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ABSTRACT 

In  the  search for  noble-metal - f ree  c a thode  mater ia ls  res is tant  to  ac id  electrolytes 
and  capable  o f  cata lys ing the  convers ion  o f  oxygen,  t he rmograv ime t r i c  m e t h o d s  have  
been used to  de t e rmine  the  cond i t ions  o f  p repara t ion ,  to  analyse  the  chemica l  
propert ies ,  a n d  to  chara'cterise the  po re  s t ruc ture  o f  the  potent ia l  catalysts.  T h e  p a p e r  
compr i ses  results o f  invest igat ions  o n  inorgan ic  c o m p o u n d s ,  such  as  a m m o n i u m  
tun~tates, chromates, vanadates, molybdate and permanganate, and on o r ~ c  
polymers ,  such  as po lyam ide  nitriles, o t h e r  C N  po lymers  and  p o l y a c e n o q u i n o n e  
pyrolysates .  

1. n,,'rgoDvc'rlO.,q 

Catalyt ical ly  act ive mater ia ls  for  fuel cell e lectrodes have  to  be eiec',rically 
conduc t ive  a n d  corrosion-~-esistant. So  far  these  requ i rements  a rc  fulfilled satis- 
factori ly only  by nob le  meta l s  which,  however ,  are  unsui table  for  extensive use  for  
r ~ o n s  o f  pr ice  a n d  availability_ I n  view o f  this s i tua t ion ,  a research pro jec t  c o n d u c t e d  
at  Bat te l le -Frankfur t  I cove red  different  mater ia ls  free f rom noble  meta ls  which  were 
h o p e d  to  be  sui table  as c a t h o d e  catalysts  for  oxygen  reduc t ion .  T h e  invest igat ions  
were based  o n  t he rmograv ime t r i c  m e t h o d s  o n  a microscale  a n d  were a imed  a t  
de te rmin ing  the  cond i t ions  o f  p r epa ra t i on ,  ana lys ing  the  chemica l  proper t ies ,  a n d  
chara~.eris ing the  p o r e  s t ruc ture  o f  t he  cata lys t  candidates .  

2. MEASURING METHODS AND APPARATUS 

2.1 Thermograrimetry 
T h e r m o g r a v i m e t r y  wax app l i ed  fo r  t he  
(i) chemical  charac ter i sa t ion  o f  the  subs tance  par t ly  in  c o m p a r i s o n  wi th  

l i tera ture  da t a  by  the  T G - m e t h o d  u n d e r  v a c u u m  o r  u n d e r  ine r t  gas wi th  the  t empera -  
tu re  r is ing linearly. -. 

* Presented at the 14th Conference on Vachum Micro ha!-~,,,-e Techniques. Salfor~ 27th-28th 
~ ~  ~ .  .. ~ _-: 
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Fig. I. ~ t i ¢  drawing of  tlg-rmogra~imetri¢ apparatus. ! = Gas: microbaian~; 2 = Imaters; 
3 ---- mercury U tube rnasmn~ter;, 4 = diaphragm manometer; 5 = vacuum gauges; 6 = turbo- 
mo!eo__,Iar pump; 7 = backing pump. 

(ii) the  eva lua t ion  o f  p r epa ra t i on  cond i t i ons  o f  such  substances .  F o r  th is  
purpose ,  the  we igh t  loss o f  the  sample  was  obse rved  wi th  the  t e m p e r a t u r e  r is ing 
l inear ly  a n d  then  a t  c o n s t a n t  t empera tu re .  A t e m p e r a t u r e  value  wi th in  a def ined  
range  was  chosen  as  the  p repa ra t ion  t e m p e r a t u r e  a t  which  the  weight  o f  t he  sample  

d id  n o t  change  over  an  ex tended  per iod  o f  t ime  a f te r  comple t ed  convers ion  o f  the  
subs tance .  In a few cases, the  subs tance  p repa red  in the  p a n  o f  the  scales cou ld  be 
w o r k e d  u p  direct ly  to  a n  e lec t rode;  m o r e  f requent ly ,  however ,  the  C~¢alysts were  

p repa red  separa te ly  in an  oven  on  the  basis o f  the  t e m p e r a t u r e  va lues  chosen  as  
descr ibed above_ 

