/fcm’ (60% Py/C), and 5.12 mg/cm’ (80% PYC). The
particle sizes of the platinum and the related estimated thickness of the active layers of
the electrodes are presented in Table I. The PEMFC performances are shown in Figure
2. The highest and lowest Pt-loaded electrodes have the same electrochemical activity at
low current densities (less than 100 mA/cm’) but at the high current densities the highest
platinum loaded electrode gave the best results. The electrode with 3.96 mg Pt/cm® had
the highest electrochemical activity and the same slope in the linear region as the
electrodes with the smallest amount of platinum loading. The slope in the linear region
was lower for the PEMFC with electrode containing 5.12 mg Pt/cm’. These results can
be better explained by the Tafel plots for the PEMFC in the three cases (Figure 3) and
the resulting electrode kinetics, mass transport, and ohmic parameters (Table II)
estimated using a non linear least square fit of the experimental data to the empirical
equation 1] (5).
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E=E_ -blog@)-Ri- mexp(ni) [1]

where E is the cell potential, i the current density, R the ohmic resistance and m and n are
parameter describing the mass transport effects in the PEMFC. The electrode with the
60% Py/C has the highest electrochemical activity, while the electrochemical activities of
electrodes with 80% Pt/C and 40% P/C are significantly lower. Because the weight of
the active layer in the electrode was maintained constant (8 mg/cm®), its thickness was
different and depended on the specific gravity of the supported catalyst; the thickness of
the active layer decreased in the order 40% Pt/C, 60% Pt/C, 80% Pt/C. The amount of
Nafion impregnated in the active layer was practically constant (0.6 mg/cm®) and the
extent of Nafion penetration into the active layer was also constant. The thickness of the
impregnated layer and the surface area of the Pt-catalyst (Pt particle size) are the main
factors which determine the platinum utilization in the electrodes (6). The highest
electrochemical activity is obtained in electrodes with 60% Pt/C catalyst, showing that
this is the best compromise “thickness/Pt utilization/Pt particle size”. In the case of
electrodes with 40% Pt/C, the lower electrochemical activity is due to a lower Pt
utilization, caused by a thicker active layer (insufficient Nafion penetration into the
active layer). In the case of electrodes with 80% Pi/C the low electrochemical activity
can be explained by the lower surface area of platinum particles (Table I). At higher
current densities, PEMFCs with electrodes having thicker active layers, exhibit higher
slopes in the linear region of cell potential (E) versus current density (i) plot, which is
probably caused by the higher ohmic resistance in the Nafion impregnated active layer.
On the contrary, electrodes with 80% Pt/C catalyst (thinner active layer) show a better
conductivity, leading to a lower slope of the PEMFCE vs. i plot. These results illustrate
that it is possible to design PEMFC electrodes, by varying the Pt concentration on
carbon, to attain high power densities and cell potentials.

Influen ntin Active L f

The amount of PTFE in the electrodes was varied by using different ratio of Pt
supported on carbon electrocatalyst/Teflonized acetylene black. The latter has 30 %
Teflon. For total active layer weight of 8 mg/cm’, the ratios 4:1, 7:1 and 9:1 parts by
weight 60 % Pt/C : 30 % Teflonized acetylene black were investigated. These ratios
correspond to 6.00 %, 3.75 %, and 3.00 % of PTFE in the entire active layer
respectively. The goal of these experiments was to investigate the effect of PTFE
content which was lower than 10 %, which amount was found to be optimal from a
previous investigation (4). In Figure 4 are shown the E vs. i plots for MEAs with
different PTFE contents. The results show that decreasing the PTFE content below 6 %
leads to a poorer performance, caused, probably, by higher gas diffusion hindrance in the
active layer of the electrode. This can be explained by the decreased volume of the
hydrophobic, reactant gas permeable, porous regions in the active layer, which has a
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negative influence on the electrode performance, especially when air at atmospheric
pressure is used as the cathodic reactant.

0 n i mbrane on PEMFC Perform

The influence of the proton conducting membrane on the performance of
PEMEFGC: is illustrated in Figure 5. These results are in good agreement with results,
obtained earlier (6). The thinnest membrane, Nafion 112, provides the best performance
because of its lower ohmic resistance. On the other hand, the E vs. i plot for PEMFC
with the Aciplex S membrane is better than that with Nafion 115 membrane despite the
thickness being the same in both cases. This is due to the lower equivalent weight of
Aciplex S membrane (EW=1000) compared to the Nafion 115 membrane (EW=1100)
and hence the higher ionic conductivity of the Aciplex-S material. It must also be noted
that the PEMFC with the Nafion 112 membrane shows a departure form linearity in the
E vs. i plot at a considerable higher current density than in the PEMFCs with Nafion 115
and Aciplex-S membranes, confirming our previous conclusions that mass transport of
protons and/or water can also explain the region of the E vs. i plot in which there is a
departure from linearity.

CONCLUSIONS

This study is still at an early stage, but interesting results have already been
obtained, showing that the optimization of the structure of the electrode and the
composition of the active layer could lead to significant improvements in cell
performance. The attained performance so far is 0.7 A/cm’ at cell voltage of 0.65 V with
air at atmospheric pressure as reactant. This demonstrates that, it is possible to reach
power density of 0.5 W/cm’ at an efficiency close to 60 % based on the lower heating
value (LHV) of the hydrogen/oxygen reaction in a PEMFC operating with air at
atmospheric pressure. Concemning the catalyst, this study was conducted with very high
platinum loading (up to 6 mg Pt/em®). We expect that further optimization of the
electrodes will lead to a decrease of Pt loading, to less than 2 mg Pt/ cm’, without loss of
performance.
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Table I Dependence of Pt particle size and active layer thickness of electrode on

percent of Pt in supported electrocatalyst and Pt loading

Catalyst Electrode Pt Pt particle size Active layer
type loading [nm] thickness, pm
PYC, % [mg Pt/cm’]
40 2.64 3.9 17
60 3.96 8.8 10
80 5.12 25 8.0

Table II Electrode kinetic, mass transport and ochmic parameters for PEMFCs with
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electrodes with different Pt loading. Parameters were calculated using the
empirical equation [1] which shows excellent fit of experimental E vs i data (5)

Pt loading E,mV R,Q b, m, mV n
mV/dec
5.12 933 0.266 48 -3.89 | 0.00008
3.96 1051 0.209 48 73.02 0.001
2.64 950 | 0.298 63 0.40 -0.004
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lines - fit to empirical equation [1]
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Figure 2 Cell potential vs. current density plot for PEMFCs with electrodes containing
different platinum loading. Membrane - Aciplex S, thickness 100 pm, cell
temperature 70 °C, ambient pressure, reactants hydrogen/air. Symbols -
experimental data, lines - fit to empirical equation [1]

Electrochemical Society Proceedings Volume 95-23 54



Cell Potential, V
© ©0 © 0 o =
N O N O O O

©
>

T T
T T T I

°o o
N ow

LA RRRS

T

TYTT

®
L]
A

T T T TrTT T

T T

LR R | T

5.12 mg Pt/em?
3.96 mg Pt/cm?
2.64 mg Pticm?

YA IR T T INANI FRERE AN R NN AT N UTT)

s o1l 1 Lol L el

10 100 1000

Current Density, mA/cm?

Figure 3 Tafel plot for PEMFCs, using experimental data in Figure 2

1.0

Cell Potential, V

0.2

LN RARRERARES RRARRS RRERE RARL

LI L L L L LRI B BLLLEN NLALELIL N BLALELALES NLELELELE BLELELELE BLALELE

SHNNE NN FEETE NS R NN

* 6.0%PTFE
= 3.7%PTFE
3.0 % PTFE

IRTY FRTRI SR TI ERRTE FRUNY FUUTS STUTY AT

Llllljulllllllll

0O 200 400 600 800 1000 1200 1400 1600 1800 2000

Current Density, mA/cm?

Figure 4 Cell potential vs. current density plot for PEMFCs using electrodes with

different PTFE content.

Membrane - Aciplex S, thickness 100 pum, cell
Symbols -

temperature 70 °C, ambient pressure, reactants hydrogen/air.
experimental data, lines - fit to empirical equation [1]

Electrochemical Society Proceedings Volume 95-23

55



1.0
0.9
0.8
0.7
0.6
0.5
04
03
0.2

ALRILEN BRI SLA L L O LA LB LA LA L OB L LB L L LN L B LB

® Asahi
m  Nafion 112
Nafion 115

Cell Potential, V

IETRENENS FNURE RTTE FUTI PNV FSTE INT

IIIIIIlIlJ_l_l_l_ll‘lJl]l]ll'l‘l“llll]llllllllllll]l
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Current Density, mA/cm?

Figure § Cell potential vs. current density plot for PEMFCs with different proton
conducting membranes. Electrode Pt loading 3.96 mg/cm’, cell temperature
70 °C, ambient pressure, reactants hydrogen/air. Symbols - experimental data,

lines - fit to empirical equation [1]

Electrochemical Society Proceedings Volume 95-23

56



Proceedings of The Electrochemical Society, PV 1995-23, 57-65 (1995)
DOI: 10.1149/199523.0057PV © The Electrochemical Society

PEM FUEL CELL STACK DEVELOPMENT BASED ON MEMBRANE-
ELECTRODE ASSEMBLIES OF ULTRA-LOW PLATINUM LOADINGS

Christine Zawodzinski, Mahlon S. Wilson, and Shimshon Gottesfeld
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Los Alamos National Laboratory, Los Alamos, N. M. 87545

We are attempting to scale-up our single cell technology, based on
ultra-low platinum loadings, to develop a polymer electrolyte membrane
(PEM) fuel cell stack for stationary power generation. We describe initial
work on scale-up to a manifolded single cell based on a 100 cm? active area,
with the intention of combining multiples of such cells to create stacks. The
cells, which are fed by pressurized Hy and air, utilize membranes catalyzed
by ultra-low platinum loadings (0.14 mg Pt/cm2) and metal serpentine
channel or screen flow-fields to minimize costs, while maintaining desirable
power density. We describe some initial promising results from testing of
stainless steel screens as flow-fields in such cells, achieving 0.5 W/cm?
under mild flow and pressurization conditions.

INTRODUCTION

For some years, there has been substantial interest in PEM fuel cells for
transportation applications. More recently, this interest has further extended to stationary
power,1-4 which has long been the domain of higher temperature fuel cell technologies
such as phosphoric acid or molten carbonate. While there may be some efficiency losses in
coupling the PEM fuel cell to a reformer system compared to its higher temperature
counterparts, the perceived advantages of the PEMFC are its quick start-up, high current
densities and non-corrosive electrolgte. To date, these systems typically utilize membranes
with platinum loadings of 4 mg/cm?/electrode and areas greater than 200 cm2. In order to
compete in the stationary power market, costs would most likely need to be less than
$1000/kW for an entire system. Lower platinum loadings are an important factor in
meeting such cost projections. Using low-platinum loading technology developed at Los
Alamos,3:6 we are attempting to produce moderately-sized stack components that provide
sufficient power output at a fraction of the platinum content (and cost) of present-day PEM
fuel cell stacks.

Most stationary applications will likely require relatively high power yields, which
suggests the use of large active areas. On the other hand, some applications, such as
uninterruptable power supplies (UPS), home-based stationary power! or private
transportation systems, require the supply of high voltages but only modest power output.
For this reason, as much as the desire to minimize materials and costs, a relatively modest
active area of 100 cm2 was chosen as the initial stage for this development effort.
Additional strategies in this program include exploring the use of alternative flow-field
materials and configurations to simplify fabrication and lower costs, minimize unit cell
thickness for the same reasons, as well as to lower ohmic losses and system weight, and
simplification and/or automation of cell fabrication.
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EXPERIMENTAL
Membrane-Electrode Assemblies

We have experimented extensively with low platinum loading catalyzed membranes
in small, single cells.3-6 These membrane-electrode assemblies (MEAs) are for the most
part based on "thin-film" catalyst layers, in which an "ink" of catalyst and ionomer is
applied directly to the membrane. The resulting catalyzed membranes are relatively robust
and have been demonstrated on the small, single cell level to maintain high performances
for thousands of hours and withstand numerous cycles of either start-up/shut-down or
freeze/thaw conditions. In most cases, these MEAs have been fabricated by hand-painting
the ink directly onto the membrane or onto hot-press decals.

The scale-up to cells much larger than our typical laboratory single cells prompted
the development of an automated process to reliably and efficiently produce large catalyzed
membranes. This was achieved by the use of a computer controlled standard X-Y analog
chart recorder to apply the catalyst ink directly to a membrane or to decals that would later
be transferred to the membrane by hot-pressing. Ink is supplied to the chart recorder pen
by a pulse-free peristaltic pump drawing ink from a magnetically stirred vial. A schematic
of the system is depicted in Figure 1.

To catalyze a membrane, the membrane is held in place on a heated vacuum table
installed on the modified X-Y recorder. The pump and pen tubing are primed with ink.
The operator interfaces with the computer program to align the pen settings properly.
When given the approval, the program drops the chart recorder pen, starts the ink pump,
and controls the pen to sweep over the desired electrode area in a serpentine pattern. When
the pattern is complete, the pump turns off and the pen is raised. The amount of ink
applied depends upon the pump speed, pen sweep-rate and size of the increment between
sweeps. Total time to ink a 100 cm? area on one side of a membrane or one decal is about
2 minutes, which translates to an application of approximately 14 mg of platinum for a
loading of about 0.14 mg Pt/cm?.

Though both direct application of ink and the decal method produce comparable
results, the decal method is preferable because it is much less time consuming and more
convenient for producing large quantities of assemblies. Several decals can be inked in
rapid succession, dried en masse in an oven and stored until needed for hot-pressing to a
membrane.

When compared to other fabrication techniques we have experimented with, this
simple process has several advantages such as 1) carefully controlled and uniform addition
of the ink, 2) minimal wastage and cleanup (as compared to spraying or silk-screening),
and lastly, 3) adaptability. Because the computer controls the printing area, the same unit
can be adapted to any size or shape of electrode by varying the program.

Cell components

Although to this point we have experimented only with single cells, the hardware is
designed for multiple cells with the requisite internal manifolding and sealing. The
endplates and cell plates are rectangular to accommodate manifolding above and below the
square 100 cm? active area in an effort to minimize unutilized space. The ratio of the active
area to the endplate area is approximately 40%, which is reasonably high for the modest
active area involved. The endplate dimensions are approximately 15 cm by 20 cm and are
secured by 14 tie-bolts about the periphery in the conventional manner. A minimum
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thickness of about 6 cm is required for the single cell, which includes endplates, current
collector and cooling plates, and a unit stack cell (flow-fields, MEA, and seals).

We have used a variety of flow-fields in our scale-up work, including titanium or
stainless steel serpentine-channel plates and stainless steel screens. Stainless steel screens
were also used as cooling plates. The serpentine hardware consisted of metal sheets about
1.25 mm thick that were machined on one side with the serpentine open-faced channels.
These were designed to be used back-to-back, sandwiching a stainless steel screen to form
a combination bipolar/cooling plate. Typical MEAs consisted of catalyzed Nafion™ 112
(DuPont) situated between E-TEK (Natick, MA) carbon-cloth gas diffusion style backings.
In general, the catalyzed membranes were prepared using the decal method described
above. The inks used contained 5% Nafion solution (1100 eq. wt. from Solution
Technologies, Mendenhall, PA), 20% platinum on Vulcan XC-72 (E-TEK), and any of a
number of appropriate solvents.

Cell testing
The test station for the 100 cm? cells contains a Hewlett-Packard 6050A load box

with two 120 amp modules, a 208 V power supply to bias the cell against the load box
such that low cell voltages can be attained, reactant humidification equipment, gas flow-
meters, back-pressure regulators, temperature controllers, and control relays for actuating
the cell's heating and cooling equipment. The test station also contains internal safety
features that will shut down the cell under various conditions (loss of gas flow, or extreme
cell temperatures, for example). Additionally, the load boxes are interfaced to a MacIntosh
(Apple) computer so that experimental data, such as polarization curves, may be obtained
using programs written with Labview (National Instruments) software.

The cells were typically operated on Hp/air at 3/3 atm (30/30 psi). Air flow-rates
were approximately two times stoichiometric (i.e. 50% utilization) at 1 A/cm2. Hydrogen
flow varied but was typically slightly over stoichiometric at maximum current density.
Occasionally, oxygen was used as a diagnostic aid. To provide water to the cell, the gases
were externally humidified at temperatures ranging from 90 - 115° C for H; and 40 - 100°
C for air. The cell temperature was generally maintained between 70 - 80° C to obtain
optimum performance. For the majority of single cell work, the cell was air-cooled by an
external fan. Multiple cells necessitated the use of internal water cooling. Water..was
circulated through the cell via a cooling plate and upon exiting the cell was circulated
through a fan-cooled radiator to maintain proper temperature.

RESULTS AND DISCUSSION

Initial development work was conducted using serpentine channel flow-fields
because we obtain our highest performances in our conventional LANL test cells (5 cm?
and 50 cm?) using such flow-fields machined into graphite blocks. Pressure drop is a
concern in large-scale systems with their higher gas flows, thus the single channel pattern
typically used in the small test cells was expanded to a 7-channel pattern (Figure 2). The
seven channels are arranged in a parallel flow scheme and are close to equal in length, as is
advocated by Ballard.Z.7 This general type of configuration should minimize water
accumulation in the flow-channels while permitting a relatively low pressure drop.
Pressure drops measured across the 7-channel plate at the 2 x stoichiometric flow-rate were
0.25 atm (4 psi) or less. Compared to previous work?, it should be mentioned, however,
that the 7-channel scheme is not an optimized flow-field configuration.
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Titanium was chosen as the original flow-field material because of its high
conductivity, the possibility of nitriding the surface to make it corrosion resistant? and its
availability in thin sheets, which could be machined with various patterns. It may also be
of interest for transportation applications because of its relative lightness. In single 100
cm? cells with acid-etched titanium serpentinc flow-fields and MEAs of ultra-low platinum
loadings, current densities of 1.1 - 1.15 A/em2 (110 to 115 A) were attained at 0.5 V as
shown in Figure 3. The high frequency resistances of these cells were approximately 0.09
Q cm?2. This compares rather favorably with the 5 cm? laboratory cells, where the lowest
resistances attained with thin-film catalyzed Nafion 112 MEAs are on the order of 0.065 Q
cm2. Typical current densities at 0.5 V for the 5 cm? test cells are at best 1.4 A/cm? with
Nafion 112 MEAs at Hp/air = 3/3 atm. Though some loss in performance occured with
scale-up, the results obtained with the 100 cm+ titanium cell were very encouraging. In
particular, the ultra-low platinum, titanium serpentine plate cells produced 0.5 W/cm? at 0.7
V or 0.2 W/cm? at 0.8 V, which is within the range of stationary power requirements.
Maximum performance of the cells was obtained with surprisingly high humidifier
temperatures of about 115/80°C for the anode/cathode. Despite the high humidification
levels and the observation that the polarization curve in Figure 3 starts to drop at relatively
low current densities, flooding of the cathode compartment was not otherwise apparent.

Though acid-etched titanium proved to be a reasonable flow-field material in terms
of short-term performance, there were many practical obstacles to continuing its use in the
cells. Because titanium is a very hard material, it was not possible to machine the plates
without first annealing the metal. Even with annealed plates, machining the intricate seven-
channel serpentine pattern was extremely time consuming and costly (end mills kept
breaking due to the material's hardness). The machining cost of the titanium flow-fields
was approximatcly $750 per plate. Clearly, this is not acceptable for practical applications.
Additionally, the annealing process creates an oxide layer on the titanium that must be
removed by acid etching to attain acceptable contact resistances.

We then replaced the titanium with stainless steel. Researchers elsewhere3 have
reported the use of stainless steel as a replacement for graphite in fuel cell stacks. They
report no significant differences in cell performance in switching from graphite to stainless
steel flow-fields. Additionally, they observed no corrosion of the stainless steel after 1000
hours of testing. Thus, for stationary power applications, where stack weight is not as
critical as for transportation, the ruggedness of stainless steel as well as its low cost relative
to graphite or titanium, make it an attractive material for practical use.

On the other hand, we observed a loss in performance in changing {rom titanium to
stainless steel serpentine flow-fields. As also shown in Figure 3, at 0.5 V, current
densities ranged from 0.90 - 1.0 A/cm? and performance in the kinetic region of the
polarization curve dropped off from 0.85 V at 0.1 A/cm?2 for titanium to 0.82 V for
stainless steel. While the loss of current density at 0.5 V was apparently due to higher
resistances with the switch to un-etched stainless steel, the reasons for the loss of kinetic
activity were not clear.

Even though the stainless steel flow-fields performed adequately, machining the
narrow serpentine channels proved to be nearly as difficult and as expensive as for
titanium. While lower cost alternatives to machining of the stainless steel are worth
considering, we were interested in pursuing some alternative flow-field schemes such as
porous9 or screen materials. Researchers at Sandia Livermore Laboratory (CA) and
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elsewhere 10 have experimented with the use of simple metal screens as flow-fields. As
mentioned above, our original cooling plate design was based on a stainless steel woven
screen. The combination of its apparent success and the previous work inspired us to
pursue the use of screens as flow-fields. Among the advantages screens possess are that
they require no special machining, are readily available in a variety of thicknesses and mesh
sizes, and are inexpensive. To attain a bipolar plate structure, 0.25 mm (10-mil) thick
stainless steel "barrier” plates would be used to separate the anode and cathode screen flow-
fields in adjacent cells within a stack. In the single cells the same plates were used to
protect the gold-plated copper current collector plates from indentation by the screens.

The use of the screen flow-fields presented new challenges in optimizing the gas
flow pattern through the screen, sealing the cell, and attaining enough compressive force on
the backings to achieve good interfacial contacts. Some idea of the uniformity of gas flow
through a screen flow-field was obtained by appropriately fixturing a stainless steel screen
and an E-TEK backing in a clear Plexiglass test fixture. Humidified air at 3 atm was flowed
through the cell at the equivalent rate of two times stoichiometric at 1 A/cm?. Water vapor
tended to condense on the relatively cool Plexiglass such that the flow-field appeared
cloudy. Large droplets from condensation and slugs of water that had accumulated in the
feed line would occasionally pass through the flow-field and temporarily clear the
condensate from the face of the Plexiglass. In this manner, stream lines would become
apparent that would reflect the general reactant flow. The streamlines suggested that gas
flow accessed all parts of the stainless steel screen fairly uniformly. In addition, we
observed that water channeled directly through the flow-field without extensive pooling or
flooding. Lastly, the pressure drops necessary to attain the desired flows and water
removal were less than those required with the 7-channel serpentine flow-fields. In
general, the behavior of the stainless steel screen flow-field as observed in the Plexiglass
test fixture was much better than we had expected.

When installed into the electrochemical cells, the screen flow-fields initially
provided poor performances. One of the difficulties was that the applied cell compression
forced the E-TEK backings into the screens, which caused not only unacceptable pressure
drops, but also compromised the integrity of the backing structures. The solution was to
employ a combination of screens. The backing was protected from the large mesh size,
relatively thick screen that served as the actual flow-field by a fine stainless steel screen.
Pressure drops of 0.15 atm (2 psi) for air and < 0.07 atm (! psi) for H at the standard
flow-rates were obtained. Even with the additional screens, the unit cell thicknesses were
still less than 3 mm. Further changes in sealing of the MEA to prevent cross-over and
acid-etching of the stainless steel before use to remove oxide coatings improved the cell
performances to 1.0 A/cm? at 0.5 V, as is depicted in Figure 4. Somewhat high cell
resistances of 0.14 Q cm? were obtained, which may account for an excessive voltage drop
of about 50-70 mV at 1 A/cm2. This resistance is high compared to the titanium serpentine
cells and primarily arises from the numerous stainless steel interfaces in the cell. On each
side, there are interfaces between the collector plates and the barrier plate, as well as three
more interfaces between the two screens and the backing. As in the case of the stainless
steel serpentine hardware, however, the 100 mA/cm? cell voltage was lower than with the
titanium serpentine flow-fields. The kinetic losses are apparent in the iR corrected
polarizaton curves of Figure 4. Otherwise, the screen flow-fields provided near equal
performance to the serpentine hardware, suggesting that the reactant access throughout the
active area was equally effective. While it is conceded that our serpentine channel design is
probably far from optimized, the relative performance of the simple screen configuration is
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very encouraging and offers much promise for this simple flow-field scheme. One of the
challenges, though, will be to obtain and maintain good interfacial conductivities.

If it is eventually possible to maintain a performance of roughly 50 W at 0.5 V per
cell output in a stack, a thickness of approximately 3 mm per unit cell (flow-fields, seals,
MEA and cooling plate) would result in a 1 kW stack of 20 cells that is only 6 cm thick, not
including endplates. The maximum power density of this configuration would be about
1kW/liter. Naturally, including the endplates and the corresponding increase in footprint
lowers this value substantially. For example, a 5 kW stack would then yield about 0.4
kWiliter.

CONCLUSIONS

Ultra-low platinum loading of large surface area membranes was achieved by the
use of a computer-controlled chart recorder to apply a uniform layer of catalyst "ink" to the
membrane surface or a decal. Advantages of this method include the controlled application
of the ink to reproducibly catalyze membrane surfaces with a certain desired platinum
loading and the adaptability to catalyze different sizes or shapes of electrodes.

Combining the use of low-platinum loaded MEAs with titanium serpentine flow-
fields, produced cells that yielded 0.5 W/cm?2 at 0.7 V, which is within the realm of
practical use for stationary power applications. A major barrier to the continued
development of the titanium cell is the difficulty in machining the 7-channel serpentine
flow-field pattern and relatively high associated costs. Though similar flow-fields made
from stainless steel did not perform quite as well as the titanium plates, it may be possible
to improve their performance by pretreating the metal to lower contact resistance.
Additionally, newer fabrication technologies based on state of the art lithography
techniques may provide plates that are inexpensive to produce on a mass-production scale.

Cells based on stainless steel screen flow-fields, in combination with low-platinum
loaded MEAs, produced outputs of about 50 W at 0.5 V, which compared favorably with
the titanium serpentine plate cells (55 W at 0.5 V). Though there was some loss in
performance, the advantages gained by the use of screens (availability in various
thicknesses and mesh sizes, low cost, elimination of machining, lighter weight, etc.) are
attractive as a practical alternative to serpentine plates. With a maximum power density of
about 50 W/cell at 0.5 V, the screen flow-fields provide a relatively inexpensive and light-
weight PEM fuel cell configuration. Further refinements of the system should increase the
maximum power and also improve the power densities at cell voltages of more relevance to
stationary power applications.

Future work will include further single cell development with an emphasis on
improving interfacial conductivites, improving backing components® and implementing
higher activity Pt alloy catalysts. In addition, multiple cell development, building on the
results obtained above, will be initiated. Particular areas of concern in stack work will be
the ease of fabrication of cell components and improving humidification schemes.
Additional concepts to improve system efficiency, such as dead-ended Hj feeds or low
pressure cathodes, will also be explored.
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Figure 1L Computer controlled process for applying a uniform layer of catalyst ink to either
a membrane or a decal blank positioned on a heated vacuum table.
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Figure 2. 7-channel serpentine flow-field design machined into about 1.25 mm thick metal
plates. Channels are ca. 0.8 mm wide and 1.0 mm deep with 0.8 mm wide ribs.

Figure 3. Polarization curves comparing the performances of fuel cells with 100 cm2
titanium (Ti) and stainless steel (SS) serpentine channel flow-fields. Conditions are H2/air
= 3/3 atm, Tcen= 80°C, 50% air utilization at 1 A/cm2, and MEAs with 0.14 mg
Pt/cm2/electrode..
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Figure 4. Cell and iR corrected polarization curves comparing the performances of titanium
(Ti) serpentine channel and stainless steel (SS) screen flow-fields. Conditions are the same
as in Figure 3.

Electrochemical Society Proceedings Volume 95-23

65



Proceedings of The Electrochemical Society, PV 1995-23, 66-75 (1995)
DOI: 10.1149/199523.0066PV © The Electrochemical Society

THE EFFECT OF THE FLOW DISTRIBUTOR
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ABSTRACT

The effects of the design parameters of the flow distributor on the
performance of the proton exchange membrane (PEM) fuel cell are studied
in terms of the current density generated in the air cathode. Laplace’s
equation with boundary conditions that account for the shoulder area
design is used to describe the gas transport through the electrode layer.
Based on the computed results studied for the effects of the effective
oxygen diffusion coefficient, aspect ratio, and current load, the current
generated in the cathode side can be limited by as much as 45% as
compared with a gas distributor design which has no shoulder area.

INTRODUCTION

With the promise of lower temperature, very high current density, and non-
corrosive operation with lower sensitivity of orientation, proton-exchange-membrane
(PEM) fuel cells are receiving increasing attention for, particularly, vehicular power
application (1). Like other types of fuel cells, PEM fuel cell performance is limited by the
activation, ohmic and concentration polarization (2). Activation polarization represents
energy losses that are associated with the electrode reactions. Ohmic polarization
represents the summation of all the ohmic losses within the cell, from electronic
conduction through the electrodes, contacts and current collectors to ionic transportation
through the electrolyte. The development of the perfluorosulphonic acid electrolyte
membrane with platinum loading as an electrocatalyst has made it possible to reduce
greatly the limitations from activation and some of the ohmic polarization (3, 4). With
these new developments, many researchers started to focus on understanding and
reducing the concentration polarization of the PEM fuel cells.

Electrochemical Society Proceedings Volume 95-23 66



The concentration polarization represents the energy losses associated with mass
transport effects. For instants, the performance of an electrode reaction may be inhibited
by the inability of the reactants to diffuse to or products to diffuse away from the reaction
site. Significant mass transport limitations occur in the electrode and active catalysts
layers. However, it has been demonstrated that losses due to the transport of the reactant
gas through the anode and cathode catalyst layers are insignificant at practical operating
current density (5). Therefore, the main mass transport limitation of the reacting gases is
in the electrode layers. The electrode layers serve the following functions: gas transport
from the flow distributor to the catalyst layer, and electron transport from the catalyst
layer to the current collector. Also, the presence and transport of liquid water generated
at the cathode catalyst layer cause significant complexity to the gas transport in the
cathode of the cell. However, this topic will be covered in future works.

Most studies on the mass transport limitations by the electrode layers have been
investigated with the assumption that the reactant gas is provided uniformly from the
flow distributor to the whole electrode surface area (3, S, 6, 7, 8). However, the reactant
gas diffusion to the catalyst layer on top of the shoulder of the flow distributor is hindered
by the shoulder area of the flow distributor. Figure 1 shows a schematic of the cross-
sectional view of an electrode of a typical PEM fuel cell. This shoulder area, which is
essential for the electronic transport from the electrode to the current collector, affects the
cell performance by changing the ohmic polarization. Therefore, it is important to
investigate the effects of shoulder area on the transportation of the reactant through the
electrode layer and the ohmic resistance of the flow distributor. Moreover, the area ratio
between flow channel and shoulder needs to be optimized for both gas transport and
electrical requirements. Note that larger shoulder area means smaller electrical resistance.

In this paper, the effect of the gas distributor design parameters on the
performance of cathode electrode layer of the PEM fuel cells is studied at various load

conditions.
MODEL DEVELOPMENT

The oxygen gas transport through the air cathode electrode is simulated. Gas
transport from the flow channels to the catalyst layer is by diffusion, which is driven by
concentration gradient. A steady-state, two-dimensional diffusion equation is used to
describe the concentration (c) distribution of the oxygen gas in the electrode layer. See
the model region shown in the schematic in Figure 1. It is assumed that the morphology
of the electrode layer is uniform and identical in both directions such that the effective
diffusion coefficient is invariant of position.
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At the points x equal zero and 1, symmetric concentration profiles are assumed. Uniform

concentrations and zero y-direction flux of oxygen are used for the electrode surface

contacting the channel and the shoulder, respectively. At the reaction surface (v = h) the

oxygen flux in the y-direction is related to the current density generated along the x-

direction,
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The Butler-Volmer equation is used to describe the current distribution along the
electrode and membrane interface, /(x),
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Iy is the exchange current density for the oxygen reduction reaction, D, is the effective
diffusion coefficient, o is the transfer coefficient for the reaction, n is the number of
electrons involved in the reaction, s is the length for the shoulder, / is the combined
length of the channel and shoulder, / is the height of the electrode, F' is Faraday’s
constant, and 1 is the clectrode over-potential (8).

The equations given above arc solved by a finite difference method proposed in
reference (9). Once the concentrations of the reactant gas along the reaction interface are
known, the current densities (/(x)) along this interface are calculated from Equation 3, and
the average current density (I,,) is estimated by integrating the current density generated
along the x-direction using Simpson’s Rule.

RESULTS AND DISCUSSION

The model is used to study the effect of the gas distribution design on the
performance of an air cathode. Figure 2 shows a typical gas concentration profile through
the electrode layer with the condition of #/s = 0.2, (I-s)/s = 0.5, D= 0.03 cmz/s, and n=
0.2 V. The region above the channel area shows higher oxygen concentrations than that
above the shoulder. The concentration of the gas decreases linearly as y increases. Also, it
decreases dramatically within the region beyond the interface between channel and
shoulder (x = 0.05) as x increases.

The gas distribution in the electrode is changed by varying the current load.
‘Various current loads can be simulated by adjusting the electrode over-potential
parameter, 1. The investigated range (between 0.1 to 0.2 volt) of the electrode over-
potential parameter is determined based on normal operation conditions for PEM fuel
cells (8). Figure 3 shows the effect of the shoulder on the current density profiles
generated along the reaction interface (y = 1) at #/s = 0.2, (I-s)/s = 0.5, D,;= 0.03 em’/s
and various over-potentials. Note the lower current densities along the reaction interface
on top of the shoulder. Also, at higher over-potentials, the differences between the current
generated at the channel side and shoulder side are greater, and the current densities near
the interface between channel and shoulder (x = 0.05) change rapidly. Figure 4 shows the
Loye/Lnax ratio over the over-potential range of 0.1 to 0.2 V. The maximum current density,
Lax, represents the current density without the shoulder. The ratio 1,,,/1,,, represents the
ratio between the performance with and without the shoulder and is used here to illustrate
the effect of the presence of the shoulder. At lower over-potentials, the effect of the
presence of the shoulder on the cell performance is not significant. However, at higher
over-potentials, the effect of the shoulder area becomes significant. In other words, the
hindrance on the current generation by the shoulder area increases at higher current loads.
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The effective diffusion coefficient of oxygen in the electrode layer is affected by
the porosity and the tortuosity of the electrode layer (3). Also, the morphology of the
electrode layer can be affected by the present of the liquid water that is generated by the
electrode reaction and electroosmosis at the reaction interface. Different values of the
effective diffusion coefficient of oxygen are used to simulate the effect of electrode
morphology as well as water conditions of the system. Figure 5 shows the effect of the
effective diffusion coefficients ranging from 0.03 to 0.09 cm”s at five different current
loads for /s = 0.2 and (I-5)/s = 0.5. As expected, as the effective diffusion coefficient
decreases, hindrance by the shoulder area increases as shown by the decreasing I,/
ratio.

Figure 6 shows the effect of the aspect ratio (/#/s), the ratio between the electrode
thickness and the length of the shoulder, at (/-s)/s = 0.5 and D, = 0.03 em/s. As the
aspect ratio increases the average current density generated along the reaction interface
approaches closer to the maximum current density. In other words, the hindrance on the
current generation by the shoulder area decreases. As the aspect ratio increases the
diffusion length of the gas increases and the difference in the diffusion distances between
the region above the channel and that above the shoulder becomes less significant.
Therefore, oxygen gas is more uniformly distributed. However, the maximum current
density attainable decreases.

The effect of the channel and shoulder ratio ((/-s)/s) is shown in Figure 7 for
different current loads with the conditions of #/s = 0.2 and D, = 0.03 em’/s. As the
channel ratio decreases, the effect of the shoulder increases, and this effect becomes more
significant at higher current loads. Note that at higher channel to shoulder ratios, the
electrical resistance is higher. The optimized channel to shoulder ratio must account for
the gas transport as well as the electrical resistance requirements.

CONCLUSIONS

The effects of the shoulder area of the flow distributor were studied in terms of
the current density generated at the reaction interface. Two dimensional Laplace’s
equation was used to simulate the oxygen transport through the air cathode of a PEM fuel
cell. The boundary conditions were specified to account the presence of shoulder and
channel area of the flow distributor. The effects of current loads, effective diffusion
coefficients, aspect ratio of the electrode, and channel to shoulder ratio werc investigated.
At low current loads with high diffusion rates, aspect ratio, and channel ratio, the effect of
the presence of the shoulder was negligible as expected. However, at high current loads,
low diffusion rates, and low aspect ratio, the diffusion hindrance from the shoulder
became significant, resulting in losses in performance by as much as 45 %. Also, it was
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quantitatively demonstrated that the shoulder effect in terms of current generation
decreased as the channel to shoulder ratio increased.

From this analysis, it could be concluded that the diffusion hindrance by the
shoulder of the flow distributor could significantly affect the performance of a fuel cell.
This hindrance effect increased with increases in the current load and decreases in the
effective diffusion coefficient, aspect ratio of electrode thickness and the shoulder length,
and channel to shoulder ratio.
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Figure 1. Schematic of the cross-sectional view of one electrode of a PEM fuel cell.
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Figure 2. Concentration distribution of the reactant gas within the
electrode.
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Figure 3. Profiles of the current distribution along the reaction interface
at various current loads.
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Removal of product water is a problem in polymer electrolyte fuel
cells (PEFCs) that operate at less than 100°C. As water vapor pressure
increascs along gas flow in a cell, the difficulty of removing product water
also increases in downstream of the flow. This problem is negligible in case
of small-area electrode, but it becomes serious in large-area electrode. The
means we have taken to solve this problem is to make intentionally
temperature difference between gas inlet and outlet in the cell. This method
effectively prevented the large-area electrode of 600cm? and 2000cm?2 from
the condensation of water vapor in the cell. We have added a theorctical
explanation for the effect of the temperature difference method.

INTRODUCTION

Since PEFCs are usually operated at lower temperature than the boiling point of
water, the issue of water management is very important in stable operation. Condensed
water in electrodes hinders gas diffusion, and stuffed water in gas grooves causes ill
distribution of gas. There are two approaches to remove water efficiently. One is to remove
condensed water by capillary force using some hydrophilic materials. Another way is o
prevent water vapor from condensing by adjusting cell temperature. We have examined the
latter method, which makes intentionally temperature difference between gas inlet and outlet
in the cell.

EXPERIMENTAL

In order to make intended temperature difference, the structure of cooling water
flow path in a separator was designed as shown in Figure 1. Cell temperature was changed
by controlling temperature and flow rate of cooling water passing through the grooves
which made a right angle with gas passages. A 6-cell stack with 600cm2 electrodes, as
shown in Figure 2, and a 2-cell stack with 2000cm? electrodes were used in the
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experiment. Both anode and cathode catalyst layers contained 2.6 mg/cm? of Pt black. The
anode feed gas was pure Ho, and the cathode feed gas was air. Operating conditions are
shown in Table 1.

RESULTS

Figure 3 shows the effect of cell temperature at gas inlet (77) on cell voltage in
600cm? electrode cells operated at (0.2MPa abs. Cell temperature difference between gas
inlet and outlet (AT) was fixed at 7°C. Each cell voltage was corrected into the deviation
from maximum cell voltage in the figure. The cells gave stab]c voltage in the range of 66 10
68°C (T;) except for No.2 and No.4 cells.

Figurc 4 shows the effect of AT on cell voltage at constant T; (66°C). High cell
voltage was oblained in the 5 t0 7°C of AT except for No.4 cell. Different behavior of No.2
and No.4 cells is considered to be due to ill distribution of gas. These experimental results
give that the optimum temperature in 600cm2 cells is 7;=66 (0 68°C and AT=5to 7°C.

Figure 5 and 6 show the case of 2000cm? electrode cells. Maximum cell voltage
was obtained at T;=69°C and AT=3 to 5°C. Since the 2000cm2, 2-cell stack was operated at
low pressure (0. 1MPa abs), the effect of temperature difference is less remarkable than that
in the 600cm? stack.

MODEL DEVELOPMENT

Model Description

A theoretical model has been developed to calculate T; and AT for various operating
conditions. The schematic view of the model is shown in Figure 7. In this model, the
contribution of anodc on water removal was represented by a parameler o that is_the ratio
ol product water removed through cathode to total removed water. The ratio o was
determined experimentally. The anode polarizations is ignored because pure H» is used for
anode feed gas. Assuming that the partial pressure of water vapor at cathode reaction site is
cqual to the saturated water vapor pressure at the cell temperature, the pressure difference
of water vapor between the reaction site and the gas passage, Ap(x), can be expressed as:

Ap(x)=P(T(x))-P _Ywt Y]
PR =Ll Vo (x)+V (x)

where x is the distance from the gas inlet (O<x<L), Py is the saturated pressure of water
vapor, Tis the cell temperature, P is the total pressure, Vyyis the flow rate of water vapor
in air, V4 is the [low rate of dry air. Vi and V4 are the functions of x, and can be
expressed as:
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where Viyg and V,y9 are the flow rate of water vapor and-air at inlet, &t is the ratio of
product water removed through cathode. Ap(x) in equation [1] can be written as:

T(x) ( P
A/)(.\'):ApO{ ) *—)
{ To (Pa U fo
where temperature Ty, pressure P, and current density ig are sclected value as standard
conditions of calculation. Apg is the calculated pressure difference of water vapor from Ty,
Py, ip, and the thickness of cathode. Equation [4] implies variation of diffusion coefficient
by temperature and pressure.

} [4]

Calculation of Optimum Temperature Distribution

The temperature distribution T(x) can be obtained by solving equation [1] to [4]. Ti
and AT is given by 7i = T(0) and AT = T(L) - T(0). Figure 8 shows the contour of
computed T; as a function of dew point of air and total pressure at 0.4A/cm?2. AT can be
also calculated as shown in Figure 9. The computed temperatures corresponding to the
operating conditions in Table 1 are T;=65.9°C / AT=7.2°C (600cm?2), T;=68.5°C i
AT=2.8"C (2000cm?2), which agree with the experimental results in Figure 2 1o 5.

Optimum temperature distribution can be obtained from these figures. High
pressure or low temperature requires large AT. High utilization of air or high current
density also needs to enlarge AT from equation [1] to [4].

CONCLUSIONS

A temperature difference method operated effectively to remove product water from
cathode in the experiments of 600 and 2000cm?2 electrode cells. The optimum cell
temperature and temperature difference can be calculated from water vapor pressure in inlet
air, total pressure, and current density. The computed optimum operating temperature
shows good agreement with the experimental results.
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Tabic 1 Operating Conditions
Parameter 600cm2 2000cm2

Current Density 0.4A/lcm2 0.4A/lcm2

Pressure 0.2MPa O.IMPa
Air Utilization 25% 25%
H2 Utilization 2% 36%
Dew Point of Air 57'C 65'C
Cooling
Water

Fig. 1 Schematic lllustratoti of Cooling Water Flow

Fig.2 6-Cell Stack with 600cm2 Electrode
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DEVELOPMENT AND PERFORMANCE OF GASKETLESS STACK
FOR PROTON EXCHANGE MEMBRANE FUEL CELLS

Yong Woo Rho, Won Il Cho and Young Tai Kho

R&D Center, Korea Gas Corporation
277-1, 1I-Dong Ansan, Kyunggi-Do, 425-150, Korea

ABSTRACT

The gasketless stack for proton cxchange mcmbranc(PEM)
fucl cells was developed by using O-ring.  Incorporation of O-ring
makes it possible not only to obtain the perfect scaling and
non-mixing of rcactants gascs but to fabricatc thc stacks less
cxpensiye and more convenient.  The stack performance of 250
mAfem” at 0.7 Volt was attained at 3 bar with the E-TEK
clectrode and Nafion 115 membranc by using thc purc hydrogen
and oxygen. It cxhibited rcasonably uniform ccll-to-ccll
performance and stability.

INTRODUCTION

Among various clectric power gencrating technologics utilizing non-petroleum
fucls such as methanol, cthanol, natural gas and hydrogen, fucl cells provide
advantages over  conventional technologics.  These  advantages  include  high
generation  cfficiency and supcrior characteristics with rcgard to environmental
considcrations. Numerous cfforts have been made, thercfore, for the fuel cells
devclopment as  future gencration technology. Proton cxchange membranc fucl
ccll(PEMFC) is a fuel ccll of special intcrest due to its high attainable power
density at the lowest opcrating temperature. Recently it has been considered as a
promising powcr sourcc for clectric vehicles[1,2].

The use of the solid polymer clectrolyte in fuel cell enablcs onc to remove
problems encountered when liquid clectrolytes were utilized. Problems of managing
clectrolyte and corrosion, for cxample, arc minimized by replacing liquid
clectrolyte to solid polymer. PEMFC also cnables the relative simplicity of stack
design and the ruggedness of system. One of the key technological impediments
associatcd with devclopment of PEMFC is the watcr and heat management inside
stack. Numerous cfforts have bcen made concerning the distribution of reactants
gascs and the removal of reaction products such as water and heat[3,4,5].

It is surprising that thc litcratures on gas scaling arc rather scarc in spitc of

its critical importance in stack fabrication. Most of prcvious works cmployed the
thcrmoplastic gaskets for gas scaling[6]. Gasket matcrials include Viton, rubber,
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styrenc-butadiene  copolymers and silicon. It is author’s understanding, however,
that gaskets-incorporated stacks arc pronc to gas leak andfor gas crossover
problems cspecially when they arc operated in a pressurized condition. Morcover
clectrolytic membranc  should be sufficiently large cnough to cnsurc a closc
contact between gasket and membranc. Taking into account of the pricc of the
membrane, it makes stack cost high sincc thc membranc in contact with gasket is
essentially unused.

This study presents the stack design and its performance. This stack was
madc of unit cclls which docs not have gaskets for scaling. Korea Gas is now
producing stacks of uniquc dcsign(KGPF-3) where reactant gascs arc fed by
intcrnal manifolders to the bipolar platcs of scries-parallel design. Gas sealing in
this stack is achicved by incorporating double O-rings instcad of gaskets.

EXPERIMENTAL

Mecmbranc/Elcctrodec Asscmbly Fabrication

A membranc-clectrode asecmbly(MEA) is a basic building block of fucl cell
stack. MEAs, having an activc arca of 289 cm’, werc fabricated from Nafion
115(thickness @ 127 pm) membranes and low Pt- loadcd(04 mg Ptfem®) E-TEK
clectrode. Prior to use in the MEA, mcmbranc was cleancd and treated to make it
a proton conductor. The clectrodes were impregnated with 5% Nafion solution so
that the MEA may attain high cnough power density. Thc amount of impregnated
ionomer(dry wecight) was varied up to 1.9 mg/cm Upon completion of membranc
and clectrode treatments, they werc assembled and hot pressed at varying
pressurc(l ~3 metric ton) and temperaturc(80~ 190°C) for about 3 minitucs. The
procedure of MEA fabrication is shown in Fig. 1.

Stack Fabrication

A 30-ccll PEM fucl cell stack(KGPF-3) was fabricated in this study. The
geomctric arca of rcaction arca was 289 cm’*(17cm x 17cm). The stack consists of
membrane/clectrode assembly, bipolar platc and end plate and cooling plate. The
later three plates arc made of resin-impregnated graphite. The bipolar plates were
designed so that the reactant and product gases arc manifolded internally and fed
to individual cells by scrics-parallel flow pattern. Cooling plates were placed in
cvery four cells and fed with water. Fig. 2 shows the stack assembly which
consists of tic plate((D), cnd plate(®)), bipolar plate((3) and membrane/elcctrode
assembly(@),®,®). Four holes(®) located at thc comer of the bipolar and
cooling plate(()) arc internally connected to the inside ribbed surface of bipolar
plate and act as inlets and outlets of rcactant and product gases. Grooves arc
machined to placc O-rings(?). Five O-rings were incorporated into individual
cclls : onc to separatc the active arca from the gas flow channcls and the others
to scal rcactant and product gases.

Pcrformance Test

The performance tests of stack were conducted using test stations. Test
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stations were equipped with humidification chamber, mass flow controllers, back
pressurc rcgulators and temperaturc controllers(Fig. 3). Hydrogen and oxygen were
uscd as rcactant gascs. Both gascs werc humidificd by passing them through the
{Iumlidification chambers whose temperature was maintained at the predetermined
cvel.

The gas flow ratc was changed with current density in order to maintain it
as a constant factor times gas utilization rate(1.5 X stoichiometric). Stack
potential vs. current density mcasurcments were made over a temperature range of
S0 to 80C and a pressurc range of | to 3 atm.

RESULTS AND DISCUSSION

Design Feature of KGPF-3

The optimum fucl ccll operating condition was alrcady identificd with
several publications[1,7). Gas temperatures should be maintained higher than the
ccll temperature in order to supply cnough vapor for membranc humidification. It
is idcntificd that thc best gas temperatures are 5C and 10T higher than the ccll
temperature, for oxygen and hydrogen respectively, irrespective of the ccll
tcmpceraturc. Power output of fucl cell could be further increascd via pressurized
operation. Enhanced performance with increasing cell temperature was observed up
to 70T, whercas the latter showed no appreciable effect above 707. This
obscrvation might be attributed to the increased vapor pressure with incrcasing
temperature which dilutes inlet gas composition[8].

Pressurized opcration of polymer clectrolyte membranc fucl cell is very
important because of better gas distribution and membranc humidification but has
cxposcd problems of gas tightening and scaling. Gaskcts have been widely used
for gas tightcning and scaling. Usc of gaskcts, however, cxposcs scveral problems
which are stated bclow

Most importantly, gasket-scaled stack, somectimes, can not sccurc gas scaling.
Expericnee of this laboratory have shown that gas scaling by gaskets became
difficult especially for the cells of large active area(>200 cm’). Planar deformation
of thin graphite plates upon machining into thc bipolar plates is responsible for
this observation. Difference in the thermal cxpansion coefficients of gasket
material and mcmbrane causes considerable stress in rcpeated halt-operation cyclcs.
This stress is concentratcd at the inside border of gasket where gasket and
clectrode, both were attachcd on top of the mcmbrane, are in contact. Membranc
beneath this border may cxperience tearing problem due to this thermal stress.

Fucl cell stacks which were fabricated utilizing O-rings, instcad of gaskets,
cnable pressurized opcration without above mentioned problems.

