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SUMMARY 

The purpose of this report is to review the literature on the 

electrocatalysis of hydrogen.-air fuel cells in order to determine the 

prospects for replacing Pt in transportation fuel cells and to suggest 

research directions which might lead to the development-of non-Pt (more 

generally, non-noble metal) catalysts. The study is restricted to 

catalysts for the air electrode with an emphasis primarily on acid 

electrolyte fuel cells using reformed hydrocarbon fuels' (e.g. methanol). 

The classes of materials which have been reviewed include transition 

metal oxides, sulfides, selenides, the refractory interstitial compounds 

(e.g. carbides, nitrides, silicides and borides of Ti, W, etc.), and 

aromatic macrocyclic porphyrins and phthalocyanines. Quantitative 

comparison of all classes of materials was not possible due to the 

variety of methods employed to measure catalytic activity and combinations 

of temperature and electrolyte used. A procedure was derived whereby a 

semi-quantitative (order of magnitude) comparison was possible by normal

izing the reported activity to that for Pt in comparable physical form 

(foils, wires, powders, dispersed etc} at the same temperature in the 

same electrolyte. Where possible the comparison was made per unit active 

site (turnover number) or per unit area of active material. In the 

majority of cases, however, the comparison was on a unit weight basis. 

Because of overall weight and volume limitations, it is shown that to be 

an alternative electrocatalyst of practical consequence, the relative 

activity must be at least 10":'2 regardless of relative cost. The only 

class of materials which have shown sufficient catalytic activity for 

oxygen reduction in acidic electrolyte are of the organometallic type, 
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i.e. iron phthalocyanine (FePc) and a dimeric cobalt face-to-face 

porphyrin (CoFTFP). Of the two, FePc has been more extensively studied. 

Neither material is stable in acid electrolyte at elevated temperature, 

and CoFTFP degrades in use even at ambient temperature. The stability 

of FePc is improved by heat-treating and thus polymerizing the ligand 

structure, but even polymerized FePc is rapidly degraded in actual fuel 

cell use. We have concluded that there are no catalysts described in 

the literature which have demonstrated promise of both activity and the 

stability. The prospects of near-term (10 year) employment in acid fuel 

cells of a non~Pt catalyst is, therefore, not encouraging. 

In contrast to the discouraging near-term prospects in acid 

electrolyte, the prospects of near-term employment of non-Pt catalysts in 

alkaline or alkaline carbonate fuel cells is very good. Organometallic 

catalysts based on the cobalt Pfeiffer complex or the cobalt tetra-

methoxyphenyl porphyrin look particularly attractive for use in alkaline 

electrolyte, as do simpler materials like the spinel oxides (e.g. Co3o4). 

This materials flexibility comes at the expense of incompatibility with 

respect to hydrocarbon fuels. 

The long-range prospects for non-Pt catalysts in acid fuel cells are 

difficult to assess. There is not, at present, an understanding of the 

degradation mechanisms occurring in organometallic catalysts, so it is 

not known whether there are inherent limitations to the stability of this 

class of materials (prophyrins and phthalocyanines). Fundamental studies 

on degradation mechanisms seem essential to the further development of 

the organometallic type of catalyst. While the particular (alternative) 

material to accomplish the catalytic reduction may not be known, the 
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manner in which reduction is accomplished on different materials is 

reasonably well-known, and this knowledge should be useful in guiding the 

molecular engineering of new catalysts. Two reaction pathways may be 

distinguished; each pathway can have a number of possible sequences of 

elementary steps, so that many (more than two) reaction mechenisms ex·ist 

. for each pathway. The first we refer to as the 2 x 2 e- pathway, which 

is a series path via the perbxide intermediate, 

. + 2e-
H3o + o2 ~ H02 (ads) + H2o 

~~ 

The second is the direct 4e :pathway in which. 02 is reduced to H20 

directly without H02- being produced in the solution phase. The reaction 

pathway on Pt is generally felt to be the direct 4e- path. The direction 

in the reaction takes on a specific material is related to the nature of 

the interaction between molecular o~ygen,' and: the active site.· The 

4e- path is favored when the interaction is bridging at binuclear dual-

sites, whereas the 2 x 2 e path is favored when the interaction is end-

on at single sites. The Co FTFP represent a triumph in molecular engi

neering in that precise control of the metal-metal (binuclear) distance is 

achieved by use of an amide bridge attaching the two planar porphyrin 

rings in a face-to-face geom~try. Consequently, Co FTFP is one of the 

very few materials that catalyzes 02 reduction via the direct 4e- pathway, 

and its activity on a turnover number basis is comparable to that for Pt. 

Further pursuit of these concepts in molecular architecture seems warrant

ed. Another concept which seems less demanding from a molecular standpoint 
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is the attachment of two different types of active centers (redox couples) 

to the same surface, one optimized kinetically for the o2;H2o2 reaction 

the other for the H2o2;H20 reaction, with peroxide traveling between the 

two by surface diffusion (peroxide spillover). The reaction pathway 

would be represented by the sequences, 

where ...,.. ~.denotes surface diffusion or "hopping" between active 

centers. This path may be easier to achieve than direct· 4e reduction 

on a single active material in that the molecular configuration"'to achi,eve 

'; sepa·fate 2e- reactions are less restrictive. This would seem to" be an · 

'"aftractive direction for future research. :•;;(: 

The dev~lopment of non-Pt catalysts for air electrode~ in acid fuel 

cells Will require a major stientific breakthrough in electrocatalysis, 

and as with all such events it is impossible to forecast when·this 

breakthrough will occur. 

\:l 
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I . Introduction ·., .. 

Hydrogen-air fuel cells have the potential for becoming the best 

vehicle power source alternative to the internal combustion engine (ICE) 

in an energy economy where a significant premium is placed on conversion 

efficiency. The major advantages of fuel cells are high efficiency 

(40-60% of the higher heating value of the fuel), low noise, low pollution, 

and low maintenance (no moving parts). These advantages have been known 

for a long time, but the economic incentive to displace a 'mature tech

nology like the ICE requires that a very substantial premium be placed. 

on one or all of these advantages. It is anticipated that the future 

rise in the costs of liquid fuels, particularly for fuels derived from 

non-petroleum primary sources, may result in such C! premium.~ As with 

all energy conversion devices, there is a critical trade-off between the.J 

initial or capital cost of th~ device and the operating cost, but neither 

of these costs can be reliably predicted for the year 2000 timefram~ based 

on current knowledge. Dramatic technological progress has been made in 

the last decade in developing phosphoric acid fuel cells (PAFC) for sta~ 

tionary power sources ranging from 40 kW to 5 MW capacity, 11 and seri-

ous consideration is being given to adopting this technology to use in 

vehicles. 12 The eventual capital cost of phosphoric acid fuel cells 

when manufactured in quantity is sti 11 very uncertain even for the sta

tionary. power source technology that is approaching commercial reality 

due to the unknown economics of scale. 17 · There are, however, some 

cost elements in this technology which do not exhibit an economy of scale 

or may even exhibit a disecohomy of. scale,. e.g. materials used dispropor-

tionately to their natural abundance. The platinum catalyst used in the 
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existing PAFC technology could become a limiting cost factor and would 

probably exhibit a diseconomy of scale if this technology were to be 

employed in sufficient scale so as to have a significant impact on total 

liquid fuel consumption. State-of-the-art ambient pressure PAFC tech

nology employs 5.8 grams of Pt per kW rated power (at 40% thermal effi

ciency) or ca. $130 per kW at the current commodity price for Pt. 19 

Pressurization of PAFC systems to 10 bars substantially increases the 

fuel cell power density and the Pt requirements for power plants of this 
. . 20 

type have been reduced to 2.6 grams of Pt per kW. For electrical 

utility use. the amount of Pt used at the planned production rate of·500 

MvJ p;er year is only 4Xl04 Troy.oz. Pt per year, or only 2.5% of the total 
. 22 

Pt Sold in the U.S. per year. The planned full~scale commercializa-

t'lon of PAFC technology by electric utilities would not, therefore, im-

pact the current Pt market. To have a significant impact on the liquid 

fuel consumption by vehicles in the U.S. the number of fuel cell powered 

vehicles introduced must exceed 106 per year. At twice the fuel mileage 

of an lCE p~w~red vehicle, the introduction of 106 vehicles per year 

would:reduce liquid fuel consumption (methanol) by 6Xl08 gal./yr which~·1s 
6 .. 

an incremental reduction in primary fuel consumption of 3.1Xl0 tons of 
23 6 coal per year. 10 vehicles with fuel cells of 20 kW rated power would 

require about 4Xl06 Troy oz. of Pt using state-of-the-art ambient pressure 

PAFC technology, which is 5 times the current use of Pt in vehicles in~the 

U.S. (at 107 vehicles per year). 22 Usage of Pt at such levels would 

certainly drive up the price of Pt and raise the question ultimately of 

availability. Clearly, there are serious questions as to the economic 

viability of fuel cell powered vehicles using Pt catalysts. 
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The purpose of the present report is to examine the prospects.for 

replacing Pt in transportation fuel cells and to suggest directions and 

research areas which might lead to the development of non-Pt (and non

precious metal) catalysts. At present, supported Pt catalyst is used 

at both the anode and cathode of PAFCs, but the loading is very asymmetric 
2 2 e.g. 0.15 mg/cm anode, 0.60 mg/cm anode~ The anode loading can be re-

duced to 0.05 mg/cm2 if a selective oxidizer is used to reduce the CO 

level in the reformed fuel stream to O.l~b, but this reduction is not 

cost effective in stationary power plants at the present price of Pt. 

Ther·e,i.s a~lso the option of using a tungsten carbide catalyst which is· 

tolerant to high levels of CO. 24 ·The more difficult problem is to . 

reduce or eliminate Pt at the air electrode without reducing the power.· 

density and the efficiency of the fuel cell. The state-of;..the-art .. PAFC 

has a power density (at 40% thermal efficiency) which is marginal for 

h . l 1. t. 28 ve 1c e app 1ca 1ons, and any significant reduction in power density 

from this.level would probably be unacceptable. We have, therefore,'"re-
I 

stricted this study to catalysts for the air electrode with an emphasis 

primarily on acid electrolyte fuel cells using reformed carbonaceous 

fuels (e.g. methanol). There.are other types of fuel cells that might be 

considered for transportation applications, particularly alkaline electro

lyte cell~ using pure hydrogen as the fuel or hydrogen derived from non

carbonaceous liquids. Alkaline cells for transportation are the subject 

of a separate study29 and were not part of the evaluation conducted in 

this report. 
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II. Criteria for Materials Selection 

Future fuel cell catalysts must give good catalytic activity and 

fulfill a number of materials requirements: 

A.) Stabil .ity in co2 - rejecting electrolytes 

The catalyst must be chemically and structurally stable in the 

worki-ng electrolyte under both operating and standby conditions. The use 

of reformed carbonaceous fuels in transportation fuel cells restricts the' 

choice of electrolytes to those which remain invariant in compo~ition. 

(under given load conditions) despite the presence .of co2 in the fuel gas

es and intake air. This requirement can be met in aqueous electrolytes 

through the ·use of acids or alkaline buffers i~ which the bicarbonate ion 

is highly soluble (e.g. Csco3 - CsHC03). Although materials problems, 

both~ for. catalysts and for support structures, are much more. severe in 

acid electrolytes than in invariant alkaline systems, the acid electrolytes 

have:been explored in much greater depth. This report will concentrate 

primarily on acid electrolytes, but some data on carbonate and oth~r 

alkaline ~lectrolytes will be included for comparison. 

