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SUMMARY
The purpose of this report is to review the 1iteraturevon the

electrocatalysis of Hydrogen}air fuel cells in order to determine the
prospects for replacing Pt in transportafion fuel cells and to suggest
research directions which miéht 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 v>
electrolyte fue] cells using reformed hydrocarbon fuels (e.g. methanol).

The classes of materials which have been. reviewed include transition

metal oxides, sulfides, se]ehides, the refractory interstitial compounds

(e.g. carbides, n1tr1des, 5111c1des and borides of Ti, W, etc.), and
aromat1c macrocyclic porphyrlns and phtha]ocyan1nes Quant1tatire
comparison of a]l classes of materials was not poss1b1e’due to the
variety of methods employed to measure catalytic activity and combinatibns
of temperature and e]ectro]yfe used; A procedure was derived whereby a
semi-quantitative (order of hagnitude) c@mparisoh was possibTe by normal-

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

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

same electrolyte. Where possible fhe comparison was made per unit active
site (turnover number) or per unit aréa of active material. In the
majority of cases, however, the compar1son was on a un1t weight bas1s
Because of overall weight and volume 11m1tat1ons, it is shown that to be

an alternative e]ectrocatalyst of pract1ca1 conseqguence, therrelat1ve

activity must be at Tleast 1072 regardless of relative cost. The only

class of materials which have shown sufficient catalytic activity for

- oxygen reduction in acidic eTectro]yte are of the organometallic type,
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j.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 imprdved by heat—treafing and thus polymerizing the_]igand
structure, but even polymerized FePc is rabid]y degraded in actual fuel
cell use. We have concluded that there are no catalysts described in -
the Titerature which have demonstrated promise_of.both activity and thé
stabi]ity; The prospects of near—term‘(lo year) employment in acid fuel
vce]]s of a non-Pt catalyst is, therefore, not encouraging. :

In:contrast to the discduraging near-term prospects in acid
e]ecéf&iyté, the prospects of near-term employment of non-Pt cata]ysts-in
alkaline of alkaline carbohate fuel cells 1is very good. Organometallié'r
'caté1yst$ bésed»on the cobalt Pfeiffer complex or the cobalt tetra- |
héthoxyphény1 porphyrin look pafticu]ar]y attréctive for use in a]kajine .
e]écfrbTyte, as do simpler materials like the spinel oxides (e.g. Cd304).
Thigrmaterials flexibility comes at the expense of incompatibility with
reépect fo hydrocarbén fué]s. ' » _ |

Thg 1bng—range ﬁrospects for non-Pt catalysts in acid fuel cel]svare
diff{éq]Fﬂto ;sseés. There is not, at present, an understanding of the
degradafﬁdn mecﬁénisms occurring in organometallic catalysts, so 1£ is
not known whether there are inherent 11m1tations to the stability of thjs
class of materials (prophyrins and phthalocyanines). Fundamental studies
on degradation mechanisms seem essential to the further development of
the organometa]]icvtype of catalyst. While the particular (a]ternative).

material to accomp]iéh 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 t%is knowledge should be user] 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 exist

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

is a series path via the perbxide intermédiate,

& 2T -

0 + 02 - HO2 (ads) + H20
: 3+

Hs

-

+ 2e ’
0 —>» 5 H,0

3 2

Thé second is the direct 4e” pathway in which.O2 is reduced to H20

“directly without HO,” being produced in the solution phase. The reaction

pa%hway on Pt is generally.fe1t to be the direct 4e” path. The direction
in the reaction takes on a sbecific material is related to the nature of
the interaction between mo]e?u]ar oxygengahdfthe,active site. The
4e;‘path is favored when theéinteraction is bkidging at binuc]eér dual-
sites, whereas the 2 x 2 e~ path is favored when the intéraction is end-
on at single sjtes. The Co ?TFP represent a triumph in molecular engi-

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

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

rings in a face-to-face geométry. Consequently, Co FTFP is one of the

very few materié]s that cata1yzes 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 02/H202‘reaction
the other for the H202/H20 reaction, with peroxide trave]jng be?ween the
two by surface diffusion (peroxide spillover). The reaction pathway

would be represented by the sequences,

02 H20
Irr _ ., II - - IT I1I
M] ﬂ:M] 2e 2e M2 = M2
Hy0) camny

where .3 denotes surface diffusion or "hopping" between active

centers. Thisvpath may be easier to achieve than direct 4e” reduction

on a single active material in that the molecular configuration to achieve

“'separate 2e” reactions are less restrictive. This would seem to’be’an "
“dttractive direction for future research. RRES
** “The development of non-Pt catalysts for air electrodes in acid fuel

cells will require a major scientific breakthrough in electrocatalysis,

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

breakthrough will occur.

4]
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1. Introduction

Hydrogen-air fuel cells have the potential for becoming the best
vehicle power source aTternative to the internal combustion engine (ICE)
in an energy economy where a{significanf’premium is placed 6n conversion
éfficiency. The major advantages of fuel cells are'high efficiency
(40-60% of the higher heating value of»the fuel), Tow noise, Tow pollution,
and low maintenance (no moving parts). These advantages have been known

for a Tong time, but the economic incentive to displace a mature tech-

‘nology like the ICE requires‘tﬁat a very'substantia1 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 primaky sources, may result in such a premium,gg As with

all energy conversion devices, there is a critical trade-off between the:
initial or capital cost of the device ana the operating cost, but neither
of these costs can be re]iébﬁy predicted'for the year 2000 timeframe based
on current knowledge. Dramatic techno]ogica1 progress has been made in
the last decade in developing phosphoriclacia fuel cells (PAFC) for sta-
tionary power sources ranging from 40 kW to 5 MW capacity,]] and seri-

ous consideration is being gﬁven to adqpting’this technology to use in
vehic]es.]2 The eyehtua] capital cost of phosphoric acid fuel cells

when manufa;tured in quantity is still very uncertain even for the sta-
tionary.power source technology that is approaching commercial reality

due to the uhknown’economicsgqf sca1e;]7j There are, however, some

cost elements in thisutechnoiogy which db not exhibit an economy of scale
or may even exhibit a disecohohy 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“techno1bgy were to be
employed in sufficient scale so as to have a significant impact on total
1iquid 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.]9
Pressurization of PAFC systems tc 10 bars substantia]ly'incréases the
fuel cell power'density and the Pt requirements for power plants of this
type have been reduced to 2.6 grams of Pt per kw.20 For electrical
utility use, the amount of Pt used at the planned produttion rate of 500
MW per year is only 4X1O4 Troy oz. Pt per year, or only 2.5% of the total

Pt sold 1h the U.S. per year.22

The planned full-scale commercializa-
tion of PAFC technology by electric utilities would not, therefore, im-
bact 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

_vehic]es introduced must exceed 106 per year. At twice the fuel mileage
of an ICE pbWéred vehicle, the introduction of 106 vehicles per year
would’ reduce liquid fuel consumption (méthano]) by 6x10° gal./yr whichis

6 tons of

an incremental reduction in primary fuel consumption of 3.1X10
coa]23 per year. 106 vehicles with fuel cells of 20 kW rated power would
require about'4X106 Troy 62.'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-vehic1es 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 transportatibn fuel cells and to suggest directions and
research areas which might 1éad to the development of non-Pt (and‘non-'
precious metal) catalysts. At present, §upported Pt catalyst is used
at both the anode and cathode of PAFCs, but the loading is very asymmetric
e.g. 0.15 mg/cm2 anode, 0.60.mg/cm2 anode.  The anode loading can be re-
duced 'to 0.05 mg/cm2 if a seiective oxidfzer_is used to reduce the CO-
level in the-reformed-fuelvsfream to 0.1%, but this reduction is not
cost effective in stationary;poWer plants atvthe present pricé of{Pt.
Théré<is also the option of ﬁsing a tungsten carbide catalyst which is
tolerant to hfgh levels of CO._24 ' 'The:more difficult problem is to... =

reduce or:.eliminate Pt at thé air electrode without reducing the power - : %

density and the efficiency of the fuel cél]. The state-of-the-art PAFC =

has a power density (at 40% thermal efficiency) which is marginal fdf
vehicle app]ications,28 and any significant reduction in power density
from this level would probabTy be unacceptabie. We have, therefore, ‘re-
stricted this study‘to catalysts for the'air‘électrode with an emphasis
primarily on acid electrolyte fuel cells using reformed carbonaceous

fuels (e.g. methanol). There.are other.types of fue1 cells that might be
considered for transportatioﬁ applications, particularly alkaline electro-
lyte cells using pure hydrogen as the fuel or hydrogen derived from non-
_carbonaceous liquids. Alkaline cells for transportation are the subject

29

of a separate study™~ and were not part of the evaluation conducted in

this report.