Stack Pcrformance

Three individual stacks having 10 unit cells were fabricated scparatcly. Each
10-ccll stack was tested at Icast for 7 days in order to identify any fabrication
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flaws. This test included not only the gas lcak and cross-over at high pressure
but also thc basic pecrformance such as open circuit potential and i-E
characteristics at low current density. Upon completion of pre-test, 10-cell stack
was added to previously tested stack. Component cells exhibiting poor performance
were replaced by fresh cells during stack-to-stacking procedure. In fabricating the
final stailck, composcd of 30 unit cclls, cooling platcs were incorporated into cvery
four cclls.

The potential vs. time plots, at constant current density, arc shown in Fig.
4. Although the incrcase in the opcrating temperature and pressure resulted in the
cnhanced performance, results at 60°C and 1 bar (hydrogen and oxygen) arc
presented. As shown in this figure stack cxhibited an cxcellent stability with time.
Effect of the ccll temperaturc on stack performance is shown Fig. 5. This study
was conducted with 20-ccll stack by maintaining the 1 bar pressurc. This trend is
almost samc as that of the unit ccll, that is, the incrcase in the open circuit
voltage and on the cxchange current density with incrcasing cell temperaturc[8].
Fig. 6 shows the cffect of the opcrating pressure on 20-ccll stack performance.
The observed performance cnhancement upon incrcasing thc opcrating pressurc
from 1 to 3 bar is rathcr smaller than cxpected. This is a discrepancy between
unit ccll and stack performance behavior where the former cxhibits significant
performance enhancement upon pressurized operation.

Current-potential  performances of each and every constituting cells in the
20-cell stack werc monitored. Although some cells showed impaired performance
at high current density operation, cells cxhibited rcasonably uniform performance
cven long time after fabrication(Fig. 7). Cell-to-ccll consistency was maintained for
the 30-ccll stack(Fig. 8). This 30-ccll stack, named KGPF-3, is currently under
opcration. The power capacity of this stack is 1.2 KW at 60 C and | bar (Fig.
9) and the total opcration time has cxceeded 2500 hours. This stack has been
demonstrated that there arc no internal cross-over and cxternal Icakage problems.
This stack has an ability to producc about 2 KW power at the higher pressure
and tcmperaturc. .

CONCLUSIONS

Korca Gas is dcvcloping proton cxchange membrane fuel cell stack. We
have identified scveral important features in developing PEMFC stack which is
listed below ;

e Optimum conditions for PEMFC opcration has bcen idcntificd. Temperature of
inlct gascs higher than the ccll temperature is required to humidify the
membranc  clectrolyte.  Pressurized operation  becomes  feasible  when  O-ring,
instcad of gaskets, arc utilized.

e Cecll stack(KGPF-3 : 1 KW power) is fabricated and is currently under testing.
It cxhibits rcasonably uniform cell-to-cell performance and  stability. The
unique fecatures of this stack include incorporation of O-rings, internal
manifolding of rcactant gascs, scries-parallel design of bipolar platc and water
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cooling.

e Wc have demonstrated that the stack docs not cxpericnce intcrnal cross-over
and cxtcrnal lecakage of reactant gascs even after 2500 hours operation.
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Membrane preparation

Electrode preparation

[Boiling in HR2 for Ihr|
[*Rinsing in Boiling water for 2hrs [

J
[ Boiling in HSX for Ihr ]

£ Rinsing in boiling water for 2hrs [

Hot-pressing of membrane &Electrode
1
Test of insulation

Fig. 1 The procedure of MEA fabrication.

Fig. 2. Profon Exchange Membrane Fuel Cell

Electrochemical Society Proceedings Volume 95-23

[__Cutting 28%cmJ electrode J

[ Painting Swt°o Nafion solution J

1

[*Drying in oven for 2hrs at 80'C

¢- 145°C, 1 metric ton

Slack Assembly

87



i
]
|
1
Fagula

H I :
o & : : 5
E 9 @. i 3 .

k‘ v
L4 Ve oo

o
C %
| ¥ Yo - H
—7*——’ APOYY O Ay [hage W -
| i 3 le ! 5
3 2
aunuguau (534345 [ |
I

I = »
[
o w
>+
n=w
| o >
LoRw

Fig. 3. Schematic diagram of PEMFC test station

P |

Electrochemical Society Proceedings Volume 95-23



30

25

20

15

Potential (V)

10

5

1995. 4. 19
\ 30-celt stack
— ——t o
1995.3. 17 - —— ..
A—a—— ___,
T J/ 20.celt stack <:' T— ———— x
- g—e—emam—i/e—/ it ¢
A A — b A A A A
FOITITETITYETE Y
-@- cument:SA
B -8~ current : 10A
ERERE —A - current:20A
'!:i * —¥— current : 30A
#-- current 1 40A
7 & 10-cell stack
1995.3.9 .
T T T T T T
0 200 400 . 600 800 1000 1200
Time (hr)

1400

Fig. 4. Performance data of PEMFC muti-cell stack at Tsuﬂ=60°C.
P, ,, = 1bar. E-TEK electrode(0.4mg Pticm?, area 289cm?)

20
A
18 g\
16 .Q\I\ .
14 - Tl T
s 12 -
© l\'
£ 10 A
g 8 | —e— T,,,360°C
o —w - T,,,580°C
6 -
4
2 4
0 T T T T T T
0 10 20 30 40 50 60
Current (A)
Fig. 5. Effect of temperature on performance PEMFC 20-cell stack plot.
E-TEK elctrode(0.4mg Ptcm?, area 289cm?) and Nafion #115
membrane, Pm_oz=1 bar.

HX.OI
and Nafion #115 membrane.

Electrochemical Society Proceedings Volume 95-23

70

89



1.0 3 - 1000

0.9 7\{\
= 0.8 8- . - 800
8 P _ o
s 0.7 = .\::\73 —~w
é 0.6 - ST TTTe - 600 g
8 05 - /B S
& 3
e 04 - VY N @ Py =thar |0 400 ¢
g 03 - );/ - ~® - Py 3bar
2 ' O~ Pyyop= thar
< 02- =0 - Pyy0,=3bar - 200

0.1

0.0 - T T 1 T -0

0 50 100 150 200 250

Current density(mAlcm?)

Fig. 6. 20-cell stack average potential & power vs current density plot. E-TEK
electrode(0.4mg Pllcmz, area ZB!Icm?) and Naflon #115 membrane,
—onO,
Tetack=80 C.

potential (V)

Fig. 7. 20-cell stack current distribution & individual potential vs.
No. of cell from H, inlet plot. E-TEK electrode(289cm’ area, 0.4mng

Ptcm?) and Nafion#115 membrane. T

=60"C, P

stack

stack

=1 bar.

Electrochemical Society Proceedings Volume 95-23

20



Fig.

Potential (V)

"
E § /
081" /////4;;///
g oA ,“/
5. 0671 ) Yy
g 05 >
% 0.4 '
C el
02 //A‘iE!”A...
0.1
0.0~
107 20
0. of Cel] form, Hz inleg

Fig. 8. 30-cell stack current distribution & individual potential vs.
No. of cell from H, inlet plot. E-TEK electrode(289cm’ area, 0.4mg

2 .
Pticm’) and Nafion #115 membrane. T, ,=60°C, P, =1bar.

1200

- 1000

- 800

- 600

Power (W)

- 400

- 200

< T T T
o]

T T 1 0
10 20 30 40 50 60 70

Current (A)
9. 30-cell stack Potenlial & power vs current plot. E-TEK electrode

(0.4mg Pticm .areaZBQcm’) and Nafion #115 membrane, T"m=60"c.
P)j 0, =1bar.

Electrochemical Society Proceedings Volume 95-23

91



Proceedings of The Electrochemical Society, PV 1995-23, 92-101 (1995)
DOI: 10.1149/199523.0092PV © The Electrochemical Society

EFFECT OF CONTACT PRESSURE
AT Pt-POLYMER ELECTROLYTE INTERFACE
ON OXYGEN REDUCTION REACTION

Ken-ichiro OTA, Masaki KURATSUKA, Hideaki YOSHITAKE and Nobuyuki KAMIYA
Department of Energy Engineering, Yokohama National University
156 Tokiwadai, Hodogaya-ku, Yokohama 240 JAPAN

In order to clarify the interface reaction between electrode/solid polymer
electrolyte, the effect of the contact pressure between Pt electrode and
polymer electrolyte(Nafion®) on oxygen reduction reaction(ORR) on Pt
electrode has been studied at room temperature by the electrochemical
methods (cyclic voltammetry, potential sweep and chronoamperometry) using
a straingauge.

The current of ORR at a fixed potential depended on the contact
pressure. At low oxygen overpotential where the activation controlled the
reaction the ORR current increased with the increase of contact pressure
because of the suppression of the formation of Pt oxide. On the other hand
the limiting current of ORR where the reaction was controlled by the diffusion
of reaction species decreased with the increase of the contact pressure owing
to the suppression of oxygen flux in the polymer electrolyte.

INTRODUCTION

The polymer electrolyte fuel cells(PEFC) are started again to develop extensively since
they can operate at relatively low temperature(close to room temperature) and have high
power density and are easy to handle compared to other fuel cellsD. This was originally
developed for the space use(Gemini Program). At that time the ability of PEFC is not
enough compared to other fuel cells. Several years ago the announcement of Dow
membrane changes the situation of PEFC for its high power density(current density)2). The
breakthrough of basic material causes the great technical innovation. The special attention is
paid for the application of PEFC to the moving power source, especially to the automobiles.

However, they have several technical problems to be solved before
commercialization. The decrease the usage of Pt amount in catalyst, the water management
in the polymer electrolyte, and the poisoning of the electrode by carbonaceous materials(
especially CO) are thought to be primary major technical problems. Besides them the large
overpotential of the oxygen reduction reaction(ORR) at the cathode exists. Oxygen
electrodes generally causes this kind of problem in any electrochemical system especially at
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low temperature. The active electrode material for the oxygen reduction is inevitable for a
high performance PEFC. Presently, Pt or Pt based alloys on dispersed carbon are used
since they are relatively active for oxygen reduction and stable with the polymer electrolyte
that is thought to be a strong acid.

The catalytic activity of ORR at the cathode is affected by several other factors. The
contact pressure between the cathode and the polymer electrolyte is one of them, since the
characteristics of polymer electrolyte would be affected easily by the pressure(force) from
outside. If the pressure were weak, the ORR could not proceed thoroughly since enough
reaction interface could not be obtained. If the contact pressure were very strong, the
reaction would be affected by the deformation of the polymer electrolyte. The deformation
might cause the changes of the ionic conductivity or the diffusivity of the reaction species in
the electrolyte.

In this work the effect of the contact pressure(or force) between the polymer
electrolyte and the Pt cathode has been studied fundamentally by the electrochemical method
using the pressure controlling devise.

EXPERIMENTAL

The solid state electrochemical cell that was used for the reaction cell3). Figure 1
shows the schematic drawings of the experimental cell where the contact pressure between
the working electrode and polymer electrolyte can be controlled. The working electrode
and the counter electrode were contacted on both sides of the polymer electrolyte. The
electrolyte was Nafion® 117. The polymer electrolyte was washed in 5 wt% H;0;, 0.5 M
HCI, and ultra pure water at 80°C before use. The contact pressure was changed by the
turning of the screw of the micrometer head that was connected to the working electrode.
The pressure was measured with the straingauge transducer that was placed on the top of the
micrometer head.

At first spherical Pt electrodes were used for the working electrodes whose diameter
were 045, 0.80 and 1.7mm@ that were made by melting Pt wires. The surface of the
electrodes were polished with alumina polishing powder and washed in pure water with
ultrasonic washer. In order to minimize the effect of oxygen diffusion through the polymer
electrolyte, Pt microelectrode(0.3mm@ disk) was used for the cathode working electrode
that was made by mounting Pt wire in acrylic housing with epoxy resin. The surface of Pt
cathode was coated by polymer electrolyte using 10ul of 5% Nafion®- alcohol solution and
dried in air at room temperature. The counter electrode was Pd plate with small holes with
the current collector of Pt mesh. The reference electrode was the dynamic hydrogen
electrode(DHE) that was made by the thermal decomposition of Pt salt on 1.5 mm@ Ti.
The current density for the DHE was 1 mA/cm2.
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The oxygen gas was humidified by bubbling through the water whose temperature
was kept same as the reaction cell. The ORR on the Pt electrode was studied at room
temperature using the apparatus by the potential sweep method, the cyclic voltammetry and

the chronoamperometry3.6).

RESULTS AND DISCUSSION

Figure 2 shows the dependence of the net current of ORR on the spherical Pt
electrodes at the potential of 0.3V vs.DHE on the contact force between Pt electrode and the
polymer electrolyte. The current was obtained by the potential sweep from 1.3 V at the
sweep rate of 0.01 V/s. The current increases on larger size Pt electrode and becomes
constant value at high contact force. Figure 3 shows the dependence of the contact area of
the Pt electrodes on the contact force that was obtained from the peak current of the Pt oxide
reduction at the cyclic voltammogram from 1.5 V to 0.05 V at the sweep rate of 0.1 V/s in
nitrogen atmosphere. The contact area increases sharply at small contact force. At high
contact force the increase of the area becomes small, where the deformation of the polymer
electrolyte would take place.

Combined the results of Fig.2 and Fig.3, the real current density of ORR can be
calculated and plotted in Fig.4. With 0.45 and 0.80 mm@ electrodes the current density
increases at small contact force and gets the maximum at 100 gf and 200 gf, respectively.
At higher contact force the current density decreases gradually. If the ORR at Pt/polymer
electrolyte interface were independent of the contact force, the current density should stay
constant and be independent of contact force. The result of this work is different. The ORR
would be affected by the contact force not only by the reaction area but by the other factors.

The surface of Pt electrode might be divided into two regions. One is active for ORR
and the other is inactive. On Pt electrode Pt oxide is present as well as Pt metal in oxygen
containing atmosphere. Generally, Pt oxide is inactive for electrode reactions compared to
Pt metal. In the polymer electrolyte both the hydrophobic area and the hydrophilic area
exist. The hydrophilic area would be more active for ORR. These phenomena were mixed
and the current density got the maximum in Fig.4. The inactive area increases gradually at
higher contact force in this case.

Figure 5 shows the results of the potential sweep(l.1 ~ 03 ~ 1.1V vs. DHE)
in oxygen atmosphere on the 0.3mm@ Pt microelectrode that was mounted in epoxy resin.
The sweep rate was 2 mV/s and the contact pressures were 0, 1.4, 2.8, 4.2, 5.7 and 7.1
kgflcm-2. These results are in the same figure. The starting and the terminal potential of
each sweep is 1.1V. The reduction current starts about 1.0 V and gets the limiting around
0.7 V in each sweep. Since this kind of reduction current did not appear without oxygen,
this reduction current would correspond to the oxygen reduction current. Although the
shape of the curves are almost same, the absolute values(current) of sweeps are different.
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Namely, the oxygen reduction current increases as the contact pressure increases in the low

oxygen overpotential region(1.0 ~ 0.9 V). On the other hand, the limiting current that is
controlled by the diffusion process of the reaction species in the polymer electrolyte
decreases as the contact pressure increases.

Figure 6 shows the relation between contact pressure and the peak potential and the
peak current of Pt oxide reduction on the Pt microelectrode that were obtained by the cyclic
voltammograms in nitrogen atmosphere. The peak potential is independent of the contact
pressure. However, the peak current decreases as the contact pressure increases. The
ohmic contact between the Pt electrode and the polymer electrolyte did not change since the
peak potential does not change. The electric quantity of hydrogen desorption peak at the
cyclic voltammogram on Pt micro electrode is independent of the contact pressure. That
means the reaction area did not change with the contact pressure.

Taking into account of these facts, the reduction of the Pt oxide reduction current with
the contact pressure does not owe to the reduction of the active reaction area but to the
increase of the hydrophobic area of the polymer electrolyte at the electrode surface. The
increase of hydrophobic area causes the decrease of water content in the polymer and
suppress the Pt oxide formation at the electrode/polymer interface. The oxide free Pt is
more active for ORR than Pt oxide. This would be the reason for the increase of ORR
current at higher contact pressure at low oxygen overpotential.

In order to obtain the transport properties of reaction species the chronoamperometry
was studied using the Pt microelectrode in oxygen atmosphere. The initial potential was 1.1
V vs. DHE that was stepped to 0.3 V and the response current was measured up to 10 s.
The obtained current decreased with time. The current was proportional to (time)-0-5 and the
diffusion coefficient and the solubility of oxygen in the polymer electrolyte were obtained.
Figure 7 shows the dependence of these factors on the contact pressure. As the contact
pressure increases, the diffusion coefficient of oxygen decreases and the solubility
increases.

Considering these results the water concentration gradient might be formed in the
polymer electrolyte. The diffusion characteristics of oxygen in the polymer electrolyte
would be affected by the water content. In this work the diffusion coefficient of oxygen
was also measured with semi-dried electrolyte and with the electrolyte in water using the
same method. The diffusion coefficient is highest in water and lowest with semi-dried
membrane. The diffusion of oxygen in phosphoric acid increased at higher content of water
owing to the increase of the viscosity of the electrolyte7). The decrease of water content in
the polymer electrolyte means the decrease of the diffusivity of oxygen in the electrolyte.
This might be a reason for the decrease of the limiting current on the Pt microelectrode at
higher contact pressures.
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CONCLUSION

The oxygen reduction kinetics on Pt electrode at the polymer electrolyte interface were
studied in related to the contact pressure between electrolyte and electrode. At low oxygen
overpotential the ORR current increased at higher contact pressure due to the suppression of
the formation of Pt oxide. At high oxygen overpotential the limiting current of ORR
decreased at higher contact pressure because of the decrease of the diffusivity of oxygen in
the polymer electrolyte.

In order to apply these concept to the polymer electrolyte fuel cell the results of low
oxygen overpotential is important. In this sense the catalytic activity of oxygen cathode
might increase at higher contact pressure. However, the polymer electrolyte deforms or is
destroyed easily at high contact pressure. A suitable contact pressure should be found by
studying of the wider range of contact pressure.
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ABSTRACT

In this work, the development and results on the electrochemical studies of
low catalyst loading gas diffusion electrodes for polymer electrolyte fuel
cells are reported. The single cell data were analyzed employing the current
knowledge derived from theoretical models of the electrode structure and
of the fuel cell system.

INTRODUCTION

Recent developments in polymer electrolyte fuel cells (PEFC) led to a growing
interest in this system, particularly for transportation applications. Perhaps the major
breakthrough accomplished lately on this fuel is the improvement on the design,
composition and loading of platinum in the gas diffusion electrodes (1-3).

This work reports single results obtained with low catalyst loading gas diffusion
electrodes developed on the basis of the concept proposed by Gottesfeld and co-workers
(3), combined with the standard approach of Srinivasan and co-workers (2). Studies on
these electrodes involve the effect on the fuel cell operation of the structure and
composition of the diffusion and catalyst layers on the electrodes and the effects of the
membrane thickness, cell temperature and reactant pressure.

EXPERIMENTAL

The electrodes were prepared by a combined filtration/brushing procedure using
carbon supported catalysts (E-Tek Inc.), carbon powder (Vulcan XC-72, Cabot), a carbon
cloth substrate (PWB-3, Stackpole), a polytetrafluoroethylene (PTFE) suspension (Teflon
T-30, DuPont), and a Nafion® solution (5 wt.%, Aldrich). PTFE and carbon powder were
used to prepare the diffusion layer which was deposited on both sides of the carbon cloth
by filtration. The catalyst layer was made by brushing an ink formed with the supported
catalyst and the Nafion” solution in isopropanol. Membrane and electrode assemblies
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were prepared by hot pressing the electrodes onto a purified Nafion® membrane. The
electrodes were prepared with different thicknesses and PTFE contents in the diffusion
layer and with varying Nafion® and catalyst loadings in the catalyst layer. Employed
catalysts were 10, 20, 30, 40, 60 and 80 wt.% Pt/C and 20 wt.% Pt alloy/C (50 atom% of
Pt-Cr, Pt-V, and Pt-Co).

In this work the thickness of the diffusion layer is expressed in terms of the
thicknesses of the PTFE/C layers applied to the carbon cloth, which were measured from
separate films deposited on a filter paper. The PTFE contents are expressed in terms of
the weight percentage of PTFE to the total weight of the PTFE/carbon mixture. The
catalyst and Nafion® loadings are expressed in milligrams of the materials per square
centimeter in the catalyst layer.

The polarization experiments were carried out under galvanostatic conditions with
humidified reactants in a conventional single cell set-up with an electrode area of ca 5 cm’.
Cyclic voltammetries were performed at 25 °C in the same cell, with the probe electrodes
supplied with nitrogen and the counter and reference (RHE) electrodes supplied with
hydrogen. The scan rate was S0 mV s”'. Unless otherwise stated the standard conditions
for polarization measurements were: 0.4 mgPt cm? Ho/O, 1/1 atm, Nafion 117
membrane, and 80/95/90 °C for the temperatures of cell/hydrogen humidifier/oxygen
humidifier, respectively.

RESULTS AND DISCUSSION

The analysis of the experimental polarization results was made using the semi-
empirical equation proposed by Srinivasan and co-workers (4,5) for the representation of
the cell potential (E) versus current density (i) characteristics:

E=E-blogi-Ri [1
where
E°=E + blogi, (2]

Here, E' is the reversible potential for the cell, b is the Tafel slope and i, is the exchange
current density of the oxygen reduction reaction (ORR) in the Pt/C catalyst, and R
represents the total contributions of the linear polarization components which include the
charge transfer resistance of the hydrogen oxidation reaction (HOR), the resistance of the
electrolyte in the cell and the linear diffusion terms due to diffusion in the gas phase and/or
in the thin film (5). In the above equation it is assumed that the resistance of the
electrolyte is not dependent on current density which is a good approximation for
moderate values of current densities (6).
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The fittings of the above equation to the experimental results were made by a
nonlinear least square method using the experimental data obtained for the cell potentials
above 0.8 V for which the expected Tafel slope of the ORR in the Pt/C catalyst is
2.303(RT/F) (7) and the diffusion limitation in the gas phase and/or in the thin film, if
present, is linear (5). Only in a few cases the fittings were carried out for potentials below
0.8 V for which the Tafel slope should be 2x2.303(RT/F) (7). Table 1 presents the
calculated kinetic parameters E°, b and R resulting from some of the fittings.

On the basis of the above procedure and also from the predictions of the theoretical
models of the PEFC (4-6) and of the gas diffusion electrodes with respect to the ORR (8),
the analysis of the polarization diagrams was made taking into account the following facts:

(i) a possible kinetic change of the ORR on the Pt/C catalyst due to the change of oxygen
coverage on the platinum surface, occurring at around 0.8 V and appearing as a
change in the Tafel slope of the polarization diagram from b = 2.303(RT/F) for
potentials above 0.8 V to b = 2x2.303(RT/F) for potentials below 0.8 V (6);

(i) the existence of diffusion limitations in the gas channels in the diffusion and the
catalyst layers of the electrodes, and in the thin film of the electrolyte covering the
catalyst particles, leading to pseudo resistive effects at moderate current densities and
the appearance of limiting currents at high current densities in the polarization
diagrams (4,5,8);

(iii) the influence of the effective surface area for the electrochemical reactions on the
behavior of the electrodes which usually shift the above limiting effects to higher
current densities.

Fig. 1 shows the cell potential vs. current density characteristics at 80 °C for the
single cell with the electrodes with 10 wt.% Pt/C presenting different thicknesses of the
diffusion layer (40 % PTFE). The corresponding values of the kinetic parameters E°, b
and R are presented in Table I. As expected, because the catalyst layers are the same,
similar values of E* were obtained for the different electrodes, indicating that the value of
i, (eq. [2]), and thus the electrochemical active areas, are the same in all cases. The values
of b are somewhat higher but still close to the value for the ORR on smooth platinum
(2.303(RT/F)) at 80 °C, indicating a very small effect of the structure of the diffusion layer
of the electrodes on the polarization behavior. In the range of 65 to 35 pm, the values of
R slowly decrease with decreasing thickness of the diffusion layer, which is an evidence
that there is a small decrease of the linear diffusion component. This can be due to a
decrease of the path for the gas diffusion or to a lesser influence of flooding problems.
Below 35 pm there is an increase of R probably related with to problems of electrical
contact between the carbon particles. From these results it is concluded that the kinetic
behavior of the electrodes with respect the HOR as well as the resistance in the membrane
are the same in all cases. All these trends on the behavior of E°, b and R were similar for
electrodes with 20 and 30 wt.% Pt/C. Thus, as a final conclusion it is observed that for all
electrodes there is an optimum diffusion layer thickness, below which there are losses due
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to poor electrical contact and above which diffusion effects due to flooding can be
detected.

The study of the effect of PTFE content in the diffusion layer was carried out for the
35 and 50 pm diffusion layer electrodes, in the range of PTFE content from 50 to 10%.
Fig. 2 and Table I show the results obtained for the 20 wt.% Pt/C in the catalyst layer and
35 pm thickness of the diffusion layer. These results show that no additional diffusion
effects are detected even for a PTFE content as low as 10 %. However, it is observed
from Fig. 2 that a small increase in the electrode performance occurs when the PTFE
content is diminished from 50 to 10%. Most probably, this effect is due to improved water
transport, and thus better humidification of the polymer electrolyte.

The polarization results and kinetic parameters obtained for the electrodes presenting
different Pt/C ratios, keeping constant the catalyst loading, are presented in Fig. 3 and
Table I. As in the previous cases, the values of b at potentials above 0.8 V are all close to
2.303(RT/F) at 80 °C. An exception was found for the electrode with 80 wt.% Pt/C
which, due to the smaller active area, only showed the second linear region corresponding
to potentials below 0.8 V. When loaded with proportional amounts of Nafion®, the values
of E° are similar for 10, 20, 30 and 40 wt.% Pt/C, indicating that the active areas are
essentially the same for all these electrodes; with 60 wt.% Pt/C there is a decrease in E°,
indicating a decrease in the active area. Finally, with 80 wt.% Pt/C the corresponding
value of E° could not be obtained because the active area is so small that there were not
enough experimental data to carry out the fitting for cell potentials above 0.8 V. The
values of R for 10 to 40 wt.% Pt/C are practically constant, indicating that the membrane
resistance and the HOR polarization are the major factors contributing to the values of the
linear polarization term. For higher Pt/C weight ratios there is an increase of the values of
R, most probably due to an increase of the linear diffusion component as a consequence of
the decrease of the electrochemical active area. The increasing tendency to reach limiting
diffusional currents observed in Fig. 3 for the electrodes with 60 wt.% Pt/C provide
further evidence for this explanation.

The study of the effect of Nafion® loading in the catalyst layer was conducted for
electrodes with 10, 20 and 30 wt.% Pt/C, for amounts of Nafion® ranging from 0.4 to 2.6
mg cm”. Fig. 3 presents the polarization results for the electrode with 10 wt.% Pt/C
loaded with 1.3, 2.2 and 2.6 mg cm? and Table I shows the corresponding kinetic
parameters. In addition Fig. 4 presents some cyclic voltammograms obtained for these
electrodes. From Table I it is observed that two regions of Tafel slopes are observed for
the smaller Nafion® loadings, which is the typical behavior of the ORR on the Pt catalyst.
On the other conditions the second linear region was not observed because it appears
together with the diffusion limitations.

For Nafion® loadings below 1.75 mg cm™ a decrease in E° and an increase in R are
observed indicating a diminution of the active area and possibly an increase in lectrolyte
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resistance. Both phenomena are related to too small an amount of Nafion® impregnated
into the electrode, which is insufficient to provide adequate electrolytic conductance
inside the catalyst layer, leading to a low platinum utilization and high ohmic drop. In fact,
with lower Nafion loadings there is also the possibility for the gases to reach directly the
membrane and then to cause a cross-over phenomenon, which may contribute to the
decrease of E°. For the highest Nafion® loading (2.6 mg cm?), the increase in R,
compared with the value for the optimum condition, is possibly related to too large an
amount of Nafion® blocking the gas penetration and leading to the appearance of linear
diffusion components. In Fig. 3 it is seen that for the smaller Nafion® loadings and for
high current densities (or for potentials well below 0.8 V) limiting currents are present.
This is clearly related to the smaller active area under such conditions, as observed from
the hydrogen adsorption/desorption charges in the cyclic voltammograms of Fig. 4.

Table 1T shows the effect the catalyst loading on the kinetic parameters for the
electrode with 20 wt.% Pt/C containing proportional amounts of Nafion® in the catalyst
layer. In the range 0.1 to 0.4 mgPt cm™, the effect of the catalyst loading on the anode
was negligible. Regarding the oxygen electrode, several expected phenomena were
observed as a function of the platinum loading: (i) the values of E° show that the major
effect of the decrease of the catalyst loading is a consistent diminution of the
electrochemical active area, although for loadings above 0.2 mgPt cm? the effect is not
crucial for the fuel cell performance and (ii) the linear polarization terms are the same for
loadings down to 0.2 mgPt cm? but increase for 0.1 mg Pt cm™ This indicates the
appearance of linear diffusion components, which is related to the decrease in the
electrochemical active area.

Figs. 5 and 6 show the ORR polarization results and the cyclic voltammograms
obtained for the electrodes with the Pt-V, Pt-Co and Pt-Cr (50-50 atom%)
electrocatalysts loaded at 0.4 mg cm™ in the catalyst layer. Compared with pure platinum
with the same load, all the alloy catalysts showed inferior performance for the single cell
operation (Fig. 5). Because the values of b and R are essentially the same (Table I), these
effects of the Pt-alloy catalysts can be only attributed to a diminution of the
electrochemical active area, which is confirmed by the values of E° and the cyclic
voltammograms of Fig. 6. However, it is important to note that the performances of the
alloy electrodes are very much equivalent to those obtained for the electrodes with 0.2 mg
cm™ of pure platinum, especially for Cr and V, indicating that the electrochemical activity
is completely indifferent to the presence of such metals. For Pt/Co, although the active
area is smaller, the polarization curve is similar to that of pure Pt at low current densities
which is an indication of a reasonable electrocatalytic activity. This has been also observed
for phosphoric acid fuel cells (9).

Fig. 7 and Table I show the effect of the thickness of the membrane for the electrode
with 15 % PTEFE in the diffusion layer and 20 wt.% Pt/C, 0.1/0.3 (anode/cathode) mgPt
cm™ in the catalyst layer. Since the electrodes are the same in all cases, the dispersion in
the values of E°, especially the high value obtained for the membrane with 125 pum cannot
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be attributed to a change in the active area, but must rather be related to an effect of
impurities or to other experimental factors not considered in the formulation of equation
(1). As expected, a decrease in the values of R with decreasing membrane thickness is
observed. It should be recalled that the contributions for the linear polarization terms are
related to a contribution of the resistance of the membrane added to the values arising
from the polarization resistance of the hydrogen oxidation reaction and the linear diffusion
resistance. Taking the resistivity of the membrane as 6.0 Q cm at 80 °C (6) it is calculated
that the contributions of the membrane resistance to the R values should be 0.03, 0.08,
and 0.11 Q cm? for the thicknesses of 50, 125 and 175 pum, respectively. Comparing the
above values with those presented in Table I, it is observed that the sum of the linear
diffusion component with the HOR polarization is ca. 0.1 © cm? for the two thinner
membranes. The same calculation made for the 175 pum membrane gave inconsistent
results, denoting that the membrane resistance, obtained under conditions of fuel cell
operation, is not linear with the thickness. This probably arises as a consequence of a non
uniform water distribution due to proton dragging and back diffusion (6), which is more
severe for the thicker membrane.

Figure 8 and Table I present the effect of temperature on the fuel cell behavior and
on the kinetic parameters obtained with the electrode with 15 % of PTFE in the diffusion
layer, and 20 wt.% Pt/C, 0.1 mgPt cm™, in the catalyst layer. The only significant effect is
a decrease of the values of R with increasing temperature due to the decrease of the
membrane resistance. Also, Fig. 8 shows an increase in limiting current with increasing
temperature indicating that diffusion problems are less important. This is associated to a
decrease of the flooding of the catalyst layer by liquid water, especially in the oxygen
electrode (3).

The effect of the partial pressure of oxygen at 80 °C is presented in Figure 8 and
Table I for the electrode with 20 wt.% Pt/C, 0.1 mgPt cm™ in the catalyst layer and with a
diffusion layer with 15% PTFE and 50 pn thickness. The increase in E° observed in Table
I for increasing gas pressure is a consequence of the increase of the reversible potential of
the fuel cell reactions (as predicted by the Nernst equation) combined with an increase of
the exchange current density of the oxygen reduction reaction (i,) due to the increase of
the gas solubility. Finally, the values of R indicate the presence of linear diffusion
component only at the smaller partial pressures. Fig. 8 shows that the observed limiting
current densities are not directly proportional to the oxygen pressure. It thus appears that
the experimental polarization responses are in contradiction to Henry's law, which may be
associated to the appearance of a flooding problem by liquid water, introduced in the gas
channels in the catalyst or diffusion layers, which is more crucial when the gas is supplied
at higher pressures.
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CONCLUSION

The best performance with the locally developed electrodes was obtained with 30
wt.% Pt/C, 0.4 mgPt cm™ and 0.7 mg Nafion® cm™ in the catalyst layer and 15% PTFE
and 50 pum thickness in the diffusion layer, for both the cathode and the anode (Fig. 3).
However, it was also observed that the platinum requirement can be diminished to values
close to 0.2 mgPt cm™ in the cathode and 0.1 mgPt cm™ in the anode, without significant
loss of the characteristics.

Regarding the theoretical interpretation of the cell characteristics two main
observations can be made: (i) the Tafel slopes for the ORR are all close to 70 mV dec™,
for potentials above 0.8 V. In some cases a second Tafel slope of ca. 120 mV dec” is
found for potentials below 0.8 V. Within this picture the Pt/C catalysts show a behavior
with respect to the ORR equivalent to a smooth Pt surface; (i) most of the electrodic
systems present limiting currents and some of them also show linear diffusion components
arising from diffusion limitations in the gas channels and/or in the thin film of electrolyte
covering the catalyst particles. These are the only structural parameters of the electrode
which affect the polarization behavior.
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Table I - Kinetic parameters obtained from the fitting of equation (1) to the experimental
polarization results for the different electrodes and experimental conditions. The values of
b between parenthesis were obtained at potentials below 0.8 V. Except when mentioned,
the conditions were: 0.4 mgPt cm’, Hy/O, 1/1 atm, T =80 °C, Nafion® 117 membrane.

ELECTRODE E°/V b/Vdec" R/Qcm
Thickness of diffusion layer (um)(a)
15 0.959 0.083 0.34
25 0.959 0.082 0.30
35 0.958 0.076 0.27
50 0.957 0.076 0.30
65 0.962 0.078 0.35
% PTFE in the diffusion layer(b)
10 0.962 0.072 0.26
20 0.976 0.073 0.28
30 0.964 0.076 0.29
40 0.966 0.076 0.29
50 0.967 0.076 0.29
Pt/C weight ratio (%)(©)
10 0.958 0.076 0.30
20 0.965 0.075 0.28
30 0.963 0.071 0.30
40 0.960 0.078 0.30
60 0915 0.072 0.39
80 - (0.116) 0.66
Nafion® loading (mg 0111'2)(d)
0.87 0.861 0.078 (0.126) 0.89
1.33 0.900 0.078 (0.121) 0.38
1.75 0.953 0.075 0.34
220 0.958 0.076 0.30
2.60 0.957 0.068 0.38
Pt loading (mgPt cm-2): anode/cathode(€)
0.1/0.1 0914 0.068 0.35
0.1/0.2 10.949 0.071 0.27
0.1/0.3 0.960 0.067 0.27
0.1/0.4 0.968 0.067 0.28
0.4/0.4 0.970 0.065 0.29
Alloy catalyst(t)
Pt-Co 0.973 0.072 0.33
Pt-Cr 0.947 0.073 0.32
Pt-V 0.933 0.073 0.33
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Table I - cont....

Membrane thickness (1tm)(8)

50 0.945 0.064 0.13
125 0.964 0.065 0.19
175 0.957 0.065 0.29
Temperature of operation (OC)(h)
50 0913 0.085 0.66
60 0918 0.078 0.51
70 0.916 0.073 0.39
80 0914 0.068 0.35
Hydrogen/Oxygen (partial) pressure (h)
1/0.2 0.900 0.072 0.50
2/0.6 0.929 0.071 0.43
1/1 0914 0.068 0.35
2/5 0.963 0.070 0.30

(a) electrodes with 10 wt.% Pt/C, 2.2 mg cm™ of Nafion® in the catalyst layer and 40 %
PTFE in the diffusion layer.

(b) electrodes with 20 wt. % Pt/C, 1.1 mg cm™ of Nafion® in the catalyst layer and 35 pm
for the thickness of the diffusion layer.

(c) electrodes with 2.2, 1.1, 0.73, 0.55, 0.37, and 0.28 mg cm™ of Nafion® in the catalyst
layer, respectively. Diffusion layers with 40% PTFE and 35 pum thickness.

(d) electrodes with 10 wt. % Pt/C, 40 % PTFE in the diffusion layer with a thickness of
35 pum.

(e) electrodes with 20 wt% Pt/C and proportional amounts of Nafion® in the catalyst
layer taking as reference 1.1 mg Nafion® cm? for the 0.4 mgPt cm? electrode.
Diffusion layer with 15% PTFE and 50 um thickness.

(f) electrodes with 0.4 mgPt-alloy cm™. Electrodes with 20 wt.% Pt-alloy/C in the catalyst
layer. Diffusion layer with 15% PTFE and 50 pum thickness.

(g) electrodes with 20 wt.% Pt/C, 0.1/0.3 mgPt cm? (anode/cathode). Diffusion Layer
with 15 % PTFE and 50 pum.

(h) electrodes with 20 wt.% Pt/C 0.1 mgPt cm™ (cathode and anode). Diffusion Layer
with 15 % PTFE and 50 pum.
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Fig. | - Cell potential-current density plots for H,/O, 1 atm PEFC single cells at 80 °C for
the 10 wt.% Pt/C, 0.4 mgPt cm™, 2.2 mg Nafion® cm™ electrodes with several thicknesses
of the diffusion layer (40 % PTFE): (+) 15; (0) 35; (A) 65 um. Hydrogen humidifier at 95
°C; oxygen humidifier at 85 °C. Nafion® 117 membrane.
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Fig. 2 - Cell potential-current density plots for H,/O, | atm PEFC single cells at 80 °C for
the 20 wt.% Pt/C, 0.4 mgPt cm™, and 1.1 mg Nafion® cm™ electrodes with several PTFE
contents in the diffusion layer: (+) 10, (O) 30 and (A) 50 % PTFE. Diffusion layer with

35um thickness. Hydrogen humidifier at 95 °C; oxygen humidifier at 85 °C. Nafion™ 117
membrane.
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Fig. 3 - Cell potential-current density plots for H/O, 1 atm PEFC single cells at 80 °C
for the electrodes prepared with several Pt/C (wt.%) - Nafion loading (mg cm™):
Diffusion layer with 40% PTFE and 35 pm thickness: (0) 10 - 1.3; (V) 10 - 2.2; (0) 10 -
2.6; (A) 60 - 0.4. Diffusion layer with 15% PTFE and 50 pum thickness: (+) 20 - 1.1 (0)
30 - 0.7. Hydrogen/oxygen humidifiers at 95/85 °C;. Nafion® 117 membrane.
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Fig. 4 - Cyclic voltammetry obtained at 25 °C for the electrodes with 10 wt.% Pt/C, 0.4
mgPt cm”, and several Nafion® loadings in the catalyst layers: (a) 1.3; (b) 2.2; and (c) 2.6
mg cm? v =50 mV s Diffusion layer with 15% PTFE and 50 pum thickness. Nafion®
117 membrane.
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Fig. S - Cell potential-current density plots for Hy/O, 1 atm PEFC single cells at 80 °C for
the 20 wt.% Pt-alloy/C for the several alloy catalysts with optimized Nafion loadings: (UJ)
Pt; (V) Pt-V; (A) Pt-Co, (O) Pt-Cr. Diffusion layer with 50 pm and 15% PTFE. Hydrogen
humidifier at 95 °C; oxygen humidifier at 85 °C. Nafion® 117 membrane.
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Fig. 6 - Cyclic voltammetries obtained at 25 °C for the electrodes with the different alloys
loaded to the catalyst layers: (a) Pt/C; (b) Pt-Co/C; (c) Pt-V/C and (d) Pt-Ct/C. v = 50

mV s Nafion® 117 membrane.
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Fig. 7 - Cell potential-current density plots for H,/O, 1 atm PEFC single cells at 80 °C for
the 20 wt.% Pt/C, hot-pressed to Nafion® membranes with several thicknesses:

(0) Nafion® 112 (50 um); (o) Nafion® 115 (124 pm) and (A) Nafion® 117 (175 pm).
Electrodes with 0.1/0.3 mgPt cm™ (anode/cathode) and proportinonal amounts of Nafion®
taking as reference 1.1 mg cm? for 0.4 mgPt cm™. Diffusion layer with 15 % PTFE and
50 pm thickness. Hydrogen humidifier at 95 °C; oxygen humidifier at 85 °C. Nafion 117
membrane.
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Fig. 8 - Cell potential- current density plots for PEFC single cells at 80 °C for the 20
wt.% Pt/C, 0.1 mg Pt cm™ at several cell temperatures and gas pressures (H/O5):

(@) 50 °C, 1/1 atm; (o) 80 °C, 1/1 atm; (A) 80 °C, 2/5 atm and (V) 80 °C, 1/0.2 atm.
Diffusion layer with 15 % PTFE and 50 pum thickness. Nafion 117 membrane.

Electrochemical Society Proceedings Volume 95-23 114



Proceedings of The Electrochemical Society, PV 1995-23, 115-126 (1995)
DOI: 10.1149/199523.0115PV © The Electrochemical Society

ALTERNATIVE FLOW-FIELD AND BACKING CONCEPTS
FOR POLYMER ELECTROLYTE FUEL CELLS

Mahlon S. Wilson, Thomas E. Springer,
John R. Davey, and Shimshon Gottesfeld
Materials Science and Technology Division,
Los Alamos National Laboratory, Los Alamos, NM 87544

New concepts for potentially low cost flow-field and electrode
backing components for polymer electrolyte fuel cells are investigated. The
primary motivation for the new configurations is to enhance cell
performance on air by minimizing the oxygen diffusion barrier. This is
accomplished with the use of porous flow-fields and unusually thin
backings.

INTRODUCTION

Current flow-field technology for polymer electrolyte fuel cells (PEFCs) typically
consists of grooved, serpentine flow-fields through which the gaseous reactants flow. A
cross-section schematic is shown in Figure 1a. In order to bridge the open faced channels
of the flow-field, a relatively rigid structure is required to facilitate the transition from the
flow-channel to the catalyst layer, while ensuring gas transport uninhibited by excessive
liquid water. This component is frequently described as the gas diffusion layer and will be
referred to here as the backing. In an air electrode, the oxygen must diffuse through the
backing in order to reach the catalyst layer. As the current density of the fuel cell is
increased, this diffusion barrier lowers the effective concentration of oxygen at the catalyst
layer and the performance of the electrode suffers. If the ribs in the flow-field are
themselves non-porous, then the reactants must also diffuse laterally through the backing to
reach the catalyst in the regions centered over the rib. It can be appreciated that two
strategies can be implemented that would minimize the diffusion pathway. The first is to
use much narrower ribs in the flow-field, which essentially suggests the use of a
macroporous network for the flow-field, and the second is to minimize the thickness of the
gas diffusion layer so the barrier to oxygen diffusion is minimized. The combination of the
two concepts is shown in Figure lc. Another possibly useful configuration is basically a
compromise of the two and it is shown in Figure 1b. We describe here our recent efforts to
implement the use of thin backings and/or macroporous materials in these two
configurations.

Cost is another motivation for exploring alternative flow-field and backing
components. Currently, fuel cell gas diffusion structures are made by hand in small
quantities at relatively high costs. While automation would decrease the cost, the use of
carbon papers or cloths in the structures will always add a component of complexity to the
process. On the other hand, substantial quantities of thin, carbon black/polymer composite
films are manufactured very cheaply for a large variety of uses by a number of companies
on automated machinery. It should be only a matter of optimizing the components and
processes to potentially attain very inexpensive, mass produced, backing materials based
on such composite films.
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The conventional technology for fuel cells consists of (machined) graphite bipolar
plates. Efforts are being made to replace this expensive component with lower cost, more
easily formed materials such as Kynar/carbon black composites which can be molded
directly into the shape of a bipolar plate, given a suitable design. Unfortunately, this last
material is, like graphite, relatively brittle and a certain amount of breakage may occur,
especially in the case of thin unit cells. Perhaps some of these difficulties could be
alleviated with the use of macroporous flow-field materials that are relatively durable and
low cost and would not require extensive machining. It should be mentioned that metal
hardware is attracting greater attention and some of our efforts in this regard arc discussed
clsewhere in this volume.!

THIN BACKINGS

Conventional PEFC backings

The hardware and electrode structures discussed here are primarily relevant for
catalyzed ionomeric membranes, such as those we describe as “thin-film" catalyzed
membranes.2 These are low platinum loading (typically 0.12 to 0.18 mg Pt/cm? or even
less at the anode) 5 - 7 um thick catalyst layers formed by the application of a
catalyst/ionomer solution "ink" to the membrane. Catalysts are 20 wt% Pt on Vulcan XC-
72 from E-TEK (Natick, MA). With these catalyst layers, the backing materials used are
microporous, hydrophobic, electronically conducting structures similar to "gas-diffusion"”
electrodes, except that they are uncatalyzed. Our conventional backing material is ELAT
from E-TEK which is effectively a carbon black/PTFE impregnated carbon-cloth
approximately 350 - 450 pm thick. Other commercially available gas diffusion-type
structures are based on carbon paper instead of carbon cloth, but we typically obtain better
performance with the latter. The role of our backings is to a certain extent analogous to that
of the PTFE/carbon paper3:4:5 typically used to back wet-proofed PTFE/Pt-black electrodes
such as those originally developed by GE for PEFCs. Both types of backings supply
electronic contact and gas access to the respective catalyst layers. However, in the case of
the hydrophilic (non-PTFE) thin-film catalyst layers,> the backings serve the important
additional function of a microporous water barrier. If a macroporous (ca. 30 pm pore size)
PTFE/carbon paper backing is used in conjunction with the thin-film electrodes, a
"flooding" situation quickly occurs. Some results and possible explanations for the
dissimilar thin film and PTFE/Pt-black backing requirements are provided in Ref. 6. In
any case, the need of a backing structure significantly affects the transport losses in fuel
cells operating on air.” We are interested in minimizing these losses in order to maximize
fuel cell performance on air, possibly at lower pressures.

Porosity and tortuosity: possible backing performance enhancement

Modeling of fuel cell performance is useful to understand the limitations of the
conventional backings and to predict what performance enhancements are possible. The
most relevant parameters are the porosity and the tortuosity. A rough estimate of the
porosity, €, of the conventional backing using the material density and eventual geometry
provides a value of about 0.4. The Carman tortuosity factor, 7, is defined as the square of
the ratio between effective tortuous gas path length and backing thickness, and can be
derived from ac impedance measurements. The low frequency loop in the ac impedance of
an air electrode results from the dynamic lag of the oxygen partial pressure in the cathode
catalyst layer with respect to changes in current density. The characteristic frequency, wg,

Electrochemical Society Proceedings Volume 95-23 116



of the backing can be measured as the frequency of the maximum imaginary component for
this spectral feature, and can be shown? to be equal to:

Doy
wp =2 (]
o T 632
where Doy is the O2-N3 binary diffusion coefficient and £p is the effective backing
thickness (with geometry taken into account8).

Because the backing portion of the impedance spectrum is well separated from the
higher frequency loop determined by kinetic and ionic resistance and condensed phase
diffusion effects, the estimate of backing layer tortuosity is not dependent on estimates of
these latter parameters.8 Rather, the tortuosity estimate is only dependent on Doy and the
gross geometry of the backing. In this manner, we determine the tortuosity factor of the E-
TEK backing structure from ac impedance spectra to have a value of around 7. The
diffusion pathway is then 712, or about 2.6 times as great as the backing thickness. While
this is a relatively high value, one might expect significant tortuosity from the microporous
backing as it primarily consists of a hot-pressed and sintered mixture of relatively high
surface area carbon black and colloidal PTFE solution. Many of the gas passages formed
are likely to be dead-ended, bottle-necked, or severely convoluted.

With knowledge of the porosity and the tortuosity, it is now possible to predict
what sorts of effects much thinner backing layer structures could potentially have on cell
performance. Figure 2 is a simulation of the increase in performance that could be obtained
if a conventional backing with a 300 pm effective thickness is replaced by one only one
tenth as thick. Both of the thicknesses are for uniform reactant access across the backside
of the backings, so the effects would be somewhat different for channeled flow-fields. As
can be seen, the mass transport limitations are significantly less with the thinner backing
resulting in higher limiting current densities. Even in the maximum power region (about
0.5 V), significant improvement is evident. Other factors that are not addressed in this
figure are possible improvements in performance that might occur with the thinner backing
when the cells are operated at low pressure, or relatively close to stoichiometric flow, or if
the reactant distribution is not perfectly uniform throughout the cell. A caveat to the
performance improvements promised by Figure 2 is that it assumes that the properties of
the conventional backings will be replicated on the much thinner scale.

Bilayer backings used with conventi w-fields

The use of thin backings with conventional, serpentine channel flow-fields is
problematic because the thin materials do not have the structural integrity or rigidity to span
our 0.8 mm wide channels. In addition, the gas permeation to those areas of the backing
covered by the ribs will be severely limited by the narrow diffusion path through the thin
backing material. A compromise that partially provides the benefits of a microporous
structure and sufficient structural integrity to span the ribs is to combine a thin microporous
backing layer with a thicker, more rigid, macroporous structure to form a bilayer backing.
A cross-section schematic of this configuration is shown in Figure 1b. The structural
component will unfortunately add thickness to the structure, but the value of its tortuosity
factor should be close to unity, so a 300 wm thick open layer should effectively present a
gas transport barrier similar to that of a 100 pm thick microporous structure. However,
this simple picture is not a completely accurate portrayal of the conditions in the operating
fuel cell. The above model and simulations do not account for effects of liquid water
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permeation through and accumulation in the backings. We have reason to believe that the
primary difficulty in the bilayer backing occurs at the interface between the micro- and
macroporous structures. Water that has squeezed through the microporous structure may
tend to accumulate at the interface in the much larger pores. The hydrophobic/hydrophilic
nature of the macroporous support material may then be expected to affect the accumulation
of the water.