Ideally, all materials used in a fuel cell should resist corrosion 

throughout the entire potential range of stability of water so that 

control malfunctions could not lead to catastropic electrode failures. 

The corrosion resistance must be at elevated temperature, not ambient 

temperature, since a~id fuel cells operate at 90-180°C, depending on the 

particular electrolyte and system configuration. In rea 1 ity, such uni ver

sal stability is not likely to be achieved. The width of the 

potential range of stability of .the electrodes will influence the level 

of complexity and redundancy required in the control systems and will 

place limits on the vehicle performances obtainable with different fuel 

.;.,• I 
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cells of a fixed rated capacity. Presented with catalysts of varying costs, 

peak activities, and stabilities, one can make an intelligent choice only 

after detailed systems analysis. This report will focus largely upon 

activities, for it is here that the most quantitative data is available. 

Although the information on stability in this report will be presented 

more qualitatively'than those for activity, it is of at least equal tech

nological importance. 

B.) Conductivity 

The internal resistance of a fuel cell electrode must be kept low. 

This can be achieved through the use of either a highly conductive cata

lyst or a conductive support material. In the latter case the maximum 

effective catalyst loading may be fixed by conductivity considerations. 

C.) Specific surface area (SSA) 

Transportation applications for fuel cells place a premium on high 

power density per unit area of electrode surface. Since the useful thick

ness of the electrode is limited by transport within the porous layer, 

materials of high specific surface area (SSA) are required. If a rela

tively costly and/or poorly conducting catalyst is employed, the ability 

to produce and maintain high dispersions of the catalyst over a conducting 

support of high SSA is critical. With a very few exceptions specific sur

face area data is not yet available for organometallic catalysts. Another 

way of expressing SSA, which is useful for organometallic catalysts, is 

the density of active sites per unit electrode area. Using this measure, it 

is easily shown that SSA increases in the order supported metal >inorganic 

compound > 9rganometallic ca~alyst system. SSA could well prove to be an im

portant practical limitation to the use of organometallic catalysts. Even 

though the activity per active site may approach or even exceed that of Pt, 
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the site density may be at least an order of magnitude more 

dilute than with supported Pt, so that practically one may not be able 

to produce electrodes with equivalent perfbrmance. 

III. Classes of Materials Considered 

A.) Oxides 

Metal oxides are perhaps the most obvious candidates as Pt substitutes 

in electrocatalysis. Oxides are present on the surfaces of all non-noble 

metals at potentials useful for oxygen reduction. Oxygen reduction may 

proceed by exchange of oxygen atoms between molecular oxygen, surface 

oxide, and water (referred to as a regenerative mechanism). Some oxides. 

with metallic conductivity are available; a few are stable in acid. 

s:) Other Chalcogenides 

The sulfides, selenides, and tellurides promise higher conductivity 

then oxides and better resistance to catalyst poisoning than metals or 

oxides. Comparison of oxide~ with other chalcogenides allows some con

c~u~irins to· be drawn about the electronic structure required for effective 

catafYsfs. · 

C.) Interstitial Compounds: Carbides, Nitrides, Silicides, and 
Borides 

The refractory compounds, such as WC and TiN, are corrosion re_s:i·stant, 

have good conductivity, and haveshown some promise as hydrogenoxidat:ion 

catalysts resistant to CO poisoning. The non~refractory interst:itials, 

such as those of Fe, Ni, and Co, have shown utility as catalysts in 

Fischer-Tropsch synthesis. 

D.) Organometallic compounds 

The activity of hemoglobins for oxygen transport suggests that 

materials similar to the central heme group could prove active in oxygen 

electrocatalysis. The large resonance stabilizatio~ energies of the 
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aromatic macrocyclic porphyrins, phthalocyanines, and related compounds 

give them a much higher stability at oxygen reduction. potentials than.',. 

would be found for the smaller organometallic molecules used as catalysts 

in nonaqueous media. The planar aromatic structure reminiscent of graph

ite gives hope that high dispersjons of these compounds might be achi~ved 

on carbon supports. The relatively large size of the molecules, however, 

may limit the surface density of active sites which can be achieved. 

IV. Testing Procedures 

A.) Electrode types 

The exact morphology of a fuel cell .~lectrode will profoundly influence 

its apparent activity due to the influence of mass transport effects .intrin

sic to all electrocatalytic systems. Comparison of results obtained with 

different electrode morphology~ therefore~isfrought with difficult~es. N~ver

theless, due to the diversity of electrodes in which catalysts have been 

tested, such comparisons must be attempted .. The types of electrodes used, 

and the specific ways in which their geometry can be expected to bias 

mea.surements of electrocatalytic activity, are discussed h.ere. 

1 . PTFE - bonded porous e 1 ectrodes ( f.ue 1 ce 11 type) . 

In fabricating-these electrodes the catalyst is precipitated upon (or 

simply physically mixed with) a high specific surface area carbon support. 

The coated carbon is then mix~d with a ~uspension of polytetrafluoroethylene 

(PTFE) or polyethylene (binding and wet-proofing agents) and pressed onto a 

current collector screen of catalytically inactive metal (Au,Ta or Ni). A 

porous PTFE film is pressed onto the. side of the electrode which is exposed 

to gas, either from a separate gas compartment or by floating the electrode 

on the electrolyte surface in a controlled atmosphere. In the case of 
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catalysts with good electrical conductivity similar electrodes have been 

made omitting the carbon support. 

The activity of such electrodes (measured as current density per 

unit geometric area) can be increased by .simply increasing the loading of 

catalyst- coated carbon per cm2 One cannot, however, play this game 

forever; the maximum practicable carbon supported catalyst loading is 
2 about 100 mg/cm for fuel cell use. 

While PTFE- bonded carbon supported electrodes allow catalysts to be 

tested in the form most relevant to fuel cell ·applications, their fabrica-

tion and optimization i~ laborious and the separation of kinetic, trans-

port, and resistance effects is difficult, especially at high catalyst 

loadings. Several more convenient electrode types have been developed 

for rapid screening of potential catalysts~ 

2. Painted-on electrodes 

Jahnke4 has employed electrodes in which a powdered mixture of 

carbon and organometallic catalyst is painted as a methanol slurry onto a 

sheet of porous PTFE. Graphite felt and a p~rforated gold current coll~c

tor are pressed against the catalyst layer, and oxygen is admitted behind 

the PTFE. These electrodes allow rapid screening of catalysts in a 

structure approximating that of a fuel cell electrode. As will be shown, 

these electrodes give qualitative agreement (in terms of the order of 

activity of various catalysts) with results obtained from fuel cell elec

trodes. However, the activities per unit catalyst weight obtained from 

painted-on electrodes wereuniversally 5-10 times lower than similar re

sults from fuel cell electrodes. possibly due to flooding of the catalyst 

f 1 1 49 d . . layer in the absence o a hydrophobic binder. Barase , eta . , use slml-

lar painted-on electrodes, albeit with no carbon, to screen a large 
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number of chalcogenides for oxygen reduction activHy. , Savy, et al., 26 

electrophoretically deposited catalyst- impregnated carbon onto massive 

solid electrodes. The different means ofcoxygen supply on these electrodes 

and the lack of reported catalyst loading hindered quantitative comparison 

of results from these electrodes with data from other 'Painted.-on systems. 

3. Suspension electrodes 

Another electrode suitable for the rapid screening of potential catalysts 

is the suspension (or slurry) electrode developed by Podwjashin an(:h.Shlygin64 

and Held and Gerischer. 65 A stream of oxygen bubbles keeps a catalyst 

powder in suspension and carries the particles to the surface of a cata

lytically inert metal electrode. Quantitative data cannot be obtained.·· 

. from such electrodes, since the efficiency of charge transfer from cptalyst 

to electrode varies with the density and particle size distribution of the 

powder, but trends in catalyst activity can be discerned. Suspension 

electrodes give oxygen reduction potentials 100 ... 200 mV lower than those 

achieved on solid porous electrodes at equal current densities. 6 

4. Smooth electrodes 

Accurate kinetic data can best be obtained from 11 Smooth 11 electrodes, 

i.e. those on which the active catalyst area is approximately equal to the 

geometric area of·the electrode. Oxygen reduction has been studied on a 

number of oxides in the form of as- grown single crystals, where ideal 

smoothness is obtained. 3~· 41 • 42 • 57 • 58 Other oxides have been pressed into 
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wafers, which are then fabricated into rotating disk electr6des and 

polished. 36 •45 The true smoothness of such electrodes is questionable. 

Catalysts with poor electrical conductivity cannot-be studied as 

smooth massive electrodes. The best electrodes for kinetic me~surements 

with these substances are films (preferably one monolayer thick) formed 

on a smooth inert electrode, such as gold, highly oriented pyrolytic graph-

ite, or vitreous carbon. Unfortunately, the adhesion of organometallic 

catalysts on these materials is poor, especially in acidic electrolytes. 

Also, some organometallic catalysts, in particular iron phthalocyanine, 

require a carbon substrate with basic surface groups in order to show high 

activity. 3•4 Properly functionalized smooth carbon surfaces have not yet 

been devised. 

Savy, et a1. 27 have carried out unusually complete studies of 

phthalocyanines evaporated onto gold substrates in vacuo. The catalyst-

films were 300-400A thick. The internal areas of such films are unknown~ 

Films formed by rapid evaporation, which probably have more internal voids, 

gave much higher rates of oxygen reduction. The extraction of qua~titat1ve 

activity data relevant to fuel cell use data from such electrodes is ;d·if

ficult, especially in light of the synergistic effects between phthalo-

cyanines and carbon supports. 

B.) Techniques for the Measurement of Activity 

1. Potentiodynamic current-voltage curves (performance curves) 

The activity of an electrocatalyst for oxygen reduction is almost 

universally reported as a current-voltage sweep starting at the open circuit 

potential and running down to 0-400 mV RHE. In careful work, a similar 
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curve obtained in nitrogen- purged electrolyte is subtracted from the 

oxygen curve so that other possible cathodic reactions within the elec

trode itself are not counted as oxygen teduction. The swee~ rate used 

varied from 10-60 mV/min as is required to yield quasi-steady state be-
27 havior with catalysts of different activity. In a few cases, ·the oxygen 

pressure dependence has been measured by varying the 02:. N2 ratio in the 

feed gas. 

2.) Cyclic voltammetry 

Rough screening of catalysts has been achieved·by observtng·changes 

in cyclic voltammograms as oxygen is added to the electrolyte. Since 

quantitative data is very difficult to extract from this technique no such 

data is considered here. However, electroactive surface areas determined 

by cyclic voltammetry in oxygen- free electrolytes have been used here in 

. the normalization of cataly~ic activities determined by other methods. 

3.) Long- term testing 

Long- term (>300 hrs) tests have been conducted under galvanostatic 

control for a number of non~noble catalysts; No variable load endurance 

tests simulating fuel cell use in vehicles have been found. 

