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Polyacrylonitrile (PAN), mixed with Co(II) or Fe(II) salts and high-area carbon and then heat treated, 
has been found to yield very promising catalysts for 02 reduction in concentrated alkaline and 
acid solutions. The catalytic activities are comparable to those for the heat-treated corresponding 
transition metal macrocycles and polypyrrole black-based catalysts. The addition of  the transition 
metal to the nitrogen-containing polymer, either before or after the heat treatment with carbon, is an 
important  factor for good activity. The nitrile nitrogen of  the P A N  is probably retained and converted 
to pyridyl nitrogen during the heat treatment, and this nitrogen is believed to provide binding sites 
for the transition metal ions, which then act as catalytic sites for oxygen reduction to peroxide and 
its decomposition. 

1. Introduct ion 

Various research groups [1-9] have reported that the 
heat treatment (up to ~ 1000 ~ C) of transition metal 
macrocycles together with high-area carbons signifi- 
cantly improves their stability as electrocatalysts for 
02 reduction in alkaline and acid electrolytes without 
substantially degrading and, in some instances, 
enhancing their overall catalytic activity. Further- 
more, it has been found that the transition metal need 
not be incorporated chemically in the macrocycle 
before the heat treatment in order to achieve a highly 
catalytic active material. Either iron or cobalt salts 
such as the acetates can be added before the heat 
treatment of the metal-free macrocycle such as the 
tetramethoxyphenyl porphyrin (H2TMPP) and yield 
activity in alkaline and acid electrolytes comparable 
to that of the heat-treated corresponding metal- 
containing macrocycles [10-12]. 

The source of the catalytic activity in these heat- 
treated compounds is not completely understood, but 
the interaction between the transition metal and the 
nitrogen originally part of the macrocycle pyrrole ring 
is an important factor. Transition metal porphyrins 
contain four pyrrole nitrogens coordinated to the 
metal ion, but it is not well established to what extent 
this Me---N 4 structure remains intact after the heat 
treatment at 800~ and higher. 

Recently McBreen et al. [13] have carried out 
EXAFS investigations on pyrolyzed iron and cobalt 
phthalocyanines and tetramethoxyphenyl porphyrins. 
According to these authors, the analysis of the data 
provides evidence that a significant amount of the 
cobalt retained in the heat-treated catalyst is still coor- 
dinated to four nitrogens of the porphyrin structure. 

Based on various electrochemical and non-electro- 

chemical studies of the heat-treated macrocycles and 
related complexes [14-16], our group has 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 interactions with the residual nitrogen 
derived from the heat-treated macrocycles (Fig. 1). 
This model suggests the use of other electronically 
conducting surfaces with nitrogen groups capable of 
binding transition metal species as catalysts. Such 
catalysts have recently been prepared at Case by 
mixing pyrrole black polymer with transition metal 
salts (Fe or Co) and then heat treating them. The 
catalytic activities for 02 reduction of these materials 
have been found to be comparable to those of the 
heat-treated corresponding transition metal macro- 
cycles [14]. 

In order to see if other nitrogen-containing poly- 
mers can also be used in the preparation of active 
catalysts for 02 electroreduction, experiments have 
been conducted with polyacrylonitrile (PAN). It 
is known that PAN can be made electronically con- 
ductive by various heat treatment conditions [17] and 
particularly in vacuum at temperatures between 390 
and 435~ [18]. IR spectra show that the very large 
increase in conductivity is correlated with the for- 
mation of conjugated C =  C and C = N  bonds [18]. In 
the present study the catalysts were prepared by heat 
treating PAN mixed with transition metal salts and 
high-area carbon at various temperatures in an inert 
atmosphere (argon). The reduction of 02 catalyzed 
by such materials has been studied in alkaline and 
acid electrolytes using porous gas-fed electrodes 
and the thin porous coating (TPC) rotating ring-disk 
electrode technique. 
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Fig. I. Models for transition metal binding on heat-treated macro- 
cycles; N = nitrogen; M = transition metal. 