IT. Criteria for Materials Selection

Future fuel cell catalysts must give good catalytic activity and.

fulfill a number of materials requirements:
A.) Stability in €O, - rejecting eTectro]ytes

The catalyst must be chemically and structurally stable in the
working electrolyte under both operating and standby condifions. ‘The use
of reformed carbonaceous fuels in trénsportation fuel cells restricts the*
choicevof'e]ectrolytes to thosefwhich remain invariant in composition: : -
(under given load COndjtions) 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 in which the bicarbonaté-ion-
- CsHCO

is highly soluble (e.g. CsCO Although materials problems,

3 3)'
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 other. . = -
alkaline electrolytes will be inciuded for comparison.

IdeaT]y, all materials used in a fﬁel cell should resist corrosion
throughout the entire potential range of stability of water so that
control malfunctions could not lead to catastropic eiectrode failures.
The corrosion resistance must be at:elevated temperature, not ambient
temperature, since acid fuel cells operate at 90-180°C, depending on the

particular electrolyte and system configuration. In reality, such univer-

sal stability is not 1ikely 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 Timits on the vehicle perfokmances obtainable with different fuel
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cells of a fixed rated capacfty. Presented with catalysts of Qaryjngvcosts,
peak activities, and stabilitjes, one can make an intelligent chafce only
after detailed systems ana]ysis. This report will focus largely upon
activities, for it is here that the most quantitative data is avaflab]e
A]though the information on stab111ty in this report will be presented
more qua11tat1ve1y than those for act1v1ty, it is of at least equa] tech—
nological 1mportance. |

' B.) Conductivity -

The fnternaT resistance of a fuel cell electrode must be kept 1cw.
Tnis'can be achieved tnroughgthe use of either a highly conductive‘cata;
lyst or a conductive support material. In the Tatter case the maximum
effective catalyst loading may be fixed by ccnductivity considerations.

| 'C ) Specific surface area (SSA) | o

Transportat1on app11cat1ons for fue] cells place a premium on h1gh
power dens1ty per unit area of electrode surface. S1nce the usefu1 th1ck-
‘ness of the electrode is . 11m1ted by transport w1th1n the porous layer,
mater1als of h1gh specific surface area (SSA) are requ1red. If a re]a-
| tively costly and/or poorly conduct1ng cata1yst is employed, the ability
to nroduce and maintain high dispersions of the catalyst over a conducting
support-of high SSA is critical. With avvery few exceptions specific sur-
face area data is not yet.avai1ab1e for drganometa]]ic catalysts. - Another
way of expressing SSA, which is useful for organometallic catalysts, is
the density of active sites per unit electrode area. Using.this measure3 it
is easily shown that SSA increases in the order supported metal > inorganic
‘compound >v9rganometa11ic cata]yst‘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 dens1ty may be at 1east an order of magnitude more
dilute than with supported Pt, so that pract1ca11y one may not be ab]e
to produce electrodes with equ1va]ent performance. -

III. <Classes of Materials Cons1dered

A.) Oxides | |
" Metal oxides are perhaps the mOét obvious candidétes as Pt Subst}tutes
in e1ectroc$ta1ysis. Oxides are present on fhe surfaces of all non-ooble
metals at potentials useful for oxygen reduction. d*yoen reduction may
proceed by exchange of oxygen atoms between mo]ecu]ar oxygen, surface
ox1de and water (referred to as a regenerat1ve mechan1sm) Some ox1des
with meta111c conduct1v1ty are available; a few are stab]e in ac1d o
B.) ‘Other Chalcogenides o | )

The su]fﬁdes, selenides, anddte11urides promise higher‘oonductivity
then oxides and better resistance to cata]yst po1son1ng than metals or
oxides. Compar1son of oxides with other cha]cogen1des allows some con-

' c1u§1ohs to be drawn about the electronic structure required for effective
catéﬁ?@de.‘: | | | |

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

_ ~The refractory compounds, such as WC ahd TiN, are corrosion re§i§tant,
have good conductiVity,.énd have,shown_some promise as hydrogen: oxidation
catalysts resistant to.CO poisonﬁng. The non-refractory interstitials, .
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 stabilization energies of the
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aromatic macrocyclic porphyrins, phtha]ocyanines, and related compounds ..
give them a much higher stabiﬁity at oxygen reduction potentials than . :. -
would be found for the smaller organometal]ic-mo]ecﬁ]es used as.cata]ysts'
in nonaqueous media. The planar aromatic structure reminiscent of graph—
ite gives. hope that'high disbérsjon$ of these:compounds might be achieved
on carbon supports. The re]ative]y.]argeisize.of the molecules, however,
may 1imit the surface density‘of active sifes which can be achieved.

IV.  Testing Procedures

A.) Electrode types |
The exact morphology of a fuel ce1];e1ectf0de will profoundly influence
its apparent activity due to the inf]uenqevof.mass_transport effects intrin-
sic to all electrocatalytic systems. Comparison of results obtained with
different electrode morpho]ogy; therefore,isfrought with difficulties. Never-
.theless, due to the diversity.of electrodes in which catalysts have been
tested, such comparisons mustlbe.attempted; .The types of electrodes used,
and‘the specific ways in which their geometry- can be expected to bias
measurements of e1ectrocat§1yt1c activity, aré discussed here.
* 1. PTFE - bonded porouszelectrodes (fuel cell type) . .

In fabricatingrthese e]eétrbdes the catalyst is precipitated upon (or
simply physica]]y mixed with) a high specffic surface area carbon support.
The coated carbon is then mixed with a suspension of po1ytetraf1uoroethy]ene'
(PTFE) or.polyethylene (binding and wet-proofing agents) and pressed onto.a
cufrent collector screen of'cafalytically inactive metal (Au,Ta or Ni). A
porous PTFE film is pressed onto the side of the_e]ectrqde-which is exposed
to gas, either from a separaté gas comparfment or. by floating the electrode

on the electrolyte surface in a control]ed: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 df
catalyst- coated carbon per cmzt One cannot, however, play this game
forever; the maximum practicable carbon supported catalyst loading is
about 100 mg/cm2 for fuel cell use.. |

'IWhile PTFE- bonded carbon supported electrodes allow catalysts to be’

tested in the form most relevant to fuel cel]‘app]ications, their fabrica-
tion and optimization is laborious and the separation of kinetic, trans-
- port, and resistance effects is difficult, especially at high catalyst
loadings. Several more convenient eleétrode 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 perforated gold current collec-
tor are pressed against fhe catalyst layer, and oxygen is admitted behind
the PTFE. These electrodes a]iow rapid screening of .catalysts ina
structure approximating that of a fuel cell electrode. As will be shown,
these electrodes give qua]itativé agreement (in ferms of the Qrder 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
layer in the absence of a hydrophobic binder. Barasel, et a].,49 used simi-

lar painted-on electrodes, albeit with no carbon, to screen a large
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number of chalcogenides for bxygen reduction activity. -~Savy, et a1.,26

electrophoretically deposited catalyst- impregnated carbon onto massive
solid electrodes. The different means of_oxygen supply on these electrodes
and the lack of reported catalyst loading hindered quantitative comparison

of ‘results from these electrbdes with data from other :painted-on systems.

3. Suspension e]ectrodésv
Another electrode suitat]e for the rapid screening oprotehtial catalysts
is the suspension (or slurry) electrode developed by Podwjashin ands5h1y91n64
and Held and\Gerischer.65 A stream of oxygen bubb]es 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. -
vtrom such electrodes, since the efficienty of charge transfer from catalyst
‘to electrode varies with the density and‘partic1e size distribution of the
powder, but trends in cdta]ytt activity:can be discerned. Suspension
electrodes give oxygen reduction potentials 100-200 mV lower than those
achieved on solid porous e]ettrodes at equal current densities.6
4. Smooth electrodes
Accurate kinetic data can best bé obtained from "smooth" electrodes,
i.e. those on which the active catalyst area is approximately equal to the
geometric area of: the e1ectfode. Oxygen reduction has been studied on a
number of oxides in the form of as- grown single crystals, where ideal

39,41,42,57,58

smoothness is obtained. Other. oxides have been pressed into
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wafers, which are then fabricated into rotating disk electrodes and

d,36’45 " The true smoothness of such electrodes is qdéétibhab]e.

polishe
Catalysts with poor electrical conductivity cannot be sfudfed as

smooth massive electrodes. The best electrodes for kinetic measuréméhts
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. Uhfortunate]y, the adhesion of organometallic
catalysts on these materials is poor, especfa]]y {n acidic electrolytes.
Also, some organometallic catalysts, in particular iron phthalocyénine,
require a carbon substfate with basic surface gFoups in order to show high

3.4 Properly functionalized smooth carbon surfaces have not yet

activity.
" been devised.

Savy, et a1.27 have carried out unusually complete studies of
phthalocyanines evaporated onto gold substrates in vacuo. The catalyst -
films were 300-4008 thick. The internal areas of such films are unkiown.
Films formed by rapid evaporation, which probably have more internal voids,
gave much higher rates of oxygen redﬁctidn. The extraction of quantitative
activity data relevant to fuel cell use data from such electrodes is ‘dif-

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 bossib]e cathodic reactions within the elec-
trode itself are not counted as oxygen reduction. The sweep.rafelused
varied from 10-60 mV/min as is required to yield quasi-steady state be-
havior with catalysts of diffe;ent activity. In a few cases,27-the;OXygen
pressure dependence has been measured by varying the 02:; N2 ratio in the
feed gas. | _ ”

2.) Cyclic vo]ﬁammetry

Rough screening of catalysts has been achieved by observing: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 cata]yﬁic activities determined by other methods.

