
Pyrolyzed macrocycles on kugh surface area carbons 
the reduction of oxygen m alkaline fuel cells 

for 

Y. Biros* and S. Schwartz 
Royal Instzttie of Techvudogg. Deparqment of Chemzcal Techndoyy. S 100 4-I Stochholm 

(Sweden) 

(Received March 12. 1991, III remed form June 12. 1991) 

Abstract 

Polarlzatlon charactenstlcs and preparation methods of double-layer porous gas dflusron 
electrodes on various carbon matcrlals III alkalme fuel cells were mvestlgated The 
electrodes with active carbon carriers were catalyzed \nth cobalt/Iron tetraphonylporphynn 
or silver These electrodes show a potentlat of - 186 mV (versus Hg/HgO) at I 0 A/cm’ 
shen operated wth oqgen at 40 “C and 5 M hOH Various technrques such as surface 
area measurements, scnnmng (SEM) and transmLsston (TEM) electron mrcroscopJ m 
combmatlon with energy dLsperslve spectroscopy (EDS) and electron energy loss spec- 
troscop, (EELS) were used to charactenze the structure and morphology of the catalyst 
layer 

Introduction 

Electrocatalys~s of oxygen reduction by orgamc metal complexes, par- 
tlcularly the metalloporphyrms and phthalocyanmes m aqueous solutions, 
has been the SubJect of extensive study m the paSt I l-41 The metallopor- 
phynns, which are essent1a.l for llfe m nature, have maJor effects UI the 
transport, storage and actlvatlon of oxygen <as well as redox processes (51 
These metal chelates have attracted much attention <as potential catalysts m 
electrochenustry, especially ui the reduction of oxygen m porous gas dlffuslon 
electrodes These macrocycles, which can be either synthesized or naturally 
obtamed from crude 011 products [ 6 1 or green plants [ 7 1 are JIOW consldered 
as mam akernatlves to the costly noble metal Cat&StS 

Metalloporphyrms m their orrgmal state are not very active and are also 
unstable UI aqueous solutions The poor actnWy and stability m these chemical 
envu-onments have been overcome by heat treatment between 400-l 000 “C 
m met-t gases At, these temperatures profound changes m the porphyrm 
structure are expected to take place (8, 91 The pyrolysis product of tetra- 
phenylporphynn wth tmnsltlon metals on high surface area carbons exhlblts 
excellent catalytic properties m the reduction of oxygen when mcorporated 
mto a porous teflon-bonded electrode 
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As IS well known, the reactn?ty of a porous electrode not only depends 
on the cat,al_ytlc actnxy but also on the estabhshment of the three-phase 
mterface, I e between the gaseous reactant, the electrolyte and the catalyst 
UI contact with the electromcally conductmg support matenal The selectlon 
of carbon blacks for the dlsperslon of catalyst particles IS therefore of prune 
unportance m creatmg this three-phase Interface [ 101 The carbon matenal 
\\lth its specific physlcal, chemical and surface propertles, both as electro- 
camlyst and/or electrocatalyst support, strongly affects the stability and 
performance ChaIactenstlcs ut the reduction of oxygen III porous electrodes 
[ 1 l-131 Thus, further chemical and heat treatment of these mlcroporous 
structures has been carned out by many fuel cell researchers both as a state 
of the art tf?ChIliqW and ‘as a sclentlfic approach to unprovuig electrode 
capacities 

The sun of this study IS to assess and compare the electrochemical 
performance of some carbon materials promoted wlch catalysts m double- 
layered PTFE-bonded electrodes u1 alkalme solutions The report IS b,ased 
OII expenmental evidence to substantlatc the relatlonshlps between electrode 
performance of the catalyst on the OIW hand, and the physIochemlcal nature 
of the support matenal 011 the other 

Experimental 

Catalyst pr-eparalmn 
Cobalt tetraphenylporphyrm (CoTPP) or u-011 tetraphenylporphyrm 

(FeTPP) wits prepared by the followmg procedure Anhydrous cobalt acetate 
or n-on acetate was dissolved m methanol Then the carbon support (with 
the speclficatlons given m Table 1) was added to the solution m small 
amounts under contmuous agltatlon After all the carbon was added, the 
paste was dned at 60 “C and homogenized m a mixer The muture was 
gradually blended under ultrasonic a@tatron with a solution of concentrated 
forrnlc acid contautmg the drssolved products of rrLe,co-tetraphenylporphynn 
(H,TPP) The slurry obtamed was then dned overnight at 90 “C and ho- 
mogemzed agam m a muter Followmg thus step the resultmg powder was 
heat treated at 700 “C m a honzontal quartz tube under contmuous flow of 
met-t gas for a penod of 5 h 