2. Experimental details 

Polyacrylonitrile (Aldrich Chemical Company, mol- 
ecular weight ~ 150000) was used without further 
purification. The high-area carbons used in the 
preparation of the catalysts were Vulcan XC-72 
(Cabot Corp., Billerica, MA; BET area = 216 mZg t, 
~0 .01-0 .02wt% Fe); Shawinigan acetylene black 
(Chevron Chemical Co., Olefins and Derivatives 
Div., Houston, Texas) that was steam activated and 
supplied by Electromedia Corp., Englewood, NJ 
(SASB; BET area = 190m2g l, ~0 .002wt% Fe) 
and RB carbon (Calgon Corp., Pittsburgh, PA; BET 
area = 1200m2g -~, ~0 .31wt% Fe), originally 
containing 23% ash and de-ashed to 2% by the 
Electromedia Corp. The catalysts were prepared by 
dissolving specified amounts of PAN together with 
either Co0I)  or Fe(II) acetate in 100ml of warm 
dimethylformamide (DMF), next mixing in a specified 
amount of carbon black and then removing the D M F  
by evaporation under 1 atm of N 2. The solid samples 
were then heat-treated in a horizontal tube furnace 
at specified temperatures under continuous flow of 
purified argon (Matheson, HP grade) and allowed to 
cool while still under flowing argon. 

Porous gas-fed electrodes (Fig. 2) were fabricated 
as reported earlier [14]. The fabrication procedure 
involves the use of a Teflon dispersion (DuPont T30B, 
containing Triton X-100 as a dispersing agent). The 
Teflon sintering temperature used in this work was 
280-310~ A nickel foil counter electrode and 
Hg/HgO, OH reference electrode were used in 
alkaline electrolytes; a platinum foil counter and a 
Hg/Hg2HPO4 reference electrode were used in acid 
electrolytes. For the latter, the potential was con- 
verted to the reversible hydrogen electrode (RHE) 
scale by adding 0.540 V [19]. The polarization curves 
were recorded under steady state conditions. 

The O2 reduction measurements for the porous gas- 
fed electrodes were performed galvanostatically in 4 M 
NaOH at 60~ and 85% H3PO4 at 100~ with a 
research potentiostat (Stonehart Associates, Madison, 
CT, Model BC-1200). This potentiostat includes IR 
drop compensation plus correction circuits. The IR 
drop correction adjustment is done while monitoring 
the potential on an oscilloscope as the current is 
repetitively interrupted for 0.1ms every 1.1ms. 
Correction is made only for the 1R drop external to 
the porous active catalyst layer, however. 
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Fig. 2. Structure of the porous gas-fed electrode used for catalyst 
evaluation in alkaline electrolytes. 

A thin porous Teflon-bonded layer ( ~  5mgcm -2, 
corresponding to a thickness of ~ 50 #m) of the heat- 
treated material was applied on an ordinary pyrolytic 
graphite (OPG) disk (area: 0.196 cm2), which was part 
of a rotating ring-disk electrode assembly [6]. The 
Teflon suspension used was Du Pont T-30B, with the 
Teflon ~ 10% w/w in the final active coating. Oxygen 
from the solution phase diffuses through the gas- 
filled channels within this layer to reach the wetted 
catalyst/carbon agglomerates. The Pt ring, with a 
collection efficiency (N) of 0.37, was used to monitor 
peroxide. It was activated prior to the measurements 
by holding its potential at - 0 . 9  V vs Hg/HgO, O H -  
for 60s in order to reduce the oxide layer and was 
maintained at a potential of + 0.1 V vs Hg/HgO, OH 
in the alkaline electrolyte. In the acid electrolyte, the 
ring was activated by holding its potential at + 0.1 V 
vs RHE for 60 s and was maintained at a potential of 
+ 1.4V vs RHE. The electrolytes, 0.1 M NaOH 
(Baker, low in carbonate) and 0.05 M H2SO 4 (Ultrex) 
were saturated with 02 at 1 atm. Gold foil was used 
as the counter electrode, and a saturated calomel elec- 
trode (SCE) was used as the reference. The potentials 
were converted so as to refer to the Hg/HgO, O H -  
reference in the alkaline electrolyte and to the revers- 
ible hydrogen electrode (RHE) in the acid electrolyte. 
The steady state ring and disk currents were recorded 
at progressively more negative disk potentials. 