In Figure 3 are shown polarization curves for test cells with bilayer backings on the
cathode side that consist of thin microporous films combined with 250 pm thick
Spectracarb 2050 (Spectracorp, Lawrence, MA) carbon paper. In one case, the carbon
paper is hydrophobized with FEP120 (DuPont) and the other one is hydrophilized with 2%
diluted Nafion™ solution (Nafion is a product of DuPont, 5% Nafion solution is from
Solution Technology, Mendenhall, PA). Both cells are run under identical humidification
conditions of anode/cathode humidifier temperatures of 105/70°C. The limiting current
density of the cell with the hydrophilic backing support is somewhat greater than that of the
hydrophobic support, whose rapid voltage decay suggests a "flooding" condition. We
suggest that the "flooding" is primarily attributable to water trapped at the bilayer interface,
and is thus corrected to a certain extent when the macroporous support is hydrophilic. This
conjecture is further supported by the observation that the limiting current densities for both
cells increase and are similar when the cells are poorly humidified. However, the lower
current density performances are sufficiently erratic and poor with low humidification that
such conditions are not desirable for normal cell operation. Optimization of the
components of such bilayer backings may provide an attractive alternative to conventional
backings from the aspects of reproducibility, performance and cost. Nevertheless, in order
to obtain the minimal transport-loss suggested by the simulation in Figure 2, a
support/flow-field structure is required that eliminates the diffusion barrier due to the
structural component, which suggests the use of porous flow-fields.

POROUS FLOW-FIELDS

Damiano? introduced the use of porous flow-fields in place of ribbed flow-fields in
phosphoric acid fuel cells. Relatively thick layers of fibrous carbon paper or bonded
particles are incorporated into the design of the gas-diffusion electrodes conventionally
used in phosphoric acid fuel cells. The thicker carbon paper component serves as the flow-
ficld because the reactants are forced to flow laterally through this component, not unlike
Figure 1c. There is no remaining need for a machined serpentine flow-field. In this way,
the strategies listed above for minimizing the reactant diffusion pathway are realized for
phosphoric acid fuel cells.

For our macroporous flow-field structures, we typically use resin bonded carbon
papers such as provided by Toray (Japan) or Spectracorp. These are roughly 70%
porosity, 30 pm mean pore diameter fiber boards of various available thicknesses that can
withstand as much as 20 atm of compression without crushing. Possible other "porous”
flow-field structures may consist of carbon or metal foams or sintered particles. Although
not discussed here, we have also experimented with woven metal screens,! based on work
done at Sandia Livermore and elsewhere. 10

One of the difficulties with macroporous flow-fields is the inherently high pressure

drop that is generated when appreciable amounts of gas are forced through relatively thin
and long porous flow-fields with pores only about 30 um in diameter. To this point, the
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solution has been to use thick porous flow-fields.® There are a couple of drawbacks to this
approach. First, the use of thicker flow-fields results in thicker unit cells and hence lower
stack power densities. Furthermore, the gas flows more readily channel, especially in the
case of PEFCs where water may accumulate and block off regions. Lastly, the high
current density region is concentrated along the edge where the reactant stream enters the
cell. Since the majority of heat is generated in this region, cooling a stack becomes more
problematic and the high current density regions tend to flood.

Radial por ow-fields

As mentioned above, one of the difficulties with porous flow-fields is that the
pressure drop incurred from forcing the gas reactants through relatively small pores (about
30 pm diameter) of the flow-field is considerably greater than through grooved channels.
Another difficulty with using macroporous flow-fields in single cell hardware is in
providing the manifolding that allows the reactants to be channeled through the structure
without short-circuiting around the periphery of the flow field.

We circumvented both of these difficulties in early experimentation by using a radial
flow geometry, in which inner and outer rings are machined into the standard graphite
blocks and reactant flow is passed between the rings through a circular porous flow-field.
The scheme is shown in Figure 4. Because the gases must flow through the overlying
flow-field to reach the other ring, no short-circuiting around the flow-field is possible and
the only gasketing required is around the periphery of the flow field. Pressure drops are
also relatively low because of the relatively short distance through which the flow -must
traverse. Further advantages of the radial flow scheme are that the electrode region
subjected to the "fresh” (oxygen rich) air is distributed around the periphery, and hence the
regions of higher current density and water production are also widely distributed. In the
case of the square flow-field mentioned above, the high current production would only be
along the front edge, leading to excessive heat build up and/or flooding in this area.
Unfortunately, the radial flow-field design is not very amenable to stacks, because
manifold penetrations are needed that run up through the center axis, and also the low
pressure drop is obtained only up to a certain size. The design has some utility for
portable, low-power, ambient-pressure, fuel cell stacks.!!

Flow-, ressure tests

The primary factors in flow-field design are uniformity of reactant flow and
magnitude of cell pressure drop. A trade-off occurs with the latter in that the uniformity of
the reactant flow in a two-phase flow system is often improved in designs with a-high
pressure drop. In addition, an even flow distribution across many parallel cells in a stack
is more readily attained with higher cell pressure drops. However, high pressure drops
are undesirable because of the increase in compression costs and correspondingly lower
system efficiency.

In order to quantify the level of the pressure drop and to visualize the dynamics of
the accumulation of water in the macroporous flow-fields, a test rig was fabricated. The
rig consisted of Plexiglas plates into which manifolds for a 50 cm? cell were machined.
Air flows equivalent to 2 times stoichiometric flow at a current density of 1 A/cm? were
fed to the rig for various thicknesses and types of flow-field material. A back pressure
regulator was used to maintain the down stream pressure at 3 atm (30 psig). The air feed
was sparged through a humidifier bottle upstream of the test rig and heated to 70°C in
order to simulate the two-phase (gas/water) flow often encountered in actual cell
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conditions. Immersion of the rig in a room temperature bath resulted in substantial
condensation of the humidified stream in the rig. The behavior of the two-phase system
could be visually monitored through the clear Plexiglas plates. The pressure drop across
the cell was measured using a Magnehelix differential pressure gauge.

The pressure drop over a 1.5 mm (60 mil) thick Spectracarb 2050 flow-field using
the humidified feed was on the order of about 0.06 atm (1 psi) as shown in Figure 5.
When the flow-field was suddenly subjected to slugs of water that tended to collect in the
inlet plenum, the pressure drop might momentarily spike several times higher. One of the
apparent difficulties with the relatively thick flow-field was that water would collect in
various areas and force the reactant flow to channel, typically down one side. One
possibility we explored to alleviate this difficulty was to use thinner flow-fields. Not only
would these increase the flow shear force to prevent water accumulation, but a thinner unit
cell could be realized. With the use of a 0.25 mm (10 mil) thick flow-field of the standard
Spectracarb 2050 material, the amount of channeling decrcased, but was not eliminated,
and the corresponding pressure drops increased to about 0.34 atm (5 psi), as is shown in
Figure 5. Pressure drops should probably be somewhat less than 0.1 atm in practical
systems to minimize compression losses. On the other hand, higher cell pressure drops
simplify balancing the flows over many cells in a stack.

Hydrophilic flow-fields :

We realized when we first started work on porous flow-fields that water
accumulation would be a difficulty, as was evident in the channeling we saw in the
Plexiglas test rig. One approach to minimize water clogging areas of the flow-field was to
hydrophilize the flow-field material in order to wick water away before it could
accumulate. The hydrophilization process used for pressure drop testing was to
polymerize either aniline or pyrrole in situ on the flow-field material. In some
formulations, the polyaniline (PANI) rendered the flow-fields quite hydrophilic and these
could withstand several hours of boiling in water with no weight loss or loss of
hydrophilicity. When hydrophilized flow-fields were examined in the test rig, the amount
of water accumulation was substantially suppressed and, most interestingly, the pressure
drops across test cells would also decrease, by about 10% to as much as 40% for some
material/thickness combinations (some of the data are shown in Figure 5). Conceivably,
the addition of the hydrophilizing material allowed the water to move through the finer,
wicking component of the structure without accumulating and blocking the flow-channels.
Because the polymerization process was not highly reproducible, we eventually resorted to
hydrophilizing the flow-fields by dipping the material in 2% Nafion solution as mentioned
in an earlier section. Flow-ficlds treated with the Nafion solution are interesting in that
they are not "instantaneously" hydrophilic as are the polyaniline or pyrrole structures.
However, when in the presence of water for some time, they eventually attain a
hydrophilic state. This may possibly be beneficial in that the flow-field structure may
initially resist trapping water, but if it does, it eventually wicks it away.

Interdigi roporous flow-fields

A possible solution to lowering the high pressure drops is to combine the
macroporous flow-field with channels in such a manner as to provide the optimal
compromise of the two flow-field configurations. This can be achieved by using
interdigitated channels to deliver the reactant gases throughout the macroporous flow-ficld
structure, which overlays the channeled substrate. The general scheme is depicted in
Figure 6. The channels are formed as a series of interdigitated fingers, with one set of
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fingers supplying the reactants and the second set removing the exhausted gas. In order to
get from one set of fingers to the other, the reactants must pass through the macroporous
flow-field, thus achieving the advantages provided by such structures. One can readily
appreciate that the pressure drop can be decreased substantially, and that much larger active
areas can be accommodated with only minimal pressure drop increases.

Figure 5 also shows the decrease in pressure drop achieved with interdigitated (ID)
channels. The experimental conditions were the same as described previously. The
distances used between the interdigitated fingers for the 0.25 mm thick porous flow-fields
were 3, 5, and 10 mm. The interdigitated channels were machined into an underlying plate
and were 0.8 mm wide and deep. In the thicker porous flow-fields, the interdigitated
channels can be machined directly into the relatively thick porous flow-field. This
configuration may have cost and simplicity advantages in practical cells. As can be seen,
merely introducing the interdigitated channels lowered the pressure drops by at least an
order of magnitude. Decreasing the finger separation from 10 to 3 mm further lowered the
pressure drop about a factor of two. When viewed in the clear Plexiglas test rig, the flow
appeared to be uniform, although the visual test is not the best indication of uniform
reactant distribution. Curiously, the pressure drops increased in the two cases in Figure 5
where the macroporous material was hydrophilized with PANI. If no channeling was
occurring in the non-coated cases, then hydrophilizing the flow-fields may only serve to
increase the water uptake and effectively decrease the porosity. Figure 5 shows that in the
case of the 1.5 mm thick porous flow-field, the introduction of interdigitated channels
decreased the pressure drop to a very low value.

There may be other possible advantages to interdigitated flow-ficld schemes. For
example, from the perspective of stack design, it would be desirable to achieve uniform
current densities throughout the active area. This is not easily accomplished because the
region around the reactant inlet will provide the highest current densities. In the
interdigitated scheme, the high and low current density regions are centered on the widely
distributed feed and effluent fingers, respectively. This may help to alleviate large
variations in the temperature and water content distributions.

Interdigil ow-fields with thin backil

In addition to the transport improvement attained by the elimination of the non-
porous ribs of serpentine flow-fields, porous flow-fields have the additional advantage of
supporting the backing material across its entire surface as is shown in Figure 1c. While
this has advantages with conventional gas diffusion backings by providing uniform
pressure against the membrane/electrode assembly, Figure 1¢c demonstrates that it becomes
possible to support a very thin backing.

A 10 cm? cell with a 0.25 mm thick hydrophilic porous flow-field overlying
interdigitated channels and a 25 pm thick hydrophobic gas diffusion backing was tested
with a thin-film catalyzed developmental Dow membrane. In Figure 7, this cell is
compared to a 5 cm? cell with standard backings (effectively about 300 pm thick) and
serpentine flow-fields. All other conditions are similar (approximately 0.13 mg Pt/cm# thin
film catalyst layers on developmental. Dow membrane, etc.) As can be seen, the limiting
current density with the thinner backing is substantially greater. If the curves are iR
corrected (Figure 8), the low current density performances of the two are roughly equal,
and the thinner backing gains a substantial advantage in the important mid-range area. The
lower current density performance in this cell was not particularly good because the cell
with the thinner backing tended to dry out. This difficulty is hopefully due to the backing
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material properties, and not to its thinness. This belief is somewhat supported by results
obtained when as-received thin backings of this type are treated in a number of ways before
use.

CONCLUSION

The use of catalyzed membranes separates the functions of catalyst layer and
backing and thus permits a greater degree of flexibility in backing and flow-field
components. One possibility discussed here is the use of unusually thin backings which
promise increased reactant transport in air electrodes and, hence, higher performances.
While yet further development of the thin backing materials is required for optimal
performance, substantially higher limiting current densities are demonstrated. When thin
backings are used in a bilayer configuration in combination with a more open, structural
component, performances of conventional backings are attained with materials that are
machine made and very inexpensive compared to conventional gas-diffusion-type
backings.

The thin backings should, however, provide optimal performance when used with
macroporous flow-field structures so as to minimize the diffusion barrier. While porous
flow-fields provide uniform support and reactant access across the backing, the use of such
materials often result in uncomfortably high pressure drops and poor reactant flow
distributions. One solution, described here, is to use interdigitated channels in conjunction
with the porous flow-field to lower pressure drop and improve the reactant distribution.
Channels formed in the macroporous material would eliminate the need for machined
graphite bipolar plates. Hence, macroporous flow-fields may cost advantages in addition
to possible performance advantages.
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FIGURES

FLOW CHANNELS DIFFUSION LAYER MATERIALS
BACKING

Figure L Cross-section schematics depicting a) conventional flow-field with gas-diffusion

style backing, b) conventional flow-field with a bilayer (micro- and macroporous) backing,
and c) macroporous flow-field supporting a thin microporous backing.

CURRENT DENSITY (A/cm?*)

Figure 2. Simulations depicting the increase in performance that might be expected if the
effectively 300 pm thick conventional backing is replaced with one one-tenth as thick with
similar properties. Simulation conditions: Etyair = 3/5 atm, Tceu= 80°C.
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Figure 3. Bilayer backing configuration with conventional, serpentine flow-fields. Cell
conditions: 5 cm2, H2/Air = 3/5 atm, Tcen = 80°C, 0.18 mg Pt/cm2thin film catalyst layers
on a developmental. Dow membrane.

GAS DIFFUSION

Figure 4. Single cell radial flow hardware for experimentation of porous flow-fields.
Configuration provides low pressure drop and simplified sealing.
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Figure 6. A schematic for a reactant flow-field scheme that combines the use of
interdigitated flow-channels with an overlying macroporous flow-field structure.
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A flowfield design applicable to Proton Exchange Membrane(PEM) fuel cells
was modeled. The effect of various geometrical design parameters on the gas
distribution and the flowfield pressure drop for a circular electrode was
studied. Local flooding in the electrode was simulated to study its effect on
the gas distribution.

INTRODUCTION

The average performance of a cell in a fuel cell stack is usually poor compared to that of
a single cell. One main reason for this is the inter cell flow variations. These variations can be
mitigated by allowing a large pressure drop between the inlet and outlet manifolds. This
approach is expensive since it involves a cost penalty for the turbo-charger used in the post
processing. It is economical if the fuel cell operates under flowfield pressure-drop control
that essentially involves much smaller pressure drops for the reactant gases.

An understanding of the flow behavior in a single cell is required in order to predict the
inter cell flow variations in a stack. The flowfield should ideally offer a low pressure drop for
gas flow, must offer a uniform distribution of the gas for a wide operating range and should
not generate large pressure gradients or highly skewed reactant distribution upon local
flooding. The design variables in this case are the flowfield pattern design (a discrete
parameter), depth of grooves, inlet and outlet port design for the flowfield.

In this study a circular flowfield with a rectilinear network pattern of grooves and channels
is modeled. The flowfield geometry is given in figure 1. In our nomenclature, the flow
channels/grooves parallel to the fluid flow are termed grooves and those perpendicular to the
flow are channels. The main design variables are the channel and groove widths (H and V
respectively) and the depth of these grooves/channels (DP). The material between the grooves
and channels constitutes an obstruction to the flow and their sizes or effective projected areas
are fixed by the strength of the flowfield material and the sealing load provided through the
endplates.
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ANALYSIS

The flowfield is circular and of diameter 7". The gas stream is assumed to be humidified
air at 180 F. The total flowrate of air is calculated based on the specified oxygen utilization
for a current density of 1000ASF. The temperature is assumed to be constant across the
horizontal plane of the electrode. The gas flow is treated as steady-state incompressible fluid
flow. Thus, the density variations due to the temperature and pressure effects are neglected.
This is reasonable if the pressure variations are not high. The expansion and contraction
effects are not included in the analysis. For low Reynolds number flows, as in our case, the
skin friction is much greater than these effects [1] and therefore they may be neglected. The
validity of the above assumptions need to be verified by comparing the model results with
experimental data.

The consumption of oxygen is assumed to be uniform across the electrode in thus the
current density variations are neglected. This is not strictly correct. The introduction of the
non-uniform current density distribution highly complicates the problem. This is because
current is limited by the membrane resistance and cathode overpotential that are not directly
dependant on the oxygen partial pressure. Including the non-uniform current density variation
in the analysis requires the governing equations for the whole cell to be solved in three
dimensions. Since this is just an exploratory study for a single flowfield pattern design i.e.,
a rectilinear network of grooves, such an analysis is not warranted.

Considering the groove or channel as a pipe of rectangular cross-section the relation
between the pressure difference and the flowrate is given below [2 ].

3 tanh(ﬂ)
o= e’ -Bh |, 192y 2’ [
3", . Ax ﬂsb i=1,3,5,.... iS

Here 2a is the width and 2b the depth of the groove or channel. The equivalent diameter
approach is not used here as this introduces large errors when the flow is laminar.

The mass conservation equation at the node (i, j) is given by,

~ql,-q2 44l +q2,,,*Q, =0 [2]

Referring to figure. 2, ql;; is the flowrate of the gas from the node (i-1, j) to (i, j) in the
direction parallel to the gas flow. Similarly ql;,,; denotes the flowrate of the gas from the
node (i, j) to (i+1, j). It could be seen that q1 is in the direction of the flow of the gas through
the cell i.e., flow through the grooves and q2 is in a direction perpendicular to it i.e., flow in
the channels. Q;; is the consumption of the gas at the node (i, j) and is taken as positive by
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convention. The boundary conditions are specified by the Q;; which is fixed for the inlet and
outlet nodes. All the flow rates are in cu. ins /s. The water produced by the oxygen reduction
is assumed to be in the vapor form.The inlet flow is Q cu .ins/s and the outlet flow is specified
by the oxygen utilization.

The flowrate pressure difference relation is written in the form as given below to eliminate
the flowrates from the conservation equation.

q! l/:kllf(hl-lfhu) [3a]

‘ﬂlszu(hu-l'hu) [3b]

where h;; is the gas pressure at the node (i, j).
The proportionality constants k1;; and k2;; are found using equation [1] and is as given
below.

ql
kI u=__AL;' [4]

The mass conservation equation is written in terms of the pressures (h;;) at each node by
substituting equations similar to equations [3a], [3b] and [4] for ql;,; and q2;;,,,

-kl , h_ -k2 h -kl _  _h

T S VL T TE NN Ty msz

yor By Ol kL, vk2, +k2, 0.8, Q=0 [5]

This forms a set of NH x NV simultaneous algebraic equations, where NH and NV are
the number of channels and grooves respectively. The above set of equations is solved for
the nodes inside the circle by the successive over relaxation technique in which the influence
of the circular boundary can be easily accounted for.

The effect of local flooding is simulated by turning off the conductances k1;;, k2;; to zero

within a fixed area of about 1.35 sq.in (3.5 % of total area) at various locations in the
flowfield i.e., near the inlet, center of the flowfield etc.
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DISCUSSION
Effect of Flowfield p si

For the base case (Table 1), the pressure drop is about 5000 Pa and the gas distribution
is nearly uniform with a slight non-uniformity near the inlet and outlet regions (figure 3a).
Comparing figures 3a and 3b it is seen that, increasing the channel width does not result in
dramatic improvement in the gas distribution. This may be because increasing the channel
width within the constrained size of the flowfield reduces the number of channels. It is to be
stressed that this type of behavior depends on the numerical value of the parameters since at
a much smaller values of the channel widths a small increase in H will substantially improve
the distribution.

When the width of the groove (the trench parallel to the flow direction) is increased with
a view of decreasing the pressure drop a substantial decrease in the gas pressure drop (of
about 4000 Pa) results as shown in figure 3c. But the gas distribution is not uniform in the
direction perpendicular to flow. Therefore, these parameters can be optimized for minimum
pressure drop with an acceptable non-uniformity in the reactant distribution.

Effect of groove depth

The variations of the flowfield pressure drop with flowrate is given in figure 4a. It is seen
that the pressure drop increases linearly with flowrate as expected for any poiseuille flow. But
the variation of pressure drop with the depth of the groove is highly nonlinear in the range
studied. It seems from figure 4a that a groove depth of 0.03" may be optimal for the base
case, as increasing the depth to 0.05 does not significantly decreases the pressure drop. A
smaller the groove depth is always preferred as the ohmic losses associated with the flowfield
is reduced. Also the bipolar plates with the flowfield constitute a large fraction of the weight
and volume of the fuel cell. Thus higher energy and power densities can be obtained with a
smaller flowfield depth.

The gas distribution (figure. 4b), is represented by the total flowrate of the gas at three
random points on a line perpendicular to the general direction of gas flow (line connecting the
inlet and the outlet). In the ideal case of uniform distribution, the resultant graph should be
a straight horizontal line. It is seen that the distribution is more uniform at lower flows and
at small groove depths. The more uniform distribution at smaller groove depths can be
explained as due to the increased pressure drop offered by the smaller groove depths.
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At a constant current density, decrease in utilization of oxygen implies a higher gas
flowrate. Thus the effect of utilization is similar to gas flowrate with a net gas consumption
or generation in the flowfield. Thus a decrease in the utilization results in increasing flow and
hence a larger pressure drop, figure 5a. The effect on distribution is also similar i.e, decreasing
utilization leading to non uniform distribution figure Sb.

Effect of 1 i

For the case where flooding is simulated near the inlet, the presuure contours are given
in figure 6b, the gas distribution is highly non uniform with a large area being blocked by a
small flooded site. In this case the current would have to take a longer path parallel to the
electrode surface. This entails large losses as the cell components are typically very thin and
hence have high electrical resistances. Flooding near the center also has a similar effect but
not as large an effect as that for flooding near the inlet. But flooding near the outlet did not
make a significant impact on the gas distribution. In all these cases the pressure drop was not
significantly affected as the flooded area was very small, 3.5% of the cell area.

CONCLUSION

The effect of important design parameters on the flowfield pressure drop and reactant
distribution was studied. It was found that in a rectilinear network of grooves and channels,
an increase in the groove width parallel to the gas flow yields low pressure drop. But this
results in a highly nonuniform distribution of the gas across the electrode. An optimum
groove depth that minimizes the ohmic losses, weight and volume of the fuel cell stack and
offers acceptable pressure losses exists. Local flooding occurring in very small areas can
effectively block a much larger part of the electrode. Flooding near the inlet has a particularly
severe effect on the gas distribution.
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Figure. 1 Schematic of the Flowfiekl Geometry
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Figure. 2 Solution Methodology
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Table 1. Parameters for the base case simulation

Diameter of flowfield,D
Groove width,V
Material between grooves,DV
Channel width H
Material between channels, DH
Current density
Composition of inlet air:
Oxygen
Nitrogen
H20 vapor
Oxygen Utilization
Temperature
Inlet gas flowrate
Inlet and Outlet port geometry

7"

o.ot1"
0.04"
0.05"
0.4"

1000 ASF

0.12 mol %

0.48 %

04%

0%

180 F

0.3 acfm

2.5" along the circumference and
diametrically opposite to each other.
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Figure. 3 Effect of Flowfield Pattern
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Figure 4. Effect of Groove Depth
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Figure. 6 Effect of Electrode Flooding
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ABSTRACT

The ac impedance spectra of polymer electrolyte fuel cell cathodes
measured under various experimental conditions are analyzed. Impedance
spectra of the air cathode contain two features: a higher frequency loop or
arc determined by interfacial charge transfer resistance and catalyst layer
properties and a lower frequency loop determined by gas phase transport
limitations in the backing. The lower frequency loop is absent from the
spectrum of cathodes operating on neat oxygen. Properties of measured
impedance spectra are analyzed by adapting a recently developed polymer
electrolyte fuel cell model to probe the effect of ac perturbation.
Comparison of model predictions to observed data is made by simultaneous
least squares fitting of a set of spectra measured for several cathode poten-
tials. General diagnostic criteria for sources of loss in PEM fuel cells are
described. These are derived from experimental impedance spectra and the
effects of perturbation of model parameters. Three different types of losses
caused by insufficient cell hydration to do with interfacial kinetics, proton
conductivity in the catalyst layer and conductivity in the membrane, are
clearly resolved in these impedance spectra.

INTRODUCTION

Polymer electrolyte fuel cells (PEFC) are energy conversion devices capable of de-
livering high power densities. They have attracted considerable research effort in recent
years, particularly in the context of potential transportation applications!. PEFC perfor-
mance is limited by losses caused by factors related to membrane, electrode, and hardware
components. A depiction of one half of a PEFC, emphasizing components considered in
the model described herein, is shown in Fig. 1. Previously reported work from this group
and others has aimed at characterizing the water uptake and the water and proton transport
properties of membranes used in these devices 2-5, and at modeling membrane losses in
operating fuel cellsS. We have previously described a detailed model of the dc polarization
characteristic of the PEFC air cathode”. Together, the modeling chapters described in Ref.
6 (membrane model ) and 7 (cathode model) provide a complete description of losses ob-
served for a well humidified PEFC operating on pure hydrogen.

Losses at fuel cell cathodes, particularly when the fuel cell is using air as oxidant,
are significant and could originate from: (1) limited interfacial kinetics; (2) limited protonic
conductivity through the catalyst layer and (3) limited effective permeability of oxygen in
the catalyst layer. In addition, the gas diffusion backing is responsible for significant oxy-
gen transport losses in the case of air cathodes. Electrode behavior in PEFCs is quite com-
plex and is influenced by several factors, including electrode composition and structure8-9
and the hydration level within the catalyst layer!0. It has been recognized that a high-per-
formance electrode will allow good gas access to the electrocatalyst as well as sufficient
protonic conductivity within the catalyst layer’. The hydration conditions within the fuel
cell have a profound influence on electrode performance. In the model system of an
ionomer covered Pt microelectrode, poor hydration has been shown by Uribe et al.10 to re-
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sult in very poor oxygen electrocatalysis. On the other hand, excess liquid water leads to
"flooding" of the electrode and, consequently, poor transport of gas through the electrode.
Understanding the losses stemming from inappropriate electrode humidification is thus a
key to optimizing electrode and ultimately fuel cell performance.

Electrode structures in PEM fuel cells have evolved from hot-pressed Pt
black/PTFE composites on a membrane!! through Nafion-impregnated catalyzed gas dif-
fusion electrodes employing carbon-supported Pt (Pt/C) particles as electrocatalyst!2.13, to
the recently developed ultra-low platinum loading electrodes utilizing a composite layer of
ionomer and Pt/C particles bonded to the membrane and backed by a gas-diffusion
(backing) layer 8.9:14, The latter sequence of cell elements is depicted in Fig. 1 for the
PEFC cathode . The last mentioned electrode type delivers excellent performance, particu-
larly when considered on a catalyst weight basis.

Effects of membrane, interfacial kinetics and electrode transport losses on the PEFC
polarization characteristic have been considered in detail in Refs. 6 and 7. Here we discuss
the use of impedance spectroscopy to study cell and, particularly, air cathode characteris-
tics in PEFCs. The ac response provides an additional source of information. As shown
below, some features are more emphasized and better resolved in the dynamic response of
the PEM fuel cell than under steady state. The electrodes studied were thin-film catalyst

layers!4 cast on the ionomeric membrane with gas diffusion backing layers inserted behind
the catalyst layer ( Fig. 1) . This configuration lends itself to effective diagnostics because
the catalyst layer and gas diffusion domains are well defined and separated. A more

detailed version of this work has been submitted for publication!3.
EXPERIMENTAL

The fuel cells tested were standard 5 cm? single cells employing Asahi Membrane C
polymer (PFSA) electrolyte separators. In the standard configuration, used for all tests
described here unless otherwise noted, the electrodes consisted of a thin film catalyst layer,
0.13 mg Pt/cm?, prepared as previously described!4, with an E-TEK gas diffusion backing
added on each side. Cells were run at 80°C with anode and cathode feed streams
humidified by passage through a sparging bottle.

The current densities attainable in these cells were several A/cm?, leading to absolute
currents up to 15 A. A scheme of the instrumental system is given in Ref. 7. We have
recorded the spectra measured using a Macintosh computer with National Instruments
LabVIEW software. This system was interfaced to a HP-6060A which served as electronic
load for the fuel cell and could handle currents up to 60 A with a 10 kHz bandwidth. To

circumvent the HP 6060A minimum load impedance of 30 mQ, an additional power sup-
ply is connected in series to allow the applied fuel cell voltage to be set as low as 0 V. The
frequency response analyzer (FRA) used was a Voltech Model TF 2000. The cell and cur-
rent shunt voltages were processed through matching bandpass filters of 0.03 to 10000 Hz
in Stanford Research SR 560 differential amplifiers. The ac generator from the FRA drove
through an isolation pad the external program input to the electronic load. To maximize the
bandwidth of the system, the HP-6060A was operated in constant voltage mode below
100 Hz and in constant current mode above that frequency.

All ac impedance spectra reported herein were measured between the fuel cell cath-
ode and the fuel cell anode. Negligible difference in response was seen when measuring
cathode impedance relative to the anode or relative to a reference RHE placed on the side of
the anode. We have thus assumed negligible voltage loss and negligible impedance at the
anode at all currents measured and have performed all measurements reported here in cell
cathode vs. cell anode mode. Typically, a dc polarization curve was recorded prior to the ac
run to allow us to determine the dc current corresponding to each iR-corrected cell voltage.
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The iR-corrected cell voltage is assumed to be equal to the potential of the cathode vs.
RHE.

AC IMPEDANCE MODEL

The physical model used to obtain equations for ac impedance of a PEFC is based
on a previously published steady state, one-dimensional model for the gas-diffusion
backing and the cathode catalyst layer”. To adapt the steady state model for the description
of dynamic processes in the PEFC cathode, the dynamics of a changing O2 concentration
in the backing and in the catalyst layer and of charge stored in the interfacial capacitor
within the catalyst layer have been added. We have also considered effects of a local O2-
flux-limiting barrier around individual catalyst particles, but have found that it was not
needed to explain the data.

Figure | shows schematically the backing and catalyst layers in the cathode and il-
lustrates some of the nomenclature used herein. In the ac modeling of cathode perfor-
mance, we must consider these two regions of the cathode and their coupling. Fractional
distance is represented by the variable y through either the backing (distance/¢g) or the cata-
lyst layer (distance/¢). The assumptions and nomenclature used here are similar to those in
Ref. 7. These include:

+ uniform effective ionic conductivity o in the catalyst layer

« uniform effective oxygen diffusion coefficient D in the catalyst layer

* negligible electronic resistance throughout the electrode

* uniform porosity in backing with gas transport following Stefan-Maxwell equa-

tions and with water vapor assumed saturated.
Treatment of the last item is different in this paper than in Ref. 7. There, we considered
binary flow of oxygen through nitrogen with the partial pressures reduced by the water va-
por but without considering that saturated water vapor is dragged by the flowing oxygen.
Ternary flow of all three components, oxygen, nitrogen and water vapor, are considered
here, providing a more rigorous treatment.
For the ac model, we use these additional assumptions:

« uniform double layer capacitance within the catalyst layer

+ uniform O3 storage capacity throughout the catalyst layer
We now describe sequentially our modeling approach for the backing and the catalyst layer
dynamic behaviors. Some of the details of this approach have been further refined as com-
pared with the approach in Ref. 7.

Backing: Porosity and Tortuog‘ ity : The gas diffusion backing consists of 100- to 200 A-

carbon particles mixed with a colloidal PTFE solution, pressed into carbon cloth and
sintered. As prepared, dry E-TEK backing material has a porosity of about 0.75 to 0.8 and
also varies in thickness from about 350 to 450 pm. When compressed in the assembled

cell the thickness is 180 um and the porosity is estimated to be 0.4. A characteristic
frequency of gas interdiffusion in the backing can be measured from the low frequency arc
in the air electrode impedance spectrum. We find the characteristic frequency of the backing

W, = 2%"— is a function of 7, the toruosity factor of the backing, but not of eg,the effective
Ty
porosity of the backing which leads us to a good estimate of the tortuosity factor (t~7) that

corresponds to effective average path lengths roughly 2.6 (x1”2)times the backing
thickness. Melted and resolidified PTFE around the carbon could well provide such a
tortuous path for diffusion
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Geometric Considerations: Our model is one dimensional and assumes uniform flow over
the cell cross section (see Fig. 1). However, the ribbed flow field supplying air to the gas
diffusion backing defies this assumption. In our typical fuel cell, the flow field ribs
occlude half the flow area with strips whose width are about three times the thickness of the
backing. This constriction will cause the local flux to increase and will cause greater
concentration drop than will a uniform flow. For steady state flow the ribbed geometry can
be replaced with an open geometry of 300 um effective backing thickness that drops the
concentration an equivalent amount. We have now modeled two-dimensional simple
diffusion in the ribbed geometry and calculated the dynamic transfer function for change in
average O concentration at the catalyst layer with respect to a change in flux. We have
concluded from this calculation that we could apply backing transfer functions for a 300-
pwm-thick uniform geometry, instead of the 180 pm thick actual, ribbed geometry.

The ternary gas_system (oxygen, water, nitrogen ) We have developed the dynamic

equations to determine the transfer function with respect to the current density of oxygen
mole fraction at the cathode backing/catalyst interface for the ternary system of saturated
water vapor, nitrogen and oxygen. We assume that both equilibrium saturation and
isothermal conditions are maintained under ac perturbation. Under saturation the partial
pressure of water remains fixed but there is a water vapor flux dragged along by the O;
flux that slightly modifies the solution. We used the Stefan-Maxwell equations and the
continuity equation with boundary equations that state the O flux does not vary at the flow
channel side and that there is no N flux at the catalyst layer side. We were able to show
that the exact solution can be approximated by an equation having the same functional form
as for thin-film diffusion but forced to match the low and high frequency ends of the exact

solution. The equations of the backing transfer function are detailed in another paper.!5

Catalyst Layer

In the catalyst layer four differential equations in the thickness variable and in time,
representing respectively ohmic losses, current generation from interfacial electron transfer
and double layer charging, Fick's law diffusion of 02, and conversion of O2 flux to proton

flux, were used. Variables were local cathode overpotential 1, ionic current density I, O
concentration ratio C/C*, and O; flux. We assume a Tafel dependence of the kinetic
current density on overpotential and use a fixed Tafel slope of 85 mV/decade. The
equations include the transfer function of backing outlet partial pressure with respect to
current density from the backing equations. The equations, first solved for steady state,
were linearized, LaPlace transformed and solved in the frequency domain for the
impedance, the ratio of the transformed overpotential at the catalyst layer/membrane
interface to the transformed current density. The boundary conditions at the backing side of
the catalyst layer, were a unity perturbation in overpotential, zero ionic current density, zero
change in O3 concentration ratio to concentration at the backing side. At the membrane side
the O3 flux was zero. Again the detailed equations and their method of solution are
described elsewherel3. The parameters in the model that can be estimated by fitting to
measured impedance data are: i*Ay, the current density per cm? Pt @ 0.9V vs. RHE times
the effective Pt surface area per unit geometric surface area; C*D, the O concentration at
catalyst layer inlet times the effective O catalyst layer diffusion coefficient; and Ry, the
catalyst layer ionic resistance.

RESULTS AND DISCUSSION
Analysis

A standard practice in interpreting ac impedance plots has been to fit measured data
by a complex least squares method to an analog electrical circuit of equivalent resistors, ca-
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pacitors, constant phase elements, finite or infinite Warburg impedances, and so forth,
whose values hopefully represent interpretable physical variables. When the model is de-
scribed by partial differential equations, as in the case of our PEFC cathode model, inter-
pretation by equivalent circuit becomes more difficult and the model equations themselves
should replace the equivalent circuit. In the catalyst layer portion of our model, O2 concen-
tration and overpotential vary continuously through the layer because of reactant diffusion
and distributed ionic resistance. Double layer capacitance and O2 storage exist throughout
the layer. While distributed systems with uniform resistance and capacitance can be repre-
sented by finite Warburg impedances, the more complex system dealt with here is not so
amenable to this representation.

Normally, individual impedance spectra recorded at one potential are fitted sepa-
rately and an evaluation of parameters at each separate potential is made. We modified our
fitting code (originally obtained from B. Boukamp!6) to allow simultaneous fitting of many
spectra at once. This provides a strong test of the model. For each separate spectrum, the
corresponding cathode overpotential and the measured current dependent membrane resis-
tance (high frequency resistance) were used in the fit, and a constant Tafel slope was as-
sumed. The other parameters were assumed to be independent of potential. We could also
separately fit each spectrum and could freeze the value of any of the parameters, which al-
lowed forcing some parameters to be the same at all potentials while fitting individual spec-
tra. We expect certain model parameters such as ionic resistance in the catalyst layer, dou-
ble layer capacitance, catalyst surface area, and O2 permeability to be independent of inter-
facial potential difference to first order. Some changes in these elements caused by local
production of water might occur in reality, but as long as the model does not specifically
include such effects we prefer to hold these parameters independent of interfacial potential
difference when fitting impedance data taken at a range of cell cathode potentials.

Modeling Base Case Results
Eigure 2a shows measured impedance data for the standard test cell (see
Experimental). Figure 2b shows a simultaneous fit to the model of spectra obtained at six

cathode potentials. There are 5 points logarithmically spaced per decade of frequency.
Clearly, the model captures the qualitative features of the impedance response of the cell.
Table 1 gives values for the model parameters that generated the best simultaneous fit to the

six spectra.

Table .  Parameters Evaluated from a Simultaneous Fit of Impedance
Spectra Measured at Six Potentials. A fixed Tafel slope of 85 mV/decade

was used.

Rew c'o Aci* T Co x2
Q cm2 X 1010 mA/cm2-atm mF/em?2 x 103
0.106 12.30 32.80 2.778 13.70 16.40

It is interesting to compare the cathode parameters evaluated from such simultane-
ous fits to several impedance spectra (Table I) to the cathode parameters evaluated by us
previously from a family of steady-state polarization curves measured with a range of cath-
ode feed streams compositions’. The corresponding values derived in Ref. 7 were: RcL
=0.06-0.36 ohm cm?, Ari*=30-90 mA/cm?2 and C*D = 40-190 x10-10 mol/cm-sec-atm
(the tortuosity factor, T, and the double layer capacitance, Cpy, are obtainable only from
the impedance measurements). The numbers are similar albeit not identical, some of the dif-

ference originating from differences in efficiency of local humidification within the catalyst
layers in different cells and some reflecting the level of uncertainty in the analysis of such a
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multiparameter system. In any case, previous conclusions on a significant loss due to lim-
ited protonic conductivity within the catalyst layer, on the high catalyst utilization in such
thin-film catalyst layers and on the rather high gas permeability in such catalyst layers (see
Discussion in Ref. 7) are well confirmed by these ac impedance results.

ical features of the impedance spectrum of a PEFC.

Having executed a simultaneous fit to several spectra measured for a PEFC, we
have now obtained a realistic base set of cell parameters (actually, cathode parameters) .
We will use these parameters (Table I) to discuss typical features of impedance spectra
observed for PEFC air cathodes. We will do that by changing individual cathode
parameters and evaluating the effects of such changes on three impedance spectra recorded
at cathode potentials of 0.81, 0.76 and 0.58V. These three potentials represent low,
intermediate and high cathode overpotential regimes.

Generic impedance spectra for the fuel cell cathode include two arcs, a higher fre-
quency arc reflecting the combination of an effective charge transfer resistance and a double
layer capacitance within the catalyst layer and a lower frequency arc reflecting mass trans-
port limitations in the gas phase within the backing. The effective charge transfer resistance
is largely determined by the rate of the interfacial oxygen reduction process, but also by the
protonic conductivity and oxygen permeability limitations within the catalyst layer. As
highlighted by the three measured spectra in Fig. 3(a), the dual-feature spectrum shows the
following trends with increase in cathode overpotential. At low overpotentials (0.81V), the
backing impedance is relatively negligible and only the higher frequency semi-circle
shows, terminating at the high frequency end with a 45° branch that reflects coupling of the
distributed ionic resistance and distributed capacitance in the catalyst layer. As the
overpotential increases, the diameter of the higher frequency arc decreases, reflecting the
increasing driving force for the interfacial oxygen reduction process (see spectrum at 0.76V
vs. spectrum at 0.81V). However, the diameter of this higher-frequency arc eventually
reaches a minimum value and subsequently grows again as the overpotential is further
increased (0.58V spectrum vs. 0.76V spectrum). Such increase in effective charge transfer
resistance at the higher cell current densities occurs when the O7 concentration drops
within the catalyst layer as a result of oxygen transport limitations.

With increased overpotential, the second, lower frequency spectral feature grows
in Fig.3a, reflecting the diffusion limitations in the backing layer that both statically and
dynamically affect the O2 partial pressure at the backing/catalyst layer interface. At the
highest overpotentials, this lower frequency arc comes to dominate the impedance spectrum
in the case of an air cathode. The features of this lower frequency loop are affected by the
porosity and tortuosity of the backing layer. For a cathode operating on neat oxygen, the
low frequency loop is completely absent from the impedance spectrum. The absence of the
low frequency feature in this case is a straightforward demonstration that this spectral
feature arises from a gas-phase, mass-transfer barrier in the backing of an air cathode.

‘We can now explore the effect of variation of the key cathode parameters on the
impedance spectrum. This exercise will help in arriving at diagnostic uses of ac impedance
spectra of PEFC cathodes. To arrive at the calculated curves shown in Fig. 3b-f, one
model parameter is changed each time from its value in the base case (Fig. 3a). Parameters
for the base case (a) and the five variations of individual parameters (b-f) are listed in Table
II. Frequencies run from 0.1 to 10,000 Hz, with 5 points per decade.
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Table II. Parameter Variations for Fig. 3.
Cae Ro. CD Aci’ ‘B Co

Qem? X 1010 a/em2.atm MM mF/em?

a 0.106 12.3 32.80 300 13.70
b 0.005 12.3 32.80 300 13.70
c 0.106 36.9 32.80 300 13.70
d 0.106 12.3 98.4 300 13.70
e 0.106 12.3 32.80 1 13.70
f 0.005 12.3 32.80 1 13.70

The effect of decreasing the catalyst layer resistance is shown in Fig. 3b. Two
expected effects of decreasing catalyst layer resistance arc observed: (1) the disappearance
of the -45° angle of approach to the real axis at high frequency and (2) the overall resistance
associated with the high frequency loop becomes smaller. More surprisingly, the overall
resistance associated with the low frequency loop increases dramatically at the highest
overpotential. Because the decreased catalyst layer resistance allows better catalyst
utilization at high current densities, the backing losses become greater at the same cathode
potential, reflected by a steeper slope of the steady state polarization curve. Comparison of
the (b) curves to the (a) curves demonstrates that improved catalyst layer conductivity has a
beneficial effect in the medium range of overpotentials but does not help with the limiting
current dictated by the backing.

The effect on the impedance spectra of increasing oxygen permeability through the
catalyst layer is shown in Fig. 3c. Of particular interest is, again, the behavior in the
intermediate overpotential domain. The low frequency resistance, RIf, is substantially
decreased in this regime. This clearly shows that mass transport effects within the catalyst
layer are significant at intermediate overpotentials. Again, this leads to higher value of Rjf
at the highest overpotential (0.58V) because of backing limitations.

The effect on the impedance spectra of increasing the parameter Ar i* is shown in
Fig. 3d. As would be expected, this has the effect of significant decrease in R|f at the
lowest overpotential. The higher current density obtained at a given overpotential is also
reflected in a lower "turnaround overpotential” (Rys is now larger at 0.76V than at 0.81V),
since the higher current density exacerbates the effect of R¢] on the magnitude of the high
frequency loop.

Figures 3e and 3f show the effect of eliminating completely the transport barrier in
the backing on the impedance spectra. These curves indicate what is expected with pure 02
feed to the cathode. They exhibit two important features. Only one (higher frequency) arc
shows in the spectrum and the value of R|f at the highest overpotentials is much smaller.
The latter is expected since the ac response is most sensitive to backing effects at the
highest overpotentials.

Eurther Information on PEFCs from Impedance Studies .
We now turn to further cell impedance studies that illustrate problems associated

with both poor humidification and overly thick backing layers.

Cell Humidification Effects. We have probed effects of water supply by varying cell
humidification conditions and determining the ac impedance spectra. Figure 4a shows
spectra taken at the same cathode overpotential, 0.82 V, with two different cathode
humidification conditions: first with "normal"” cell humidification of the cathode and anode
and second with the cathode humidifier bypassed (i.e. dry air supply). At such low cathode
overpotentials, the impedance spectrum includes only the arc associated with interfacial
impedance and catalyst layer transport effects. As shown here, at a potential of 0.82V good
humidification of the cathode gas stream results in this cell in a high frequency cell
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resistance (membrane + contacts) of 0.12 Q cm?2, and a faradaic additional resistance of
0.50 ohm cm.2 At the same potential, a dry air stream into the cathode increases the high
frequency cell resistance to 0.45 Q cm2, whereas the low frequency resistance increases

quite dramatically to 2.5 Q cm.2 As clearly observed in Fig. 4a, in the case of dry air
supply to the cathode, the high frequency impedance loop has a clearly developed branch of
an angle of 459, as expected from protonic conductivity limitations within the catalyst

layer. However, the increase of the overall diameter of the impedance loop is above and
beyond the effect of the 45° branch, reflecting a significant increase in interfacial ORR

impedance caused by low levels of water in the cathode catalyst layerm .

These spectra thus reveal that lack of sufficient humidification of the cathode air
stream brings about cell losses because of three different factors, which are well resolved in
the impedance spectrum: an increase in membrane (high frequency) resistance, an increase
in the resistance of the ionomeric component within the catalyst layer (significant branch of
450 develops), and an increase of the interfacial impedance for oxygen reduction (ORR)
reflected by the increase of the overall diameter of the impedance loop. While the increase
in membrane resistance is expected and quite well understood, the effects of insufficient
humidification on the conductivity within the catalyst layer and on the interfacial kinetics
have been less extensively treated and these impedance data demonstrate them very clearly.
In a steady state polarization characteristic, only an overall increase of the slope dV/dI will
be observed, corresponding to the sum total of these three separate effects.

Figure 4b demonstrates the effect of hydration mode on the high frequency
(membrane) resistance in the cell. Clearly, the strongest effect of enhanced membrane resis-
tance originates from lack of anode humidification, easily understood from the increased

resistance near the anode expected as a result of electroosmotic drag6 .

Figure 4c shows the dependence of the diameter of the high frequency impedance
loop, Rif, on cathode potential (iR-corrected cell voltage). In the case of the humidified air
stream, the average slope of this semi-logarithmic plot is close to 90 mV/decade, which is
in agreement with Tafel slopes derived for the ORR at a well defined, well humidified
Pt/recast Nafion interface!0. In the case of dry air, however, not only are the values of R]f
much higher, but the Tafel slope also increases to about 160 mV/decade. The results in
Fig. 4c emphasize the fact that, especially at low cell current densities, efficient hydration
of the cell is required to achieve maximal PEFC cathode performance.

ckin er Thickness Effects. To demonstrate the effect of the backing layer on air
cathode performance, we compared the steady state performances and the impedance spec-
tra for air cathodes in two PEFCs. In one cell we used a carbon cloth backing compressed

to 180um thick, as ordinarily employed in our cells. In the other cell we employed a
"sandwich" of two such cathode backing layers, with an overall compressed thickness of

360um. The thin film catalyst layer structure makes the separation of backing and catalyst
layer experimentally simple, an important prerequisite for this study.

In Fig. 5, the effects of doubling the backing layer thickness on polarization curves
and on the ac impedance spectra of the air cathode are shown. The polarization curves
corresponding to cells employing single and double backing, are shown in Fig. 5a and b.
It is evident that the addition of a second backing layer has a marked deleterious effect on
the performance of the cell, manifested in a sharp decrease in the limiting current density
obtained. (Note the change in current density scale between Fig. 5a and b.)

Figure 5c shows the ac impedance spectra recorded at 0.81 V. At this low over-
potential, at which ORR kinetic limitations predominate, the cathode performance is some-
what improved with the double backing. In contrast, in Fig. 5d, showing the ac impedance
spectra recorded at a polarization at which mass transfer is limiting (around 0.35 V), the
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size of the impedance loop for the double backing case is significantly larger than for the
single backing case. The results for the two different cathode polarizations (Fig. S5c and 5d
) can be reconciled by considering that the extra backing essentially traps water in the
cathode. Increased liquid water content in the cathode with the thicker backing, tending to
excess at higher current densities, is indicated by several observations for the cell
employing the thick backing layers: (i) the steep fall of the voltage at 0.7 AJem?2 (Fig. Sb);
(ii) the increased electrode impedance at high cell current (Fig. 5d); and (iii) the lower
interfacial impedance at low current densities (Fig. 5¢). At low polarizations, where the
kinetics of the oxygen reduction reaction are reflected in the impedance spectrum, the
impedance is somewhat less in the double backing case because of the beneficial effect of
extra water in the catalyst layer. This accords well with the results of Uribe et al.,,'® which
highlighted the necessity of sufficient water for good kinetics at the Pt/ionomer interface.
At higher fuel cell polarizations, the excess water inhibits mass transfer through the backing
layer(s), effectively decreasing the porosity of the backing.

We conclude that more effective liquid water removal is an important advantage of
thinner backing layers, leading to enhanced currents at low air pressures. Attempts to fur-
ther minimize the thickness of the air cathode backing are being pursued in our group.

iagnosti 1 Spectra and Modeling.

To summarize the information presented here, we distill the findings of our
modeling and experimental work into a set of diagnostic features characterizing sources of
losses PEFCs.