3.)‘_Long- term;testing
Long- term (>300 hrs)vtests have been conducted under galvanostatic
control for a number of non;noble catalysts. No variable load endurance
testsbsimulating fuel cell Qse.in‘vehicles have been found.
4.) Rotating d{Sk (RDE) and ring-disk (RRDE)studies-

" Rotating electrodes haQe been used to study a number of oxide and
orgahometa111c-oxygen feductioh electroCata]ysts.36’45’40’10’13j1€i§ﬁf_
Comp]ete data, al]bwing determination of rate constants for.Oz,requctjon
to H20, 02 reduction to H202, and heterogeneous H202 decomposition, have
been gathered in acidic e]eetrolytes 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

13 10 have published RDE data only at very. low rotation

acid. Collman, et al.
speeds, probably due to the physical fragility of their porphyrin. films.
Extrapolation of data to infinite rotation speed is necessary to define
all relevant rate constants. Preparation of a’émooth carbon electrode
‘with the basic surface groups necessafy for the fu]f activity of phthalo-
cyanine catalysts has yet to be achieved.
- C.) Stability tests

_Pre]iminary screening of materials usually involves simple measurement
of weight loss following extended immersion in the electrolyte of interest.
‘Electrochemical stabiTity is determined either through repetitive cycling
. of the performance curve meésurements or through long term galvanostatic
~tests. Loss of the catalyst, or a part thereof, to the electrolyte has
been:measured'spectrophotometfica]]y and 1in the caseé of Fe phthalocyanines
with radiotracere.3 In the latter case, the quantity and nature of iron
i remaining in the-catalyst was also determined by‘Mﬁssbauer spectroscopy.

D.) Comparison with Pt

The wide range of conditions under which non-nob]e‘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 much 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 HZSO this acid was'a]so choéen'as the electrolyte for the

45
baseline Pt data. Bett, et a].sz measured therxygen reduction activity of
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a variety of platinum blacks and Pt on carbon catalysts in 2N H2504 at

70°C'u§ingvvery thin PTFE- bonded electrodes for which mass transfer 1imi-
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 mA cm'2
normalized to the real Pt surface area as measured by H2 adsorption.vWe
have used this number to esfab1ish what is referred to throughout this
report as the baseline Pt aétivity. Tafel s]dpeé of 65t5 mV were reported.

For 'extrapolation purposes this 65 mV/décade Tafel slope has been taken as

invariant with temperature,:as the slope does not show the expected direct
72

~““proportionality with T."” The apparent activation energy for the reduction

55

of 0, in H,PO, has been measured as ~ 10 kcal/mole. This value has been

2 374
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-metallic materials.

Criterion 1:
When the actual surfacé 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 possiblé. In the tables of the next chapter the
~relative activity of such cata]ysts 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 den@ted as criterion number 1. The activity of
most catalysts tested under these conditions is sufficiently low that
kinetic control of reactionirates is assured. Comparison with Pt data

obtained at high potentia]s; where kinetic control obtains, is therefore
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justified. In those few cases (particularly with face-to-face pgrphyrin
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-extrapo]éted) data for
smooth Pt under similar conditions (e]ectro]yte, potential disk‘rotation
rate) are also listed in the tables. |

Criterion 2:

49

In a few cases ° where powdered catalysts were used without carbon-

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

BET area.
Activity relative to Pt is listed here as the ratio of the measured current
cm'2 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 1arge1y 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 given in the tables as the inverse ratio of test catalyst

-~ Toading (mg/cm2 geometric) to the Pt loading (mg/cm2 electrode area. -with
- a specific surface area of 75 mz/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 acidic

electrolytes.
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Criterion 4:

The most rigorous méasu}e of catalytic aétivity is the turnover
frequency, defined as -the number of times the desired reaction occurs per
active site'per second. Turndver fhequehcies have been ca]cuTated in
cases where data on éata1yst true area were available and estimates of

éctive si%é densities cou]d.be made. Turnover frequencies for Pt calculated

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

]5 (equ1va1ent to 220 uC/cm H

atom) surface density of 1.4 X 10
e]ectrosorption) are listed in Table 1. _For organometallic catalysts in
the form of smodth mono]ayeré, the surface density of meté] sites {s ca.

1 X ]014 -2 14 2

for porphyrins and phthaToéyanines and ca. 2 X 10
for tetrazaannu]ines. Thus, if an organometallic catalyst and Pt Qére to
yield egual turnover numbers, the Pt would have 7-14 times the cata]yt1c

act1v1ty per unit geometr1c area of electrode.
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Table 1. Turnover Frequencies for Oxygen Reduct1on on Pt in 2N H SO
(0 o/sec-Pt atom) Based on data in Ref. 52.

CN\T(C) y |
V(mV vs RHE} 70° - 25°
90 .021 . . .0023
850 | 12 | . .013
800 .72 | , .078.
750 | ' ’4,2 | - .46 -
"E7QO o ‘ 24 o 2.7
890 | 147 16

... 600 . o - 863 | 93
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V. Oxygen reduction activity and acid stability of non-noble electro-
catalysts v

Table -2 assembles data on oxygen reduction for a broad spectrum of
test materia]s Although the measurements were made under a wide variety
of cond1t1ons w1th various e]ectrode forms, compar1son is made possible
| SO

by referenc1ng to the act1v1ty of Pt in H at the quoted potential and

2774
temperature as per the cr1ter1a listed in the previous chapter (Columns
X‘and XV). Data is given primarily for acidic electrolytes. Some results
are‘1i$ted for materials which are not stable in acid but are stable in

' C02 rejecting carbonate eléctro]yte. A few materials with reported high
.activities in aqueous hydroxides are listed because of their possible uti-
Tity in carbonate electrolytes. It should be noted that all activities
are compared to Pt in acid. Pt in concentrated aqueous'hydroxides shows
reughly tenfo]d greater specific activity for oxygen reduction in the

0.7 - 0.8V RHE potential reg1on 30 “

Accurate determ1nat1on of exchange currents is genera]]y 1mposs1b1e
'from the data available. The "Tafel" slopes listed in Table 2 are for
the current decade around the'quoted potentta]. |

Painted on electrodes yielded specific'activities consistently about
five-fold less than those determined with fuel-cell type or smooth elec-
,Itrodes. Measurements made mith this type electrode are'denoted'by a *.in

the "comments" column. References in the text to individual 11nes in

| Tab]e 2 will be by the symbo] # fo]]owed by the 1ine number.
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A.) Oxides ‘ - ‘ . PR

ﬁew oxides with adequate electrical conductivity show acéébtéb]e
stability for use as électrocata]yéts in acidic electrolytes. Tungsten
bronzes appear to be exceptionally stable, even at oxygen evolution
potentials.39 The oxygen reduction'aétiVity of these mdteria]s, partich
larly sodium tungsten bronze (Naxw03, 0.2<x<0.93) has‘beeh the subject of
considerable controversy. The high activity (#3) initially reported by

39 was not observed by other groups37’38’40

40,41,42

Sepa, Damjanovic, and Bockris
and was later found to be the result of p]étinum contamination.
Weber et al. (#2)42 have measured the activity of Pt-free Na, WO, {nbaéfd

purified without pre-e]eCtro]y§i$ on b]atinum as equivalent to

8

5X10; thét of Pt,-similar’to that observed fof other oxides. A]thodéh

sodium tUhgstéh bronze has no appreciable catalytic activity of its owﬁ,
it may enhance the activity of platinum when used as a support, as claimed

by Bockris and McHardy,41

42,43

although controversy remains about this point
also. Whether or not the Pt activity is énhanced, tunéstén bronzes
might prove useful as stéb]e conductiVe supports.in app]icationsvwhere
carbon cannot be used such as in bifuﬁctiona] air electrodes for seboﬁdary
metal-air batteries. |

Broyde38 found some activity in all acid-stable W-0 systems teéfé&,
including two other bronzes shown in Table 2 (#5 and #6), but the activi-
ties were uselessly low, even byfcomparison of a. PTFE - bonded pofous
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). ReO2 corrodes at potentials above



