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I NTRODUCTI ON 

One of the most significant advances in phosphoric acid fuel cell 

technology in recent years has been the development of pressurized systems.! 

Pressurization increases the power density of the fuel cell stack without 

sacrificing any overall thermal efficiency if the turbo-compressor can be 

run off the 'waste heat in the system. 2 In current electric utility pcwer 

plant applications,3 the process air is turbo-charged to 470 kPa (~bsolute) 

which ~nables the cell stack to operate at twice the current density ~400 

mA/cm2) of an ambient pressure stack at the same overall thermal efficiency. 

There is, therefore, considerable interest in the nature of the voltage 

losses in gas diffusion electrodes occurring at much higher current 

densities than normal. As we show in this work, one does not observe a 

first order dependence of current density at constant cathode potential in 

phosphoric acid fuel cell electrodes in the region of current density of 

practical interest (200-400 mA/cm2). The kinetics of oxygen reduction on 

smooth Pt in concentrated phosphoric acid is first-order in oxygen partial 

pressure,4 i.e. the current at fixed electrode potential (not 

overp'otential) increase linearly with oxygen partial pressure. It is 



ii. 

easily shown 5 that polarization due to slow oxygen transport either by 

liquid phase diffusion of dissolved oxygen or by gas-phase diffusion of 

molecular oxygen 6 does not change the apparent reaction order when the 

kinetics are first order. It seems appropriate, therefore, "to refer to the 

non-linearincreases in current density with oxygen pressure as anomalous 

current ratios, as they are unexpected from either the reaction kinetics or 

from the diffusion processes usually considered dominant in fuel cell 

el ectrodes. 7 

The fuel cell cathodes used in this work were prepared in this 

laboratory using several different procedures, and the polarization curves 

observed with these electrodes were comparable to those reported for 

commercial fuel cell electrodes. The observation of anomalous current ratios 

was not restricted to either a particular type of electrode structure or to 

a particular Pt electrocatalyst, but rather it was observed with almost any 

type of gas diffusion electrode made with a Pt catalyst. However, for 

practical purposes, the results presented here are for electrodes that, to 

the best of our knowledge, represent the type of air cathode currently used 

in phosphoric acid fuel cell systems. 
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EXPERIMENTAL 

Two types of Pt on carbon black catalyst were used. One was a 

commercially available (Prototech) fuel cell catalyst containing 10 w/o Pt 

dispersed on a Vulcan XC-72R carbon black. This catalyst was prepared via a 

colloidal method described in the patent literature,8 and requires either 

heat treatment at ca. 673 K or hydrogen reduction at ca. 423 K to reduce 

the adsorbed colloidal particles to metallic (zero valent) Pt. Here we used 

hydrogen reduction at 423 K as the standard reducing pretreatment. The 
,'- 9 

nominal Pt surface area measured via the carbon monoxide adsorption method 

was 120 m2g. The other catalyst was prepared using a graphitized carbon 

support produced by heat treating Vulcan XC-72R at 3000 K in a helium 

atmosphere (noted as GV in subsequent text). This support was catalyzed via 

an ion-exchange method. Acid sites were introduced onto the carbon surface 

by oxidation with chromic acid (2 hrs., 373 K). The complex cation Pt 

2+ (NH 3)4 was ion-exchange controlled by adjusting solution pH. The highly 

alkaline base Pt(NH3)4 (OH)2 was prepared by passing a platinum tetramine 

chloride solution through an anion exchange resin (Amberlite IRA-400, Rohn 

and Haas) to convert the chloride to hydroxide. The basic platinum solution 

was added dropwise to a water slurry of the oxidized carbon with continuous 

monitoring of the pH until the pH reached ca. 12. After filtration, water 

washing, and air drying, the catalyst was reduced in hydrogen at 423 K for 

two hours. The Pt loading was 5 ! .05 wt. % and the nominal Pt surface area 

mea"sured vi a the carbon monoxi de adsorption method was 88 m2g. 