TABLE 1 

Ph)slcai propertles of the carbon supports 

Type of carbon 

Flamruss IO 1 

i ulcan xc*72 

heclenblack EC 

Surface area DBP absorptton 

(m’/g) (cm?1 00 g) 

LO 11.2 

“5-I 178 

960 350 

Dehx ered by 

(Co ) 

Degussa Norden AB 

CABOT 

AK20 Chemre 
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P~ e p a  ~ a t zon q f  e l ec t  ~ o d e s  

Double - l ayer  t e f lon -bonded  gas  dfffusmn e l e c t r o d e s  were  p r e p a r e d  bv 
the rol l ing m e t h o d  d e s c r i b e d  by Schau tz  [14[ The e l e c t r o d e s  are  c o m p o s e d  
of  a mckel  s c r een  se rv ing  as  a cur ren t  c o l l e c t o r  and  s t ruc tura l  suppor t  for 
the e lec t rode ,  the  gas  dfffusmn layer  with ,ts h y d r o p h o b l c  s t ruc tu re  ms an 
oxygen/an-  s u p p l y i n g  zone and  an ac t ive  ( ca t a lys t )  layer  ms a reac tmn zone 
The mate r i a l s  inc luded  m the c o n s t r u c t i o n  of  the  e l e c t r o d e s  were  c o m p o s e d  
as fol lows 

a c u v e  (ca ta lys t )  l aye r  

diffusion l aye r  

cu r ren t  co l l ec to r  

ca ta lys t  on c a r b o n  1 0 - 1 5 %  

PTFE 1 0 - 2 0 %  

c a r b o n  (unac t i va t ed )  2 0 - 3 0 %  

c a r b o n  3 0 - 5 0 %  

PTFE 5 0 - 7 0 %  

mckel  s c r een  8 0 - 1 0 0  mesh  

The gas  dtffuslon l aye r  cons i s t s  of  a h ighly  w e t - p r o o f e d  ca rbon  which 
p rov ides  a g a s - s u p p l y i n g  ch, 'mnel, p r even t s  e l e c t r o l y t e  pene t r a t i on  and sup- 
por t s  the actzve layer  Carbon  t o g e t h e r  w~th tef lon s u s p e n s i o n  (60% by weight )  
was mdled  in a col lo idal  null and  f i l tered The fi l t rate was  then dr ied  and 
a h y d r o c a r b o n  so lvent  was  a d d e d  to  the  mtx tu re  m o r d e r  to  get  a ro l lab le  
dough  This layer  was  ro l led  first, on a mcke l  s c reen  to a th , ckness  of 
0 7 nml The act ive  layer,  which was  w e t - p r o o f e d  by teflon and p r e p a r e d  by 
the s ame  m e t h o d  as  above ,  was  doub le  ro l led  to a total  e l ec t rode  th tckness  
of 1 0 mm The e l e c t r o d e  was  then  p r e s s e d  ( 1 5 0 - 2 0 0  kg/cmZ), drmd at 
I 0 0  °C and s m t e r e d  a t  ,320 o C for  I h m a h y d r o g e n  a t m o s p h e r e  The 
e l ec t rode  was  spo t  we lded  with a mcke l  were mid t e s ted  m a half-cell  
conf igura t ion  

Test  e l e c t r o d e s  
A s c h e m a t i c  of  the  e l e c t r o c h e m i c a l  cell  and  a s s o c i a t e d  e q m p m e n t  ,s 

shown m Fig  I The half  cell  was used  to  ob ta in  the  e l ec t rochemica l  
m e a s u r e m e n t s  on the  gas - fed  p o r o u s  ca thode ,  w h e r e  the  e l e c t r o d e  was  p l aced  
be tween  two p m c e s  of  p l ex ig l a s s  cell  w}uch were  then  c l a m p e d  t o g e t h e r  
with bol ts  The frontal  xqew of  the  cell  was  e x p o s e d  to the  e l ec t ro ly te  solut ton,  