3. Results and discussion 

3.1. Studies in alkaline solutions 

Figure 3 gives the performance of gas-fed electrodes 
made from Co(II)- and Fe(II)-based PAN catalysts 
prepared at various heat-treatment temperatures 
(HTT). The current density at - 0 . 1  V vs Hg/HgO, 
O H -  was used as a relative measure of the per- 
formance, which is related to the catalytic activity. 
The optimum HTT was found to be between 700 and 
900~ It may be noted that the pyrrole black 
polymer-based catalysts containing these transition 
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Fig. 3. Effect of heat-treatment temperatures on 
the apparent activity of Co- and Fe-based PAN 
catalysts. Apparent current density at --0.1 V 
vs Hg/HgO, OH- for 02 reduction using O2-fed 
electrodes in 4 M NaOH at 60 ~ C vs heat-treatment 
temperature. Curve 1, 10% PAN + 0.59% Co 
(added as the acetate) + XC-72 carbon. Curve 2, 
40% PAN + 1.60% Fe (added as the acet- 
ate) + XC-72 carbon�9 Electrodes were heat treated 
at various temperatures in flowing Ar for 2 h. 

metals, with or wi thout  a carbon support ,  also showed 
maximum apparent  activity for materials prepared at 
an H T T  of  700-900~ [14]. It should also be noted 
that  if the currents are normalized, either for the 
number  o f  moles o f  transit ion metal species or weight 
o f  P A N  used in preparing the catalysts, the Co-based 
materials are seen to be more active. 

The overall activity o f  the C o / P A N  and F e / P A N  
catalysts (opt imum loading) is comparable  with tha t  
o f  the heat-treated corresponding transition metal 
macrocycles and pyrrole black polymer-based cata- 
lysts containing the same transition metal ions (Figs 4 
and 5). However,  differences exist in the apparent  
activities, particularly for the Fe-based catalysts 
(i.e. F e T M P P  < F e / P A N  < Fe/PB) as indicated 
by the polarization at lower current densities (e.g. 
1-50 mA cm 2). At  higher current densities the appar-  
ent activity with P A N -  and polypyrrole black (PB)- 
based catalysts is lower than that o f  the macrocycle 
catalyst containing the same transition metal. This 
may  be due to the fact that  the electrode structures for 
P A N -  and PB-based catalysts are not  yet optimized. 

Curves 1-3 in Fig. 6 indicate the polarization for 
heat-treated (800~ Co/XC-72,  P A N / X C - 7 2  and 
C o / P A N / X C - 7 2  catalysts, respectively. As seen earlier 
with heat-treated transit ion metal macrocycles [11, 12] 
and pyrrole black polymer-based catalysts [14], the 
transition metal or the ni t rogen-containing polymer  
alone on carbon does not  produce a good  catalyst. 
The presence of  both the transition metal and the 
ni trogen-containing polymer  before (or after) the heat 
t reatment  with carbon is an impor tan t  factor  for high 
catalytic activity. It is interesting to note that sub- 
stantial activity can be achieved by heat treating the 
P A N / c a r b o n  mixture without  the transit ion metal but  
adding it in the form of  Co(OH)2 or  Co304 to the 
gas-fed electrode active layer and then activating the 
electrode in the electrolyte by driving the potential to 
very negative values. This activation process is not  yet 
completely unders tood but may  involve the insertion 
o f  cobalt  ions into ni t rogen-containing coordinat ion 
sites. Cobal t  in the + 2  oxidation state is slightly 
soluble in the electrolyte ( ~ 6 0 p p m  [20]) as the 
dicobaltite anion H C o O 2  [21] or one o f  its hydrated 
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Fig. 4. Comparison of the overall activity of  the Co/PAN catalyst 
with that of the heat-treated CoTMPP and pyrrole black polymer- 
based catalyst containing Co. Polarization curves for 02 reduc- 
tion with porous O2-fed (1 atm) electrodes in 4M NaOH at 60~ 
catalyst/carbon 15.0mgcm -2 and Teflon 6.4mgcm -2. Curve 1, 
PB + 2.5% Co (added as the acetate), 850~ HT. Curve 2, 40% 
PAN on XC-72 + 1.18% Co (added as the acetate), 800~ HT. 
Curve 3, 4.7% CoTMPP on XC-72, 450~ HT. 
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Fig. 5. Comparison of the overall activity of the Fe/PAN catalyst 
with that of the heat-treated (FeTMPP)20 and pyrrole black 
polymer-based catalyst containing Fe. Polarization curves for 02 
reduction with porous O2-fed (1 atm) electrodes in 4M NaOH at 
60~ other conditions the same as in Fig. 4. Curve 1, PB + 2.5% 
Fe (added as the acetate), 850~ HT. Curve 2, 40% PAN on 
XC-72 + 1.6% Ee (added as the acetate), 800~ HT. Curve 3, 
4.8% (FeTMPP):O on XC-72, 800~ HT. 
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Fig. 6. Role of Co(lI) ions in the heat-treated PAN-based catalysts. 
Polarization curves for 02 reduction with porous O2-fed (1 arm) 
electrodes in 4 M NaOH at 60 ~ C; other conditions the same as in 
Fig. 4. Curve I, XC-72 + 1.18% Co (added as the acetate), 800~ 
HT. Curve 2, 40% PAN + XC-72, 800~ HT. Curve 3, 40% 
PAN + 1.18% Co (added as the acetate) + XC-72, 800~ HT. 