T h e  exper iments  were  ca r r i ed  o u t  in t w o  di f ferent  uni ts ;  the  a p p a r a t u s  s h o w n  
schemat ica l ly  in F/g.  1 was  equ ipped  wi th  a Sar to r ins  mic roba l ance  a f t e r  C_mst wi th  a 

sensi t ivi ty o f  I gg.  A t u r b o m o l e c u l a r  p u m p  p r o d u c e d  a v a c u u m  o f  10 - s  Pa .  Pressure  

m e a s u r e m e n t s  were  pe r fo rmed  with  ion isa t ion  Pirani-  a n d  d i a p h r a g m m a n o m e t e r s .  
Us ing  a con t ro l  device wi th  cam plate ,  the  di f ferent  ovens  were con t ro l l ed  ' 4  so  t h a t  a 

l inear  t e m p e r a t u ~  rise o f  9.4 K h - "  was  ob ta ined .  T h e  ac tua l  t e m p e r a t u r e  o f  the  
sample  v-as ca lcu la ted  by ca l ib ra t ion  f rom the  t e m p e r a t u r e  m e a s u r e d  in t h e  oven .  
In  mos t  exper iments ,  the  sample  mass  was  50 rag. 

F o r  rou t ine  m e a s u r e m e n t s  we used  the  D u P o n t  i n s t r u m e n t  950 T O .  T h e  

sensi t ivi ty o f  the  i n s t r u m e n t  is 50 l~g- T h e  t e m p e r a t u r e  was  increased  a t  d i f ferent  r a t ~  
the  lowest  be ing 1 20 K h -  t. In  all exper iments ,  t he  s ample  was  kep t  in  a n  iner t  gas 
a tmosphe re .  

! 2  S o r p t i o n  m e a s u r e m e n t s  ._ 

In  add i t i on  to  the  a rea  o f  the  sur face  in con t ac t  wi th  the  e lec t ro ly te  the  po re  

r ad ius  is o n e  o f  the  m a i n  e lec t rode  pa ramete r s .  T h e  pores  have  to  be  large e n o u g h  to  
enab le  t he  t r a n s p o r t  o f  b o t h  the  reac t ing  species a n d  the  reac t ion  p roduc t s .  T h e  
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F i g .  2.  S c h e m a t i c  d r a w i n g  o f  g r a v i m e t r i c  s o r p t i o n  a p p a r a t u s .  1 = G a s t  m i c r o b a l a n c e ;  2 ---- D e w a r  
ves se l s ;  3 ~ b u o y a n c y  m a n o m e t e r ;  4 ~ d i a p h r a g m  r r an o rn c t c r ; ,  5 = - i 'acutml ~,allges; 6 = t u r b o -  
m o l e o , h r  p u m p ;  7 ~-~ b a c k i n g  p u m p ;  g ~ p r e s s u r e  c o n t r o l ;  9 = g a s  s c r u b b e r ;  10 = n i ~  vesse l .  

kinetics o f  t he  e lec t rode  reac t ion  a n d  thus  its efficiency u n d e r  load  as well as  the  
l imits  o f  pe r f o rmance  can  be inf luenced drast ically by  t r anspor t  processes in the  
pores  ~z. A n  external  electric field is d i s to r ted  when  pene t ra t ing  in to  the  in te r ior  Of the  
e lect rode as a func t ion  o f  po re  size. F o r  this  reason,  we carr ied  o u t  measu remen t s  o f  
specific surface a rea  and  po re  size. 

In  previous  invest igat ions  o f  p l a t i n u m  elect rodes  3, we f o u n d  g o o d  corre la t ion  
be tween the  specific surface a rea  accord ing  to  the  B E T  m e t h o d  a n d  the  electro- 
catalytic act ivi ty o f  the  electrode.  F r o m  thi~ f i n d i n g  we der ived an  e lec t rochemical  
m e t h o d  for  surface a rea  m e a s u r e m e n t  3. In  add i t ion ,  we obse rved  tha t  a change  in 
e lec t rode activi ty is a c c o m p a n i e d  by a change  in t h e  specific surface a rea  a n d  also by  a 
change  in the  po re  system. 