4.) Rotating disk (ROE) and ring-disk (RRDE)studies 

Rotating electrodes have been used to study a number of oxide and 

organometallic oxygen reduction electrocatalysts. 36 • 45 • 40 • 10 • 13,• 1 4,~5 •. 

Complete data, allowing determination of rate constants for o2 rec(uction 

to H2o, 02 reduction to H2o2, and heterogeneous H2o2 decomposition, have 

been gathered in acidic electrolytes only for Co TAA. 5 Since the stabili

ty of thin films of porphyrins on smooth carbon electrodes in acidic 

electrolytes is lower than in base, addition of soluble porphyrin to the 
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electrolyte ·has proven necessary in some cases to give stable activity in 

acid. 13 Collman, et a1. 10 have published ROE data only at very. lo.w rotation 

speeds, probably due to the physical fragility of their porphyrin films. 

Extrapolation of data to infinite rotation speed is n~cessary to define 

all relevant rate constants. Preparation of a smooth carbon electrode 

·with the basic surface groups necessary for the full activity of phthalo-

cyanine catalysts has yet to be achieved. 

C.) Stability tests 

Preliminary screening of materials usually involves simple measurement 

of weight loss following extended immersion in the electrolyte of interest. 

Electrochemical stability is determined either through repetitive cycling 

of the performance curve measurements or through long term galvanostatic 

·tests. Loss of the catalyst, 'or a part thereof, to the electrolyte has 

been: measured spectrophotometrically and in the case of Fe phthalocyanines 

with radiotracers. 3 In the latter case, the quantity and nature of iron 

remaining in the catalyst was also determined by Mossbauer spectroscopy. 

D.) Comparison with Pt 

The wide range of conditions under which non-noble catalysts have been 

studied makes direct comparison of activities difficult. Since the proper

ties of Pt as an oxygen reduction catalyst (Tafel slope, apparent energy of 

activation) are moch better defined than those of the non-noble catalysts, 

comparison has been made by extrapolation of data for Pt to the conditions 

under which the non-noble catalyst•s activity was measured, rather than 

vice versa. Because nearly all data for non-noble catalysts in acids was 

gathered in H2so4, this acid was· also chosen as the electrolyte for the 

baseline Pt data. Bett, et al. 52 measured the oxygen reduction activity of 

•. 
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a variety of platinum blacks and Pt on carbon catalysts in 2N H2so4 at 

70°C using very thin PTFE- bonded electrodes for which mass transfer limi

tations were minimal.· Over a range of Pt specific surface areas they found 

a nearly constant current density at 900 mV(RHE) of 0.018±0.003 rnA cm-2 

normalized to the real Pt surface area as measured by H2 adsorption: -'-l~e 

have used this number to establish what is referred to throughout this 

report as the baseline Pt activity. Tafel slopes of 65±5 mV were reported. 

For ·extrapolation purposes this 65 mV/decade Tafel slope has been taken as 

invariant with temperature, as the slope does not show the expected direct 

··proportionality \'Jith TJ2 The apparent activation energy for the reduction 

of 02 in H3Po4 has been measured as- 10 kcal/mole. 55 This value has been 

used to extrapolate the 70°C Pt data to the test temperature for other 

, catalysts. Because of the variety of catalyst morphology and :type of 

electrode used, we have found it necessary to develop four different cri

teria for rating the catalytic- activity of non-meta 11 ic materia 1 s. 

Criterion 1: 

When the actual surface area of the non-noble catalyst is known, as · 

in the case of single crystal electrodes, direct comparison with the Pt 

'data given above is possibl~~ In the tables of the ·next chapter the 

relative activity of such catalysts will be given as the ratio of the 

current density per unit geometric area of catalyst to the baseline activi

ty of Pt per unit area at the same potential and temperature. This measure 

of relative activity is denoted as criterion number 1. The activity of 

most catalysts tested under these conditions is sufficiently low that 

kinetic control of reaction rates is assured. Comparison with Pt data 

obtained at high potentials, where kinetic control obtains, is therefore 
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justified. In those few cases (particularly with face-to·face pqrphyrin 

dimers) where relatively high activity is seen, but only at.low potentials 

(600-700 mV) where the extrapolation of the baseline Pt data is question

able, because of transport effects, specific (non-extrapolated) data for 

smooth Pt under similar conditions (electrolyte, potential disk rotation 

rate) are also listed in the tables. 

Criterion 2: 

In a few cases49 where powdered catalysts were used without carbon 

supports, the current density was reported in terms of mA/cm2 BET area. 49 

Activity relative to Pt is listed here as the ratio of the measured current 
-2 em catalyst BET area to the baseline Pt activity on true area basis at 

the same potential and temperature. Since BET area includes very small 

pores which impose severe transport limitations on oxygen reduction, this 

-criterion understates the activities of these catalysts. However, the 

activities and stabilities of these materials (sulfides, selenides and. 

tellurides) are so low that this: point is largely academic. 

Criterion 3: 

Data for the true surface area of non-noble catalysts dispersed on 

powdered carbon supports is not available. The activity of these catalysts 

relative to Pt is ~iven in the tables as the inverse ratio of test catalyst 

-··loading (mg/cm2 geometric) to the Pt loading (mg/cm2 electrode area ~wjth 

a specific surface area of 75 m2/g) required to yield the same oxygen re

duction current. The standard Pt SSA of 75 m2/g is a conservative figure 

which can be maintained for practical lifetimes in both basic and acjdic 

electrolytes. 
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Criterion 4: 

The most rigorous measure of catalytic activity is the turnover 

frequency, defined as the number of times the desired reaction occurs per 

active site per second. Turnover frequencies have been calculated in 

cases where data on catalyst true area ·were availabl~ and ~stimate~ of 

active site densities could be made. Turnover frequencies for Pt calculated 

from the baseline data of Bett, et al., and assuming an active site (Pt 

atom) surface density of 1.4' X 1015 crri- 2 (equivalent to 220 J.!C/cm2 H 

electrosorption) are listed in Table 1. For organometallic catalysts in 
·, 

the form of smooth monolayers, the surface density of metal sites is ca. 

1 X 1014 cm-2 foP porphyrins and phthalocyanines and ca. 2 X 1014 .,.-~m- 2 
;.,. 

for tetrazaannulines. Thus, if an organometallic catalyst and Pt were to 
. ·, 

yield equal turnover numbers~ the Pt would have 7-14 times the catalytic 

activity per unit geometric area of electrode. 
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Table 1. Turnover Frequencies for Oxygen Reduction on Pt ih2N H2so4 (02/sec-Pt atom). Based on data ~n Ref. 52. 

·~ V(mV vs RHE) _ 70° 25° 

900 .021 .0023 

850 . 12 .013 

800 .72 .078 

750 4.2 .46 

700 24 2.7 

650 147 16 ''· .~ -'. 

\•·,, 600 . 863 93 

.. 



'• 

-17-

V. Oxygen reduction activity and acid stability of non-noble electro
catalysts . 

Table 2 assembles data on oxygen reduction for a broad spectrum of 

test materials. Although the measurements were made under a wide variety 

of conditions with various electrode forms, comparison is made possible 

by referencing to the activity of Pt in H2so4 at the quoted potential and 

temperature as per the criteria listed in the previous chapter (Columns 

X and XV). Data is given primarily for acidic electrolytes. Some results 

are listed for materials which are not stable in acid but are stable in 

co2 rejecting carbonate electrolyte. A few materials with reported high 

activities in aqueous hydroxides are listed because of their possible uti-

1 ity in carbonate electrolytes. It should be noted that all activities 

are compared to Pt in acid. Pt in concentrated aqueous hydroxides shows 

roughly tenfold greater specific activity for oxygen reduction in the 

0.7- o.av RHE potential region.
30 

Accurate determination of exchange currents is generally impossible 

from the data available. The 11 Tafel 11 slopes listed in Table 2 are for 

the current decade around the quoted potential. 

Painted on electrodes yielded specific activities consistently about 

five-fold less than those determined with fuel-cell type or smooth elec-

trades. Measurements made with this type electrode are denoted by a * in 

the 11 comments 11 ~:olumn. References in the text to individual lines in 

Table 2 will be by the symbol #followed by the line number. 
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A.) Oxides ·., 

Few oxides with adequate electrical conductivity show acceptable 

stability for use as electrocatalysts in acidic electrolytes. Tungsten 

bronzes appear to be exceptionally stable, even at oxygen evolution 

potentials. 39 The oxygen reduction activity of these materials, particu

larly sodium tungsten bronze (Naxwo3, 0.2<x<0.93) has been the subject of 

considerable controversy. The high activity (#3) initially reported by 

Sepa, Damjanovic, and Bockris39 was not observed by other groups37 •38 •40 

and was later found to be the result of platinum contamination. 40 •41 ,42 

Weber et al. (#2) 42 have measured the activity of Pt-free Naxwo3 in a~1d 

purified without pre-electrolysis on platinum as equivalent to 

5Xl0...:8 'that of Pt, similar to that observed for other oxides. Although 

sodium tungsten bronze has no appreciable catalytic activity of its own, 

it ·may enhance the activity of platinum when used as a support, as claimed 

by Bockris and McHardy, 41 although controversy remains about this point 

also. 42 •43 Whether or not the Pt activity is enhanced, tungsten bronzes 

might prove useful as stable conductive supports in applications where 

carbon cannot be used such as in bifunctional air electrodes for secondary 

metal-air batteries. 

Broyde38 found some activity in all acid-stable ~~-0 systems test~d, 
including two other bronzes shown in Table 2 (#5 and #6), but the activi

ties were uselessly low, even by comparison of a PTFE -bonded porous 

bronze electrode with smooth Pt (as in Table 2). 

A series of conducting dioxides moderately stable in acid were 

tested in the form of single crystals and crystal clusters by Horkans and 

Shafer57 ,58 (#•s 10, 11, 12, 13). Re02 corrodes at potentials above 
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Tabl~ 2. 

