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PREFACE 

This final report includes the important technological and scientific 

accomplishments of this project for the period 1 April 1984 to 30 April 1992 and a 

comprehensive summary of the research carried out during the past year (1 May 1991- 30 

April1992). The list of research publications and Ph.D. dissertations obtained under this 

project are also given. Various active catalyst systems for the 0 2 reduction and 

generation in concentrated alkaline and acid electrolytes as well as for the decomposition 
" 

of peroxide in alkaline solutions are mentioned in appendices A and B. 
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I. IMPORTANT TECHNOLOGICAL AND SCIENTIFIC ACCOMPLISH
MENTS OF THIS PROJECT FOR THE PERIOD 1 APRIL 1984 TO 30 
APRIL 1992 

This project on electrocatalysts for oxygen electrodes at CWRU was initiated in 

April I984 with the objective to understand the factors controlling the activity of 0 2 

reduction and generation electrocatalysts and the use of this information to achieve higher 

activity combined with long-term stability. Two broad classes of catalysts were 

developed: (I) transition metal macrqcycles in monomeric and polymeric forms, and (2) 

transition metal oxides including perovskites and pyrochlores. A new level of 

· understanding of the electrochemical properties of these catalysts and the mechanistic 

aspects of 0 2 reduction and generation on these catalysts has been achieved. Extensive 

studies were also carried out ,on carbons and graphite as 0 2 electr~catalysts and substrates 

for electrocatalysts in alkaline solution. Some of the important specific accomplishments 

of this research are: 

. • Iron phthhlocyanine (FePc) and its modified forms such as iron tetrasulfo

phthalocyanine (FeTsPc) and iron tetrapyridinoporphyrazine (FeTPyPz) catalyze 

the 4-electron reduction of 0 2 to 011 in alkaline solution when adsorbed on 

pyrolytic graphite at mono- or submonolayer coverages. 

• Lead-ruthenate pyrochlores in the high-area form are very active bifunctional 

catalysts for 0 2 electrodes in reduction· and generation modes in concentrated 

alkaline solutions. They catalyze the 4-electron reduction of02 to 011. 

• Transition metals (e.g., Co, Fe) adsorbed on heat-treated polyacrylonitrile 

(PAN)-based catalysts, particularly Co/P AN/XC-72, show proimsmg 
\ 

performance for 0 2 reduction in alkaline and acid electrolytes. These catalyst 

systems function through a peroxide mechanism similar to that involved with the 

heat-treated cobalt porphyrins and have comparable apparent activity. 
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~ Heat-treated transition metal macrocycles such as CoTMPP dispersed on high

area carbon have high activity for 0 2 reduction in alkaline and acid electrolytes, 

with good stability in concentrated alkaline solutions. 

• The combined use of FTIR, laser Raman, TEM, Mossbauer, extended X-ray 

absorption fine structure (EXAFS), magnetic susceptibility, pyrolysis-gas 

chromatograph-mass spectroscopy and linear sweep voltammetry of the 

adsorbed catalyst has provided new insight into the effects of heat treatment on 

catalysts stability. 

• Based on various electrochemical and non-electrochemical studies of the heat

treated macrocycles and related complexes, CWRU proposed a model to explain 

the catalytic activity of the heat-treated transition metal macrocycles. The model 

proposed is that of a modified carbon surface on which transition metal ions are 

adsorbed, principally through interaction with residual nitrogen derived from the 

heat-treated macrocycles. 

• Ex situ and in situ Mossbauer spectroscopy was used successfully at CWRU to 

determine the state of the transition metal in macrocycles both in bulk and 

adsorbed on high-area carbon with or without subsequent heat treatment. 

• FePc and its J.L-oxo derivatives were characterized at Case using FTIR, 

Mossbauer, STM, cyclic voltammetry, RRDE and gas-fed electrode 

measurements. It was found that the activity associated with the J.L-oxo (1) 

species (crystallized from DMF solution) is comparable to that obtained with 

Powercat 2000 (a commercially available high-area Pt-based high-performance 

catalyst) in alkaline solution. 

• Materials produced by the heat treatment of pyrrole black mixed with transition 

metal salts are promising catalysts for 0 2 electroreduction in both alkaline and 
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acid electrolytes. Their activity is comparable to that of the . corresponding 

transition metal macrocycles which are heat treated on carbon. 

• The stability of gas-fed 0 2 electrodes in the reduction as well as generation 

modes has been enhanced by using ion conducting polymers in concentrated acid 

and alkaline electrolytes. This was achieved by incorporating the ionomer in the 

.active layer of the gas-fed electrodes and also by covering the solution side of 

the active layer with an ionomeric membrane. 

• 0 2 ·reduction to peroxide was examined in aqueous alkaline solution on highly 

oriented pyrolytic graphite (l!OPG) with adsorbed 9, I 0-phenanthrenequinone 

and on ordinary pyrolytic graphite (OPG) with chemically attached 2-aminq 

anthraquinone. The kinetics of the initial one electron transfer to the quinone on 

the surface with the adsorbed quinone are fast, while the reaction of the reduced 

quinone radical with the solution-phase 0 2 is the rate determining step. For the . 

overall2e- reduction-to peroxide on the chemically attached quinone surface, the 

initial electron transfer is the rate determining step because the quinone is farther 

from the surface and in an unfavorable configuration for electron tunneling. 

• 0 2 reduction to superoxide was examined in acetonitrile on the basal planes of 

ordinary and highly oriented pyrolytic graphite. The reaction has a lower 

apparent ·cathodic transfer coefficient on HOPG than OPG; probably because 

part of the potential drop across the ~lectrode-electrolyte interface occurs· in the 

space charge region in the HOPG. 0 2 reduction to superoxide in DMSO was 

also studied on OPG, Au ·and Pt electrodes with and without CoTsPc in solution. 

The results indicate that CoTsPc does not catalyze the 0 2 reduction to o2- in 

aprotic solvents and the reaction appears to occur by an outer-sphere electron

transfer mechanism. 
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• Another class of compounds which has activity similar to the corresponding 

monomeric Pc's, and which is expected to have better stability in concentrated 

acid and alkaline electrolytes, is the polymeric phthalocyanines. Cobalt and iron 

phthalocyanine sheet-type polymers were synthesized and purified as described in 

the literature. They were separated from the low-molecular~weight fractions 

from their solutions in DMF. The high-molecular-weight fraction was 

characterized by FTIR, laser Raman, uv-visible and XPS measurements. The 

sheet-type configuration of the CoPe oligomer is evident by high-resolution 

transmission electron microscopic (TEM) and atomic force microscopic (AFM) 

measurements. 

• The orientation of the macrocycle complex on the surface has a strong effect on 

the activity as well as the pathway for 0 2 reduction. In situ SERS, FTIRRAS 

and STM measurements of monomeric TsPc's adsorbed on a substrate at mono

or submonolayer coverages provide evidence that the plane of the adsorbed TsPc 

complex is oriented at an angle to the surface. Polymeric sheet-type 

phthalocyanines, however, in the form of crystallites on a graphite surface show 

the sheet-shaped structure of the molecules that are stacked parallel to each 

. other and parallel to the substrate by using AFM. 

• The voltammetric peaks for the solution-phase species of CoTsPc and FeTsPc 

were not obtained so far in aqueous electrolytes. However, the voltammetric 

peaks were obtained for these species in organic solvents. A possible 

explanation for this was based on the excess negative charge associated with the 

ligand in aqueous electrolyte as a result of the ionized so3- groups attached to 

the four aromatic rings. The adsorption of .such highly charged species on the 

electrode surface results in the repulsion of the corresponding solution-phase 

4 
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spectes. This explanation is supported by the effect of adsorbed TsPc's on the 

redox behavior of negatively charged (ferri and ferrocyanide), uncharged (o

tolidine) and positively charged Fe(Cl04)J in aqueous acid and alkaline 

solutions. 

• Adsorption of FeTsPc and CoTsPc on OPG was investigated as a function of 

pH and ionic strength of the adsorption solution as well as potential. Adsorption 
' 

of CoTsPc occurs readily from its freshly
1 

prepared aqueous solution and is 

generally independent of pH. For FeTsPc, however, adsorption does. strongly 

depend on pH. High surface coverage is achieved only from acid solutions 

rather than from pure water or alkaline solutions. This is explained in terms of 

the form(s) of the complexes existing in the solution phase in air. 

• To obtain further insight into the, redox properties and 0 2 reduction 

electrocatalysis on macrocycles, the effect of CN", which is capable of 

coordinating with the transition metal in the axial position, was examined. The 

results indicate that a strong axial interaction of 0 2 with the transition metal in 

the macrocycle is an important factor for 0 2 electrocatalysis. The blocking 

effect of the voltammetric peaks confirms the assignment of the peaks in cyclic 

voltammetry curves and the importance of particular redox couple to the 0 2 

electrocatalysis. 