The simplest possible behavior of the impedance spectrum of a PEFC cathode
arises when the only loss is caused by interfacial kinetics of the oxygen reduction (ORR)
process. Under such conditions, a single semicircular loop or arc is expected at each poten-
tial with a diameter determined by the local value of the faradaic resistance. The diagnostics
for interfacial kinetics being the only source of cathode loss are therefore: a single semicir-
cular impedance loop with decrease of the diameter with decreased applied potential, which
is in agreement with the potential dependence of the ORR interfacial rate constant, as mea-
sured at well defined Pt/ionomer interfaces (e.g., bulk Pt/ionomer microelectrodes).

When the diffusion coefficient of oxygen in the catalyst layer is low, allowing only
limited permeability through the catalyst layer, semicircular “kinetic loops” are still expected
at each potential. However, the rate of fall of the diameter of the loop with potential will be
decreased significantly. For example, to lower it by a factor two requires lowering the
cathode potential from 0.80 V to 0.72V under pure kinetic control, whereas with slower
diffusion through the catalyst layer it would require lowering the potential from 0.80V to
0.55V . This behavior is equivalent to an increase of the apparent Tafel slope. The
qualitative diagnostics for limited permeability through the catalyst layer are thus a decrease
with overpotential of the diameter of the semicircular plot, which is slower than expected
from ORR measurements at well defined Pt/ionomer interfaces.

If the protonic resistivity of the catalyst layer contributes significantly to cathode
loss, the impedance loop terminates at high frequency with a well defined 450 branch. The
presence of such a 450 branch is the diagnostic criterion for a significant contribution of
protonic resistivity in the catalyst layer to cathode losses. It should be emphasized that all
the losses originating from the catalyst layer affect only the "kinetic loop”, which is the
higher frequency loop in the impedance spectrum of the PEFC.

Losses in the backing correspond to a transfer function with lower characteristic
frequencies. As a result, the presence of a second, low frequency loop in the impedance
spectrum indicates significant losses associated with oxygen diffusion through nitrogen in
the backing. This second loop shows only in the spectrum of air cathodes, not in the spec-
trum of neat oxygen cathodes.

The remaining important feature for which we sought explanation is the variation of
the diameter of the higher frequency loop with potential. It first decreases with overpoten-
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tial, but then starts to increase again as the overpotential increases beyond some value. This
feature arises from the combination of conductivity and mass transport limitations within
the catalyst layer. Both oxygen and protons must be available at the catalyst site for the
ORR to occur. Restriction of access of either decreases the observed rate of the reaction,
causing an increased kinetic (higher frequency) loop at higher overpotentials.

It is important to remember that we have provided here a fit to impedance data for
one polymer electrolyte (single) cell, which we regard as average in performance. Some
variability of the spectra from cell to cell is observed, but different cells based on similar
catalyst and backing layers do generate similar spectra under similar operating conditions.

CONCLUSION

We have provided here a combination of experimental and modeling results which
illustrate the effects of polymer electrolyte fuel cell components and operating conditions on
the impedance spectra of such cells. This has led to a set of diagnostic criteria for eval-
uating PEFC losses. The resolution in the frequency domain of the overall change in cell
impedance helps to resolve, and to quantitatively evaluate individual contributions to PEFC
losses, such as the lowering of electrocatalytic activity in the cathode, the lowering of cata-
lyst layer conductivity and the lowering in membrane conductivity -- all three effects arising
together from low humidification levels in the air feed stream. Such resolution cannot be
achieved from steady state measurements alone. We have shown that an effective way to
analyze such impedance spectra is by a simultaneous fit of spectra obtained at several po-
tentials. The cathode parameters evaluated with this approach agree with parameters derived
from steady state measurements with a range of cathode feed streams in Ref. 7.

Some general conclusions on PEFC characteristics, reached from this investigation
of their dynamic response are as follows:

(1) High catalyst utilization is achieved with thin-film ionomer//Pt/C composite catalyst
layers.

(2) Limited protonic conductivity combined with finite O permeability in the catalyst layer
contributes significantly to the cathode impedance in the medium current density domain.
(3) A major contribution to air cathode impedance at higher current densities arises from
transport limitations in the gas phase in the backing. These limitations are well resolved as a
separate, low frequency feature in the impedance spectrum which is absent in the spectrum
of a cathode operating on neat oxygen, where the gas phase transport limitations are lifted.
(4) The cathode impedance spectra show that the tortuosity in the backing could be signifi-
cant. Instead of the previous interpretation for families of steady state polarization curves,
which was based on an assumption of very limited backing porosity!©, the impedance
results suggest a combination of a porosity of about 0.4 and tortuosity factor of about 7
(/7 = 2.6)in the backing layer of the cathode in a PEFC operating under pressure and at
800C.

(5) Cell humidification has a profound effect on several cell components. The effects of in-
sufficient humidification on electrocatalysis and on catalyst layer (protonic) conductivity
may actually exceed the most commonly considered effects on membrane conductivity.

It is our hope that the qualitative diagnostics and the examples of "generic" ac
impedance spectra described herein for PEFCs will enable workers in this field to deter-
mine some performance characteristics of their fuel cells essentially at a glance from mea-
sured ac impedance spectra.
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air/o2 gas cathode
INLET DIFFUSION CATALYST

Figure 1 Schematic illustration of various regions considered in fuel cell modeling.

Figure 2 (a) Measured impedance of a PEM fuel cell with Membrane C operating with 5 atm air, 3 atm H2
for various cathode potentials; cell operating at 80°C, anode humidifier T=105°C, and cathode humidifier
T=80°C. (b) Simultaneously fitted impedances for data in (a). Fit parameters are summarized in Table I.
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A one dimensional model for a proton exchange membrane fuel cell was
developed which makes use of independently measured parameters for
predicting single cell performance. Optimization of catalyst layer
formulation and properties are explored. Impact of temperature and cathode
pressure upon system performance is investigated.

INTRODUCTION

Development of a comprehensive mechanistic model is essential for understanding fuel
cell performance and the variables which impact operation. Both through-the-electrode and
down-the channel models have been developed to leverage our experimental effort toward
improving membrane electrode assemblies (MEAs) and defining optimum operating
conditions.

Water management is key to optimal fuel cell operation. High water activity is desired
to obtain maximum jonic conductivity of the membrane and catalyst layers. A significant
improvement in conductivity is apparent when liquid water is in contact with the ionomer.
(1) On the other hand, the presence of liquid water in the backing layer and catalyst layers
will decrease gas phase transport to catalytic sites.

Recent models of proton exchange membrane (PEM) fuel cells include electrode
kinetics, electro-osmotic transport of water and component diffusion through the backing
and cathode catalyst layer. Bemnardi et al. developed a comprehensive model from
fundamental transport properties (2). Springer et al. included diffusion limitations which
arise in the backing layer at the cathode (3). Kinetic resistance at the anode was neglected.
Nguyen et al. developed a down-the-channel model to account for mass and heat transfer
between the electrode and gases in the channel (4). A simplified treatment of transport
through the MEA was implemented.

The purpose of the through-the-electrode model is to apply known properties and
relationships to first validate with experimental data and then predict fuel cell behavior.
Key factors include water saturation and transport within backing layers and reaction
kinetics within the cathode catalyst layer. Using this validated model, the impact of cell
temperature and operating pressure will be explored. In addition, use of the model to aid in
design of the catalyst layer is demonstrated.

MODEL DESCRIPTION

A schematic illustration of a PEM fuel cell is shown in Fig. 1. A cation-conducting
polymer membrane is located between two catalyst layers. This structure is in turn placed
next to diffusion backing layers between two flow fields. Hydrogen diffuses through the
backing layer to the anode catalyst layer where
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H,=2H" +2¢ (1]

Protons, formed in the reaction, migrate through the cation conducting membrane to the
cathode catalyst layer and are consumed by the following reaction

%02 +2H" +2¢” = H,0 [2]

The difference in electromotive force for electrons produced at the anode and transferred to
the cathode converts chemical energy to electrical energy, in a process not limited by the
Carnot cycle.

The model attempts to treat the cathode in detail. Kinetics of the oxygen reduction
reaction at the cathode is five orders of magnitude slower than hydrogen oxidation in acidic
electrolyte. As a result, kinetic resistance at the anode is neglected. Oxygen transport in
the cathode requires detailed representation. The presence of liquid water, produced at the
cathode, reduces the pore volume available for oxygen diffusion.

Components of the model consist of water transport through the MEA, oxygen
diffusion through the cathode backing layer, ionic resistance in the membrane, and
transport and kinetics within the cathode catalyst layer. The description of the model is
divided into two sections: (a) gas and water transport through the entire MEA structure and
(b) cathode catalyst layer kinetics and transport.

embrane and Backing Transport

Diffusive transport through both the anode and cathode backing layers is modeled to
obtain the water activity at ionomer interfaces and oxygen concentration at the cathode
catalyst layer / backing interface. Within the backing layers, the Stefan-Maxwell equation
defines diffusive compositional changes (5)

dx, ~ 1
= if
where for ideal gases
3
c=Lt
RT

and N, is the flux of species i in the z direction, D’ is the effective binary diffusion

coefficient of the pair i-j in the porous medium and C represents the molar gas
concentration, P', total pressure, T, absolute temperature, and R, the ideal gas constant.

Two classes of water activity profiles can arise and are illustrated in Fig. 1. In Case 1,
high relative humidity in the cathode flow channel leads to saturation of gas in the backing
layer at the dashed line (a). Water is transported in the liquid phase on the left side of this
line through the backing and catalyst layer. The presence of liquid water in the catalytic
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layer and high water activity in the membrane tends to increase ionic conductivity. On the
other hand, the presence of liquid water in the backing layer can reduce the available
oxygen partial pressure in the catalyst. These two factors lead to a conflicting impact upon
fuel cell performance. In Case 2, low relative humidity in the cathode channel yields
improved gas phase transport in the cathode backing but lowers ionic conductivity of the
ionomer phase.

Depending upon whether liquid water is present, water transport in the cathode
backing occurs by different mechanisms. Eq. [3] describes the mole fraction water when
water is transported in the gaseous phase. If liquid water partially floods the porous
structure, the mole fraction of water in the gas phase is constant and is determined by its
vapor pressure. No water is then transported in the vapor phase. Liquid water saturation
variations interact with capillary pressure to move liquid water through the backing. In
addition, the presence of liquid water lowers the gas phase porosity to reduce the effective

oxygen diffusivity.

Water transport in the membrane results from the sum of electro-osmotic transport and
diffusion. (7) While electro-osmotic drag is always from the anode to the cathode,
diffusion follows the concentration gradient and may occur in either direction as illustrated
in Fig. 1. The applicable equation for net water transport is

net i Iz",
Nuzo = Nf‘gjo + 7L (41

where I, is the total current density through the cell and n, represents the electro-osmotic
drag coefficient. For the 1-D case, the diffusion equation may be written as

mw
N = _qpymw ‘IC”,o
Hho o dZ

(51

mw

where subscript or superscript m designates membrane, d indicates dry and w shows a wet
basis. The derivative in Eq. [5] may be expressed in terms of membrane water content, A,

which is defined as moles of H,O per equivalent of SO;

dz dA | dz,

m,w mow

Use of A instead of concentration simplifies integration. Rearrangement of Eq. [6] and
substitution of Egs. [4] and [5] yields

Iin
Nnel _ 5 d
da ( o j
== (71

dz - d CH 0
m,w Dm, w 2
H;O( dl

which describes the gradient of water content in the membrane with position.
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Use of the diffusion equation is complicated by changes in membrane dimensions with
water activity. Assuming that there is no excess volume of mixing between the ionomer
and water, a relationship may be derived which describes the change in dimensions with
water content. Molar concentration of water on a wet volume basis can be expressed as

Cino =T ) 18]

where

M,
pm.d c= pm.d W [9]
E pw Em

and p,, ,, represents the density of the dry membrane, E,, the equivalent weight of the
ionomer, p,, and M,, the density and molecular weight of water, respectively. Assuming
that the membrane expands equally in all directions, we can also derive the following
relationship between wet and dry membrane thickness

=(cA+1)"z,, [10]

Lver

After substitution of the derivative of Eq. [10] into Eq. [7] we obtain

. Isn
a (N;,;o— 6‘p”)(cl+l)”]

dzm o dc 2
o Z)n:o( d;‘l' 2 )

where the derivative of Eq. [8] yields

(]

dCyo  a

dA  (cA+1) 2]

Through Eq. [11], membrane water content may be calculated.

Effective transport properties for both diffusion and ionic conduction are dependent
upon porosity. Formation resistivity, Ry, is related to bulk resistivity, R,,, of the
conducting phase by

R,=FR Ry, [13]
where the formation resistivity factor, Fy, is defined as

F=2 (14]
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In this expression,$ represents porosity, a is a coefficient which varies from 0.6 to 2.0
and m is the cementation factor or tortuosity factor that ranges from 1 to 3 (6). This type of
relationship represents ionic conductivity of brine saturated rocks which vary widely in
pore characteristics. For sandstone rock, which approximates the types of porosity found
in MEA electrodes, the Humble formula sets m = 2.15. (6) Thus, effective transport
properties may be approximately related to bulk properties by:

K_tll =¢2K' D;ﬁ =¢2 Dij “5]

Solution for the water distribution through the MEA structure is obtained by
integrating from the anode channel to the cathode catalytic layer and from the cathode
channel to the cathode catalytic layer. The mole fraction of components is calculated in
both the anode and cathode channels. For a given current density, a net flux of water is
assumed through the anode backing and membrane. Eq. [3] is used to calculate the gas
composition through the anode backing. Binary diffusion coefficients needed in Eq. [3]
are calculated from Chapman-Enskog kinetic theory for the gaseous state at low density

(5).

At the anode backing / membrane interface, the mole fraction of water is converted to water
content in the membrane interface by the following expression (7)

A

oocy = 0.043+17.81a-39.854° +36.0a" 0<a<l [16]

> .- Since this correlation was obtained for membranes treated in boiling
water, the relation is assumed to hold to 100°C.

where a=x,P'/ P

Membrane properties include electro-osmotic drag coefficient, water diffusion
coefficient and ionic conductivity. Recent water content and electro-osmotic drag
measurements indicate (8)

a (water vapor) <1 A<14 n,=10

a, (liquid water) =1 A=221025 n,=25

Data for the diffusion coefficient for water in the membrane was obtained from
Zawodzinski et. al. (1). The data was correlated in the form given below:

Dy0 = C, + C,(1-exp(~C, A)) (17

Water diffusivity is adjusted from 30°C by the following equation:

E( 1 !
D(at T,,) = DBO°C)| | ————— 9
(at T,py) = D( )[ R (303 273+T,, )J "
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where E/R =2416 (9). The potential loss in the membrane and catalytic layer is calculated
from the ionic conductivity. Conductivity data from Zawodzinski et al.(1) is fitted with the
equation

x, = Cer + crf1-exp(-cr 2))] [19]

where Cy is the temperature coefficient for temperatures other than 30°C where Cr = 1.0.
While complete curves have not been measured as a function of temperature, membrane
conductivity in liquid water is available for NAFION® 117 and DOW ionomers (1). The
data is fitted by

C=C'+CT [20]

Water content is integrated by Eq. [11] through the membrane to the cathode catalytic
layer where the water content is assumed to be constant.

Water content is again estimated for the cathode catalyst layer, but starting at the
cathode flow channel. As shown in Fig. 1, gas composition through the cathode backing
is integrated with Eq. [3] to the catalyst layer. In this case, however, water condensation
can occur at some plane in the backing. From this point toward the catalyst layer, a
constant water mole fraction is defined with a lower gas saturation to account for the
presence of liquid water.

At the cathode layer / catalyst layer interface, Eq. [16] is again applied to obtain the
water content of the ionomer. If the water content after integrating in both directions
agrees, convergence is obtained. If they differ, a new net water flux is assumed and the
calculation is repeated until convergence is obtained.

The procedure is complicated by non-ideal behavior at the gas - ionomer interface.
NAFION® in contact with water vapor at unit activity yields A = 14. Liquid water with the
same activity produces A = 22. Contact angle measurements show that membrane surface
wettability is different for the two cases (10). Small-angle neutron scattering techniques
indicate the presence of high kinetic resistance to water transport at the interface for water
vapor (11). Thus, it is assumed that a step change occurs at the interface. Concentration
gradients within the membrane are unaffected.

at| S| er

A conceptual representation of the catalytic layer is given in Fig. 2. The catalyst layer
is represented as a uniform structure with catalyzed carbon black particles covered with a
continuous ionomer film. Oxygen reaches the catalyst by diffusion through void volume
within the structure. Assumptions for the model include a uniform water content of the
catalyst layer, a uniform distribution of components within the layer, and low electronic
resistance compared to ionic resistance.

Derivation of the equations describing the current distribution, potential distribution,
oxygen flux and oxygen concentration are similar to those by Springer et. al. (12). Four
governing equations are as follows:

Electrochemical Society Proceedings Volume 95-23

157



dl Fn) ( -a,Fn )}
Sopil - « 21

dn 1,
ookl A 2 22
] [22]
d(Nol ) — ___l_fll_z [23]
dz 4F dz
1(C, N,
a ( 0, ) _ Yo, [2 4]
dz DY
where
+ Cj
=i (E;—f] [25]

and A, is the catalyst surface area per unit volume of catalyst layer. Since the catalyst layer

is assumed to be grain supported, expansion of ionomer with hydration is neglected.
Equation [25] assumes that the proton concentration is constant at the catalyst interface.
While oxygen diffusion in the “z” direction occurs in both the gas phase and jonomer,
fluxes are greater in the gas phase Thus, diffusion in the ionomer is neglected.

The catalyst is assumed to be covered with an ionomer film to facilitate proton transfer.
Calculations indicated that if this film was uniformly distributed over the carbon support,
the mass transfer limiting current for oxygen diffusion through the film would be greater
than 10 amp/cm’ of geometric area. Thus, oxygen diffusion through ionomer is neglected.

Concentration of oxygen in the ionomer as a function of temperature was obtained
from the work of Sakai et. al. ( 13). The molar concentration of oxygen in ionomer, ng s
was defined as being proportional to the molar concentration of oxygen in the gas phase,
C5,- The proportionality constant was in turn made a function of temperature.

Four unknowns, namely 7,, 7, N, ,and C,, are described by equations [21] to [24].

Boundary conditions are based upon known values of variables. Before integration is
begun, the current density , I, for the electrode is assumed. Since the water saturation
through the MEA has been obtained, ionic conductivity can be calculated. Boundary
conditions thus become:

z2=0 I,=0 [26]
dn 1
=4, — =2 27
e=0 dz  x7 27l
I
¢ " nF (28]
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z=0 Co, =C5° [29]

t}

Solution of Egs. [21] to [24] involves the use of a Runga-Kutta integration routine
with adaptive stepsize control (14). A “shooting” method is implemented where an
overpotential is assumed at z = 0 and integration is performed to z = §.. The “shooting”
procedure is repeated until the condition specified by Eq. [27] is met.

Cell voltage is then calculated as V=V -1 ¢ AR -n(z=3_). V_ is calculated from
the free energy of reaction at temperature “and pressure (Cell voltages are generally
calculated at currents greater than 0.01 amp/cm’ so corrections for electrode corrosion
currents, organic impurity oxidation, and hydrogen diffusion and reaction at the cathode
may be neglected.) The membrane resistance AR, is calculated by integrating over the
membrane thickness by the following equation:

I dz, J- (cA+1 ”sz,

o K(A) K(A) (301

0
where c is defined in Eq. [9].

Two Tafel slopes have been measured for oxygen reduction on platinum.
Parthasarathy, et al (15) found that at potentials greater than 0.75 to 0.8 volts vs the
dynamic hydrogen reference electrode, oxygen reduction occurs on a Pt-oxide covered
surface. Below this potential, an oxide-free surface is proposed.

Early simulations with data from Parthasarathy et al. (15) yielded high kinetic
resistance at low current densities. A subsequent paper by Parthasarathy et al. (16) , which
explored the effect of pressure upon kinetics, yielded exchange current densities that were
ten times larger than in the former paper. Parthasarathy et. al. attributed related phenomena
to organic contamination (17). Thus, exchange current densities from the later paper were
used along with the temperature dependence from the first paper.

Electrode parameters derived from the indicated references are given in Table I. The
transfer coefficients were calculated from the mean value of Tafel slopes measured from 30
to 80°C. The catalyst surface area A, was calculated from the measured catalyst layer
thickness and a platinum surface area on carbon of 100 m*/ gm Pt. Reference values were
calculated at 80°C. Volume fractions of void and ionomer were obtained from the
measured catalyst layer thickness and the ink formulation.

EXPERIMENTAL

A single cell and reference test stand were designed and constructed to provide tight
control on operating parameters. Key components included mass flow control of gas
streams, humidification with HPLC pumps and vaporizers and balances to weigh recovered
anode and cathode water, Cell temperature was controlled by water circulation through
heat exchangers within the single cell. A data acquisition and control system allowed
unattended operation with programmed gas stoichiometries and humidification (18,19).
High frequency resistance of the MEA was measured at 1 khz by a 4 probe method.
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Membrane electrode assemblies (MEAs) were assembled by a procedure similar to that
described by Wilson et. al. (20) Two decals were coated with a carefully controlled
thickness of catalyzed ink in the TBA form and dried in an oven. One decal was placed on
each side of the membrane, generally NAFION 112, and pressed under carefully controlled
conditions. The catalyzed membrane was then sandwiched between two pieces of
Teflonated graphite paper and placed in the test cell. Active area was 46.5 cm?.

RESULTS AND DISCUSSION

Single cell performance was measured as a function of temperature, pressure, anode
and cathode humidification levels. A comparison between the measured performance and
modeling results is given in Fig. 3. Cathode stoichiometry is represented by calculating an
mean effective oxygen concentration. The only parameters adjusted to obtain this match are
the gas saturation in the catalyst layer and cathode backing. These variables induce a slight
downturn at high current density. The measured high frequency resistance was
consistently higher than the calculated value. The calculated value only included resistance
from the membrane. The difference may be attributed to interfacial resistance and a portion
of the ionic resistance of the catalyst layer.

A model with independently defined parameters can aid in studies on the effect of
MEA structure upon performance. Two key parameters in MEA optimization include
carbon black packing density and NAFION® to carbon ratio within the catalyst layer.
Carbon packing density is determined from micrographs of MEA cross sections after
testing is complete. A series of simulations were run to explore the relationship between
cell voltage and cathode catalyst loading. Cases included three thicknesses of catalyst layer
at 5 different carbon packing densities.

In F1g 4, cell voltage at 1 amp/cm increases at carbon packing density increases from
0.5 g/em’. After reaching a maximum, a decrease is performance is predicted. At higher
packing densities, A, increases to improve kinetics. A decrease in void fraction increases
the ionomer volume fraction which in turn improves ionic conductivity through Eq. [15].
As packing density continues to increase, a point is reached where the void fraction
reduction begins to impact oxygen diffusion through the catalyst layer. A downturn in
performance is then predicted.

Good performance is predicted even at low catalyst loading. For instance, for a 5 pM
layer, 0.59 volts is predicted at 1 amp /cm®. This value may be compared to the
experimental results by Ferreira et al. who found that at a Pt loading of 0.05 mg/cm’, 0.56
volts was obtained at 1 amp/cm’ with | atm air (21). Thus, reasonable agreement is
obtained, particularly when the differences in air pressure and unknowns in Ferreira’s
MEA structure, are considered.

Inferences may also be made concerning the relative performance of supported
platinum catalysts and platinum black at low catalyst loadings. Platinum surface area of a
20% Pt /C catalyst is approximately 100 m%gm Pt compared to around 30 m%gm for
platinum black (22). Higher performance might be expected for the supported catalyst at
the same loading. This indeed appears to be true at catalyst loadings below 0.2 mg/cm?.
Other factors tend to predominate at higher catalyst loadings. Carbon occupies space which
may be better utilized by ionomer to increase ionic conductivity or void volume to improve
oxygen access. The advantage that platinum black holds above 0.5 mg/cm’ may be
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partially lost through the use of carbon with higher platinum loadings. Lower Pt surface
area, however, reduces potential gains.

The ionomer to carbon ratio was explored as another laboratory adjustable variable.
The weight of carbon was used in the ratio since it correlates with pore volume available for
ionomer addition in a grain supported structure. Fig. 5 illustrates that at low current
densities, the benefits of ionomer addition reach an asymptote. A mass transfer limit is not
reached. At high ionomer loadings, mass transfer limitations are reached at higher current
densities. It should be noted that ionomer addition may also impact wettability
characteristics of the structure. While carbon surfaces, formed at elevated temperature,
tend to be hydrophobic, ionomer in contact with liquid water is hydrophilic. Additional
ionomer may be expected to increase liquid water saturation. Compared to model
predictions, a mass transfer limit is anticipated at lower ionomer loadings.

Operating temperature and pressure affect system performance. As shown in Fig. 6, a
slight improvement in cell voltage is predicted at elevated temperature. Higher reference
exchange current densities, ionic conductance, and gas diffusivity tend to increase
performance. Above 100°C, a reduction in performance is generally observed at lower
pressure (23). As the boiling point of water at pressure is approached, the oxygen mole
fraction is reduced significantly by dilution with water vapor. Similar behavior is predicted
at low and high current densities.

Cell voltage is dependent on cathode pressure. A series of simulations was performed
to explore the effect of cell pressure and air stoichiometry upon performance.
Stoichiometry is represented by lowering the average oxygen concentration in the cathode
channel. This approach was found to be approximately correct (3). While higher total
cathode pressure is expected to improve oxygen transport and kinetics, other factors
reduce its effectiveness. First, the diffusivity of oxygen is inversely proportional to
pressure. In addition, water condensation, that reduces oxygen transport, is facilitated by
higher pressure.

To approximate the effect of air compression upon overall system performance, cell
voltage may be reduced by an amount equivalent to the compression penalty. Fig. 7
illustrates the predicted net cell voltage versus cathode pressure and air stoichiometry. It is
apparent that at an air stoichiometry of 3, atmospheric pressure operation would be
preferred. At lower stoichiometries, cell voltage is less sensitive to pressure. Below an air
pressure of 2 atm, other factors such as humidification requirements and equipment size
may become predominant factors. It should be noted, however, that water rejection
behavior of an MEA can also affect the optimum pressure.

CONCLUSION

A through-the-electrode model, based upon independently measured or calculated
parameters, has expanded our ability to predict the impact of variables upon PEM fuel cell
performance. After model validation, it was found that cell performance increases with
carbon backing density up to a maximum. As indicated in_ the literature, moderate
performance is predicted at Pt catalyst loadings below 0.1 mg/cm’. Finally, platinum black
electrodes are predlcted to compete effectively with supported catalysts at loadings above
0.2 to 0.5 mg/cm?,
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Increased operating temperature at two atm pressure is predicted to increase cell

performance up to about 100 °C. As the boiling point of water is reached, performance
drops because of reduced oxygen mole fraction. Higher air pressure also improves cell
performance. Once a voltage penalty is subtracted to account for compression costs,
maximum system performance appears to occur between 1 and 2 atm pressure at air
stoichiometries less than 3.
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Table 1
Parameter

Cathodic transfer coefficient for O2electrode, ac
Exchange current density at reference O2
concentration, id/+

Catalyst surface area per unit volume, cm2Zcm3 Av
Anadic transfer coefficient for O2electrode, aa
Reference concentration of O2in ionomer, mole/cm3
C%

Volume fraction ionomer

Volume fraction void

Ratio of Oxygen concentration in ionomer to gas

phase, CqJC”"

Parameters for the Cathode Catalytic Layer

Tafel Slope
~60 mv/decade
at80°C

Tafel Slope
~120 mv/decade
at80°C

0.86 (15)
4.9E-7 (15,16)

0.52 (15)
1.3E-5 (15,16)

1.40E+5
0.54 (24)
1.21E-5

0.17
053
0.07(13)

Figure 1 Schematic illustration of a proton exchange membrane fuel cell.
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Backing Membrane

lonomer
Catalyst Layer

Figure 2. Schematic illustration of the Cathode Catalyst Layer.

Figure 3. Validation of model with experimental results, temperature: 95°C, HZair
pressure: 1.8 atm, anode RH: 100%, anode stoich: 1.5, cathode RH: 96%,
cathode stoich: 3.3, gas saturation - catalyst layer /cathode backing 0.4 / 0.65.
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Figure 4. Predicted fuel cell performance for 20% Pt on Vulcan XC-72 and platinum
black catalyst, membrane: NAFION® 112, temperature: 95°C, H /air pressure:
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Figure 5. Predicted cell voltage versus ionomer to carbon ratio, 20% Pt /C, membrane:
NAFION® 112, carbon packing density: 0.6 gm/cm’, Temp: 95°C, air/H,
pressure: 1.8 atm, catalyst gas saturation: 0.4, backing gas saturation: 0.6.
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Figure 6. Predicted impact of cell operating temperature upon cell voltage, H, / air
pressure: 1.8 atm, Anode RH: 100%, cathode RH: 96%, catalyst gas
saturation: 0.4, backing gas saturation: 0.6.
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ABSTRACT

Characterization of Membrane Electrode Assemblies (MEAs) is used to help
optimize construction of the MEA. Characterization techniques include electron
microscopies (SEM and TEM), and electrochemical evaluation of the catalyst.
Electrochemical hydrogen adsorption / desorption (HAD) and CO oxidation are used to
cvaluate the active Pt surface area of fuel cell membrane electrode assemblies.
Electrochemical surface area measurements have observed large active Pt surface areas, on
the order of 50 m2/g for 20% weight Pt supported on graphitc. Comparison of the
hydrogen adsorption/desorption with CO oxidation indicates that on the supported
catalysts, the saturation coverage of CO/Pt is about (.90, the same as observed in H2SOy4.
The catalyst surface arca measurements are about 66% of the Pt surface area calculated
from the 30 A average particle size observed by TEM. The electrochemical measurements
combined with microanalysis of membrane electrode assemblies, allow a greater
understanding and optimization of process variables.

INTRODUCTION

Electricity is the most convenient and widely-used form of energy. However,
electrical energy cannot be stored cheaply in large quantities, and in order to provide
practical and flexible electrical energy sources, conversion of energy must be carried out to
and from another form, Conservation of fuel in energy conversion processes is essential
for economical feasibility and has been the major consideration in development of energy
conversion technology. Environmental consciousness has also become more of an issue in
recent years, and is driving new technologies. Both considerations motivate the
development of fuel cells for energy conversion processes.

Proton exchange membrane (PEM) fuel cells generally use platinum catalyzed
proton exchange membranes for hydrogen conversion into electrical energy and have
shown high power densities. The hydrogen / oxygen electrode reactions occur in the
catalyst layer of the membrane-electrode assembly (MEA) which is the efficiency and
kinetically limiting region of the fuel cell. For useful fuel cell production, MEAs must be
optimized for high proton transfer, hydrogen oxidation and oxygen reduction kinetics, and
low platinum catalyst loadings. The production of MEAs for PEM fuel cells can be
accomplished by many different methods,!-6 with each production technique presenting
many process variables which need optimizing. Because testing of these MEA's is a long
and complex process with many fuel cell operating variables to be examined, optimization
of production variables can be a tedious procedure.

Characterization of MEAs in various phases of the production process can help
reduce the testing time required for MEA evaluation. The use of clectrochemical techniques
such as hydrogen adsorption and desorption, and carbon monoxide oxidation complement
microscopic analysis techniques such as scanning electron microscopy (SEM) and energy
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dispersive spectrosco%y (EDS). These techniques can be used for characterization of the
MEA to determine the characteristics of the catalyst layer and membrane interface.
Transmission electron microscopy (TEM) is a valuable technique to examine the individual
Pt particle size and Pt distribution on the supporting graphite. Examination of the catalyst
layers (anode and cathode) in all dimensions helps illustrate whether the production process
has been successful in producing a catalyst with desired uniform propertics. In this work,
electrochemical and electron microscopies to characterize MEAs are used to assist device
0| S}Tizatjo& of MEA's, thus reducing testing time and furthering our understanding of the
variables.

EXPERIMENTAL

MEA's were Yroduced using techniques similar to those used by Wilson &
Gottesfeld.1.2 Pt cata gsts presented in this study were obtained from ETEK corporation
and were 20%, 40%, 60% weight Pt supported on graphite and platinum black. The MEA
was placed in a single cell test apparatus as shown in Fig. 1, similar to the cell used for fuel
cell testing of the MEA. The polycarbonate blocks have facilities for gas distribution,
voltage and current takeoff and cell temperature regulation. The graphite flowfield inserts
have milled grooves on one side to distribute properly the reactant gases to the MEA. The
%_ra hit& paper, used for current collection and gas distribution, was impregnated with a

eflon® suspension. The active area of the MEA examined was 47.5 cm2. which is large
enough to simulate flowfield patterns of full size MEAs. The hydraulic press was operated
at 60 psi to compress the gasket assembly for leak proof operation. This cell can be
operated as an operating fuel cell using hydrogen and oxygen (or air), or as in the case of
this study, to evaluate the activity of the platinum catalyst. All measurements described
here were made at room tempcrature.

The active surface area of the catalyst was measured by evaluating the hydrogen
adsorption/desorption and relative carbon monoxide oxidation. For thesc measurements,
the fuel cell cathode was exposed to nitrogen while the anode was exposed to hydrogen.
The gases fed to the cell were humidified.  The cathode was made the working clectrode
and the anode was used as both the reference and counter electrode. The double layer
capacitance from the voltammogram was subtracted followed by integration of the
hydrogen adsorption/desorption region from 0.0 to 0.45 V. The values for hydrogen
adsorption and hydrogen desorption were integrated separately, and have generally agreed
within 10%. To alleviate problems caused by excess hydrogen evolution, the reported
values were calculated by integrating the hydrogen desorption region. Polarization effects
at the counter electrode were ne%lected since the hydrogen oxidation reaction at the tuel cell
anode is nearly reversible. For CO oxidation experiments, 5% CO (or 5% CO3) was added
to the cathode gas feed. After exposure to carbon monoxide or carbon dioxide, the anode
was purged with nitrogen to remove all of the gas phase CO or COz before the
electrochemical measurements were made. The electrochemical measurements were made
using a Pine AFCBPI1 Bipotentiostat interfaced with a Macintosh via Labview for data
acquisition.

The TEM mecasurements were made using a Philips CM30 Analytical TEM with a

300 kV electron beam. The catalyst samples were disgersed in petroleum ether, and

applied to a commercially available TEM substrate. The SEM measurements were made on

a CAMSCAN SEM interfaced with a KEVEX EDS system. The MEA cross-sections were

%repared by drying the membrane, mounting in epoxy and polishing to 0.1 um alumina.

he samples were then coated with either graphite or gold to form a conductive surface
coating.
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RESULTS & DISCUSSION

M lyst Characterizatic

For reduction of catalyst loading, a high surface area Pt catalyst is required. To
achieve the highest Pt utilization possible, small Pt particles are required. To achieve this,
Pt has been supported on high surface area graphite. The Pt particles should be uniform
without large agglomerations of Pt, with the smallest possible particle size. Fig. 2 isa
transmission electron micrograph of 20% Pt supported on graphite commercially available
from ETEK. Mostly uniform Pt particle size was observc()f for the ETEK calal)ylsz{, with Kn
average particle size of about 30 A. Particle size generally ranges from about 20 A t0 40 A,
although some larger Pt particles were observed. Particle A is about 20 A in diameter,
while particle B, a larger particle, is 75 A in the longer direction. The edges of stg)porting
graphite are labeled and there are large areas where no Pl particles are apparent. Since the
electrons in TEM go through the entire sample, the particles observed are for a volume of
catalytic material. Individual Pt and graphite particles are best examined at the interface
where graphite particles are next to regions where no material is present, such as Particle A,
to keep volume effects to a minimum. Other areas of graphite show larger concentration of
Pt particles, which could bg due to a large volume of catalyst material imaged. For an
average particle size of 30 A, the platinum calalyst has a surface arca of 93 m%/g. These
TEM measurements tend to a§ree with measuregments made by x-ray diffraction taken b
ETEK which measured a surface area of 88 m2/g for 30% weight Pt.” The measured Pt
surface area by these methods assumes that the entire Pt particle is active, even though the
Pt particles are supported on carbon.

Elec ical valuation:

Electrochemical voltammetry of poly-crystalline and crystalline platinum surfaces
have been examined in detail 8-16 however little has been published on the electrochemical
voltammetry of Pt supported catalysts.17:18 Hydrogen adsorption and desorption (HAD)
occur essentially reversibly on the platinum surface in the region from 0.0 to 0.4 VRHE.
The potential region from 0.4 to 0.5 V is termed the double layer region, as there are
negligible Faradaic currents present. During cathodic sweeps, at > 1.0 VRHE oxygen
adsorption occurs which is reduced during the anodic sweep at 0.65 V.

The surtace area of the platinum can be evaluated by integration of the hydrogen
adsorption or desorption according to the following:

Ht+ e- ¢ Hyg (1

To obtain the platinum surface area, a charge of 210 pC/cm?2 was used to correspond to a
monolayer of hydrogen.3! A charge transfer of 210 uC/cm? correlates to a monolayer of
hydrogen adsorption on the Pt(100) surface which appears to be the predominant exposed
surface,32 and also correlates to equal distribution of the three low index surfaces.33 The
value of 210 pC/cm? has been used as a conventional standard for polycrystalline Pt.3!

The cyclic voltammograms of MEAs with differing weight % Pt catalysts supported
on graphite are shown in Fig. 3. The voltammograms have been normalized for the
loading of Pt used in the MEAS so that a direct comparison of the charge transfer per unit
weight of platinum can be made easily. Fig. 3a is the voltammogram for 20% Pt supported
on graphite and has a surface area of 61.1 m2/g of catalyst. While this is a large active
surface area, it is almost only a 66% of the value calculated by TEM (or XRD)
measurements. The simplest explanation of this discrepancy is that a portion (33%) of the
Pt surface area is used to bond the Pt particles to the graphite support. Figures 3b, 3¢ and
3d are for 40% Pt, 60% Pt and Pt black and have active surface areas of 27.4, 20.7 and
33.2 m%/g respectively. These results are summarized in Table 1.
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MEAs utilized by our group typically require several hours of operation before
stable high performance is achieved. This is termed the 'burn in' period. This effect has
also been observed when making the hydrogen adsorption/desorption measurements. Fig.
4 shows the cyclic voltammogram as a function of time for a newly prepared MEA. As the
MEA is )mtemial]y cycled, the Pt hydrogen adsorption/desorption and oxygen
oxidation/reduction features slowly start to appear. The amount of hydrogen
adsorption/desorption gradually increases over time, perhaps due to removal of organics in
the catalytic ink due to oxidation. The first curve (Fig. 4a) is after the MEA has been
c§cled for 1 hour. The Pt features are apparent, but are not as well defined as generally
observed. After 2.5 hours the Pt features are more pronounced, and the amount of HAD is
greater. Initially the MEA show essentially no hydrogen adsorption or hydrogen
desorption. The third curve, shows a greater amount of hydrogen adsorption which
occurred after the MEA was reversed, so that the opposite side was used as the working
electrode. This side also showed a gradual increase in the amount of hydrogen adsorption /
desorption, although it reached a higher limiting value more quickly. This possibl
indicates that the lower amounts of observed HAD could be due to organic species whic
are gradually removed from both the catalyst layer and the membrane.

Fig. 5 shows the voltammogram of an MEA anode and cathode after testing in a
single cell test apparatus. The MEA was used for electrolysis, i.e. in reverse bias to
simulate regenerative fuel cell glperation. The cathode (a) shows markedly higher hydrogen
adsorption than the anode (b). The anode catalyst surface area has been reduced by a factor
of 4, from 30.1 m%/g observed for the cathode to 8.1 m2/g for the anode. This décrease in
active catalyst area was also evident from the decrease in performance observed after
reverse biasing of the MEA. Subsequent SEM analysis (see Fig. 7d) shows that the
thickness of the anode catalyst layer has been greatly reduced by the reverse biasing of the
electrode. This result indicates that this type of MEA may not be suitable for electrofysis.

The voltammogram of a MEA with 60% Pt (same as Fig. 3c¢) after (a) exposure 10
CO and (b) exposure to CO2 for five minutes is shown in Fig. 6. The hydm{;en adsorption
in Fig. 6a is essentially completely blocked as evidenced by the initial curve from 0.0 to 0.4
V. On the following cathodic sweep to 1.5 V, carbon monoxide is oxidized from the Pt
surface beginning at about 0.8 V. After oxidation of the carbon monoxide, hydrogen
adsorption occurs on the following anodic sweep. The amount of adsorbed carbon
monoxide can be calculated via the following reaction:

COjyq + H20 --> COp + 2HY + 2¢- (2)

The charge required to oxidize a monolayer of carbon monoxide corresponds to Qco = 484
uC/ecm? (for Pt(111).20 Using Qco to calculate the catalyst surface area yields 14.8 m2/g
for Fig. 6a. This is only about 70% of the surface area observed by integration of the
HAD. Results of the surface area calculations for different catalysts appear in Table 1.
From the values in Table 1, we see that the ratio of the surface area calculated by CO
oxidation to HAD ranges from 0.72 to 0.93, with three values at 0.90 = .03. Evaluation of
the saturation coverage of CO on crystalline platinum surfaces has been the subject of
recent discussion,!9-23 and the saturation coverage of CO on Pt has been measured to be
0.70 in HCIOy, and 0.90 in H2SO4 .20:24 The values in Table 1 agree with the saturation
coverage of 0.90 observed in H2SO4. The CO coverage on the 60% Pt catalyst probably
did not reach saturation, and thus a lower value was obtained.

Real world applications of PEM fuel cells often require operation on fuels other
than pure hydrogen. Fuels considered are typically reformed hydrocarbons, which result
in a feed gas of Hp and COj. Fig. 6b shows that exposure to carbon dioxide forms a
species similar to carbon monoxide. However after 5 minutes exposure to carbon dioxide
only a small portion of the platinum surface is covered (as evidenced by the amount of
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hf'droocn adsorption present). If the exposure time to CO2 is increased, a greater portion
ol the Pt surface is poisoned. However the coverage does not seem to reach that obtained
by direct contact with CO. To evaluate the coverage of the reduced CO; adsorbed species,
the identity of the reduced COj; species must be determined. However, there is conflicting
evidence as to whether the reduced CO3 species is COH26-28 or C0.29-30 Oxidation of CO
is a two electron process, while oxidation of a COH species is a 3 electron process:

COHyg + Hy0 -->COy + 3Ht + 3¢” 3)

If oxidation of the reduced CO3 species is assumed to be a two electron process, the
highest coverage obtained by exposure of the MEA to CO2 was about 0.70. For a three
electron process the coverage obtained would be 0.47. The reduction of CO3 apparentl
does not fully poison the Pt surface whether the species is oxidized through a 2 or
electron process. This also agrees with the fact that hydrogen adsorption / desorption is
still observed at the highest coverages ot CO.

SEM ¢ D, rizati

SEM and EDS were used to characterize the cross-sectional properties of the MEA
and catalyst layer. This characterization includes not only this physical uniformity of the
MEA, but the elemental distributions throughout the catalyst layers of the MEA. A
scanning electron micrograph (SEM) backscattered image of a cross-section of a
membrane-electrode assembly is shown in Figure 7a. The image shows the anode (a) and
cathode (c) catalyst layers, and the proton exchange membrane (b). In a backscattercd
SEM image, materials with higher atomic numbers appear brighter. The membrane has
sulfur present, thus is brighter than the background of the sample mounting epoxy, but not
as bright as the platinum present in the catalyst layer. The catalyst layers are made of
diffuse catalyst particles, much smaller than the resolution of the image. A different
experimental catalyst ink formulation is shown in Fig. 7b. The catalyst layers appear
uniform except for a bright particle present in the top catalyst layer, which indicates a
higher concentration of platinum. This was confirmed by EDS (energy dispersive
spectroscopy) Eoim analysis. This particle appears (o about 30 um in diameter, and it has
poor adhesion between the particle and the rest of the catalytic layer. The poor adhesion is
more apparent at higher magnifications. EDS confirmed that the other elemental
constituents of the catalytic layer are not as concentrated inside the particle as the rest of the
catalytic layer, so the particle was probably present in the catalytic ink before it was applied
to the membrane.

A different region of the same MEA as in Fig. 7b is shown in Fig. 7c. Particles
that appear dark in the backscatiered image and have only about 60% of the platinum as the
rest of the catalyst layer. These particles have good adhesion to the rest of the catalytic
layer, and the other elemental constituents of the catalyst layer appear uniform inside the
particle. These particles appear to have formed after the catalytic ink was formed, or were
at least partially solubilized during the mixing process of the catalytic ink.

Fig. 7d is a micro%;aph of a MEA after testing in a single cell apparatus, and is the
same MEA used for the HAD of Fig. 5. This particular MEA was used to examine not
only normal fuel cell operation for power production, but was operated in a reverse bias
mode, to simulate regenerative fuel cell operation. As can be seen in the micrograph, the
anode catalyst layer has mostly been removed due to the reverse bias operation, and the
remaining anode catalyst does not have good contact to the membrane.
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CONCLUSIONS

MEA characterization has reduced the time required for fuel cell testing by
improving our understanding of the MEA production variables. Use of electrochemical
evaluation and electron microscopies have been used to characterize MEAs and the catalyst
layers of the MEAs.

Electrochemical surface area measurements have observed large active Pt surface
areas, about 60 m?/g for 20% weight Pt supported on graphite. Comparison of the
hydrogen adsorption/desorption with CO oxidation indicates that on the supported
catalysts, the saturation coverage of CO/Pt is about 0.90, the same as observed in HpSQy4.
The catalyst_surface area measurements are about 66% of the Pt surface area calculated
from the 30 A average particle size observed by TEM.

MEA cross-sectional characterization by SEM and EDS has helped to identify
rocess variables which lead to uniform catalytic layers. SEM and EDS characterization
as also identified large catalyst particles in experimental formulations, and identified

whether the particles appear to have been solubilized in the ink before application to the
membrane. SEM analysis has also identified degradation of MEA catalyst layers under
certain operating conditions.
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Table 1: Measured Surface Areas by CO Oxidation and HAD.

20% Pt 40% Pt 60 % Pt Pt Black
[m2/g Pt [m2/gP1] [m2/g Py [m2/g Py
HAD 61.1 27.4 20.7 33.2
CO Oxidation 56.6 24.4 14.8 30.0
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Fig 3:  Cyclic voltammogram of the fuel cell cathode showing hydrogen
adsorption and desorption and platinum oxidation and reduction.
Catalyst used was (a) 20% wt Pt/ graphite, (b) 40% wt Pt, (c) 60% wt
Pt and (d) Pt black. Scan rate : 20 mV/sec. The reference electrode
used was the counter electrode (anode).
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Fig 4: Cyclic voltammograms showing increasing hydrogen adsorption /
desorption as MEA is repeatedly cycled. After cycling for (a) 1 hour, (b)
2.5 hours and (c) switching MEA sides and cycling for 1 hour. Catalyst
used was 20 wt % Pt/ graphite. Scan rate : 20 mV/sec. The reference
electrode used was the counter electrode (anode).
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Fig. 5: Cyclic voltammogram of MEA (a) before reverse polarization and
(b) after reverse polarization. Sweep rate : 20 mV/sec.
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Fig. 6: Cyclic voltammogram of MEA after (a) 5 %CO in gas feed of cathode
(b) 5% 'COz‘ in gas feed of cathode. CO/CO2 dosing time : 5 min.

Sweep rate : 20 mV/sec
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Fig. 7a: Scanning electron micrograph of catalyzed membrane.
Image was taken in backscattered mode. Catalytic layer
appears to be uniformly distributed, without large particles.

Fig. 7b: Backscattered scanning electron micrograph of catalyzed
membrane. Experimental catalyst ink formulation shows a
catalytic layer with a bright particle of high Pt concentration.
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Fig. 7c: Backscattered scanning electron micrograph of catalyzed
membrane. Experimental catalyst Ink formulation shows a
catalytic layer with dark particles of low Pt concentration.

Fig. 7d: Backscattered scanning electron micrograph of catalyzed
membrane. MEA was tested in electrolysis mode for
regenerative operation.
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FACTORS AFFECTING THE PERFORMANCE OF PROTON EXCHANGE
MEMBRANE FUEL CELLS

S. F. Simpson, C. E. Salinas, A. I. Cisar and O. J. Murphy
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College Station, Texas 77840

Several of the many factors affecting the performance of a proton
exchange membrane (PEM) fuel cell have been examined in an effort to
better define the improvements needed for the production of a practical
vehicular power system. The presence of either CO or CO; in the fuel gas,
as would be produced in a reformed methanol stream, were found to be
detrimental to performance, with CO levels of even 10 ppm causing major
losses in cell output. Repeated freezing and thawing was found to have no
effect on the performance of a single cell PEM fuel cell, even when the
cell was cooled to -78 °C. The load following capability of a fuel cell
stack was measured and determined to be at least 2 orders of magnitude
faster than what is needed for vehicular applications.

INTRODUCTION

Early in the next century light-duty and heavy-duty vehicles for transportation are
likely to be powered with hydrogen/air fuel cells rather than with the conventional
internal combustion engine, because fuel cells can lead to a reduction in emissions and
noise as well as an increase in energy conversion efficiency (1). The proton exchange
membrane (PEM) fuel cell is the strongest candidate electrochemical power source for
electric vehicles capable of attaining the performance levels of the highly advanced
internal combustion engine-powered vehicles.

The PEM fuel cell operates at a maximum temperature of 95°C (at reasonable
pressures) and, at present, relies on the use of platinum-based electrocatalysts, the
loadings of which are continually being reduced (< 0.1 mg Pt cm2) (2). For fuel cells
operating in aqueous electrolytes (below 200°C, depending on the chosen electrolyte
technology), including PEM cells, hydrogen is the most active common fuel that can be
used. However, to be of practical use for power generation, a fuel cell must be capable of
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using an available fuel, such as methanol or natural gas. In consequence, the hydrogen
required for low temperature fuel cells will be supplied by reforming, followed by water-
gas shift of rcadily available and transportable fossil-derived fuels.

For transportation applications, it has been proposed that the hydrogen required
for PEM fuel cells will be produced by the on-board reforming of methanol (3). There
are two processes for this that are currently receiving significant attention. These are the
steam reforming process (3,4), as represented by Equation 1, and the partial oxidation

CH,OH + H,0 —— 3H, +CO, 1]

process (5), as illustrated in Equation 2. The steam reforming process has the advantage

CH,OH + %0, — 2H, +CO, + heat 12)

of producing three moles of hydrogen from each mole of methanol, but the process is
endothermal necessitating the addition of heat to the reactor and requires the addition of
substantial amounts of water to the fuel. The partial oxidation process uses the methanol
directly, and is exothermal but produces a fuel gas with a substantially lower hydrogen
content. Both produce a mixture of hydrogen and carbon dioxide with variable amounts
of carbon monoxide and other gases.