2 

The type of gas diffusion electrode used here was the same as that used 

in commercial fuel cells. Basically it consists of a catalyst layer 

containing a hydrophobic gas pore forming agent (Dupont TFE 30B) distributed 

on a porous carbon paper substrate (Stackpole PC 206). The carbon paper 

substrate was wetproofed by impregnation with fluorinated ethylene propylene 

solids (Dupont FEP 120) to 25 wlo and air curing at 623 K for 900 sec. The 

carbon paper substrate acts as a gas permeable current collector that 

prevents a liquid film from forming between the gas stream and the catalyst 

layer. The in-plane conductivity of the carbon paper is ca. 0.02 n-cm, so 

the potential drop even at 1 A/cm2 is less than 5 mV across the back of a 

small (e.g. 1 cm2) electrode in a half-cell where current is taken off the 

edge. In a more practical size (>100 cm2), the potential drop would be 

significant if current were taken off at the edge, but in practice,these 

electrodes are used in a bipolar stack with the current path normal to the 

plane of the paper. There are a number of ways in which the catalyst layer 

can be applied to the substrate and the fuel cell patent literature implies 

that the best performing electrodes can only be attained via the practice of 

wondrous art. In the course of this work, many different methods were 

examined, including some of the wond~ous art called for in patents. In our 

experience, the end result does not vary greatly with method provided one 

uses a sufficiently low loading of catalyst «2.S mg/cm2). A fabrication 

method was developed which was simple, easily translated to other 

laboratories with reproducible results, yet produced polarization behavior 

characteristic of commercial cathodes. The method was vacuum filtration of 

an aqueous suspension of catalyst and TFE 30B directly through the carbon 

. 
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paper. The suspension was 1:1 isopropanol: water containing 20 g/~ 

catalyst and 7-20 g/~ TFE solids. The filtration substrate was coarse 

fritted glass, and during filtration the suspension was maintained via 

ultrasonic agitation. The as- filtered catalyst layer was air-dried several 

hours at 393 K, then hand-rolled to eliminate "mud-cracking." The electrode 

then received a final air curing at 613 K for 900 sec. It should be noted 

that this final curing temperature is above the melting point of TFE 30 B. 
" 

The polarization curves for the oxygen cathodes were measured in a 

three-electrode cell of unconventional design. Because of the relatively 

high current densities (up to 1 A/cm2) used and the importance of current 

distribution and Ohmic losses at high current density, a new cell was 

designed that has the same current distribution as in a fuel cell and a 

method was developed for very accurate correction of the Ohmic drop in the 

electrolyte external to the cathode. An assembly diagram of the cell is 

shown in Fig. 1. It is essentially a free-electrolyte H2-02 fuel cell, 

constructed entirely of Teflon, having a circular 1 cm2 active area that is 

fitted with a reference electrode. The working electrode was an oxygen 

cathode fabricated as described above; the counter electrode was a gas-fed 

hydrogen electrode of a fuel cell type purchased from Prototech (Type RA-2); 

the reference electrode was a conventional hydrogen electrode fabricated 

from Pt black on a Pt mesh. The reference capillary aperature is flush with 

the side wall of the interelectrode gap so as not to intercept the current 

path between the current generating electrodes. Due to possible anomalies 

in the current flow along the side-wall, the conventional 

current-interruption method of IR-compensation for the potential drop in 

j '.'~ ~ ~. 
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solution between the reference capillary aperature and the cathode surface 

was supplemented by another method. The absolute resistance of the 

electrolyte in the gap was measured in-situ using standard AC impedance 

methods, and the cell potential was corrected at each current density by 

calculation of the IR-drop. The polarization of the counter electrode was 

measured independently by operating the cell with hydrogen at both 

electrodes, and this small correction (less than 5 mV at 500 mA/cm2) applied 

to the IR-corrected cell potential to obtain the IR-free cathode potential 

(versus a reversible hydrogen electrode in the same electrolyte, RHE). The 

two different methods yielded nearly identical (+2 mV) IR-free potentials 

even i~ the highest current density region. The curves reported here are 

those obtained using the current-interruption method. Current-potential 

curves were recorded with a PAR 173 Potentiostat in the galvanostatic mode 

for highest accuracy in IR-correction. 

The electrolyte was Ma11inckrodt orthophosphonic acid purified by the 

method of Ferrier, et al. ll and concentrated by evaporation of the excess 

water at 573 K as required. Both oxidant and hydrogen gases were 

presaturated with water vapor so that 11 gases in the cell contained water 

in equilibrium with the bulk electrolyte according to the vapor pressure 

data of McDonald and Boyack. 12 The oxidant gases were calibrated mixtures 

(Matheson Ultra-High Purity Grade). The hydrogen was Matheson Extra-Dry 

Grade. All gases were used without further purification. 
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RESULTS 