forms, e.g. Co(OH)y.  The negative potential may 
serve to favor the + 2 state over the + 3 state, which 
is otherwise more stable in the presence of 02 [21]. 

Figure 7 indicates the polarization behavior of 40% 
PAN/XC-72 with 1.18% cobalt (added as the acetate) 
and heat-treated at 800~ in 4M NaOH at 60~ 
saturated with 02 and air at 1 arm. The potential 
separation of the air and 02 curves at low current 
densities is close to the 21 mV expected for a Nernstian 
response to the difference in 02 partial pressures for a 
2-electron process. This is consistent with peroxide 
decomposition as the rate-determining step with the 
O2/HO 2 couple essentially reversible. At high current 
densities, the deviation from the linear Tafel behavior 
for the 02 curve may be due either to ohmic or mass 
transport polarization losses. These losses can be 
reduced by further optimization of the cathodes. The 
sharp upturn of the air curve is due principally to 
inhibited 02 mass transport. Similar results were 
obtained for a catalyst made from 40% PAN/XC-72 
with 1.60% Fe added as the acetate and heat-treated 
at 850~ The deviation from linearity at higher 
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Fig. 7. Polarization behavior of a PAN-based catalyst with 02 and 
air at Iatm. Polarization curves for 02 reduction with porous 
gas-fed (1 atm) electrodes in 4M NaOH at 60~ containing 40% 
PAN/XC-72 + 1.18% Co (added as the acetate), 800~ HT, for 
air and 02; catalyst/carbon 15.0mgcm -2 and Teflon 6.4mgcm -~. 
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Fig. 8. 0 2 reduction performance for the heat-treated PAN/XC-72 
containing Co, Fe and Ru, respectively. Polarization curves for O 2 
reduction with porous O2-fed (I atm) electrodes in 4M NaOH 
at 60 ~ other conditions the same as in Fig. 4. Curve l, 40% 
PAN/XC-72 + 1.27% Ru (added as the acetylacetonate), 800~ 
HT. Curve 2, 40% PAN/XC-72 + 1.60% Fe (added as the 
acetate), 800~ HT. Curve 3, 40% PAN/XC-72 + 1.18% Co 
(added as the acetate), 800~ HT. 

current densities on pure 02 is more pronounced for 
the PAN/Fe catalyst (see Fig. 8) as compared to the 
PAN/Co catalyst. 

Figure 8 shows the comparative behavior for 02 
reduction for 40% PAN/XC-72 containing Co, Fe 
and Ru, respectively, and heat-treated at 800 ~ C. The 
apparent activity for the Co/PAN catalyst is better 
than those for the Fe/PAN or Ru/PAN catalysts at 
current densities above l m A c m  -2. The curves 
asymptotically approach a constant potential at lower 
current densities, where the system is under mixed 
potential control. The complementary anodic and 
cathodic reactions are probably carbon oxidation and 
oxygen reduction via the peroxide mechanism. If  the 
carbon oxidation current-potential curve remains 
constant for the Co, Fe and Ru-PAN/carbon systems 
then the differences in potentials at low current 
densities can be explained by differences in peroxide 
decomposition activity. At higher current densities, 
the potential is controlled not only by the catalyst 
activity but also by the transport processes and ohmic 
losses within the active layer. When only activation 
control is involved, Tafel linearity is usually observed. 
For rate-determining peroxide decomposition, a 
- 3 3 m V d e c a d e - '  Tafel slope is expected at 60 ~ C. 
The observed slopes for Co and Ru are relatively 
linear over more than two decades and close to 
- 50 mV decade- '  rather than - 33 mV decade- ~. For 
Fe the curve has a more restricted Tafel linear region 
and the slope is higher. Anomalies in Tafel slopes 
can occur in porous gas-fed electrodes and may be 
responsible for Tafel slopes higher than that expected 
for the hydrogen peroxide decomposition step being 
rate controlling. 

