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The oxygen reduction reaction (Om) is quite sensitive to the details of the 
three phase interface at which the reaction occurs. We describe here studies 
of the O M  at a well-defined recast Nafion/Pt microelectrode interface, 
emphasizing the effects of temperature and humidification on the reaction 
rate. We compare our results to those obtained in thin film composite 
electrodes used in polymer electrolyte fuel cells. 

INTRODUCTION 

Electrochemical fuel cells based on a perfluorosulfonate polymeric electrolyte (e.g. 
NafionB) perform well and allow high power densities. A typical cell assembly 
developed in our research group consists of a thin composite film of carbon-supported Pt 
and recast ionomer bonded directly to the ionomer membrane. Oxygen reduction ( O M )  
thus occurs in these e l l s  at the interface formed by highly dispersed Pt particles with the 
hydrated recast ionomeric electrolyte. The corresponding half-reaction is 

0 2  + 4H+ + 4e- ----> 2 H20 

The solid ionomer electrolyte provides both the medium for bulk H+ and the interfacial 
environment for reaction. This is schematically shown in Figure 1. Understanding the 
kinetics of this reaction in polymer electrolyte fuel cells (PEFC) is important for 
evaluating their behavior and for adjusting experimental parameters, materials and 
structures to optimize their performance. The dependence of the interfacial kinetics of 
ORR at the Purecast Nafion interface on water content is a particularly important aspect 
that we will address in this paper. In the first part of this work, we report our study of 
the electrochemical reduction of 0 2  at a Pt microlectrode, under a range of humidification 
conditions and temperatures, in a cell containing a hydrated recast Nafion film as the 
only electrolyte. Aspects of hydration of recast films will be discussed. In the second 
part, we describe how the Purecast ionomer interface can be prepared in the most 



efficient way to produce the best possible catalyst utilization at high current densities in 
PEFC's. 

The minicell employed in this study is described elsewhere(1.). Briefly, it 
consisted of a polished 100 pm diameter Pt microdisk sealed in a glass tubing as a 
working electrode. A Pt ribbon was attached to the glass as a counter electrode, and a 
piece of Na5on tubing served as an electrolytic connection to a separated compartment 
containing a dynamic hydrogen electrode (DHE, used as a reference). The minicell was 
completed by recasting a Nafion film (c.a. 10 pm thick) over the electrodes as the only 
electrolyte. This assembly was suspended inside a bottle provided with an inlet for 
humidified gases. Also a small amount of liquid water was maintained at the botton of 
the bottle during the experiments. With the exceptions indicated in the text, in most of the 
measurements the liquid was not in direct contact with the electrodes. 

The membrane-electrode assemblies described here were constructed using two 
methods (2). In the first one, known as the "decal" method, the catalyst ink is cast onto 
Teflon blanks for transfer to the membranes in the Na+ or K+ forms by hot-pressing. In 
the second technique, the same type of catalyst ink in the tetrabutylammonium (Tl3A+) 
form is cast directly onto the membrane. This process may have the advantage of 
producing a more intimate rnembrandelectrode interface. The catalyzed membranes are 
reconverted to the H+ form prior to fuel cell testing. High PEFC performances are 
achieved with cathode catalyst loadings as low as 0.12 mg Pt/cm2. 

RESULTS AND DISCUSSION 

ORR At Smooth m e c a s t  Nafion Interfaces 
The reduction of 0 2 ,  at a Pt microelectrode filmed with recast Nafion, was 

studied by slow scan rate cyclic voltammetry. As shown in Fig. 2, when the electrode 
was either immersed in 02-saturated liquid water (a) or hanging in a humidified 0 2  
atmosphere (b), sigmoidal-shaped current-voltage curves were obtained with well- 
defined limiting currents. Another characteristic feature is that the currents in the 
anodic (reverse) scan were larger than the currents in the cathodic scan for potentials 
near 0.9 V. Similar behavior was found for the reduction of 0 2  at a Nafion coated 
rotating disk Pt electrode immersed in aqueous H2S04 or H3P04 solutions (3). The 
higher currents in the anodic scan have been attributed to the oxide-free state of the Pt 
surface up to about 0.85 V, the Pt surface is partly covered by oxide during the cathodic 
scan down to about 0.5 V. As can be seen from Fig. 2, the limiting current measured 
with the cell immersed in water was considerably smaller than the limiting current 
measured with the cell in a humidified 0 2  atmosphere. This difference is caused by the 
additional mass-transport barrier for 0 2  when the electrode is immersed in liquid water. 