• The polyvinyl pyridine (PVP)-modified OPG electrode with adsorbed CoTsPc 

exhibits higher activity for 0 2 reduction than the OPG electrode with only 

adsorbed CoTsPc in 0.05 M H2S04 solution. This is due to the formation of an 

adduct betWeen PVP and CoTsPc which is more active and more stable than 

CoTsPc. FTIR and uv-visible spectroscopic studies provide evidence for the 

formation of an adduct between CoTsPc and PVP. 
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• The perovskites hav~ not generally been found to be active catalysts for 0 2 

reduction in gas diffusion 0 2 cathodes either with or without high-area carbon. 

Some of the higher-area compounds have considerable activity for peroxide 

decomposition and 0 2 generation. When used in conjunction with heat-treated 

macrocycles (even macrocycles without a transition metal center), some of the 

perovskites show excellent performance for 0 2 reduction. 

• .The effects of alcohols such as m~thanol, isobutanol and n-amyl alcohol were 

examined to obtain a better understanding about the redox properties and 0 2 

reduction electrocatalysis on transition metal macrocycles. These alcohols may 

change the structure of the interface and orientation of the adsorbed macrocycles 

on the surface. The effect of methanol and its reaction intermediates on 0 2 

reduction are also of interest for the identification of methanol-tolerant 

electrocatalysts for 0 2 reduction in methanol-air fuel cells. For 0 2 reduction 

on CoTsPc in an alkaline electrolyte, which was pre-adsorbed on an OPG disk 

electrode from a 0.1 M NaOH solution containing CoTsPc (-1 x I0-4 M) in 

these alcoh?ls, the half-wave potential (EY2) is more positive ( -60 m V). .This 

may be due to the increased adsorption of the macrocycle on the surface as a 

result of changes in the dielectric property of the solvent. The presence of -1 M 

methanol in 2.5 M H2S04 at 60°C showed no effect on the 0 2 reduction 

performance in gas-fed electrodes based on pyrolyzed macrocycles (CoTMPP 

and CoTAA adsorbed on high-area carbon). This is quite encouraging for air 

electrodes in acid electrolyte methanol-air fuel cell. 

• A host of techniques, both electrochemical and non-electrochemical along with 

spectroscopic techniques, were used to characterize the most promising 

electrocatalysts for 0 2 electrodes. These techniques include: 
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1. 
2. 
3. 
4. 
5 . 
6. 

7. 
I 

8. 
9. 

10. 
11. 
12. 

13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 

linear sweep voltammetry (LSV) and differential pulse voltammetry (DPV) 
rotating disk electrode (RDE)and rotating ring-disk electrode (RRDE) 
Fourier transform infrared (FTIR.) spectroscopy 
uv-visible spectroscopy 
surface enhanced Raman scattering (SERS) and resonance Raman (RR) 
scanning tunneling microscopy (STM) and atomic force microscopy 
(AFM) 
high resolution transmission electron microscopy (HRTEM) 
scanning electron microscopy (SEM) · 
X-ray absorption fine structure (XAFS) 
Mossbauer effect spectroscopy (MES) 
X-ray diffraction (XRD) 
X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron 
spectroscopy UPS 
secondary ion mass spectroscopy (STh1S) 
pyrolysis-gas chromatograph-mass spectroscopy (PGCMS) 
thermogravimetric analysis (TGA) 
magnetic susceptibility 
elemental analysis 
BET surface area 
extraction techniques 
adsorption techniques 

• Pt catalysts supported on lead-ruthenate pyrochlore and with a Nafion 117 

(DuPont) membrane pressed against the electrolyte side of the gas-fed electrode 

showed promise for bifunctional 0 2 electrodes in acid electrolyte (2.5 M H2S04 

at 600C). 

• The fabrication of porous gas-fed electrodes was modified to optimize their 

· stability and performance at high current densities in 85% H3P04 at 1o·ooc using 

carbon supported Pt catalysts for 0 2 reduction and generation. 

• The RRDE experiments_ sho~ that the reduction of 0 2 proceeds by a 4-electron 

pathway on Ru ·in, alkaline electrolytes. The kinetics and mechanism depend on 

the oxidation state of the Ru surface. The reaction mechanisms for the formation 

of the anodic film and 0 2 reduction on Ru are proposed. 
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• Lithiated NiO powder was examined as a support for Pt-catalyzed gas-fed 

,electrodes. The performance for 0 2 reduction is inferior to that obtained using 

carbon supports in 5 M KOH at 25°C. This oxide has negligible activity for 0 2 

reduction at room temperature but has significant activity for 0 2 reduction at 

temperatures higher than 1500C. Such a p-type oxide is not expected to be 

active for 0 2 reduction. 

• CoTsPc adsorbed on the perovskite LaCo03 and Lao.5Sr0.5Mn03 powders as 

catalyst supports showed higher activity for 0 2 reduction than perovskite 

supports without the macrocycle in alkaline solution. The activity is much less 

than that ofCoTsPc adsorbed on a high-area carbon under similar conditions. 

• Most of the high-area carbons used as support materials for catalysts for 0 2 
r 

reduction are generally unstable at the more positive potentials ·involved in 0 2 

generation. Efforts were made to find more stable carbon supports. Several 

different carbon supports, including both oxidized and non-oxidized Shawinigan 

black, LBL carbon, graphitized carbon and mildly fluorinated carbon black, were 

examined at CWRU for use with lead ruthenate pyrochlore. All of these carbons 

gave similar performance. This is promising because it shows that highly 
) 

oxidation resistant carbons can be used without sacrificing cathode performance. 

The details of this research are given in the annual ~eports prepared by CWRU for 

the LBL as well as in published research papers under this project. 

ll. COMPREHENSIVE SUMMARY OF THE RESEARCH. DURING THE 
PASTYEAR r 

1. Objectives 

The objectives of the research were: 
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I. to develop a better understanding of the factors controlling 0 2 reduction and 

.generation on various electrocatalysts, including transition metal macrocycles 

and oxides; 

2. to use this understanding to identifY and develop much higher activity 

catalysts, both monofunctiort and bifunctign; 

3. to establish how ~atalytic activity for a given 0 2 electrocatalyst depends on 

catalyst-support interactions and to identify stable catalyst supports for . 

bifunctional electrodes. 

2.. Introduction 

Over the past three decades a large research effort has been carried out 

internationally on a wide range of catalysts for 0 2 reduction in alkaline and acid 

electrolytes and to . a lesser extent on 0 2 generation, particularly in alkaline electrolyes. 

Much of this prior research by various groups was "semi-Edisonian" and lacked an 

adequate understanding of the electronic and steric factors controlling the. activity. 

Consequentiy, the emphasis on 0 2 electrocatalysis research at CWRU is to achieve a 

better understanding . of both 0 2 reduction and generation in relation to the basic 

properties df the catalyst-electrolyte interface. The research also is concerned with the 

failure mode of these catalysts. 

Research during the past year (I May to 30 April I992) at CWRU involved work 

principally on the following aspects of the catalyst systems. 

I. Transition Metal Macrocycle Catalysts 

I.I In Situ FTIRRAS studies ofFeTsPc on Ag 

I.2 STM and AFM studies of macrocycles on surfaces . 

9 
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1. Transition Metal Macrocycle Catalysts 

1.1 In Situ FTIRRAS Studies ofFeTsPc on Ag. 

The iron tetrasulfonated phthalocyanine (FeTsPc) complex adsorbed on an 

electrode surface at mono- or submonolayer ~levels has high activity for the 4-

electron reduction of 0 2 to O:Er in alkaline solutions. The orientation of the 

complex on the surface has a strong effect on the activity as well as pathway for 

0 2 reduction. In-situ surface-enhanced Raman scattering (SERS) measurements 

obtained earlier on Ag showed stretching modes involving C=C and C=N bonds of 

10 
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the macrocycle and ·provided evidence that the plane of the adsorbed TsPc 

complex is oriented at an angle to the surface (1). Selection rules, however, are 

open to question for SERS. 

During the past year in situ infrared measurements, FTIRRAS, were 

conducted to obtain structural information for mono- or submonolayers of 

adsorbed FeTsPc on Ag. Enhanced sensitivity was achieved by using a Dove 

prism (CaF2) as a window, instead of a flat window. Dove prisms provide higher 

incidence angles. First, cyclic voltammetry of Ag electrode in 0.1 M HC104 

containing 104 M FeTsPc was obtained using the optical cell with the electrode 

pulled back from the window. The FeTsPc solution was then removed and the cell 

was filled with a fresh solution of HC104, without macrocycle, leaving the 

adsorbed macrocycle on the surface. The Ag electrode was moved close· to the 

optical window at +0.1 V vs. SCE .. The potential was switched between +0.1 V 

and -0.4. V vs. SCE. At each potential 200 scans were made. The above process 

was repeated until a satisfactory signal-to-noise ratio was achieved (1 0, 000 scans). 