Efforts to improve the activity of the Co/PAN/C 
catalysts have included the use of (1) larger amounts 
of cobalt added as the acetate, e.g. 2.36% cobalt 
rather than 1.18 % of the weight of  carbon, (2) a larger 
fraction of PAN, e.g. 40% rather than 20% of the 
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Table 1. Effect o f  carbon substrates on the performance o f  O2-fed 
(1 arm) electrodes in 4 M N a O H  at 60 ~ C 

Electrode material Current density (mAcm -2) 

at -- 0.05 V vs HglHgO, OH-  

SASB 0.20 
XC-72 0.15 
RB (de-ashed) 6.5 
40% PAN/SASB + 1.18% Co 20.0 
40% PAN/XC-72 + 1.18% Co 38.0 
40% PAN/RB + 1.18% Co 60.0 

total weight of  carbon plus PAN before pyrolysis and 
(3) various types of  carbons. The results show that the 
catalytic activity using 2.36% cobalt, however, was 
very similar to that obtained with the 1.18% cobalt. 
Use of 40% PAN instead of 20% made the material a 
little more active at all current densities except at very 
low current density. The increased activity after the 
heat treatment with the larger fraction of PAN may be 
due to an increased number of  nitrogen sites that can 
bind the transition metal. 

The performance at current densities below 
~ 1 0 0 m A c m  -2 of an electrode fabricated using 
material containing de-ashed RB carbon is better than 
that of  ones using materials containing XC-72 or 
SASB carbons. These differences may be attributed 
either to the intrinsic properties of  the carbon or to 
the transition metal impurities already present in the 
carbons, particularly with de-ashed RB carbon (see 
Table 1). The performance of the electrode made with 
de-ashed RB carbon however was worse than that of  
the electrodes made with XC-72 or SASB at higher 
current densities (>  100mAcm-2) .  This may be due 
to specific characteristics of  the RB carbon such as 
relatively large particle size (65-75% less than 44 #m) 
and high surface area ( ~  1200m2g 1), which may 
contribute to either high ohmic losses or to higher 
transport  losses within the active catalyst layer. The 
Teflon content is also probably not optimum. 
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Fig. 9. O; reduction performance with heat-treated nitrogen- 
containing polymer-based catalysts with Co. Polarization curves 
with porous 02-fed (1 arm) electrodes in 4 M NaOH at 60 ~ C. Curve 
1, PVP/XC-72 + 1.18% Co, 800~ HT. Curve 2, PAA/XC-72 + 
1.18% Co, 800~ HT. Curve 3, PAN/XC-72 + 1.18% Co, 800~ 
HT. Other conditions the same as in Fig. 7. 
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Fig. 10. Thin porous coating rotating ring-disk behavior for PAN-, 
PB- and macrocycle-based catalysts. Rotating ring-disk currents 
for 02 reduction (1 atm) on thin porous coating (TPC) electrodes in 
0.1 M NaOH at 25~ disk area (geometric) = 0.196cm2; ring, Pt 
(N = 0.37), ring potential = +0.1 V; 2500rpm; Teflon = ~ 10%. 
Curve 1, 5% CoTMPP/XC-72, 800~ HT. Curve 2, PB + 2.5% 
Co (added as the acetate), 800~ HT. Curve 3, 40% PAN/XC- 
72 + 1.18% Co (added as the acetate), 800~ HT. Curve 4, 40% 
PAN/XC-72, 800~ HT. 

Experiments have also been conducted with other 
nitrogen-containing polymers such as polyvinyl pyri- 
dine (PVP) and polyacrylamide (PAA) mixed with 
cobalt acetate and XC-72 carbon in D M F  and heat- 
treated at 800 ~ C (Fig. 9, Curves 1 and 2, respectively). 
These polymers were treated in the same way as the 
PAN to render them conducting. These materials also 
show good activity for 02 reduction but not as good 
as with Co/PAN/XC-72 (800 ~ C HT) (Fig. 9, Curve 3). 
The ring-disk currents for 02 reduction in 0.1 M 
N a O H  on thin porous layers of  40% PAN/XC-72 
with and without cobalt (1.18 % added as the acetate), 
both heat-treated at 800 ~ C show that the 0 2 reduction 
activity is significantly increased by the presence of  
cobalt in PAN/XC-72 (Fig. 10, Curves 3 and 4). A 
similar trend is observed when these same types of  
materials are prepared without a carbon support. The 
Oz reduction currents, however, are much smaller in 
the absence of the high-area carbon in the PAN 
materials. These heat-treated polymers exhibit semi- 
conducting properties. The higher performance with 
the high-area carbon support may be the combined 
result of  the higher electronic conductivity of  the 
electrode phase as well as the intrinsic catalytic 
activity of  the carbon for the oxygen-to-peroxide 
reduction step. 