The characteristic variation in current-potential behavior of these 

supported Pt electrodes with oxygen partial pressure is shown in Fig. 2 for 

concentrated H3P04• At .this temperature and acid concentration the 

resistivity of the electrolyte was 1.6 n-cm. Below 50 mA/cm2, the current 

ratios were 5:1, as expected from the kinetics of oxygen reduction. Above 

50 mA/cm2, the current ratio drops significantly below 5:1, with the ratio 

apparently approaching a minimum value of about 2.8 as shown in Fig. 3. This 

minimum ratio was observed to be independent of the thickness of the 

catalyst layer, but differed between two types of catalysts used. Figure 4 

shows the current ratios observed with the Vulcan support catalyst layer 

which were qualitatively similar to the graphitized Vulcan support layer in 

Fig. 3 but with the current ratio reaching a minimum value of about 3.5. 

The differences in the minimum current ratios appears to be related to 

catalyst layer thickness. The catalyst layers each contained 0.25 mg 

Pt/cm2, and the catalyst layer thicknesses were 0.004 (~ 10%) cm for 10 wt. 

% Pt on Vulcan and 0.008 (~ 10%) cm for 5 wt. % Pt on GV as determined by 

optical microscopy of electrode cross-sections. For each catalyst, 

variation in catalyst layer thickness changed the current density at which 

current ratios deviated from first order; a more detailed description of the 

effect of catalyst layer thickness is given later in this section. 

Phosphoric acid concentration was not found to have a significant effect on 

the slope of current-potential curves or on the magnitude of the current 
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ratios within the range of concentration (85-100 wt. %) and temperature 

(373-450 K) one might expect to use in fuel cells. However, in this range 

of concentration and temperature the conductivity of H3P04 does not change 

profoundly, e.g. from a maximum of 0.6 mhos to a minimum of 0.4 mhos. 

The association of the anomalous current ratio with electrolyte 

conductivity is suggested by two features in the current-potential curves. 

First, the current density at which the logarithmic plots deviate from 

linearity is at the same current density for all three partial pressures. 

The second feature is that the deviation of the observed potential from that 

expected if the current ratio were 5:1 is linearly related to current 

density. This is shown.by a graphical construction method in Figure 6. The 

dotted curves show the expected log I - E relation if the current ratio were 

actually 5:1 obtained by multiplying the 20% O2 curve by 5. If we call this 

deviation 6¢R' the plot of against the current density is reasonably linear 

as seen from Fig. 6. It is convenient to refer to this 6¢R as "resistance 

polarization" and to determine the "internal resistance" from the slopes in 

Fig. 6, e.g. the slope was 10 mV per 100 mA/cm2 when the thickness of the 

catalyst layer was 0.008 cm, so the apparent internal resistivity of the 

electrolyte filled pores was 12 n-cm. This value is about 6 times the 

resistivity of the bulk electrolyte. Note that the slopes of these plots 

varied directly with layer thickness, i.e. doubling the layer thickness 

doubled the slope. 

Anomalous current ratios are not unique to gas-diffusion electrodes 

fabricated in our laboratory. The polarization curves we report here are 

typical of those reported for commercial fuel cell electrodes using similar 
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catalysts. Figure 7 shows the oxygen and air polarization curves for a 

commercial fuel cell cathode (from Energy Research Corporation, Danbury, CT) 

with 5 mg/cm2 of 10 w/o Pt on Vulcan XC-72R at essentially the same 

conditions as Fig. 5. Note that the commercial electrode had a 02:air 

current ratio of about 3.5 at high current density and 4.8 (the theoretical 

ratio for 02:air) at low current density. 

DISCUSSION 

The polarization curves in which the anomalous current ratios were 

observed were corrected for the ohmic potential difference between the 

reference electrode capillary and the cathode by the current interruption 

technique. In the case of a porous electrode, the ve~ fast «10-6 sec) 

drop in the potential transient corresponds to the potential difference 

between the reference capillary tip and the potential at the pore mouth, 

i.e. the geometric exterior of the electrode surface. 13 The potential drop 

in liquid filled pores within the catalyst layer decays with a much slower 

time constant (>10-3 sec) as described in detail by Urbach. 14 When the 

external current path is broken, an internal current continues to flow 

through the pore until the internal polarization gradients have completely 

decayed, so that the resistive loss inside the pore becomes a component of 

the polarization decay with characteristic time constant >10- 3 sec. 