Table 2.
1 T 11 v v it vits o n. M un
“Tafel® Eaulysc Eguiv. Ad_ " Criterfon
: Electrolyte - c.d. slope oadi t. ivity
Catalyst £lectrode form Temp. (°¢) Fo.c: (v RHE)  (mA/cmd)  (mV/decade) c:!) (mg/ca®)  (vs. Pt} for-X Ref. Comments
mfllli On graphitized C 4.3 LT 55
e 75.2 . tefgzn?:ound o Hs0, 10 900 o.0lsr P 0.30 0.3 1 1.2.3,4 52 Extrapolated to other temperatures using E, = 10 kcal/mol.
OXIDES
BRONZES: . .5
ZJRa, 0, single Xtal 0.10 H,S0,(26%) - 600 3%10” o M0 - - sno™d ) a2 Rigorously free fros Pt.
700 0%, r )
3)Na, W03 single Xta) o "2”“29) 900 0.029,r 120{E<950; - - 11 ] k] Pt contamination ( 400 ppm in bulk), snbl- in acld even
-Qmpp- Pt 60(Ex950, ) ) at 0, evolution potential.
mgo;n stingle Xta) 0.10 H,S0,(25°) 900 sx10-%,r 120 - . o™ 1 ] Intermediate Pt content.
- —r
§)Ceg M0,  powder bound 7,40 Hy50,(90°) - @20 ooy 1 . 2x1078 1 38 Activity per ca very low éven 1f electrode 1s considered o
with 5% Teflon ] smooth. .
6)N1, , MO0,  powder bound  7.4N.H,50,(90°) - 430 X . - £ Activi 2 very 1 :
0.24%3 = powser | Teflon 250 0.19 ? 0 1 Activity par ca” very low even If electrode 13 considersd
OTHER ?EROVSKXTES:
7)L30.35r°‘2 smooth ROE, SHoKOH  (25°%) - 900 0.4 300 - - 200 1 36 Compared to baseline Pt data tn stagnant acid. Material dissolves in acid.
1500
co0, rpm 2 1 Compared to Pt disk under identical conditions.36
8)Lag,55rg,5  powder bound 45% KOH  (25°) 1250 900 °'78 63 Linear dependence of current on potential.
- 25184 Linear, 10 0.5 - 3
Co0. with 23% teflon o r Assune €, = 10 kcal/mo) for Pt.
3 floating ! {200°), 900 e fot exp. 10 0.5 - 3 A
RHOMBOHEDRAL/CUBLC
9)n10 teflon bound. 75% KOH {160°) 1200 - . 10°2 56 Dissolves in acid, activity falls off rapidly at lower
(L1 doped) Ppowder, lso-Z/ f1e0") %0 45 L‘,’::;; 0 0.1 10 3 temp., linear dependence of current on potential.
DIOXIDES (RUTILE-TYPE AND VARIANTS) :
10) &, single crystal W w0y (25%) - 600 mo 180 - - oS ¥ 57
11) Reo, s:nqle crystal  IN H,50, (25°) - 280 o % 300 - - “1x0-Y 1 §7 Unstable above + 630 mV(RHE).
cluster st
12) w, single (121} 1IN H3S04 (zs’; - 300 ol " 300 . R 10710 1 s
crystals  (212) W HyS0, (25°) - 300 o3 280 - - ix107? 1 58 _
13) Mo0, single (100) 1IN H)S504 zs'; - 400 20074 100 - - . ame? \ 58 Corrodes at higher potentials.
crystals ( 2i) mnys0, (25°) - 400 N0~ 80 - - e 1 58
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Table 2. (Cont.)
I T T W v vi Vit Vi 5 X X X i
'Tafel'l_ © Catalyst Equiv. .
. Electrolyte £ c.d.z slope Loadi:a Pt. 2 Activity (Criterion
Catalyst Electrode forl Temp. (°C) 0.C. {mV RHE) (mA/cen”) {mV/decade) (mg/cmé) (mg/cm®)  (vs. Pt) for X Ref. Comments
SPINELS
14) Co,N10, teflon bound SN mu‘ {25°) 1020 860 509 100 =10 8.1 0.8 3 59 Unstable in acid but compared to Pt in acid, irreversidly
7 powder, floating - . : . deactivated up()m exposure to alkaline electrolytes for extended
P . times (ref. 66).
15} Coz0, on acetylene SN KOH (70°) 980 860 & 45 0.2 0.07 0.35 3 66 €, ~ 15 kcal/mo). compared to Pt.in acld. .
) ::::' teflon + LIOH 0.05 3 66 Compared to supported Pt under identical conditions.
16) Cu pressed disk 0.5 M K,(25%) 606 0.329,r7 130 - - ulo” to extrapolated baseline data.
1.4 9» ? 45 3000 r.p.m. Compared to extrapo
iy g0, . (smotntIRiE %0y v 150 0. ) Compared to Pt disk, 0.1NTFKSA @ 3000 r.p.m., 600 aV.(ref. 52).
o pH6. 6
17) Wiy g :;;ssed disk gbs M K,(25%) 600 1.29,r? - - - g.gl 1 4% Compared to baseline Pt data.
Co . 4 . Compared to Pt disk.
0.250,0, 6.6
+14% graphite
DELAFOSSITES:
18) PtCo0,  oxide film 0.) N KOH(23°) 1090 900 1.99 58 - - 5.0 2 35 Compared to Pt in acd, no catalyst data available in acid.
3-54 thick 0.0l 0.6 2 Compared to Pt in same electrolyte.
19) PdCod,  oxide film 0.1 N KOW(23°) 1000 900 0.15¢ 43 - - 0.4 2 k- Compared to Pt in acid.
3-5 thick 8x10~4% 0.05 2 Compared to Pt in same electrolyte.
PYROCHLORES: '
_box ] RB carbon in same electrolyte.
20) Pby[Ruy_, teflon-bound 34 KOH (75°) 1030 900 19 60 4 1.4 - - 32 Fresh catalyst. Activity shown as better than 10% Pt on
P:z]o72 * powder - ( 960 900 1.18 60 ? 0.08 R’ After 1176 hr. @ 50 A/ Equiv. Pt (col. XI) in acid.
X1y . . .
" OTHER CHALCOGEMIDES
21} Cos, powder painted 4N h 80, (70°) - 600 0.09%6r - 5-10 o’ et 2 3
) onto porous . .
tefion-noC
2,
’ 0o08r - - -8 -6 49 8ET area 0.03-17m¢/9, current reported only wrt BET area.
@) g:‘ c?n . " "250‘ (10°) 600 0 s-10 o 8xo- 2 Geometric current densities up to 10-25 nafcnd.
Code, g : Activities tested after 3 week weight Joss test in acid.
-8 Co-S system: 15-60% loss of !ctlvg{ in 20-100 hr,
' _8 g corrosion currents 10-6 - 10-% mA/ .
23) 488 Misge S0, (10°) - 600 0.0l - - 5-10. a0 e 2 ] Co-5e system: 705 10ss of activity in 20-100 hrs.
‘.03l .
43 m,s‘ .
24) 95%C08, o0 woH50, (70°) - 600 ' 013 . - 5-10 o’ et 2 o
53C,55 (Sptnel) = 4 ,
25) 331C0Sp. S0, (70°) - 600 0.23r - 5-10 sao? - 2007t 2 9
33100354 (spinel) =
33!"18025.
26) Coysy M 0,50, (25%) - 600 0.0 - - exo® oS 2 61
{spinel) 250 0
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Table 2. (Cont.)
1 1 m v v v it vin ] 5 x wm nu
. “Tafel® Catalyst Equiv. .
Electrolyte £ B 4 c.d., slope Load::a -Pt, o Activity Criterion
Catalyst  Electrode form Tenp.(°C) 0.c. (m¥ RHE) (mA/en®) {mV/decade) (mg/cm?) - (mg/ca®) (vs. Pt) for X Ref. Cooments
INTERSTITIAL COMPOUNDS: Carbides, Mitrides, Silicides, Borides
27) Carbided teflon-bound .7
Ni-Ag powder 7.4 HZSO‘ (25%) - - 460 Y9 - ? o - - 47
] On:y nd;:'uely acid-stable materials of
. . . all Fe Co interstitials tested.
) Carbided . molten HyP0,(120°) - o ) - - sxio”? Y i
Ni-Ag :
29) rFaéC . .. molten MJPO‘(ZN‘) - - [ ] - - 0 47
_30)_ x-Fel T INKHCO34IM (80°) 820 760 1. 20 - st . - )
0, . o B LT . . . Compared to Pt in acld.
31) Carbided 1M KHCO3+IM (80°) 860 840 ig 100 - 0.08 - - 47
(TR 005
ORGANOME TALLIC COMPOUNDS -
32) pFepc on Norit 8RX 6 H,S0, (25°) 1020 850 209 340 7 2.2 0.3 3 1 Fresh catalyst, elect, 2m thick
teflon-bound R 0.3 4 Turnover frequency 4X10-3 (0.3 that of Pt) assuming unit dispersion.
33) pFep . RS0, {2 - 750 209 - 7 0.07  0.009 3 3 Stable after 300 hr galvanostatted at 20 sA/ca?.
prepe. . ) el T . S
34) pFePc on acetylene
black ¥, 62
teflon-bound 4.58 sto‘ (25°) 1000 850 209 20 - 2.2 - -
35) pFePc  on acetylene  4.SK HpSO, (25°) 1000 840 209 235 - et ‘ No mixed potential with methano) present.
black ¥, +38 Di,(ll
teflon-bound
36) pFePc physical mixture C.SlI,HZSO‘ (25°) .- 890 0.5¢ 64 2.5 0.24 [ 8] 3 4 .
catalyst +AcB N g g
painted on
porous teflon
37) pFepc on AcB, painted pH 1.3, 0.2m(25°) - 813 0.019 45 - - - - 26 Catalyst baked u‘r-ove volatiles.
on graphite in total phos-
block phate,
38) FePc ?:h;;zd on as  4.5N H,50, (5°) - 845 0.5 53 2.5 0.05 0.02 3 4 *Compare to polymer, #36.
39) Cotmr . 4S50, (25°) - 7% 0.59 2 2.5 mo?  ae? 3 . “Low Tafe) stope.
40) CoTAA .:::?g ;:l;"at 4.5N 4,50, (25%) - 846 0.5¢9 60 2.5 0.08 0.02 3 4 *Thermally treated CoTAA, compare to #39.-
600°C, painted
on
41) CoTAA film on 0.1n H, S0, (20*) - 700 0.024g,r? - - - 0.0 ] 5 500 r.p.;m. Turnover frequency 0.2 assuming 1} wonotayer.
vitreous C, 14
it 251014 molec. /2.
42) pCoPc patnted on 4.50 NZSO‘ (25°) - 150 0.5¢ 64 2.% ZXIO" : sx10™4 k] 8 .