An exact analytical treatment of  the current-  
potential curves for the thin coated layer technique in 
relation to the kinetics is not yet available. Transport  
of  02 within the active gas wicks is believed not to be 
rate controlling. The peroxide produced within the 
solution-filled pores, however, is slow to diffuse out of  
the layer, and the long residence time within the layer 
can result in increased peroxide decomposition (and 
possibly reduction) compared to the behavior with a 
non-porous disk electrode. Thus the standard analysis 
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of the rotating ring-disk data is not valid with the thin 
porous layer disk electrode. The effective number of 
electrons (n) transferred per 02 molecule diffusing 
through the boundary layer can be calculated and is 
of interest in understanding various features of the 
catalysis. The (current) -~ vs (rotation rate) -t/2 plots 
[22] are linear, as expected for first-order kinetics for 
02 reduction. The apparent n values calculated from 
the slopes of these plots over the potential range 
- 0 . 2 0  to - 0 . 5 5  V arc 4.0 for 40% PAN/XC-72 plus 
1.18% Co and 3,1 for 40% PAN/XC-72 without Co. 
The predominant catalytic process is likely to be the 
decomposition of HO~-. PAN/XC-72 containing 
cobalt and heat-treated at 800 ~ C has been found to be 
a good catalyst for the chemical decomposition of 
peroxide in 0.1 M NaOH solution with the catalyst 
dispersed in the electrolyte and using the gasometric 
technique to measure the volume of 02 gas produced 
by the decomposition of HOP as a function of time 
[23]. The fact that PAN/XC-72 heat-treated without 
the transition metal exhibited an n value greater 
that 2 probably indicates that there is some catalytic 
activity for peroxide decomposition and/or reduction. 

Figure 10 also gives the comparative ring and disk 
currents for 02 reduction using the thin porous 
electrode technique on PAN-, PB- and macrocycle- 
based catalysts containing cobalt and heat-treated at 
800~ The catalytic activity for 02 reduction is 
similar for these materials, and the reduction follows 
the peroxide pathway. At low current densities no 
peroxide is detected on the ring, but this is probably 
due to the long time required for the peroxide to 
diffuse out of the porous electrode and the oppor- 
tunity this affords for peroxide decomposition. The 
disk currents at higher cathodic potentials in the 
diffusion-controlled regime decrease in the following 
order: Co/PAN/XC-72 > Co/PB > CoTMPP/XC- 
72, while the ring currents increase in the same order. 
None of the curves shows a well-defined diffusion- 
limiting current plateau. For Curve 1, the lack of a flat 
plateau in the limiting current region is due mostly to 
a slowly increasing n value (number of electrons per 
mole of 02). The increase of  the current in this region 
for the PB- and PAN-based catalysts (Curves 2 and 3) 
cannot be explained on the basis of such a change in 
n and appears to be an artifact of the porous coating 
technique due to roughness or hydrodynamic flow in 
the porous coating caused by the pressure gradient 
across the face of the disk. There is little hysteresis in 
this region for the data recorded with step-by-step 
increasing current and decreasing current. 

3.2. Studies in acid solutions 

The 02 reduction polarization curves for the heat- 
treated PAN-based catalysts with XC-72 as the 
support in 85% H3PO 4 at 100 ~ C in the form of porous 
gas-fed electrodes are given in Fig. 11. A polarization 
curve for heat-treated CoTMPP/XC-72 is also 
included for comparison. The apparent catalytic 
activity of the heat-treated Co/PAN/XC-72 is much 
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Fig. 11. Role of Co(lI) ions in the heat-treated PAN-based cata- 
lysts. Polarization curves with porous O2-fed (1 atm) electrodes in 
85% H3PO 4 at 100~ All the electrodes contained 14.6mgcm -2 
catalyst/carbon and 6.2mgcm -2 Teflon. Curve 1, XC-72, 800~ 
HT, Curve 2, 40% PAN/XC-72, 800~ HT. Curve 3, 40% PAN/ 
XC-72 + 1.18% Co (added as the acetate), 800~ HT. Curve 4, 
5% CoTMPP/XC-72, 800~ HT. 