I~ c' b0 I 

~ m 

Fig I Electrochemical cell 1, working electrode consmtmg of (a) acttxe layer, (b) dlffuston 
layer and (c) mckel screen, 2, reference electrode, 3, counter electrode, 4, electrolyte (5 M 
KOH) 5, volt meter, 6, aJnpere meter, 7 current supply 



while at the rear side of the electrode au-/oxygen flowed downward through 
the gas mlet port and out of the cell through the gas outlet The lnconung 
au was scrubbed mth a 5 M KOH solution 

Steady-state current-potential curves of the double-layered teflon-bonded 
electrodes were obtamed m 5 M KOH and at 40 “C wthout ZR correction 
The electrode potentials were measured usmg the Hg/HgO (5 M KOH) reference 
electrode, attached urlth a Luggm cap&u-y to the workmg electrode havmg 
an area of 10 cm2 The counter electrode was a nrckel we mesh placed m 
the same electrolyte solution 

Results and discussion 

SEM photographs of the 0 15 mm thxk active (catalyst) layer composed 
of the activated and unacttvwd carbon, catalyst (CoTPP) and PTF’E are 
shown m Fig 2(a) and (b) F’lgure 2(a) shows a freshly prepared electrode 
mth a pohshed and rnterwoven surface structure, wMe fig 2(b) shows the 
same electrode dlsplaymg the aggregahon of tie particles of the electrode 
mth higher magruficatlon. Figure 3(a) shows TEM images urlth well-defined 
particle structures of the cobalt and carbon support TEM m coqunctlon 
mth EDS (Rg 3(b)) and EELS (Fig. 3(c)) gives the charactenstlc features 
of the morphology and structure of this layer The usage shows cobalt 
particles surrounded by carbon substrate, often havmg a rectangular shape, 
mdlcatmg a well-developed crystalline structure The particle sne of the 

(a) 
FIN 2 SEM ntvxographs of the acrlce layer 

\c-7” 

01 t he porous gas dlffuslon electrode on Vulcan 

(b) 



(b) Energy, KeV 

Fig i3 Structural and morphological an.dyses 

layer on Vulcan XC-71 

Cc) 

by TEM 

400 600 800 

Energy loss. eV 

(a), EDS (b) and EELS (c) of the active 

cobalt ranges from lo-80 nm The EEL spectrum shown m Fig 3(c) shows 
the charactenstlc edge at 786 eV ansmg from Co, while the peak at 
532 eV corresponds to oxygen, lmplymg that the cobalt particles are most 
hkely oxldlzed 

The surface areas of the pyrolysis products of the carbons \wth CoTPP 
were determmed by the BET method usmg mtrogen as the adsorbmg gas 
at - 196 “C It is evldent from Table 2 that the mlt1a.l surface areas of the 
carbons given In Table 1 decrease conslderably v&h the catalyst present, 
except for Flamruss, which has agraphte-hke structure This effect IS attnbuted 
pnmanly to the heat and chemical treatment which alters the physlochemlcal 
and surface propertles of the carbon matenals used These electrode structures, 
which are characterized by a high surface area and high porosity, provide 
low resistance to electrolyte flow and a high mterfaclal area for electrode 
reactlons [ 151 



TABLE 3 

Surface areas of the pvrolysls products of the cat_alyst and carbon material 

Carbon BET 

(m’/g) 

Flamruss 18 6 

Vulcan XC-71 56 7 

heuenblack EC 327 6 

TABLE 3 

Surface areas of the actlte layer on the electrodes 

Mixtures of unactwated carbon, Weight 

carbon + CoTPP and PTFE ratio (wt /wt ) 

BET 

(m”/g) 

Catalyst loadmg 

(mg/cni’) 

FlamrussiVulcan I o/a 24 3 2 24 
FlamruswVultan I 5/l 0 52 2 1 90 

Flamruss,‘Vulcan I o/4 0 80 5 1 84 

VulcanKeQenblack 1 o/o 94 5 I 78 

i’ulcan/Ket,tenblack 1 0:1 0 IT4 3 1 Cl 

Vulcawh’eyenblack O/l 0 397 h I 64 

0 1 

(I lo0 ?IWI 1lUI ml 5, “1 

RET tm2 gl 

Rg -1 Electrode performance based on the electrode surface areas, accordmg to Table 3 