To study the effect of temperature on the ORR at the Purecast Nafion interface, 
measurements were carried out in the temperature range from 7°C to 80°C. Figure 3 



shows current-potential curves recorded at temperatures between 7°C and 40°C. In this 
range, the limiting currents grew with temperature; some increase of the kinetic current 
can be also noticed from the higher values of the currents measured at the "foot of the 
wave" around 0.9 V. At temperatures of 50°C or higher, more drastic changes occurred 
(Fig. 4). Above 50"C, the onset of the ORR was shifted to considerably higher 
overpotentials. At the highest temperatures the currents became very small even at high- 
cathodic overpotentials. This behavior apparently, was caused by partial drying of the 
recast Nafion film, which appears to have affected the kinetics of 0 2  reduction. 
Although the film was exposed, at each working temperature, to a gaseous atmosphere 
saturated by water vapor, the vapor did not provide sufficient hydration at the recast 
Nafion/Pt interface. Partial drying of the recast film occurred in spite of being exposed to 
saturated water vapor atmosphere. This explanation is supported by the fact that the 
"normal activity 'I for ORR was recovered when the cell was immersed in 02-saturated 
liquid water at 80°C and subsequently removed from the liquid and kept in water-vapor 
saturated 02. As time passed, the effects of a gradual film drying were observed again. 
However the effects of this dehydration-hydration cycle were found to be reversible( 1). 

The results shown in Figs. 3 and 4 demonstrate two important findings: (i) The 
water content in the recast film seems to diminish as the system is taken out of liquid 
water, even if kept in a water vapor saturated 0 2  environment at the same temperature, 
and, (ii) the loss of water from the recast film results in a substantial loss of interfacial 
ORR reactivity at the Pt/recast Nafion interface. The first finding seems, 
thermodynamically, unexpected. However, we have demonstrated the effect time and 
again in measurements of the hydration of Nafion membranes(4). For example, a 
sample of well-hydrated Nafion membrane, dried under vacuum at room temperature 
and then re-equilibrated with liquid water at room temperature, takes up 22 water 
molecules per S03H group. If the same sample is equilibrated with saturated water 
vapor at room temperature, the water content reached is only 14 H20/S03H. 
Furthermore as shown in Fig. 5, if a sample equilibrated with liquid water is emersed 
from the liquid and kept in saturated vapor at 30 "C, the water content drops from 22 to 
14 H20/S03H. At 80°C the difference is even larger: 22 H2O/S03H for the membrane 
in liquid water vs. 10 H20/S03H for the membrane in air saturated with water vapor. 
The reason for this apparent paradox is discussed elsewhere(5). It is probably an 
important aspect in the context of humidification schemes for polymer-electrolyte fuel 
cells. 

The bulk H+ conductivity in the ionomer is strongly dependent on water content 
and temperature, as shown in Fig. 6. The conductivity varies linearly with the water 
content, and as expected, increases with temperature. However, considering the water 
content numbers dicussed in the previous paragraph, both at 80°C (-10 H20/S03H) 
and at 30°C (14 H20/S03H), the ionomeric proton conductivities are similar (- 0.07 
S/cm). In conclusion, the dramatic decrease in ORR kinetics in going from 30 to 80 "C, 
as shown by the voltammetric results, cannot be attributed to changes in conductivity 
with water content and temperature. It appears that a mimimum hydration of the 
Pthonomer interface is absolutely neccesary for fast ORR interfacial kinetics. 