II Ill IV v VI VII VIII II I II Ill 1111 

"T•fel" Catalyst Eqo.h. 
Criterion Electrol_yte E ~~~2) slope Load~ Pt. 2 

Activity 
C.talyst Electrode fo,. T .. p. ("CJ Eo.c. (mY Rlt£) (aV/declde) (11!11 ) (oag/ca ) (vs~ Pt) for I Ref. c-u 

~~~~~~z, On grapllltlzed C, 4.Jg 
· teflon-bound 211 H

2
so4 700 - 900 O.OI9r 65 O.lO 0.3 I 1 .. 2,3,4 52 Extrapolated to other telperatures uslnt EA • 10 Wl/1101. 55 

OIJDES 

BAOIIZES: 
JII0"5

9,r I)iii~l slntle ltal O.JN HzS04(25") - 600 110 - - 5110 ... I 4Z Rlto-SIJ f,_ f .. Pt. 
700 4IIO""'g,r 

l)NaxWOJ slntle ltal O.IN H2S04(25") - 900 O.DZg,r lzo(E•9SOI - - 1.1 1 3t Pt contaal111tlon ( 400 ppa In bulk), stable In acltl .... 
·400p .. Pt 60(bl50 at 02 evolution potential. 

4)Na.IIOJ slntle Ita! 0.1. ~4(25°) - 900 61l0-6g,r 120 - - 3110-4 1 41 lnta,....lata Pt content. 
·20p .. Pt 

I 
_. 

S)Ceo.lllll 
""""'·· bound 

7.4N "zso4UO"l - 4110·3, 87 2110 .. 38 Actlvi&J per r:a2 ¥ei"J law eyen If electrode Is consldeNtl 
c.D 420 ' - 1 ll.> with 51 Teflon -th. 

6)NI0.241113 """"'"• bound 7.4N "z50.<90•) - 4l0 o.lg • ' - 4ll0"7 1 38 Acttvi&J per r:a2 very law eyen If electrode ts consldeNtl with 51 Teflon -th. 
OTHER PEROVSUTES: 

7lLao.a5ro.2 smooth ROE, SNKOII (25") - 900 0.4g 300 - - 200 1 36 C0111p0rec1 to baseline Pt data In stagnant acid. Material dissolves In lcld. 
CoOl 

1500 ... 2 1 Collpared to Pt disk .under Identic• I condltlons.l6 

B)Lao.sSro.5 
""""'·· bound 

451 KOII (25") 1250 900 ~i~3-4r Ltne1r, 10 0.5 - 3 63 Linear dependence of current on potential. 
CoOl with 231 teflon, not up. Ass- EA • 10 kc•llml for Pt. 

floatlnt (200"), 900 ~~~-2r 10 0.5 - J 

RHOMBOHEDRAL£CI.8JC: 

9)NIO teflon bound2 751 KOII (160") 1200 900 45g Llnnr, -10 0.15 -•o·Z 3 56 Dissolves In acid, activity falls off rapidly at lowr 
(LI doped) """"er, lBDa ,, not up. teap. , linear dependence of current on potential. 

DIOXIDES (RUTILE-TYPE AAD VARIAATSj: 

101 Ru0
2 single crystal IN H2so4 (25") - 600 7110-4r 

cluster •• - - 9110-6 1 57 

11) Re0
2 single crystal IN H2S04 (25") - 280 Ulo"2r 300 - - ·· mo·t 1 57 IMstable above + 63D mV(RH£). 

cluster . ·,, 
121 1112 single (121) IN HzS04 (25•! - 300 4110-~r 300 - - ·ixJO·lO 1 58 crystlls (~12) IN H2so4 (z5• - 300 3110" r 280 - - mo·9 1 58 

13) Mo0
2 single (11101 IN HzS04 125"! - 400 2110-~r 100 - - 2110:: I 58 Corrodes at higher potentials. 

crystah (211) IN H2S04 25" - 400 3110' r 80 - - 3110 I 58 



Table l. (Cont.) 

II Ill IY y VI VII 
'. -~·· 

VIII ll I ll XII XIII 

"Tafel".;·' CaUlyst Eq,iv. 
Activtiy Electrolyte 

Eo.c. 
E c.d. 2 slope Loadi;l Pt. 2 Criterion 

Catalyst Electrode fono Temp. ("C) (mY RHE) (IIIA/ca) (mY/decade) (mg/c ) (mg/ca ) (vs. Pt) for X Ref. c ...... nts 

2!!!ill 
14) to2Nt04 teflon bound 511 tcOH (25') 1020 860 

powder, floottng 
50g 100 -•o 8.1 0.8 3 59 Unstable tn acid but canpared to Pt tn acid, Irreversibly 

deactivated upon exposure to alkaline electrolytes for utendl4 

15) Co3o4 on acetylene SN KOit (70") 980 860 4t 45 o.z 0.35 
times (ref. 66). 

0.07 3 66 E " 15 kcal/11101. c011pared to Pt In acid. . 
black, teflon +LIOH O.CI6 3 66 ~red to supported Pt under Identical conditions. 
bound 

16) Cu1. 4 pressed disk 0.5 II lz(25') 600 • 0.3Zg,rl 130 . . u1o·3 
1 45 3000 r.p.m. C...pared to extrapolated baselhw data. 

llnl.604. 
(S800thl)ROE so. . ISO 0.05 1 eo.pared to Pt disk, O.liiTFIISA f 3000 r.p ••• , 600 •Y·("f. 52). 

pH6.6 

17) 111 0.75 pressed dhk 0. 5 II lzl25') 600 1.2g,rl ·. . . 0.01 1 46 Compared to baseltrw Pt data. 

co0.2511n204 
ROE so. o.z Coolplred to Pt disk. 

pH6.6 
+141 graphite 

OEWOSSITES: 

18) Pteoo2 oxide fll• 0.1 N tcOH(23') 1090 900 1.9g 58 . . 5.0 2 35 Canpared to Pt· In 1cld, no catalyst dati available In acid. ....... 
3-s. thick O.Olr 0.6 2 C...pared to Pt In s- electro1yto. \.0 

0" 
19) PdCo02 oxide fll• 0.1 " tcOH(23') 1000. 900 ~il~r 43 . . 0.4 2 35 Coopared to Pt In ocld. 

3-5 thick o.os 2 Compared to Pt In s- electrolytl. 

PYROCHLORES: 

20) Pbz[Ru2_, teflon:bound 3N tcOH ( 75") 1030 900 191 60 1 1.4 . . 32 Fresh catalyst. Activity shown u better than lOS Pt on R8 carbon In sa. electrolyto. 

Pb,]07•
1 

powder 960 900 1.11 60 1 o.oa· 32 After 1176 hr. I 50 mAfO,Z. Equh. Pt (col. U) In acid • 

OTHER CHALCOGENIDES 

21) cos2 powder pat nted 4N H2so4 (70') . 600 0.096r . 5-10 2110"7 1110-4 2 49 
onto porous 
teflon-nOC 

22) 831 Co 4N H2S0
4 

( 70') 600 o.ooar . 5-10 ZXl0-8 BXT0-6 z 49 BET area 0.03-17m2/g, current reported only wrt BET a""· 
Geanetrlc current densities up to 10-25 ma/cml. 

Se~, 171 . Activities tested after 3 ... ek weight loss test In acid. 
Co •o.5 Co-S system: l5·60S loss of actlv~ In 20-100 hr, 

23) ZXl0-8 111o·5 z 49 
corros ton currents 10·6 • 10" lilA/ . 

481 NtS2, 4N H2so4 1 70'l . 600 O.Olr . 5-10 eo-se sys-: 70S loss of octivlty In 20-100 hrs. 
481 NtS1 03 , . 
41 Nt 3s4 . 

24) 9SICoS0 ·r,, 4N H2so4 (70') . 600 o;ur . 5-10 3X10"7 1110-4 2 49 
5Sto3S4 spinel) • 

25) JJ1Cos2. 4N H2S04 (70') . 600 0.23r . 5-10 SXI0"7 · 2X10-4 2 49 

BICot4( spinel) • 
33SNt o2s 4 

26) Co3S4 2H Hz504 (25') . 600 0.11:1 . . 6X10-8 3X10"5 2 61 
(splrwl) 

\ "1·• 
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II Ill IV ' VI VII VIII II I II Ill 1111 

"Tafel" Citalyst Equh. 
Electrolyte 

Eo.c. 
. [ 

(.,t~zl slope Load~ ~Pt • Activity Criterion 
Catalyst Electrode fo,. TOIIIji.('C) (•V RHE) l•vtdeclde) (IIIJ/ ) (IIIJIC.zl (ws. Ptl for I Ref. c-ts 

INTERSTITIAL COMPOUNDS: Carbides, Nit.r.!des, $111cides, Bortdes 

27) Carbtded teflon-bound 
1110-7 Nt-Ag ,.-r 7.4 I H2so4 (25') - 460 lg - t - - ") Only ...S.rotely ICid·stable •tertols of . .,lten H3P04(120') - 370 lg suo·' 47 

111 Fe, Nt, Co tntentttlols tested. 
28) Carbtded . -

Nt-Ag 

29) rFe2c . .,lten H3P04(200'} - - ov . - 0 47 

30) x·Fe2c. . IN IHC03+lN (80') 820 760 lt 240 . 5110-4 . - "] liC03 Collplred to Pt Ia .ctd. 

31) Carbided IN IOIC03+lN (80') 860 840 lg 100 - o ... . - 47 
Ni·3Au 1zC03 __. 

1.0 
ORGAHOMET Alll C COHPOUNDS (') 

32) pfePc on Norit BRI 611 Hzso4 (25') 1020 850 20V 340 7 2.2 0.3 3 1 Fresh catalyst, elect~ 21111 tlltct 
teflon-bound 0.3 4 Turnover freq11111cy 4110- (0.3 tlllt of Pt) us .. ing unit dlspenlon. 

33) pfePc . 611 H2S04 (25') - 750 zov - 7 0.07 0.009 3 3 Stobie after 300 hr gohaROstotted at 20 -"/ca2. 

34) pfePc on acetylene 
bloct l, 

2.2 62 teflon·bound 4.511 H2so
4 

(25') 1000 850 20g 210 - - -
35) pfePc on acetylene 4.5N HzS04 (25') 1000 840 zov 235 - >>Z 4 tlo ahed potential with •thiROl present. 

black l. +3NCH30H 
teflon-bound 

36) pfePc physical mixture 4.511.H
2
so

4 
(25') - 890 O.Sg 64 2.5 0.24 0.1 3 4 • catalyst +AcB 

painted on 
porou• teflon 

3_7) pfoPc on AcB, painted pH 1.3, 0.2N(25') - 813 O.Olt 45 . - - - 26 Catalyst biked to .....,. wolltlles. on graphite in totll pllos• 
block phlte, 

38) FePc painted on IS 4.5N H2so
4 

(25') - 845 
in 136 

O.Sg 53 2.5 o.os 0.02 3 4 *Coapare to polyaer, 136. 

39) CoTAA . 4.511 H2so
4 

(25') - 790 O.Sg 32 2.5 7110-J mo·3 
] 4 *low Tafel slope. 

40) CoTAA baked •i th 4.511 H
2
S0

4 
(25') - 846 

Norit BRX at 
O.Sg 60 2.5 0.05 o.oz 3 4 'lhoraally treated CoTAA, COIIIPlre to 139. 

600'C, painted 
on 

41) CoTAA ftl11 on O.lN H2so
4 

(20') - 700 O.OZ4g,rt - - - 0.01 1 5 500 r.p.•. Turnover frequency 0.2 ISSUIIItng 1 .... layer, v1treous c. 
ROE 2XJ014 100lec.tcal. 

42) pCoPc pain ted on 4.5N H2so
4 (25') 750 

as in tl6 
0.5g 64 2.5 mo·3 8110-4 

3 4 

~ 
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II Ill IV ' VI VII VIII ll I XI XII XIII 

"life!" catalyst [quh. 
Electrolyte [ c.d.z slope Load~· Pt .. Activity Criterion 

Catalyst Electrode forw T-.("C) Eo.c. (•V Ill£) (IIA/CII ) (•¥/decide) 111!1/ ) (oog/C112) (vs. Pt) for X Ref. c ..... ts 

43) pCoPc teflon-bound 611 H2so4 (ZS") 135 770 
IS In 132 

20, 320 7 0.13 0.02 3 I F,.sh cotolyst, electrode • thick. 

44) pCoPc teflon -bound 4.511 H
2

S0
4 

(25") 860 660 
IS In 134 

20g 450 mo·3 . . 62 

45) CoPe PAinted-on 4.511 H2S04 (ZS") 615 O.ZSg 160 2.5 7110-6 mo·6 3 4 • 
IS In 136 

46) FeTOAP PAinted-on 4.511 H2so
4 

(ZS") . 730 o.sv 66 z.s 7110-4 mo-4 l 4 • 
(s-sub· IS In 136 
stltuted 
Pc) 

47) CoTOAP PAinted-on 4.5N H2so
4 

(ZS") . 680 O.Sg 120 2.5 IX10-4 Sllo·5 3 4 • 
as In 136 

48) 51 Pt on PAinted-on 4.511 H
2
so

4 
(ZS") . 820 0.5g 74 O. IJPt. o.oz 0.16 3 4 "Shows depressed actl:!ty of PAinted-on electrodes. 

llorl t BRl IS In 136 Ass .. lng 51 gives 65 /g Pt. 

l 4 . 1.0 
49) Reney Pt PAinted-on 4.511 H2so4 (25") . ago o.s, 64 2.5 0.28 0.11 0.: 

as In 136 

SO) CoTMPP polyethylene- ,. "z504 (30") 8SO 700 
bonded 

20g m 7.5 0.01 1.Sllo·3 3 7 After 50 lloun. 

51) FeTOAP PAinted-on u carbonite- 855 o.st 75 2.5 0.07 0.03 3 • • 
In 136 bicarbonate 

buffer pH9.3(2S") . 
52) FeTPAP PAinted-on IS . . 880 o.st 80 2.5 0.16 0.07 l 4 • 

In 136 

53) feNzOz PAinted-on IS . . 670 O.Sg • 2.5 lll0-4 4X1o"5 l 4 • 
(Pfefffer In 136 

C..plex) 

54) CoHzOz ·PAinted-on IS carbonate· . gzo o.5g 60 2.5 0.68 O.l l • • 
(Pfeiffer In 136 blcorbonate 
C..plox) buffer pH9.3(2S") 

55) CoTM PAinted-on IS . . 820 O.Sg 40 2.5 0.02 ax1o·3 l • • 
In 136 

56) CoTOAP PAinted-on 11 . . 820 O.ZSg 10 2.5 0.01 u1o·3 l 4 • 
In 136 

57) CoFTF fll• on pyroly· 0. SH CF 3COOH(ZS" I • 700 1.lg,r7 . . . 7 4 10 A.ssutr~ing 1 ronolayer acttve; turnover frequency • 17s""1 , 250 r.p.•. 
4-2-1-HH tic graphite 0.9 4 Ass1111lng 8 1110nolayers oct he (as per cyclic volt....,.tryl. 

ROE 0.7 1 Ass .. tnv 8 IDOnolayers 1ctlve I•• per cyclic vo1to-try • 

58) CoCz fll• on pyro1y· 
dtester ttc graphite 

~ CF3 (ZS") . 500 o.oe, . . . suo-& 1 10 Turnover freq. • ZXlo·6 , 250 r.p.•. 

porphr1n, 

""'""""" base of 
157 

59) Pt smooth ROE 0.111TFIISA (ZS") . 700 1.8g,r . . . o.a• 4 52 250 r.p.•., turnover freq. • 1.9 s·1 , • , .. .,.red to oxtrlpo11ted 
bose! I no Pt dote. 

'. 
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630 mV (RHE) in acid. Mo02, wo2, and Ruo2 are somewhat more stable but 

still give corrosion problems at higher potentials. Activities for oxygen 

reduction ranged from 10-lO to 10-5 that of platinum. 

Cong et a1. 45 ,46 tested a number· of manganese bearing spinels in weakly 

acidic {pH 6.6) potassium sulfate solutions (#16-17). If one assumes 

that their pressed disks were in fact smooth, the activities registered at 

600 mV were about one order of magnitude less than the measured activity 

at 600 mV of a rotating Pt disk,51 and still one more order of magnitude 

less than the extrapolated Pt baseline data. Oxygen reduction currents 

increased at higher pH. It can be inferred that the materials were either 

unstable or totally inactive in more acidic solutions, since by their 

choice of title the authors made it clear that they knew the value of 

working in concentrated acids. 

Baresel et al. at Bosch tested 120 different oxide phases in acid 

electrolyte and found none which yielded better than 1 mA/cm2 geometric 
. 49 

area as powder electrodes in the potential range of 400-600m V RHE. 

These results confirm the broader generality of the negligible oxygen 

reduction activity for oxide.s in acids shown by the specific examples cited 

here. 