This is certainly not the first time electrolyte conductivity has been 

shown to have an effect on the polarization behavior of fuel cell 

electrodes. In addition to the very early work of Urbach, more recent 
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porous electrode models by I1iev15 and Iczkowski and Cut1ip16 have included 

a term for the variation in potential down an electrolyte filled pore. In 

fact, Iczkowski and Cutlip applied their model to the same type of cathode 

at the same conditions of temperature and acid concentration as that used 

here. The intent of their analysis was to make a determination of the 

sources and relative extents of the voltage loses in fuel cell cathodes. 

The result was somewhat surprising in view of the prior emphasis in the fuel 

cell literature on losses due to limiting liquid-phase transport of 

dissolved oxygen in "f100ded agg10merates." 17 The analysis by Iczkowski and 

Cutlip indicated the major voltage loss in the fuel cell cathode at 200 

mA/cm2 on air was what they termed "ohmic resistance" in the catalyst layer, 

e.g. 13.3 mV or 6.7 mV per 100 mA/cm2• In this work we have shown that via 

a model independent analysis of current ratios an apparent internal ohmic 

resistance can be determined which is 10-20 mV at 200 mA/cm2• But this 

resistance effect was linear with current density only over a limited range 

of current density, and according to Fig. 3 ~¢R approaches a limiting 

value. This phenomenon was not described previously. I1iev15 and Iczkowski 

and Cut1ip16 treated ionic conduction in liquid filled pores via Ohm's Law. 

As the author had pOinted out previous1y,17 this treatment is not 

fundamentally correct in a concentrated acid electrolyte. A purely ohmic 

potential drop occurs only when there is excess supporting electrolyte, 

which is not the case here. The physical situation in a fuel cell cathode 

is shown in Fig. 8 depicting a single liquid filled pore. The catalyst 

layer consists of interconnected porous catalyst particles saturated with 

electrolyte interspersed with hydrophobic Teflon solids which form the gas 
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pores. Hydrogen ion is consumed at the catalyst surface according to the 

overall stoichiometry of the reaction, 

+ where HS represents the solvated state of the proton in this very 

concentrated medium. At sufficiently high rates of HS+ consumption (current 

density) ionic conduction down the liquid pore cannot maintain invariant HS+ 

concentration, and a liquid diffusion potential forms. The result is a 

resistance polarization18 consisting of a purely ohmic potential drop and of 

a liquid diffusion potential as a result of the concentration gradient. As 

pointed out by Vetter18 these two components of polarization have different 

characteristic time constants, the ohmic component a very small time 

constant, and the liquid junction potential has the time constant of a 

diffusion process. The so- called IR-correction that one makes using 

current interruption with fuel cell cathodes is the ohmic part of the 

resistive drop in the bulk electrolyte between the solid surface of the 

electrode and the reference capillary. There will, in general, be a liquid 

junction potential in the diffusion layer on the exterior surface of the 

electrode as well as the total (ohmic plus diffusion) resistance 

polarization within the catalyst layer. The liquid junction potential 

exterior to the electrode can, however, be minimized by bringing the 

reference electrode sufficiently close to the electrode surface. 

In a strong acid electrolyte, one might not expect a significant liquid 

diffusion potential because of the very high concentration of proton 
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species. However, phosphoric acid is a relatively weak acid (pKl = 2.12 

versus -3 for sulfuric acid) that is incompletely dissociated, and requires 

fast equilibrium between H20, H3P04 and H30+ to buffer the electrolyte, i.e. 

as hydrogen ion is depleted by reaction with oxygen, undissociated H3P04 
dissociates to provide more hydrogen ion. Slow transport of neutral H3P04 
will, therefore, cause a liquid diffusion potential to occur at sufficiently 

high rates of H30+ depletion. The hydrogen ion concentration in the very 

concentrated electrolytes used here is not known, nor easily measured. There 

is indirect evidence that the hydrogen ion concentration drops significantly 

in going from 85 wlo acid to 100 wlo acid, in that the oxygen reduction 

kinetics, which are proportional to hydrogen ion concentration,lg are 

dramatically reduced in the more concentrated medium. A rigorous treatment 

of the ionic transport processes is, however, further complicated by the 

existance of other possible ionic species in solution, due both to the 

autoprotolysis of H3P04, 

and polymerization of the acid to form polyanions. A detailed and precise 

description of the transport processes in the liquid phase would have to 

include the neutral molecules 02' H20 and H3P04, the solvated protons (e.g. 