%61



Table 2. (Cont.)
1 i 1 Iv v v il vinl Xl X au M Ll
“Tafel® Catalyst Equiv.
Electrolyte o - 4 c.d., slope Loadl:g~ PLo,  Activity Criterion
Catalyst  Electrode form Temp. (*C) 0.c. (mv RE) (mA/om”)  (mV/decade)  (mg/emé)  (mg/em)  (vs. Pt) for X Ref. Comments
43) ploPc _tef}on-ggund 6N HyS0, (25°) 935 770 209 320 7 0.13 0.02 3 1 Fresh catalyst, electrode 2mm thick.
as in ¢ :
44) pCoPc teflon-bound 4.5 H,S0, (25%) 860 660 209 450 o3 . - 62
as in 4 .
45) CoPc patnted-on 4.54 H,50, (25°) 615 0.25¢ 160 2.5 mo 3078 3 4 .
as in #36
45) FeTOAP . patntedon - 4.5N WSO, (25°) - 720 0.5 “ 2.5 mo™ mot 3 ‘ .
(s-sub- as in 436
stituted
Pc)
A7) CoTW  painted-on 4.5M N80, (25°) - 680 0.5 120 2.5 mo? saed 3 .
as in #36 ’
48) 5% Pt on painted-on 4.54 K50, (25°) - 820 0.59 " 0.13rt  0.02 0.16 3 4 *Shows depressed activity of painted-on electrodes.
MNorit BRX ss in #36 Assuming 5% gives 65 w</g Pt. —)
(Yo}
49) Raney Pt painted-on 4.5K HS0, (25°) . - 890 0.5¢ o4 2.5 0.28 o.n 3 4 . o
as in #36 ’
50) CoTmpP zlyethylem- k] HzSO‘ {30°) 850 700 209 25 7.8 0.01" I.Slll)'J 3 7 After 50 hours.
nded
§1) FeTOAP  painted-on as  carbonate- 856 0.59 3 2.5 0.07 © 0.03 3 4 .
in 236 bicarbonate
buffer pH9.3(25%) - _
52) FeTPAP  painted-on as . - 880 0.5¢ 2.5 0.16 0.07 3 4 o
in 436 '
$3) FeNp0,  painted-on as . - 670 0.59 2.5 mo? oS 3 & .
(Pretffer 0 #36 : ' '
) Complex)
54) CoN,0, .painted-on as carbonate- - 920 0.5¢ 60 2.5 0.68 0.3 3 .
(Pfeiffer I 36 bicarbonate
Complex) buffer ph9.3{25°)
55) CoTAA  painted-on as » - 820 0.59 © 2.5 002  axo? 31 s .
in 436 : .
5) CoTOAP  painted-onas . ° - 820 0.25¢ 2.5 .00 ang? 3 4 .
in #36
§7) CofTF film on pyroly- 0.5M CF ,CoM(25°) - 700 1.3g,r? . - - 7 4 Assuming ! monolayer active; turnover frequency * |7s". 250 r.p.8.
4-2-1-NH tic graphite 0.9 4 Assuming 8 monolayers active (as per cyclic voltamvetry).
RDE 0.7 1 Assuming 8 monolayers active {as per cyclic voltamsetry).
58) CoC, film on pyroly-  0.54 CF3 (25°) - 500 0.099 - - . sx10-8 i 10 Turnover freq. = 210°5, 250 r.p.a.
diester tic graphite COOM .
porphrin,
monomer
base of
157
59) bt smooth ROE 0.IMTRGA (25°) - 700 - . - 0.8’ « w2 250 r.p.m., wenover freq. = 1.9 571, * compared to extrapolated

1.89,r

baseline Pt data.



reduction'ranged from 10

20

630 mV (RHE) in acid. MoOz,'woz, and Ru02 are somewhat more stable but

still give corrosion problems at higher_potentials. Activities for oxygen

-10 5

to 1077 that of platinum.

45,46

Cong et al. 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

51

at 600 mV of a rotating Pt disk; and still one more order‘of magnitude

‘less than the extrapo]ated 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 authbrs hade it clear that they knew the va]ue 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

area as powder electrodes in the'potential range of 400-600m V RH_E.49

These results confirm the bkoader generaiity of the negligible oxygen
reduction activity for oxideé in acids shownvby the specific eXamp]es 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 pub]iShed. This work is briefly considered here for
its possible applicability to C0,-rejecting carbonate electrolytes.

A number of perovskites with structures similar to the tungsten
bronzes have been investigatéd, with Sr-doped lanthanum cobaltites

showing the highest activities.36’63 Meadowcroft's36 data at high
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potential on a "smooth" disc_(#?) 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 fdentica]

conditions."The ~PTFE -bonded electrodes of‘Tseun963'a1so give impressive

results, e.q. esséntially'reversib1e behavior close to the thermodynamic oxy-

gen reduction potential, but the current density increased'linearlx with

overpotential, not exponentially, so that useful power - densities could

not be achieved at room temperature. ' Current densities at 900 mV

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

The material disso]ved outright in acid,‘and novdata in carbonate electro-

lytes. have been found. The iong-ferm stability of the cobaltite has not

been proven.. ’ :
Similarly linear current-vo]tage curves were found for lithiated?-

56 (

nickel oxide #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 pérticular C02N104; have given initial high
oxygen reduction activities with reasonable Tafel behavior in room temb-
erature KOH59 (#14){_ However, extended expo;ure to the hydroxide | '
electrolyte caused substantial loss of activity.GO Unstable in acid,
this material remains‘untested in carbonate electrolytes.

Straight cobalt spinel (Co304) in lithiated KOH gives less
~ spectacular but more stable resu]ts,66 with practical activities ca. 30%
of those of Pt fn acid on a catalyst weight basis (#15). An apparent
activation energy of ~15 kéai/mo1e is observed. " Higher activities may be

achievable on more active carbon supports due to a peroxide spillover

mechanism.
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Recently several ternary oxides containing Group- VIII 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 the'activity'of Pt-Co'delafossites.

35 Sevéra] Pt-noble metal

31, 32

(#18) on a real area basis in 0.1 N KOH.
pyrochlores have shown good activity and stability in‘KéH, 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 e]ectro]yfes.

--While a number of oxides show promising activity in alkaline
electrolytes, all materials tesfed were inactive and/or Qnstab]e’in acids.
This class of materials is unlikely to produce aﬁ alternative to Pt as an
oxygen catalyst -in -acid electrolyte.

B.) -Other Chalcogenides

- . " Barasel etﬁa1.49:have investigated the stability and oxygen. reduction
activity of a wide range of transition metal cha]cogenides in concentrated
: HéSO¢ at 25°C. -Co.and Ni,compoﬁnds proved most-active by far; sulfides
~.proved both more; active and more stable than seTenides or te]]uridés (#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 ranged:around

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

10°
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 Tisted.