The steam reforming of methanol results in the production of approximately 24-
25 vol% CO, and CO at levels of the order of 200 ppm to 2 vol% in the Hy-based gas
mixture from the reformer output, depending on operational conditions.  This
concentration of CO in the gas stream exiting from the reformer can be readily lowered to
values of the order of 50 ppm by passing the gas mixture through a catalytic reactor, that
is selective for the oxidation of CO in the presence of hydrogen. However, a selective
oxidation catalyst and reactor operating conditions capable of producing CO at levels less
than SO ppm are not readily available.

The partial oxidation process, using air as the oxidizer, produces a fuel gas that is
roughly 40 vol% H,, combined with 10 vol% CO, and 20 vol% CO. (The balance of the

mixture is N, with a small amount of water vapor.) The CO can largely be converted to
additional hydrogen with the water gas shift reaction, as shown in Equation 3.

CO+ H,0 - H, +CO, B
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This produces a fuel gas with a CO content similar to that of stcam reformed methanol,
but with a higher inert gas content (5).

The steam reforming process is generally acknowledged to produce a fuel gas
with a higher hydrogen content, which contributes to higher total system efficiencies.
The partial oxidation process has two advantages however. The process can be cold
started faster, and since it does not require any feedback from the fuel cell (as steam
reformers using unspent anode gas for heating do) it can respond faster to changes in
power demands. The partial oxidation process is also more amenable to the use of other
fuels, including both ethanol and hydrocarbons (6).

The presence of the oxides of carbon (CO3 and CO) in the Ha fuel stream to be
fed to PEM fuel cells used as power sources for electric vehicles gives great cause for
concern with regard to the power densitics that can be delivered under such
circumstances. The presence of CO> as a component in the H; gas mixture can give rise
to poisoning of the surfaces of Pt electrocatalysts due to the formation of “reduced CO3”
(7,8). Carbon dioxide interacts with adsorbed hydrogen on platinum to form COOH
species. This can further react with more adsorbed hydrogen to form a COH species.
Both of these species poison platinum electrode surfaces and inhibit the hydrogen
oxidation reaction. Further, the presence of low levels of CO in the hydrogen fuel gas
stream will severely degrade the performance of anodic platinum electrocatalysts, since
CO acts as a poison to platinum electrodes operating in the range of potentials 0.0 - 0.5 V
(NHE) at temperatures less than 130°C in acidic electrolytcs (9,10). Thus, one of the
objectives of the work undertaken in this investigation was to determine the effects of
CO; and CO3 plus various concentrations of CO in Hy fuel streams on the performance

of a PEM fuel cell using air as oxidant.

A practical PEM fuel cell power source installed in an electric vehicle located in
northern regions of the U.S. during winter months will be subjected to multiple
frecze/thaw cycles, corresponding to periods of vehicle inactivity/vehicle in service.
Since it is known that the PEM electrolyte layer and the PEM impregnated electrocatalyst
layers in each cell contain significant amounts of water it might be expected that fuel cells
subjected to multiple freeze/thaw cycles may undergo various forms of degradation
leading to a decay in fuel cell performance. Possible degradative processes taking place
as a result of the formation of ice particles within membrane and electrode structures may
include: (i) rupture of the PEM electrolyte layer leading to gas leaks from the anode
compartment to the cathode compartment or vice versa; (ii) delamination at the
electrocatalyst layer/membrane electrolyte interface giving rise to a reduction in the
intimate contact required between electrocatalyst particles and the PEM electrolyte, and
(iii) delamination at the electrocatalyst layer/gas diffusion layer interface which may
cause an increase in electrical resistance and less effective gas distribution within
electrode structures. Thus the second objective of the work carried out was to determine
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the effect of multiple freeze/thaw cycles on the performance of PEM fuel cells operating
on pure hydrogen/oxygen as reactants.

Another challenge to a fuel cell in vehicular use is load following. In normal
commuting an automobile engine is frequently and repeatedly called on to go from idle to
a significant fraction of maximum power in a few seconds, or less. While fuel cells are
known to be cfficient at load following, the limit of their response rate is not clearly
defined. A third objective of this work was to determine how fast a relatively large PEM
fuel cell can be brought to full power.

EXPERIMENTAL

All fuel cell data were collected using a Lynntech Model 1000 Fuel Cell Test
System (11). This is a fully automated microprocessor controlled instrument which logs
all cell operating data, including temperatures, directly to disk for processing. This
processing can be carried out on the same unit, while data collection continues, or off-line
using a separate computer. For the rapid: start experiments a storage oscilloscope
(Tektronix Model 2212) was used to record the data and a rapid triggering power supply
with a clean step function output was used to control the load bank.

For CO; and CO tolerance measurements, performance characteristics were
obtained from a 25 cm? active electrode area single cell PEM fuel cell. Six fuel gas
compositions were used in these experiments; (i) pure Ha; (ii) Ha + 25 vol% Np; (iii) Ha
+ 25 vol% CO3, and (iv) Hz + 25 vol% CO; + 10, 28, or 94 ppm of CO with air as
oxidant. In all cases, gas flows were adjusted to maintain a stable 2:1 stoichiometry for
the hydrogen fuel.

The freeze/thaw cycling data were collected using a similar single cell PEM fuel
cell operating on pure Hp and Oj. Freezing to -10 °C was accomplished using a standard
laboratory freezer. For extreme low temperature testing (-78 °C), a standard ice chest was
used, with dry ice as the coolant. The entire test cell was frozen in all cases.

The rapid start data were collected using a two-cell short fuel cell stack, with a
significantly larger active electrode area, 300 cm® (10 cm x 30 cm). This fuel cell stack
was mounted on the test system in the normal manner. The storage oscilloscope was
attached to read the stack current in parallel to the test system and the fast triggering
power supply was connected to operate the system’s load bank. (The standard load bank
in this test system was designed with microsecond switching capability.)
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RESULTS AND DISCUSSION

Gas Composition Effects

One effect that is present in any fuel cell operated with a fucl gas that is not pure
hydrogen is a Nernstian voltage loss due to the dilution of the gas. While this value is
small (9.6 mV for a 50% reduction in hydrogen concentration), it is none the less real,
and must be considered as part of the baseline in evaluating any other effects in a mixed
gas system. The magnitude of this effect is illustrated in Figure 1. This figurc shows the
effect of replacing pure hydrogen with a mixture containing 75 vol% H, and 25 vol% N,.
The 25 vol% level was selected to simulate the inert gas (CO,) concentration present in
ideal steam reformed methanol. As expected the loss in performance is small.

In principle, CO,, with no fuel value, should be equally inert at the anode of a
CO,-rejecting PEM fuel cell. Unfortunately, as has already been recognized, this is not
the case (12). As pointed out earlier, the same platinum catalyst that scrves as an
oxidation catalyst for the hydrogen also serves to catalyze the reaction of CO, with the
adsorbed hydrogen to form surface species which poison the active sites on the surface of
the platinum catalyst. This is clearly shown in Figure 2, which contains polarization
curves obtained with the same membrane and electrode assembly (M&E) operating on
pure hydrogen, hydrogen diluted with nitrogen, and hydrogen diluted with CO,. If the
CO; were truly inert, the curves for hydrogen diluted with nitrogen and hydrogen diluted
with CO, would superimpose. The additional loss in performance observed with CO; is
the result of the chemical interactions occurring between the gas and the adsorbed
hydrogen on the surfaces of the highly dispersed platinum electrocatalyst particles.

The effect of CO content in the hydrogen fuel gas stream on the performance of
carbon-supported high surface area platinum electrocatalyst is shown in Figure 3. Carbon
monoxide is much more detrimental to the performance of the cell compared to CO,,
even though it is present at much lower concentrations. The CO poisoning effect, as
evidenced by the lower hydrogen oxidation currents, increased with increasing CO
content in the hydrogen gas fed to the cell. The presence of only a small amount (10
ppm) of CO gives rise to a significant decline in the performance of the fuel cell.

The performance of PEM fuel cells having carbon-supported platinum as the
anodic electrocatalyst was observed also by other investigators (13,14) to be lowered
considerably, even in the presence of very low levels of CO (<5 ppm) in the hydrogen
fuel stream, particularly at high current densities (>500 mA cm™). For CO concentrations
greater than |1 ppm, at the relatively low operating temperature (75-95° C) of the PEM
fuel cell, platinum electrocatalysts rapidly lose their activity and are unable to support the
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high current densities necessary for acceptable power-to-weight or power-to-volume
ratios.

To maintain high power densities over extended periods of time, the concentration
of CO in the reformate gas must be maintained at levels less than 1 ppm. In addition to
selective catalytic oxidation of CO in the reformer output, a number of alternative
methods have been considered. Pressure swing absorption and gas-permeable membrane
separation, which require very high pressures to achieve the necessary separation, are
impractical for transportation applications (3). Two approaches which arc attractive
include the already-mentioned selective oxidation over a supported platinum catalyst (1)
and direct injection of a small amount of air (or oxygen) to the fuel cell anode, along with
the hydrogen fuel gas stream (13).

An alternative approach to avoid the degradation in performance of PEM fuel
cells, brought about by the presence of CO and other small organic molecule
contaminants, is to develop contamination-tolerant anode electrocatalysts. Some success
in this direction has been reported recently for a Pt-Ru alloy with a Ru surfacc
composition of ~ 50 atom% Ru (15) and for a Pt3Sn alloy clectrocatalyst (16). In the case
of the former alloy material, a uniquely active state of OH,4s on Pt-Ru pair sites supported
a bifunctional mechanism for the CO electrooxidation process and brought about a shift
in the CO electrooxidation current of -0.25 V compared to pure platinum. The potential
for the onset of CO oxidation on a Pt3Sn alloy electrode with a Sn surface concentration
of ~ 20 atom% was ~ 0.5 V lower than for pure platinum and ~ 0.15 V lower than for the
Pt-Ru alloy.

Freeze/Thaw Cycling of a Fuel Cell

The effect of freezing on the performance of a PEM fuel cell was determined over
a wide range of freezing conditions. This was accomplished by placing a complete single
cell fuel cell, the performance of which had previously been characterized, in a standard
laboratory freezer and leaving it for 24 hours. Upon thawing and restarting the
performance was unchanged, as illustrated in Figure 4.

This was followed with nine additional cycles of freczing and thawing, with the
time spent in the frozen state varied from a few hours to a few days and the rate of
thawing varied from an hour to a day. In one experiment, the cell was started while still
frozen. While the cell had no significant output until it thawed (at about -3 °C), when the
cell heated up to normal operating temperature it performed as before. As shown in
Figure 5, these treatments had no effect on cell performance. These cycles were followed
by a more extreme test, freezing the cell, and then packing it in dry ice for 24 hours at -78
°C. This exposure had no more of an effect on cell performance than did freezing it at
-10 °C.
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This immunity to freeze damage is in agreement with a recent publication where a
similar test was carried out, although under less extreme conditions (17). It is clear that
PEM fuel cells can stand up to the rigors that are likely to be encountered in service
during extremely cold weather conditions.

Load Following with a Fuel Cell

The results of the load following tests are shown in Figures 6 and 7. For normal
vehicular service, going from idle to full power in half a second is more than adequate.
When the start-up of a PEM fuel cell is viewed on a time scale of a half second, as
presented in Figure 6, the stack appears to respond instantly. However, when the time
scale is expanded by two orders of magnitude, as demonstrated in Figure 7, it can be seen
that the response is fast, but not instantaneous. The actual time from applying the trigger
signal until the stack reached its full sustainable power level, considered to be the level at
the extreme right in Figure 7, was 0.34 msec. This is an average valuc for eight tests,
with the individual tests varying from 0.25 to 0.40 msec. These results are in good
agreement with data obtained from a similar PEM fuel cell under pulsing conditions (18).
In this case, full power was achieved in approximately 0.2 msec after applying a pulse to
the fuel cell.

Figure 7 shows the current rising through a maximum, and then dropping back to
the steady state value. This is a very repeatable phenomenon. It is the result of the delay
in gas moving through the gas diffusion electrode to the active region. At the moment of
start-up the entire electrode structure is filled with gas to the back pressure level and a
substantial amount of current can be drawn without any significant motion on the part of
the gas. As the gas closest to the active region is consumed, it has to be replaced. This
requires gas motion. The right-hand portion of Figure 7, where the current gradually
declines to a steady state value, represents the transition from the consumption of the. gas
stored in the electrode structure to the consumption of the gas that is being fed to the
electrode.

CONCLUSIONS

PEM fuel cells have long been known to meet the environmental requirements for
the next generation of light duty vehicles. The questions that remain are concerned with
attaining the performance characteristics currently met by internal combustion (IC)
engines. The results described here demonstrate that in at least two areas these
characteristics can easily be met, or exceeded.

A fuel cell power source can go from idle to full power faster than an IC engine,
or any power source that relies on the motion of mechanical parts. While the twelve
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freeze/thaw cycles carried out here do not simulate even one full winter, the complete
lack of degradation observed in these cycles, where any significant problems would be
expected to show up, indicates that thermal cycling under freezing conditions should not
be a major issue.

The fuel content question is somewhat more problematic. If a reformer system is
to be used, it will be necessary to either suppress the CO concentration well below 10
ppm (in the fuel feed), or find an effective replacement CO-tolerant electrocatalyst for
platinum. While great strides are being made in the latter area, there is still no complete

solution.
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Figure 1. Cecll potential-current density

profiles for a 25 cm? active area single cell
PEM fuel cell. M&E assemblies consisted
of Nafion® 112 and low platinum loading
clectrodes (20 wt% Pt on C; 0.4 mg of Pt

cm™2). Fuel and oxidant gases were: (®),
100% Hy / Air, (m) 75% Hp - 25% Ny /
Air. Fuel gases were flowed through the
cell at twice stoichiometric at a pressurc of
30 psi. Air at a pressure of 30 psi was
flowed through the cell at four times
stoichiometric. The cell temperature was
90°C.
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Figure 2. Cell potential-current density
profiles for a 25 cm? active area single cell
PEM fuel cell. M&E assemblies consisted
of Nafion® 112 and low platinum loading
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electrodes (20 wit% Pt on C; 0.4 mg of Pt
cm2), Fuel gases used: (@), 100% Hy;
(m), 75% Hy - 25% No; (), 75% Hj -
25% CO; were flowed through the cell at
twice stoichiometric at a pressure of 30 psi.
Air at 30 psi was used as oxidant in each
run and was flowed through the cell at four
times stoichiometric. The cell temperature
was 90°C.
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Figure 3. Cell potential-current density
profiles for a 25 cm?2 active area single cell
PEM fuel cell. M&E assemblies consisted
of Nafion® [ 12 and low platinum loading
electrodes (20 wt% Pt on C; 0.4 mg of Pt
cm2). Fuel gases used: (@), 100% Hy;
(m), 75% Hy - 25% No; ( ), 75% Hj -
25% COy; () 75% Hp - 25% CO7 - 10
ppm CO; (a) 75% Hy - 25% CO; - 28
ppm CO; () 75% Hp - 25% CO, - 94
ppm CO were flowed through the cell at
twice stoichiometric at a pressure of 30 psi.
Air at 30 psi was used as oxidant in each
run and was flowed through the cell at four
times stoichiometric. The cell temperature
was 90°C.
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A new type of reinforced composite perfluorinated polymer
electrolyte membrane, GORE-SELECT™ (W. L. Gore & Assoc.), is
characterized and tested for fuel cell applications. Very thin membranes
(5-20 um thick) are available. The combination of reinforcement and
thinness provides high membrane conductances (80 Sfcm? for a 12 im
thick membrane at 25°C) and improved water distribution in the operating
fuel cell without sacrificing longevity or durability. In contrast to non-
reinforced perfluorinated membranes, the x-y dimensions of the GORE-
SELECT membranes are relatively unaffected by the hydration state. This
feature may be important from the viewpoints of membrane/electrode
interface stability and fuel cell manufacturability.

INTRODUCTION

To a large extent, the evolution of the polymer electrolyte fuel cell (PEFC) is
linked to ionomeric membrane advances. Perhaps the single most significant
advancement in PEFC membrane technology was the replacement of the polystyrene
sulfonate based membranes, as used in the Gemini program, with perfluorinated
membranes that provided substantially improved durability, longevity, and performance.
These perfluorinated membranes, such as Nafion™ 117 (from DuPont), were originally
developed for chlor-alkali or other non-fuel cell applications. Aside from some
incremental advances tailored towards fuel cell applications, the membrane products from
DuPont, Dow and Asahi Glass employed at present for fuel cell applications are
fundamentally similar to the perfluorinated membranes introduced in the 1960's.
Although some advantages were gained by lowering the membrane equivalent weights
(EW), perhaps the most substantial improvements in fuel cell performance were realized
by simply thinning the membranes.34 The advantages gained with this simple strategy
include lower membrane resistance, lower material utilization (which obviously relates to
costs), and improved hydration of the entire membrane. The latter is facilitated by the
enhanced back-diffusion of water from the cathode side of the membrane to the anode
side, the latter of which tends to become dehydrated as a result of the electroosmotic
drag.2 However, there is a limitation to the extent to which such membranes can be
thinned because of difficulties with durability and reactant cross-over.

Conceivably, some of these difficulties could be alleviated using reinforced
membranes. Fluoroionomer membranes reinforced with woven polytetrafluoroethylene
(PTFE) are used in industrial electrochemical membranes (such as Nafions 324 or 417).
The relatively coarse weave of the woven PTFE reinforcements results in membranes that
are much too thick for high fuel cell performance. Some experimental non-woven
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PTFE/fluoroionomer composite membranes have been formulated for fundamental ion
transport studies3:6 and for investigations of other properties relevant to chlor-alkali’:8

and fuel cell® applications.

Advancements in materials and processing technology have resulted in the
introduction of a new series of PTFE/fluoroionomer composite membranes from W. L.
Gore and Associates, Inc. under the GORE-SELECT trademark. Samples of thesc
membranes were provided in nominal thicknesses of about 5, 10, and 20 pm. The
membranes were supplied with either 900 or 1100 EW ionomeric components.

MEMBRANE CHARACTERIZATION

The GORE-SELECT reinforced membranes are transparent, very much like the non-
reinforced Nafion or developmental Dow membranes. The membrane appears to be
uniform and homogeneous. Nevertheless, some of the physical properties of the
membrane reflect a preferred orientation, as is observed with the extruded Nafion 117

product.

Table I. Membrane ionic conductivities and conductances.

Membrane EW Thickness Confi?lnclgvity Conductance
(1Lm) (S/cm) (S/cm?)
Nafion 117 1100 200 0.142, 0.10b 5-7
Nafion 112 1100 60 0.10b 17
Dev. Dow 800 100 0.15b 15
GORE-SELECT 1100 20 0.0522, 0.053b 26
GORE-SELECT 1100 5 0.0282 56
GORE-SELECT 900 12 0.096b 80

4 z-direction, sulfuric acid immersed sample measured with a four-point probe
x-y direction, high-frequency measurement for membrane immersed in deionized water.

Ionic Conductivities

For comparison, the ionic conductivities of several thicknesses of GORE-SELECT
membranes and various other commercial membranes were measured using four-point
probe and high-frequency response methods. All membrane samples were boiled for at
least 30 minutes in deionized water prior to use. Transverse (z-direction) ionic
conductances of sample membranes were obtained using a standard "Kelvin" four-point
probe (Palico Model 9100-2) in which the membrane samples were immersed in | M
sulfuric acid maintained at 25° C. Longitudinal (x-y) conductances of the membranes in
the fully hydrated state were provided by the real axis intercept of a 1 Hz to 10 kHz
impedance spectrum using a Solatron 1260 Frequency Response Analyzer.!0 Results for
several thicknesses of GORE-SELECT membrane are compared to values obtained for
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developmental Dow and Nafions 112 and 117 in Table 1. Although the conductivities of
the higher equivalent weight GORE-SELECT membranes are much lower than the
unreinforced Nafion membranes, the conductances are significantly higher due to the
thinness of the reinforced membranes. The similarities in the x-y and the z direction
conductivities for the 20 pm thick GORE-SELECT membrane suggest that the material is
relatively isotropic, so far as ionic conductivity is concerned. However, it should be
noted that sulfuric acid imbibed in the membranes during the four-point probe
experiments may have influenced the measured conductivities.

Water Content and Hydraulic Permeability

Water contents of several commercial and GORE-SELECT membranes are listed in
Table II. The water contents of the GORE-SELECT membranes are surprisingly high
compared to the other commercial membranes considering they possess a substantial non-
ionic reinforcement component. The water content variations within the GORE-SELECT
membrane values roughly correspond to the differences in the EW's.

Table II. Membrane water content and hydraulic permeability.

Membrane EW Thickness Water Uptake? Bgrﬁ;_;;g_gb
(pm) (%) (Relative Rate)

Nafion 117 1100 200 34 1.0

Nafion 112 1100 60 34 3.3

Dev. Dow 800 100 56 4.0

GORE-SELECT 1100 20 32 3.7

GORE-SELECT 900 12 43 12.9

dExpressed as percent of membrane dry weight.
bHydraulic permeability relative to Nafion 117

Table II also shows that the hydraulic permeability of the 20 um thick 1100 EW
GORE-SELECT membrane is about 4 times as great as Nafion 117, much as might be
expected for a composite material that is about one-ninth as thick. On the other hand, the
permeability of the 12 pm thick 900 EW membrane is somewhat higher than expected
based on the 20 pm thick membrane results. Indeed, the general trend across all types of
membranes suggest that the lower equivalent weight (and corresponding higher water-
uptake) enhances the water transport, after factoring in the relative thicknesses.

Shrinkage

The x and y direction dimensional stabilities of the GORE-SELECT and Nafion 117
membranes were measured upon dehydration using a Thermomechanical Analyzer 2940.
A predetermined force was applied to 25.4 mm by 3 mm samples that were first fully
hydrated by boiling in deionized water for 30 minutes. A quartz probe in contact with the
samples detected the changes in sample dimensions during drying. The amounts of
shrinkage are noted in Table III.
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the higher equivalent weight GORE-SELECT membranes are much lower than the
unreinforced Nafion membranes, the conductances are significantly higher due to the
thinness of the reinforced membranes. The similarities in the x-y and the z direction
conductivities for the 20 pm thick GORE-SELECT membrane suggest that the material is
relatively isotropic, so far as ionic conductivity is concerned. However, it should be
noted that sulfuric acid imbibed in the membranes during the four-point probe
experiments may have influenced the measured conductivities.

Water Content and Hydraulic Permeability

Water contents of several commercial and GORE-SELECT membranes are listed in
Table II. The water contents of the GORE-SELECT membranes are surprisingly high
compared to the other commercial membranes considering they possess a substantial non-
ionic reinforcement component. The water content variations within the GORE-SELECT
membrane values roughly correspond to the differences in the EW's.

Table II. Membrane water content and hydraulic permeability.

. Hydraulic
Membrane EW Thickness Water Uptake®  Permeation®
(um) (%) (Relative Rate)
Nafion 117 1100 200 34 1.0
Nafion 112 1100 60 34 33
Dev. Dow 800 100 56 4.0
GORE-SELECT 1100 20 32 3.7
GORE-SELECT 900 12 43 12.9

“AExpressed as percent of membrane dry weight.
bHydraulic permeability relative to Nafion 117

Table II also shows that the hydraulic permeability of the 20 pum thick 1100 EW
GORE-SELECT membrane is about 4 times as great as Nafion 117, much as might be
expected for a composite material that is about one-ninth as thick. On the other hand, the
permeability of the 12 um thick 900 EW membrane is somewhat higher than expected
based on the 20 pum thick membrane results. Indeed, the general trend across all types of
membranes suggest that the lower equivalent weight (and corresponding higher water
uptake) enhances the water transport, after factoring in the relative thicknesses.

Shrinkage

The x and y direction dimensional stabilities of the GORE-SELECT and Nafion 117
membranes were measured upon dehydration using a Thermomechanical Analyzer 2940.
A predetermined force was applied to 25.4 mm by 3 mm samples that were first fully
hydrated by boiling in deionized water for 30 minutes. A quartz probe in contact with the
samples detected the changes in sample dimensions during drying. The amounts of
shrinkage are noted in Table III.
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Table III. Membrane shrinkage upon dehydration.

Transverse
Membrane Thickness Direction Machine Direction
(m) (%) (%)
Nafion 117 200 -11.80 -10.55
GORE-SELECT 20 -2.95 -2.90

Tensile strengths

The tensile strengths of membrane samples were measured using an Instron
Model 1122 instrument, in accordance with ASTM D 638-91. Membrane samples were
oven dried, tested, fully hydrated by boiling in deionized water and then retested. Table
1V provides the average normalized stresses at maximum load for the various sample
conditions.

Nafion 117 and GORE-SELECT tensile strengths are fairly similar in the dried state.
Upon hydration, however, the Nafion 117 ionomer loses over half of its strength due to
the "plasticization" of the membrane by the rather substantial water component. While
the ionomeric component of the GORE-SELECT membrane would be similarly
compromised, the loss in the hydrated membrane strength is quite modest because the
reinforcement component of the membrane is unaffected by the presence of water.

Table IV. Membrane tensile strengths.

Transverse Direction Machine Direction
Membrane Thickness Dry Wet Loss Dry Wet Loss
(Uum) (Pascals x 107) (%) (Pascals x 107) (%)
Nafion 117 180 - 200 2472 0.95b 62 2,98 1.39b 53
GORE-SELECT 20¢ 2.39 1.77 26 3.44 3.25 6

4 Based on a 180 pm dry thickness.
Based on a 200 pm fully hydrated thickness
€ Thicknesses are relatively invariant to hydration state.

FUEL CELL TESTING

Several of the available membrane thicknesses were tested in 5 cm? fuel cell
hardware. The single-cell components, hardware, testing equipment, and membrane
catalyzation process for low platinum loadings (< 0.2 mg Pt/cm?/electrode) are for the
most part similar to those described previously.!! A 20 pm thick GORE-SELECT
membrane, with an 1100 EW ionomeric component, was catalyzed in this manner with
0.14 mg Pt/cm?/electrode. Polarization and high frequency resistance curves for the cell
operating on Hy/Air after about 210 hours of continuous operation are shown in Figure 1.
Typical humidification conditions of anode/cathode humidifiers of 105/80°C were used.
Under these conditions, Figure 1 suggests that the cell evidently dried out slightly at low
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current densities, but quickly recovered with the increase in current density. Fairly
quickly, the cell resistance stabilized at a low value of only 0.06 Q cm?2, of which, Tablc I
suggests that about 0.04 Q cm? is attributable to the membrane. Shortly after the data for
Figure 1 were acquired, a testing equipment mishap terminated the test (after about 240 h
total)

More extensive testing was accomplished with a 12 pm thick, 900 EW (ionomeric
component) GORE-SELECT membrane with a GORE-CARBEL™ carbon composite cathode
that was catalyzed with 0.2 mg Pt/cm? at W. L. Gore and an anode prepared at Los
Alamos. Polarization curves for varying reactant pressures are shown in Figure 2. At the
higher pressures, about 0.8 W/cm? maximum power was attained. Even at a low cathode
air pressure of only 1.2 atm, the cell yielded a commendable 0.45 W/cm2. Life test
performance (ongoing 3000 h), as indicated by the current density at a continuous 0.5 V
(Teen = 80°C, Ho/Air = 2.8/4.2 atm), is shown in Figure 3. Long term performance of the
cell has been quite good and the high-frequency cell resistances were also stable and
uniformly below 0.06 Q cm2, The early variations in the current density evident in
Figure 3 are primarily due to variations in the humidification conditions. In this cell,
lower levels of humidification than are typically optimal for 5 cm? cells provide
improved performance when operating under maximum power conditions. For example,
the increase in performance evident at about 700 h resulted after the cathode humidifier
temperature was decreased from 80° to 25°C. In contrast, lowering the anode humidifier
temperature substantially below 90°C does impair the performance of the cell. It still
may be possible to realize a non-humidified system with these membranes on a larger
scale, since we find that larger cells invariably require less external humidification than
these 5 cm? ones.

Concerns of excessive reactant cross-over or membrane failure are common with
such thin membranes. Even minute defects could become potential failure sites in very
thin membranes. While routine testing for pin-holes eliminates some difficulties,
composite membranes have a natural advantage in minimizing weak spots. In the limited
testing accomplished, the cells with the 12 and 20 pm GORE-SELECT membranes,
catalyzed with thin-film catalysts layers by either the Los Alamos process!! or at W. L.
Gore, demonstrated reasonable open circuit voltages of at least 0.92 V and did not
experience membrane failures. An even thinner membrane, 5 m thick, is available but
only limited testing has thus far been accomplished.

DISCUSSION

For the most part, the fuel cell membranes currently under consideration for
commercial products are not particularly thin because of concerns about durability and
cross-over in the operating cell. However, these types of high performance membranes
are not reinforced and depend upon the entanglement of the ionomer chains for their
structural integrity. Naturally, mechanical properties are compromised when the
membranes are well hydrated and heated somewhat, such as might be expected in fuel
cell applications. While it is possible to obtain good, long term cell performance with
some of the thin, non-reinforced, perfluoroionomer membranes,!! they are clearly more
susceptible to cross-over and failure than their thicker brethren. On the other hand, in the
case of a reinforced membrane, the structural element is relatively unaffected by heat and
hydration and can provide a stable base for the ionomeric element. Table IV
demonstrates the increase in strength of a fully hydrated membrane over that of the
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relatively robust 1100 EW Nafion product. This advantage is not only relevant for the
operating fuel cell but also in membrane/electrode assembly fabrication and cell
assembly.

A significant advantage of the reinforced GORE-SELECT products is that the
dimensional stability of the membranes in the x-y plane is relatively unaffected by the
hydration level of the membrane, as is shown in Table IIl. This may be important in
types of fuel cell electrodes in which the catalyst layer is bonded to a relatively rigid
structure that will not easily accommodate variations in the membrane hydration state and
may tend to delaminate. The x-y stability may be even more advantageous from a
manufacturing point of view. A membrane that maintains the same dimensions
independent of the hydration state should simplify the manufacturing process, increase
part consistency, and improve product reliability.

While there may be some material consumption factors, the primary motivation
for developing thin membranes is to enhance fuel cell performance. This is realized by
not only a decrease in the membrane resistance but also by more effective water
management within the membrane. As shown in Table I, the conductances of the GORE-
SELECT membranes are substantially higher than Nafion 117, the baseline material for
comparison. Although Table I also demonstrates that the inherent bulk conductivities of
the GORE-SELECT membranes are relatively low, their high membrane conductances are
made possible by the extreme thinness of the membranes. Table IV suggests that water
transport is not adversely affected by the presence of the reinforcement component.
Good water transport is also indicated in the operating cells by a lack of increase in the
cell resistance with current density, as is shown in Figure 1.

CONCLUSION

Conventional high performance fuel cell membranes require that both structural
and electrochemical functions be achieved by a single material. As is observed in the
chlor-alkali industry, there are advantages to using membranes with distinct structural and
functional components. This dual-component advantage has apparently been realized for
fuel cells with the GORE-SELECT membranes. The thin, yet durable, membranes made
possible by the composite construction provide the high ionic conductances and enhanced
water transport necessary for high performance fuel cells. Other desirable properties
include minimal dimensional changes during hydration/dehydration cycles and the
maintenance of good mechanical properties in the fully hydrated membrane.
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Figure 1. Polarization and high-frequency resistance curves for a 0.14 mg Pt/cm?2
catalyzed 20 um thick, 1100 EW (ionomeric component) GORE-SELECT membrane. Tce
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ABSTRACT

Phosphoric acid doped polybenzimidazole (PBI-poly[2,2’-(m-
phenylene)-5,5’-bibenzimidazole]) has been investigated for use in a Ho/O,
fuel cell. The prototype fuel cell test results show that the PBI fuel cell
worked quite well at 150°C with atmospheric pressure hydrogen and
oxygen which were humidified at room temperature. No membrane
dehydration was observed over 200 hours operating. The maximum power
density of this prototype fuel cell was 0.25 W/cm? at current density of 700
mA/cm?. Further improvement of the cell performance is to be anticipated
by properly impregnating the electrode structure with the polymer
electrolyte. The advantage of the H,/O, fuel cell using PBI as polymer
electrolyte is that the cell design and the routine maintenance can be
significantly simplified because of the low electro-osmotic drag number and
good proton conductivity of the PBI membrane at elevated temperature.

INTRODUCTION

Fuel cells employing a solid polymer electrolytes such as perfluorosulfonic acid
polymer electrolyte (Nafion®) have been receiving more and more attention due to their
promise for high energy density power plant for both stationary or mobile applications.
The main features of the polymer electrolyte fuel cell (PEFC) are pollution free operation,
less corrosion and high power density. During the last five years, many efforts were made
to decrease the noble metal catalyst loading and improve the conductivity of the polymer
electrolyte[1-4]. Gottesfeld et. al.[1,2] and Taylor et. al.[3] reported that the catalyst
loading can be deceased to as low as 0.05-0.15mg/cm? with a fuel cell performance similar
to that of a high loading PEFC (4mg/cm’ Pt). Since the Nafion® type of polymer
electrolytes usually have a large electro-osmotic drag number, water is moved from the
anode side to the cathode side when cell is operating, resulting a large cell voltage loss due
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to the dehydration of the membrane. In order to adequately hydrate the membrane, these
cell must be operated under intensive gas humidification (reactant gas saturated at 100-
105°C), though the cell operating temperature is 80°C. Therefore the water management
is critical for these PEFC to achieve a high energy efficiency. There are several modeling
and experimental studies published[5-9] that discuss the issues of the water and heat
management of this kind of PEFC.

There is a motivation to increase the cell operating temperature in order to
enhance the reaction kinetics and depress the electrode poisoning, for instance, when using
impure reformed hydrogen or when the fuel is methanol. For such an application, a new
polymer electrolyte which can be operated at elevated temperature is required. Savinell et.
al.[10] proposed that the polybenzimidazole (PBI) can be used in PEFC as a polymer
electrolyte when the PBI was doped with a strong acid such as phosphoric acid or sulfuric
acid. PBI is a basic polymer (pKa=5.5) and it can be easily doped with a strong acid to
form a single phase polymer electrolyte. The doping level, for instance, could be as high
as five phosphoric acid molecules per polymer repeat unit. The results of the NMR
spectroscopy show that phosphoric acid sorbed inside the PBI membrane is relatively
immobilized as compared to free phosphoric acid. The solid-state NMR spectra reveals
that there is an interaction between PBI and phosphoric acid[11]. The acid doped PBI
membrane exhibits good proton conductivity, low gas permeability, excellent oxidative
and thermal stability, and good mechanical flexibility at elevated temperature (200°C).
The most interesting feature of the PBI is that it has an almost zero electro-osmotic drag
number[12], compared to the drag number of 0.6-2 for Nafion® membrane[13,14]. This
means that when the protons transport through the PBI membrane, they do not carry
water with them. This unique feature of the PBI allows the PBI fuel cell to be operated
under a high temperature and a low gas humidification without membrane and anode
dehydration. Since a PBI fuel cell does not have the water management problem, the cell
design and the routine maintenance can be significantly simplified. These properties of
acid doped PBI polymer electrolyte are promising for applications of PEFC, including the
hydrogen/oxygen fuel cell and the direct methanol fuel cell.

This paper presents the results of a Hy/O, fuel cell employing the acid doped PBI
membrane as the polymer electrolyte. The PBI fuel cell was operated at 150°C using
hydrogen and oxygen or air at atmospheric pressure. The effects of the gas
humidification, and air on the cell performance were examined. The stability of the
electrodes and the polymer electrolyte were examined in tests of several hundred hours
duration. Different methods to prepare membrane/electrode assemblies were evaluated for
the hydrogen electrode and the oxygen electrode, respectively.

EXPERIMENTAL

Polybenzimidazole (Hoechst Celanese) films were cast from a solution of the high
molecular weight (HMW) PBI (25,000 amu) in dimethylacetamide (DMAc). The films
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were then doped by immersion in a 11M phosphoric acid solution for at least 24 hours.
The resulting doping level is approximately five phosphoric acid molecules per polymer
repeat unit. The film thickness after doping were about 0.008 cm.

E-TEK electrodes (The Electrosynthesis Co., Inc.) with a Pt loading of 0.5mg/cm’
on carbon and homemade Pt black electrodes with Pt loading of 2mg/cm” were used. The
membrane/electrode (M&E) assemblies were formed by hot pressing the electrodes on an
acid doped PBI membrane at 150°C, 2.2x10* kPa for 10 min. The M&E assemblies were
then impregnated with phosphoric acid by adding few micro-liters of SM H;POy solution
on the gas backing side, and letting the acid solution penetrate into the electrode structure.
The function of added acid is to soften the PBl/electrode interface to make ionic contact
when the electrode is heated to 150°C. Since the ionic conductivity of the electrode is
important to the electrode performance, several other methods to form M&E assembly
were tested to investigate the effect of the polymer loading within the electrode structure
on the electrode performance.

One method to add electrolyte to the electrode structure is to impregnate the
electrode with 10% PBI solution (HMW PBI in DMAc with 2% LiCl). To help the PBI
solution penetrate into the electrode structure, the electrodes were placed in 10% PBI
solution under vacuum at room temperature, and then repressurized to 1 atm. They then
were dried under vacuum at room temperature. Electrodes impregnated with 10% PBI
solution increased in weight by 12%. Two impregnated electrodes were attached to an
undoped PBI membrane with a small amount of solvent DMAc and pressed at 100°C and
8.8x10° kPa for 2 min to form M&E assembly. Finally the M&E assembly was immersed
in DI water for four days to extract LiCl, and then whole M&E assembly was doped with
H3PO..

. In a second method, instead of impregnating electrodes first, the electrodes were
directly glued on a undoped PBI membrane with 12% PBI solution (HMW PBI in DMAc
with 2% CH;COOLi) at 100°C and 8.8x10* kPa for 2 min to form the M&E assembly. It
is expected that when the electrodes are glued directly onto the PBI membrane, some of
PBI solution will penetrate into the electrode structure. Like the first method, the salt was
then extracted with DI water for four days and then the M&E assembly was doped with
H;PO,4. In both the first method and the second method, the PBI membranes are doped
after forming M&E assembly. While doping the M&E assembly with H;PQ,, the PBI
membrane formed wrinkles due to its expansion upon adsorbing acid and water.
Therefore these methods may not be suitable to prepare large M&E assemblies.

The third method eliminates membrane expansion. The electrodes were first
brushed by a dilute PBI solution (HMW PBI in DMAc with 2% CH3;COOLIi). After the
electrodes were impregnated with PBI solution, they were dried at 80°C for 2 hours and
then the lithium salt was washed out by boiling the electrodes in DI water. The electrodes
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were kept in clean DI water four days. Before the electrodes were hot pressed onto a PBI
membrane, they were doped with SM H;PQ,. Then the electrodes were hot pressed on an
acid doped PBI membrane at 150°C, 2.2x10* kPa for 10 min. Since this method uses
doped PBI membrane to form the M&E assembly, it significantly reduces the stress
between electrodes and membrane. This method appears to be more suitable for preparing
large size electrodes. '

All the electrochemical experiments were carried out in a single cell test station. A
drawing of the single cell is shown in Fig. 1. The fuel cell hardware consisted of two
PTFE blocks supported by two stainless steel plates at the outside. The gas distribution
channels and feed-throughs were machined into the PTFE blocks. The whole construction
was held together by four threaded studs with nuts at each end. At the anode side, a small
hydrogen fed gas diffusion electrode (E-TEK electrode 0.5 mg/cm” Pt on carbon) was
used as the reference electrode and was found to operate satisfactorily. The potential of
this reference electrode was assumed to be equivalent to the reversible hydrogen electrode
(RHE), and all potentials reported are with respect to this reference electrode. The whole
fuel cell hardware was placed in an oven and heated to 150°C. The reactant gases were
humidified by bubbling through distilled water at room temperature or the temperature as
specified. The pressures of the reactant gases were one atmosphere. The cell resistance
was measured by a current interrupt method. All of the electrode polarization curves
reported in this paper are iR corrected.

RESULTS AND DISCUSSION

1. Gas humidification effect

A typical cell polarization curve and iR free polarization curve for a one
atmosphere pressure hydrogen/oxygen fuel cell are shown in Fig. 2. This PBI fuel cell
demonstrates quite good performance even at a high operating temperature and a low gas
humidification. It shows a maximum power density of 0.25 W/cm’ at 700 mA/cm> The
cell resistance of this fuel cell was about 0.45 ohm c¢m?, corresponding to a membrane
conductivity about 0.0167 ohm™ cm™. This value is consistent with the conductivity of
PBI membrane measured by the four probe AC technique[10]. The cell resistance of the
PBI fuel cell is large if compared to the cell resistance of a well hydrated Nafion
membrane fuel cell at 80°C (0.1-0.2 ohm cm?)[8]. However, on consideration of the high
operating temperature and low humidification, the performance of the membrane is quite
significant. Moreover, the cell resistance could be further reduced by decreasing the
membrane thickness because of the good mechanical properties of the PBI polymer film.
The experiment demonstrates that the cell resistance is independent of gas humidification.
According to electro-osmotic drag measurements[12], the water drag number is nearly
zero. This unique feature of the PBI membrane allows the fuel cell to be operated at a
very low humidification level. Under most conditions, the water produced at an operating
cathode is sufficient to maintain the conductivity of the PBI membrane. One fuel cell was
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operated with dry hydrogen and oxygen at a current density of 200 mA/cm’ for over 20
hours with no performance decay observed. However, it was found that upon a slight
increase of the humidification temperature of the hydrogen from room temperature to
48°C, the performance of the anode and cathode improved at high current density (see
Fig. 3). This result indicates that increased humidification level of the electrode improves
the ionic conductivity of the electrode. Thus, more active catalyst surface of the electrode
is utilized for reaction.

2. Stability of the cell performance

Multi-hour discharge tests were conducted on PBl/electrode assemblies to
investigate the stability of the PBI membrane and electrodes. In these tests, the cell
voltage was kept constant, and the current density and the cell resistance were measured.
A typical cell performance is shown in Fig. 4. Except for the first few hours, the cell
performance is quite stable over 200 hours. The polarization curves of hydrogen and
oxygen electrodes before the test and after 200 hours test are shown in Fig. 5. These
curves show that the performance of oxygen electrode became better after 200 hours, and
the performance of the hydrogen electrode was slightly degraded. In the first few hours,
the cell performance slowly improved probably due to the water produced at the cathode
which enhanced the membrane conductivity and the ionic conductivity of the electrodes.
The cell resistance for this fuel cell was between 0.4-0.55 ohm c¢m® during the 200 hour
test.

3. Air effect

Since air is a more realistic oxygen source, a PBI fuel cell was tested using air
instead of oxygen. The cell performance is shown in Fig. 6. The open circuit potential of
the cell decreases from 1.015V with oxygen to 0.970V with air. The cell voltages of this
PBI fuel cell with oxygen or air are about 0.54V and 0.41V at a current density of 250
mA/cm?, respectively. The cathode polarization curve with air parallels that with oxygen.
An approximately 80 mV potential loss when using air instead of oxygen was observed
because of the lower partial pressure of the oxygen in air.

4. The effect of the polymer electrode impregnating method on electrode performance

For a good gas diffusion electrode, it not only needs high catalytic activity and
high electronic conductivity, but also requires high ionic conductivity. The latter may
become more important in high temperature operation due to the decrease of the ionic
conductivity of polymer electrolyte. In the conventional method of preparing the PBI
M&E assembly, a small amount of phosphoric acid was added to the electrode structure to
increase the ionic contact of the electrode/membrane. It was expected that the electrodes
loaded with PBI polymer will have more stable performance and longer life time. Our
simulation results[15,16] also show that for an agglomerated gas diffusion electrode there
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is an optimal polymer loading for best electrode performance. Therefore, several methods
to making M&E assembly were developed as described in the experimental section. These
M&E assemblies were evaluated electrochemically as a hydrogen electrode and an oxygen
electrode.

Figure 7 and Figure 8 show the electrode performance of these different assemblies
for hydrogen oxidation and oxygen reduction, respectively. The performance of the
electrode prepared by the first method (impregnated 10% PBI solution) was not as good
as the electrode only impregnated with H3PO, for both oxygen reduction and hydrogen
oxidation. Since in this electrode PBI solution is added under a vacuum, the amount of
the PBI in the electrode structure may be too much so that the electrode performance is
limited by the mass transport of the reactant gases. The electrode prepared by the second
method shows improved performance for hydrogen oxidation at high current density, but
only slightly improved for oxygen reduction. It can be expected that when electrodes are
glued by PBI solution, a small amount of PBI solution will penetrate into the electrode
structure dependent on the viscosity of the PBI solution. The improved electrode
performance is believe to be due to improved ionic conductivity within the electrode
structure. The only disadvantage of this method is that the polymer loading is not
reproducible and that the stress between the membrane/electrode interface is introduced
due to acid doping after making the M&E assembly.

The third method was developed to eliminate the problem of membrane/electrode
stress. Two different PBI solutions were used to impregnate the M&E assembly. For low
polymer loading (0.3mg/cm?), 1% PBI solution was used and for high polymer loading
(0.9 mg/cm?), 2% PBI solution was used. From Figures 7 and 8, it can be seen that the
performance of the electrode impregnated with 1% PBI solution is not as good as that of
the electrode impregnated only with H;PO,. However, the performance of the electrode
impregnated with 2% PBI solution (0.9 mg/cm?) is better than any other electrodes for
both hydrogen oxidation and oxygen reduction. The overpotential of this electrode
decreases about 60-100 mV for hydrogen and oxygen in comparison to the electrode
impregnated only with H;PO,. The lower performance of the electrode impregnated with
1%PBI solution could be caused by strong adsorption of PBI on catalyst surface. Since
1% PBI solution has a low viscosity, it can be easily penetrated into the electrode and be
adsorbed on the active catalyst sites thus causing poor performance. Cyclic voltammetry
of these electrodes indicate that the PBI polymer strongly adsorbs onto active surface sites
and thus blocks the reaction. These results suggest that the electrode structure should be
impregnated with only a small amount of PBI so that the electrode will have good ionic
contact with the PBI membrane and will stabilize the phosphoric acid in the electrode
structure, but will not block too many active catalyst sites. Using a PBI solution with
proper viscosity to impregnate the electrode appears to be critical.
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SUMMARY

Phosphoric acid doped polybenzimidazole has been investigated for use in a Hy/O,
fuel cell. Prototype fuel cell test results show that a PBI fuel cell works quite well at
150°C and with low gas humidification without membrane dehydration occuring for over
200 hours. Impregnating the M&E assembly with polymer electrolyte is critical to
improving electrode performance. Since these results obtained from the non-optimal
electrode structures, it can be expected that the cell performance could be further
improved by optimizing the electrode structures and operating conditions. These
preliminary results clearly demonstrate the new opportunity offered by acid doped PBI
membranes and the potential benefits in the simplification of the cell design and the cell
maintenance when an acid doped PBI membrane is used as the polymer electrolyte.
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Teflon M&E Assembly

Anode Side Cathode Side

Fig. 1 Schematic of single cell with an electrode area of 1cm2

Fig. 2. Cell polarization curve and iR free polarization curve from a PBI fuel cell. E-TEK
electrodes (0.5 mg/cm2Pt on carbon). Hydrogen: 1atm, humidified at 48°C and oxygen.

1 atm, humidified at 28°C. Cell resistance: 0.45 ohm. Cell operating temperature: 150°C.
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Fig. 3. Polarization curves from a PBI fuel cell. E-TEK electrodes (0.5 mg/cm2 Pt on
carbon). Oxygen: 1 atm, humidified at 28°C. Hydrogen: 1 atm, humidified at 28°C and
48°C, respectively. Cell operated at 150°C.
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Fig. 4. Cell performance of PBI H,/O, fuel cell at constant cell voltage 0.55V and 150°C.
Anode: E-TEK electrode (0.5 mg/cm® Pt on carbon); Cathode: homemade electrode (2
mg/cm’ Pt); all gases humidified at room temperature, 1 atm.
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Fig. 5. Polarization curves of a PBI fuel cell before and after 200 hours of operation.
Anode: E-TEK electrode (0.5 mg/cm® Pt on carbon); Cathode: homemade electrode (2
mg/cm’ Pt); all gases humidified at room temperature, 1 atm. Cell operated at 150°C.
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Fig. 6. Cell performance of a PBI Hy/O; fuel cell with oxygen or air. Anode: E-TEK
electrode (0.5 mg/cm® Pt on carbon), Cathode: homemade electrode (2 mg/cm® Pt); all
gases humidified at room temperature, 1 atm. Cell operated at 150°C.
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Fig. 7. Polarization curves of hydrogen oxidation from electrodes impregnated with
polymer electrolyte using different methods. E-TEK electrodes (0.5 mg/cm? Pt on
carbon), hydrogen humidified at room temperature, 1 atm. Cell temperature 150°C.
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Fig. 8. Polarization curves from oxygen reduction for electrodes impregnated with
polymer electrolyte using different methods. E-TEK electrodes (0.5 mg/cm?* Pt on
carbon), oxygen humidified at room temperature, 1 atm. Cell temperature 150°C,
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ELECTRO-OSMOTIC DRAG COEFFICIENT OF WATER IN POLYMER
ELECTROLYTES AT ELEVATED TEMPERATURES

D. Weng, J. S. Wainright, U. Landau” and R. F. Savinell
Ernest B. Yeager Center for Electrochemical Sciences
Department of Chemical Engineering
Case Western Reserve University
Cleveland, OH 44106

ABSTRACT

The electro-osmotic drag coefficient of water in two polymer
electrolytes was experimentally determined as a function of water vapor
activity and current density for temperatures up to 200 'C. The results
show that the electro-osmotic drag coefficient varies from 0.2 to 0.6 in
Nafion®/H;PO, membrane electrolyte, but is essentially zero in a
phosphoric acid doped PBI (polybenzimidazole) membrane electrolyte over
the range of water vapor activity considered. The near zero electro-osmotic
drag coefficient found in PBI indicates that this electrolyte should lessen
the problems associated with water redistribution in PEM fuel cells.