Spectra -at different potentials were obtained which have several derivative peaks 

corresponding to C=C or C-N vibration modes. In view of theIR selection rules, 

this provides further evidence that the TsPc is oriented at an angle to the surface 

and is not completely parallel to the surface. 

1.2 STM and AFM Studies ofMacrocycles 

Considerable information was obtained on the orientation of Fe- and 

CoTsPc on Ag and other substrates using surface-enhanced Raman and resonant 

Raman, uv-vis reflectance, and FT infrared reflectance absorption spectroscopies 

with adsorbed mono- or submonolayer coverages .. During the last year, research 

11 



was focused on the structural features of the adsorbed phthalocyanines using STM 

(ex situ and in situ) and AFM (ex situ ). 

1.2.1 STM Studies 

The CoTsPc was preadsorbed on HOPG surface by dipping the HOPG 

disk at open circuit into an air-saturated aqueous solution of CoTsPc (-1 x 10-s 

M) (parallel to the liquid surface) for -20 min. The disk was then removed, 

washed with pure water and dried in a vacuum oven. Ex situ STM measurements 

with a Pt-Ir tip showed that the plane of the complex is tilted from the 

perpendicular to the surface. The complexes are parallel to . each other but the 

adjacent complexes are slipped parallel to each other so as to provide for 

inclination of the central transition metal ion with the pyrrole or bridging nitrogen 

of the phthalocyanine. However, the ordered layer was distorted by scanning with 

the STM tip. It is probably caused by the interaction force between the tip and the 

adsorbed molecules which is reported to be about 1 o-6 N for a few nA tunneling 

current in vacuum or air . 

. By operating the STM in a liquid environment, the interaction force 

between the STM tip and the adorbed molecules is expected to be reduced by 10 

or 100 times because of the difference in the dielectric coefficient of the liquid and · 

air. The orientation of the adsorbed layer of CoTsPc on a HOPG surface was, 

therefore, studied with in situ STM in 0.05 M H2S04 under potential control. Pt 

tips covered with glass were used. The tip potential was controlled to maintain a 

constant tunneling current. With a modified microcell and Pt wires as reference 

and counter electrodes, cyclic voltamriletry showed the submonolayer adsorption 

of CoTsPc on the HOPG surface. The in situ STM images showed an orientation 

of the adsorbed complex qn HOPG similar to that observed initially with ex situ 

12 
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STM. When the potential was set to the 0 2 reduction region, the in situ STM 

images were distorted and reappeared again when the potential was set to the 

double layer _region. 

1.2.2 AFM Studies 

The molecular orientation of pre-adsorbed CoTsPc on a HOPG surface 

was also studied with the Nanoscope II AFM in air. The preparation of the 

· preadsorbed layer ofCoTsPc on HOPG was described above. The adsorbed layer 

Was characterized by cyclic voltammetry. Si3N4 microcantilevers with integrated 

pyramidel tips were used. The cantilever arm was 100 microns long with a force 

constant of 0.58 N/m. The AFM tips were checked on freshly cleaned HOPG · 

surface. If the tip gives near atomic resolution on an HOPG surface, it can be used 

for the studies of molecular orientation ofCoTsPc on the surface. 

A set of AFM topographies of CoTsPc submonolayer adsorbed on HOPG 

surface was obtained at a constant force of 2 x Io-8 N. A large scan area (300 x 

300 nm) showed ordered. molecular structures of CoTsPc. With higher 

magnification (30 x 30 nm), the images showed an orientation similar to that 

obtained by in situ STM images. Rotation of the. sample resulted in the expec~ed 

changes of the molecular orientation. 

The sheet-type polymeric phthalocyanines are of special interest for 

understanding the 4-electron reduction of 0 2 to OH- on FePc and its modified 

forms such as FeTsPc and FeTPyPz in alkaline solutions. The sheet-like polymer. 

structures were first· prepared and proposed by Drinkard and Bailer based on 

elemental analysis and titrimetric equivalent weights (2). The concentration ofthe 

peripheral carboxylic· a:cid ·groups was. determined by neutralizing the acid groups 

by standardized NaOH and back titration with standardized HCL The equivalent 

13 
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weights were caleul~ted for the various possible oligomers. Achar et al. later 

reported a method (3) to prepare tetramer phthalocyanines as in Figure 1. 

However, prior to the present study, there was no direct evidence for the existence 

of a sheet-type molecular arrangement, except from elemental analysis and 

titrimetric equivalent weight which are not very defirutive. 

CoPe oligomers which are coated on an OPG surface, were studied by 

AFM in this laboratory. The oligomer was coated on the OPG surface by placing 

50 JlL of 1 o-5 M solution of the polymer in DMSO on the graphite substrate and 

drying it in a vacuum oven overnight. Crystallites with particle sizes of 30-60 nm 

were observed by AFM. The profiles of the AFM images showed particles with a 

step height -sA, suggesting that the molecules are stacked parallel to each other 

and parallel to the graphite surface. Zooming the scanning probe on the top layer 

of the crystal, one can observe a sheet-shaped molecular structure (Fig. 2). A two

dimensional Fourier transform (2 DFT) of the image given in Figure 2 genera~es a 

spectrum with four bright spots with nearly equal distance from the origin. A clear 

molecular structure is reconstructed by an inverse Fourier transform using the 

frequencies represented by the four bright spots (Fig. 3). The distance between the 

two neighboring metal centers is 11 A and the diameter of the cavity formed 

between four monomer lobes is 8.4 A, which agree well with the theoretical values 

of 10.7 A and 8.3 A, respectively, using a molecular modelling program. 

1.3 Solution-Phase Voltammetry of Tetrasulfonated Phthalocyanines m 
Organic Solvents 

Earlier studies at CWRU showed that the cyclic voltammetry of Co- and 

FeTsPc on OPG disk electrodes in aqueous acid or alkaline electrolytes 

corresponds to the redox processes of the adsorbed macrocycle species and not the 

14 



Fig. 1. Polymeric phthalocyanine (fused type, fragment) 

,J 
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Fig. 2. AFM image of the CoPe , oligomer which was obtained 
by zooming the scanning probe on top of the crystal. 

Fig. 3. A molecular structure of CoPe oligomer that was 
generated by computer using an inverse Fourier 
transform from Fig. 2.' 
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dissolved species m solution (4). Iron pyridino-porphyrazine (FeTPyPz), a 

phthalocyanine similar to FeTsPc, also does not show voltammetric peaks in 

aqueous acid electrolyte associated with the outer-sphere heterogeneous electron 

transfer (5). FeTPyPz has appreciable solubility in acid solutions, and under this 
\ 

condition most of the pyridino groups are expected to be protonated. Both the 

solution-phase and adsorbed FeTPyPz would be positively charged and repulse 

each other, thus suppressing the outer-sphere electron transfer kinetics. The 

interaction of the adsorbed macrocycle with the substrate is expected to cause a 

substantial difference in the redox behavior . of the dissolved and the adsorbed 

species. 

To separate the redox. peaks associated with the non-adsorbed species from 

those for the adsorbed species on the electrode surface, voltammetric studies of 

these macrocycles were carried out in different solvents. Voltammetric 

measurements of CoTsPc in CH3CN and (CH3hSO containing tetraethyl 

ammonium perchlorate as the supporting electrolyte were obtained on OPG, Au 

and Pt disk electrodes. Pure water was added to · CH3CN in the ratio I 

H20!5CH3CN, and with CoTsPc at a concentration of -1 x 10-4 M: The 

macrocycle is sparingly soluble in pure CH3CN. The acetonitrile (Aldrich, 

anhydrous, 99+%, water,<O.OOS%) and dimethyl sulfoxide (Fischer, reagent grade, 

water <0.04%) were further dried in a column of 4 A molecular sieve .and then 

stored over the molecular sieve (Aldrich) for at least 24 h prior to use. Tetraethyl 

ammonium perchlorate (Fluka, 99%) which was used as the supporting electrolyte 
. . 

was dried in a vacuum oven at 60°C for at least 48 h. 

