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OPTICAL AND ELECTROCHEMICAL STUDIES OF ADSORBED
TRANSITION METAL COMPLEXES AND THEIR 02
ELECTROCATALYTIC PROPERTIES

E. Yeager, Joaé Zagal®, B. Z. Nikolic? and
R. R. Adzict
Case Laboratories for Flectrochemical Studies
and the Department of Chemistry
Case Western Reserve University
Cleveland, Ohio 44106

ABSTRACT

Water soluble transition metal macrocyclics such as the
tetrasulfonated phthalocyanines (TSPC) are strongly adsorbed
on noble metal and graphite electrodes in acid and alkaline
electrolytes. The CoTSPC 18 a good catalyst for 02 reduc-
tion to peroxide and the FeTSPC for the overall &4-electron
reduction. The optical properties of the adsorbed species
have been examined using reflectance spectroscopy and
evidence obtained for the O; adduct with the adsorbed
complexes,

I. INTRODUCTION

The reduction of 07 at an electrode surface requires a strong
interaction of the 0; molecule with the electrode surface for the
reaction to proceed at substantial rates at reasonable potentials (1).
One means for obtaining such strong interactions is through the use
of transition metal complexes which form O, adducts. Various means
are available for chemically binding such complexes to stable elec-
trode surfaces. A particularly attractive approach is the in situ
adsorption of the complex onto the surface. Water soluble transition
metal macrocyclics such as the tetrasulfonated phthalocyanines (TSP)
are strongly adsorbed at monolaver levels on metals such ags Au and
Pt and or graphite electrodes in acid and alkaline electrolytes
(1-4).
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This paper describes electrochemical studies of the cobalt iron
tetrasulfonated phthalocyanines adsorbed on graphite and their cata-
lytic properties for 0 reduction., The electrochemical studies have
been complemented with optical specular reflectance measurements of
the adsorbed complexes.

II. 09 INTERACTIONS WITH TRANSITION METAL MACROCYCLIC COMPLEXES

The bonding of 0, to the transition metal in a macrocyclic com-
plex can involve either lateral or end-on interactions. The Griffiths
model (5) (Fig. 1) involves a lateral interaction of the m-orbitals
of the 0, with empty dzz orbitals of the transition element with
back-bonding from at least partially filled d,, or dyz orbitals of
the transition element to the m* orbitals of the 0. The Vaska com-
plexes (e.g., Ir(02)C1(CO)(PPh3)2) appear to form such complexes
with 02 (6,7). These compounds are selective oxidation cata)ysts

for cyclic olefins (8). The strong metal-to-oxygen interaction re-
sults in a weakening and lengthening of the 0-0 bond. Sufficiently
strong interaction mav lead to the dissociative adsorntion of 0y with
probably simultaneous proton addition and valency change of the transi-
tion element in the manner represented by Pathway I in Fig. 3, followed
by reduction of the M(OH); to regenerate the catalyst site. Sandstede
et al. (9-11) have attempted to exvlain oxygen reduction with square
pyramidal Co(II), Fe(II) and Fe(II1) complexes on the basis of such

T bonding.

With most transition metal complexes the more probable structure
for 0, bonding is the end-on interaction proposed by Pauling (13).
The o-bonding (Fig. 2) can occur through transfer of a metal d_;
electron to the m* antibonding 07 molecular orbital with possigle
retrodative bonding from 02 7 orbitals to metal d orbitals (14,15).
The square pyramidal complexes of Fe(II) and Co{II), which have good
activity for 02 reduction, appear to involve such an end-on inter-
action (16). This adsorption of O; is expected to be accompanied by
at least a partial charge transfer to yield a superoxide and then
peroxide state, as represented by Pathway II in Fig. 3. The adsorp-
tion of the 07 on the square pyramidal complexes of Fe(II) and Co(II)
may lead directly to the superoxide state. With somewhat similar
oxyhemoglobin complexes of iron, various workers have proposed that
02 binding to the iron involves 02~ or 02" states with Fe in the III
valent state (17,18)., The change in valency state of the transition
metal coupled with the change in 0; oxidation state during formation
of the 07 adduct corresponds in principle to the redox electrocatalyst
concept oroposed by Beck et al. (19,20).