While the oxides investigated to date show no promise as oxygen 

reduction catalysts in acid, a 'number of reports of high activity in basic 

electrolytes have been published. This work is briefly considered here for 

its possible applicability to co2-rejecting carbonate electrolytes. 

A number of perovskites with structures similar to the tungsten 

bronzes have been investigat~d, with Sr-doped lanthanum cobaltites 

showing the highest activities. 36 ,63 Meadowcroft's36 data at high 
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potential on a 11 Smooth 11 disc (#7) appears to give incredibly high 

activity when compared to the baseline Pt data in acid at 900 mV, but 

· showed only twice the current density of a smooth Pt disk under identical 

conditions. The -PTFE -bonded ele.ctrodes of Tseung 63 also give impressive 

results, e.g. essentially reversible behavior close to the thermodynamic oxy

gen reduction potential, but the current density increased linearly with 

overpotential, not exponentially, so that useful power densities could 

not be achieved at room temperature. · Current densities at ~00 mV 

increased roughly in accordance with a 10 kcal/mol activation energy. 

The material dissolved outright in acid, and no data in carbonate electro-

lytes have been found. The long-term stability of the cobaltite has not 

been proven. -

Similarly linear current-voltage curves were found for lithiated'( 

nickel oxide 56 ( #9). The activity dropped off rapidly at temperatures 

below 150°C. The material is unstable in acids and no data in carbonates 

was found. 

Cobalt-nickel spinels, in particular co2Ni04, have given initial high 

oxygen reduction activities with reasonable Tafel behavior 1n room temp-

59 ( ) ' erature KOH #14 . However, extended exposure to the hydroxide 

electrolyte caused substantial loss of activity. 
60 

Unstable in add, 

this material remains untested in carbonate electrolytes . 

Straight cobalt spinel (Co3o4) in lithiated KOH gives less 

spectacular but more stable results, 66 with practical activities ca. 30% 

of those of Pt in acid on a catalyst weight basis (#15). An apparent 

activation energy of -15 kcal/mole is observed. Higher activities may be 

achievable on more active carbon s~pports due to a peroxide spillover 

mechanism. 
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Recently several ternary oxides containing GroupVIII metals 

less precious than Pt have been tested as oxygen reduction catalysts in 

hydroxide electrolytes. Palladium-cobalt delafossites (#19) ,showed about 

5% of the activity of Pt and 10% of t~e activity of Pt-Co·delafossites 

(#18) on a real area basis in 0.1 N KOH. 35 Several Pt-noble metal 

pyrochlores have shown good activity and stability in KOH, 31 ' 32 including 

one based on ruthenium, the least expensive of the Group VIII precious 

metals {#20). No data is available on these materials in acidic or 

carbonate electrolytes. 

~Jhile a number of oxides show promising activity in alkaline 

electrolytes, all materials tested were inactive and/or unstable in acids. 

This class of materials is unlikely to produce an alternative to Pt as an 

oxygen catalyst in acid electrolyte. 

B.) Other Chalcogenides 

Barasel et .al } 9 have investigated the stability .and oxygen ·reduction 

activity of a wide range of transition metal chalcogenides in concentrated 

H2so4' at 25°C. Co .,and Ni compounds proved most active by far; sulfides 

proved both ,more active and more stable than selenides or tellurides (#22}. 

Cobalt compounds were superior to nickel (#21 ,23) and thiospinels were· 

more active than sulfides with alternate structures (#21 ,25). Ternary 

sulfides proved less active than straight Co sulfides with one exception 

( #25), a Ni -Co mix rich in sulfospinel phases. Activities ra•nged around 

10-4 that of platinum on a real area basis. The data was reported.norma

lized only to B.E.T. area, though a general range of 10~25 mA/cm2 geo

metric at 400-600 mV for a painted-on powder electrode was l.isted. 

Corrosion data led the authors to conclude that these materials were 

.. 
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unsuitable for use in acid fuel cells operating at curpen~ densities above 

5 mA/cm2 geometric. Behret, et a1. 61 saw similar activities on a cobalt 

sulfospinel at room temperature (#26). Although more active than oxides, 

sulfides are insufficiently stable for use as cathode catalysts in acid 

fuel cells. 

C.) Interstitial Compounds: Carbides, Nitrides, Silicides, Borides 

The refractory interstitia 1 s, particularly \~C, have shown some 

utility as poison-resistant anode catalysts of unfortunately lowactivity. 

They are not stable in acid at useful oxygen reduction potentials. Non-

refractory interstitials of Fe, Ni and Co and their mixtures with Ag and 

Au have been screened for oxygen reduction activity under.contracts with 

the Bureau of Mines. 47 Corrosion and electrocatalysis tests at Esso 

Research and Engineering found only one material stable enough for electro

chemical testing in 3.7 t·1 H2so4, a carbided Ni-Ag powder (#27} which show

ed very low oxygen reduct1on activity. Although several iron carbides 

(#29), nitrides, and nitrocarbides \'Jere stable in molten H3Po4, none show

ed any oxygen reduction activity. In work at the General Electric Direct 

Energy Conversion operation, only a carbided Ni-3Au and a carbided Ni-4 Cr 

were stable in 3 N H2so4. Although both showed slight oxygen reduction 

and hydrogen oxidation activities, neither was judged even vaguely prac

tical as a catalyst. Esso also investigated these materials in carbonate 

electrolytes where many more were stable, but the activities, except possi

bly for a carbided.Ni :3Au (#31) were not encouraging. 

D.) Organometallic Catalysts 

The possible utility of metal chelates as electrocatalysts for oxygen 

reduction in alkaline electrolytes was first demonstrated by Jasinski 

in 1964. 67 Since that time the work has been exte~ded to acidic electrolytes, 
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and a start has been made in exploiting the chemical flexibility inherent 

in organic systems. This section will concentrate on those studies yield

ing quantitative data for comparison of specific catalytic activities; 

mechanistic considerations will be treated in a later chapter. The low 

conductivity of these materials places an added premium on careful elec

trode design. This factor plus the sensitivity.of these materials to 

heat treatment and electrochemical aging produced considerable scatter 

in the available data. Only those compounds (N4) in which the four atoms 

coordinated to the metal are all nitrogen have proven stable in acid; 

in carbonate electrolytes N2o2 compounds (Pfeiffer complexes) have proven 
. . 4 both stable and more act-we. 

1.) Phthalocyanines 

Metal phthalocyanines have been tested as electrocatalysts in both 

monomeric (Pc) and polymeric {pPc) form. The exact structures of the 

"polymers" are unknown. The polymeric materials show 5-10 times the 

oxygen reduction activity (per metal center) of the corresponding monomer 

(#•s 36 vs .. 38, 42 vs. 45). Meier2 has correlated this higher activity 

with the greater conductivity of the polymers. 
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The various metal phthalocyanines show oxygen reduction activity 

decreasing in the order Fe>Co- Zr>Ni>Cu>Mn. Since Ni and Cu Pc•s are 

much less active than those of Fe and Co, no data for them is given here. 

The moderate activity of pZrPc was observed on i so 1 a ted samp 1 es. 1 

r~etalophthalocyanines show good oxygen reduction activity only when 

supported on carbon powders with basic surface groups. 4 . Moss bauer 

spectroscopic investigations3 on FePc have indicated that interaction 

with such active carbons decreases the quadrupole splitting of the iron. 

Only the iron exhibiting this low quadrupole splitting is catalytically 

active~ The need for an active support complicates mechanistic studies 

requiring smooth electrodes. 

The highest specific activities for pFePc (up to 30% that of Pt on a 

catalyst weight-loading basis) have been reported by Meier1 (#32) and 

62 ( ) . Jahnke #34 for freshly-made, PTFE-bonded electrodes .. The phth.alpr' 

cyani ne was precipitated onto a high surface area carbon. (Norit BRX1 or 

acetylene black) from a concentrated sulfuric acid solution. Nearmono

layer dispersion seems possible with the weight ratios of catalyst to. 

carbon used. Assuming unit dispersion, a turnover frequency of 4Xl0-3 s-l 

at 850 mV is calculated from the data in #32. This is 30% of the turnover 

frequency for Pt under these conditions. 

Unfortunately, it appears that this high activity cannot be 

maintained over useful times. No long-term galvanostatic tests of. the. 

most active iron phthalocyanine (e.g. #32) have been published. The best rna~ 

terial with long-term stability3 starts (at a constant 20 mA/cm2) at 790 mV, 

drops within 30 hr to 760 mV~ and then shows a steady drop of 25 mV/100 hr 

out to 1000 hr. At 300 hr. this material (#33) shows ca. 3% of the 
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activity shown in #32. The 300 hr. performance probably gives a better 

measure of the useful activity of iron phthalocyanine. In other studies the 

long plateau of activity represented by #33 often ends with a catastrophic 

drop in activity. This rapid decay has been delayed to at least 3000 hr. 

at 20 mA/cm2, but on a material which is another 15-fold less active (6Xl0-4 

the activity of Pt) than the pFePc in #33. Meier3 has investigated 

activity losses in iron phthalocyanines using Mossbauer spectroscopy to 

examine the iron remaining in the catalyst and radiochemical techniques 

to measure the amount of iron leaching into the electrolyte. Fe loss 

does not correlate with either the initial rapid loss of activity or the 

final catastrophic collapse; rather, it proceeds gradually and reaches a 

limiting value (less than the total amount of iron present in the 

catalyst) several hundred hours into the plateau region. Meier proposed 

that the electrochemically active Pc molecules bound to the carbon· .::• :. 

throu~h·b&sic functional groups are resistant to demetallation, while 

unbound ·FePc loses ·iron rapidly. The results raise the question as to. 

whether prolonged life of pFePc requires the establishment of an equili-

brium between dissolved iron and iron in the bound phthalocyanine phase. 
. 68 . 

Kozawa, et al. found that sweeping a FePc/graphite electrode in 

acid electrolyte to potentials negative to OmV RHE destroyed the utility 

of the electrodes for oxygen reduction, though such an electrode still 

showed good activity when transferred to alkaline electrolyte. Apparently 

some reduction of the catalyst, irreversible in acid, but reversible in 

base, suppressed activity while leaving the phthalocyanine essentially 

intact on the surface. The upper potential stability limit of phthalo

cyanines has not been well defined, and durability under hot open circuit 