Three quasi-reversible redox peaks of the solution-phase species of 

CoTsPc were obtained in non-aqueous solutions on all three electrodes. There are 
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no significant differences in the peak potentials for the three electrodes in the same 

organic solvent (Table I). The currents associated with the voltarnmetric p~aks in 

aprotic organic solvents are low (of the order of a few J!Aicm2 at a sweep r:ate of 

150 mV/s and concentration of -1 x 1Q-4 M). One explanation for this behavior 

may be that the macrocycle is highly associated in the organic solvents. This can 

lead to various complications which result in smaller and broader redox peaks. 

The heights of the peak depend on convection in the solution and are a linear 

fiu1ction of the square root of the scan rate. These tests indicate that the redox 

peaks in the organic solvent correspond to the dissolved species of CoTsPc. 

Further, the peak potentials with · CoTsPc and CoPe in (CH3hSO are almost . . 

similar. This is probably due to the fact that the S03H groups are not ionized in 

the organic solvent. Recently. we have observed the outer-sphere electron transfer 

reaction for TsPc's on a tin-doped indium oxide (ITO) electrode in 0.05 M H2S04. 

These macrocycles are not adsorbed o:ri this electrode surface in 0.05 M H2S04. 

The pH dependence of this reaction on ITO is under investigation. 

An explanation for the absence of voltarnmetric peaks of these 

macrocycles in aqueous solution is based on the excess negative charge associated 

with the TsPc ligand in solution because of the ionized S03- groups attached to 

the four aromatic rings. Another explanation involves the adsorption of the 

macrocycle edge-on on the electrode surface, where the distance between the 

electrode surface and the solution-phase macrocycle molecule at the point of 

closest approach may be -1 SA. This large distance may impede the electron 

tunneling between the solution-phase macrocycle and the adsorbed species on the 

electrode. Resonance tunneling might be involved, in which case tunneling may 

occur over a large distance. 
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TABLE I 

Solution-phase Voltammetric Redox Potentials of 

CoTsPc (-1 x 104 M) in 5:1 Mixture* ofCH3CN 

and H20 (de-aerated) on Various Electrodes 

Electrolyte: 0.1 M Tetraethyl ammonium perchlorate 
'--

Scan Rate: 150 mV/s 

Peak Potentials (V) vs SCE 

Electrode Peak1 Peak2 

Pt -0.40c 

- -0.20a 

Au -0.38c 

-0.20a 

OPG -1.24c -0.38c 

-I. lOa -0.22a 

*CoTsPcis not completely.soluble in pure CH3CN 
aanodic peak potential 
ccathodic peak potential 
Peak I corresponds to the reduction of the TsPc ligand 
Peak 2 corresponds to the reduction of Co (II) to Co (I) 
Peak 3 corresponds to the reduction of Co (Ill) to Co (IT) 
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+0.42~ 

+0.53a 

+0.42c 

+0.54a 

+0.43c 

- +0.54a 



1.4 Oxygen Reduction on OPG, Pt and Au Surfaces in Dimethyl Sulfoxide 
with and without CoTsPc in Solution. 

Oxygen is reduced by a 2-electron pathway to peroxide on OPG and 

. polycrystalline Au surfaces in alkaline aqueous solution. However, clean Pt and 

Au (100) catalyze the 4-electron reduction of 0 2 to 0~ under similar conditions. 

To obtain a better understanding of the mechanistic aspects. of 0 2 reduction, the 

reduction of 0 2 on OPG, Au and Pt surfaces was examined in an aprotic non

aqueous solvent (DMSO) containing TEAP as the supporting electrolyte, with and 

without the presence ofCoTsPc in the solution. CoTsPc is a good catalyst for the 

2-electron reduction of 0 2 to peroxide. in acid and alkaline aqueous solutions. 

During the past year, 0 2 reduction was studied on OPG, Pt and Au surfaces in 

DMSO using linear sweep voltammetry and the rotating disk electrode (RDE) 

technique at 25°C. 

0 2 reduction on these electrode materials in DMSO showed a quasi

reversible one-electron reduction to superoxide. The cathodic peak potentials in . 

the voltammograms were -0.85 V, -0.89 V and -0.90 V vs. SCE for OPG, and 

polycrystalline Au and Pt respectively. This indicates that the rate of electron 

transfer in aprotic media depends on the electrode material, in agreement with 

earlier results (6-8). The separation of the cathodic and anodic peak potentials for 

OPG (AV= 0.16 V) is less than those for Au (AV = 0.22 V) and Pt (AV = 0.20 V), 

respectively. The addition of CoTsPc (-5 x 10-5 M) to the solution reduces the 

peak heights to some extent. · There is an increase in the separation of the peak 

potentials with all of the electrodes, except for OPG in which case there is a slight 

decrease in the separation of the cathodic and anodic peak potentials. The results 

20 



show no significant changes in the 0 2 reduction reaction in DMSO which contain 

CoTsPc. 

The curves for 0 2 reduction on rotating disk electrode in DMSO 

containing. 0.1 M TEAP as the supporting electrolyte are given in Figures 4-6. 

The half-wave potential (EY2) is -85 mY more positive for OPG than for Au and 

.-..25 inY more positive for Au than for Pt. The plots of limiting current densities 

(iL) vs. square root of r~tation rates (fh) show that iL is approximately equal to the 

• diffusion limiting current density ~D (Ncm2) (Fig. 7). The observed B values from 

the Levich plots are 6.1 X 1 o-5 for OPG, 6.3 X 1 0~5 for Au and 6.4 X' 1 o-5 A cm-2 

rpm-Y2 for Pt respectively: The~e values agree fairly well with the calculated value 

of7.1 x I0-5 A cm-2 rpm-Y2 for n = 1 and from the other data (7,9, 10) (see Fig. 7). 

The r1 vs. rY2 plots· show that the slope increases at less negative potentials on all 

of the surfaces, indicating the relative influence of the ?ack reaction. The mass

transport-corrected Tafel plots for the forward (positive to negative) potential 

sweep for OPG, Au and Pt are shown in Figure 8. The Tafel slopes are -144 

mY/decade for OPG, -231 mY/decade for Au and -227 mY/decade for Pt and the 

transfer coefficients are 0.41 for OPG and 0.26 for Au or Pt, respectively. The 

differences between these parameters for OPG and Au or Pt electrodes may be due 

· to differences in the true surface area, functional groups on the OPG surface, and 

the point of zero charge (PZC) of these materials. 

· The RDE studies ~so show no major changes in the 0 2 reduction reaction 

in DMSO containing CoTsPc. The Au and Pt electrodes show some inhibition for 

the electrode reaction (02 + e- --7 o2-) in the presence ofCoTsPc. The EY2 values 

for Au and Pt are -75 mY and ":""'40 mY more negative, respectively, with CoTsPc 

in solution. However, the OPG electrode shows negligible effect under similar 
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Fig. 4. Disk currents for 02 reduction on OPG ·in 02-saturated 
DMSO (0.1 M TEAP). 

Sweep rate= 20 mV/s. 
Electrode area = 0.2 cm2. 
Temperature= 25°C. 
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,. Fig. 5. Disk currents for 02 reduction on polycrystalline Au in 
02-saturated DMSO (0.1 MTEAP). 

Sweep rate= 20 mV/s. 
Electrode area= 0.46 cm2. 
Temperature = 25 °C. 
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Fig. 6. Disk currents for 02 reduction on polycrystalline Pt in 
02-saturated DMSO (0.1 MTEAP). 

Sweep rate= 20 mV/s. 
Electrode area = 0. 125 cm2. 
Temperature = 25 °C. 
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respectively. Current values were measured at -1.4 V 
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v ·, = 1.79 x 10-2 cm2 s-1 (10) 
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and Pt (x) for forward scan. Data taken from figs. 4, 5 
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conditions (-10 mV more negative value ofEY2) with CoTsPc in solution. These 

results confirm that the rate of the electron transfer for 0 2 reduction in an aprotic 

media depends on the electrode material. The addition of CoTsPc to the DMSO 

solution with 0.1 M TEAP as the supporting electrolyte causes only a small change 

in the rate constant (see Tables TI and Ill). 

The standard ·rate constants for the reaction 0 2 + e · ~ 0 2 • on various 

surfaces, with and without the CoTsPc, are calculated from voltammetric studies 

(11) and are recorded in Tables TI and Ill along with other parameters. The values 

of the standard heterogeneous electron transfer rate constants (k0
) calculated from 

voltammetry and rotating disk electrode techniques agree fairly well. 