The further reduction of the 02 beyond the peroxide state re-
quires rupture of the 0-0 bond. Such can occur in Pathway IIB
through the formation of O+ or HO: free radicals in solution or the
simultaneous reduction-bond cleavage (electrochemical desorption) to
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yield Hy0 or OH™. Neither of these processes is likely to be
sufficiently fast at practical operating potentials for 0y cathodes
but the electrochemical desorption is a better candidate. The free
energies of formation of the O and OH* free radicals in solution
are just too high to achieve sufficient concentrations of these
species for the subsequent homogeneous reactions to proceed at rates
corresponding to reasonable current densities at acceptable electrode
potentials.

Pathway III in Fig. 3 provides an alternate means for bringing
about rupture of the 0-0 bond through the tormation of an -0-0-
bridge. Such a mechanism may come into play with the proper spacing
of transition metal elements in a bimetal complex such as a macro-
cycle. The formation of the bridge species also requires that the
two metal species have partially filled d-orbitals to parti-
cipate in bonding with the w* orbitals of the oxygen. Macrocyclic
transition metal complexes of the type M-02-M have been synthesized
(e.g., ref. 21-23) and appear to occur naturally in hemeythrin. Var-
ious solution phase macrocyclics including the tetrasulfonated
phthalocyanines (M~TSP) have been reported to form 0 complexes of
the type M-TSP-07-M-TSP (26-32) where M is Co or Fe.

For any of the mechanisms in Fig. 2 considerable questions
exist as to the rewersibility of the 0, adsorption step at the rather
high rates involved with practical 07 cathodes. For 03 to bond to
MZ will generally require the replacement of a water molecule or
anion of the electrolyte -~ a situation which would normally be ex-
pected to be unfavorable to 07 unless the 0, adduct has a pronounced
dipolar character (M2+lo-0-) (24,25).

IT1I. PRIOR STUDIES OF O- REDUCTION ON TRANSITION METAL MACROCYCLIC
COMPLEXES

Metal phthalocyanines have been found to have catalytic activity
for the heterogeneous 0; reduction (1,2,20,33-39). A direct corre-
lation has been found (20,34,35) between the first oxidation poten-
tial of the metal phthalocyanine and catalytic activity for O; reduc-
tion. Beck (20) has proposed a mechanism based on data for 0y reduc-
tion on Co tetraazaannulene (Co-TAA) which gives Tafel slopes of
~60 mV/decade in acid solution. This author proposed that the metal
complex reacts with oxygen according to the reaction:

11 PR 3 8
M + 02 —_— M - 02H (a)
where 07 undergoes partial reduction with simultaneous oxidation of
the metal center. The 0; adduct, according to Beck, then undergoes
a 2-electron reduction as the rate determining step, regenerating the
catalyst. For a transfer coefficient a = 0.5, the Tafel slope could
then be -60 mV/decade. Simultaneous 2-electron steps, however, are




unlikely on energetic grounds.

On the basis of 07 reduction data on Fe phthalocyanines, Appleby
and Savy (36,39) propose that the rate-determining step is the break-
ing of the 0-0 bond with the mechanism:

0, == 0 (b)
2 ©~— 72
ads
0, + HZO + e T—> OZHads + OH (c)
ads
OZHads € OZH ads (d)
02H ads + nzo —> 2 OH ads 4+ OH (e)

IV. EXPERIMENTAL PROCEDURES

The present work has involved water soluble tetrasulfonated
phthalocyanine adsorbed on graphite substrates (2,40). The redox
properties of the catalysts have been examined using cyclic voltam-
metry. This approach has been facilitated by use of the basal plane
of stress-annealed pyrolytic graphite (SAPG) with x-ray diffraction
rocking angles as small as AB, = 0.4°, This material has low back-
ground current (41) and very little activity for the 02 reduction
process (42). The 0j reduction studies have been carried out with
the rotating disk-ring electrode technique.

A disk electrode exposing the basal plane of SAPG (2) with an
area of 0.20 cm? was used for the rotating disk measurements. For
the ring-disk measurements, the disk was constructed with ordinary
pyrolytic graphite (OPG) (A8 = 45°, radius = 0.250 cm) with Au
(99.99% pure) as the ring (inner radius = 0,272 cm, outer radius =
0.357 cm). The fragile nature of the SAPG prevented its use as the
disk in the ring-disk experiments. Unless otherwise indicated, all
measurements on SAPG and OPG were on the basal planes.