~27-

conditions has not been proven. The materials do seem.very heat 

sensitive .. At 50°C Jahnke4 found that pFePc on carbon black was quanti

tatively demetallated in sulfuric acid after 10 days; at 25°C the same 

material showed 50% demetallation after 20 days.· In the same time period 

the much less active pCoPc indicated less than 10% demetallation. pFePc would 

seem limited to use in fuel cells operating very close to room tempera-

ture, i.e. not applicable to vehicle fuel cells. 

No stability data is available in the literature for higher current 

densities, and both Meier3 and Iliev70 have r~narked that attainment of 

stable current densities above 20 mA/cm2 poses unresolved problems·:· The 

highest demonstrated power density of an H2-air fuel cell using metano

phtha·locyanine type catalysts in acid is ca. 15 mt~/cm2 ~ approximately one-

: tenth. that suggested as the minimum for automotive fuel cell use. 71 .· 

In addition to having questionable stability, the electrodes which 

are highly active at high potentials (#32, 34, 35) give a very rapid 

drop-off in potential at higher current densities. For example #32 shows 

a 340 mV potential drop between 10 and 100 niA/cm2. A supported Pt with 

similar activity (0.15 mg Pt/cm2) yields a 94 mV drop over the 1 same 

current range. 51 The poor performance at high current density is probably 

due to mass transport losses in the electrode structure due to the great 

thickness (2mm) of the catalyst layer required to give current densities 

approaching those obtained with supported Pt. Studies of pFePc in other 

types of electrodes designed for lower current densities4' 26 (#36,37) 

showed lower Tafel slopes (45-64 mV/decade). Thus the large 11 Tafel 11 

slopes for porous pFePc electrodes are probably indicative not of a change 
' 

in oxygen reduction kinetics. but rather of the difficulty of packing enough 
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of these large macrocyclic molecules into an efficient electrode ~tructure 

capable of maintaining high current densities without transport (molecular 

and ionic) losses. 

One encouraging aspect of the behavior of pFePc-C porous electrodes 

is their insensitivity to the presence of fuels. 4 As shown in #34 and 

#35, addition of 3M CH 30H to the acid electrolyte causes no signifi-

cant change in oxygen reduction characteristics. Under similar conditions 

Pt metals would give a depressed, mixed potential due to simultaneous re-

duction of oxygen and oxidation of the fuel. Thus segregation of·anolyte 

and catholyte in direct fuel cells or those using incompletely reformed 

fuel would be less crucial in cells employing Pc-catalyzed cathodes. 

Investigators in the laboratory of ~1. Savy25 •26 •27 •50 have studied 

the effects of temperature; pH, and oxygen pressure of pFePc-AcB (acetylene 

black) electrophoresed onto a graphite bar. Although lack of data on cata-

lyst loadings makes quantitative comparison difficult, these materials 

:appear less active but more stable than the pFePc's studied by Meier and 

Jahnke. Temperature dependence was studied at pH 6.7 and pH 12.3. An 

activation energy proportional to pH (2.7 kcal/mole-l pH unit-1) was ,; · 

reported. 26 The open circuit potential varied with oxygen partial pres-. 

sure by about 60 mV/decade at pH 1.3. 26 

The oxygen reduction activity of phthalocyanines can be modified by 

substitution on or in the ring system. Tetrafluorination of FePc strongly 

suppresses oxygen reduction in acid, while hexadecylfluoro FePc is almost 

as active as the unfluorinated material. 8 Inclusion of more heteroatoms 

in the ring system can hinder or augment oxygen reduction. TDAP 

(tetradithiacyclohexenotetraazaporphyrin) i~ structurally similar to 
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phthalocyanine, with two sulfurs replacing two carbons in each of the 

six-membered rings distal to the metal center. While in acid Fe TDAP 

{#46) displays only 2% of the activity of monomeric FePc (#38), Co TDAP 

{#47) has .. more than ten times the initial activity of CoPe (#45). 4 

Yeager and co-workers have studied oxygen reduction on water-soluble 

tetrasulfonate phthalocyanines (TSP) in both basic and acidic electro

lytes.13,l4,15'16 The chelate is adsorbed onto a pyrolytic graphite disc. 

The adsorbed layers are stable in alkaline electrolyte, but chelate must 

b~ added to acid electrolytes to maintain the film. No current data in 

acids was given for potentials above.300 mV RHE, so quantitative compari

sorJ,of activity with other catalysts is impossible. In basic electrolytes 

oxygen .. · reduction follows a two-electron path on Co TSP, while four.-electron 

reduction preqominates on FeTSP. Difficulties with the stabi 1 ity of 

peroxide oxidation on the gold ring electrode precluded unambiguous det~r-
;,· 

mination of mechanisms in acid. 

2. ) . Di hydrod i benzotetraazaannu 1 ene ( TAA) 

The oxygen reduction activity of TAA's was first investigated by the 

group of Beck21 using suspension electrodes. The activity of various · 

metal TAA's decreased in the order Co>>Mn>Fe>Ni>C~>VO. Although the rest 

potentials for Co TAA (-800 mV) were cathodic of those for pFePc and 

FePc (955-920 mV), the oxygen reduction currents at 700 mV were sixfold 
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higher for Co TAA due to the much flatter I-V curve for FeP,c. · · 

In painted-on electrodes Co TAA is somewhat less active at 0.5 mA/cm2 

geometric than pFePc or monomeric FePc, but is more active than ~11 other 

materials tested, monomeric or polymeric.4 While the activity of FePc 

responds well to chemical polymerization, results on Co TAA are less 

consistent. Addition of oxygen to a solution of Co TAA in concentrated 

H2so4 precipitates out a polymer with activity (at 700 mV) several-fold 

lower than that of the monomer. Tsutsui and Darby18 report the synthesis 

of another form of polymeric Co TAA which should not be as highly oxidized; 

at the time of their report electrocatalytic testing of this material had 

just begun. Jahnke, et al. 4 have reported an increase in oxygen reduction 

·activity and stability with thermal pretreatment (#39,40) which correlated 

with dehydrogenation and possibly polymerization, Co TAA-C treated at 600°C 

shows a roughly ten-fold (65 mV) improvement in activity relative to the 

untreated material. Note that the heat-treated~aterial does not sh6w the 

very low Tafel slope seen in #39 and in the suspended electrode data of 

Beck, et a1. 21 

The stability of Co TAA appears poor, at least for the monomer. Beck, 

et a1. 21 reported a rapid fall-off in activity after 3 hrs. at 600 mV under 

conditions whereas p FePc, though less active, was perfectly stable. Heat

treated, presumably polymeric, Co TAA is more stable. The potential of a 

,heat-treated Co TAA electrode at 1 mA/mg (~2.5 mA/cm2), was initially 730 

mV~ decreasing to 680 and.620 mV after 2400 and 12,000 hrs., respectively~ 

Although maximum activity for Co TAA was found after treating at 600°C, 

maximum stability was obtained after an 800-900°C pre-treatment in which 
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both hydrogen and nitrogen were lost. 

Behret, et a1. 5 have examined the mechanism of oxygen reduction on 

Co TAA (#41) in the most complete rotating ring-disc study yet reported 

for macrocyclics in acid. At least on the monomer, oxygen reduction 

primarily follows a two-electron path to peroxide. (See discussion onmech-

anisms in Sec. VI). Co TAA appears inactive for further reduction of per

oxide. This point is in interesting contrast to the results of Meier, et 

al. 1 .on phthalocyanines where oxygen reduction activity correlated with 

catylase activity. It also indicates that the oxygen reduction activity 

of,Co TAA might be augmented through coupling with a. good peroxide reduc

tion catalyst, as discussed in the next chapt~r. 

3 .. ) Tetraphenyl porphyrins 

The electron charge density at the metal site of tetraphenylporphyrins 

can be conveniently altered through substitution for H at the para posi

tion of the four phenyl rings. This flexibility, plus the stability, solu-

bility in a number of solvents, and ease of synthesis, rriake TPP 1 s promis

ing starting materials for electrocataly~ts. 
6,7,69 b. f p 1 • • Sandstede, et al. tested anum er o T P s us1ng suspens1on 
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electrodes. As with TAA, the oxygen reduction activity decreased with 

different metals in the order Co>Fe>Ni:::Cu. Substitution of the stable, 

electron donating -OCH3 or -C6H5 groups at the aforementioned para posi

tion yielded an approximately five-fold increase in activity. Sandstede•s 

suspension electrode data indicated an order of activity at high current · 

densities of CoTAA>CoTMPP>pFePc. and near the op~n circuit p6tential 

Co TMPP>pFePe>CO TAA The stability of polyethylene-bonded Co TMPP-'carbon 

electrodes is intermediate between untreated and heat-treated Co TAA, 
4 

probably comparable to that for pFePc.-

Tsutsui and Darby18 'have synthesized both stacked and sheet oligomers 

of Co TPP. In their tests, which included pFePc, these polyiners proved 

superior to all other materials except Co TAA and Pt. However, their abso-

lute activities for all materials are so low that the applicability of 

their test procedures to the gathering of quantitative data must be ques-

tioned. Their screening criterion of oxygen reduction current at -0.4V 

vs. Hg/HgS04 corresponds to ca + 200 mV vs. RHE, by far too cathodic for 

an operating fuel cell cathode. 

4.) Face-to-face porphyrins 

In an attempt to build a catalyst with optimum geometry for oxygen 

reduction, Collman, et a1. 10 have synthesized and tested a series of face

to-face cobalt porphyrin dimers. Two diastereomersof the most active 

one tested (with M =Co) are (from ref. 10): 

'..t 

syn- anti-
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This material (#57) showed very good initial activity when tested 

as a thin film on a pyrolytic graphite rotating disk electrode at 700 mV. 

Using data in the published figures, and assuming one monolayer of active 

catalyst present at a su~face density of 1.2Xlo-4 molec/cm2, a turnover 

frequency of 17 s-l is calculated. This compares with.2.7 s-l for Pt 

from extrapolation of the baseline data. For a smooth Pt disc at 700 mV 

at the same rotation speed (250 r.p~m.) in a similar acid (.1 M TFMSA vs . 

. 5 M CF3 COOH), the turnover frequency is 2.2 s-1 {#57). 52 If the total 

amount of catalyst on the surface ( .. 8 monolayers as per cyclic voltommetry 

.of the Coli-III couple) is assumed electroactive for oxygen reduction, a 

turnover frequency of 2 s-l is calculat~d, slightly lower than that for 

Pt. On a per unit geometric area basis, the porphyrin-coated disk showed 

70% of the activity of the analogous Pt disk. Partial RRDE studies indi-

cate that oxygen reduction proceeds primarily by direct 4e reduction to 