Surface area measurements of the active layer of the electrode urlth 
dflerent catalyst loadmgs are presented m Table 3 The catalyst loadmgs 
are described as the amount of Co and TPP ongmally added to the carbon 
before the pyrolysis step and graded U-I terms of mgkm’ by we@ung the 
electrode The surface areas were determmed usmg the same method as for 
those given m Table 2 As presented UI Table 3, unactlvated carbons accordmg 
to the specticatlons II-I Table 1 were added mth the same proportlons among 
the different carbons as were the catalyst + carbon mixtures m Table 2 

F’lgure 4 shows the electrochemical performance characterlstlcs estunated 
from polanzat~on measurements at 30 and 100 mA/cm’, operated wth oxygen 
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and am as a functton of the surface areas Although the dlffuslon layer of 
these different electrodes prepared usmg the same methods of fabncatlon 
and materials of construction was ldentlcal, it was not possible to mamtam 
the same carbon and catalyst loadmgs on the active layer Poor current-voltage 
charactenstlcs were etiblted by Flamruss, which had a carbon wth catalyst 
loadmg almost t\nce as Hugh as that of the Keuenblack Increasmg the weight 
ratio of Vulcan XC-72 to Flamruss unproved the performance lmearly urlth 
the electrode surface areas, until It finally reached a maxunum at which the 
electrode matenal was entuely substituted by Vulcan The electrode actlvlty 
then rose shghtiy wth mcreased surface area of the carbon support 

From a comparison of the results shown UI F’lg 4, it may be suggested 
that hgh surface area electrodes, due to their larger amount of exposed 
surface area and a pore structure mth many rmcropores, have a pronounced 
effect on the overall actlvlty of cathodic apphcatlons m fuel cells Therefore, 
selection of carbon supportsw~th subsequent treatment and effective dlsperslon 
of the catalyst particles could yield slgmficant unprovements m porous gas 
dlffuslon electrodes 

Ln ad&tlon, current-voltage charactenstlcs of some porous gas dBu.slon 
electrodes promoted wth CoTPP, FeTPP and Ag reduced from its oxrdes 
are presented m F‘lg 5 The sun of this comparison 1s to assess the catalytic 
actlvlty of these catalysts and to find optunum condltlons for further ap- 
phcatlons m oxygen reduction electrodes As shown m the ngure, the actlvlty 
decreases m the order CoTPP > Ag > FeTPP Among the catalyst studled, the 
electrode conslstmg of CoTPP has a very good performance and can be 
loaded ‘with h@~ current densltles as shown m Rg 6 

The cathodic actnnty unprovements encountered m tlus study for the 
reduction of oxygen m alkahne fuel cells are due to good utlllzatlon of the 
catalyst particles, augmented especially by h@h structure carbons with high 
surface areas on the active layer, and the dfiuaon processes of oxygen 
Thus better preparation techruques of both catalyst and double-layered teflon- 

Rg 5 Polaruatlon curves of the double-laqer gas diffusion electrodes wth different catalysts 

on Vulcan XC-72, supphed wth an 



Fig 6 Current-voltage charactenstlcs of a double-layered CoTPP promoted electrode operatmg 

wth oxygen 

bonded electrodes are of prune concern m mcreasmg the lmutmg current 
densit les [ 16 ] 

Conclusions 

In thts study, electrochemical measurements for oxygen reduction have 
been performed m 5 M KOH and at 40 “C for Co/FeTPP and Ag promoted 
double-layered electrodes Surface area analyws, structural and morphological 
analyses usmg BET, SEM, TEM, EDS and EELS techmques were used for 
the charactenzatlon of the CoTPP based electrodes 

From the cathodic polanzatlon data obtamed from the expenmental 
procedures described,, It IS concluded that high performance oxygen reduction 
electrodes could be prepared wth better utlllzatlon of the catalyst particles, 
especrally when supported on high surface area carbons Chenucal and heat 
treatment of the carbon matenal along mth the dlsperslon and modticatlon 
of the metalloporphynns could yield actlvlty enhancement of the electrodes 
Besldes, a number of dflerent surface areas of the active layers, which were 
composed of nnxtures of carbon matenals, have revealed that the mtnnslc 
performance of the electrodes Increased hnearly with mcreasmg surface area 
of the electrodes The correlation of the surface area to the actlvlty has also 
shown that rmsmg the surface area beyond 80 m”/g did not produce a 
slgnticant gam m the performance of the electrodes 
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