Hg04+' H4P04+), the anions and polyanions and would req~ire knowledge of all 

the equilibrium relations between individual species and the individual 

ionic mobilities. Few of the required constants are known, so rigorously 

correct transport equations would not only be very complex, but contain a 
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large number of indeterminant parameters. 

There appears to be some merit to an approximate description of the 

ionic conduction pr?cesses that is certainly more correct than assuming only 

ohmic resistance, but is not a complete description of all ionic species. 

The approximate description proposed here is a lumped parameter model, in 

which the electrolyte is treated as a binary electrolyte with an effective 

valence Z and effective ionic diffusion coefficient De. As shown by 

Vetter,18 the sum of the purely ohmic potential drop and the liquid junction 

potential (resistance polarization) has the mathematical form of a diffusion 

potential with lumped parameters. Therefore, the resistance polarization 

can be treated mathematically using Fick's law with constants which may not 

have physical significance. A similar mathematical treatment of ionic 

conduction ~n hydrophobic gas-diffusion elec~rodes was used by Vdovichenko20 

with an approximate analytical solution obtained by perturbation theory. A 

mathematical treatment of resistance polarization that follows Vdovichenko's 

method is given in the Appendix for the case of air cathodes. Four 

different limiting cases were derived representing different regions of 

polarization with increasing current density: 

i.) kinetic polarization 

I = K1cRykCo exp (-2.3V/b) 

.ii.) kinetic + resistance polarization 

I = (K2RykCo)1/2 exp (-2.3V/2b) 

iii.) kinetic + oxygen diffusion polarization 

I = 2Kl c(nFDmyk) 1/2 Co exp (-i.3V/2b) 
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iv.) kinetic + oxygen diffusion + resistance polarization 

I = 2K 1/2 (nFD Yk)1/4 C 1/2 exp(-2.3 V/4b). 
2 m 0 

At low current densities, sufficiently small agglomerate sizes and 

sufficiently conducting electrolytes, the polarization is purely kinetic, 

with the slope of the log I - V curve being the kinetic Tafel slope b (about 

100 mV for concentrated phosphoric acid). At higher current density, the 

apparent slope of the log I - V curve changes from b to 2b, due either to 

resistance polarization or to oxygen diffusion polarization. Which 

transport process becomes limiting depends on the relative rates and 

characteristic distances for HS+ conductio'n and dissolved.oxygen diffusion. 

When resistance polarization is the predominant transport limiting process, 

the current density is no longer first order in oxygen pressure, but rather 

depends on oxygen pressure to one-half power, e.g. the the current ratios 

here should be 2.24. At even higher current densities, the slope of the log 

I - V curve should show another transition from 2b to 4b, and in the 

regions of the limiting current the current ratios should be proportional to 

oxygen pressures to the half power. Thus, the model proposed correctly 

predicts, at least qualitatively, the occurrence of anomalous current ratios 

of approximately the right value (2.24 vs. 2.8) at sufficiently high current 

densities. It also predicts the observed transition to another linear log I 

- V region, although the observed slope (ca. 160 mV per decade) is not twice 

the kinetic slope (ca. 100 mV per decade) as expected. However, the model 

does not predict a minimum in the current ratio, as observed. 
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The mathematical representation of resistance polarization as a 

diffusion process in a binary electrolyte.implies the existance of an ionic 

conduction limiting current due to complete exhaustion of hydrogen ion in 

the electrolyte-filled catalyst pores. This is physically incorrect, and in 

the particular case of H3P04 the autoprotolysis equilibrium provides 

additional buffering capacity not accounted for in the model. Therefore, in 

the limiting current region oxygen transport processes are dominant, a 

conclusion that was also made by Iczkowski and Cutlip. As suggested in 

their work, the measurement of the limiting currents in 02/He mixtures 

versus 02/N2 mixtures enables one to distinguish gas diffusion from liquid 

phase diffusion as the dominant oxygen transport resistance. These 

measurements indicated gas phase diffusion is the current limiting process 

in fuel cell electrodes of this type. 