water. Much lower activities are seen for porphyrin monomers (#58) or for 

face-to..:face dimers in which .the metal-to.-metal distance does not allow 

oxygen to bond simultaneously to both metal centers. 

Although these highly active materials represent a triumph in the 

rational design of catalysts, their stability is poor, with.activity de-

creasing on successive potential sweeps, probably through decomposition 

and dissolution of the catalyst. Oxygen reduction current~ above 800 mV 

are negligible, most likely because activity is linked to the· Coli-III 

redox couple (both Co centers may need to be in the +II state to effect re

duction to water). Although the potential of this couple can be shifted 

anodically through addition of electron withdrawing groups, such a tactic 

is likely to decrease the oxygen affinity of the catalyst, thereby 
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lessening the attainable current densities. More anodic redox couples 

involving metals in high oxidation states (Niiii, FeiV) are of no help 

since the porphyrins of these metals do not bind oxygen. Thus the cataly

tic properties of face-to-face porphyrins are restricted to a narrow poten

tial window with a maximum potential of about 700 mV. While this potential 

region does not allow for highly efficient operation of a fuel cell, it is 

of possible utility if high current densities can be achieved a~d main-

tained. As will be shown in the next chapter, however, operation at 700 

mV should be possible with two two-electron catalysts working in series~ 

Some means of shifting the activity of face-to-face porphyrins to higher 

potentials must be found if their unusual ability to catalyze the four-

electron reduction ·of oxygen to water is to be utilized. 

5~) Non-N4 chelates 

Only chelates in which all .four of the atoms coordinated to the

metal center are nitrogen have shown any stability in acid electrolytes .. 

In carbonate-bicarbonate buffered electrolyte a much wider variety of 

materials are stable enough for testing as oxygen-reduction electro

catalysts. Jahnke4 has compared the activities of N2, N2o2, N2s2, 04, 

and s4 chelates of Fe, Co, Cu, and Ni. As before, Ni and Cu ~omplexes 

were much less active than those of Co and Fe. ·For iron, N4 complexes 

were more active than all others (#51, 52 vs. #53) with a general order 

of activity of N4>N 202>o4~s4 . The greater activity of Fe TDAP in base 

than in acid should be noted. Fe TPAP (tetrapyridinotetraazaporphyrin), 

another material loaded with heteroatoms, also shows fair activity in 

carbonate. For cobalt, N2o2 complexes proved most active (at least 

- •,..! 
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initially), particularly a Pfeiffer complex made from salicylaldehyde 

and a-phenylenediamine (#54, 53): 

Used in the generally less active painted-on electrode, this Co Pfeiffer 

complex showed relative activity equal to that achieved by Meier with 

fresh pFePc on optimized electrodes in acid. The gener~l trend of activi

ty for Co complexes in carbonate buffers is N202>N4>N5Ss>04~s4 . For N2o2 
Pfeiffer complexes the trend with different metals is Co>Mn>Fe>Cu>Ni. 

No long-term stability data was reported for the Pfeiffer_ complexes. 

VI. Current Prospects for Non-Noble Cathode Catalysts. 

The objective of alternative catalyst research mUst be to dev~lop 

less expensive materials which can be-incorporated into an electrode 

structure and produce essentially the same (or superior) current-voltage 

characteristics as the state-of-the-art Pt based fuel cell electrode. 

The state-of-the-art fuel cell cathode contains ca. 0.5 mg Pt per cm2 elec

trode area with a surface area of ca. 100 m2/g, equivalent to 500 cm2 Ptper 

cm2 geometric area or 5Xlo17 sites per cm2 geometric area. The electrode 

also contains typically 5 mg/cm2 of carbon black (250m2/g) as carrier for 

the Pt. Analysis of transport losses in carbon black carrier electrodes 

has indicated that the practical maximum for carbon carrier loading in a 
2 . 5 2 fuel cell electrode is ca. lOOmg/cm , or ca. 2.5Xl0 em carbon surface per 
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cm2 electrode area. The cross-sectional area of typical metalloporphy

rins is 4.5Xlo-15 cm2, so that a closest- packed layer of metalloporphy

rins grafted to a carbon black support would have ca. 2Xl014 sites per cm2 

carbon black, or an upper limit of 5Xlo19 sites per cm2 electrode area. 

It is clear then that alternative catalysts must have turnover frequencies 

within two-orders of magnitude of that for Pt in order to be considered, 

even in principle, cost effective alternatives to the existing Pt- based 

fuel cell electrode. Inspection of the results of Table 2, which are 

summarized graphically in Fig. 1, shows that there are only two materials 

which have demonstrated activity within this boundary in acid electrolyte 

(p FePc and Co FTFP), and both are of the organometallic type.' However, 

considerable doubt exists as to the long-term stability of these materials, 

particularly at the elevated temperatures required to maintain the water 

balance in operating fuel ,cells. Although the Co face-to-face porphyrin 

in #57 shows initial activity comparable or superior to Pt, the long-term 

stability of this catalyst is very questionable. Optimized carbon support

ed polymerized iron and cobalt phthalocyanines demonstrated initial activi

ties ~ithin an order of magnitude of Pt (#'s 32, 34), but the long-time 

activity was about thirty-fold lower than the initial activity (#33). 

Although this level .of activity is still potentially of interest~ other 

unpublished studies of polymerized iron phthalocyanine in Hl04 at 

elevated temperatures indicated this material is rapidly degraded in 

actual fuel cell use. 33 Detailed studies of the mechanisms of activity 

loss are essential to determine whether stabilization of the most active 

organometallic materials is possible. Polymerization and/or heat treat

ment (which.may be equivalent) have greatly increased both the stability 
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and activity of metal chelate catalysts for oxygen reduction. The optimal 
4 . 

heat-treated Co TAA of Jahnke, et al. had lost both hydrogen and nitrogen 

from the stoichiometric monomer. Fuhrmann, et a1. 73 found that pyrolysis 

of pure Co TMPP (c48H36N4o4co) to soooc: the pre-treatment temperature 

which gave the optimal combination of activity and stability in acid for 

the supported catalyst, yielded a material with stoichiometry c48H3N1_/o, 

containing metallic s-Co. These heat-treated materials thus lie closer 

in composition to active carbon + metal than to the original monomer -

further characterization of the active catalysts is necessary. One may be 

able to introduce active sites directly·into carbon powders with a nitro

gen or ammonia plasma discharge followed by the introduction of metals 

through ion exchange. We conjecture that optimal acid-stable catalysts 

rnay have structures far removed from the beautifully symmetric macrocyclic 

starting materials. 

The prospects of near-term employment in acid fuel cells of a non-

Pt catalyst based on current knowledge is poor. More specifically, there 

ar~ no catalysts described in the literature which have demonstrated 

sufficient stabi-lity and sufficient activity to warrant practical develop-

ment into real electrodes. There have been, however, promising develop-

ments in the area of organometallic catalysts and if the stability of 

these materials can be improved the long-term prospects for a non-Pt 

catalyst should be very good. 

The prospects for near-term employment of non-Pt catalysts in 

alkaline or alkaline carbonate fuel cells is very good. An organometallic 

catalyst based on the Co Pfeiffer complex (#54) looks particularly attrac• 

tive for use in alkaline carbonate fuel cells, as do simpler catalysts like 

the spinel oxide Co3o4 (#15). As has been known by workers in the field 
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for some time, the attractiveness of alkaline fuel cells in general is the 

flexibility available in the choice of non-Pt cathode catalyst materials. 

Figure 2 shows some of the range of materials which show acceptable oxygen 
. . 

reduction activity in alkaline electrolytes. This materials flexibility 

comes at the expense of compatibility with regard to the total fuel cell 

system, e.g. incompatibility with hydrocarbon fuels in the case of alkaline 

hydroxide cells, and incompatibility with respect to high current density 

(and therefore high power density) operation in alkaline carbonate cells. 

VII. Long-Range Prospects for Non-Noble ~etal Catalysts 

It is useful to consider the relation between reaction pathways arid 

catalyst type iri order to project, to whatever extent it may be pos~ible, 

what types of materials are most likely to produce technologically 

successful non-noble metal catalysts. Two reaction pathways·may be 

distinguished; each pathway can have a number of possible sequences of 

elementary steps, so that many (more· than two) reaction 11 mechanisms 11 

exist for each pathway. The first we refer to as the 2X2e- pathway, 

which is a series path via a peroxide intermediate, 

2e- -H+ A + 02 + H02 (ads) + A 

~~ 

H0
2
- + 3 H+A ~- 2 H

2
0 + 3A 

where A~ H20 or OH- (acid or alkaline electrolyte). The second is the· 

direct 4e- pathway in which 02 is reduced to H2o (or OH-) with H02 
being produced in the solution phase. This does not mean that the reac-

tion does not involve an adsorbed peroxide intermediate, but that reduc

tion does not involve a sequence 0hich leads to desorption of peroxide 

to the solution phase. The distinction between these reaction paths rests 

predominantly on the detection of peroxide ~pecies in solution, e.g. via 
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the rotating ring-disk elect~ode method, and the results often do not 

permit an unambiguous interpretation. However, there are a number of 

catalysts for which the peroxide pathway·was clearly predominant, includ

ing carbon,34 gold44 and most metal phthalocyanines14 in ~lka-

line electrolyte. 13 Yeager and co-workers have found that this path~ 

way is also predominant in acid electrolyte for some cobalt phthalocyanine.s. 

The direct 4e- pathway is clearly predominant (for acid electrolyte) on 

clean Pt surfaces 55 and on the Co FTFP of Collman and co-workers. 10 

Technologically, the direct 4e- pathway appears to be the preferred route, 

because: a.) the standard potential of the 02/H02 couple is 0.55V 

below the standard potential of the o2;oH (H20) couple, restricting 

the maximum ~chievable voltage to ca. 0.8V (RHE); b.) the generation of 

significant H02- in solution increases corrosion rates in the air cathode. 

We shall show, in subsequert discussion, that the 2X2e- pathway can, in 

fact, be more technologically viable than previously thought. The search 

for new direct 4e- catalysts invites consideration of the particular prop