Corrosion data led the authors to conclude that these materials were
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unsuitable for use in acid fpe1'ce11s operating at current densities above
5 mA/cm2 geometric. Beﬁret, et a1.6] saw similar activities on a cobalt
sulfospinel at room temperature (#26). Although more active than oxides,
sulfides are insufficient1y stab1e for use as cathode catalysts in acid
fuel cells. | |
c.) Interstitia] Compounds : :Carbides, Nitrides, Silicides, Boridesb

The refractory ihterstifia]s, particularly WC, have shown some
utility as poison-resistant anode catalysts of unfortunatelyvlow.activity,
They are not stable in acid ét‘usefulloxygen reduction potentials. Non-
refractory interstitials of Fe, Ni and Co and their mixtures with Ag and
Au have been screened for oxygen reduction aétivity under;contrécts with

4 torrosion and e]écfrocata]ysis tests at Esso

the Bureau of Mines.
Research and Engineering found on]y_one materié] stable enough for electro-
chemical testing in 3.7 M H2504, a carbided Ni-Ag powder (#27) which show-
ed very low oxygen reduction'activfty. Although several iron ;arbides

(#29), nitrides, and nitrocarbides were stable in molten H P04, none show-

3
ed any oxygen reduction acti?ity,  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 HZSO4. Although both showed slight oxygen reduction
and hydrogen oxidation activities, neither was judged even vaguely prac-
tical as a catalyst. Essd 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.encouréging. |
D.) Organometallic Catalysts

The possible utility of metal che]ates as electrocatalysts for oxygen

reduction in alkaline electrolytes was first demonstrated by Jasinski

in 1964.67 Since that time the work has been extended to acidic electrolytes,
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and é start has been made in exploiting the chemica1 flexibility inherent
in organic.systems. This section will concentrdte on those studies yield-
ing quantitative data for compafison 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 deéign. This factor plus theAsensitivity‘of these materials to
heat treatment and electrochemical aging produced considerable scatter

in the avaiiab]e data. Only those compounds (N4) in which the four atoms
coordinated to the metal ére all nitrogen have proven stable in acid;

in carbonate electrolytes N,0, compounds (Pfeiffer comp1exés)-have proven
both stable and more active.4 |

1.} Phthalocyanines

Metal phthalocyanines have been tested as electrocatalysts in both
monomeric (Pc) and po1}meric (pPc) form. The exact structurés of the
“polymers" are unknown. The polymeric materials show 5-10 times the
oxygen reduction activity (per metal center) of the correspoﬁding 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 phthaﬁocyanines show oxygen reduction activity
- "decreasing in the order Fe>Co ~ Zr>Ni>Cu;Mn. Since Ni and Cu4Pc's are
much Tess active than those bf Fe and Co, no data for them is given here.
The moderate activity of pZrPc was observed on isolated samp]es.]
Meta]ophtha]ocyanines“§howvgood oxygen reduction'activity only when
supported on carbon powders with basic surface groups.4, Mosébauer
- spectroscopic 1'nvest1'gat1'ons.3 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 sﬁpport complicates mechanistic studies
requiring smooth electrodes.

The highest specific activities for pFePc (up tof30% that of Pt on a
catalyst weight-loading basis) have been reported by Meier] (#32) and
Jahnke62(#34) for freshly-made, PTFE-bonded electrodes. . The phthale-. :
cyanine was precipitated ontb a high surface area carbon,(Norit:BRXl or .
acetylene black) from a concgntrated su]furi¢'acid éo]ution. Near;monoQ
layer dispersion seems possib]e with the‘weight ratios of catalyst to.:
carbon used. Assuming unit aispersion, a turnover frequency of 4X10'3 s']
at 850 mv is calculated from the data in #32. This is 30% of the turnover
frequency for Pt under these conditions. |

Unfortunate1y,_it appeafs 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: ma-
terial with long-term stabi]ity3 starts (at a constant 20 mA/cmZ) at 790 mv,
drops within 30 hr to 760 mV, and then shows a sfeady 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.

2 4

at 20 mA/cm™, but on a materiaﬁ which is another 15-fold less active (6X10°

the activity of Pt) than the pFePc in #33. Meier3 has investigated
activity losses in iron phtha]ocyahines using Mossbauer spectroscopy to
examine the iron remaining in the catalyst and'radiochemica1 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 carbon7~£ﬁﬁs;‘
throu§h¢bés%c functional groups are resistant - to demetallation, while
unbound ‘FePc Tloses -iron rapidly.  The reéu]ts raise the question as to.
whether prolonged life of pFePc fequires the'estab1ishmént of an equili-
brium between dissolved iron and iron in fhe bound phthalocyanine phase.

68 found that'sweeping a FePc/graphite electrode in

Kozawa, et al.
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 1imit of phthalo-

c§anines has not been well defined, and durability under hot open circuit
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conditions has not been proven. The materials do seem.very heat
sensitive. .At 50°C Jahnke4 found that pFePc on carbon black was quant1-
tatively demeta]]ated in su]fur1c acid after 10 days; at 25°C the same
material showed 50% demeta]]at1on after 20 days. In the same time period
the much Tless active pCoPc indicated 1éss than 10% demetallation. pFePc would
seem limited to use 1in fue]}ce]ls operating very close to room tempera-
.ture, i.e. not applicable to vehicle fuel cells. |

No stability data is aQailab]e in the literature for higher current

densities, and both Meier’ and 1iev’?

have renarked that attainment of
stable current densities above 20 mA/cm2 poses unresolved prob]eméc' The
highest demonstrated power density of an Hz-air fuel cell using metailo- :
phthalocyanine type catalysts in acid is ca. 15 mw/cmz; approximately one;
.

. In addition to having questionable stability, the electrodes which
are highly active at high potentials (#32, 34, 35) give é very rapid
drop-off in potential at higher current”denéifies. For example #32 shows
a 340 mV potential drop bétﬁeen 10 and 100 ﬁA/cmz.- A supported Pt with
similar activity (0.15 mg Pt/cmz) yields a 94 mV drop over ‘the' same
current range.51 The poor ﬁerformance at high current density is probably
due to mass transport losses: in thé e]ecfrode 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'e]ectrodes designed:for lower current densities4’26 (#36,37)
showed lower Tafel slopes (45-64 mV/decade). ‘Thus the large "Tafel"
slopes for porous pFePc electrodes are pfobab]y 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 structure -
capable of maintaining high current densities without transport (molecular
and ionic) Tosses.

‘One encouraging aspect of the behavior of pFePc-C porous electrodes
is their 1nsensit%vity to the presence of fue]s.4 As shown in #34 and
#35, addition of 3M CH,0H to the aéid electrolyte causes no signifi-
cant change in oxygen reduction characteristics. Under similar conditions
Pt meta]s would give a,depressed; mixed potential due to simultaneous re-

- duction of oxygen and oxidation of the fuel. Thus segregation of*aho]yte
and catholyte in direct fuel cells or those using incomp]etefy reformed
fuel would be less crucial in cells emp]oying Pc-catalyzed cathodes.

25526527550 1ove studied

Investigators in the laboratory of M. Savy
the effects of temperature; pH, and oxygen pressure of pFePc-AcB (acetylene
black) electrophoresed onto a graphite bar. Although 1ack 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 studféd at pH 6.7 ahd pH 12.3. An
aétivation energy proportional to pH (2.7 kcal/mo]e'] pH unit']) was i -
reported.26 The open circuit potential varied with oxygen partial pres-.
sure by about 60 mV/decade at pHF1.3.26 |
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 matéria].8 Inclusion of more heteroatoms

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

(tetradithiacyclohexenotetraazaporphyrin) is. 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 cehtek.- While in acid Fe TDAP

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

- (#47) hasfmore‘than ten time§ the initial activity of CoPc (#45).4
Yeager and co-workers have studied oxygen reduction .on water-soluble

tetrasulfonate phtha]ocyaninés (TSP) in both basic and acidic electrg—__

]3’]4’]5’16 The chelate ié adsorbed onto a pyrolytic graphite disc.

lytes.
The .adsorbed layers are stable in alkalihe electrolyte, but chelate must

be added to acid electrolytes to maintain the fi]m._ No current déta in
acids was.given for potent1a1§ above”300 mV RHE, so quantitative compari-
soghﬁf}activity with other céta]ysts is impossible. In basic electrolytes
-.oxyggnfreduction follows a‘two-e1ectron path on Co TSP, while four-electron
: redyqtton predominates on FeTSP. Difficulties wtth the stability of |
perbxide‘oxidation on the go}d ring e]éctrode precluded unambiguou; detgr-
mination of mechanisms in actd. |

2.) Dihydrqdibenzotetréazaannu]ene (TAA)

& x,ID

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

group of Beck21

using suspension e]ectfodes. The activity of various
metal TAA's decreased in the order Co>>Mn>Fe>Ni>Cu>V0. 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 FePe. - - v
In painted-on electrodes Co TAA is somewhat less active at 0.5 mA/cm2
geometric than pFePc or monomeric FePc, butvis more active than all other
materials tested, monomeric or bolymeric.4 While the activity of FePc
responds well to chemical polymerization, results on Co TAA are less
consistent. Addition of oxygen to a sO]utibh of Co TAA in concentrated
HZSO4 precipitates out a polymer with activity (at 700 mV) several-fold

18 report the synthesis

Tower than that of the monomer. Tsutsui and Darby
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 a1.4 have reported'an increase in oxygen reduction
:’aétivfty and stability with thermal pretreatment (#39,40) which correlated
with dehydrogenation and possibly po]ymerizatioh, Co TAA-C treated at 600°C
shows a roughly ten-fold (65 mV) improvement in activity relative to the
untreated material. Note that fhe heat-treated material does not show the
very Tow Tafe]vslope seen in #39 and in'the suspended electrode data of -
Beck, et a1.2]
The stability of Co TAA appears poor, at least for the monomer. Beck,

et a1.2]

réported 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, presﬁmab]y polymeric, Co TAA is more stable. The potential of a
_heat-treated Co TAA electrode at 1 mA/mg (~2.5 mA/cmz), was initially 730
mV, decreasing to 680 and 620 mV after 2400 and 12,000 hrs., respective]yﬁ
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 rotéting 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;‘VILvCoTAA appears.inactive for further reduction of per-
oxide. This point is in intekesting contrast to the results of Meijer, et
aT.],on phthalocyanines where oxygen reduction activity correlated with
catylase activity. It also jndicates that the oxygen reduction activity
of .Co TAA might be augmented  through coupiing.with anbod peroxide reduc-

tion catalyst, as discussed in the next chapter.