AC impedance measurements of operating fuel cells point to the same 
conclusion. Fig. 7 shows spectra taken at the same cathode overpotential, 0.82 V, with 
two different cathode humidification conditions. The first was with "normal" 



humidification of the cathode, achieved by air sparging through liquid water at 8OoC, 
and the second was with dry air supply, achieved with the water reservoir bypassed. As 
shown here, at a potential of 0.82 V, good humidification of the cathode gas stream 
results in a high frequency cell resistance (membrane + contacts) of 0.12 cm2, and a 
faradaic additional resistance of 0.50 S2 cm2. At the same potential, a dry air stream into 
the cathode increases the high frequency resitance to 0.45 S2 cm2, whereas the low 
frequency resistance increases dramatically to 2.5 a cm2 . In the case of dry air supply, 
the high frequency impedance loop has developed a 450 angle branch, as expected from 
protonic conductivity limitations within the catalyst layer. However, the increase of the 
overall diameter of the the impedance loop is above and beyond that conductivity 
limitation, reflecting a significant increase in ORR impedance caused by low levels of 
water inside the cathode catalyst layer. A more thorough discussion of these results can 
be found elsewhere (6). 

We cannot stress enough the importance of good hydration on the electrode 
kinetics. Since water is generated at the cathode, at low current densities the cells tend 
to become less than fully hydrated. While the high frequency resistance may not be 
profoundly affected, the cell performance is very much so. As is demonstrated in the 
microelectrode work, the catalyst layers are somewhat drier than ideal and the "normal" 
activity plummets. A short excursion to high current density can re-hydrate the fuel cell 
and the higher activity is recovered. However, fuel cell systems that are intended for 
extensive low-current densityfigh efficiency operation will need to address this issue. 

Structural aspects of the Wrecast Nafion interface, such as anion adsorption and 
ionomer reorganization from hydrophobic to hydrophilic domains at the electrode 
surface, as the interfacial water levels are lowered, may be important and are discussed 
elsewhere (1). 

ORR in PEFC Catalyst Layers 
The most important facet of maximizing catalyst utilization in fuel cells is to 

maximize the catalyst/electrolyte interface without unduly limiting the gas permeability 
and electronic continuity. We attempt to achieve the optimal catalyst-layer composition 
and configuration with the use of PTFE-free "thin-film" catalyst layers (2). The 
thermoplastic TBA+ form of the ionomer used in the inks yield assemblies in which the 
ionomer in the catalyst layer nearly attains the structural integrity and crystallinity of the 
commercial membrane product. In addition, this TBA+ ionomer can be prepared in a 
solubilized form, which allows us to prepare highly dispersed catalyst-composite 
structures. Figure 8 compares the specific activity of the "thin film" fuel cells with that 
of previous technologies. The favorable evolution through three PEFC generations is 
apparent. In the "space generation" fuel cells, such as the GE cell, the Pt loading was 
not an issue. Later, when PEFC's were being considered for transportation 
applications, the Pt loading was reduced considerably, about one order of magnitude. 
More recently (2,7), the "thin-film "catalyst layer cells have achieved high 
performances with catalyst loadings as low as 0.12 mgPt km2. 

Another way to appreciate this evolution is to compare the catalyst utilization in these 
cells. The ORR activity we measured at the well-defined, smooth Pt/recast Nafion 
interface can be used to evaluate this utilization in the ionomer-impregnated gas 
diffusion electrodes. Based on the microelectrode results obtained, estimates of catalyst 
utilization in our fuel cell cathodes are presented in Table I. The following calculation is 



suggested : At 0.85 V, we measured an ORR current density of 0.4 mA/cm2 at the 
microelectrode at 30°C in humidified 0 2 .  For well-humidified fuel cells, operated at 
80°C, with 0 2  at 5 atm, the highest current densities we recorded at 0.85 V, with 
cathode loadings of 0.45 and 0.13 mgPt/cm2, are shown in column 3. The total Pt 
surface areas (per electrode geometric area) in these WC catalysts are shown in column 
2 (based on manufacturer figures of 100 m2/gPt ). This means that the expected ORR 
activity for the cell loaded with 0.45 mgPt/cm2 at 0.85 V, based on full catalyst 
utilization, should have been at least 900 mA/cm2, calculated as: 0.4 mAlcm2Pt x 450 
cm2 PVcm2 x 5atm /1 atm. The percentages of utilization are summarized in column 5. 
These percentages are, perhaps, underestimates, considering the higher temperature of 
an operating fuel cell. Two problems with this evaluation are (i) that the microelectrode 
is cyled into and out of the oxide formation region, thus "cleansing" the Pt surface prior 
to the collection of ORR kinetics, unlike the situation in the fully stationary fuel cell 
cathode, and (ii) that the finely dispersed Pt particles in a fuel cell cathode are not 
necessarily "bulk Pt like" in their surface properties, as evidenced by EXAFS results 
@).However, the fact that the "thin-film" fuel cell is able to deliver 70% of the current 
density delivered by the other cell with less than one third of total Pt surface area, 
clearly indicates that we have achieved catalyst layers where the overall surface is much 
better utilized. 