1.5. Effects of Adsorbed Tetrasulfonated Phthalocyanines on the Redox 
Behavior of Charged and Uncharged Species in Aqueous Electrolytes 

Cobalt and iron tetrasulfonated phthalocyanines adsorbed on OPG disk 

electrode at mono- or submonolayer coverages, were found to be good 

electrocatalysts for 0 2 reduction in aqueous alkaline and acid ·electrolytes. Earlier 

studies at CWRU. showed that the solution-phase cyclic voltammetiy of Co and 

FeTsPc in aqueous acid or alkaline electrolytes on OPG corresponds to the redox 

processes of the adsorbed macrocycle species and not the dissolved species in 

solution ( 4). However, the solution-phase redox peaks lor these macrocycles on 

OPG, Au and Pt electrodes were recently observed in organic solyents such as 

(CH3hSO with tetraethyl ammonium perchlorate (TAEP) as the supporting 
' 

electrolyte. An explanation for the absence of the solution-phase peaks of the 

macrocycle was based on the excess negative charge associated with the TsPc 

ligand in aqueous solution as a result of the ionized so3- groups attached to the 

four aromatic rings. Another explanation may be related to the edge-on adsorption 
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TABLE IT 

Standard Electrode Reaction Rate Constants k0 for 

0 2 Reduction on OPG, Au and Pt in Dimethyl Sulfoxide 

(0.1 M TEAP) with CoTsPc in the Solution (-i x t0-4 M) at 25°C 

Electrode Scan Rate AEp 'J'a,b k0 (em s-1) 
Materials (mV s-1) (mV) 

OPG 150 160 0.190 0.0029 

(a= 0.38) 100 150 0.220 0.0028 

50 130 0.300 0.0027 

20 100 0.580 0.0033 

10 90 0.810 0.0033 

Au 150 275 0.065 0.0012 

(a= 0.21) 100 250 0.065· 0.001 

50 205 0.110 0.0012 

20 160 0.190 0.0013 

10 140 0.250 0.0012 

Pt. 150 310 0.065 0.0011 

(a= 0.25) 100 285 0.065 0.0009 

50 230 0.080 0.0008 

20 185 0.140 0.0009 

10 158 0.200 0.0009 

anetermined by interpolation from values in Table 1 of reference 11 
bSweep direction, positive to negative 

a.Transfer coefficient 

Average 
k0 (em s-1) 

0.003 

0.0012 

0.0009 

'I' A function of the anodic - cathodic peak potential separation and is tabulated in Ref 11 
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TABLE ill 

Standard Electrode Reaction Rate Constants k0 for 0 2 

Reduction on OPG, Au and Pt in Dimethyl Sulfoxide 

(0.1 M TEAP) without CoTsPc in the Solution (-1 x 10-4M) at25°C 

Electrode Scan Rate AEp 'f'a,b k0 x 10-2 
Materials (mV s-1) (mV) (em s-1) 

OPG 150 iss 0.130 0.19 

(a= 0.41) 100 165 0.180 0.22 

50 140 0.250 0.22 

20 110 0.445 0.24 

10 95 0.680 0.26 

··Au 150 260 . 0.065 0.11 

(a=0.26) 100 225 0.085 0.12 

50 185 0.140 0.14 

20 145 0.235 0.15 

10 125 0.330 0.15 

Pt 150 280 0.065 0.11 

(a= 0.26) 100 240 0.070 0.10 

50 200 0.118 0.12 

20 150 0.220 0.14 

10 130 0.300 0.14 

anetennined by interpolation from values in Table 1 of reference 11 
bSweep direction, positive to negative 
arransfer coefficient 

'¥A function of the anodic- cathodic peak potential separation (see Table II) 
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of the macrocycle on the electrode surface. In this case the distance between the 

electrode surface and the solution-phase macrocycle .molecules at the point of 

closest approach may be -I SA. This large distance may impede electron tunnel4tg 

between- the solution-phase macrocycle and the adsorbed species on the electrode. 

Resonance tunneling might be involved, in which case tunneling may occur over a 

larger distance. 

To examine further the heterogeneous redox processes of the TsPc's in 

aqueous electrolytes, the effects of preadsorbed tetrasulfonated phthalocyanines on 

OPG or in solution (-I x I o-4 M) was investigated using linear sweep 

voltammetry. This has involved the redox behavior of negatively charged 

K3Fe(CN)6 and K4Fe(CN)6, uncharged o-tolidine and· positively charged 

Fe(Cl04)3 in aqueous acid and alkaline solutions. Various tetrasulfonated 

phthalocyanines were used, including CoTsPc, FeTsPc, CuTsPc and H2TsPc. 

In general, the redox behavior for K3Fe(CN)6 and K4Fe(CN)6 or their I: I 

·mixture (I x I o-3 M) on OPG electrodes with preadsorbed macrocycle becomes 

less reversible (more separation of the voltammetric cathodic and anodic peak 

potentials) in acid electrolyte (0.05 M H2S04). There is also a decrease in the 

magnitude of the cathodic and anodic peaks of the redox species of the pre

adsorbed macrocycle as compared to those for the same electrode without 

macrocycle present. The irreversibility is further increased and the magnitude of 

the peak heights decreased if the macrocycle (-I x I o-4 M) is in the solution. A 

similar redox behavior is obtained ·for the. ferri- and ferro-cyanide in the alkaline 

solution (O.I M NaOH) for various macrocycles pre-adsorbed on the OPG or 

added in the solution except for the CoTsPc. When it is added to the alkaline 

solution containing ferri- or ferro-cyanide or their mixture, the redox behavior 
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became more reversible and the peak heights increased. This is probably due to 

the fact thatCoTsPc acts as a mediator for electron transfer because the redox 

potential of CoTsPc lies in the same potential range as that of the ferri- and 

ferrocyanide species in alkaline solution. 

In comparing the effect of adsorbed CoTsPc on the redox-behavior of 

K3Fe(CN)6, o-tolidine and Fe(Cl04) 3 (I x 10-3 M each) in 0.1 M HC104 solution, 

it was observed that the separation of the voltammetric anodic and cathodic peak 

potentials become greater w,ith K3Fe(CN)6, almost no change with the o-tolidine 

and less with Fe(Cl04h (Figures 9-11). This double layer effect is more 

pronounced when CoTsPc (-1 x 104 M) is in solution. The results provide 

'evidence that the charge associated with the TsPc ligand in aqueous solution is 

. responsible for the absence of the solution-phase voltammetric peaks for 

tetrasulfonated phthalocyanines in aqueous electrolytes. Iron pyridino-

porphyrazine (FeTPyPz), a phthalocyanine similar to FeTsPc, also does not show 

voltammetric peaks in aqueous electrolytes (5). In contrast to FeTsPc, however, 

the FeTPyPz does not have large charge on the ligand. 

1.6 Effect of Methanol and Other Alcohols on the 0 2 Reduction 
Electrocatalytic Activity of Macrocycles on OPG in Acid and Alkaline 
Solutions 

Transition metal macrocycles on high-area carbons were found to be good 

ele~rocatalysts for 0 2 reduction in alkaline solutions. Earlier studies showed the 

effect of coordinating agents on the redox properties and 0 2 reduction 

electrocatalytic activity of transition metal macrocycles in alkaline solution (12). It 

is shown that CN- ions coordinate with specific valency states of the transition 

metals such as Fe and Co in phthalocyanines and porphyrins, and have a substantial 

poisoning effect on 0 2 reduction. 
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Fig. 9. Cyclic voitammetry of K3Fe(CN)a ( -1 x 1 o-3 M) in 0.1 M HCI04 
(deaerated) in the presence and absence of CoTsPc adsorbed on 
the electrode surface or in solution at 25°C. 

1 - Voltammetric curve for K3Fe(CN)a in 0.1 M HCI04 on OPG. 
No CoTsPc on the surface or in solution. 

2.,. Voltammetric curve for K3Fe(CN)a in 0.1 M HCI04 on 
CoTsPc preadsorbed on OPG. 

3 -. Voltammetric curve for K3Fe(CN)a in 0.1 M HCI04 on OPG 
with -1 x 1o-3M CoTsPc in solution. 

Area of the electrode = 0.2 cm2 
Scan rate= 100 mV/s 
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Fig. 1 0. Cyclic voltammetry of tolidine ( -1 x 1 Q-3 M) on OPG in 0.1 M 
HCI04 (deaerated) in the presence and absence ·of CoTsPc 
adsorbed on the electrode surface orin solution at 25°C. 

1 - Voltammetric curve for tolidine in 0.1 M HCI04 on OPG. No 
CoTsPc on the surface or in solution .. 

2- Voltammetric curve for tolidine in 0.1 M HCI04 on CoTsPc 
preadsorbed on OPG. 

3- Voltammetric curve for tolidine in 0.1 M HCI04 on OPG with 
-1 x 1o-4M CoTsPc in solution. 

Area of the electrode = 0.2 cm2 
scan rate= 100 mV/s. 
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Fig.11. Cyclic voltammetry of Fe(CI04)3 (-1 x 1 o-3 M) on OPG in 0.1 M 
HCI04 (deaerated) in the presence and absence of CoTsPc 
adsorbed on the electrode surface or in solution 25°C. 