INSTRUCTION

In order to assure long term stable cell performance, it is important to maintain an
optimal chemical species distribution in solid electrolyte fuel cells. We are currently
investigating the use of polymer electrolytes for direct methanol fuel cells operating at
temperature exceeding 100 °C"2 It is believed that operation at these temperature can
minimize the effects of catalyst poisoning associated with strongly adsorbed intermediates
e.g., CO and/or impurities, and significantly enhance electrochemical performance by
increasing the catalyst activity. In PEM (proton exchange membrane) fuel cells, it is
particularly critical to manage the water content in the polymer electrolytes to maintain
sufficient proton conductivity and avoid cathode flooding and anode dehydration.

The motion of water through a polymer electrolyte in a methanol/air fuel cell can
be ascribed according to concentrated solution theory™ to the gradient in the chemical
potentials of water and methanol, and to water drag due to the movement of protons
(proportional to the DC current). This latter water drag is referred to as the “electro-
osmotic drag” and is quantified in term of the electro-osmotic drag coefficient,

* Author to whom correspondence should be addressed.
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¢=N,,/N,., indicating the number of water molecules moving with each proton in the

absence of concentration gradients.

The electro-osmotic drag coefficient in Nafion® membrane electrolyte has been
previously determined by measuring the flux of water across the membrane at constant
current and fixed water concentration in the membrane by exposing the membrane on both
sides to liquid water™®. In another study, the electro-osmotic drag coefficient has been
determined over a wide range of water content by measuring the open-circuit potential of
a concentration cell’. The water content in the Nafion® 117 was controlled by
equilibrating the membrane with various partial pressures of water. Both
measurements**’ were carried out at room temperature and the electro-osmotic drag
coefficient in Nafion membrane electrolyte was determined to be about 1 ~ 3.

This study describes a different approach for the measurement of the electro-
osmotic drag coefficient which is particularly suited for higher temperature where water is
a vapor. The electro-osmotic drag coefficient of water in polymer electrolytes was
determined here as a function of water vapor activity, current density, and temperatures up
to 200 °C.

EXPERIMENTAL

Nafion®117 membranes (acid form, DuPont, film thickness of 0.018 cm and
equivalent weight 1100) were first boiled in distilled water for 4 hours, then treated in
10% hydrogen peroxide (H,0,) at 80 °C for 12 hours to oxidize organic impurities in the
membrane, and subsequently boiled in distilled water again for 4 hours. The membranes
were eventually equilibrated with 85% phosphoric acid (H;PO,) at 150°C for 12 hours.

Following phosphoric acid equilibration, the samples of the Nafion®H;PO,
membrane electrolyte were stored in phosphoric acid until use. This treatment yields a
phosphoric acid content, measured after withdrawing the membrane from the solution and
lightly squeezing and wiping off its surface with a blotting paper, equivalent to ~ 2 moles
of phosphoric acid per mole of sulfonic acid in the membrane. Nafion samples treated in
this way remain conductive at temperatures in excess of 100°C without resorting to
pressurized conditions'.

PBI (polybenzimidazole) membrane samples, which were cast from a solution of
the polymer in dimethylacetamide (membrane thickness of ~ 0.009 cm and repeat unit
weight 308), were first boiled in distilled water for several hours to remove impurities, and
then doped by immersion in 71% phosphoric acid for at least 16 hours at room
temperature. This treatment yields a phosphoric acid content of about five phosphoric
acid molecules per polymer repeat unit.
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For the purpose of the electro-osmotic drag coefficient measurement, two E-TEK
gas diffusion electrodes were hot-pressed on both sides of Nafion®/H;POs or PBI
membrane electrolytes at 130 ~ 150°C. The diameter of the E-TEK electrode was
1.27 cm corresponding to an area of about 1.27 cm’,

The electro-osmotic drag coefficient was measured in a specially designed closed
volume cell, shown in Figure 1. The cell consists of two chambers, a 2200 cm® reservoir
and a 175 cm® small chamber, separated by the membrane electrolyte with the E-TEK gas
diffusion electrodes placed on both sides. The apparatus was placed inside an oven and
connected to a gas manifold system so that the temperature, pressure and composition of
the gas phase in contact with the sample could be controlled.

Initially, both chambers were evacuated at the prescribed temperature, and then
filled with hydrogen to the desired pressure. Finally, sufficient liquid water and/or
methanol was injected into the reservoir via a septum to yield a water and/or methanol
vapor partial pressure that was significantly higher than that in the small chamber. The
pressure change (increase) in the small chamber was monitored by a MKS pressure
transducer within the oven, and the results (in the absense of current) used to determine
the permeability coefficient.

When both the reservoir and the small chamber were at equal hydrogen and water
vapor pressures, the two E-TEK gas diffusion electrodes were connected to a PAR
Model 173 potentiostat/galvanostat and a stable DC current was passed through the
membrane. Hydrogen was consumed at the reservoir side (oxidation) and generated at the
small chamber side (reduction). As protons were transported across the membrane, water
was also dragged through the membrane from the anode to the cathode. The pressure
change in the small chamber, due to the contribution of hydrogen generated on the
cathode and the water dragged across the membrane along with the protons, was
monitored by the MKS pressure transducer within the oven. The pressure versus time
results were used to determine the electro-osmotic drag coefficient. After the
measurement, the cell was evacuated again and filled with hydrogen and water and/or
methanol vapor for the next run.

RESULTS AND DISCUSSION

In the osmotic drag measurements outlined above, the back diffusion of hydrogen
can be neglected since the permeability of hydrogen is much less than that of water
(Pu(H:0)/Pu(H;) > 30 in PBI®). Assuming that the water and/or methanol vapor and
hydrogen follow the ideal gas law, the molar flux of water vapor passed across the
membrane from anode to cathode, N w0 is given by:
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where F and 7 are Faraday’s constant and the total current passed across a membrane of
thickness /4 and an area 4, respectively. P, is the permeability of water, which was
determined from the initial permeability measurement. Vgp is the standard molar gas
volume. F;,, and p,,, are the water partial pressures in the small chamber and the

reservoir (cathode side and anode side), respectively. £ is the electro-osmotic drag
coefficient defined as the number of water molecule dragged by each proton. The first
term on the right represents the flux of water dragged by the migrating protons, i.e. due to
the effect of electro-osmotic drag coefficient £ the second term is due to the back
diffusion of water resulting from the increase in the water partial pressure in the small
chamber during the measurement. The pressure rise in the small chamber, dF;, ., due

only to water vapor transport between time 7 and ¢-+d¥ is:

) AP,(Pyy 0P,
a,, . =L ( gL Ao R,n,o)) a @
AN Verrh

where R and 7 are the gas constant and temperature. Vs is the volume of the small
chamber. The initial condition for equation (2) is:

1=0, Foyo=PFuo=Pouo 3

Using the ideal gas law, at constant temperature a mass balance of water vapor
between the small chamber and the reservoir can be written as:

Vs (Ps,ll,o - Pa,n,o) = VR (Po,u,o - PR.H,o) (4)

where Vg is the volume of the reservoir. Substituting equation (4) into (2) yields:

AP (V¢ [Va + 1)( P, - P,
dPs,u,o =R_T(§i_ ol s/ R+ SH,0 o,H,o)Jdl )
v, CF Varh
Solving Equation (5) for the change in the partial pressure of water in the small
chamber and applying initial condition (3) yields:

_ Waph (, RTAP(V[Vy+1) ) 6
Moo =S pam vy v L~ Vioh ©
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The electro-osmotic drag coefficient, & can be determined by fitting the
experimental data to Equation (6).

Typical data from an experiment using a Nafion®/H;PO, membrane are shown in
Figure 2. Curve 1 represents the pressure change in the receiving small chamber. Line2
represents the calculated pressure rise from hydrogen transported due to the current, /.
Curve 3 (correlated by line 4) represents the pressure rise in the small chamber due only to
water vapor transport and is obtained by subtracting line 2 from curve 1. The solid line 4,
which yields the electro-osmotic drag coefficient, represents the curve fit of Equation (6)
to the pressure increase due to water vapor transport (curve 3).

The electro-osmotic drag coefficients of water in Nafion®/H;PO4 membrane
electrolyte measured and calculated by the procedure discussed above are shown in
Figure 3. The water vapor activity was changed by either maintaining a constant
temperature of 125°C and varying the water partial pressure, or by maintaining a constant
water partial pressure around 46.6 kPa and varying the temperature from 125 to 185°C.
The results indicate that the electro-osmotic drag coefficient in Nafion®/H:PO, membrane
electrolyte is a strong function of water content in the membrane electrolyte, since the
water content increases as the water vapor activity increases and the water vapor activity
alone controls the amount of water sorbed in the membrane®. At the same water vapor
activity, identical electro-osmotic drag coefficients of water is expected regardless of the
change of the temperature. The electro-osmotic drag coefficient varied from 0.2 to 0.6
over the range of water vapor activity studied. These values are significantly lower than
those expected from the hydration number of the proton and less than the corresponding
room temperature values that have been previously reported in the literature™’. At 30°C,
it has been reported that the electro-osmotic drag coefficients for water equilibrated
Nafion membrane was between 1 to 3. The small electro-osmotic drag coefficient obtained
here may indicate that instead of a simple proton migrating mechanism, conductivity by a
Grotthus proton hopping mechanism may take place under the present conditions.

As another check on the validity of our experiment, several trials were run with
varying current densities. Figure 4 shows that the electro-osmotic drag coefficients remain
essentially constant for various levels of applied current density.

In PBI membranes, the results show that the pressure change due to water (the
total pressure change in the small chamber minus the pressure change due to the
hydrogen) is near zero (Figure 5), implying that the electro-osmotic drag coefficient is
near zero in PBI membrane electrolyte.

Several trials were run at different water and methanol vapor partial pressures,

different phosphoric acid doping levels in the PBI membranes and at different current
densities. Table 1 shows that the electro-osmotic drag coefficients are essentially zero in
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each case. There is some scatter in the data shown in Table 1. This may be due to
changes in the structure of PBI membrane which probably occurs during the measurement
processes (crystallization in the absence of water and/or the formation of pyrophosphoric
acid in the system) and measurement errors. However, the near zero water electro-
osmotic drag coefficient found here reflects the dense, non-porous nature of the
phosphoric acid doped PBI membrane and indicates that the conductivity mechanism in
the PBI membrane is different from that in the Nafion® H;PO4 membrane electrolyte. The
near zero water electro-osmotic drag coefficient also implies that PEM fuel cells with PBI
membranes should lessen the difficulties associated with water redistribution that are
observed in conventional PEM fuel cells employing Nafion or other perfluorosulfonic acid
polymer electrolytes. This result is consistent with the relative insensitivity to the
humidification conditions that has been observed during fuel cell tests with doped PBI
membranes”.
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Table 1. Osmotic drag Measurement in phosphoric acid doped PBI membrane

DC current H;PO, Content Phooicuion H,0:CH;0H Drag coefficient
mA/cm’ mol% kPa

40 480 40 1:0 0
40 480 28.8 1:0 0.039
40 480 70 1:0 0.025
47 480 61.3 1:0 0.028
55 480 347 1:0 0
40 310 36 1:0 0
40 310 26.7 1:0 0
40 500 44 4:1 0.09
40 500 52.5 2.08:1 0.085
40 500 449 2:1 0.073
40 500 45.6 1:1 0.034
40 500 443 1:0 0.059
40 500 43.6 10:1 0.08
40 500 44.7 7.6:1 0
40 500 379 6.7:1 0
40 500 44 1:0 0
40 500 449 5:1 0
40 500 48.9 3.6:1 0
40 500 46.9 2:1 0
40 500 35.7 1:1 0
40 500 323 0:1 0

All measurement were carried out at 150 °C and about 54 kPa hydrogen partial

pressure in the cell.

Electrochemical Society Proceedings Volume 95-23

221



Smail Chamber Reservoir

AN

H, = 2H' + 2¢”
H', H,0

\ \
Membrane

w

2H' +2¢" = H,

<

-TEK electrodes

Figure 1. Schematic diagram of the electro-osmotic drag measurement cell, consisting of
a 2200 cm’ reservoir and a 175 cm® small chamber
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Figure 2. Electro-osmotic drag coefficient measurement in Nafion®/H;PO, polymer
electrolyte at 125°C. The pressure change in the small chamber is indicative of
the electro-osmotic drag coefficient. (1) Total pressure change in the small
chamber. (2) Expected pressure change in the small chamber due to H,
electrolysis based on i = 40 mA/cm’. (3) Pressure change due to water drag,
(=curve 1 - curve 2). (4) Results fitted to Eq. 6 with & = 0.45. Electrode area
is 1.27 cm?,
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vapor pressure maintaining a temperature of 125°C. Error bars represent
estimation of accumulated errors from experimental measurements and
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Figure 4. Electro-osmotic drag coefficient, & in the Nafion®/H;PO; polymer electrolyte at
various current densities maintaining P, ,~46.7 kPa and a temperature of

125°C. For error bars description see Figure 3 caption.
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Figure 5. Electro-osmotic drag coefficient measurement in PBI doped with 480 mol%
H;PO, at 155°C. The pressure change in the small chamber is indicative of the
electro-osmotic drag coefficient. (1) Total pressure change in the small
chamber. (2) Expected pressure change in the small chamber due to H,
electrolysis based on i = 55 mA/cm®. (3) Pressure change due to water drag
(=curve 1- curve 2). Electrode area is 1.27 cm’.
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ABSTRACT

Operation of polymer electrolyte fuel cells (PEMFC) without external
humidification of the reactant gases is advantageous for the PEMFC system. This
is, because this mode of operation eliminates the need of a gas-humidification
subsystem which is a burden the fuel cell system with respect to weight,
complexity, cost and parasitic power. We investigated the possible range of
operating conditions for a PEMFC using dry H,/air by applying a simple model and
it was found, that dry air, passing at the cathode, may be fully internally humidified
by the water produced by the electrochemical reaction at temperatures up to 70 °C.
The water distribution in the cell operated on dry gases is dominated by the back-
diffusion of product water to the anode. The dominating water back diffusion
allows for internally humidifying also the hydrogen and prevents drying out of the
anode. With optimized membrane-electrode-assemblies (MEA), self-humidified
cells achieve similar performance as cells withs standard MEA’s and humdified
gases. The performance of single cells and small stacks is investigated.
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INTRODUCTION

Due to their in principle high power density and efficiency, polymer membrane
electrolyte fuel cells (PEMFC) are one of the most promising power sources for future
electric cars and buses [1-3]. However at the present time cost and weight of the PEMFC
system still have to be reduced to make this technique acceptable for the transportation
application. Work in the past decade -has focused on both issues, e.g. cost was greatly
reduced through the development of low platinum loading electrodes [e.g. 4-6] and
simultaneously the power density was increased [e.g. 7, 8]. Still, the state of the art
PEMFC systems are too heavy (> 5 kg/kW) and too expensive (> 5 k$/kW) and more
improvement is needed. In this work we address the problem of reducing the system
weight and complexity by operating PEMFC without external humidification of the
reactant gases. Operation of PEMFC systems in absence of external humidification will
be beneficial for the cost and weight of the system as it eliminates the need of the gas-
humidification subsystem.

The performance of a PEMFC is strongly governed by the conductance of the
membrane electrolyte. The conductivity of the membrane employed is a linear function
of it’s hydration state, i.e. the higher the hydration state, the better the conductivity [9].
Therefore, to prevent drying out of the membrane and to keep it in its most conductive
state, traditionally the reactant gases have been humidified before entering the fuel cell.
This procedure of external humidification of the gases has been applied on the scale of
laboratory cells [e.g. 4, 7] as well as on the scale of commercial stacks [1,2].

However the external humidification of the reactant gases is a burden for the fuel
cell system. It requires a gas-humidification subsystem which adds to the weight and
depending on its layout also to the parasitic power of the fuel cell system. In today’s
commercial stacks, stack integrated gas-humidification systems account for about 20% of
the stack volume and weight. Furthermore the humidified reactant gases transport latent
heat into the cell which has to be removed by the cooling system. And the water
transported into the cell, if in excess, can even reduce the performance by flooding pores
in the gas diffusion electrodes. In multiple cell stacks the condensing water can cause
problems by clogging channels and changing the gas pressure drop through individual
cells. In our experience this is especially evident when operating fuel cell stacks at
atmospheric gas pressure.

The absence of external humidification, i.e. operating the fuel cell or fuel cell
stack on dry gases could therefore be an advantage because (i) no gas humidification
subsystem is needed; (ii) no latent heat is transferred into the cell by water vapor; (iii)
less condensed water is present in the system, which could affect the gas diffuison in the
electrode backings or pressure drop in the cells.

The drawbacks of adding water to the fuel cell have been identified in earlier
work and several ways of alternate humidification of the membrane were proposed.
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Water can be added through wicks [10] or hollow fibers [11], the membrane may be
humidified by small catalyst particles imbedded into it’s structure [12] or the membrane
electrode assembly may be prepared by a special casting process [13]. However all these
methods have certain disadvantages, they require more complicated cell structures or
additional membrane preparation steps. The easiest approach would be to run a fuel cell,
containing conventional membranes and electrode structures, on dry gases and rely for
the humidification of the membrane on the water produced by the electrochemical
reaction and to adjust the water management of the cell by choosing the appropriate
operating conditions.

In this work the possibility of operating PEMFC without external humidification
of the gases is studied and the characteristics of such cells examined. The water
management of PEMFC run on dry gases is investigated in order to understand which are
the important operating parameters. Further on the performance and long term behavior
of such cells is measured.

EXPERIMENTAL

Standard membrane electrode assemblies (MEA) of 50 cm® were prepared from
Nafion® 115 membranes (DuPont de Neimours, Fayettville, PA) and commercial
electrodes from E-Tek (Natick, MA) containing 0.4 mg/cm’® platinum (20% Pt on C).
Before use, the membranes were pretreated using a standard procedure. They were kept
in 3 % H,0, at 100 °C for 1 hour, then thoroughly washed and boiled for 1 h in pure
water (18 MQ, from Modulab Type I purification system). The membranes were then
kept in 0.5 M H,SO, at 100 °C for 1 hour and again washed and boiled for 1 hour in
water. The membranes were stored in the dark in pure water. Electrodes were
impregnated with recast Nafion® of 1100 g/eq (Aldrich) by brushing. The amount of
impregnation (dry mass) was kept in the range 0.6 - 0.7 mg/cm’. The MEA was finally
prepared by hot-pressing the electrodes for 90 s at 145 °C (at 2500 kp) onto the
membrane. After the hot pressing the MEA was inserted into the cell fixture between two
Teflon coated fiberglass gaskets. For the preparation of MEAs optimized for operation
without external humidification, only the preparation of the electrodes was different. For
the optimized MEAs, the active layer of the electrodes was prepared onto uncatalyzed
electrodes from E-Tek by a proprietary procedure.

The single cell fixtures for testing 50 cm® MEAs were made from resin
impregnated graphite (AXF-5Q from Poco Graphite Inc., Decatur, TX). For the
distribution of the gases a “series-parallel” flow field was machined into the front side of
the graphite blocks. The same flow field design has been used in many previous studies,
also in other labs. Multi-cell stacks were built with identical graphite flow-fields of 50
cm’ area as the single cells. The graphite bipolar plates had a thickness of 5.0 mm and the
stack had internal manifolding for the reactant gases. A two cell stack was operated
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without cooling, the four cell stacks had one cooling plate in the middle of the stack.
Pressurized air was used as cooling medium.

The gases were dosed using electronic mass flow controllers (MKS Instruments,
Andover, MA) calibrated at 25 °C. For calculations of relative humidity in the reactant
gases, the volume flux was adjusted to the cell temperature using tables for air [14] and
the ideal gas law for hydrogen. The electric parameters of the cell were controlled by an
electronic load (HP 6050A) interfaced by a personal computer. For measuring automated
current-voltage characteristics the cells were operated in constant current mode and
points were recorded after the voltage change was less than 0.25 mV/s after the current
change. Approximate measuring time per point was 20 - 30 s. For current densities of
> 100 mA/cm” the flow of the gases was adjusted to constant stoichiometry of A,,,=1.2 for
hydrogen and Aair=2.8 for air. For current densities < 100 mA/cm’, the flows were held
constant at the 100 mA/cm® values. In experiments with elevated gas pressures, the
pressures in the cell were regulated by valves in the gas streams, downstream of the cell.

The amount of water leaving the cell at the anode or cathode gas outlet was
measured by condensing the water at the cell outlets in a cold trap and subsequent
weighing of the cold trap. For these measurements the cell was operated in the constant
current mode, so the total amount of product water produced could easily be calculated
from the charge passed.

RESULTS AND DISCUSSION

Fundamental Aspects

The water content of a membrane in an operating fuel cell is affected by several
parameters. One hand a transport of water through the membrane from the anode to the
cathode side by electro-osmotic drag was observed [9, 15]. This drag was measured ex-
situ to be 0.9 - 2.9 H,0 per proton for Nafion® 117 depending on the hydration state of
the membrane. On the other hand back diffusion of water occurs down the concentration
gradient which builds up in the operating fuel cell. The concentration gradient is
established through the transport of water by the electro-osmotic drag and the production
of water at the cathode from the oxygen reduction reaction. In situ measurements
reported a net water drag of about 0.2 H,0 per proton, indicating that the back diffuison
is substantial. More recent work has shown, that even a net flux of water to the anode
may be achieved by employing proper operating conditions with respect to pressure drop
and gas flow rates [16).

If it is possible to operate a fuel cell without a net water drag from the anode to
the cathode, then in principle operating a PEMFC with dry gases is possible. To prevent
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drying out of the membrane the only caution to take is not to remove more water from
the cell with the exiting gas streams, than is produced by the electrochemical process.

The amount of water removed from the cell by the reactant gases entering dry and
exiting the cell with a 100 % relative humidity may be calculated and compared to the
water produced by the electrochemical reaction. If the amount of water vapor leaving the
cell is less than the product water, then in principle no net drying of the cell should
occur. Because the stoichiometries of the gases can be confined to small values when the
fuel cell is operated on pure hydrogen and oxygen the most critical situation is the
operation of the cell on dry H/air. In Figure 1 the relative humidity of the exiting air
(entering the cell dry) is plotted as a function of stoichiometries for different cell
temperatures, assumning that all the all of the water is leaving the cell in the vapor phase,
all water is drained from the cathode (no water loss at the anode) and atmospheric
pressure in the cell. It can be deduced from these plots that the cell could indeed operate
in a quite broad range without a net water loss. At 40 °C, only at an air stoichiometry of
more than 4.8 the amount of product water will not be able to fully humidify the air. At
50 °C, 60 °C and 70 °C the (theoretically) critical air stoichiometries are 2.9, 1.8 and 1.2
respectively. These calculations indicate, that indeed a range of operating conditions
should be available to run the PEMFC on dry hydrogen and air when no net water
transport from the anode to the cathode occurs. .

Figure 2 shows the current voltage characteristic of a PEMFC at 50 °C operated
on humidified and dry gases to illustrate the cell performance in both modes. No special
components were used to build this cell, i.e. it contains a Nafion® 115 membrane and
commercial electrodes with a platinum loading of 0.4 mg/cm® which have been
impregnated with recast Nafion.

The performance in absence of the external humidification is lower. At 0.6V the
current density is 30 % lower for the case without external humidification at atmospheric
gas pressures. However this performance is stable over long terms, proving that the
assumptions on the cell water management outlined above are valid. Figure 3 shows the
current density at 0.61 V of such a cell over the period of more than 1800 hours. Some
degradation of the performance is observed over this time, but it probably has to be
attributed to other factors than drying out of the cell, e. g. we did not filter the air used.

In order to understand why the operation on dry gases is possible we have
investigated the water distribution in a PEMFC. We have studied the location and
amount of drainage of product water as a function of operating conditions such as flow
rates of the anode and cathode gases, and cell temperature. In the cell operated with dry
gases these measurements can be performed with a high accuracy as there is no
interference with water transported into the fuel cell by any humidification process. The
results in Figures 4 to 6 describe the distribution of the product water efflux in the
PEMFC at 50 °.
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Figure 4 shows the dependence of the fraction of product water draining from the
fuel cell on the anode side with changing air stoichiometry at constant hydrogen
stoichiometries of A,,, = 1.7 and A,, = 4.4. Surprisingly the amount of product water
drained at the anode (and cathode) is almost independent of the air stoichiometry. Only a
small decrease is observed at the anode side with increasing air stoichiometry. This
means that the water distribution in the cell is almost independent of the air stoichiometry
for the range investigated of A = 1.2 to 4.5.

The picture changes completely if the hydrogen stoichiometry is varied and the
air stoichiometry is held constant. The water removed from the cell at the anode side is a
linear function of the hydrogen stoichiometry, i.e. the hydrogen efflux from the cell, as
shown in Figure 5 for A,,= 1.3 to 5.8. From the plot in Figure 5 the rate of water
removal may be calculated to be 84 + 3 mg H,0/1 hydrogen leaving the cell. The amount
of 84 mg H,0/1 corresponds very nicely to the value for 100 % water vapor saturated
hydrogen at 50 °C of 83 mg H,0O/l. This result shows, that hydrogen always leaves the
cell with 100 % of relative humidity even at stoichiometries A,,> 5 and very little or no
liquid water is drained from the anode as liquid. These findings are important for the
operation of the fuel cell with dry gases, they mean that the water loss at the anode may
be controlled by the hydrogen stoichiometry. And although no (or only very little) liquid
water is lost at the anode, still the possibility to drain water from the anode indicates that
the anode is well humidified.

The data in Fig. 2 was measured at 200 mA/cm’. The value of 54 + 3 % of the
product water removed at the anode at a hydrogen stoichiometry of A,,=5.8 corresponds
to a flux of water of 503 pg/s form the entire 50 cm’ cell or a value of 10.1 pg/secm’® if
the flux is distributed homogeneously over the entire cell area. Although the assumption
of homogeneity is only an approximation, as the gas fluxes and relative humidities
change over the cell area, this measured value may be compared to theoretical values
based on the ex-situ determination of D,,,, in Nafion 117 of Zawodzinki at. al [17]. Flux
is described by Fick’s law as

flux=D,,,, (dC,,,/dx) @

Assuming a water diffusion coefficient at 50 °C of D,,, = 5 x 10° cm’/s, a water
concentration difference across the membrane of AC,,, = 5 mMol/cm’ and a membrane
thickness Ax = 1.2 x 10® cm, then a flux of 38 pg/s«cm’ may be calculated. This value,
which is about 4 times the highest experimental value observed, shows, that the high
water removal rates at the anode are well within the theoretical limits for the
concentration difference applied. The value of AC,,, = 5 mMol/cm’ was assumed based
on the results of Halim et al. [18] who found a sulfonic acid concentration of
1.0 mMol/cm’ in Nafion 117 and Springer et al. [19] who calculated a value of
AC,,, = 5 H,0/S0, for a current density of 200 mA/cm’. The present calculation shows,
that even a considerable lower concentration difference would be sufficient for removing
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50% of the product water at the anode. These results imply, that the back diffusion of
water to the anode is the dominant process in the distribution of the product water in
PEMFC operated with dry gases.

The dependence of water drained at the anode as function of cell temperature is
shown in Figure 6. The fraction of product water leaving the cell on the anode side is
greatly increasing with the increase of the cell temperature, although the gas flows in the
cell are constant for all temperatures. As shown in Figure 6, the water removed at the
anode coincides very closely with the theoretical removal rate for 100 % humidified
hydrogen at temperatures up to about 60 °C. Above 60 °C even more water is removed
than theoretically possible in the gas phase, i.e. water is also drained as a liquid. At
75 °C, 25% of the water leaves the anode as a liquid. In addition to the increase of the
water vapor pressure also the diffusion coefficient of water within the membrane
increases with temperature [20] thus increasing the amount of water drainable at the
anode with increasing temperature.

At Temperatures = 70 °C the cell is not in a stable operation mode. Under the
applied constant current conditions the voltage of the cell decreases slowly during the
course of the experiment (few hours), indicating that the membrane is drying out rapidly
under these temperature conditions. The results also show, that the hydrogen efflux from
cell becomes a more significant source of water loss from the cell with increasing
temperature. This in turn means, that minimizing the hydrogen stoichiometry is an
important design feature for PEMFC operated on dry H /air.

ion of Singl n 11

It was observed from Fig. 2, that if standard MEA’s are employed, the
performance of a single fuel cell is decreased by 25 - 30% at 0.6 V when operated on dry
H,/air, as compared to the conventional humidified operation. However several methods
have been proposed to increase the performance of PEMFC when operated with dry
gases. Either water was added to the MEA by other means than through the gas stream,
such as through wicks [12] or hollow fibers [11]. Or the generation of water by small
catalyst particles within the membrane was proposed. We have taken a different
approach : instead of adding water to the cell, to replace losses, the water losses from the
cell may be reduced by changes to the structure of the electrodes. It has been observed,
that solubilized membrane material, when dried or made to form a gel, can have different
characteristics than the parent membrane with respect to water content [21, 22]. The
dried deposits can absorb more water. This property has been used by Dhar [13] to
prepare MEAs with improved performance when operated on dry reactant gases. For
many applications where low weight and hence high power density is important,
operating a PEMFC Stack at or close to atmospheric pressure can be advantageous as the
required parasitic power for the compression of the air and the size and weight of the
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blower/compressor would be small. For this analysis we have put special emphasis on the
operation at atmospheric pressure of the gases.

In Figure 7 the current voltage characteristic of PEMFC with standard and
optimized MEA's, operated with humidified and dry gases are shown. It can be seen, that
the optimized MEA’s reach with dry gases the same performance as the standard MEA’s
with humidified gases. These results prove, that at least at the temperature of 50 °C, self-
humidified cells can reach the same performance as externally humidified cells.

In single cells humidification is a simple procedure, and normally excess water in
the cell has no adverse effects on the performance of the cell. The excess water is simply
removed from the cell by the exiting gases. In multi-cell stacks humidification is a
delicate problem, because if the stack is internally manifolded, excess water in the stack
may have adverse effects on the performance. In an internally manifolded stack, the gas
flow through each individual cell is determined by the pressure drop in the cell and the
pressure drop in turn may markedly be affected by condensed water in the flow field
channels of the cell. Unequal gas-flow through the cells is a consequence. The
performance of a cell is strongly dependent on the gas-flow, particularly the air flow. The
flow-performance relationship is not linear, especially for air-stoichiometries of A, < 2
as shown in Figure 8. Therefore, if the air flow is distributed unequally between the
individual cells in the stack, the average performance of a cell in the stack is less, than
the performance of a single cell. Without optimizing the humidification, i.e. using the
same humidifier temperatures as for the single cell, this effect is very well apparent from
Figure 9. The performance of the single cell is well above the average of a cell in the
4 cell stack. At 0.6 V, the current density in the stack is at average 35 % lower than in the
single cell under identical conditions.

When dry gases are used however, and the fuel cell is self-humidifying, the
problem of excess water, blocking channels in the flow fields is much less. This effect is
demonstrated by the current voltage curves in Figure 10. The performance of the average
cell in the 4 cell stack is very close to the performance of the single cell. These results
indicate, that operating stacks in the self-humidified mode can reduce the problems of
water management, and allow for operation of a stack at the same power density as a
single cell, even at atmospheric gas pressures.
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CONCLUSIONS

The operation of PEMFC without external humidification of the gases was
investigated. It was found, that cells with conventional membrane-electrode assemblies
(MEA) can be operated with dry H,/air if restrictions with regard to gas flow rates and
cell temperature are respected. Stable long term operation was demonstrated at cell
temperatures up to 60 °C. The level of performance with standard MEA’s obtained is
25%to 30% lower as compared to the conventional mode of operation with both gases
humidified to super-saturation.

The water distribution in the fuel cell is dominated over a wide range of operating
conditions (with respect to gas stoichiometries and current densities), by the back-
diffusion of water from the cathode to the anode. This allows for internally humidifying
also the hydrogen and prevents drying out of the anode.

The membrane electrode assemblies may be optimized for the self-humidified
operation. With optimized MEA’s and dry gases, the same performance as with standard
MEA’s and humidified gases can be obtained. Finally in self-humidified stacks, the
problem of excess water and water removal is reduced. Therefore no performance losses
are apparent due to the stacking of cells, even at atmospheric gas pressures. This is unlike
the conventional humidified system, where substantial performance losses are observed.
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Figure 1 : Calculated relative humitity of air exiting fuel cell at temperatures given, as
function of the air stoichiometry. The results are based on the assuptions of atmospheric
air pressure and that all product water is leaving the cell in the vapor phase at the cathode
side.
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Figure 2 : Current-voltage characteristics of 50 cm® H,/Air fuel cell at 50 * and H, / Air
1.0/ 1.0 atm, (m) operation without external humidification and (e) gases humidified : H,
at 60 °C, air at 55 °C; Stoichiometries of gases are ,,, = 1.2 and A, = 2.8.
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Figure 4 : Fraction of product water leaving the fuel cell at the anode side as a function
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conditions : Cell temperature 50 °C; current density 200 mA/cm®; gas pressures H,/Air
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conditions : Current density 200 mA/cm’; gas pressures H/Air 1.0 / 1.7 atm. (e)
Experimental values, (A) calculated values for 100 % rel. humidity of exiting hydrogen.
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The effects of the hydrophobic/hydrophilic phase separation of hydrated sulfonated
polymers on proton conductivity, water diffusion and the swelling behaviour is
investigated by comparing data obtained on NAFION and a homogeneously
sulfonated polyaryle membrane. Owing to the differences in the water distribution,
intermolecular proton transfer rates are less surpressed, H;O" is less trapped at its
-SO;5 counter charge and the percolation for proton and water transport is improved
for the phase separated NAFION compared to the homogencous polymer. The
heterogeneous polymer also shows superior morphological stability in the presence of
water.

INTRODUCTION

Separator materials for PEM-fuel-cells have to meet a combination of
requirements: High protonic conductivity, excellent electrochemical and chemical long
term compatibility with the reducing and oxidising active masses including the
electrocatalyst, low permeation of undissociated fuel gases and reasonable mechanical
properties including a defined swelling behaviour in the presence of water are among
the most important requirements. In a fuel cell operating under varying conditions
they must be guaranteed at any instant.

The only polymeric membrane materials which are close to fulfil these requirements so
far are NAFION and other related perfluorosulfonic polymers.

This paper presents an analysis of why such polymers show a unique combination of
properties. In particular, it is shown that the hydrophilic/hydrophobic phase separation
leads to a heterogeneous microstructure which combines morphological stability as a
typical solid state property and high proton diffusivity as a typical liquid state property
in different parts of the microstructure. This turns out to be a key to a deeper
understanding of (i) the proton conductivity and water diffusion as a function of the
water content and (ii) the swelling behaviour in water.

The results may be the basis for the development of alternative materials with
properties similar to those of perfluorosulfonic polymers.

HYDRATION AND PHASE SEPARATION

Perfluorosulfonic polymers naturally combine an extremely high hydrophobicity
of the perfluorinated backbone with an extremely high hydrophilicity of the sulfonic
acid functional group (-SO;H). In the presence of water, hydration preferentially takes
place as a solvation of the acid groups, which goes along with proton transfer to the
hydration water strongly hydrogen bonding to the oxygens of the -SO;~ groups. On
the other hand, the dispersion of water in the polymer requires some hydrogen bond
breaking with respect to bulk water because of the destabilising hydrophobic
interaction with the perfluorinated backbone. In particular, this is the case for a
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homogeneous distribution of -SO,H groups and low water concentrations which do
not allow the hydration clusters to bind together to minimise the fraction of broken
hydrogen bonds. The degree of hydration for a given partial pressure is considered to
be the result of the competition between these two effects.

In any real polymer the hydrated state does not strictly correspond to thermodynamic
equilibrium, i.e. the minimum of the Gibbs free energy. A complete separation of the
hydrophobic and hydrophilic parts of the polymer would minimise the unfavourable
interface between the water of hydration and the polymer backbone and thus
correspond to thermodynamic equilibrium. To what extend the hydrated polymer
approaches equilibrium depends on its elastic and plastic properties and the history of
the sample.

Perfluorinated polymers are generally soft materials with a low glass transition
temperature (1) which allows some rearrangement especially of the polymer side
chains in the presence of water. Thus, the hydrophilic parts may separate from the
hydrophobic parts. Whereas the hydrophobic domain essentially keeps its elastic and
plastic properties the water of hydration preferentially penetrating the hydrophilic
domain further increases the softness of this part of the microstructure where it acts -
so to say - as a plastiziser (2). Speaking in terms of relaxation times, the elastic
properties of the material are expected to split into at least two different relaxation
times upon hydration corresponding to the two separating domains. In real space, the
material may approximately be considered a hydrophobic sponge with a highly
hydrophilic inner surface, the pores and channels being filled with acidified water. In
the case of NAFION these are considered to have an extension of some nanometers
only.

This basic picture of the microstructure of hydrated perfluorosulfonic polymers has
tentatively been sketched already by Gierke (3).

In the following, we will investigate the implications of this microstructure on
properties relevant for the use as membrane materials in PEM-fuel-cells by comparing
experimental data obtained on a phase separated polymer (NAFION, Du Pond de
Nemour, equivalent weight 1100 g/mol) a homogeneously sulfonated polyaryle
membrane (Hoechst, equivalent weight 720 g/mol (4)) and acidic aqueous solutions.

PROPERTIES

Proton Conductivity and Water Diffusion

Because of the morphological heterogeneities we will discuss the transport
properties separately for different length scales.
In NAFION water moves almost freely on a nonometer scale and the water diffusion
coefficient and proton conductivity has been suggested to be similar to that of bulk
water on a molecular scale for highly hydrated NAFION, i.e. for high [H,0])/[-SO;H]
ratios (5,6). This is also indicated by activation enthalpies of the transport coefficients
which are very close to those of aqueous solutions.
But this is no longer true for low degrees of hydration. For decreasing water contents
the proton mobility decreases more than the water diffusion coefficient as being
indicated by the ratio A = Dy,o/D, decreasing even below unity (fig.1) for two
reasons.
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The first is also observed for proton conductivity of aqueous solutions of hydrochloric
acid. A approaches unity for high acid concentrations, where proton mobility,
chloride ion mobility and the water diffusion coefficient are almost equal. All charged
species (H,0%, CI") and neutral solvent molecules (H,O) move in a highly co-
operative way (7). Proton transfer reactions along hydrogen bonds, which account for
the high proton mobility in dilute solutions, are practically surpressed. This is due to
the strong biasing of the hydrogen bonds in the electric field of the anions, which
disturb the mean solvent symmetry, required for fast proton transfer in aqueous
systems (8,9). Consequently, proton conductivity can only occur correlated with
molecular diffusion, i.e. via the migration of hydrated protons (e.g. H,0™) (10).

The second reason is probably due to the spatial dispersion of the proton counter
charge, ie. the -SO;~ functional groups. As opposed to the situation in aqueous
solutions, they are practically immobile in configurations given by the microstructure
of the polymer. Although the diffusivity of different anions and cations fall into a very
narrow range around the diffusion coefficient of water in aqueous solutions, the
diffusion of ions is almost independent, i.e. there is no significant correlation between
the motion of different ions. It is the very nature of a polar solvent with a high
dielectric constant, that the electric field of solvated ions is almost completely shielded
by the first solvation shell, thus efficiently surpressing correlated diffusion which
might originate from direct coulomb interactions. Therefore, the similarity of ion-
diffusivities in aqueous solutions are reflecting the strong interaction with the common
solvent (H,0) rather than direct ion/ion interactions. In hydrated polymers, however,
the dielectric properties of the water of hydration are expected to be different from
that of bulk water, especially for low degrees of hydration. As already pointed out
above, the dispersion of the water in the polymer must lead to an increased fraction of
broken hydrogen bonds with respect to bulk water. As has been described in ref.9,
breaking of hydrogen bonds in the hydrogen bond network of water leads to a
significant strengthening of the remaining hydrogen bonds. This, together with the
formation of additional strong hydrogen bonds with the -SO;~ groups leads to a
toughening of the water structure and thus to a decrease of the dielectric constant, i.e.
a decrease of the electrostatic shielding of the -SO,~ charge by the solvent. For low
water contents, this may lead to some trapping of the hydronium ion at the immobile
anionic counter charge as indicated by the decrease of A below unity (fig.1), i.e. the
neutral water molecules exhibit a higher diffusion coefficient than the charged
hydronium ions. This effect is expected to depend on the microstructure, in particular
on the spatial distribution of the -SO;~ groups.

For a homogeneous distribution of -SO;™ groups the water of hydration is more
dispersed, i.e. less connected, than for a heterogeneous distribution, where the SO;°
groups are concentrated in the hydrophilic domain of a phase separated polymer, thus
allowing the water clusters to bind together already at low water contents. Owing to
the smaller number of broken hydrogen bonds in the latter case, the properties of the
water of hydration are anticipated to become similar to those of bulk water at lower
water contents. The corresponding effect on the proton conductivity can clearly be
seen in the evolution of A with the degree of hydration for a polymer with a
homogeneous and a heterogeneous -SQO;” distribution. As can be seen from fig.1, the
ratio A in the first case is lower than in the case of a phase separated polymer for all
degrees of hydration. It should be noted that A in the latter case is still lower than A
for an aqueous solution of hydrochloric acid. Compared to water diffusion the H;0"
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diffusivity is, as expected, more reduced for a homogeneously sulfonated than for a
phase separated polymer.

Also the macroscopic transport properties of a phase separated polymer are
advantageous over those of a homogeneously sulfonated polymer. As has been shown
in ref.6 the activation enthalpies of proton conductivity and water diffusion in
NAFION remain almost unchanged with decreasing degree of hydration while the
absolute transport coefficients significantly decrease. The latter effect was ascribed to
the water percolation within the hydrophilic domain of the polymer which reduces the
transport coefficients on a macroscopic scale compared to a nanoscale. Of course this
depends on the connectivity within the hydrophilic domain which is expected to be
improved by the phase separation. This becomes apparent in the evolution of the
proton diffusivity (Do) and water diffusivity (Duo) as a function of the water content
(fig.2). Both transport coefficients are significantly higher for the heterogeneous than
for the homogeneously sulfonated polymer over the whole range of hydration. It
should also be noted that the activation enthalpies of proton and water transport are
slightly higher for the aromatic polymer than for the perfluorinated NAFION which
probably reflects slightly increased solvent effects (9) induced by the higher static
dielectric constant of the first polymer backbone (approx.2-2.1 compared to 3.2-3.3).

Despite the above discussed trapping effects, there is still a reasonable correlation
between proton (hydronium) and water transport (fig.2). The major effect of the
hydrophobic/hydrophilic phase separation on the transport properties, therefore, is to
improve the percolation for the diffusion of water molecules and thus also for proton
diffusivity.

Swelling Behaviour

As discussed above, the phase separation in the presence of water leads to the
formation of a soft hydrophilic and a stiffer hydrophobic domain, the latter being
expected to determine the overall morphological stability. If the local -SOj
concentration in the hydrophilic domain exceeds a certain limit, this part of the
microstructure is even expected to continuously swell and eventually dissolve in
water. But this is prevented by the presence of the hydrophobic domain which, so to
say, acts as a stable "container" for the water of hydration. As long as this "container"
keeps its morphological stability its maximum water contents should be constant.
Indeed, this is observed in the swelling behaviour of NAFION in liquid water (fig.3).
At room temperature the water uptake is about 20 H,O per -SO3;H which only slightly
increases up to about 140°C, where the polymer starts to swell dramatically. This
temperature probably indicates the softening of the hydrophobic domain.

As opposed to NAFION, the homogeneously sulfonated aromatic polymer with an
approximately identical overall -SO;H concentration starts to swell irreversibly at
significantly lower temperature (about 80°C) (fig.3).
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OUTLOOK

The microstructural considerations presented may be the basis of a strategy for
the development of new polymeric membrane materials. At the time of the
development of NAFION perfluorinated polymers were the only ones with the desired
high thermal and chemical stability. In the meantime, however, numerous non-
fluorinated, polyaromatic high performance polymers have become available which
can resist highly oxidising and reducing conditions (11). Some of them can easily be
sulfonated by standard procedures, and the desired microstructure may be designed by

- controlled blending and cross linking.

This work is being supported by the BMBF under the contract number 0329567.
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Abstract

Commercially available styrene-cthylenc/butylene-styrene triblock polymer (Kraton
G1650) was partially sulfonated using a SO3/tricthyl phosphate reagent in a
dichloroethane/cyclohexane mixed solvent. Films of the product were cast from lower
alcohols to give elastic materials with different degrees of sulfonation (ca. 30-60%) as
determined by titration. Transmission electron microscopy suggests that the cast films
possess cylindrical sulfonated polystyrene domains. The films swell in water, with the
extent of swelling being dependent on the sulfonation level. Ionic conductivities as high
as 8.5 x 10-2 S/cm are obtained when fully hydrated, and compare favorably to those
exhibited by hydrated, sulfonated fluoropolymers such as Nafion.

nir tion

Polymers with high protonic conductivities are potentially useful as proton exchange
membranes (PEM's) in fuel cells. Among the earliest PEM's were sulfonated, crosslinked
polystyrenes, and these were employed in fuel cells on the Gemini space missions.]
More recently, interest has been directed to sulfonated fluorocarbon polymers, of which
Nafion has been most extensively studied.2-7 This material has a high protonic
conductivity (ca. 7 x 10-2 S/cm at 30 °C)8 when hydrated and is chemically rather inert.

It has been proposed that Nafion possesses an inverted micellar structure, with
spherical (ca. 40-50 A diameter) clusters lined with sulfonic acid groups which are
interconnected via ca. 10A channels.9-11 We sought to mimic this picture using
inexpensive sulfonated, hydrocarbon-based block copolymers. Block copolymers in

Present affiliation: DAIS Corp.

Electrochemical Society Proceedings Volume 95-23 247



general can exhibit a rich array of microphase-separated morphologies depending on
relative block sizes.!2 Such materials provide us with an opportunity to link good ionic
(protonic) conductivity through water-swellable microdomains with low material cost and
desirable mechanical properties. We note that selected block copolymers have been
shown to be useful as alkali metal-bascd polymer electrolytes,!3 although apparently no
efforts have been directed toward obtaining high protonic conductivity based on
hydrocarbon block polymers.

We selected Kraton G1650 for our studies as it contains a saturated carbon center
block which should be inert to the sulfonation reaction, which in this case employs
SO3/triethyl phosphate to achieve high levels of sulfonation without crosslinking.14 The
reaction is summarized in Figure 1. The Kraton used in this study contains 29% by
weight styrene and exhibits a microstructure of polystyrene phases intermediate between
spheres and cylinders (ca. 150 A in diameter) in an ethylene/ butylene-rich continuous
phase.16  Sulfonation levels, based on the moles of styrene units sulfonated, ranged from
35-65% as determined by titration. We note that sulfonated, saturated Kratons have been
disclosed in a patent,!5 and that Weiss and coworkers!6-18 have explored in detail the
morphology and mechanical properties of lightly sulfonated (up to 12 mol% styrcne
units) Kraton G1650, the latter representing an interesting new class of ionomers.
However, we are unaware of studies directed at highly sulfonated derivatives with the
aim of obtaining highly proton conducting films.

Experimental .
Kraton G1650 was acquired from Shell Chemical; dichloroethane (DCE) and

cyclohexane were from Krackeler Scientific; tricthyl phosphate (TEP) and sulfur trioxide
(S03) were from Aldrich. All materials were used without further purification.
Sulfonation of the styrene-ethylene/butylene-styrene (SEBS) triblock polymer was
carried out in a batch mode using SO3/TEP.14 The reaction vessel was kept slightly

below 0°C and reaction times ranged from 60-90 min. After removing most of the
cyclohexane and DCE, the residue was taken up into lower alcohols. Films were then
cast from these solutions on glass under an IR lamp.

Titrations to determine the sulfonic acid content of the film were carried out using
standardized sodium hydroxide solutions. Films were hydrated in deionized water and
washed by placing the film in clean deionized water three times for onc hour cach.
About 0.15 g of film was placed in a small vial and approximately 12 ml of sodium
chloride solution was added. After immersion for about 2 h, titrations to a
phenolphthalein endpoint were carried out. Data are reported as mol% styrene units
sulfonated. Samples for transmission electron microscopy (TEM) were first stained for
15 min in the presence of RuO4 vapor and then cryomicrotomed at -100°C using a
Reichert-Jung Fc4 microtome. A 2000 FX high resolution transmission electron
microscope was employed at a magnification of 275,000x.

Conductivity measurements were made on samples treated to remove any residual
sulfuric acid from the sulfonation reaction. Samples were soaked in water for 30 min.
and then dried under an IR lamp for 30 min, and this sequence was repeated twice. The
conductivity of the membrane was measured by using a pair of pressure-attached high
surface area platinum elcctrodes as described by Zawodsinski et al.8 The mounted
sample was immersed in distilled, deionized water at room temperature (ca. 24 °C). Once
the sample had completely hydrated, measurements were made from 1 Hz to 10KHz
using a Solartron 1260 frequency response analyzer. Both real and imaginary
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components of the impedance were measured and the real Z-axis intercept was closely
approximated. The cell constant was calculated from the spacing of the electrodes (L),
the thickness of the membrane and the area of the platinum electrodes (A). The

conductivity (o) was calculated using the ecquation
o =L/RA.

Results and Discussion

Films of sulfonated triblock polymer are ycllow and relatively transparent as well as
clastomeric. A transmission electron micrograph of a microtomed and RuO4-stained
film (ca. 45% sulfonation) is shown in Figure 2 and reveals what appear to be cylindrical
(ca. 150 A diameter) sulfonated polystyrene domains in an ethylene/butylene matrix. We
believe that at this high sulfonation level, relatively homogeneous sulfonated polystyrene
domains are present rather than ionic clusters of sulfonated styrene repeat units within
polystyrene domains as is the case in lightly sulfonated Kratons.16-18

The films swell upon immersion in water, and the extent of swelling is as expected
dependent upon the sulfonation level. These hydrogels retain their elastomeric character.
We have no information on the organization or the sizes of the sulfonated domains upon
hydration, but speculate that these are interconnected upon swelling and perhaps forming
bicontinuous phases. X-ray and neutron scattering cxperiments are planned to address
this important issuc. The films remain relatively transparent upon hydration, suggesting
that the water-swollen domains rcmain below ca. 400 nm in diameter.