CONCLUSIONS 

I We have investigated the ORR at the Pt/recast Nafiona interface in the 
temperature range 7°C - 80°C in an environment of saturated water vapor. With our 
minicell based on a Pt microelectrode and a recast ionomer film, we could perform this 
investigation without the addition of any "foreign" electrolyte, i.e., under conditions 
identical to those of an operating polymer electrolyte fuel cell. Our results indicate an 
ORR activity near room temperature which is quite similar to that measured at interfaces 
of Pt with dilute aqueous acid solutions with no strongly adsorbed anions. In 
experiments run at higher temperatures, the recast ionomer seems to have lost water, in 
spite of being in contact with saturated water vapor. The result is a significant loss of 
ORR activity, which can be restored by reimmersion of the minicell in liquid water. AC 
impedance measurements carried out at operating fuel cells, with the same cathode under 
two different humidification conditions, show a significant drop in the ORR reactivity 
when the cathode is dry. We conclude that the rate of the ORR at the Pt/recast Nafion 
interface drops sharply with the lowering of water content in the ionomeric film. We 
suggest that this may be caused by ionomer surface restructuring, where the 
hydrophobic component of the ionomer comes in contact with the Pt surface, at low 
ionomer water levels. This latter interfacial configuration apparently leads to poor ORR 
reactivity. A well hydrated ionomer is thus a prerequisite not only for high electrolytic 
conductivity but also for fast interfacial ORR kinetics in polymer electrolyte fuel cells. 

We have compared the performance of recently prepared "thin-film" catalyst 
layer electrodes with that of previous designs. The final conclusion is that similar 
performances are achievable with considerably lower Pt loadings, due to much higher 
catalyst utilizations. 
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TABLE I .  Catalyst Utilization in Fuel Cells 

PEFC Pt Loading Surface Area a j (0.85 V)b j (Full Util).C Utilization 

(mgPt /cm2 geo.) (cm2 pt /cm2 geo.) ( m ~  /cm2 geo.) ( m ~  /cm2 geo.) % 

0.45 

0.13 

450 

130 

300 900 33 

2 10 260 80 

a ) Based on 100 m2 Pt/ g Pt (XRD, manufacturer) 
b ) PEFC performance ( at 80 “C, 5 atm. 02) 
c ) Based on 0.4 mA/cm2 Pt at 0.85 V (p-electrode at 30 OC, 1 atm. 02)  
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Figure 1. Scheme of a PEFC membrane/electrode assembly. 
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Figure 2. Current-voltage characteristics of 0 2  reduction at a Pt microdisk (100 pm 
diameter) covered with a cu. 10-pm-thick recast Nafion film. Scan rate: 5 mV/s; 
Temperature: 22°C. (a) 02-saturated deionized water; (b) Humidified gaseous 0 2  
atmosphere. 
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Figure 3. Current-voltage characteristics of 0 2  reduction at a Pt microdisk (100 pm 
diameter) covered with a recast Nafion film in a humidified 02 atmosphere, in the 
temperature range from 7 to 40 "C. Scan rate: 5 mV/s. 
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Figure 4. Current-voltage characteristics of 0 2  reduction at a Pt microdisk (100 pm 
diameter) covered with a recast Nafion film in a humidified 02 atmosphere, in the 
temperature range from 50 to 80 "C. Scan rate: 5 mV/s. 
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Figure 7. Effect of two different cathode humidification conditions on fuel cell 
cathode impedance at 0.82 V and 80 "C. 
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Figure 8. Comparison of Pt catalyst utilization in three generations of catalyst layers 
for PEFC: GE-Pt-black wet-proofed catalyst, conventional gas diffusion electrode and 
"thin- film" design. 