1 - Voltammetric curve for Fe(CI04)3 in 0.1 M HCI04 on OPG. 
No CoTsPc on the surface or in solution. 

2 - Voltammetric curve for Fe(CI04)3 in 0.1 M HCI04 on 
CoTsPc preadsorbed on OPG. 

3 - Voltammetric curve for Fe(CI04)3 in 0.1 M HCI04 on OPG 
with -1 x 1o-4M CoTsPc in solution. 

Area of the electrode= 0.2 cm2 
scan rate= 100 mV/s. 
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To better understand the redox properties and 0 2 reduction electrocatalysis 

on transition metal macrocycles, the effect of alcohols such as methanol, 

isobutanol and n-amyl alcohol on the electrochemical properties and Oi reduction 

behavior of CoTsPc were exclmined. These alcohols may change the structure of 

the interface anq orientation of the adsorbed macrocycle on the surface. The 

effects of methanol and its reaction intermediates on 0 2 reduction are also of 

interest for the identification of methanol-tolerant electrocatalysts for 0 2 reduction 

in methanol-air fuel cells. 

The addition of isobutyl alcohol and n-amyl alcohol in alkaline solution (0.1 

M NaOH) containing CoTsPc (-2 x 10-5 M) on OPG electrodes showed a 

decrease in the magnitude of the redox peak Co(II)/Co(I) with complete 

suppression of this peak at -1 M and 0.4 M concentration of the alcohols, 

respectively. When this e~ectrode was washed and dipped in a fresh alkaline 

solution without the macrocycle, the redox peak reappeared at about the same 

potential, but decreased in magnitude (-33%) as compared to that with no alcohol 

in solution. No significant suppression of the redox peaks was found with the 

addition of methanol (Q M) in solution. The half-wave potential for 0 2 reduction 

on CoTsPc, (preadsorbed on an OPG disk electrode from alkaline solution (-1 x 

10-4 M)) in the presence of these alcohols is -60 mV more positive than 0 2 

reduction in the absence of these alcohols. This may be due to the increase in the 

adsorption of the macrocycle on the electrode surface as a result of changes in the 

dielectric property of the solvent containing alcohols. 

Orreduction polarization· measurements were also carried out in 2.5 M 

H2S04 at 60°C using porous gas-fed electrodes containing pyrolyzed macrocycles 

(CoTMPP and CoTAA adsorbed on high area-carbon). The presence of -1 M 
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methanol in the solution hardly affected the 0 2 reduction performance (Fig. 12). 

This is quite encouraging for air electrodes in acid electrolyte methanol-air fuel 

cell . 

. 2. Transition Metal Oxides as Catalyst and Support 

2.1 0 2 Reduction and Generation on Pyrochlore-Based Gas-Fed 
Electrodes in Acid Electrolyte 

Metal oxides with the pyrochlore structure, particularly the stoichiometric 

lead ruthenate, Pb2Ru20 7_y, were found to be very active catalysts for both 0 2 

reduction and generation in alkaline solutions with carbon supports or in a self

supporting mode (i.e., without high-area carbon as catalysts support). The lead

ruthenate pyrochlores were examined both as an electrocatalyst and as a support 

materials to Pt for 0 2 reduction and generation in acid electrolyte (2.5 M H2S04 

at 60°C) (Fig. 13). A Nation 117 (DuPont) membrane was pressed on the 

electrolyte side of the electrode to prevent the dissolution of Ph and Ru from the 

pyrochlore in the acid solution. The performance for 0 2 reduction with the 

pyrochlore in gas-fed electrodes was found to be significantly lower in acid than in 

alkaline solution (i.e., over 200 mY more polarization at -10 mA/cm2). Previous 

work (13) showed that the reaction order for Oir was -0.5 over the pH range 12 

to 14, but the mechanism changes in going from pH 14 to 1. It was found that the 

0 2 generation reaction occurred almost as readily in acid as in alkaline solution but 

with a higher Tafel slope (-80 mY/decade in acid vs . .-..40 mY/decade in alkaline 

solution). The higher. Tafel slope is not encouraging because the polarization at 

higher current densities becomes larger than that for the lower slope. 

The 0 2 reduction performance was much better with Pt supported on a 

pyrochlore as compared with a pyrochlore alone. Approximately 10 wt% Pt was 
) 
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deposited using the Prototech method (14). The 02 generation performance was 

also significantly improved (-40 mV/decade Tafel slope) with deposited Pt (Fig. 

13). Thus there is some promise for the bifunctional 0 2 electrode in acid 

electrolyte using Pt supported on lead ruthenate pyrochlore. 
c ' 

Measurements of 0 2 reduction on gas-fed electrode were also carried out 

in concentrated KOH ( -150°C) using Li-doped NiO as a catalyst support for Pt 
' 

and Au catalysts. The Pt ·was deposited on the Li-NiO using the Prototech 

method, which involves the use of the Pt sulfite complex (15). The Au catalyst 

was prepar~d according to a Prototech patent, using chloroauric acid (16). The 

Pt!Li-NiO catalyst gave much better performance than Au/Li-NiO. 

2.2 Transition Metal Oxides as Support Materials for 02 Reduction 
Electrocatalysts 

Transition metal oxides are of interest as alternative supports to carbon. 

Some of these oxides are quite stable in alkaline solution and have reasonable 

electronic conductivity. The effect of adsorbed CoTsPc on lithiated NiO for 0 2 
) 

reduction was investigated using the rotating disk electrode (RDE) technique and 

gas-fed electrodes. In the RDE experiments, mosaic single-crystal NiO and 

polycrystalline . NiO grown on a metallic Ni disk were used. A significant 

enhancement of the 0 2 reduction kin~tic current (-15 fold) on CoTsPc was 

observed in 0.1 M KOJ! at -0.4 V vs. Hg!HgO, OH- at room temperature. The 

presence of CoTsPc in solution phase was necessary to obtain this effect. It was 

found that CoTsPc (negatively charged) was weakly bound to the electrode 

surface when it was ad~orbed from an air-saturated aqueous s~lution (-5 x 10-5 
\ 

M) with the electrode at open circuit and at low rotation rate ( -100 rpm). A 

positively charged macrocycle, cobalt tetra kis-( 4-trimethyl ammonium phenyl) 
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porphyrin also showed weak adsorption under similar conditions. This indicates 

that the excess negative charge (17, 18) on the NiO surface has practically no 

effect on the adsorption of the macrocycle. 

Another reason for the weak adsorption may be because the NiO surface is 

covered by strongly bonded OH" groups which prevent Ni+2 from binding other 

ligands. Efforts were made to bind to the OH" group through hydrogen bonding 

using small organic molecules with various functional groups. Efforts were also 

made to interpret the effect of adsorption in terms of electrophoretic properties of 

the oxide including the isoelectric point. 

The isoelectric point for lithiated Nib was determined to be at P,!f9.7., and 

reported in the literature to be at pH 10.4 for undoped NiO (17). At pH>9.7 the 

surface of the Li-NiO is negatively charged and this would inhibit the adsorption of 

·the negatively charged (CoTsPc)4 as experimentally found. On the. other hand, 

adsorption was also weak at pH 1.4. Further, a macrocycle with peripheral tetra

alkylammoniuJII groups also adsorbed only weakly on Li-NiO in alkaline solution. 

Thus it appears likely that adsorption is weak· due to the difficulty of displacing 

strongly bound surface OH, OH" or H20. Other approaches to assist in the 

adsorption process are being considered,_ including the use of ion-conducting 

polymer layers. 

Orreduction on CoTsPc preadsorbed on LaCo03 powder obtained from 

Basic Volume Ltd., England, in alkaline solution was also investigated. · The. 

typical surface area and particle size of this perovskite are 10-30 m2/g and -0.1-0.05 

J.lm, respectively. Thin-porous-coatings (TPC) on the electrode was used to assess 

the activity. Cyclic voltammetry of the CoTsPc on LaCo03 showed a small 

rounded peak corresponding to the redox process Co(II)/Co(l), indicating 
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adsorption of CoTsPc on the LaCo03 substrate. The half-wave potential for 0 2 

reduction was -100 mV more positive for CoTsPc adsorbed onLaCo03 than for 

substrate alone (Fig. 14). The limiting current approached the same value at more 

negative potential (-0.9 V vs. SCE) with and without CoTsPc on LaCo03, 

showing that the same number of electrons are involved in the reduction process. 