3.) Tetraphenylporphyrins

The electron charge density at the metal site of tetraphenylporphyrins
can be conveniént]y‘altered through subsfitutioh for H at the para posi- .
tion of the four phenyl rings. This f]e{ibility, plus the stabi]ity; solu-
bility in a number of solvents, and ease of synthesis; make TPP's promis-
ing starting materia]s for eTectrocata]ySts._

Sandstede, et a1§’7’69 tested a number of TPP's using suspension
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electrodes. As with TAA, the oxygen reduction activity decreased with
different metals in the order Co>Fe>NixCu. -Substitution of the stable,
electron donating -OCH3 or ~-C6H5 groups at the aforementioned para posi-
tion yielded an approximate]y five-fold increase in activity. Sandstede's
suspension electrode data indicated an order of éctivity at high current -
densities of CoTAA>CoTMPP>pFePc, “and near the open circuit potential

Co TMPP>pFePc>Co TAA The stability of_po]yéthy]ene-bonded Co TMPP-carbon
electrodes is intermediate between untreated'qhd heat-treated Co TAA,
probably comparab]e to that for pFePc.4 |

]8*have synthesized both stacked and sheet oligomers

Tsutsui and Darby
of Co TPP. In their tests, which included pFePc, these po]yhérs proved
superior to all other materials éXcept Co TAA and Pt. However, their abso-
Tute activities for all materials are so Tow 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/HgSO4 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 a].]o

have synthesized and tested a series of face-
to-face cobalt porphyrin dimers.” Two diastereomers:of the most active

one tested (with M = Co) are (f}om ref. 10):
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This material (#57) showed very good initial activity when tested
as a thin film on a pyro]ytid'graphite rotating disk electrode at 700 mV.
Using data in the published figures, and assuming one mono]ayer'of active

4 : 2
molec/cm™~, a turnover

catalyst present at a surface density of 1.2X10°
frequency of 17 ™1 is calculated. This compares with 2.7 5™ for Pt

from.extrapo1ation of the baﬁe]ine 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.
U (#57).%2 1 the total

.5 M CF, COOH), the turnover frequency is 2.2 s~ (#57

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

of the Coll-T11

couple) is assumed electroactive for oxygen reduction, a
turnover frequency of 2 s'] {s calculated, slightly lower than that for
Pt. On a per unit geometrjcéarea basis, the porphyrin-coafed disk showed
70% of the activity of thé analogous Pt disk. Partial RRDE studies indi-
cate that oxygen reduction proceeds primarily by direct 4ef‘reduction to
water. ~ Much lower activities are seen for porphyrinfmonomers‘(#58) or for
face-to-face dimers in which the meta]-tq-meta] distance does not é]]ow
~ oxygen to bond simultaneously to both meté] centers. |
Although these highly‘gCtive materials represent a triumph in the
rafiona] design of catalysts, their stability is poor, with activity de-
creasing on successive potential sweeps, probably fhrough decomposition
and dissolution of the catalyst. Oxygen reduction currents above 800 mV
are negligible, most likely because activitybis linked to the’CdII'III
‘redox couple (both Co4center5~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‘grbups, such a factic

is Tikely 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 (Nilll, FelV) are of no help
since the porphyrins of these metals do not bind oxygen. Thus the cataly-
tic propertfes_of face-to-face porphyrins are restricted to a narrow poten-
tjal window with a ‘maximum potential of about 700 mV. While this-potentiaf
region does not allow for highly efficient operation of a fuel cell, it is
of possible utility if high current densities can be achieved and main-
tained. As will be shown in the next chépter, 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 abiiity to catalyze the four-
‘electron reduction~of oxygen to wdter.is to be utilized.
5.) Non-N4 chelates

Only chelates 1n'which}511,four of the atoms coordinated to the- -
metal center aré nitrogen have shown any stability in acid electrolytes.
In carbonate-bicarbonatevbuffered electrolyte a muéh wider variety of
materials are.stable enough for testing as oXygen-redqction electro-
catalysts. Jahnke4 has compared the activities of N2, N202, N252’ 04,

and S, chelates of Fe, Co, Cu, and Ni. As before, Ni and Cu complexes

4
were much less active than those of Co and Fe. ‘For iron, N4 complexes
were more active than a11 others (#51, 52 vs. #53) with a general order
of activity of N4>N202>04~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, N202 complexes proved most active (at least
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initially), particularly a Pfeiffer complex made from salicylaldehyde

and o-phenylenediamine (#54,v53): :

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 general trend of activi-
-ty for Co complexes in carbohate buffers is N202>N4>NSSS>O4%S4. For N202
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 cata]ysf.research must be to develop
less expensive materials which can be incorporated into an e]ectrode
structure and produce essentially the same (or superior) cufrent-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 cmz*Ptper

17

cm2 geometric area or 5X10 " sites per cm2 geometric area. The electrode

also contains typically 5 mg/cm2 of cafbon black (250m2/g) as carrier for
‘the Pt. Analysis of transpoktvlosSes in carbon black carrier electrodes
has indicated. that the practica] maximum for carbon carrier loading in a

5

fuel cell electrode is ca. 100mg/cm2; or ca. 2.5X10 cm2 carbon surface per
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cm2 electrode area. The cross-sectional area of typical metalloporphy-

-15 2

rins is 4.5X10 cm-, so that a closest- packed layer of metalloporphy-

rins grafted to a carbon black support would have ca. 2X10]4 sites per cm2

19 sites per cm2 electrode area.

carbon black, or an upper 1limit of 5X10
It is clear then that alternative catalysts must have turnover frequencies
‘within two-orders of magnitude of that fof Pt in order to be considered,
even in principle, cost effective alternatives fo 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. A]though_the Co face-to-face porphyrin

in #57 éhows initial activityvcomparable or superior to Pt, the long-term
stability of this catalyst is very questionable. Optimized carbon support-
ed polymerized iron and cobalt phthalocyanines demqnstrated initial activi-
ties ‘within an order of magnitudé.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 H3PO4 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 had lost both hydrogen and nitrogen

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

heat-treated Co TAA Qf Jahnke, et al.

of pure Co TMPP (C48H36N404Co) to 800°C, the pre-treatment temperature
which gave the optimal combination of activity and stability in acid for
the supported catalyst, yje]ded a material with stoichiometry C48H3N]_XC0‘
containfng metallic 8-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 intrbduce active sites directly "into carbon powders with a nitro- -
gen or ammonia plasma discharge followed by the.introductionvof metals
through ion exchange; We coﬁjectuke that optimal acid-stable cafa]ysts
may have structures far remoyed from the beautifully symmetric macrocyclic
starting materials.

The prospects of near-term employment in acid fuel cells of a non-
Pt catalyst based oh current knowledge is poor. More specifically, there
are no catalysts described ‘in the 1iterature%which have demonstrated
sufficient stability ggg_sufficieﬁt activity to warrant practical develop-
ment into real electrodes. Thefe have been, however, promising develop-
ments in the areé 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 goodf‘ |

The brosbects fof near-ferm emp]oymeht of non-Pt catalysts in
alkaline or alkaline carbonaée fuel cells is very good. An organometallic
catalyst based on the Co Pféiffer complex (#54) looks particularly attrac-
tive for use in alkaline carbonate fuel cells, as do simpler catalysts like

the spinel oxide Co304 (#15)3 As has been known by workers in the field
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for some timé, the attractiveness of alkaline er]'ce1ls'ih gehefai is the
flexibility available in the choice of non-Pt cathode tataiyét-matefia1s.
Figure 2 shows some of the'range of materials which shdwkacCeptablevoxygen
reduction activity in alkaline electrolytes. This materia]é fTe*iBi11ty
comes at the expense of cdmpatibility with regard to the tbtaf'fueTlcell
system, e.qg. incbmbatibility with hydrocarbon fué]s in the case of alkaline
hydroxide ce]]é; and incompatibility with resbect to high current density

(and therefore high power density) operation in a]kéliné carbonate cells.