The Teflon cell had separate compartments for the reference
(saturated calomel-SCE) and counter electrode (Au-foil) with an addi-
tion isolation compartment between the working and reference compart-
ments. A Teflon Luggin capillary was used to minimize IR drop. All
measurements were made at 20 to 22°C,

The surface of the basal plane of SAPG was renewed by use of
the adhesive tape technique with care to avoid contamination of the
Teflon mounting with the adhesive of the tape (2,42). The OPG elec-
trodes were polished using 0.3p alumina. The M-TSP was adsorbed on
the graphite surface by placing a drop of solution of the complex
(IO“gM) on the electrode, The electrode was subsequently washed with




purified water. For experiments in acid solution some of the com-
plex was added to the electrolyte to preserve the adsorbed catalyst
layer during the measurements. In the other solutions the adsorption
was sufficiently strong to render the loss of the adsorbed complex
negligible over the duration of the measurements.

Basic (0.1M NaOH) and acid (0.05M HySO;) solutions were prepared
as described before (2). Solutions of pH were as follows: 1M NaOH:
pH = 13.8; 0.IM NaOH: pH = 12.9; 0.1M NayC03: pH = -1.5; 0.005M
NayCO3 + 0.05M NapSO,: pH = 10.8; 0.0015M NaOH + 0.05M H3BO3 + 0.05M
Nay504: pH = 8.7; 0.10M NaOH + 0.05M H3BO3 + 0.05M NaSO4: pH = 6.3
and 0.1M Nal,PO,; pH = 4.4, Special precautions were taken to
minimize CO3~ in the alkaline electrolytes. The Co-TSP and Fe-TSP
were prepared and purified by the procedures described by Weber and
Busch (43).

V. RESULTS

A. Voltammetry of Adsorbed Co-TSP and Fe-TSP

Figure 4 shows the voltammetry curves obtained at different
potential scan rates for Co-TSP pre-adsorbed on the basal plane of
SAPC. A Teflon hood (44) was used to eliminate edge effects and
leakage of the electrolyte between the Teflon and the side of the
disk electrode, which otherwise cause a pronounced slant to the volt-
ammetry curves. The charge under the peak is 3 uc/em2, which corres-
ponds to a surface concentration of 3 x 10-11 moles/cm2 of adsorbed
metal complex assuming a one-electron process. Assuming that the
surface redox couple obeys the Nernst equation, the peak current is
given by

{ - nZFPv
P 4 RT

1)

vhere T i3 the surface concentration, v is the potential scan rate
and n is the number of electrons per adsorbed molecule. The charge
under the peak is equal to Q = nF[', Experimental values of i  and
Q give n = 0.9, indicating that one electron is involved in the
surface redox process, which is likely (45,46), i.e.,

111 -
'rsp)ads + e (£)

I1
(Co TSP)ads == (Co
For Co~TSP_adsorbed on OPG, the charge from cyclic voltammetry is
~ 13 uC/cm? or ™ 4 times that of SAPG.

The Fe-TSP also readily adsorbed on SAPG as evidenced by the
voltammetry curve (Fig. 5). From the scan rate dependence of both
peaks I and II, a one-electron transfer is involved in each case.
The charge under each peak estimated from the area between the solid




and dotted lines is 3.0 uC/cm2 for SAPG and 13 uC/cm2 for OPG, which
are the same as for Co~TSP. (The charge is independent of V over the
range 50 to 1000 mV/s.) This suggests that the surface coverages by
Co-TSP and Fe-TSP species are essentially the same.

Peak I exhibits a pH dependence of 0.057 V/pH over the pH
range 4.5 to 13 (Fig. 6). This peak is believed to involve the
Fe(III)-TSP/Fe(I1)-TSP couple. The pH dependence probably results
from hydrolysis of the Fe(III) state (47,48). The redox reaction can
then be written as

PeIIIOH + HO + e —m= FeIIOH + OH (g)

2 -— 2

The position of peakII shifts with pH onlyv at low pH vo. ies. It
is not sure what process is involved for this reversible pear Per-
haps in the reduced form the electron is delocalized in the 1 system
of the macrocyclic ligand or alternatively the Fe is in the equival-
ent of the I state. Lever and Wilshire (49 have reported that
iron(I1) phthalocyanine can be electrochemically reduced in non-
aqueous solvents to give Fe(I)-Pc.