greater than that of the heat-treated XC-72 or 
PAN/XC-72 and similar to that of the heat-treated 
CoTMPP/XC-72. Figure 12 gives the polarization 
curves for these heat-treated materials supported on 
de-ashed RB carbon instead of XC-72. The overall 
performance of these catalysts is much better with 
de-ashed RB carbon as compared to XC-72 as the 
support. The better perfomance of the catalysts in 
85% HBPO4 at 100~ with de-ashed RB as the 
support may be due to its high surface area, mostly 
associated with the fine pore structure of the de-ashed 
RB carbon. 

The heat-treated nitrogen-containing polymer- 
based cobalt catalysts as well as the heat-treated 
cobalt macrocycles are stable over several hours 
in acid solution. The longer term stability of the 
polymer-based materials in acid has not been checked 
as yet. The stability of the heat-treated macrocycles 
has been found in our laboratory to be much less than 
that in alkaline solution. This is believed to be due to 
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Fig. 12. Role ofde-ashed RB carbon in the heat-treated PAN-based 
catalysts. Polarization curves with porous 02-fed (1 atm) electrodes 
in 85% H 3 P O  4 a t  100 ~ C. All the electrodes contained 20,8 mg cm 2 
catalyst/carbon and 5.2mgcm -2 Teflon. Curve 1, 40% PAN/DRB, 
800~ HT. Curve 2, 40% PAN/DRB + 1.18% Co (added as the 
acetate), 800~ HT. Curve 3, 10% CoTMPP/DRB, 800~ HT. 
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Fig. 13. Thin porous coating rotating ring-disk behavior for 
PAN-, PB- and macrocycle-based catalysts containing cobalt. 
Rotating ring-disk currents for 02 reduction (1 atm) on thin porous 
coating (TPC) electrodes in 0.05M H2SO 4 at 25~ disk area 
geometric) = 0.196cm2; ring, Pt (N = 0.37)~ ring potential = 
+ 1.4V; 2500rpm; Teflon = ~ 10%. Curve I, 5% CoTMPP/XC- 
72, 800~ HT. Curve 2, 40% PAN/XC-72 + 1.18% Co (added as 
the acetate), 800~ HT. Curve 3, PB + 2.5% Co (added as the 
acetate), 800~ HT. Curve 4, 40% PAN/XC-72, 800~ HT. 

the greater solubility of Co ions in the acid electrolyte 
and their subsequent loss from the catalyst surface. 
These heat-treated catalysts retain their catalytic 
activity over longer periods in de-ashed RB carbon as 
the support probably because the small pores in the 
carbon impede the loss of the transition metal from 
the cathode. A promising approach for greatly slow- 
ing down the loss of the transition metal species from 
the cathode is to replace the fluid electrolyte within 
the pores with an ionically conducting polymer or to 
use such as a discrete polymer film blocking layer in 
contact with the solution side of the cathode [24]. 

The wetting properties of the two carbons (DRB 
and XC-72) may also cause differences in the per- 
formance. The fact that the overall performance of the 
heat-treated PAN/DRB is much better than that of 
the heat-treated PAN/XC-72 may also, in part, be due 
to a slight iron impurity (~ 0.31 wt%) present in the 
de-ashed RB carbon as compared to the XC-72 
(~0.015wt%). This also accounts for the smaller 
difference in the activities of the heat-treated Co/ 
PAN/DRB and PAN/DRB (Fig. 12) as compared 
with the difference between Co/PAN/XC-72 and 
PAN/XC-72 (Fig. l 1). The activity of Co/PAN/DRB 
(800~ HT) is similar to that of CoTMPP/DRB 
(800~ C HT) at lower current densities (< 1 mAcm -2) 
but is lower at higher current densities. This may be 
due to the fact that the structure of porous gas-fed 
electrodes involving Co/PAN/DRB (800~ HT) has 
not been optimized. 