Although there are, clearly, fundaffiantal inadequacies in the treatment 

of the ionic conduction phenomena presented here, there seems to be little 

or no practical merit in deriving more rigorous models of ionic conduction 

that require numerical solution of the equations. The analytic equations 

derived here embody the correct physical formulation of the problem and they 

do predict the observed current-voltage behavior in a qualitative way. For 

practical purposes, the graphical construction in Fig. 5 suggests an even 

simpler lumped-parameter model might be useful. Figure 6 indicates that 

within a range of current density the polarization due to internal ionic 

resistance is linearly related to current density. The deviation from 

purely ohmic behavior occurs at curr.ent densities which are significantly 

higher than are used in present fuel cells, and perhaps higher than one 
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might expect to use in practice due to the limitation of total cell 

resistance. This suggests that for practical purposes the resistance 

polarization can be calculated using Ohm's law with an effective internal 

resistance that can be calculated directly from the bulk resistivity of the 

electrolyte. By anology with diffusion transport in porous solids, we can 

relate the effective resistivity of the electrolyte ~ the catalyst layer to 

bulk resistivity by, 

where T is the tortuosity factor and e is the area for ionic flux per unit 

electrode area. We can measure e from the volume of electrolyte "taken up" 

by an electrode per unit porous volume, which has been found to be close to 

unity in electrodes o~ our type. Tortuosity factors for flow in a porous 

medium like carbon black (5-10 nm mean-pore size) are well-known and are 

typically 4-6, the larger value applying to larger molecules. The expected 

relation for the effective resistivity is therefore, 

According to the slope of the plot Fig. 7, the effective resistivity of 

the electrolyte in the catalyst layer was l2Q-cm when the bulk resistivity 

was 1.6 Q-cm, or 7.5 times the bulk resistivity, reasonable agreement with 

the expected relation. For practical purposes, it seems reasonable to apply 

. the simple relation in equation (3) and to calculate the potential drop 
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within the electrode structure assuming purely ohmic resistance polarization 

for current densities below 500 mA/cm2• 

Phosphoric acid is not the only fuel cell electrolyte in which 

resistance polarization (and therefore anomalous current ratios) as been 

observed in air cathodes of the type used here. Table 1 gives a summary of 

results in other electrolytes with the graphitized carbon supported Pt 

electrocatalyst. Resistance polarization was lower in alkaline KOH cells 

than in H3P04 due to the higher conductivity, and was significantly higher 

in CF 3S03H cells due to the higher resistivity of that electrolyte. In this 

table, the expected values are those computed from equation (3), and the 

observed values are those derived from the graphical construction method 

shown in Fig. 5. The agreement was good for current densities less than 500 

mA/cm2• In the current density range of 200-500 mA/cm2, the 02/air current 

ratios were 2.5-3.0, as expected from the mathematical model for resistance 

polarization. 

There is a'nother important pract i ca 1 consequence of resistance 

polarization that needs to be emphasized. Since resistance polarization is 

linearly dependent on catalytic layer thickness, this type of voltage loss 

will limit the loading of catalyst even when gas can be effectively supplied 

throughout the catalyst layer. As an example, consider, qualitatively, the 

case of a non-Pt catalyst that has a lower intrinsic activity (per unit 

weight of catalyst) than 10 w/o Pt on carbon. More catalyst must be used, 

resulting in more resistance polarization at high current density with this 

less active catalyst. For quantitaive purposes, assume a non-Pt catalyst 

has one-fifth of the activity of supported Pt with about the same pore 
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Table 1. Resistance Polarization in Fuel Cell Cathodes. a 

Electrolyte 

98 w/o H/04 
70 w/o CF3S03H 

23 w/o NaOH 

35 w/o KOH 

Bulk 

Resistivity (Q-cm) 

1·6 (I80°C) 

4.0 (70°C) 

1.9 (70°C) 

0.9 (70°C) 

ll<PR 
Expectedb,c 

30 

77 

35 

18 

40 

70 

30 

15 

a 5 mg/cm2 of 5 w/o Pt on graphitized Vulcan XC-72R with 25-50 w/o TFE30B. 

b expected value calculated from eq. (3) and bulk resistivity of acid. 

c polarization in mV at a current density of 400 mA/cm2. 
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distribution (tortuosity factor), as might be expected for an organometallic 

catalyst immobilized on a carbon black support. At low current density «50 

mA/cm2), a 25 mg/cm2 cathode of the non-Pt catalyst would have the same 

performance as a 5 mg/cm2 cathode of supported Pt, but at high current 

density (>200 mA/cm2) the higher resistance polarization in the non-Pt 

catalyst electrode drastically reduces the cathode potential, even with pure 

oxygen, relative to that of thePt cathode. If one tries to compensate for 

this effect by using more than the activity ratio of catalyst, it is easily 

seen that in the more resistive electrolytes one has a no-win situation at 

high current density, i.e. it is impossible to achieve equivalent 

performance at high current density with catalysts significantly less active 

than supported Pt. 