B. 0O, Reduction on Adsorbed Co-TSP

The rotating ring-disk data for 0) reduction on Co-TSP/OPG
in 0.1M NaOH are shown in Fig. 7. Using these data and the analysis
of Wroblowa et al. (50), the 0 reduction has been found to proceed
through parallel processes with the reduction to the peroxide pre-
dominant and the overall 4-electron reduction minor (51). The usual
rotating disk plots of 1/1 vs. 1//u also yield slopes, B, very close to
those expected for a process yielding 2 electrons per Oy diffusing
through the boundary layer (B = 1.40 x 102 mA(rpm) ~? as compared
with a theoretical value (54) of 1.42 x 102 mA(rpm)—% in 0.1M NaOH.)
Fig. 8 indicates rate constants evaluated from the rotating disk-
ring data for the two parallel processes:

-k -

0, + 2,0 + le —L, om (h)
- k - -

02 + H20 + 2e —3-> H02 + OH (i)

The corresponding Tafel slopes are (dln k,/0E) = -0.15 V/decade and
(3 1n kp/3E) = -0,12 V/decade. These slopes suggest that the first
electron transfer is rate controlling for each pathway.

C. O, Reduction on Adgsorbed Fe-TSP

4

Rotating ring-disk electrode data for Fe-TSP adsorbed on
OPG are gshown in Fig. 9 for 0.1M NaOH. The ring current was meas-
ured at the diffusion limiting HO,~ oxidation condition. The ring
currents for disk potentials more positive than -0.32 V are zero,
which indicates that the 0, reduction occurs via 4 electrons with




no detectable peroxide at those potentials. The small amount of H02_
detected at higher polarizations may be due in part to 0, reduction
on zones of the graphite not covered by Fe-TSP, The maximum in the
disk current for the OPG substrate occurs almost at the same poten-
tial as for the Fe~-TSP/OPG. The maximum in the disk current for the
latter, however, is far too pronounced to be caused just by a sub-
strate background current. This maximum for Fe-TSP/OPG correlates
well with peak I in the voltammetry curve (Fig. 5). The analysis
of the ring-disk currents at potentials cathodic to -0,45 V indi-~
cates a large potential dependence for the ratio of disk-to-ring
current at infinite rotation rate and hence parallel mechanisms
appear operative.

Tafel plots for 0O, reduction on Fe-TSP/OPG in solutions of
various pH are shown in Fig. 10. The diffusion limiting current
densities for the 4-electron 0, reduction are tabulated in the figure.
The currents are first order in 0j concentration over the entire
potential range. The lower linear Tafel region is pH dependent with
slopes Vv -35 mV/decade at pH 10.8 - 13,9 and increasing to -65 mV/
decade at pH 4.4, Reproducible data could not be obtained at pH
below 4 because the adsorbed Fe-TSP decomposed when the potential
was scanned to more cathodic potentials in acid electrolytes. This
decomposition is accelerated by the presence of 0; and is probably
caused by HO,™ formation. Reaction order studies with respect to
OH™ indicated that the reaction is inverse first order in OH™ at pH
10 to 3.8 and approaches zero order at lower pH (see Fig. 1l1). This
correlates with the increase in Tafel slope at lower pH in Fig. 10.

The apparent limiting current at I/(Ij~I) values of 0.8 is
particularly interesting. This current is not diffusion controlled
and is first order in Oy concentration but independent of pl over
the entire range studies, It is associated with the pre-wave in
Fig. 9. A chemical limiting process with potential insensitive kin-
etics 1s involved.

Only rotating disk experiments were carried out on Fe-TSP ad-
sorbed on SAPG (Fig. 12), but the behavior is similar to that on
Fe-TSP/OPG. The 1/i vs. 1//w plots indicate that at potentials
anodic to -0.5 V, 03 reduction proceeds virtually entirely by the
overall 4-electron process without the generation of peroxide. At
more cathodic potentials, these plots indicate substantial peroxide
generation. This is not peroxide generation on bare portions of
the SAPG surface since 0; reduction to either peroxide or OH™ is
grossly inhibited on the basal plane in the absence of the adsorbed
complexes (42).

The current-potential data can be deconvoluted into two compon-
ent processes as shown in Fig. 13. The process corresponding to i
has been assumed to follow Tafel linearity only at more cathodic
potentials and to approach zero current at potentials negative to the




reversible value for the overall 4-electron reduction in order to
fit the experimental data. Such behavior may occur if process b
corresponds to a hydrogen peroxide producing reaction wit!. the bulk
peroxide concentration finite but low (e.g., 107 M). Small resid-
ual currents were observed on the ring after several cathodic
potential sweeps, providing evidence for such peroxide. The curve
corresponding to 1, then approaches the reversible potential for the
02/HO2™, OH™ couple for whatever 1s the bulk concentration of HO,~.