The positive shift of the potential for 0 2 reduction with CoTsPc on LaCo03 may 

be due to further decomposition ofthe peroxide by CoTsPc inside the pores 

because of the slow diffusion of peroxide ions. The 0 2 reduction currents with the 

perovskites as substrate are about twenty times less than that with high-area 

carbon as the substrate. This difference is attributed to the low surface area and 

low electronic conductivity with perovskite substrate. Similar results were 

obtained for 0 2 reduction on CoTsPc adsorbed on Lao.sSro.sMn03. 

Efforts were also made to prepare high area, conductive metal oxides based 

on nickel. Such materials should be more stable than carbon as supports for 0 2 

reduction or for bifunctional electrocatalysts, especially at more positive potentials 

during 0 2 generation. 

Among the various methods used to prepare the high-area transition metal 

oxides, a new method was recently developed at Battelle Northwest Laboratories 

(19). T~s method, which has been referred to as the glycine-nitrate method, 

involves a rapid combustion-like reaction between glycine and transition metal 

nitrates, reaching 1 000-1400°C for just a few seconds. This method was used to 

prepare the perovskite LaNi03, which is a metallic conductor. The conventional 

procedure, which involves thermal decomposition of the nitrates, typically yields 

powders with BET . surface areas less than 5 m2/g. Using the glycine-nitrate 

method, which involves a quick combustion step (~5 s) and 450°C heat treatment 
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in air, single-phase LaNi03 was obtained with a BET surface area of 15.3 m2/g as 

shown by x-ray diffraction. This method appears to show promise for perovskite

type oxides in general, according to the developers (20). 

Efforts were also continued to prepare higher area forms of lithiated nickel 

oxide, Ni1_xLixO .. The .efforts were hampered by the need for higher heat 

. treatment temperatures to enable the lithium to diffuse into the NiO particles. 

· Undoped NiO can easily be prepared in high area form (;?:100 m2fg). A modified 

thermal decomposition in vaccum was used with Ni(OH)2 and CH3C02Li.2H20 

as the starting materials followed by heat treatment in air at 3S0°C. The BET 

surface area was quite encouraging; -23m2/g. The resistivity at room temperature 

and 34% theoretical denisty was -20 ncm, which is also quite encouraging. (The 

resistivity decreases at higher temp~ature). Since the X-ray diffraction pattern 

showed some evidence of particle size broadening effects, this material will be · 

characterized shortly using EXAFS at Stanford in conjunction with Professor 

Daniel Scherson ofCRWU. · 

The other support materials such as WC and SiC, in the powder form, were 

also used as substrates for cobalt tetramethoxy phenyl porphyrin (CoTMPP) as the 

catalyst. Porous gas-fed electrode measurements for 0 2 reduction were made on 

these materials in 5.5 M KOH at 25°C with and without CoTMPP on the support 

and using NH4HC03 as. the pore former. The catalytic activity ofCoTMPP for 0 2 

reduction was inferior to the activity ofCoTMPP supported on a high-area carbon 

with or without heat treatment. This may be due to the larger particle size and 

lower surface area of these substrates as well as the poor conductivity as compared 

to the high-area carbons. 

) 
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Ill. RESEARCH RECOMMENDATIONS 

The following list summarizes research topics that should be considered: 

1. Studies of factors controlling stability of precious metals and macrocycle 
catalysts including: 

- oxidation of carbon supports and ways of impeding oxidation by 

surface treatments such as selective fluorination and the use of certain 

carbons. 

- changes in the morphology and characteristics of the catalyst active 

layer. 

- sensitivties of oxygen catalysts to the transport of components of the 

anolyte into the catholyte. 

- use of ionomers to stabilize catalyst layers such as adsorbed 

macrocycles and UPD submonolayers 

2. Studies of factors controlling activity of catalysts for oxygen reduction: 

- identification of intermediates, particularly adsorbed species 

- measurements of redox properties of reactants, intermediates and 
-' 

products both in solution-phase and as adsorbed species 

3. Establish effective ways to bind transition metal to surfaces 
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Appendix A 

This gives the list of various active catalyst systems prepared and· examined for 

0 2 reduction and generation in alkaline and acid electrolytes with porous Orfed (1 atm) 

electrodes. 

A-1 



S. No. 

L 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

TABLE A-I 

0 2 Reduction Polarization for Various Catalyst Systems in 

4M NaOH at 60°C with Porous Or Fed (1 atm) Electrodes 

Potential in m V vs Hg!HgO, On-

Catalyst Systems 

Transition Metal Macrocycles 

10% CoTMPP/DRB (450°C HT) 

10% CoTPP/DRB (450°C HT) 

20% FeTMPP/DRB (800°C HT) 

15%CoTAA/P-33 (650°C HT) 

5% CoTMPP/SASB (450°C HT) 

8.9% CoTMPP/SASB (800°C HT) 

4.8% CoTMPP/XC-72 (450°C HT) 

20% CoJM?P!BP (800°C HT) · 

H2 TMPP + Metal Oxides 

3% H2TMPP/SB (450°C HT) + 10% Ru and Co as 

hydroxides 

4.4% H2TMPP/XC-72 + 2.5%Fe and Co as 

hydroxides ( 450°C HT) 

Naturally Occurring Macrocycles 

10% Hemine/DRB (800°C HT) 

10% Chlorophyll!DRB + 2.5% Co as hydroxide 

(450°CHT) 

40% PAN /XC-72 +10% Co(OAch (800°C HT) 

A-2 

Red. Pot. (mV) 
at -100 mA cm-2 

-47 

. -81 

-38 

-51 

-70 

-65 

-70 

-75 

-42 

-85 

-73 

-92 

-75 



S. No. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

TABLE A-I 

(continued) 

0 2 Reduction Polarization for Various Catalyst Systems in 

4M NaOH at 60°C with Porous Or Fed (1 atm) Electrodes 

Potential in m V vs Hg/HgO, Off 

Catalyst Systems 

Macrocycles + Perovskites 

PB+2.5% Co(OAch (700°C HT) 

PB + 2.5% Fe as acetate (850°C HT) 

3% CoTMPP/SB (450°C HT) + 

Lao.sSro.sCoo.~UO.l 03 
3% CoTMPP/SB ( 450°C HT) + Lao~5Sr0.5Co03 
3% CoTMPP/SB.(450°C HT) + I:a-Fe Perovskite 

5% CoOEP/XC-72 ( 400°C HT) + 

Lao.sSro.2Coo.~UO.I 03 
15% CoTAA/P-33 (650°C HT) + 

Lao.5Sr05Co0.8Ruo.20 3 
3% H2 TMPP/SB (450°C HT) + 

Lao.sSro.2Coo.9RUO.I 03 

A-3 

Red. Pot. (mV) at 
-100 mA cm-2 

-90 

-88 

-58 

-67 

-68 

-45 

-48 

-56 
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TABLEA-1. 

(continued) 

0 2 Reduction Polarization for Various Catalyst Systems in 

4M NaOH at 60°C with Porous OrFed (1 atm) Electrodes 

Potential in m V vs Hg!HgO, OH" 

S. No. Catalyst Systems 

Polymers + Perovskites 

Red. Pot. (mV) 
at -100 mA cm-2 

22. 40% PAN/XC-72 + 5% Co(OAch (800°C HT) + 

Lao.sSro.2Coo.9Ruo.I 03 -64 

23. 40% PAN/SASB + 5% Co(0Ach(800°C HT) + 
LaFeo.INio.903. -72 

24. 40% PAN/SASB + 5% Co(OAch (800°C HT) + 

LaFeo_33Coo.33Nio.3303 

Platinum 

25. 10% Pt/XC-72 (Prototech electrode) 

26. 5% Pt/DRB (Electromedia electrode) 

DRB = De-ashed RB carbon (Calgon) 
SB = Shawinigan black (Gulf) 
SASB =Steam activated SB (Electromedia) 
P-33 (East.Germany) 
XC-72 (Calgon) 
BP = Black Pearls (Cabot) 
Co TMPP = Cobalt tetramethoxy phenyl porphYrln 
H2 TMPP = Metal-free tetramethoxyphenyl porphyrin 
LBL = Lawrence Berkeley Laboratory carbon 

A-4 

-68 

-53 

-51 

T AA = tetraazaannulene 
TPP = tetraphenyl porphyrin 
PAN = Polyacrylonitrile 
P AA = Polyacrylamide 
PB = Pyrrole black 
RAI = Anion exchange membrane 
Co-OEP = Cobalt octaethyl porphyrin 
DMDAAC = Dimethyldiallyl ammonium 
chloride 



S. No. 

· TABLEA-ll · 

0 2 Reduction and Generation Polarization Data 

for Various Catalysts in 5.5M KOH at 22°C 

with Porous Or Fed (1 atm) Electrodes 

Pot~ntials in m V vs. Hg!HgO, OH"' 