F o r  surface a rea  a n d  p o r e  size analysis,  an  i n s t rumen t*  as s h o w n  in F i ~  2 was 
used. T h e  i n s t rumen t  compr i ses  two  Sar tor ius  microbalances ,  one  fo r  weio~ting the  
second  as b u o y a n c y  gauge  for  pressure  m e a s u r e m e n t  a n d  cont ro l .  Sample  a n d  
coun te rweigh t  are  coo led  by l iquid n i t rogen  whose  t e m p e r a t u r e  is m e a s u r e d  us ing  
the rmis to r  a n d  v a p o u r  pressure  gauges.  T h e  a p p a r a t u s  descr ibed elsewhereS pe r fo rms  
au tomat ;ca l ly  the  stepwise i sobar ic  m e a s u r e m e n t  o f  c o m p l e t e  adso rp t i on  a n d  desorp-  
t ion n i t rogen  i so therms.  

F o r  these  invest igat ions,  the  gravimet r /c  m e t h o d  o f  s o r p t i o n  m e a s u r e m e n t  has  
the  ad van t age  thnt  d e ~  ~ i n g  o f  the  s ample  can  be con t ro l l ed  by  observ ing  the  weight  
loss. D e ~ . n g  o f  m i c r o p o r o u s  mater ia ls  is a s l o w  p r o c e ~  a n d  as  it is con f i rmed  by 
grav imet ry  tha t  degass ing  is comple te ,  vapor i sa t ion  a n d  d e c o m p o s i t i o n  by t l ~ r m a l  
t r ea tmen t  o f  the  sample  can  be  avoided .  

b y  l q e t z r ~ h  ~ SCIb, F . R . G .  .. :, 
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3 -  E X P E R I } , ~ ' I r A L  R E S U L T S  A N D  DISCUSSION 

3. ! Thermograrimetric decomposition 
T h e  m e t h o d s  descr ibed in the  foregoing  wcr¢ u.scd to  invest igate a m m o n i u m  

t u n g s t a t ~ ,  ch romates ,  vanadates ,  m o l y b d a t e  a n d  perman~oanate. Typical  deg rada t i on  
curves  wi th  the  p la teaus  are  shown  in Fig. 3. A very sfight weight  loss observed  be low 
150~C in case o f  the  ch roma te s  was neo_lected because  i t  was  due  to  e v a p o r a g ~  water  
traces. F o r  compar i son ,  the  c h r o m a t e  curve  referr ing to  the  l i terature values k n o w n !  t 
is r e p r o d u c e d  in F i g  3. A p la teau  vcas measu red  fo r  the  ac id  tungs ta te  at  a t e m p e r a t u r e  
range  o f  130 to  240-'C, for  the  neutra l  tungs ta te  a t  1.50 to  a b o u t  210°C.  All t he  
t uns s t a t e  decompos i t i on  p roduc t s  were so lub |e  in di lute  sufur ic  acid a n d  are  n o t  
sui table  for  the  in tended  purpose .  

A m m o n i u m  p e r m a n g a n a t e  gave an  insoluble  oxidic  subs tance  wh ich  de-  
c o m p o s e s  by explos ion at  t empera tu res  > 8 0 ° C  i f  the  t empera tu re  was raised a t  a 
rate  hio_.her t han  10 K h -~.  

Since a m m o n i a  con ta in ing  inorganic  s p . ~ e s  is entirely unsui tab le  as a catalyst  
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TABLE 1 

SURFACIE AREA A_~D PORE SIZE ~ i w  ~ 5oRl~rlox~ M E J k ~ J R ~ " I ~  OF P O L Y A ~ ~  

PYROt.'YY~A'I'ES 

Subxt. Grain Specific xurface area Specific Poro- .Mean Mast freqtw~ pore 
No. size (m= ~-~) pore MOr pore width (nm) 

(pro) ~ E r  C, mud~ (minCe ~'s) (rim) CyL Slit 
Cyl Slit width model model 
model model 