Tonic conductivities of fully hydrated films having various levels of sulfonation are
reported in Table 1. Samples having sulfonation levels greater than about 45% have
conductivities comparable to Nafion (ca. 7 x 10-2 S/cm) under similar conditions.8 The
amount of sulfonation within the polystyrene domains is well above the percolation
threshold for ionic conduction of ca. 7 mol%, as recently determined by Yeager,
Eisenberg and coworkers!9 for sulfonated homopolystyrene. The high conductivity we
observe indicates that the sulfonated domains are interconnected.

In summary, we have prepared highly proton conducting, clastomeric films by
sulfonation of a styrene-ethylene/butylene-styrene triblock polymer. Several applications
of these materials are being investigated, including their use as proton exchange
membranes in fuel cells.
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Table 1
Conductivities of Sulfonated Block Polymers as a Function of Sulfonation Level

Percentage mmol/gD Conductivity©
Sulfonation? ) (S/cm)

35 0.96 0.068

13 I.16 0.075

50 1.33 0.080

65 .72 0.089

aMole % based on styrene units, determined by titration. Data are averages of triplicate
determinations.

bMillimol sulfonic acid per gram of total polymer

CImmersed in water, room temperature.
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Figure 1: Sulfonation of Styrene/Ethylene-Butylene/Styrene Triblock Copolymer
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Figure 2: Transmission electron micrograph of ca. 45% sulfonated Kraton G-1652 stained
with RuO4. Magnification = 275,000x.
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Recently, we and others have achieved power densities in polymer
electrolyte Direct Methanol Fuel Cells (DMFCs), which are only three times
lower than those achieved with similar reformate/air fuel cells (RAFC).
Comparisons of power densities, energy conversion efficiencies and
projected costs reveal similar values for the DMFC and the methanol
reformer + RAFC stack. We conclude that the DMFC could become the
preferable methanol-fueled system due to its relative simplicity. However,
important remaining DMFC issues are: improved anode catalyst activity,
demonstrated long-term stable performance, and high fuel efficiencies.

INTRODUCTION

Polymer electrolyte fuel cell (PEFC) technology has advanced in the last few years
to the point of being considered a viable option for primary power sources in electric ve-
hicles. In the past, the systems considered in this context have been based on either
hydrogen carried on board the vehicle, or the steam-reforming of methanol to generate a
mixture of hydrogen and COjas the fuel feed stream for the fuel cell stack. The latter
system has been considered an attractive option because of the high energy density of the
fuel (methanol), its availability and the relatively simple fuel distribution system required.
However, the complexity and additional weight and volume associated with the reformer
on board the vehicle have presented significant challenges in the implementation of this
option. To date, the DMFC has not been considered a serious option for transportation
applications due to its limited performance (low power density) in comparison to the
RAFC.

Recent advancements in DMFC research and development have been quite
dramatic, however, with the DMFC achieving power densities which are significant
fractions of that provided by the RAFC. The more applied DMFC work, aimed primarily
at the demonstration of enhanced stable performance of DMFC single cells or stacks, has
been supported in the US by the DOE, Office of Transportation Technology, ARPA and
the US Army. This type of work has taken place in several research institutes, including the
Jet Propulsion Laboratory, Case Western Reserve University and Los Alamos National
Laboratory, in collaboration with industries such as International Fuel Cells (IFC) and
Giner, Inc. Similar efforts in Europe resulted in a demonstration at Siemens of a high-
performance polymer electrolyte DMFC operating at temperatures above 120°C.

The recent strong advances in DMFC performance have been achieved without any
breakthroughs in electrocatalysis, much the same way as in the previous cases of the
hydrogen/air PEFC or the RAFC. The use of established Pt-Ru anode electrocatalysts and
Pt cathode electrocatalysts in conjunction with polymer electrolyte DMFCs has resulted in
very significant enhancements in DMFC performance when such cells are operated at
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temperatures as high as 120-140°C, and particularly, as shown in this paper, when catalyst
layer composition and structure have been optimized. Operation at elevated temperatures is
facilitated in such polymer electrolyte fuel cells by the anode being continuously in contact
with liquid methanol-water mixtures.

In the following section we describe recent experimental work at Los Alamos
National Laboratory (LANL), which resulted in high performances of polymer electrolyte
DMFCs. These recent results will be considered together with previously reported LANL
results to comparatively evaluate (i) a polymer electrolyte DMFC stack and (ii) a system
comprised of a methanol reformer and polymer electrolyte reformate/air fuel cell stack for
transportation applications.

PROGRESS IN DIRECT METHANOL FUEL CELLS AT LANL

Membrane/Electrode Assemblies
Over the course of the DMFC development effort at LANL, a number of different

methods were investigated for forming the membrane/electrode assembly (MEA) in cells
based on Nafion™ membranes (DuPont). These included conventional PTFE-treated wet-
proofed electrodes, catalyst/ionomer inks applied to carbon cloth and thin-film catalysts
formed by applying catalyst ink to transfer decals.! The various types of catalyst structures
were then bound to the Nafion membranes by hot-pressing. The thin film catalysts bonded
to the membrane by the decal method!+2 provided the best results in terms of catalyst
utilization and cell performance. Such decal-formed thin-film catalyst layer structures have
been used previously for Ho/air fuel cells in this laboratory and proved to provide the
highest catalyst utilizations.

The protocol for forming the high performance DMFC assemblies described here is
somewhat different than that for the Hp/air cells. Nafion112, 115 and 117 membranes
were cleaned and converted into the acid form by successively boiling the membranes for at
least one hour in each of the following solutions: 3% H,03, deionized (DI) water, 0.5 M
H,S04, and then DI water again. Unsupported Pt-RuOy (Pt:Ru = 1:1, sample designated
RV30-30 from E-TEK, Inc., Natick, MA) was used for the anode catalyst and Pt-black (20
m?/g, Johnson Matthey) was used for the cathode catalyst. Catalyst inks were prepared by
adding 5% Nafion solution (900 EW, Solution Technology, Inc.) to the water-wetted metal
catalysts. Suitable dry ink compositions were 85 wt % Pt-RuOy and 15 wt % Nafion for
the anode ink, and 93 wt % Pt-black with 7 wt % Nafion for the cathode ink. To prepare
the MEAs, appropriate amounts of anode and cathode inks were uniformly applied to 5 cm?
Teflon decal blanks to give metal catalyst loadings of approximately 2.2 mg/cm2. The
inked decals were then dried at 100°C, and the catalyst layers were transferred from the
Teflon blank to the pre-dried Nafion membranes (45 min. on a 60°C heated vacuum table)
by hot-pressing at 120°C and 105 atm for 120 s. After the decal blanks were removed, the
MEAs were inserted into the fuel cell hardware, and sandwiched between two 5.5 cm?
uncatalyzed carbon-cloth gas-diffusion backings from E-TEK. The reasons for the use of
such backings are discussed briefly elsewhere.# The single-cell fuel cell hardware consists
of nuclear-grade graphite blocks with machined serpentine flow channels, gold-plated
copper current collectors, and stainless steel compression plates.3 The cell testing! and
high-frequency resistance measurement? systems have been described previously.
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Specific activities (i.e., activities per mg Pt) of unsupported Pt-Ru anode catalysts
are not as high as those described by Watanabe3 for Pt-Ru/C, or those we have obtained
ourselves with commercially available Johnson-Matthey Pt-Ru/C catalysts (e.g. their FCA-
6X_I).6 However, an unsupported, highly active Pt-Ru catalyst (as described by Kosek et
al.”) provides a significantly higher overall anode performance. This is mainly due to the
high catalyst utilization, enabled by effective simultaneous access of protons, electrons and
methanol to a large number of active catalyst sites in thin layers of high site density. The
overall loadings in such layers of unsupported Pt-Ru catalysts are indeed higher than those
typically obtained for supported Pt alloy catalysts (1-4 mg/cm2 vs. 0.1-0.5 mg/cm2).
However, a key advantage that has permitted the relatively high performances of DMFC
anodes with such unsupported catalysts is not just the higher loading, but the dense thin-
film catalyst layer structure, which permits high methanol and proton transport rates to a
large number of active sites. For example, DMFC performance enhancement cannot be
achieved by increasing the loading of a supported anode catalyst well above 0.5 mg/cm?,
because of an excessive catalyst layer thickness.

Our findings for DMFC cathode catalyst layers have been similar to those for the
DMFC anode, in that catalyst/ionomer thin-films bonded to the membrane provided
performances equal to or better than other (e.g., wet-proofed) electrode configurations.
High loading, unsupported Pt-black thin-film catalyst layers were found superior to low-
loading, supported Pt/C catalysts typically used in our H fueled PEM cells. In this case,
the advantages of the high loading, unsupported catalyst appear to enhance methanol
tolerance, in addition to the high volume density of catalyst sites.

Single Cell Testing
1 M methanol solutions were pumped through the DMFC anode flow-fields at the

relatively high flow-rates of 2 ml/min.8 The outlet flows could be controlled such as to
impose a desired amount of back-pressure to ensure saturated vapor conditions at the
temperature of operation, such that the membrane would be in contact with a liquid solution
of methanol on the anode side. The mild pressures required to ensure a two-phase,
liquid/vapor system on the anode side of the DMFC also provide a well humidified
membrane, and thus, good protonic conductivity at temperatures as high as 130°C. The
oxygen or air feeds to the cathodes were humidified to provide water vapor saturated gas at
temperatures 0° - 10°C above the cell temperatures. Cell performances were evaluated over
the range of 30° to 130°C.

Figure 1 shows polarization and high frequency resistance curves of DMFCs
operated at 130° C with 5 atm oxygen cathodes using Nafion 112, 115, and 117
membranes. The best performance (670 mA/cm? at 0.5 V cell voltage) was obtained using
the relatively thin (50 um) Nafion 112 membranes. The high-frequency (8 kHz) cell
resistances for the three cells are also depicted in Figure 1. As the membrane thickness
increases, cell resistance increases and cell performance decreases correspondingly. As a
matter of fact, the iR-corrected polarization curves for the three different Nafion MEAs
virtually overlay one another. Since the methanol permeation rate through the membranes
is expected to be greater in the thinner membranes, the cathode should be handling higher
fluxes of methanol. The similarity of the iR corrected polarization curves suggests that the
cathodes are highly tolerant to such variations in methanol flux. The relative insensitivity of
the cathodes does not indicate, however, that the fuel efficiency is unaffected, as the
methanol permeation rate is indeed higher with the thinner barriers.? Additional strategies,
such as methanol barrier membranes or lean-feed DMFCs,9 will need to be implemented to
maximize the total efficiencies of DMFCs.
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As shown in Figure 1, the high-frequency cell resistivities of the DMFCs operating
at 130°C were as low, or lower than those typically seen for conventional, well-humidified
Hp/air cells operating at 80°C. Clearly, the membranes were well hydrated even at these
elevated temperatures. This is most probably a result of the maintenance (by
pressurization) of a liquid in the anode compartment. If, as expected, the methanol in the
liquid feed wets (hydrophilizes) the anode backing, liquid water would come in direct
contact with the membrane. Since the membrane uptake of water from the liquid is greater
than that from the vapor, particularly at such higher temperatures, !9 a level of water content
and hence, conductivity, is attained that could not have been possible if the membrane were
equilibrated with water vapor alone. However, others!! have operated direct methanol
polymer electrolyte fuel cells at 130°C on vaporized water/methanol feeds.

All of the cells described here demonstrated reasonable performance stability. The
performance of the Nafion 112 based cell dropped from 670 mA/cm? to 600 mA/cm? at
constant 0.5V cell voltage after one week of running 4 hours each day. Longer term
performance stabilities warrant further investigation.

Although the use of the neat oxygen cathode minimizes the oxygen reduction
reaction (ORR) losses, most terrestrial applications require the use of an air cathode,
preferably under modest pressure conditions. In a similar vein, high temperatures are of
some concern because of cell longevity and increased pressure requirements. Figure 2
shows polymer electrolyte DMFC performances under conditions that may be more
amenable to transportation applications. Air cathodes at only 3 atm were used instead of
higher pressure oxygen and the cell temperatures were also set somewhat lower, at 110°C.
Still, Figure 2 shows that with the Nafion 112 membrane/electrode assembly, a current of
370 mA/cm? at 0.5 V cell voltage was obtained with a IM methanol feed. As shown in
Figure 3, the peak power output of this type of DMFC was almost 400 mW/cm? for the
oxygen cathode at 130°C and about 250 mW/cm? for the air cathode at 110°C.

Figure 4 depicts DMFC performances for various Nafion membranes with thin-
film catalyst layers as a function of cell temperature. Generally, the cells performed
relatively poorly at cell temperatures below 80°C. As the cell temperatures were increased,
significantly better cell performances were obtained, primarily due to the substantial
improvement in anode kinetics. While even higher temperatures will further enhance the
anode performance, 130°C is probably near the upper limit for the long-term stability of
perfluorosulfonic acid membranes in contact with methanol/water mixtures.

To summarize this brief description of our newest DMFC results, we have shown
that high polymer electrolyte DMFC performances can be obtained with MEAs prepared by
the decal thin-film electrode fabrication method,!:2 using perfluorosulfonic acid membranes
and unsupported Pt-Ru anode catalysts. Improvements over previously reported
performances are attributable in part to cell temperatures well above 100°C, demonstrated
to be feasible in slightly pressurized DMFCs, possibly due to the liquid (methanol/water)
in contact with the anode side of the membrane. It is interesting to note that, because the
anode feed can be kept in liquid state at such elevated temperatures, the polymer electrolyte
DMEC is easier to operate than the hydrogen/air polymer electrolyte fuel cells at
temperatures above 100°C. Another very important factor in achieving these high
performances is the high catalyst utilizations achieved with optimal catalyst layer structures,
as attained with thin-film electrodes bonded to the membrane. Such MEAs have provided
the highest DMFC performance in cells prepared by us based on Nafion membranes. The
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apparently high methanol tolerance of our cathodes at higher temperatures suggests that the
present performance is primarily limited by anode catalyst activity. With improved anode
catalysts and less methanol permeable membranes, it should be possible to obtain yet
higher cell performances and fuel efficiencies, using the same general fuel cell package.

DMFC STACK VS. METHANOL REFORMER + RAFC STACK

The significant increase in demonstrated DMFC performance, as shown above and
by other research groups,8:1! has brought the peak power density of the polymer
electrolyte DMFC to a level which is only three times lower than that of the reformate/air
fuel cell. Consequently, at this point, some simple calculations!2 reveal that the two
options, (i) a DMFC stack and, (ii) a methano! reformer + reformate/air fuel cell (RAFC)
stack, start showing comparable overall system characteristics.

Table I. Calculation of Energy Conversion Efficiencies
for DMFC and RAFC Systems

Assumptions

* Methanol is either:
(case 1) Converted directly in DMFC, or
(case 2) Steam reformed to Hy and converted in RAFC

Efficiency calculation

(case 1, DMFC)
Total Eff. = (My * NfueDic= [(Veel)1/V'MeOH/CO2] * (Mfuel fc)1

(case 2, RAFC)

Total Eff. = Neg plrrox * Ny * (Mfuel,fc)2
= [(Veen)2/V"MeOH/CO3] * Miuel,fc)2 ® Nref ® Nprox-

Conclusion
To achieve equal overall conversion efficiencies (MeOH to dc power):
(VeeD1 = (VeelD2* [(Mtuel, f)2/(Mfuel, fc) 1] ® Nref * Nprox-
Assuming (Mfuel,fe)1 = 0.90, Nrer = 0.72 and Nprox = 0.97, then
(Vee)1 =0.79 (Veen)2.
i.e., same overall energy conversion for DMFC operating at 0.55 V and RAFC at 0.70 V.

Table I shows a comparison of overall system efficiencies. The overall efficiency of
the DMFC is calculated as the voltage efficiency times fuel efficiency of the DMFC stack.
The overall efficiency of the reformer+RAFC stack is calculated as a product of the energy
conversion efficiency of the reformer, the efficiency of a preferential oxidation (prox)
stage, the voltage efficiency of the RAFC stack and the fuel efficiency of the RAFC stack.
The calculation shows that the overall energy conversion efficiencies: methanol chemical
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energy to DC power of the two systems are comparable( 43%) when a DMFC is operating
at 0.55V and a RAFC is operating at 0.70V. This is true assuming:
(a) fuel efficiencies of 90% can be reached in the DMFC,
(b) the methanol reformer efficiency (hydrogen energy out/methanol energy in), is 72%
(data from reformer manufacturer), and
(c) the overall efficiency of the PROX (hydrogen energy out/hydrogen energy in) is
97%. The fuel efficiency in the RAFC is assumed here 100%.

The main DMFC parameter that needs significant improvement to reach the level
assumed above is the fuel efficiency, which to date is significantly smaller in polymer
membrane DMFCs because of methanol cross-over. There are, however, some
encouraging new results which show that the cross-over flux may possibly be decreased
significantly (particularly at higher temperatures) by the use of lean methanol feeds to the
anode, without sacrificing cell performance significantly. Adding this approach to possible
membrane modifications aimed at lowering methanol permeability, the fuel efficiency of the
DMFC could conceivably reach at higher temperatures the level of 90% assumed above.

This calculation, therefore, shows comparable overall energy conversion

efficiencies for the two options, DMFC and reformer + RAFC, achieved at what may be
described as typical operating voltages for each of the two types of fuel cells.

Table II. Projected DMFC and RAFC Stack And Systems Characteristics

DMEC? RAFCb
Stack Power Density (kW/kg) 0.25 1.0
Stack Materials Cost ($/kW)
* Projected® 200 45
* Today 2500 1500
System Energy Densityd (Wh/kg) 450 450

a). Advanced fuel cell stack is 50 - 75% of total weight. b). Advanced fuel cell slack is 10 - 30% of total
weight. c). Assuming drop in membrane cost by an order of itude. d). A g (1) Similar overall
conv. efficiency of 40%, and (2) Range of 240 mile @ 20 kW, 40 mph. Results of(l) and (2) are: DMFC
system: 55 kg MeOH, 100 kg stack, 100 kg BOP; RAFC system: 55 kg MeOH, 20 kg stack, 180 kg BOP

Table II uses some very rough estimates to compare three other key parameters for
the two systems: DMFC and the reformer+RAFC stack, i.e., the power density, stack
materials costs and system’s energy density. Table II shows that the stack power density
for the reformate/air fuel cell may be a factor three higher, but the stack is only 10-30% of
the total weight of the system vs. 50-75% of the weight expected in the case of the DMFC.
The stack materials costs per kW are projected four times higher for the DMFC, mainly
because of the lower power density. However, it should be remembered that the DMFC
stack cost is a much more major component of the total systems cost. The total system
energy density for a 20 kW vehicle with a range of 240 miles is estimated to be similar for
both options, around 450 Wh/kg. It should be realized that all of these estimates are very
rough indeed, but they do seem to lend support to the following general conclusions:
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Having obtained roughly one-third the maximum power densities of reformate/air
fuel cells, the methanol/air cell shows promise in becoming a serious competitor to the on-
board methanol reforming system for methanol-fueled transportation applications. For
these two different systems for conversion of methanol to DC power, we have shown that:

(1) The mass or volume power density are quite similar for:
(i) a DMFC stack operating at 0.25 W/cm2, and
(ii) a system comprising a methanol reformer+RAFC generating 1.0 W/em?2.
(2) The overall energy conversion efficiency for the complete process of methanol
chemical energy to DC electric energy, will be similar (43%) for a system with a RAFC
operating at 0.70V and a DMFC operating at 0.55V, provided the fuel efficiency in the
DMEFC is raised to 90%.
(3) The cost per kW predicted for the DMFC is significantly higher, as long as the areal
power density remains lower by a factor of about 3-4 and the catalyst loadings are not
reduced significantly. However, the cost of the balance of plant is much higher in the
case of the reformer-based system, lowering the cost differential between the two
options significantly.
From the points made above, it seems that the DMFC could become a serious candidate for
transportation applications, provided the following requirements are also met:
(1) Catalyst loadings are further reduced (or alternative anode catalysts developed),
(2) Long term stable performances (1000 hours time scale) are demonstrated, and
(3) Fuel efficiencies are actually increased to the 90% level.
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Figure 1. Polarization curves for 130°C, oxygen cathode DMFC based on thin-film
catalyzed Nafion 112, 115 and 117 membranes. Anodes: 2.2 mg/cm? Pt-RuOy, | M
methanol at 2 ml/min and 3 atm. Cathodes: 2.3 mg/cm? Pt-black, 5 atm O at 0.6 /min.
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Figure 2. Polarization curves for 110°C, air cathode DMFC based on thin-film catalyzed
Nafion 112, 115 and 117 membranes. Anodes: 2.2 mg/cm? Pt-RuOx, 1 M methanol at 2
ml/min and 1.8 atm. Cathodes: 2.3 mg/cm? Pt-black, 3 atm air at 0.6 I/min.
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Figure 3. Power density curves for the thin-film catalyzed Nafion 112 assembly operating
at 130°C on oxygen and at 110°C on air as depicted in Figs. 1 and 2.
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Abstract
A direct methanol-air fuel cell operating at near atmospheric pressure, low-flow
rate air, and at temperatures close to 60°C would tremendously enlarge the scope of
potential applications. While earlier studies have reported performance with oxygen, the
present study focuses on characterizing the performance of a PEM liquid feed direct
methanol-air cell consisting of components developed in house. These cells employ Pt-Ru

catalyst in the anode, Pt at the cathode and Nafion® 117 as the PEM. The effect of
pressure, flow rate of air and temperature on cell performance has been studied. With air,
the performance level is as high as 0.437 V at 300 mA/cm?2 ( 90 ©C, 20 psig, and excess
air flow) has been attained. Even more significant is the performance level at 60°C, 1 at§1
and low flow rates of air (3-5 times stoichiometric), which is 0.4 V at 150 mA/cm”.
Individual electrode potentials for the methanol and air electrode have been separated and
analyzed. Fuel crossover rates and the impact of fuel crossover on the performance of
the air electrode have also been measured. The study identifies issues specific to the
methanol-air fuel cell and provides a basis for improvement strategies.

Introduction

A liquid-feed type direct methanol fuel cell using proton-exchange membrane
electrolyte was developed under an ARPA-sponsored program[1,2]. This fuel cell
operates on aqueous solutions of methanol as fuel, and oxygen or air as the oxidant. The
cell delivers as high as 0.5 V at 300 mA/cm” at 90°C and employs a Pt-Ru anode and a Pt
cathode with Nafion® 117 as the electrolyte. Among the significant advantages of this cell
are its overall simplicity, ease of removal of carbon dioxide produced from the anode
stream, and inherent ability to maintain the membrane at high levels of hydration. A 5-cell
stack based on this concept was recently constructed by Giner Inc. and was tested at JPL.
The liquid feed direct methanol fuel cell is now being actively considered by DOE and
DOD for stationary, portable, and transportation applications. In order that the direct
methanol fuel cell become a viable power source for many applications and from an
overall system standpoint, it is essential that the fuel cell operates on air as an oxidant near
atmospheric pressures, at low air flow rates, and at low to moderate temperatures.
Therefore, this study focuses on characterizing the performance of liquid feed direct
methanol-air cells developed in house, in order to identify the causes that limit cell
performance, and design appropriate modifications.

Experimental Approach

The approach included: a) characterizing and assessing the effects of flow rate,
pressure and temperature on the cell performance, b) measuring individual electrode
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characteristics, and c) measuring the crossover rates of methanol. These investigations
were carried out on JPL-developed components. The anode catalyst was Pt-Ru (prepared
in house), and the cathode catalyst was Pt (fuel cell grade, Johnson Matthey). Specifically
designed anode and cathode structures prepared on porous carbon substrate were
bonded under heat and pressure to a pre-conditioned Nafion® 117 membrane to form a
membrane-electrode assembly. The active area of the electrodes was typically 25 cm®
unless stated otherwise. Each electrode had 4 mg/cm? of catalyst. The cells were
characterized with respect to their overall electrical performance under various conditions
of temperature and pressure of the oxidant. Substitution of hydrogen for air or oxygen at
the cathode converts this electrode into a dynamic hydrogen electrode that can be
effectively used as a reference to monitor the methanol fuel electrode. The ohmic
resistance of the cell at 1 kHz was also measured. Polarization curves (corrected for
ohmic resistance) for individual electrodes were obtained. Methanol crossover rates were
measured by estimating the carbon dioxide content of the cathode exit stream using a
Horiba VIA-510 analyzer.

Results and Discussion

Figure 1 presents the difference in performances of liquid feed direct methanol fuel
cells operating on air and oxygen at 20 psig (2.36 atm) and 1 L/min of the oxidant. The
loss in performance to the extent of 90 mV at 300 mA/cm’, is attributed to a combination
of mass transfer effects in the catalyst layer and porous backing of the cathode and is
similar to that observed with the hydrogen-oxygen fuel cell[3]. The cell is capable of
sustaining high current densities as in the hydrogen/air fuel cell. Results on the separation
of the cell voltage into individual electrode potentials are presented herein later show that
under conditions of high stoichiometric flows and pressures as high as 20 psig, the cell is
limited in voltage over most of the current density range by the performance of the anode
unlike in the hydrogen/air fuel cell. From Fig. 1 it is seen that the methanol -air fuel cell
operating on excess air flow at 20 psig and 90 OC sustains 300 mA/cm? at 0.437 V, and
with oxygen as the oxidant the cell voltage is as high as 0.520V.
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Fig.1: Performance of liquid feed methanol fuel cell on oxygen and air at 90°C,1 M
methanol, active area 25 cm2.
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To our knowledge, the performance shown in Figure 1 is the highest reported in the
published literature under the specified conditions. On the basis of the ohmic resistance of
the Nafion® 117 membrane, the cell voltage could be about 40 mV higher using a Nafion
® 112 membrane with the penalty of increased crossover of methanol. The effect of
temperature and pressure of air at high/low flow rates on the cell performance is presented
in Figures 2 and 3. Results show that the effect of pressure on the cell voltage is more
significant at low flow rates than high flow rates. Likewise, the effect of flow rate is less
significant at higher pressures. The impact of working at ambient pressure on the cell
voltage is the greatest at low flow rates and low temperature.
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Fig. 2: Performance of direct methanol liquid feed fuel cell on air at 0 psig and 20 psig at

S L/min and 60°C.
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Fig. 3. Effect of pressure and temperature on the operation of direct methanol-air cells at

air flow rate of 1 L/min.
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These results demonstrate that a current density of 150 mA/cm2 can be sustained at 0.4 V
at 600C, at ambient pressure and low flow rate (1L/min) of air. This performance level
makes the methanol-air fuel as practical power source for many applications.

In order to determine the individual electrode contributions to the cell voltage at low flow
rates and ambient pressure, a separation of the electrode potentials was accomplished as
described above. These results are presented in Figure 4.
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Fig. 4: Individual electrode potentials vs. dynamic hydrogen electrode in a direct
methanol air fuel cell operating under ambient pressure air at 1 L/min and 1 M methanol

These results suggest that although the polarization at high current densities arises from
the air electrode, the methanol electrode is the most significant contributor to the
polarization at low/medium current densities. In order to improve the performance in the
range of 100-300 mA/cm? significant improvement in the activity of the anode catalyst is
required. At 600C the overpotential at the anode is higher (by at least 75 mV) than the
value at 90 OC throughout the range of current densities. Results shown in Fig.4 establish
that significant cathode polarization is observed at 300 mA/cm?2 at 600C at low flow rates

The steady state crossover rates for methanol have been measured by estimating the
carbon dioxide content in the cathode stream. The crossover rate is expressed as a
parasitic current density. The present technique for measurement of crossover rates yields
much more consistent values compared to earlier measurements[4] and the present
method is now considered the most direct and reliable of those tested so far. The
crossover rate is found to decrease with increasing current density, and also increases with
temperature. Results presented in Figure 5 is a comparison of the crossover rates at 60°C
and 90°C. The decrease of crossover rate at high current density arises from the increased

Electrochemical Society Proceedings Volume 95-23 264



utilization of methanol at high current densities. This supports the view that improving the
utilization of methanol at the anode is a promising approach to achieving lower crossover
rates. The impact of methanol crossover on the performance of the cathode is very
significant. Improvements in anode performance can be completely offset by reduction in
potential of the air electrode over a wide range of current densities.
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Fig. 5 : Dependence of parasitic crossover current density on the operating current density
of the direct methanol-air fuel cell operating on 1 M methanol and air at 20 psig, 5L/min.

The results presented in Figure 6 suggest that improvements in cathode performance to
the extent of 50- 70 mV can be achieved by prevention of fuel crossover. Also, reduction
of methanol crossover will allow the use of higher concentrations of methanol that will
result in improved kinetics of methanol electro-oxidation.
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Conclusions

The Ilqutd -feed direct methanol fuel cells developed at JPL perform at 0.437 V at 300
mA/cm2 on air at 20 psig and 90°C; with oxygen, the cell voltage of 0.52 V has been
obtained under identical operating conditions. The effect of flow rate on performance is
very significant at pressures close to ambient. Wxth the latest 1mprovements in electrode
structure, 0.4 V has been attained at 150 mA/cm2 at 60 ©C and air flows at 3-5 times
stoichiometric. These performance levels make the methanol fuel cell extremely suitable
for practical applications. Measurement of individual electrode potentials show that
improvements to the anode catalyst activity can greatly enhance the performance at 60°C
in the low to medium current density range, while improvement in the air electrode
performance is also required at higher current densities. The decrease of crossover rate on
applied load demonstrates that improvement of methanol utilization at the anode can
reduce crossover rates significantly. Impact of the crossover of methanol on the cathode
potential is shown to be about 70 mV. This study quantifies the scope for improvement in
various parts of the cell.
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The adsorption and oxidation of CH;OH were studied in 1 M HCIO, on porous
Pt and PtRu, electrodes by means of Differential Electrochemical Mass
Spectrometry (DEMS). The electrodes were made by potentiostatic co-deposition
on porous Au substrates. It was found that Pty4Ru,, shows the highest activity
compared to pure Pt. For this composition the complete oxidation to CO, is
favoured in contrast to other compositions which yield more amounts of formic
acid. The oxidation of poisoning adsorbate species on Pt,Ru,, is shifted 0.15 V
to negative potentials in comparison to Pt. First results on the oxidation of
gaseous CH;OH/H,0 mixtures in a Proton Exchange Membrane Fuel Cell at T =
100 °C are presented. The catalyst loading of gas diffusion electrodes for anode
and cathode was 1 mg/cm?. With a Pty;Ru,; anode catalyst and Pt as cathode
catalyst current densities of > 0.1 A/cm? at 0.4 V were obtained.

INTRODUCTION

Methanol is considered a promising energy carrier for fuel cell systems in mobile
and stationary applications. At present, the utilization of methanol in a Proton Exchange
Membrane Fuel Cell (PEMFC) requires a reformer for hydrogen production and
additional gas cleaning procedures for CO reduction of the fuel gas (1). In principle, the
Direct Methanol Fuel Cell (DMFC) probably could avoid complicate fuel processing
with its additional weight, volume and costs. Although the basic idea is known for many
years the realization has only been demonstrated on a laboratory scale (2-4). The loading
of the dispersed electrocatalyst supported on carbon in these demonstration systems was
4-5 mg/cm? and the power density achieved was 100 - 300 mW/cm?. However, the
amount of noble metal catalyst used for mobile application should be reduced to < 1
mg/cm? whereas the power density should be further enhanced.

A basic concept of a complete DMFC system is illustrated in Fig. 1. Methanol
and product water are mixed, evaporated and fed directly into the fuel cell. The heat
necessary for methanol evaporation and cleaning of the anode exhaust gas can be
provided by a catalytic converter. In such a way the advantage of a fuel cell system in
terms of high efficiency and low emissions can be fulfilled. More focussed criteria for
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the development of the main components of such a fuel cell system can be obtained by
simulating a complete DMFC under various operating conditions (5).

The direct electrochemical oxidation of methanol in a PEMFC requires the
development of optimized anode catalysts since the oxidation of CH,OH on Pt that is
presently the most active material leads to the formation of poisoning species such as
CO, COH and CHO (6) on the electrode surface. In order to enhance the electrocatalytic
activity of the anode towards the oxidation of CO and CH;OH, PtRu alloys are being
proposed as catalysts(7-9). The combination of cyclic voltammetry and Differential
Electrochemical Mass Spectrometry (DEMS) (10) is a suitable method to study
electrochemical reactions on porous electrodes. On-line mass spectrometry enables
identification of volatile and gaseous reaction products formed during methanol oxidation
in acid electrolytes. By varying the Pt to Ru ratio in the alloy the best composition for
this reaction can be elucidated. In addition, single cell measurements with a PEMFC
using carbon supported Pt and PtRu catalysts for the anode can give valuable information
on the electrochemical activity of such alloys under practical conditions and can lead to
a deeper insight into the process parameters of a complete fuel cell.

EXPERIMENTAL

DEMS measurements were carried out in an electrochemical flow cell attached
directly to the vacuum chamber of the mass spectrometer. The electrolyte volume was
approx. 2 ml. The working electrodes were prepared by sputtering first a gold substrate
layer onto a hydrophobic ethylene-tetrafluoroethylene copolymer membrane (Scimat
200/40/60 from Scimat Ltd.; mean thickness 60 pm, mean pore size 0.17 um, 50 %
porosity). Pt and/or Ru were then codeposited from solutions of RuCl; and H,PtClg in 1
M HCIO, at a constant potential of 0.05 V vs. RHE during 30 min. The surface
composition of the Pt,Ru, layers were determined by XPS according to (11) while the
composition of the bulk alloy was determined by EDAX. The analysis of each sample
showed a good reproducibility of the preparation method. The comparison showed that
the Pt concentration at the electrode surface was always higher than the corresponding
solution composition. For the experiments described below PtRu alloys with Ru contents
of <50 atomic % were investigated. To avoid possible surface segregation effects
occurring during the experiments, always freshly prepared working electrodes were used.

For testing various Pt,Ru, anode catalysts in a PEMFC, Membrane Electrode
Assemblies (MEAs) were fabricated by hot-pressing gas diffusion electrodes (ETEK,
Natick, MA) with a catalyst loading of 1 mg/cm? onto Nafion™ 117. MEAs were
mounted in a laboratory PEM single cell with Ti current collectors and stainless steel end
plates. The active electrode area in all experiments was 4 cm?.

The test station for characterization of PEM single cells is shown in Fig. 2
enabling the utilization of various fuels such as pure H,, reformate (H,/CO,/CO) and
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CH,;0H. Methanol/water mixtures with various volume ratios are fed into an evaporator
and then introduced into the single cell. The cell temperature was 100 °C. Oxygen was
used at 2 bar,,,, whereas gaseous CH;OH/H,0 were used at atmospheric pressure. After
activation of the MEA the performance of a PEM single cell was first evaluated using
H,/0,. Then the fuel gas was switched from pure H, to CH;OH/H,0 mixtures.

RESULTS AND DISCUSSION

In order to evaluate the electrocatalytic activity of porous PLRu, electrodes
towards methanol, the electrooxidation of CH;0H in perchloric acid, the adsorbate
formation and the adsorbate oxidation in methanol free HCIO, solution were studied by
means of DEMS.

Fig. 3 shows CVs of 1 M CH,0H in 1 M HCIO, and simultaneously recorded
MSCVs for m/z = 44 and 60 for porous Pt and Pt, jRu,,. The potential dependent mass
signal of m/z = 44 in the positive going potential scan is due to CO, formation during
methanol oxidation whereas the signal at m/z = 60 is assigned to the radical cation of
HCOOCH,; indicating the formation of formic acid as partial oxidation product of
methanol. The ester formation is explained by a chemical reaction of HCOOH with
excess CH;0H in the solution (6). The onset potential for methanol oxidation at the
Pty sRug, electrode was observed to be about 0.15 V more negative as with pure Pt. This
is the highest negative shift observed for all Pt,Ru, electrodes studied. It should be
mentioned that on a pure Ru electrode nor faradaic current due to methanol oxidation
neither ion currents of possible reaction products could be observed. Therefore, Ru in
acid electrolytes shows no reactivity for methanol oxidation. In a first approximation the
relative distribution for CO, and HCOOH formation during oxidation can be determined
by integrating the ion current for m/z = 44 and 60 for a complete potential cycle. Fig.
4 shows such relative amounts as a function of the Pt content in Pt,Ru,. It can be seen
that the ratio Qgy, = 44 10 Qgy; = 6 has its maximum when the alloy contains about 90 %
Pt. This indicates that the complete oxidation of CH;0H to CO, is favoured on this alloy
composition with respect to the formation of the partial oxidation product.

Considering the thermodynamics of the electrochemical methanol oxidation
according to

CH,0H +320, = CO, + 2H,0 AU =121V @t 25°%) [1]

cell performance comparable to the H,/O, fuel cell should be possible. However, a
significantly lower activity of methanol oxidation on Pt electrodes is obtained which is
explained by the formation of strongly adsorbed intermediates. To study the influence of
the Ru content in Pt,Ru, alloys on the formation of these species, cyclic voltammetric
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curves of CH;OH in HCIO, on adsorbate free electrode surfaces were monitored. For
this purpose, a complete potential scan in methanol free solution was recorded for
checking the cleanness of the electrode. A potential of U,y = 0.05 V vs. RHE was
adjusted and 1 M CH,0H solution was introduced into the flow cell followed by starting
a positive going potential scan. Fig. 5 shows the CVs and the simultaneously recorded
MSCVs for m/z = 44 on pure Pt and PtygRu,,. In the potential range between 0.05 and
0.3 V anodic peaks were observed at 0.2 V for Pt and at 0.18 V for Pty gRu,, occurring
only in the first potential scan. In this potential range no mass signals due to CO, were
observed. CO, production on Pt and Pty 4Ruy,; commences at U > 0.35 V parallel to the
increase of the faradaic currents in the CV. The anodic current in the range 0.05 - 0.3
V is explained by the formation an adsorbate layer having a higher oxidation state than
methanol. On pure Pt, in-situ infrared spectroscopy has shown that the adsorbate layer
formed consists of species such as linear bonded CO, COH and CHO (3). The highest
anodic charge determined during the first positive going scan as seen in Fig. 5 was found
for pure Pt. This adsorption charge decreases with increasing Ru content in Pt,Ru,. On
pure Ru no adsorbate formation was observed. Thus methanol adsorption occurs only on
Pt sites agree with results reported in literature (9,13).

In the next series of experiments the oxidation of the methanol adsorbate in
CH;OH free solutions was studied. After adsorption of methanol at U,y = 0.20 V vs.
RHE for 5 min. the methanol containing electrolyte was replaced completely by pure
HCIO, solution and the adsorbate was stripped in the first positive going potential scan.
Fig. 6 shows the CVs and corresponding mass signals for CO, formation during
oxidation of adsorbed methanol on pure Pt and Pt;oRu,;. On Pt,gRu; the peak potential
observed for the complete oxidation of the adsorbate to CQO, is shifted by 0.15 V
negative compared to Pt. This is the same shift as observed for the oxidation of dissolved
CH,0H as discussed above. This observation gives evidence that Ru promotes the
oxidation of the poisoning intermediate during oxidation of methanol.

The mechanism of the electrochemical CH;OH oxidation on Pt electrodes is
regarded to consist of two parallel reaction pathways (12,14). This is first the direct
oxidation of a weakly adsorbed CH;OH molecule to CO, and partially oxidized products
such as HCOOH. Using DEMS this product can be identified as HCOOCH, as illustrated
in Figs.3 and 4. The second pathway is the oxidation of methanol via a strongly
adsorbed intermediate partially blocking active site of the Pt surface. The adsorption is
assumed to take place by dehydrogenation reactions forming different adsorbate species
according to the following reactions

Pt + CH,0OH ~-> Pt-CH,0H +H' + € 2]
Pt + P-CH,OH  --> Pi,-CHOH +H* + ¢ 31
Pt + P,-CHOH  --> Pt,-COH +H' + ¢ [4]
Pt,-COH > PtCO + 2Pt +H* + ¢ [5]
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The experimental findings obtained on porous PtRu, electrodes in HCIO,
solutions can be explained using a certain spatial distribution of sites for CH;OH
adsorption on PtRu first presented by Gasteiger et al. (9). In this model methanol is
preferentially adsorbed on 3-fold Pt sites according reactions [2] - [4]. With a surface
composition of around 90 % Pt and 10 % Ru these Pt ensembles are surrounded by one
Ru atom on which water adsorption according

Ru + H,O --> Ru-OH + H* + ¢ [6}

occurs at potentials more negative compared to Pt. The enhanced reaction rate for
methanol oxidation on PtRu, is then promoted by adsorbed water on Ru according the
bifunctional mechanism proposed by Watanabe and Motoo (15)

Pt-COH+ Ru-OH --->Pt+Ru+CO, +2H* + 2¢ 71

or
Pt-CO + Ru-OH -->Pt+ Ru + CO, + H* + ¢ [8]

Figs. 7 and 8 present results on the direct electrochemical oxidation of methanol
in a PEMFC. The MEA in the single cell was activated at a current density of 0.25
A/em? with humidified H, and O, at 100 °C and 2 bar until reproducible current-voltage
curves were obtained. After introducing gaseous CH;OH/H,O with a volume ratio of 1:5
into the test station the open cell voltage drops from 1.05 V for H)/O, to values of about
0.7 V after a period of 5 min (see Fig. 7). In the case of H,/CO mixtures as fuels,
however, the observed open circuit cell voltage is the same as for pure H, (16). The
decrease of the cell voltage of a PEMFC in the presence of CH;OH is explained by the
diffusion of methanol through the Nafion membrane and the formation of a mixed
potential at the cathode. Assuming a membrane thickness 170 um, a diffusion coefficient
of methanol in Nafion of D = 410”7 cm%/s can roughly be estimated according the cell
voltage transient in Fig. 7.

Current-voltage plots the single cell using Pt, Pty;Ruy3 and Pty sRu,s as anode
catalyst is shown in Fig. 8. The use of PtRu anode catalysts lead to an improvement of
the power density of the PEMFC. As expected from the DEMS data, Pty;Ru,; shows a
better performance as Pty sRu, 5. Using low catalyst loading of 1 mg/cm? current densities
of > 0.1 A/cm® can be achieved at 0.4 V. It should be mentioned that the operating
conditions are not optimized and improvements of the cell performance are possible. For
a Pt content of > 70 % a further enhancement of the power density is expected when
regarding the experimental results obtained on porous Pt,Ru, electrodes as discussed
above. An additional aspect should be the catalyst loading. Literature data show higher
performances at catalyst loading of > 4 mg/cm? (2-4). However, for the possible
application of a DMFC in mobile systems, it should be kept in mind that high catalyst
loading lead to higher costs of such fuel cell systems.
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CONCLUSIONS

Adsorption and oxidation of methanol in 1 M HCIO, solution were studied on
porous Pt,Ru, electrodes by means of cyclic voltammetry combined with on-line mass
spectrometry. Beside CO, the formation of HCOOCH; coming from HCOOH was
identified. The quantification of the product distribution showed that on Pt,¢Ru,, the
complete oxidation of CH;OH to CO, is favoured with respect to partial oxidation to
HCOOH. The amount of poisoning adsorbate species decreases with increasing Ru
content in the alloy. The onset potential of both oxidation of dissolved methanol and
adsorbate oxidation is negative shifted by 0.15 V compared to pure Pt. The enhanced
reaction rate for methanol oxidation on Pt ,Ru,, was explained by the bifunctional
mechanism.

Preliminary results on the direct electrochemical oxidation of gaseous
CH,0H/H,0 mixtures in a Proton Exchange Membrane Fuel Cell were presented.
Membrane electrode assemblies were fabricated with catalyst loadings of 1 mg/cm?.
PtRu as anode catalyst improves the cell performance compared to a pure Pt catalyst.
For a Pty oRu,; catalyst current density of 0.1 A/cm? at 0.4 V were achieved.
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Figure 1:

Basic concept for a Direct Methanol Fuel Cell (DMFC) system.
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Figure 2:
Test station for performance evaluation of PEM single cells using Hy/O,(air) or CH;OH/O,(air).
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Figure 3:

Potentiodynamic profiles for electrooxidation of 1M CH3OH in 1 M HCIO4 at porous Pt and
Pto.9Ruo.1i dU/dt = 0.01 V/s

CV; MSCVs for m/z = 44 (CO2 formation) and m/z = 60 (formation of HCOOCH3).

Figure 4:
Relative amount of m/z = 44 and m/z = 60 versus the Pt content in PtRu.
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Figure 5:
Potentiodynamic methanol adsorbate formation on porous PtosRuy,; and Pt in 1 M HCIO;
dU/dt = 0.01 V/s; CV (top); MSCV for m/z = 44;
() first positive-going scan starting at 0.05 V; () second scan; (---) supporting electrolyte.

faradaic currents

ion currents

0 0.4 55 b 0.4 o8
ur/v us/v

Figure 6:

Oxidation of adsorbed methanol on Pt and PtogRuy, in 1 M HCIO4; dU/dt = 0.01 V/s;

CV (top); MSCV for m/z = 44,

solid line: first positive-going scan starting at U,q; dashed line: second potential scan.
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Figure 7:
Open circuit cell voltage of a PEMFC after switching the fuel gas from pure H; to H,O/CH;OH

(vol. 5 :1) mixtures using a Pt;)Rus anode catalyst.
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Figure 8:
Single cell measurements for direct oxidation of methanol in a PEMFC with Pt, Pto7Ruo3 and

PtosRugs as anode catalysts and pure Pt for the cathode; catalyst loading on both gas diffusion
electrodes: 1 mg/cm?,
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Abstract

The performance of liquid feed direct methanol fuel cells using various types of
Nafion membranes as the solid polymer electrolyte have been studied. The rate of fuel
crossover and electrical performance has been measured for cells with Nafion
membranes of various thicknesses and equivalent weights. The crossover rate is found
to decrease with increasing thickness and applied current . The dependence of
crossover rate on current density can be understood in terms of a simple linear
diffusion model which suggests that the crossover rate can be influenced by the
electrode structure in addition to the membrane. The studies suggest that Nafion EW
1500 is a very promising alternate to Nafion EW 1100 for direct methanol fuel cells.

Introduction

A liquid-feed type direct methanol fuel cell using proton-exchange membrane electrolyte
was developed under an ARPA-sponsored program and is now being actively considered
by DOE and DOD for stationary, portable, and transportation applications[1-3]. This fuel
cell operates on aqueous solutions of methanol as fuel and oxygen or air as the oxidant
and uses an ionically conducting polymer membrane such as Nafion® 117 as the
electrolyte. This type of direct oxidation cell is fuel versatile and offers significant
advantages in terms of simplicity of design and operation. In order to improve the
performance of these cells, it is necessary to reduce the parasitic loss of fuel across the
cell, termed "fuel crossover". The present study on fuel crossover focuses on Nafion
type membranes of various thicknesses and equivalent weight. The effect of -applied
current density on fuel crossover has also been studied.

Experimental approach

The membrane-electrode assemblies used in this study had an active area of 25 cm2. The
anode consisted of 4 mg/cm2 of Pt-Ru and the cathode of 1mg/cm2 of Pt and were
fabricated by Giner, Inc. The catalyzed electrodes were bonded to the various Nafion-
type membranes supplied by Du Pont. Crossover rates were measured by estimating the
carbon dioxide content of the cathode exit stream using a Horiba VIA-510 Analyzer. The
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methanol concentration was maintained at 1M in all the experiments. Crossover rate is
reported as an equivalent current density of methanol oxidation. Crossover rate was
measured under open circuit and on load. Nafion types of various equivalent weights and
thicknesses were investigated.

Results and Discussion

Results presented in Fig 1 show that membrane thickness has a significant impact on
crossover. Increasing the thickness from 5 mils to 14 mils causes the crossover to reduce
by about 40-50%. At the operating current density of 300 mA/cm2, the reduction in
crossover rate with thickness is about 10.5 mA/cm# per mil of reduction in thickness.
This can be used as a value for first approximation in estimating crossover reduction by
increasing membrane thickness.
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CURRENT DENSITY (mA/cm*2)

Fig. 1. Effect of membrane thickness on crossover for Nafion EW 1100.

Under actual conditions of operation, the crossover rate decreases with increasing current
density of operation. From Fig. 1 it is seen that this effect is similar for membranes of two
different thicknesses. Initially, it was perceived that methanol crossover phenomena was
controlled only by transfer of methanol through the membrane. However, the results
shown in Fig.1 suggests that factors other than membrane thickness govern the effect of
applied load on crossover. A phenomenological linear diffusion model for the steady-state
conditions prevailing during fuel cell operation was presented earlier [4] and considered
only membrane effects. This model can now be extended to include electrode effects is
shown in Fig.2.
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Membrane

. Etectode iw = applied current density
V] = crossover current density
C* MeOH H D, = apparent diffusion coefficient
ilg 1 in the electrode structure

D = apparent diffusion coefficeint
in the membrane

A =area
F = Faraday
n =number of electrons/ mole
Sel 8mem c' = concentration of MeOH at
the inlet
C = concentration of MeOH adjacent

to the edge of membrane

The flux of methanol across the electrode structure is related to the total current as
follows:
i app + i cr = nFADei(C*-C)/5ef

The flux of methanol due to crossover is given by,
i~ nFADmemC/8mem

Combining the above relations,
icr=nFADei{l/(1+k)}C*/$el -iapp{ 1/(H)}
where k=De|Smem/(DmemS8e|)

Fig.2: Phenomenological modelling of the crossover of methanol across the membrane
electrode assembly

The methanol concentration is shown to vary from a known inlet value to an intermediate
value on the fuel side and then finally to known zero concentration on the cathode. In the
steady state all these concentration gradients are linear. The methanol consumption rate in
the electrode in terms of the measured current and concentration gradient in the electrode
structure is related to the methanol crossover rate through the membrane to yield an
expression for crossover rate of methanol in terms of membrane and electrode properties
and applied current. Such a model explains the apparent linear decrease in crossover rate
with current density and suggests that the crossover can be reduced by altering the
methanol permeabilities of the catalyst layer and electrode structure.
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The electrical performance of fuel cells with 1100 EW membrane of various thicknesses
(Fig.3) shows that the performance trend is probably determined by the combined effects
of ionic conductivity and fuel crossover. As a result at higher thicknesses, the ohmic
resistance of the cell could be determining the cell voltage, although there would have
been some enhancement of the cell voltage due to reduced crossover.
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Fig.3: Electrical performance of direct methanol fuel cells with Nafion 1100 membranes of
various thicknesses.