VIL1. Long-Range Prospects for Non-Noble Metal Catalysts

It 1s‘usefu1 to consider the relation between reaction pathways and
catalyst type in order to pfoject, to whatever extent it may be possible,
“what types of materials are most likely to produce technologically -
successful non-noble metal catalysts. TWolréacfioh pathwayS‘may‘be L
distinguished; each pathway can have a number of possible sequences‘df '
elementary steps, so that many (more“than two) reaction "mechanisms"
exist for each pathway. The first we refer to as the 2X2é' béthway,r
which is a series path via a peroxide intermediate,
2e” \

> H02' (ads) + A

+$
HO

+
H A+ QZ

T3 HA % 2m,0+ 38

2
where A = H20 or OH™ (acid or alkaline electrolyte). The second is the
direct 4e” pathway in which 0, is reduced to H,0 (or OH™) with H02-
being produced in the solution phase. This does hot mean that the reac-
tion does not involve an adsorbed perokide'intekmediate, but that reduc-
tion does not involve a sequence which leads to desorption of peroxide

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

predominantly on the detection of peroxide species in solution, e.g. via



-39-

the rotating ring-disk electrode method,-and the results often do not
permit an unambiguous interpretation. However, there are a number of
catalysts for which the peroxide pathway was C]early‘predominant, includ-

34 go]d44 and most metal phtha]ocyam’nes]4

ing carbon, in altka-

line electrolyte. Yeager and co—workers_]3 have found that this path-
way is also predominant in acid electrolyte for some cobalt Phthalocyanines.
The direct 4e” pathway is clearly predominant (for acid electrolyte) on
clean Pt surfaces55 and on the Co FTFP of Collman and Co-workers.]o
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 OZ/OH' (HZO) couple, restricting

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

significant HOZ_ in solution increases corrosion rates in the air cathode.

We shall show, in subsequent discussion, that the 2X2e” pathway can, in
fact, be more techno]ogica11y viable than previously thought. The search
for new direct 4e” catalysts invites COnéidekation of the particular prop-
erties of the surface and/or the interaction:of'holecular oxygen with the
surface that lead to 4e” reduction. Yeager48 has proposed threerifr
ferent kinds of interactions of molecular oxygen with transition metal
centers, shown jn Fig. 3. The Griffiths model has a lateral inter-
action of the n-orbitéls of 02 with an ehpty d22 orbital of transition
meta]-(ion or metal atom) and back-bonding from partially filled dXZ or

* . . .
dyz to the empty = (anti-bonding) orbitals ofv02. Interaction of this
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type results in a weakening of the O-Ovbond, leading to dissociative
~adsorption of O2 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 ijon.
changes valence, as depicted in Fig. 3 for the pathway labelled I, so
that significant Oz-reductioh rates can be obtained only in the potential
region close to the redox potential for the ion (e.qg. CbII/CoIII).
This redox electrocatalysis concept was proposed for organometallic

catalysts by BeckZ]

and seems to be at least plausible for a variety of
porphyrins and phthalocyanines. However, very feW-orgénometallic 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'organometa1]ic catalysts”

follows the Pauling model, the end-on interaction. The end-on interaction

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 H20

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 staté appears to be the low

temperature (100K) state of Oz'on Pt for adsorption from the gas phase53

and is; therefore, the most 1ikely 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, abbridging 1nteréction can occur only when
the transition metal cations have a bimetal configuration with the
proper spacing (sfightly larger than the 0-0 bond length in 02). There
are a number of ways the proper bimetal configuration might be achieved
either by design orbcircumstaﬁce,'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
a$ to achieve the‘reduired configuration. Kotz and Yeager54 coné]uded‘
from Raman spectrqscopic studies that such configurations dQ occur with
Co and Fe tetrasulfonated phtha}ocyanines,asﬂshown in Fig. 4. FIn thjs _
method, it appears to be difficult to control the number of actfve sites,
- since it requires precise grafting of the macrocyclic to a carbon:sﬁppoft
that has in practice a heterogeneous surface. More prec{se contrbT of
the meta]-heta] disfance is achieved by synthésizing face-to-face (orv
clamshell) macrocyciic configurations, Such as that achieved by Coliman
and co-workers 10 with the cobalt face-to—féce 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 .

10 for this catalyst is

| oxygen reduction suggésted by Collman et al.
~ 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 electrolyte) 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, énd
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 beén tried (by design)
with orQanometa]]ic catalysts. In this concept, two different macro-
cyclics having slightly different redox potentials are attached to the
reactfon; the

same surface; one is optimized kinetically for the 02/H202

other for the H202/H20 reaction, with peroxide traveling between the two”
by surface diffusion (peroxide spi]]over). More‘gehera11y; the peroxidé
reduction catalyst need not be an Orgahometa111c catalyst, but‘ahy

. reasonably efficient non-noble metal peroxide reduction catalyst higﬁli

dispersed on the support surface. The reaction pathway would then be -

represented by the following sequences,

2 2
Iir ., I1 - - 1T, I11
M] = M] 2e _2e M2 = M2
Hzoz—mu»

where —~-<+» denotes surface diffusion or "hopping" 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
_15 below that given by the Nernst equilibrium for the 02/H202c0up1é due to
"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 appéarsvto be

greater.



-43-

Even if peroxide spillover does not occur, and peroxide desorbs and
~diffuses to a second reduction site via fhe'solution-phase, the 2X2e”
path can be technologically useful. Whjle it is true that one would 1ike
the vo]tage in hydrogen air fuel cells to approach the theoretical poten-
tial of 1.23V, commerCial]y-viab]é energy conversion devices can be de-
veloped using significantly 10wer voltages (i.e. efficiencies <80%).
Fuel cell power sources operéting‘at cell voltages >0.7V still provide -
substantia]‘efficiéncy improvements over conventiohal (internal combustion)
power sources. It is easi]yishown that a 2X2e™ reaction pathway can
produce reaction rates in the potential region of 0.7-0.8V (RHE). that
compare favorably with the bése]ine activity of supported Pt catalyst.
We assume that the kinetics of the 02/H2-O2 reaction are efficiently
catalyzed so that the rate is determined by the rate of pe}oxide reduction,

e.g. for acid electrolyte,

+ -
02 f 2H + 2e = HZOZ (fast)

20y 20 | (s]gw)

H0, + 21" + 2¢” » 2 H
The rate equation under these assumptions is

i=2FKkP, exp [-(2+a)FE/RT]

2

where K = éxp [(2+0a) EO/RT],'EO is the standard potential for the 02/H202
couple, k is the rate constant for peroxide reduction, and o is the trans-
fer coefficient for peroxide reduction. Figure 6 shows a plot of this

equation using the k and for peroxide keduction on Pt in 85 w/o H3P04 at
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250 99

and also extending k by two orders of magnitude'to'rebreéent'whaf |
might be observed in a non-adsorbing electrolyte like trif1uoromethahé J
sulfonic acid. In the potential region of current practice in fuéi ce]is,
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 realjstic rate constant
for the peroxide elimination step. There is, in fact, evidence thatfsuéh
a 2X2e” pathway occurs in alkaline electrolyte with activated carbons im- |
pregnated with peroxide reduction catalysts 1ike 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 pefoxide
. in acid electrolyte. Also, there does not seem to have been.a systematic
effort to develop cata]yéts specifically for a 2X2e  pathway using thé ‘
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 efectro]ytes. As men-
tioned in the previous section, the principal technological pfob]em with
all the organometallic catajysts,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

3

done indicates the méchanisms may be quite complex, e.g. not simple

demetallization. It has been frequently reported that organometallic
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catalysts have better Tifetime at open circuit conditions.than uhder'
conditions of high current, leading to the conjecture that oxidative
attack by peroxide and/or superoxide épecies is responsible for the
degradation. ‘The carbon gubstrate to which the.cdmp]ex is afféched'is
usually regarded as the source of these species. Clearly, the techno-
logical future of organometai]ic cata]ysts'fests upon the ability of
researchers in this field to extend the Tifetime undér real conditions

3 hrs). We conclude, therefore, that

of use to more practical limits (>10
it is not possible to assess the long-term prospects for orgénométa]]ic
catalysts until some of the uncertainties re]ated to the stability of

this family of materials is resolved.
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' Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Figure Captions

Oxygen reduction activity of various cata]ysts,in acid relative
to_p]atinum, Summary of data in Table 2.
Oxygen reduction activity of various catalysts in alkaline

electrolyte relative to platinum in acid.

. . Reaction pathways for oxygen reduction in acid according to the’

type of interactioh}of molecular oxygen with the active site.
From Yeager (48)..

Possible conformations for Co Pc molecules on an electrode
surface that lead to a bridge-bonded oxygen intermediate.
Proposed mechanism for 02 reduction on Co'facé-to-face porphyrins.
From ref. 10.

Comparison of baseline Pt I-V data (4e”) with calculated
performance of 2 x 2e” system assuming equilibrium between

0, and H202. Lower edge of shaded region calculated using rate

2
constant for H,0, reduction on Pt in 85% H,PO, (ref. 55). ‘Upper

edge assumes 102 increase in rate in hon—adsorbing electrolyte.
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