erties of the surface and/or .the interaction of molecular oxygen with the 
48 surface that lead to 4e- reduction. Yeager has proposed three dif~ 

ferent kinds of interactions of molecular oxygen with transition metal 

centers, shown in Fig. 3. The Griffiths model has a lateral inter-

action of the 1r-orbitals of 02 with an empty di orbital of trans-ition 

metal (ion or metal atom) and back-bonding from partially filled d or xz 
* d . to the empty 1r (anti -bonding) orbitals of 02. Interaction of this yz 

( 
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type results in a weakening of the 0-0 bond, leading to dissociative 

adsorption of 02 and (probably) simultaneous proton addition. The 

result is a direct 4e- reduction. Interactions of this type may occur 

on certain Co and Fe phthalocyanines, in which case the metal ion 

changes valence, as depicted in Fig. 3 for the pathway labelled I, so 

that significant o2 reduction rates can be obtained only in the potential 

region close to the redox potential for'the ion (e.g. Coii/Coiii). 

This redox electrocatalysis concept was proposed for organometallic 

catalysts by Beck21 and seems to be at least plausible for a variety of 

porphyrins and phthalocyanines. However, very few organometallic cata

lysts have been shown to catalyze 02 reduction via the direct 4e 

pathway; most of those studied in sufficient detail to ascribe a 

pathway indicate the 2X2e- path is predominant. According to Yeager, 

the most probable interaction of 02 with most organometallic catalysts 

follows the Pauling model, the end-on interaction. The end-on inte~action· 

does not weaken the 0-0 bond as much as the lateral interaction, with 

the result that proton addition occurs without breaking the 0-0 bond. 

Desorption of peroxide into solution and subsequent 2e reduction to H2o 

or catalytic decomposition occurs at some other point on the surface. The 

type of interaction which appears to be most favorable for the direct 4e 

sequence is the bridge model. A bridge type state appears to be the low 

temperature (lOOK) state of 02 on Pt for adsorption from the gas phase53 

and is, therefore, the most likely precursor state leading to dissociative 

adsorption (4e- reduction) on Pt surfaces. The same type of interaction 

with dissociative adsorption would be expected for the Pt-group metals 
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Ir, Pd, and Rh based on gas phase 02 adsorption studies. In the case 

of organometallic catalysts, a bridging interaction can occur only when 

the transition metal cations have a bimetal configuration with the 

proper spacing (slightly lar~er than the 0-0 bond length in o2). There 

are a number of ways the proper bimetal configuration might be achieved 

either by design or circumstance, and two different methods have been 

suggested in the literature .. One method is to use planar macrocyclics 

attached end-on to the support surface and alter the packing density so 

as to achieve the required configuration. 54 Katz and Yeager concluded 

from Raman spectroscopic studies that such configurations do occur with 

Co and Fe tetrasulfonated phthalocyanines, as shown in Fig. 4. In this 

method, it appears to be difficult to control the number of active sites, 

since it requires precise grafting of the macrocyclic to a carbonsupport 

that has in practice a heterogeneous surface. More precise control of 

the metal-metal distance is achieved by synthesizing face-to-face (or 

clamshell) macrocyclic configurations, such as that achieved by Collman 

and co-workers 10 with the coba 1t face-to-face prophyrin (Co FTFP of 

Table 2). The structure of this molecule was shown in Section III 4d. 

The metal-metal separation is determined by the amide bridge . 

attaching the two planar porphyrin rings together. The mechanism of 

oxygen reduction suggested by Collman et a1. 10 for this catalyst is 

shown in Fig. 5 and is essentially the same as that designated Pathway III 

(Fig. 3) with a Co-0-0-Co bridging type interaction. As might be expected, 

this catalyst had the highest activity (turnover number) for 02 reduction 

of any non-Pt catalyst (in acidic ~lectrolyte) reported in the literature 

. to date. The guiding principles shown in Fig. 3 do, therefore, appear to 
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be supported, at least qualitatively, by recent experimental work, and 

should provide a framework to guide further development of new catalysts. 

There is another concept of 4e catalysis which is a variation or 

special case of Pathway II of Fig. 3 that has not been tried (by design) 

with organometallic catalysts. In this concept, two different macro-

cyclics having slightly different redox potentials are attached to the 

same surface; one is optimized kinetically for the 02!H2o2 reaction, the 

other for the H202!H20 reaction, with peroxide traveling between the two 

by surface diffusion (peroxide spillover). More generally, the peroxide 

reduction catalyst need not be an organometallic catalyst, but any 

. reasonably efficient non-noble metal peroxide reduction catalyst highly 

dispersed on the support surface. The reaction pathway would then be 

represented by the following sequences, 

M III~MII 
1 ~ 1 M II ~ M III 

2 "'""" 2 

where -"'--,.__~ denotes surface diffusion or 11 hoppi ng 11 between active centers. 

Although the reaction is clearly a 2X2e- series, formally it is a direct 

4e pathway because the steady-state concentration of peroxide in solution 

is below that given by the Nernst equilibrium for the O/H2o2couple due to 

11 Strong adsorption~~ of peroxide. This pathway may be more flexible than 

Pathway III (Fig. 3) in that precise control of the metal-metal distance 

is not required to affect 4e- transfer, and the number of molecules and 

configurations available to achieve separate 2e- reactions appears to be 

greater. 
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Even if peroxide spillover does not occur, and peroxide desorbs and 

diffuses to a second reducti~n site via the solution phase, the 2X2e-

path can be technologically useful. While it is true that one would like 

the voltage in hydrogen air fuel cells to approach the theoretical poten~ 

tial of 1.23V, commercially viable energy conversion devices can be de

veloped using significantly lower voltages (i.e. efficiencies <80%) .. 

Fuel cell power sources operating at cell voltages >0.7V still provide 

substantial efficiency improvements over conventional (internal combustion) 

power sources. It is easily shown that a 2X2e- reaction pathway can 

produce reaction rates in the potential region of 0.7-0.8V (RHE) that 

compare favorably with the baseline activity of supported Pt catalyst. 

We assume that the kinetics of the o2tH2o2 reaction are efficiently 
' 

catalyzed so that the rate is determined by the rate of peroxide reduction, 

e.g. for acid electrolyte, 

The rate equation under these assumptions is 

i = 2 F K k P exp [-(2+a)FE/RT] 
02 

(fast) 

(slow) 

where K:: exp [(2+a) E/RT], E
0 

is the standard potential for the 02/H2o2 
couple, k is the rate constant for peroxide reduction, and a is the trans

fer coefficient for peroxi~e reduction. Figure 6 shows a plot of this 

equation using the k and a for peroxide reduction on Pt in 85 w/o H3Po4 at 
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25°C ,55 and a 1 so extending k by two orders of magnitude to represent what 

might be observed in a non-adsorbing electrolyte like trifluo~omethane 

sulfonic acid. In the potential region of current practice in fuel cells, 

0.7-0.8V (RHE), the overall reaction rate via the 2X2e pathway is equal 

to or greater than that for supported Pt using a realistic rate constant 

for the peroxide elimination step. There is, in fact, evidence that such 

a 2X2e pathway occurs in alkaline electrolyte with activated carbons im

pregnated with peroxide reduction catalysts like Ag and selected metal 

oxides, 66 and the overall kinetics observed with those catalysts can 

approach the projected curve in Fig. 6. In acid electrolyte, however, 

there does not appear to be a catalyst that exhibits comparable behavior, 

probably because carbon is not a catalyst for oxygen reduction to peroxide 

in acid electrolyte. Also, there does not seem to have been a systematic 

effort to develop catalysts specifically for a 2X2e- pathway using the 

coupling concept described above. This would seem to be an attractive 

approach, and might be easier than trying to develop a direct 4e- catalyst 

comparable to Pt. 

However, as favorable as the situation may seem from a fundamental 

perspective, the technological implementation of organometallic catalysts 

faces formidable obstacles, particularly for acid electrolytes. As men

tioned in the previous section, the principal technological problem with 

all the organometallic catalysts synthesized to date is the stability, 

even at room temperature. Relatively little fundamental work has been 

done to examine the mechanisms of degradation, but what work has been 

indicates the mechanisms may be quite complex, e.g. not simple 

demetallization. It has been frequently reported that organometallic 
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catalysts have better lifetime at open circuit conditions than under 

conditions of high current, leading to the conjecture that oxidative 

attack by peroxide and/or superoxide species is responsible for the 

degradation. The carbon substrate to which the complex is attached is 

usually regarded as the source of these species. Clearly, the techno

logical future of organometallic catalysts rests upon the ability of . 

researchers in this field to extend the lifetime under real conditions 

of use to more practical limits (>103 hrs). We conclude, therefore, that 

it is not possible to assess the long-term prospects for organometallic 

catalysts until some of the uncertainties related to the stability of 

this family of materials is resolved. 
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Figure Captions 

Fig. 1. Oxygen reduction activity of various catalysts. in acid relative 

to platinum. Summary of data in Table 2. 

Fig. 2. Oxygen reduction activity of various catalysts in alkaline 

electrolyte relative to platinum in acid. 

Fig. 3 .. Reaction pathways for oxygen reduction in .acid according to the 

type of interaction of molecular oxygen with the active site. 

From Yeager (48} .. 

Fig. 4. Possible conformations for Co Pc molecules on an electrode 

surface that lead to a bridge-bonded oxygen intermediate. 

Fig. 5. Proposed mechanism for 02 reduction on Co face-to-face porphyrins. 

From ref. 10. 

Fig. 6. Comparison of baseline Pt I-V data (4e-) with calculated 

perfonnance of 2 x 2e- system assuming equilibrium between 

02 and H2o2. Lower edge of shaded region calculated using rate 

constant for H2o2 reduction on Pt in 85% H3Po4 (ref. 55}. Upper 

edge assumes 102 increase in rate in non-adsorbing electrolyte. 
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