Figure 13 gives the comparative ring and disk 
currents for 02 reduction on PAN-, PB- and macro- 
cycle-based catalysts containing cobalt and heat- 
treated at 800~ using the TPC electrode technique 

in 0.05M H 2 S O  4. At lower current densities, the 
apparent catalytic activity for 02 reduction decreases 
in the following order: Co/PB > Co/PAN/XC-72 > 
CoTMPP/XC-72, while the ring currents increase in 
the same order. It may be noted that, even though the 
PB-based catalyst here exhibits better performance 
than does the PAN-based catalyst, the latter exhibits 
better performance in 85% H3PO4 at 100 ~ C. None of 
the curves shows a well-defined diffusion-limiting 
current plateau, as in the case of 0.1 M NaOH 
mentioned earlier. This again appears to be an artifact 
of the porous coating electrode. The difference in 
activity of the PAN-based catalysts with and without 
cobalt is much greater in acid electrolyte than in 
alkaline electrolyte. This is due to the fact that carbon 
itself is a good catalyst for 02 reduction to HO~ in 
alkaline electrolyte and a very poor catalyst in acid 
electrolyte. The ring currents for the PAN- and PB- 
based catalysts are practically negligible at lower 
polarizations (> 0.7V vs RHE) and may indicate a 
direct 4-electron reduction of O2 to H20 in addition to 
a 2-electron reduction process. 

The structure of the PAN after heat treatment 
(800 ~ C) in an inert atmosphere in the presence of 
cobalt salts is not known with any certainty. The 
structural investigation of heat-treated PAN of Teoh 
et al. [18] did not involve materials that had been heat- 
treated in the presence of transition metal salts, if 
the materials heat-treated with the transition metal 
salts contain the same fused pyrido-rings as the 
materials heat-treated without the transition metal, 
the nitrogen atoms of these rings could act as adsorp- 
tion or coordination sites for the transition metal ions. 
These adsorbed metal ions could then act as catalytic 
sites for 02 reduction to peroxide and for peroxide 
decomposition. 

Figure 14 shows the diffuse reflectance spectra 
for the PAN samples with and without cobalt heat- 
treated at various temperatures. The spectra indicate 
the disappearance of the nitrile groups (~ 2250 cm ~ ) 
after the heat treatment, with evidence for the pro- 
duction of pyrido-rings, as indicated by the C= C 
(~1590cm l) and C = N  (~1360cm -1) peaks. 
The presence of cobalt during the pyrolysis tends to 
stabilize the two broad peaks at ~ 1590cm -~ and 

1300 cm- ~ even at 800 ~ C. This could be interpreted 
on the basis that a possible coordinative interaction of 
cobalt with the nitrogen of the pyrido-ring results in 
stabilizing a structure containing the C = N and C = C 
groups at 800 ~ C. Elemental analysis shows that about 
50% of the nitrogen is retained in such samples heat- 
treated at 800 ~ C. The vibrational data, however, do 
not provide definitive evidence for the proposed bind- 
ing of the Co to the pyridino-nitrogen due to the 
absence of far-infrared information corresponding to 
the cobalt-nitrogen vibration in the spectra. The Co 
may be coordinated to one or two adjacent pyridino- 
nitrogens and even to two or more nitrogens not 
adjacent to each other in separate sections of a 
particular polymer molecule or separate polymer 
molecules. 
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Fig. 14. Diffuse reflectance FT1R spectra of 
PAN samples heat-treated at various tempera- 
tures without (A) and with (B) Co (added as 
the acetate), 2% in KBr, 4 min grinding. The 
K-M function = (1 - R)2/2R, where R is the 
reflectance (see Ref. [27l). 

Materials that may have some similarity with the 
ones mentioned here have been reported [25]. They 
are based on PAN together with Ir, Ru and Pt salts 
and have been developed for anode coatings in metal 
electrowinning cells in acid electrolytes. These are 
low-area materials and do not contain carbon black. 
These materials have not been examined spectro- 
scopically, and thus it is not known whether they are 
structurally similar to the ones reported here. 

4. Conclusions 

The PAN-based catalysts, particularly Co/PAN/XC- 
72, show promising performance for 02 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. Heat-treated 
preparations involving PAN with cobalt acetate and 
steam-activated Shawinigan acetylene black have 
shown good stability in the form of air cathodes when 
tested at the Electromedia Corporation (Englewood, 
N J) under conditions appropriate for alkaline alumi- 
num-air cells, better than that for heat-treated 
CoTMPP/SASB [26]. The lower cost of such polymer- 
based catalysts as compared with the CoTMPP 
macrocycle is also attractive. These studies further 
support the model proposed by the Case group to 
explain the catalytic activity of the heat-treated 
transition metal macrocycles for 02 electroreduction. 
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