5034 <85 460 61 46 353 0.41 1.5 1 . 2 / 2 . 0  1.5P_O 
5041 < 32 899 392 263 590 0.54 1-3 !-3 !-2/2-0 

32-85 520 ! 20 78 306 0-38 1.2 1.0 1.2 
5042 < 32 424 83 55 265 0.35 1.3 I-0 1.2 

32--85 370 71 46 233 0.32 13 1-0/ '2-0 1.212.0 
5045 32--85 857 ! 18 96 532 0.52 1-2 1.2/20 1.5/2.0 
5167 32--43 494 60 42 285 0.36 1.2 1.2 !.2]1.5 
5203 <85 774 401 189 497 0..50 i.3 1 . 2 f 2 . 0  1-511.7 

<85 812 137 86 477 0.49 !.2 1-2/2-0 !.2 

af ter  thermal  t reatment ,  we tr ied the thermal  degradat ion  o f  orzaqic  po lyamide  
nitrile. H e a d y  no  weight loss was encounte red  a t  tempera tures  up  to  400~C; even a t  
1000°C more  than  30 percent  o f  the start ing weight was retained. The  pyrolysate  
showed some catalytic activity, which, however,  was not  high enough  for  practical  
application. 

3.2 Discussion o f  sur face area a n d  pore  s tructure  

By means  o f  gravimetric  sorpt ion measurements ,  specific surface a rea  and  pore  
s t ructure  o f  the thiospinel FeCo2S+ 6 and  a n u m b e r  o f  po lyacenoquinone  p y r o l ~  
(PAC)  were determined.  The  P A C  samples used in the investigation were all sieved to  
obtain particle diameters  below 85/zm. Some  o f  the substances were exaxnined using a 
na r row ~el~in size fraction,  see Table  1. 

The  calculations were m a d e  by a compu te r  routincT; the surface axe~ calcula- 
tions were based on  three  different methods:  

(i) The  BET method  (calculation o f  mult i layer  adsorpt ion) .  
(ii) The  t -method:  this is based on the BET formal ism comparing the slope o f  a 

t ransformed isotherm (the thickness o f  the adsorbed  ni t rogen layer  is used as abscissa) 
with a s tandardized isotherm o f  non-porous  material  (Fig. 5). T h e  lack o f  universa l  
s t andard  isothernls for  the  different substaLces is a difficulty o f  thiS method .  

(ii) The  cumulat ive  m e t h o d  af ter  Crans ton  a n d  Inkley 13 using bo th  a cA'lindrical 

and  ~ slit-shaped pore  model  as ~11  the  modelless method .  
The  values resulting f r o m  the  ~ m u l a f i v e  calculat ion in a lmost  all cases are  

remaxkably  smaller  than  the  BET values. This  is due  to  the fac t  t h a t  in  the  c~mulat ive  
m e t h o d  only  the  surface area+within m e s o p o r e s i s  a d d e d  up. :whereas  the  BET values 
are  influenced by  the  adsorp t ion  in micropores  as+welL We m a y  thus  conclude  tha t  

+ _  
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the substances have many micropores with pore width below 2 nm. The  same result is 
found by the t-plot (Fig.  5)  which shows  a steep slope in the m o n o l a ) ~ r  region. R 
should be noted that the BET calculation for microporous materials  is :somewhat 
doubtful  Is. :. _.: ..... . _ ~  - ~  . -  
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T A B L E  2 

C D M P ~ . ' q  OF I~ECTROLY'I'IC ACTIVITY FOR OXYG]L-~ REDUCTION ~ SI~r..,CIF/C ~.,'I*,,]FACE AREA OF 
POLYACL-'hi3QUL'qO .~T. PYROLYeoATES 

No. S u 6 s t a n c e  - E l e c t r o d e  

Preo~ratfiTn Resist. Specific B E T  Rest Potential 
NH= actiratlon ( 0 )  surface area Ootential at 20 

(m g-t)  (mY) tma c.m-~) 

5034 900°C/30 " 0-~ 46O ~OFr'~ 0 
5042 1000=C130" 0_05 424 ~01910 0 
5167 I0~0°C130 " 494 880 240 
5041 1000"C/30" 0.05 899 8801a320 590 s 