Results presented in Fig. 4 demonstrate that high equivalent weight Nafion-types exhibit
lower methanol permeability.
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Fig. 4: Crossover rate in direct methanol fuel cells with Nafion membranes of different
equivalent weight types

Electrical performance studies (Figure 5) on various membranes of different equivalent

weights indicates a small reduction in voltage and increase in slope with increasing
membrane equivalent weight.
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Fig.5: Electrical Performance of direct methanol fuel cells with Nafion 1500 and 1100.

These findings are consistent with the results of ionic conductivity measurements (Figure
6) suggesting that Nafion 1500 would be a promising alternate to Nafion 1100. The
Nafion membrane consisting of a thin layer of EW 1500 and a thicker layer of EW 1070
shows an intermediate crossover rates and electrical perf ormance.
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Fig.6: Electrical conductivity of Nafion membranes of different equivalent weights.
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The open circuit voltage of the cells with various membrane types correlated with the
crossover rate as shown in Table 1.

Table 1: Open circuit voltage of methanol/oxygen fuel cell with 1 M methanol at 90°C

MEMBRANE CROSSOVER ocv
TYPE, EW RATE,mA/cm2
1100 313 0.748
(1500/1070) 275 0.755
1200 227 0.766
1500 186 0.778

The cell voltage decreases with increasing crossover rate. Similar effects on the on-load
voltage of the cell is to be expected.
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ABSTRACT

Transport rates of methanol in ionomer membranes exposed to
methanol aqueous solutions were determined electrochemically in cells
identical to direct methanol fuel cells (DMFCs) and by NMR measurements
on the membrane equilibrated with the methanol solutions. We will
compare the electrochemical and NMR results and discuss them in the
context of temperature and membrane thickness effects on methanol cross-
over in DMFCs. In addition, we show results for CO2 emission from the
cathode of an operating DMFC as a function of cell current and methanol
concentration in the feed stream, that indicate (1) at low concentrations,
methanol cross-over can be lowered by methanol consumption in the anode;
and (2) at higher concentrations, methanol is carried across the cell
significantly by electroosmosis.

INTRODUCTION

Direct methanol fuel cells (DMFC) utilizing perfluorosulfonate ionomer
membranes, such as Nafion®, have received much recent attention. These fuel cells
achieve simplicity in system design and cell operation relative to cells operating on
reformed methanol, and can yield overall high energy efficiency. They are promising
candidates for portable power sources as well as electric vehicle applications. Two major
obstacles currently preventing wide-spread commercial applications of DMFCs are the low
activity of methanol oxidation catalysts described to date and the phenomenon of methanol
permeation through the membrane. Methanol cross-over not only lowers fuel utilization
efficiency but also adversely affects the oxygen cathode performance, thus lowering cell
performance. Since the methanol permeation rate is an important factor affecting the
DMFC performance, it was measured in some investigations by monitoring CO2 emission
from the cathode during the DMFC operation!»2, Some fundamental studies of methanol
transport in membranes have also been published3y4.
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‘We have previously discussed the transport and related parameters required for
complete characterization of membrane aspects of the DMFC#. These include water and
methanol uptake by the membrane as a function of feed type and concentration, the
diffusion coefficients of water and methanol in the membrane and their cross-coupling, and
electroosmotic drag of each solvent associated with the protonic current. Here, we report a
study of methanol partitioning and transport in Nafion® membranes, using both in situ and
ex situ measurement methods. Nafion® and related poly (perfluorosulfonic) acid
membranes have been extensively studied in the context of hydrogen fueled fuel cells>.
Such studies represent a good starting point for understanding and optimizing membrane
performance in DMFCs. We compare results of electrochemical permeation measurements
across a cell of structure identical to that of a DMFC with data obtained from NMR
measurements of methanol uptake and diffusion. In addition, we describe some recent
measurements of cathode CO2 emission in an operating DMFC which demonstrate
interesting effects of DMFC current on methanol cross-over, measured in an operating
DMEFC.

EXPERIMENTAL

The cell components used in a DMFC and in the measurement of methanol
permeation through the membrane are shown in Fig. 1. Nafion® membranes are pretreated
as described elsewhereS. Electrodes consist of two distinct layers, a (gas diffusion)
backing layer and a thin film composite layer of interspersed catalyst and ionomer,

The thin film catalyst layers on the Nafion® membranes were formed by using the
decal method developed in this laboratory previously for Hyp/air cell6, Unsupported
catalysts (anode catalyst: Pt-RuOx, NRP 30-30 from E-Tek, Inc.; cathode catalyst: Pt
black) were used. The catalyst compositions were optimized to ensure good electronic and
ionic connectivity. This was achieved by adjusting the metal catalyst/Nafion® ratio of the
ink mixtures, adding 5% Nafion® solution (900 EW., Solution Technology, Inc.) to the
water-wetted metal catalysts. A suitable DMFC anode ink composition was 85 w.% Pt-
RuOx and 15 w.% Nafion®, and that of cathode ink was 93 w. % Pt and 7 w. %
Nafion®. To prepare the membrane electrode assembly, anode and cathode inks were
uniformly painted on two Teflon blanks (5 cm?)toa catalyst loading of 2 mg cm2. After
drying at 100 °C, the catalyst layers were transferred to and bound to a dried Nafion®
membrane (60 °C on vacuum table for 45 min.) by hot pressing at 125 °C and 1200 pounds
for 120 s. After the Teflon blanks were peeled off the catalyst/membrane assembly, the
cells were assembled in the order shown in Fig.1.
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For both voltammetric and potential step experiments, a HP6033A power supply
(Hewlett Packard) was used in conjunction with our standard fuel cell test station. The
power supply allowed potential control. Programs written in Labview (National
Instruments) were used to control the experiments using a Power Macintosh computer.

The cell conditions used for methanol permeation experiments were the same as
those used for a liquid-feed DMFC, other than the replacement of humidified oxygen by
humidified nitrogen, and are listed in Table 1 for different cell temperatures. Methanol
solution fed into the cell was at room temperature. At a cell temperature above 90 °C, it is
necessary to raise the pressure applied to methanol effluent to prevent complete
vaporization. Applying a higher pressure than that listed in Table 1 does not have
noticeable effect on the methanol permeation rate. Using a higher N2 humidification
temperature than the cell temperature helps to keep the membrane adequately hydrated. At a
sufficiently high methanol solution feed rate (>0.75 ml min.” 1y, the limiting current iy,
was independent of methanol pumping rate. All experiments in this study were carried out
at a methanol pumping rate of 2.5 ml min.-1, which was well above the methanol flow rate
limited current. The permeation of methanol was measured in such cells electrochemically

by monitoring methanol electrooxidation at the "nitrogen electrode."

Table 1: Cell Conditions for Testing at Various Temperatures

Teell PMeOH (psig) Thum, nit (°C) Pnitrogen (psig)
30 0 80 30
50 0 100 40
90 0 110 60
110 12 130 60
130 32 150 60

For ex situ membrane transport measurements, a variety of methods based on
those préviously described in the context of water and proton transport studies were
used3b-f, For experiments probing methanol and water partitioning into the membrane,
hydrated N afion® 117 samples were immersed in a methanol/water mixture of
appropriate composition at room temperature for several days and then emersed and
loaded into an NMR tube. The total water plus methanol uptake was determined
gravimetrically. 1H NMR spectra were recorded on a Bruker AMX400 spectrometer
operating at 400 MHz. Diffusion coefficients were measured for both the equilibrated
membrane and the equilibration solution using the pulsed gradient spin-echo sequence.
The NMR probe employed shielded gradients to minimize the effects of induced Eddy
currents on the diffusion measurements. Protonic conductivities for membrane samples
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immersed in methanol water mixtures were measured by high-frequency impedance using
our previously described conductivity cellSb,

Measurements of methanol transport through DMFCs under current were carried
out by monitoring the IR absorbance of CO2 in the gas stream emerging from the DMFC
cathode. The gas stream was passed through a desiccant column into the gas IR cell. A
minimum time of roughly 1 minute for equilibration of CO2 in the system was observed
and all sampling was done for longer than this time to ensure an accurate reading. IR
spectra were recorded at room temperature with a Perkin-Elmer System 2000
spectrometer using a short pathlength gas cell.

RESULTS AND DISCUSSION

Electrochemical Measurements of Methanol Permeability Through DMFC-like Cells

For the electrochemical determination of permeation rates of methanol through the
DMEFC, the ordinary DMFC assembly shown in Figure 1 is used. The electrode which is
ordinarily the cathode in the DMFC is exposed to an inert atmosphere and its potential is
controlled in the voltammetric or potential step experiment. Fig. I shows schematically the
transport processes involved and the electrode reactions occurring during the permeation
experiments. It can be seen that the methanol electrooxidation current measured at the
"nitrogen side" of the cell will depend on the methanol flux through the cell, as the counter
electrode process--electroreduction of H+ to H) occurring on the "methanol side"--will not
present any current limitation. Fig. 2 shows the voltammetric curves obtained by varying
the potential at scan rates of 2 mV/sec. The current/voltage curves due to the methanol flux
and electrooxidation are shown at various cell temperatures for a Nafion® 117 membrane.
The methanol flux through the membrane is determined from the measured mass transport
limited current, i.e. the plateau of the voltammogram. The methanol flux is seen to increase
with temperature. Assuming that the Nafion® membrane is pinhole free, the observed iJim

from methano! permeation through the complete cell can be expressed, in general, as:

1 1 d 1
—= + + (1
nFAD C.  nFAC X,

Him  im,back mCm

where, DmCm/d is the methanol flux across the membrane, i}jm,back is the limiting current
equivalent of methanol flux across the (carbon cloth) anode backing, and C'Xfis a
methanol flux across an interface, a measure of any interfacial barriers present in the cell.
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Figure 3 shows a plot of the reciprocal of the limiting currents obtained from these
permeation measurements versus the thickness of the membrane for a series of Nafion®
1100 EW membranes at 30, 50, and 70 °C. This plot reveals a linear dependence of ilim™!
on membrane thickness. Importantly, the zero intercept observed in this plot indicates that
the rate of methanol transport through the cell is practically controlled by the membrane
only (i.e. the middle term in Eqn. 1). The implication of this result is that neither the
anode backing nor any interfacial barriers to methanol transport significantly affect the
methanol cross-over rate in cells prepared as in this work. Cross-over is fully determined
by the membrane.

The methanol flux obtained from the above permeation experiments can be further
dissected into corresponding partition and diffusion coefficients, based on values of
CmDm!/2 obtained, according to the Cottrell relationship, from potential step experiments:

._nFAC,D,
= 2

The relatively small permeability of the membrane allowed us to observe, in the potential

step experiment, Cottrell behavior for an extended time period (up to 10 sec) followed by

steady state diffusion through the membrane, and thus to evaluate D 1/2. A typical

Cottrell plot, obtained in response to a potential step from 0 to 0.85 V for a cell with a

Nafion® 117 membrane operating at 90 °C, is shown in Figure 4.

We solve for Dy and Cp, using DjyCpyy values obtained from the limiting
currents and CyDm /2 values obtained from the Cottrell analysis. The results are
summarized in Fig. 5 and Table 2. We see that between 30 and 90 °C the methanol
concentration in the membrane ((MeOH]y) in contact with a methanol solution remains
unchanged, but starts to decrease above 90 °C (Fig. 5). This explains the slower increase
in methanol electrooxidation current with temperature above 90 °C, observed in Fig. 2.
The diffusion coefficients obtained are summarized in Table 2. The lower uptake of
methanol at such elevated temperatures reflects the strong tendency of the PFSA membrane
to lose solvent at temperatures exceeding the boiling point of the solvent.

Table 2: Methanol Diffusion Coefficients from Electrochemistry Measurements at Various
Temperatures, 1 M Methanol Liquid Feed

Temperature ( °C) Diffusion Coefficient (x 105, cm?/sec)
30 0.65
50 1.1
%0 23
110 13
130 8.1
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There is a marked increase in the measured D's with temperature. Indeed, an Arrhenius
plot of log(D) vs. T-1 yields an apparent activation energy of 5.8 kcal mol-1. This number
should be considered an effective value. In the actual cell, factors other than temperature
changes (e.g. water content changes) also contribute to changes in the observed D and it is
thus inappropriate to refer to this value as a pure activation energy. However, it does
emphasize the point that methanol mobility within the membrane increases significantly

with temperature.

EXx sitiu Measurements of Membrane Transport Properties

Methanol uptake and transport in membranes have been studied using NMR
spectroscopic and PGSE diffusion methods applied to Nafion® 117 membranes
equilibrated by immersion in solutions of 0.5-8 m methanol in water at 30 °C. These
concentrations bracket the experimentally observed optimal methanol concentration (in
water) in a liquid feed DMFC. NMR spectroscopic measurements allow us to estimate
water to methanol ratios in the membrane. The relative amounts of water and methanol
absorbed by the membrane from solutions of various concentrations were measured by
comparing the NMR signal intensities of the water and methanol (CH3) resonances. In
each case, the ratio of methanol to water concentrations found from these measurements
is the same inside and outside the membrane. Thus, little preference is shown for
methanol (or for water) uptake by Nafion® from methanol/water mixtures. It should also
be added that the uptake of methanol is in addition to the uptake of water. There is no
observable enhancement (or decrease) of the water uptake in the presence of methanol.
These results are consistent with methanol concentration evaluated from the
electrochemical measurements (Fig. 5) when the membrane porosity is taken into
account.

Diffusion coefficients for water and methanol in solution and in the membrane
were determined at 30 °C using the pulsed field gradient spin-echo NMR method. In this
method, the latter half of the spin-echo is measured as a function of gradient strength.
The Fourier transform of each half echo gives the spectrum with appropriate diffusional
attenuation. This allows one to calculate the component self-diffusion coefficients for
water and methanol. A concentration independent diffusion coefficient for methanol of 6
x 10°6 cm2sec-1 has been measured for methanol at 30 °C in the methanol/water
equilibrated samples. This value accords well with that measured by electrochemical
means. The similarity of diffusion coefficients measured by the different methods,
electrochemical and NMR, used here, is probably due to the low mole fraction of

Electrochemical Society Proceedings Volume 95-23

289



methanol in water. Under these conditions, it is reasonable to expect that the
intradiffusion coefficient, Dintra, (from the NMR measurement) is similar to the chemical
diffusion coefficient, Dchem, (from the electrochemical measurements). The NMR
measurements are currently being extended to higher temperature regimes.

We also measured the conductivity of membranes immersed in the methanol/water
mixtures as a function of temperature. The results are shown in Figure 6. A small
decrease in the membrane conductivity was observed over a wide temperature range in

the presence of the methanol.

Diffusion, Electroosmosis and "Preconsumption” of Methanol  Separation of the

diffusive and electrokinetic components of the methanol cross-over rate in the DMFC is
critical. A strong effect of electroosmosis on methanol cross-over was shown by the
work of Maricle et al.! where they demonstrated transport of | MeOH/H+ by
electroosmosis through a cell in which a 1.5:1 HoO/MeOH solution was used as liquid
anode feed. Interestingly, the results of Maricle et al. correspond to essentially statistical
partitioning of the drag between water and methanol if we assume a total solvent drag of
2.5 solvent molecules per proton, in line with our previously reported electroosmotic
drag coefficient in Nafion® 117 membranes exposed to liquid water5¢. Assuming this
statistical partitioning, we can estimate the influence of electroosmotic effects on the
cross-over levels reported here from in situ electrochemical measurements. Roughly
speaking, for 1M methanol, methanol would correspond to only 2% of the overall drag
while 98% of the dragged solvent will be water. To a good approximation, then,
migration of methanol is negligible relative to diffusion at such low concentrations of
methanol.

The high methanol cross-over rates measured electrochemically through Nafion®
117 are not directly translated to cross-over fluxes in operating cells, particularly at higher
cell temperatures. The important difference is that, unlike the case of the electrochemical
cell shown in Fig. 1, methanol can be consumed to some extent in the anode of an
operating DMFC (vide infra), thus lowering the methanol permeance. To determine the
methanol flux through the membrane in an operating DMFC, as opposed to determining
membrane properties per se, we must study output of CO2 from the cell cathode under

current, as described in the next section.
ethanol Transport Across the Cell in an Operating DMF

We have determined the dependence of CO2 emission from the cathode of an
operating, liquid feed DMFC as a function of current density for a variety of feed
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concentrations. The cell configuration was as follows: MeOH(aq)/Pt-Ru(2.6 mg/cm2) /
Nafion® 117/ Pt black (2.7 mg/cm2)/Oxygen(humidified). It was operated at 90 °C. The
results are shown in Figure 7. Because of difficulties with trapping of some CO3 in the
drierite column, the results are best regarded as qualitatively correct (with an offset on the
equivalent current axis). Nonetheless, there are several intriguing features of this curve.

At low methanol feed concentrations, the CO2 evolved from the cathode decreases
substantially with current densities. This suggests that the methanol impinging on the
anode is substantially consumed within the anode catalyst layer before crossing over
through the membrane. Thus, it may be possible to operate the DMFC in a lean feed mode
with high fuel utilization efficiency if a stable operating point at high current densities can
be found and maintained.

At higher methanol feed concentrations (CMeOH>2M), the CO2 emission from the
cathode begins to increase with increasing current density. Under these conditions,
electroosmotic transport of methanol through the cell becomes a significant player. Such
results have been previously reported (for the 13 M point) by Maricle et al.1. The overall
implication of these results is that fuel utilization may degrade with current density for high
methanol concentrations. These results also emphasize the previously observed optimal
methanol concentration for maximum DMFC performance, reported by several groups to
be below 4M.

Cross-over Implications in DMFCs
The principal penalty associated with methanol cross-over in DMFCs is a lower

fuel efficiency. As the results reported above show, substantial permeation of methanol
through the membrane occurs in cells using poly(perfluorosulfonic) acid membranes.
Based on the linear decrease of methanol flux with membrane thickness (Fig. 3) and the
steady state methanol flux values shown (Fig. 2), we estimate, for a 2 mil thick Nafion®
membrane, a cross-over flux of up to 700 mA/cm? at 130 °C for a 1M methanol feed.
Nonetheless, a DMFC using such a thin membrane under those conditions gives excellent
performance at high current densities” It is likely that the actual methanol cross-over rate
is significantly less than the calculated amount because of significant methanol
consumption within the anode at high current densities, as shown in Fig. 7. The
electrochemical method used here estimates the methanol permeation rate only under open
circuit conditions. The high DMFC performance at higher temperatures also suggests
that, at 130 °C, the DMFC cathode performance is not severely degraded by methanol
cross-over. These high performances are quite encouraging, but high fuel-oxygen
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recombination rates at open circuit would require an answer at the system design level if
cross-over rates cannot be significantly lowered.

CONCLUSIONS

The primary results shown here are:

(1) Methanol permeation rates between 50 -200 mA/cm2 of equivalent current density are
measured through a Nafion® 117 membrane in the temperature range 50-130 °C.

2) In Nafion® membrane-based DMFCs, the methanol permeation rate at open circuit is
linearly dependent on membrane thickness in a liquid feed cell, thus ruling out any other
significant transport barrier.

(3) Concentration of methanol in the membrane starts to decline as the temperature is
raised, but the diffusion coefficient increases rapidly, leading to an overall increase in
permeation of methanol with temperature through a well-swollen Nafion® membrane.
(4) Measurements of methanol cross-over in operating DMFCs show significant
consumption of methanol at the anode at 90 °C for feed concentrations of the order of IM
methanol. This suggests a possible cell operating mode ('lean feed') for improved fuel
efficiency in polymer electrolyte DMFCs.
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Figure 1. Schematic showing permeation measurement method in DMFC configuration;
(a) graphite blocks with cross-patterned flow field; (b) gas permeable backing, anode side;
(c) anode thin film catalyst layer; (d) Nafion® membrane; (e) cathode thin film catalyst
layer; (f) gas permeable backing, cathode side. For the permeation measurement, the
humidified oxygen feed is replaced by humidified nitrogen feed and electrooxidation of
methanol takes place at e. See text for more detailed descriptions.
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Figure 2: Voltammetric curves at various cell temperatures for the oxidation of methanol

permeating through a Nafion® membrane 117 exposed to a I M methanol feed on the
anode side and humidified inert gas on the cathode side(see cell in Fig. 1).
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CATALYTIC ACTIVITY OF A PT(111) ELECTRODE
MODIFIED BY RUTHENIUM DEPOSITION:
A COMBINED STM AND IR-SPECTROSCOPIC STUDY

K.A. Friedrich, K.-P. Geyzers, U. Stimming, J. Stumper and R. Vogel

Institut fiir Energieverfahrenstechnik (IEV)
Forschungszentrum Jiilich GmbH (KFA),
D-52425 Jiilich, Germany

The structure of a Pt(111) electrode modified by Ru deposition is studied by
STM and the CO electrooxidation on this electrode surface was monitored
by IR spectroscopy. The STM images of the Ru-modified Pt(111) electrode
in aqueous perchloric acid show islands of monoatomic height and about 3
nm in diameter. In situ IR spectroscopy of the CO stretching vibration
shows distinct bands for CO adsorbed on Pt and on Ru. With increasing
potential the vibrational bands assigned to CO adsorbed on Ru and on Pt
decrease simultaneously at the potential of CO oxidation. A reaction
mechanism assuming that the Ru islands act as nucleation centers for CO
oxidation is proposed in order to explain the experimental results.

INTRODUCTION

Currently the development of a fuel cell based vehicle propulsion system is considered
worldwide by several companies and research facilities using a polymer electrolyte
membrane fuel cell (PEMFC) (see e.g. (1)). The fuel gas, a mixture of Hy, CO3 and CO,
is produced by a heterogeneously catalyzed steam reforming reaction of methanol. A major
obstacle in the development of polymer electrolyte membrane fuel cells operated with a
hydrogen-rich synthesis gas is the drastic deactivation of the anode electrocatalyst (such as
dispersed platinum) caused by adsorption of carbon monoxide (2, 3). Therefore, the
realization of this fuel cell system for mobile applications requires either the reduction of the
CO content of the fuel gas to levels lower than 100 ppm CO or the development of new
CO-tolerant electrocatalyst for the anode. The latter concept has triggered a renewed
interest in bimetallic electrocatalyst such as Pt-Sn (4-6), Pt-Rh (7) and Pt-Ru (8, 9) that
have been reported in the literature to show an enhanced electrochemical activity in the
oxidation of hydrogen in Hy/CO fuel gas mixtures.

The promoter effect of these bimetallic electrocatalyst, and in particular that of Pt-Ru,
has been explained by a preferential adsorption of water on the Ru surface sites at more
negative potentials compared with platinum (the so-called bifunctional mechanism) (10) but
a detailed understanding of the enhancement of catalytic activity is still lacking. Therefore,
fundamental investigations performed on well-defined Pi-Ru model surfaces should
provide a deeper insight into the relationship between surface structure and reactivity that is
expected to further the development of better anode electrocatalysts.

Recently, UHV prepared and well characterized Pt-Ru alloys have been studied with
respect to their catalytic activity for the electrooxidation of CO and methanol (11-15). A
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distinct dependence of the rate of CO electrooxidation upon surface composition of the
alloys with an optimum Pt:Ru surface-atom ratio of 1:1 was observed. Our approach to
investigate the electrocatalytic activity of structurally defined composite electrodes has been
to deposit Ru on a Pt(111) single crystal electrode. The mostly ideal surface of the single
crystal facilitates the surface characterization by STM, since structural modifications are
readily observed. The characterization with respect to surface structure and composition is
a prerequisite for the understanding of the electrochemical behavior of these Ru-modified
electrodes. Several studies have used a Pt electrode modified by Ru deposition as a Ru/Pt
electrocatalyst for the oxidation of methanol and CO before, but the interpretation of the
observed enhancement in catalytic activity has been complicated by the unknown structure
of the Ru deposits (8, 16).

In this study, relatively large (2 - 5 nm in diameter) structures are detected in the STM
images, which are attributed to deposited ruthenium islands. From the STM measurements
we conclude that our electrodes can be considered Ru "nano-clectrodes” deposited on a
Pt(111) substrate. As will be discussed below, the electrode structure of our electrodes can
be regarded as an intermediate surface structure between two limiting cases: pure Pt (e.g.
as the (111) surface) and Pt-Ru alloys.

In addition, we use in-situ IR-spectroscopy in order to further elucidate the role of Ru
surface atoms in the mechanism of CO electrooxidation on this Ru-modified Pt(111)
single-crystal surfaces. IR spectroscopy of the stretch vibration of adsorbed CQO and CO,
provides detailed information regarding the bonding configuration and the onset of CO
electrooxidation to CO,. As it is well-known, CO adsorbs strongly on Ru and the reported
CO-stretch frequency is lower by about 30 - 40 cm-! compared to CO on Pt (17), This
frequency shift is large compared to the line width of the vibrational band and should
therefore allow a distinction of Pt and Ru adsorption sites and enable an investigation of
their respective functionality for CO electrooxidation.

EXPERIMENTAL

Surface preparation and electrochemical characterization .

The Pt(111) crystal with 10 mm diameter was grown in the Institut fiir
Festkorperforschung (IFF) and was oriented ( 0.1°) and polished in the Institut fiir
Grenzflichen- und Vakuumphysik (IGV), both of the Forschungszentrum Jiilich (KFA).

At the beginning of the experiment, the crystal was flame-annealed, cooled in Ar and
characterized with cyclic voltammetry using the hanging meniscus method in an
electrochemical or in the spectroscopical cell. The cyclic voltammograms in 0.1 M HCIO,4
were found to agree satisfactorily with previously published results (18). Ru deposition
was performed potentiostatically in 0.1 M HSO4 + 5 mM RuClj at different deposition
potentials ranging from 0.6 V to 0.2 V versus RHE. The deposition was performed by a
potential step from 0.9 V vs. RHE where no Ru deposition occurs to the deposition
potential. Deposition time was always 5 min. In this paper, we show measurements
corresponding to deposition of Ru at 0.3 V, 0.4 V and 0.6 V versus RHE. The current
transient during deposition was measured with an integrated charge of 15.7, 15.5 and 9.3
mC/cm2 for the deposition at 0.3 V, 0.4 V, and 0.6 V, respectively. Different reference
electrodes were used in the experiments (Ru deposition: Hg/HgaSO4 STM measurements:
Auw/AuOy, IR measurements: a reversible hydrogen electrode (RHE)) but all potentials are
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reported with respect to RHE. The electrolytes were prepared from suprapure HC1O4 and
H,S804 (Merck).

The measurements presented here were performed with a commercial Besocke Delta-
Phi STM, which was modified for electrochemical applications and interfaced to a self-built
bipotentiostat. The STM was operated in an inert gas atmosphere of argon. Details of the
setup are presented elsewhere (19).

The purpose of the STM-investigation was to access information on the morphology of
the Ru-modified platinum surface. The most straightforward approach should be to
monitor the process of Ru deposition on the platinum surface directly with the in-situ STM.
It is known, however, that galvanic reactions can be affected by the tunneling tip. The
influence of the tip has been observed to depend strongly on the substrate as well as on the
deposition material (20). For ruthenium deposition on platinum, the tip influence is very
pronounced (21), thus making this approach unsuitable for the present purpose. To
circumvent this problem, another experimental route was followed. The electrodes were
pretreated in a separate glass cell, thoroughly rinsed with water, and then transferred to the
STM cell with an adhering drop of water protecting them against atmospheric
contaminations. Then the STM was purged with Ar and the water was replaced by
electrolyte solution. Subsequently the surface was imaged with the STM.

IR spectroscopy
Infrared spectroscopy was performed using a Bruker IFS 66V FTIR Spectrometer with

a self-built cell attachment permitting measurements with evacuated IR optics. The
spectroscopical cell was made from Duran glass and a CaF window with 60° bevelled
edges. IR spectra were accumulated during a continuous positive sweep at a scan rate of
0.5mV /s. Typically, 400 scans at AV = 4 cm-! were taken for each spectrum
corresponding to a measurement time of = 90 s. The electrodes were prepared as described
above, but then transferred to the spectroscopic cell with the surface protected by a drop of
water. Then CO was adsorbed at a constant potential of U= 90 mV up to saturation
coverage and subsequently the thin layer configuration for the spectroscopic measurement
was established. The CO dissolved in the solution was removed by purging with Ar. For
the calculation of the CO,gs signal a reference spectrum Rg was chosen, which was
obtained after complete oxidation of the CO,qs species.

RESULTS AND DISCUSSION

ic vol

Fig. 1 shows the cyclic voltammograms of the clean and two Ru-modified Pt(111)
surfaces (dashed line) and of the electrooxidation of a monolayer of CO on these surfaces
(solid line). The voltammograms were recorded at 20 mV/s. The electrode surfaces of
fig. 1b and fig. 1c correspond to a Ru deposition at 0.6 V and at 0.3 V, respectively. The
determination of Ru coverage on platinum electrodes by electrochemical methods is rather
difficult, since the deposition process is poorly understood and the decrease of hydrogen
adsorption reflects only indirectly the amount of Ru deposited. Watanabe and Motoo
(WM) (10) have introduced a determination of Ru coverage on polycrystalline Pt based on
the integration of the current wave attributed to OH adsorption on Ru and relating this value
to the hydrogen adsorption charge. Since the hydrogen desorption and surface oxidation
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(OH adsorption) currents overlap and the OH adsorption current is not prominent in the
cyclic voltammograms in Fig. 1, the effective surface area of the Ru deposit cannot be
determined accurately. However, if the values of the Ru coverage as determined for
polycrystalline Pt-Ru surfaces according to the method suggested by Watanabe et al. are
assumed to be valid also for the Pt(111) surface, the Ru coverage of the electrode surface in
fig. 1b and fig. 1c would be Og, = 30% and Og, =~ 70%, respectively. As shown by
STM images below, this somewhat arbitrary Ru coverage determination is qualitatively
correct. A more detailed discussion of Ru deposition and the determination of Ru surface
concentration will be given elsewhere (22).

We observe a peak potential of CO electrooxidation at Ugx = 730 mV on the
uncovered Pt(111) surface which correlates with the onset of the current peak associated
with OH adsorption on this surface (23) (dashed line, fig. 1a). On the Ru-modified
surfaces (fig. 1b-c), a negative shift of = 130 mV for the CO electrooxidation potential is
observed, but still only a single oxidation current peak is detected. For lower scan rates the
CO electrooxidation peak shifts negatively. For a sweep rate of 0.5 mV/s, the recording
rate of the potential-dependent IR spectra, a shift by -100 mV compared to the
measurements in fig. 1a-c is found.

STM investigations
The preparation procedure described in the experimental section does not routinely yield

clean, well-defined platinum single crystal surfaces.” This is evident from fig. 2a, which
shows the as-transferred Pt(111) surface without any Ru deposit. The typical terrace
structure of the (111) surface with monoatomic steps can easily be recognized, but a
moderate density of islands on the terraces indicates a non-negligible surface disorder,
which may either result from insufficient flame annealing or from contamination of the
sample during transfer.

Fig. 2b shows a Pt(111) surface with a Ru coverage of 0.3 according to WM and
exhibits a striking difference to the unmodified Pt(111) surface. The surface is covered
with small islands of 2 to 5 nm in diameter. The height of the islands is predominantly
close to the height of monoatomic steps of the substrate. The defect density of the substrate
given, it is unclear for an individual island whether it consists of Pt or Ru. From the
comparison of fig. 2a and 2b one can, however, derive, that the density of Pt islands is
almost negligible compared to the density of islands on the Ru-covered surface. The
fraction of the surface which is covered by the islands has been estimated for several
images, yielding values between 0.2 and 0.4 with a mean value of 0.25.

A Pt(111) surface with a Ru coverage of 0.7 according to the coverage determination
method of WM is shown in fig. 2c. Islands similar to those in fig. 2b dominate the image,
but with a considerably higher density. Due to this high density, it is impossible to
distinguish the substrate from the deposit, thus one can not evaluate the images in terms of
surface coverage. It is feasible, however, to estimate upper and lower limits for the
coverage. From a comparison of fig. 2b and 2c it is obvious, that the respective coverages
differ at least by a factor of two. An upper limit can be derived from the fact, that the
monoatomic steps of the substrate can still be clearly seen on the Ru-covered surface. This
indicates that the coverage is still in the monolayer regime.

IR spectroscopy
Fig. 3 compares IR reflection absorption spectra of clean Pt(111) (fig. 3a), Ru-

modified Pt(111) with a nominal Ru coverage of 0.3 (fig. 3b) and with a nominal Ru
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coverage of 0.7 (fig. 3c) at about 400 mV. The spectra shown in Fig. 3 were obtained
during a slow positive potential scan (0.5 mV/s) in a thin film configuration. The
vibrational bands shown in this figure all exhibited a strong potential dependence and are
therefore associated with CO adsorbates. For each spectrum the collection time was
= 100 s, therefore the potentials given in Fig. 3 refer to the mean values of the potential
interval SAU =50 mV). On the clean Pt(111) surface, the bands around 2070 and
1790 cm! have been reported before and are assigned to COygs in a linear-bonded (on-top)
and threefold hollow coordination (24). A 2:1 ratio for the integrated intensities of the
2070 cm-1 to the 1790 cm-1 band has been attributed to a (2x2)-3CO adsorbate structure as
shown by a combination of STM and IRAS studies (25). In fig. 3b, apart from the
absorption bands around 2070 cm-! and 1790 cm-1, a new vibrational feature around
2010 cm-! is present. This third band has not been observed on the unmodified Pt(111)
surface. For the surface with a high Ru coverage (fig. 3c), this band is very pronounced
(its integrated band intensity is higher than that of the 2070 cm-! band). Therefore, this
band is most likely associated with a Ru-CO species. CO adsorbs readily on
polycrystalline Ru electrodes and a CO vibrational band, assigned to linear-bonded CO, is
observed around 2040 cm-! at saturation coverage (17). Coverage dependent lateral
interactions between the adsorbed CO molecules lead to a lowering of Vo with decreasing
coverage and this effect has been observed very dramatically in UHV studies of CO
adsorption on Ru(001) (26), where a coverage dependent variation of Vo between 1984
and 2061 cm-1 was found. Since multiple-bonded CO has not been detected in UHV
studies (26, 27) and since the typical frequency ranges for lincar-bonded CO lie above
2000 cm-! we propose to assign the vibrational band around 2010 cm-! to CO linear-
bonded to Ru surface atoms. In the spectrum with the high ruthenium coverage (fig. 3c)
the band around 1850 cm-! can be assigned to bridge-bonded CO adsorbed on platinum
(24). Interestingly, no CO in a threefold coordination is present for this surface. As faras
we know of, a ratio of integrated band intensity of 1:1 for the bridge band to the on-top
band has not been reported before and we assume that the high density of Ru islands has
disrupted completely the ordered (2x2)-3CO adsorbate structure. Likewise, the ratio of
integrated intensities of the threefold hollow band to the on-top band diminishes from 1:2
on the clean Pt(111) crystal to 1:5 on the Ru-modified Pt(111) electrode with 0.3 coverage
in fig. 3b. This preferential removal of the threefold hollow band in the spectra of the Ru-
covered Pt(111) crystals suggests the existence of a boundary region along the
circumference of the Ru islands, where threefold-bonded CO is affected with higher
probability than CO adsorbed in a linear or a bridge configuration.

Fig. 4 shows IR spectra measured during a positive sweep after adsorption of CO at
90 mV on a Ru-modified Pt(111) electrode with a coverage of 50 % according to WM.
Again, the spectra show three potential-dependent bands; the bands around 2070 and
1790 cm-! are due to linearly bonded CO and triply bonded CO, respectively. The band
around 2010 cm-1 is assigned to linearly bonded CO on Ru. The band frequency of
CO/Ru shifts at a rate of d V¢yz,,/dU= 48 cm-1/V which is considerably higher than the
tuning rate of the vibration of €O adsorbed on Pt (d Vco(p,y/dU=27 cm-1/V in this study
for lincarly bonded CO). Nevertheless, this shift is similar to the value reported for the
frequency shift of CO on a Ru electrode by Gutiérrez et al. (41 cm-1/V) (17). Small
differences in the tuning rate may be explained by coverage effects. COa(s is oxidized to
CO; at a potential of =550 mV and within the resolution of our experiments (AU=~50 mV)
the intensities of the vibrational bands of CO/Ru and CO/Pt decrease at the same potential,
The simultaneous electrooxidation of CO/Pt and CO/Ru is in agreement with a single
current peak in the cyclic voltammograms in Fig. 1.
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The STM images in fig. 2 and the observation of two separate vibrational bands for CO
bonded to Pt and to Ru both clearly demonstrate that relatively large Ru and platinum areas
with their respective chemical properties are present. However, the cyclic voltammograms
of the investigated electrodes are not a superposition of Pt and Ru, but reveal a pronounced
promoter effect for CO electrooxidation with a single sharp current peak (fig. 1). The
bifunctional mechanism of CO electrooxidation postulates a coadsorbed oxygen-containing
species such as -OH. OH adsorption on pure Pt(111) is evident in the current peak at
=580 mV (23) (fig. 1a) and therefore the uncovered Pt(111) surface area is considered free
of adsorbed OH at the onset of CO oxidation on the Ru-modified surfaces. Consequently,
CO electrooxidation has to start on the Ru islands and along their periphery; the adjacent Pt
sites can be considered active sites for CO electrooxidation (denoted Pt*). Furthermore,
we have to assume a high mobility of the CO adsorbates on Pt in order to explain the single
current peak. This way, the Ru islands act as nucleation centers for CO oxidation
according to the following reaction scheme (1a-d):

a) Ru + H,0 — Ru-OH + H* + ¢

b) CO-~Ru + OH~Ru —— 2Ru + CO, + H* + ¢ i

¢)CO-Pt"+ OH-Ru — Pt'+ Ru+ CO, + H + ¢’
d) CO-Pt —> CO-Pt*

Water adsorption takes place on the Ru island at low potentials [1a]. CO adsorbed on
Ru and at Pt* is oxidized at sites in close proximity to a Ru-OH surface species [1b,c].
After initiation of the CO electrooxidation, CO adsorbed on Pt migrates to an active site Pt*
(step [1d]) in close proximity to Ru (the adsorption site of the oxygen-containing species)
and, subsequently, CO-Pt* is oxidized to CO; (step [1c]).

For polycrystalline Pt-Ru alloys, only one vibrational band has been reported, shifted
to lower frequencies by about 15-30 cm! as compared to polycrystalline Pt (28). This
disparity to the results presented here is rationalized in terms of a homogeneous distribution
of Ru and Pt atoms at the surface of the alloys. CO is either adsorbed only on platinum
sites on the alloy surface with a low coverage or, more likely, the local binding
configuration are averaged out by lateral interactions (dipole-dipole coupling). In this case,
an intensity transfer from the low (CO/Ru) to the high frequency band (CO/Pt) occurs as
well as a shift towards higher wavenumbers of the lower frequency band. This would also
explain the observed asymmetry of the CO absorption band on Pt-Ru alloys.

In conclusion, the STM investigation showed that Ru on Pt(111), electrodeposited
from 5 mM solution of RuCl3 in HpSOy4 at submonolayer coverages, forms islands of
monoatomic height with diameters from approximately 2 to 5 nm. A variation of the Ru
coverage results in a variation of the density of Ru islands, but does not affect their shape.
Rough estimates of the coverage have been derived from the STM images and, for medium
coverage, gave values slightly smaller than the evaluation according to the method of WM.
Since STM is, however, not the most suitable technique for the detection of average surface
properties, we consider this small deviation not significant,
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IR spectroscopic studies of the CO stretching vibration exhibit distinct bands for CO
adsorbed on Pt and on Ru. A band around 2010 cm-! is assigned to CO adsorbed on Ru
in an on-top configuration. The vibrational bands assigned to CO adsorbed on Ru and on
Pt persist in the potential range negative of the oxidation potential and diminish
simultaneously upon oxidation. This shows that although CO adsorbs both on Ru and Pt,
a promoting effect is operative which gives rise to a single oxidation process. These
findings are consistent with the bifunctional mechanism if we postulate an initiation of CO
oxidation on/or around the Ru islands in combination with a sufficient high mobility of the
CO adsorbate on platinum. Therefore, these surfaces modified by Ru deposition may be
considered an intermediate surface structure between pure Pt and Pt-Ru alloys.
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Fig. 1. Cyclic voltammograms of P(111) electrodes (dashed line) and for electrooxidation

of a CO adsorbate layer (solid line) in 0.1 M HCIO4 at a sweep rate of 20 mV/s,
Adsorplion was performed at 90 mV for 5 min. in CO-saturated electrolyte.

(a) Pt(111) without predeposited ruthcnium.

(b) With predeposited ruthenium at a coverage of 0.3.

(c) With predeposited ruthenium at a coverage of 0.7.
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Fig 2. In-situ STM images of Pt( 111) electrodes after transfer to the STM cell,
measured in 0.1 M HCIO4 at a sample potential of 0.5 V vs. RHE
with a tip potential of 0.8 V and a tunneling current of 0.4 nA.

A) Blank experiment without predeposited ruthenium.
B) With predeposited ruthenium at a coverage of 0.3.
C) With predeposited ruthenium at a coverage of 0.7.
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Fig. 3 In situ IR spectra of Ru-modified Pt(111) with different Ru
coverages, measured in 0.1 M HCIO, after CO adsorption at

90 mV; signal averaging of 400 scans at a resolution of 4 em™,
(a) Pt(111) without predeposited ruthenium.

(b) With predeposited Ru at a coverage of 0.3.

(c) With predeposited Ru at a coverage of 0.7.
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Fig. 4. In situ IR spectra of a Ru-modified Pt(111) with a Ru coverage of about
0.5in 0.1 M HCIO, during a slow anodic scan (scan rate: 0.5 mV/s) after

adsorption of CO at 90 mV; parameters as in Fig. 3.
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ABSTRACT

Under an ARPA-sponsored program, the fuel cell team of Electrochemical
Technologies Group at JPL has identified a Liquid-Feed Fuel Cell
(DMLFFC) operating on aqueous solutions of methanol. This fuel cell
operates using a Proton Exchange Membrane (PEM) at 90°C.  State-of-art
fuel cells for electric vehicles have been based on hydrogen or reformed
methanol.  High pressure is undesirable. Methanol reformers which are
bulky, complex, and do not respond to load changes. The Direct Methanol,
Liquid-Feed Fuel Cell (DMLFFC) can be fed from the fuel tank which is
filled from a service station pump in much the same way as is done today
with gasoline powered vehicles The operation of this design involves
mixing of methanol with water and circulating directly through the anode
chamber of the fuel cell. Oxygen or air serves as the oxidant. The products
are water and carbon dioxide. This paper describes results of an initial
conceptual design of a 5 kW DMLFFC system. The objective of the study
was to develop and evaluate conceptual designs of a 5 kW DMLFFC system
suitable for electric vehicle and other terrestrial applications. The approach
consisted of : a) developing a conceptual system design, b) selecting
operating conditions for assumed steady state operation, ¢) conducting
sizing studies for the stack and other systems components including fuel
supply subsystem, oxidant supply subsystem thermal and water effluent
subsystem, sensors and control subsystem, and power electronics
subsystem, and d) summarizing and assessing system design and
performance.

INTRODUCTION

Significant progress has been made recently under an ARPA-sponsored direct methanol
fuel cell development program. The fuel cell team led by JPL with Giner Inc. and the
University of Southern California has identified a Liquid-Feed Fuel Cell (DMLFFC)
operating on aqueous solutions of methanol. Several papers presented by JPL and Giner
describe the system and its past performance 13 This fuel cell makes use of a Nafion 117
Proton Exchange Membrane (PEM) operating at temperatures from 60 - 90°C. Using
aqueous 3% methanol as the fuel, single 2” x 2” and 4” x 6” cells have operated at 90°C
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producing 300 mA/cm? at 0.5 V with 30 psig oxygen (0.4 V with air). It can also start up
at room temperature at reduced levels.

State-of-art fuel cells for electric vchicles are based on hydrogen or reformed methanol.
High pressure and hydrogen storage in general is undesirable and methanol reformers
which are bulky, complex, and do not respond quickly to load changes. The DMLFFC can
be fed from the fuel tank which is filled from a service station pump in much the same way
as is done today with gasoline powered vehicles The operation of this design involves
mixing of methanol with water and circulating directly through the anode chamber of the
fuel cell. Oxygen or air serves as the oxidant. The only products are water and carbon
dioxide.

THE INITIAL AND PROJECTED DESIGNS

This paper describes initial and projected conceptual designs of a DMLFFC system capable
of delivering 5 kW. The objective of the study was to develop and evaluate systems
suitable for electric vehicle and other terrestrial applications. The approach consisted of: a)
developing an overall system concept, b) selecting operating conditions for assumed steady
state operation, c) conducting sizing studies for the stack and other systems components
including fuel supply subsystem, oxidant supply subsystem thermal and water effluent
subsystem, sensors and control subsystem, and power electronics subsystem, and d)
summarizing and assessing system design and performance. The operating conditions are
given in Table L.

Table I: System Operating Conditions
(Temperature: 5-40°C, RH: 0-100% , 1 Atm., constant load)

Operating Parameter Initial Design Adv. Design

Temperature (°C) 90 90
Pressure  (psig) 30 30
Fuel MeOH MeOH
Fuel Conc. (%) 3 3
Fuel Mix Flow Rate (I/min.) 30 16
Air Flow Rate (g/sec) 30 20

These are the operating conditions initially found to produce the performance reported and
those believed to be achievable in the near term with the same performance. An overview
of the key system features is given in Table II. The system design concept is given in
Figure 1.

FACTORS CONSIDERED

Number of Cells

The number of cells is determined by the voltage of each cell and the fact that a large
number of cells have to be stacked in series to achieve the voltage and in parallel for the
fuel and air feed. For consistency with transportation applications, the DMLFFC system
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Table II: System Design Overview

(at 30 psi air and 90°C)
Initial Design Adv. Design

System Voltage 320V 320V
Stack Voltage 40V 40 V
System Weight 112 kg 84 kg
System Volume 1151 74 1
System power S5kW 5kW
Stack Power 7kW 7kW
System Specific Power 42 W/Kg 60 Wikg
System Power Density 44 Wil 67 W/l
Fuel Cell Efficiency 18.4 % 35.5%
System Efficiency 12.7% 27.1%

voltage was selected as 320V. To achieve the desired 320 V, at 0.4 V/cell, 800 cells would
have to be assembled into a stack. This would be impractical. However, at the reasonably
high current achieved, the larger cell area could be used to provide the current and
therefore power necessary to drive up the voltage to enable the use of a converter. Using a
ccll stack of 100 cells to produce the 40 volts, a converter with >90% efficiency could
provide the necessary 320 Volts. The lower number of cells would also serve to reduce
the complexity of fuel and air flow.

Stack Efficiency
The major contributors to stack inefficiency were methanol crossover and polarization

losses. For the initial design the cell voltage was 0.4 V at 300 mA/cm? which represents an
efficiency of 32.2% based on the theoretical voltage of 1.24V. The second factor in
efficiency is related to the methanol crossover, i.e., methanol migrating through the Nafion
from anode to cathode where it reacts with the O, to form water and CO,. This results in
inefficient use of the methanol and a lower cell voltage. The loss of methanol through the
membrane combined with the lower voltage results in a cell efficiency of 18.4%. It was
projected that the initial 0.4 V/cell performance could be improved in two ways; reduction
of the crossover to 10% from 40% and reducing polarization at the anode and cathode. An
increase in the cell voltage to 0.5V/cell combined with the lower crossover rate would
increase cell efficiency from 18.4% to 36.4%.

Mass and Volume

The major contributors to the overall system weight for the advanced system were found to
be the stack subsystem and the air supply subsystem.. The major improvements are due to
the increase in the number of cells per inch also known as the “pitch” and the ability to
operate at higher current density with increased voltage as described above.

The Subsystem weight estimates for the advanced system is given in Figure 2. and the
volume in Figure 3. The subsystems that had the major impact on mass were the stack

Electrochemical Society Proceedings Volume 95-23 313



which decreased from 39 to 31% in the advanced design and the air supply subsystem
increasing from 22 - 29% as the stack design improved. The electronics were estimated to
be at ~20%. On the other hand the volume of the stack improved from 45 to 34%, the
thermal, water and effluent subsystem was similar for both at ~30% and the fuel subsystem
became a larger percentage of the total going from 17 - 26% in the advanced design.

Sensitivity studies shown in Figures 4 and 5 have shown that a marked reduction in weight
and size as well as improvements in overall efficiency can be achieved by reducing
crossover and lower operating pressure. Recent experimental advances have identified
methods for reducing crossover and enabling operation at lower pressures.

The Air Supply Subsystem
The air supply subsystem was found to require very large parasitic power without power

recovery. A schematic is given in Figure 6. To optimize performance required adequate
flow of air into the stack and cells. The design called for air pressure of 20 - 30 psig with a
flow rate of 20-30 liters/minute to achieve the reported performance. The goal was to
minimize the power drain to less than 1.3 kW for the compressor system. Estimates for the
compressor efficiency and turbine efficiency were 85% and 75-88% respectively. This
resulted in weight of 24.6 kg and a volume of 2.8 liters. The incorporation of a turbo-
compressor with recovery was found to necessary reduce parasitic power drain. In order to
account for the additional parasitic loss, the stack was designed to deliver 7 Kw. The
concerns included the fact that the turbine compressor is not off-the-shelf, that it requires
two phase fluid dynamics, and effect of direct coupling over a range of operating
conditions is not well known.

The Fuel Supply Subsystem

The goal for minimizing the parasitic drain for this subsystem was less than 150 W for the
7 kW stack and defined operating conditions. The assumptions included an inlet
concentration of 1 molar with the outlet being a minimum of 0.8 molar methanol and the
outlet temperature set at 90°C. It was also assumed that the fuel tank of 15 gal would
contain high purity methanol which would drip into a water circulation tank initially
containing deionized water and be diluted to 1 molar. A schematic of the fuel supply
subsystem is given in Figure 7. The product high purity water from the cathode together
with the unused methanol water mixture from the anode chamber would be returned to the
circulation tank for further use. A sensor would be used to control the concentration of
methanol in the tank was estimated that the circulation tank of 6 liters would be adequate

for the circulation tank.

Thermal, Water and Effluent Management Subsystem

The objective of this effort was: a) to project the heat generation rates and design a cooling
system, b) project water consumption and generation rates, c¢) design a water recovery
system d) project CO, production rates, and €) determine how much methanol exits from in
the fuel exhaust. These calculations were quite complex especially starting with a limited
cell and stack measurements. A computer model of the subsystems within the system was
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developed. It was the determined that a balance between the input and output of all
species could be achieved under the operating conditions baselined.
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