Izckowski and Cutlip16 included the possible effects of finite 

electronic resistance in the catalyst layer, particularly interparticle 

contact resistance, on the total polarization. The effect of electronic 

resistance was not included in the analysis presented here, even though it 

is probably an important factor in the polarization behavior of real cells. 

For our purposes here, however, the omission is justified on both an 

experimental and theoretical basis. Experimentally, one can measure the 

purely electronic component of a "d~" electrode using standard techniques, 

and the possible contribution of electronic resistance can be calculated 

from the measured resistivity. It was found in this study that the average 

(spatially average) resistance is very low, and the contribution to total 

polarization is negligible at current densities below 500 mA/cm2. 

Fundamentally, electronic resistance cannot contribute to the IR- corrected 
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polarization of electrodes in half-cells, since the electronic resistance is 

included in the IR as measured by the current-interruption technique,13 i.e. 

the fast «10-6 sec) part of the potential decay corresponds to the ohmic 

potential drop between the current collector (at x-a in Fig. 8) and the 

Luggin capillary (exterior to x=O). 
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APPENDIX 

The mathematical analysis we give here follows the perturbation 

theory method used by Vdovichenko 20 for a physical model of hydrophobic 

gas-diffusion electrodes essentially identical to Fig. 8. The equations 

derived here, however, differ from those derived by Vdovichenko because 

a different kinetic expression is used. We use here the empirical form 

of rate equation derived from rotating disc electrode studies. The 

local current density (i) at any point (x,r) is given by 

* = k c exp (-2.3V /b) 

* where V = V + ~~e - ~~M. k is the empirical rate constant, c the lbcal 

concentration of dissolved oxygen, and b is the empirical Tafel slope. 

V is the observed electrode potential relative·to an arbitrary reference 

electrode, which corresponds to the potential difference between the 

current collector and ions in solution at the tip of the reference capi-

* llary; V is the potential at any point (x,r) in the catalyst relative 

to the reference electrode; ~~ is the potential drop (seen by ions in e 
the electrolyte) between the pore mouth (x=o) and any point (x,r); and 

~~M is the resistive potential drop in the catalyst phase between the 

current collector and the point (x,r). The reference capillary is 

assumed to be sufficiently close to the physical exterior of the electrode 

that we can neglect the potential difference between the tip and the pore 

mouth. Some further assumptions are made: i.) we assume ~~M = 0 for 

the current densities and carbon materials used here; ii.) we assume that 

R, the radius of spherical agglomerates, is much smaller than 0, the 

thickness of the electrode; iii.) we shall neglect gas phase diffusion 
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so that the concentration of dissolved oxygen is not a function of x; 

iv.) we assume that the dissolved oxygen concentration difference through 

the liquid film covering the agglomerates is negligible. Independent 

tests have shown that for the current densities of interest here, which 

are well below the observed limiting currents for electrodes of this 

type, these assumptions are reasonable. The assumption that R«o means 

there is no variation in ~e within a single agglomerate, so that the 

molecular diffusion problem may be solved independently of the ionic 

diffusion problem. The molecular diffusion problem for the spherical 

agglomerate is 

or 

nFD - + - - = Yl - (d2C 2 dC) . 
m dr2 r dr 

d
2
c + .£ dc = a2c 

dr2 r dr 

(4) 

(5 ) 

where Om is the effective diffusivity of oxygen in the porous agglomerate 

Y is the active (Pt) area per unit volume of agglomerate and n is the 

number of electrons per mole of oxygen consumed. The boundary conditions 

are 

r = R , c = Co 

r = 0 dc = 0 , dr 

(6 ) 

(7) 
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The solution of (5)-(7) is 

Therefore the current from an agglomerate is 

For a binary electrolyte 

AA, = RT 1 -C 
Ll'f'e - zF n e (9) 

where z is the ionic valence, and Ce = Ce(x)/Ce(O) Ce being the ionic 

concentration at any point x in the liquid pore. Combining (3), (8) and 

(9) gives 

i = G [~ 
where G = 

Ce coth tg Ce - 1 
m/2 m/2] 

Lg = yk exp (-2.3V/b) 
nFDm· [ ] 