5045 1000~C/30" 0.17 857 870/960 660 
5203 1000°C/30" 793 ~ 20  960 720 

545 mV after  600 h a t  20 ( m A c m - - ' )  Ol~rat iom 

Some o f  the isotherms (see F i g  4)  show distinct steps represent ing groups  o f  
energetically very, different sites on  a chemical ly or  geometr ical ly heterogeneous  
surface. The  hysteresis o f  the isotherm shown extends to a relative pressure d o w n  to 
0.2. In  the case o f  rigid structures,  no  hysteresis is found  at  such a low value. Therefore ,  
the pore  s t ructure  m a y  be expanded  owing to  adsorpt ion  between thin  layers o f  the  
bu lk  material .  The  t-plot  o f  tha t  mater ial  (Fig. 5) indicates a substantial  p ropor t ion  o f  
micropores  (pore width  below 2 n m )  in the pore  s t ructure  which is a c o m m o n  
characterist ic o f  all pyrolysate samples.  The  mean  width  is found  to  range between 
1.2 and  1.5 n m  for all po lyacenoquinone  pyrolysate 0PAC) samples,  the porosi ty  
being 0.32 to 0.54. T h e  most  f requent  pore  widths calculated according to  the  different 
theories a re  in the range  o f  1.0 to  2.0 n m  for  all samples;  some o f  the samples show two 
max ima  o f  the mos t  f requent  pore  widths  within thi~ range.  

The  results at  the surface a rea  measurements  are  compared  ~qth the  measure-  
merits o f  electrocatalyt ic  activity o f  oxygen reduct ion in Table  2. A r r a n ~ n g  the 
substances in the o rde r  o f  increasing electrocatalytic activity, measured  by the 
electrode potent ia l  at  a cons tant  cur ren t  density o f  20 m A  a n - 2  the P A C  species o f  
lower activity seem to possess the lower  BET surface area,  i.e., in the  range between 
400 a n d  500 m 2 g - ' .  The  P A C  samples o f  rc la t ivdy  high electrocatalyt ic  activity 
(potential  Values exceeding 500 mV at  20 m A  c m - - ' )  show the higher  BET surface 
a r e a  o f  8 0 0  t o  9 0 0  m z g -  1. N e v e r t h e l e s s .  a f n ~ o r  o f  t w o  b e t w e e n  t h e s e  s u r f a c e  a r e a  

values (4001500 and  800[900 m z g - t )  does  n o t  sufficiently expla in  the  increase in 
cur rent  densities by more  than  a factor  o f  100 a t  cons tant  potential .  A h igh  specific 
su r face  a rea  seems to  be a necessary bu t  no t  a suf i ident  cond i t ion- to  reach high 
electrocatalyt ic  activity o f  the porous  three-phase oxygen electrode: Al though  the  
mos t  act ive pyrolysates  show the  h ighes t  siJecifiC :surfa~re ~ area,  no  clear  physic.0- 
chemical  cor re la t ion  between these tWO q ,  l a n t i t i e s  h a s  b e e n  d e r i v e d .  

Since the  microporos i ty  is nea r ly  the  same i n  different samples (Table  I}, the 
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t r a n s p o r t  p rocesses  migh t  a l so  b e  s imi la r  in b o t h  ac t ive  a n d  inac t ive  P A C  samples .  
T h e  reac t ion  ra[e  o f  the  m o l e c u l a r  e l ec t roca ta ly t i c  r educ t i on  p roce s s  a n d  the  ex i s tence  

o f  " ac t i ve  s i tes"  s h o u l d  b e  the  r e a s o n  fo r  the  d i f ferent  act ivi t ies .  S o m e  specu la t ive  
m o d e l s  o f  the  e lec t roca ta ly t i c  o x y g e n  r e d u c t i o n  a re  desc r ibed  in  t he  l i t e ra ture  (e.g.,  
refs. 8 a n d  9).  I t  is sugges ted  tha t  a d j a c e n t  c a r b o n  a t o m s  w i th  special  s u b s t i t u e n t s  

( e . ~ ,  q u i n o n e  s t ruc tu re )  m a y  b e  su i t ab le  t o  b i n d  oxygen .  A f t e r  t he  c h e m i s o r p t i o n  a n d  
the  consecu t ive  e l ec t ron  t ransfer ,  t he  r educed  ( a n d  negat ive ly  c h a r g e d  o r  p r o t o n a t e d )  

o x y g e n  molecu le  s h o u l d  b e  ab le  to  leave  the  c h e m i s o r p t i o n  site.  Di f fe ren t  r eac t ion  
p a t h w a y s  inc luding  h y d r o g e n  peroxide a n d  w a t e r  as  r educ t i on  p r o d u c t s  will b e  

cons ide red  sepa ra t e ly  ~°. 