D. Specular Reflectance Studies of Adsorbed Co-TSP and Fe-TSP

Specular reflectance measurements have been carried out for
Co-TSP and Fe-TSP adsorbed on the basal plane of SAPG, Au and Pt.
The apparatus and techniques will be described in a separate publi-
cation (53). The Pt and Au surfaces were optically polished with
Al03 while fresh SAPG surfaces were prepared with the adhesive tape
technique. The reflectance changes were recorded from 420 to 700
mn at 45° angle of incidence with both perpendicular and parallel
polarization.

The reflectance spectra for Co-TSP on Pt are shown in Fig. 14 for
both acid and alkaline electrolytes with and without 0, present.
Figure 14 presents comparable data for Fe-TSP adsorbed on SAPG and Pt
in 0.1M NaOH. These spectra are believed to represent the first
time that the 0, adducts of Fe-TSP and Co-TSP adsorbed on surfaces
have been ~bserved. The transmission absorption spectra for the
Co-TSP and Fe-TSP in 0 saturated alkaline and acid solutions, meas-
ured in the present study (53), also indicate the formation of 0,
adducts in solution, including the adduct M-TSP-02-M-TSP. The spec-
tral changes associated with the formation of the 0; adduct with the
adsorbed Co-TSP and Fe-TSP are similar to those occurring with the
formation of the corresponding 02 solution phase adducts in acid and
alkaline solutions.

The configuration of the adsorbed complex relative to the sur-
face 18 not fully clear. The most likely configuration is with the
macrocyclic structure parallel to the surface and with the transi-
tion metal interacting with the surface through an -0- linkage.
Such a configuration would not easily provide for ~0-0- bridging
between transition metal sites with two adjacent complexes or be-
tween one metal site and the carbon surface. It is unlikely that
the M-TSP complexes are adsorbed on the electrode surfaces with the
macrocyclic ligand parallel and immediately adjacent to the surface

(1.e., in the inner Helmholtz plane). The peaks in the 600-680 nm
range for the adsorbed species occur at nearly the same wavelengths
as for the bulk solution species, On the other hand, the m-m*

ey
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parallel transition is sensitive to the immediate dielectric environ-
ment adjacent to the macrocyclic ligand and would be perturbed by

the interaction with the graphite 1 orbitals or metal orbirals if

in direct contact with the surface. An alteinative possibility is
that these macrocyclic complexes are edge-on adsorbed with the sul-

fonate groups interacting with the surfaces. This arrangement would
facilitate -0-0- bridging.

Further UV-visible reflectance studies using polarized light and

Raman studies are planned to gain more information concerning how
these species are adsorbed.

VI. MECHANISTIC CONSIDERATIONS OF O, REDUCTION ON ADSORBED Co-TSP
and Fe-TSP €

The 0, reduction to peroxide on Co-TSP/graphite may proceed
according to the following scheme:

111 -
[(M ~TSP) -~ 02 :’ads )
+ 02 e + HOH

I1 P e 1 -
™ -'rsp)ads < lﬂou [(M ~TSP) -02 ]ads 1)

where the first step is probably ligand displacement (water or OH
groups, depending on pH), followed by a-heterogeneous electron trans-
fer to yield the peroxide with this step rate controlling.

The more cathodic peak in the voltammetry curves for Fe-TSP
(Peak 11 in Fig. 5) occurs at potentials in the lower polarization
region (Fig. 10) where deviations from Tafel linearly become evident.
This suggests an involvement of the (Fe(III)OH TSP)ads/(F‘e(II)TSP)ads
couple in the reaction mechanism responsible for current component

i5. The following mechanism explains the behavior of this component
for pH > 8:

111 - Kk I1 -
(Fe OH-TSP)adB 4+ e ;i:ﬁ (Fe TSP)ads + OH (k)
I1 2 ITI .~
(Fe -'I'SP)ads + 02 == (Fe _OZ_TSP)ads Q)
111 - - k3
(Fe -OZ-TSP)ads + e —> intermediates (m)

with reaction m normally rate controlling. On the basis of the kin-

etic evidence, the pathway appears to involve only one adsorbed M-TSP :
complex at a time, and therefore, not a bridge between the transition

metal centers in two complexes. The possibility exists for -0-0-
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bridging between the surface and the transition metal but this seems
unlikely,