-1/2 

(10) 

and m = 2.3 RT/zF. The electrode current density, I, is related to the 

local current i by 

(11 ) 

where N ;s the number of agglomerates per unit volume. I has to equal 

the flux of (HS)+ ions, which is given by a Fick's law representation 

I=-l+-FDC -~ 1) - 0 dCe 
z e e dx (12 ) 
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where De is the effective diffusivity of (HS)+ ions in the electrolyte, 

and will be affected by changes in electrode structure through the poros

ity of the agglomerates and the tortuosity of the liquid pore. Combining 

(10)-(12) results in the diffusion equation for (HS)+ ions 

d2 C 
13
2 19. 2 [R _ m/2 -m/2 - 1] e R -= I9 Ce coth I9 Ce dx2 R 

(13 ) 

13
2 = [ 4. R4 N G 

Lg2 ] (1+ 1 ) F D CO z e e 

with boundary conditions 

Ce = 1 , x=o 

dC 
e - 0, X=o dx -

Following Vdovichenko, we shall obtain an analytical solution for the 

two limiting cases R « Lg, R » Lg by perturbation theory. 

Case 1: R« Lg 

Equation (13) reduces to 

(14 ) 

A small perturbation in Ce down the liquid pore can be written as 

Ce = 1 - p , p « 1 (15 ) 
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which results in the new expression 

d2 2 
-p = 13 (m p - 1) 
dx2 

p = 0 , x=O 

~ = 0 dx , X=o 

The solution of (16) gives for the electrode current density 

l ode 
I = (1 + -) F IT c _e 

z e e· dx 

(16 ) 

I = (1 +~) F De C: m- l / 2 
13 tanh ml / 2 

So (17) 

This equation is easier to interpret physically when So takes on the 

extreme values, 

Kl 0 R y k Co exp(-2.3V/b) 130«1 (18 ) 

I = 
So» 1 ( 19) 

In any given electrode structure where the assumption R « Lg applies, the 

polarization curve will exhibit the two regions of behavior characterized 

by equations (18) and (19) in some potential region, with a transition 

from (18) to (19) at overpotentials beyond some critical value. The 

constant Kl is just a geometric factor 
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and K2 contains the electrolyte constants 

Case 2: R» Lg 

Equation (13) reduces to 

(20) 

The perturbation theory solution to this nonlinear problem follows 

closely that for (14) and gives 

1= (1 + t)F De Ceo (Lg/R)(2m)-1/2 S tanh (m/2)1/2 (Lg/R)So (21) 

Again the extremes of the tanh function give more useful forms, 

2 Kl 0 (nF Om Y k)1/2 Co exp(-2.3V/2b) So«l (22) 

I = 

2 Kll/2 (nFD
m 

y k) 1/4 Co
1/ 2 exp(-2.3V/4b) so» 1 (23) 
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FIGURE CAPTIONS 

Fig. 1. Assembly diagram of the free-electrolyte fuel cell 

for air cathode polarization measurement: 1-

gas-diffusion electrodes; 2 - thin-film TFE 

gasket; 3 - Pt foil current collector; 4 -

electrolyte fill hole; 5 - reference capillary. 

Fig. 2. Polarization curves for gas-diffusion electrodes 

fabricated from p1atinized graphite black fed with' 

4% oxygen, 20% oxygen, and pure oxygen (balance 

nitrogen in mixtures). Current ratios at 

different potentials are noted on figure. 

Fig. 3. Current ratios from electrode in Fig. 1 as a 

function of the current density. 

Fig. 4. Polarization curves for gas-diffusion electrodes 

fabricated from p1atinized carbon black (10 wt% 

Pt-V, 0.25 mg Pt/cm2) fed with 20% oxygen and air. 

Fig. 5. Same electrode as in Fig. 1 with a dotted line 

showing the 5 x 20% oxygen curve as a function of 

potential. The difference in potential at 

constant current density between the observed pure 

oxygen curve and the projected 5 x 20% oxygen 

curve is denoted A¢R. 
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Fig4 6. Plots of resistance polarization, ~¢R' versus 

current density as a function of catalyst layer 

thickness: 0- 0.004 cm; 0 - 0.008 cm; ~-

0.016 cm. Catalyst was 5% Pt-GV. 

Fig. 7. Polarization curves for a commercial PAFC cathode 

(10 wt% Pt-V, 0.5 mg Pt/cm2) gas fed with oxygen 

and air. 

Fig. 8. Physical model of a single electrolyte (HS+) 

filled pore formed by connected spherical 

aggregates of platinized carbon prime particles. 
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