Catalyst Systems* Red. Pot. (mV) at Oxi. Pot. (mV) at 
-100 mA cm-2 +10 mA cm-2 
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S. No. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

TABLE A-Il 
(continued) 

0 2 Reduction and Generation Polarization Data 

for Various Catalysts in 5.5M KOH at 22°C 

with Porous OrFed (1 atm) Electrodes 

Potentials in m V vs. Hg/HgO, OH" 

Catalyst Systems* Red. Pot. (mV) at Oxi. Pot. (mV) at 
-100 mA cm-2 +10 mA cm-2 

3% H2TMPP/SB (450°C HT) +Fe, Ni, Co 

perovskites -87 606 

3% H2 TMPP/SB ( 450°C HT) + perovskite 

Lao.sSro.2Coo.9RUO.l 03 -65 

3% H2TMPP/SB (450° C HT) + perovskites: 

Lao.sSro.sCoo.sMno.s03 + Nio.sRuo.sLa03 -75 

3% CoTMPP/SB (4SOOC HT) + perovskite 

Lao.sSro.2Coo.9RUO.l 03 -85 598 

40% PAN + 5% Co( oAc h + XC-72 (8000C HT) -75 

5% CoOEPfXC;.72 (400<>C HT) -85 

5% CoOEP/SASB (No HT) + perovskite 

LaFeo,tsNio.ss03 -75 612 

LaFeo.15Ni0_850 3/DRB (No HT) -65 

20% PAA + 40% PAN+ 5% Co(oAch + XC-72 

(800°C HT) -70 

3% CoTMPP/SB (4SOOC HT) + pyrochlore 

Pb1_5Co05Ru206.s -58 495 

1.5% CoTMPP/SB (4500C HT) -70 

1.5% CoTMPP/SB (450°C HT) + pyrochlore 

Bi t.sCo0_5Ruir07_y -66 574 

*for notations, see Table A-L. 
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S. No. 

26. 

27. 

28. 

29. 

) 

TABLE A-ll 
(continued) 

0 2 Reduction and Generation Polarization Data 

for Various Catalysts in 5.5M KOH at 22°C 

with Porous Or Fed (1 atm) Electrodes 

Potentials in m V vs. Hg/HgO, Off' 

Catalyst Systems* Red. Pot. (mV) at Oxi. Pot. (mV) at 

Pb2Ru206.s/SB (air oxidized)/RAlmembrane on 

theE.S. 

Pb2Ru206.S + NH4HC03 (self supported) 

10% Pt (Prototech)/Pb2Ru206.5 +NH4HC03 

1 0% Pt/LBLcarbon (Prototech method). 

-100 mA cm-2 +10 mA cm-2 

-20 

+20 

-10 

-65 

464 

*for notations, see Table A-L 
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S. No. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

Il. 

I2. 

13. 

I4. 

I5. 

I6. 

TABLE A-m 

0 2 Reduction Polarization Data for Various Catalysts in 85% 

H3P04 at 100°C with Porous OrFed (1 atm) Electrod~s 

Potential in m V vs RHE 

Catalysts* 

IO% FeTMPP/DRB (800°C HT) 

I5% CoTAA/P-33 (650°C HT) 

4.75% CoTMPP/SASB (450°C HT) + Fluon + Nafion 

5% FeTMPP/XC-72 (800°C HT) + Fluon + Nafion 

IO% CoTMPP/DRB (800°C HT) 

. 9.3% CoTMPP/SASB (800°C HT) + Fluon + Nafion 

I O% Hemin!DRB (800°C HT) 

I 0% Pt/Consel (Powercat 2000) 

IO% Pt/XC-72 (Prototech) 

I 0% Pt/XC-72 + SASB (CWRU Fabrication) 

IO% Pt/XC-72 (Prototech) (CWRU Fabrication) 

5% Pt/DRB (EMC) (CWRU Fabrication) 

0.5 mg Pt/cm2 (commercial, Prototech) 

0.5 mg Pt/cm2 (commercial, Prototech) impregnated 

with Nafion 

Powercat 2000 (CWRU Fabrication) 

0.5 mg Pt/cm2 (commercial, Prototech) impregnated 

with DOW compound 

Red. Pot. (mV) at 
-100 mA cm-2 

680 

580 

570 

470 

670 

600 

650 

640 

770 

710 

770 

650 

730 

700 

760 

730 

*For notations, see Table A-I. 
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S. No. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

aat 25°C 

TABLE A-IV 

0 2 Reduction Data for Catalysts in 

2.5 M H2S04 and Nation Membrane at 600C 

Potential in m V vs RHE 

Catalysts 

Macrocycles (w/o Nafion)a 

15% CoTAA/P-33 (63QOC HT) 

20% CoTAA/BP (6300C HT) 

10% CoTMPP/DRB (8QOOC HT) 

Pyrochlores with carbonb 

Pb2Ru20 6.5 + SB 

Pb2Ru206.S + SB 

Pb2Ru206.S + SB 

Pb2Ru20 6.5+ SB 

Pt doped pyrochloresb 

Pb2Ru I.sPto.206.5 

Pb2Ru1.9Pf0.1065 

Pb2Ru1.~.1o6.s 

Pt on supportsb 

Prototech Pt 

' 10% Pt/Pb2Ru206.S 

BET Surface 
Area (mlg-1) 

-1000 

-1400 

-1200 

11 

56 

50 

3.5 

68 

48 

3.1 

11 

bPyrochlore with different BET surface area 

A-9 

Red. Pot. (m V) 
at -100 rnA cm-2 

680 

700 

600 

475 

475 

448 

383 

405 

278 

204 

806 

754 



• 

AppendixB 

This gives a list of various catalysts ptepared and examined for the decomposition 

of peroxide in alkaline electrolytes . 
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TABLEB-1 
Peroxide Decomposition Rate Constants for Selected Catalysts 

in Alkaline Solutiona 

decomposition BET surface 
rate constant. 0 area 

material (no. of determinations)a em:; s-1 g-1 ml g-1 

Co-based oxides 
LaCoQ.~ (2)0 1.4 2.7 
Co~O.o1 (475°C) (1) 2.2 -
eo_104 (80°C) (1) 10.9 -
Co-Fe-based oxide 
LaCon ,.Fen ._o~ (1) 0.54 2.9 
Co-Ni-based oxide 
LaCoo ,.Nio "0~ (1) 2.4 3.0 
Co-Ru-based oxide 
Lao SlSro ,Coo QRUO tO~ (1) 1.2 1.7 
Cr-based oxide 
LaCr01 (1) 0.28 -
Fe-Ni-based oxides 
LaFeo tNio QO~ (1) 6.6 -
LaFeo .,,.Nio 7'\0~ (1) 3.8 1.4 
Fe-Co-Ni-based oxide 
LaFeo ~~Coo ~~Nio ~~0~ (3) 1.37 2.4 
Ni-based oxide 
LaNiO~ (1) ·o.o6 -
Mn-based oxides 
LaMn01 {1) 0.7 1.3 

-~ "Pbo "Mn01 ( 4) 11.2 17.8 
Lao "Sro "Mn01 (3) 8.2 10.5 
Co-macrocycles 
4.7 wt.% CoTMPP/XC-72 (no IIT)e (1) 10.1 113 
4.7 wt.% CoTMPP/XC-72 (800°C liT) (1) 44 295 
Fe-macrocycles 
4.8 wt.% (FeTMPPh_O/XC-72 (no liT) (1) 0.12 131 
4.8 wt.% (FeTMPP)20/XC-72 (800°C HT) (1) 34 173 

Notes 
a. 0.1 MNaOH. 

hetero-
geneous rate 
constant. c 
em s-1 x 10-:> 

5.4 

-
-

1.8 

8.0 

7.1 

-

-
26.8 

5.7 

-
5.4 
6.3 
7.8 

0.89 
1.5 

0.009 
2.0 

b. The gasometric method was used. The sample was dispersed using ultrasonic agitation in 45 em3 NaOH 
solution for 1 min. and then stirred with a magnetic stir bar for 5 min. Then 5 em3 of 2 M H20 2 solution 
was added to the suspension, and the volume of evolved 0 2 was monitored as a function of time. The In 
Cfio - was plotted as a function of time, and the initial slope was used to evalutate the rate constants. 

c. The beterogeneous rate constants were calculated by dividing the rate constants which were normalized to 
the weight of catalyst per unit volume of solution by the catalyst Surface area in em2. One advantage of 
the heterogeneous rate constant is that it can be used to calculate expected 0 2 reduction currents in gas
diffusion electrodes (assuming that the current is limited by the peroxide decomposition rate). 

d. The number of separate measurements. 
e. HT = heat treatment temperature for macrocycles on high-area carbon. 
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