S u m m a r i s i n g  the  P A C  results ,  i t  is p o i n t e d  o u t  t ha t  
(i) ac t ive  P A C  ca ta lys t s  were  o b t a i n e d ;  
(ii) the  high su r f ace  a r e a  a n d  the  p o r e  sizes r e p o r t e d  in the  f o r e g o i n g  axe 

n~¢~ssary fo r  a catalytic s t ruc tu re ;  
(iii) special  ac t ive  si tes a re  a s s u m e d .  

ACKNO~IEDGI~fENTS 

T h e  mater ia l s  were  p r e p a r e d  b y  H .  G .  S c h o m a n n ;  the  e l ec t rochemica l  m e a s u r e -  

m e n t s  were  m a d e  b y  Mrs .  W .  R6ss le r ;  m e a s u r e m e n t s  us ing  the  D u P o n t  a p p a r a t u s  
we re  ca r r i ed  o u t  b y  W.  Farn ik .  W e  a p p r e c i a t e  the i r  carefu l  w o r k .  W e  gra te fu l ly  
a c k n o w l e d g e  va luab le  d i scuss ions  wi th  Dr .  -Sandstede. T h a n k s  a r e  d u e  to  the  G e r m a n  

t ; undesmin i s t e r ium t'fir F o r s c h u n g  u n d  T e c h n o l o ~ e  fo r  hav ing  s u p p o r t e d  this  w o r k .  

R l e . J e ~ q ~ .  P.~ 

I H .  Bcht-ct, H. Binder and G. Sands~e~_ = in M. BreWer (¢d.), EIectrocatnlyMx, The F_Jectrochenfcal 
SocieD,, ~ o n ,  i/J,  1974, PP- 319-338. 

2 K.-H. Bergert and D. Pruggmayer, M~glichkeiten der instrumentellen Analy~ik, T ~  
zur T~,/'~rtec/uffk. Vol. 2; G-I-T V e d ~  Darmstadt, 19"/3_ 

3 H. Binder, A. K0hling, K. Metzelthin, G. Sandstede and M. -L  Schxecker, Clurm.-Ing.-Tez~, 
40 (1968) 586. 

4 H. FL~-,er, E. Roberts, G. S a n c L ~ .  R. Sieglen and G. Walter, in T. Gast and F__ Roberts 
(Eds.). Progress in Vacumn M/o'ob,,1,,nce Te~knk/uex, VoL 1, Heyden, London. !972. 

5 E- Robcns and G .  Waller, Thernm~/m. A~n, 9 (1974) 23. 
6 EL Behret, EL E~nder and G. S a n ~  ElectrocMm. Acra, 20 (I975) 111. 
7 M- th~Ln~er, R.  Sh. Mikhail and E. Roben~ in C. Eyraud and M. ~F.f~ubes (Eds.),/Vogress 

in Vacuum Microbalance Tectu~ues. VoL 3, Heyden, London, 1975. 
8 V . A .  GarEen and D. E. W e ~  Rer. Pure AppL Chem.° 7 (1957) 69. 
9 R . E .  p~nTer and P_ J. Elving, £/ectror_h/m. A~a,  20 (1975) 635. 

10 H- B e h r ~  W. Cta~berg and G. Sandstede, in preparation. 
I1 R.  Ge/st, ~ a t / o n ,  He/dclber~ 1968. 
12 B_ P. Bering, E. G. 2akovska~t, B. C. Rac.hmukov and V. V_ ~ Z.  Chem., 9 (19(O) 13. 
13 R . W .  Cranston and F. A. Irddey, Adran. Cata/.o 9 (1957) 143. 
14 B. Neeb and E. Roben~ W"ogen u. ~ e n ,  8 (1977) 26. 
I$ ~.Brunaner, R.Sh.  Mo~tuu~andE.FBodor ,  J.  ColloMinlerfaee Sei., 24 (196-/) 451. : ;  