In the lower Tafel linear region, reaction m is rate control-

ling while the limiting current (i,); is associlated with reaction 1
becoming controlling. The corresponding kinetic equation is (50,51)

- =1 F .
(O ) K exp -(1+) ¥ (L—bo)

1= (1)
a a’L --1 F o . _aF ..
[1 + (OH ) ~ exp - ’T (E Eo)][l + K exp RT (E Eo)]
(2)
where (1a)L -4 sz(oz)m 3)

with m the surface concentration of Fe-TSP, E, the standard electrode
potential for reaction m, a the transfer coef?lcient for this step,
K = k3/k_j, and (OH”) and (02) the OH™ and 0, concentrations.

This equation predicts the essential features of the experi-
mental data below the high polarization-Tafel linear region in the
pll range from 8.7 to 13.8; i.e. the reaction rate is first order in
(02) and -1 in (OH7), and predicts a limiting current density
(i5)1 which is directly proportional to 0, concentration, to Fe-TSP
surface concentration and independent of pH. The quantity (1a)L is
due to a potential insensitive chemical process, reaction 1, which
becomes rate controlling when the Fe(II)-TSP species approach satura-
tion and the cathodic polarization has increased the rate of reaction
m to a relatively high value. According to this proposed mechanism,
the Tafel slope for the linear Tafel region of i, should be -RT/
((1+a)F). The value of the slope will depend on the value of a.
For a = 0.5 the slope is -RT/(1.5F) or -40 mV/decade and for a » 1
is -RT/(2F), or -30 mV/decade, as compared with an experimental
value of v ~35 mV/decade.

At more acidic pH it {s necessary to consider the acid-base
equilibrium: K

1. .- B II1

Fe OH ——> Fe

= + OH™ (o)

The redox process may be represented as

eIl —= pell + oN”

- 1 3: “'://: {3

Felll 4 on”

with the TSP ligand not shown. The mechanism can then be modified
for low pl (< 8) by replacing reaction k by reaction p followed with
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reaction 1 as rate controlling., The current component i, is then

I1
i, = 4Fk, (Fe )(02) (4)

and, taking into account veaction p and considering low pH (< 4),
becomes

-1 F
KB exp- i?(E-Eo)

1+ K7 expm Tx(EE )

(5)

ia = (ia)L

This equation fits the experimental observation that at low pH 1,
has relatively little or no pH dependence (see Fig. 11). These two
mechanisms are expected to be competitive in the pH range between
10 and 4. This would explain the gradual change in the Tafel slope
from -30 mV/decade to -60 mV/decade.

At high cathodic polarization, the 0; reduction mechanism
probably reverts to a pathway similar to that proposed for the Co-
TSP/graphite system (reaction j).

VII. IMPLICATIONS OF RESEARCH

Some transition metal macrocyclics such as the adsorbed Fe-TSP
are active catalysts for the overall 4-electron reduction of 0. The
kinetics, however, are reasonably well explained by pathways which
do not involve bridged -0-0- adducts and are first order rather than
second order with respect to the surface concentrations of Fe-TSP.
The reflectance spectra indicate the formation of 0, adducts with
the adsorbed Co-TSP and Fe-TSP but these spectra also do not provide
any specific evidence for bridged -0-0- adducts.

The most critical feature of the 4-electron reduction appears
to be the location of the potential for the Fe(II)-TSP/Fe(II1l)-TSP
couple at a value near that at which the 0, reduction occurs. The
pH dependence of this potential, however, is such that the catalytic
activity for the 4-electron reduction is depressed with increasing
OH~ ion concentration., On the other hand, the 2-electron reduction
to the peroxide is essentially independent of OH activity. As a
consequence, in the concentrated bases used in most fuel cell and
air battery applications, the peroxide generation becomes signifi-
cant even at low current densities and this in turn leads to accel-
erated attack of the Fe~-TSP as well as the graphite or carbon sur-
faces.
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Figure 1. Interaction of f and " molecular orbitals of 02 with
d orbitals of a metal in Griffiths model.

Figure 2. Interaction of m* molecular orbital of 0p with d_» orbital
of a metal in Pauling model.
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