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H i g h l y  d ispersed p l a t i n u m  has been p laced on carbon suppor ts  

t h a t  were developed under t h e  E P R I  RP 1200-2 program so t h a t  t hey  

may be used as phosphor ic  a c i d  f u e l  c e l l  e l e c t r o c a t a l y s t s .  These 

c a t a l y s t s  were c h a r a c t e r i z e d  . f o r  . bo th  t h e  p la t i num sur face  areas 

and c r y s t a l l i t e  s i zes .  For  a g iven  carbon impregnat ion technique 

w i t h  t h e  nob le  -metal: s a l t ,  a  d e f i n i t e  c o r r e l a t i o n  between t h e  

-:,.. . s p e c i f i c  sur face  area  o f  t h e  d e r i v e d  p la t i num c r y s t a l l i t e s  t o  t h e  - 
. - . 

BET su r face  area o f  t h e  carbon suppor t  was found. 
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I .  Objective and Scope of Work 

The overall objective of t h i s  e lectrocatalysis  program i s  to  define the 

feasi  bi 1 i  ty  of lowering the el ectrocatalyst  cost and increasing the ac t iv i ty  

in phosphoric acid fuel c e l l s ,  as a way to  increase the commercial v iab i l i ty  

of fuel c e l l s  f o r  producing e lec t r ica l  power. 

The spec i f ic  objective of the present, task i s  the preparation of a ser ies  

of well characterized electrocatalysts  for  evaluation in phosphoric acid fuel 

ce l l s .  They should be comprised of platinum c r y s t a l l i t e s  supported on carbon 

substrates.  Variations in the type of carbon substrate and the platinum 

c r y s t a l l i t e  s i ze  on the carbon substrate a re  needed. Carbons with well defined 

properties will be selected from materials characterized under the EPRI Carbon 
... . 

substrate Program, RP 1200-2. 
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11. I n t r o d u c t i o n  

Cost i s  a  c r i t i c a l  f a c t o r  i n  t he  a p p l i c a t i o n  o f  phosphoric a c i d  f u e l  c e l l  

systems f o r  producing e l e c t r i c a l  power. I n  t u r n ,  e f f i c i e n c y  o f  t he  e l e c t r o -  

c a t a l y s t s  must be h igh  f o r  f u e l  c e l l  systems t o  become commercial ly v iab le .  

Present  phosphoric a c i d  f u e l  c e l . 1 ~  use p la t i num as t h e  c a t a l y s t  on both.  t h e  

anode and cathode. As a  r e s u l t  o f  cons iderab le  research i n  t he  l a s t  t en  years, 
2 t h e  combined p la t i num load ing  o f  t h e  anode and cathode i s  l e s s  than 1  mg/cm . 

Th is  was accomplished p r i n c i p a l l y  by suppor t ing  p l a t i n u m  on a  h igh  sur face area 

conduct ive  carbon b lack.  This  meant t h a t  t h e  p l a t j n u m  sur face area cou ld  be 

increased f o r  a  g iven p la t i num l o a d i n g  a t  t h e  e lec t rodes.  

It can be reasoned t h a t ,  s ince  t h e r e  a r e  so few atoms i n  smal l  c r y s t a l l i t e s ,  

t h e  m e t a l l u r g i c a l  andi.;hemical p r o p e r t i e s  o f  t h e  b u l k  m a t e r i a l  do n o t  ho ld  when 

very  smal l  p a r t i c l e s  a re  obta ined.  Recently,  i t  has been c la imed t h a t  t h e  

c a t a l y t i c  a c t i v i t y  o f  p la t i num decreases as t h e  su r face  area o f  t he  c a t a 1 y s t : i s  

increased.  Even i f  t h i s  i s  so, s ince  a  decrease i n  Ta fe l  s lope i s  associated 

w i t h  t h e  increased c a t a l y s t  sur face area, smal l  c r y s t a l 1  i t e s  a r e  more e f f i c i e n t  

i n  t h e  c u r r e n t  d e n s i t y  range o f  p r a c t i c a l  i n t e r e s t  (see Appendix A). 

The p repa ra t i on  o f  h i g h  sur face ..area e l e c t r o c a t a l y s t s  i s ,  therefore,  an 

i m p o r t a n t  aspect o f  f u e l  c e l l  technology.  Hi g h l j  d ispersed e l e c t r o c a t a l y t i c ,  

m a t e r i a l s  have been r e c e n t l y  reviewed b y  ~ i n o s h i  t a  and s tonehar t  (1 ) .  They have 

d iscussed d e t a i l s  o f  var ious  c a t a l y s t  p repa ra t i on  techniques. Among these, im- 

p regna t i on  o f  m e t a l ' s a l t  on s u i t a b l e  i n e r t  support  has been w ide l y  accepted as an 

i n d u s t r i a l  process. . . 

" As d iscussed l a t e r ,  t he  process used i n  t h i s  program invo l ves  c o n t r o l  l e d  

impregnat ion o f  t h e  carbon support  w i t h  a  s o l u t i o n  o f  c h l o r o p l a t i n i c  a c i d  -- 
t h e  l e a s t  expensive s a l t  o f  p la t i num -- fo l l owed  by c a r e f u l  heat ing  t o  dryness 

a.nd subsequent gas phase . reduc t ion  t o  p l a t i n u m  metal.. 
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'i I I I. Technical Progress 

a. Carbon Se lec t i on :  Many carbons have been i d e n t i f i e d  and cha rac te r i zed  

under t h e  EPRI  RP 1200-2 program.. From these, e i g h t  carbons were se lec ted  t o  

represent  a  c ross  s e c t i o n  o f  p r e s e n t l y  v i a b l e  e l e c t r o c a t a l y s t  support.  

They are:  Vul can XC-72R as rece ived 

Vul can XC-72R 1200 HT 

1400 HT 

1800 HT 

2500 HT 

Shawi n i  gan Acety l  ene Bl ack as rece ived 

Shawi n i  gan 1200 HT 
. 

Shawinigan 2500 HT 

b. Ca ta l ys t  Prepara t ion :  T y p i c a l l y ,  10 w/o p la t i num supported on carbon 

e l e c t r o c a t a l y s t s  were prepared f rom c h l o r o p l a t i n i c  a c i d  by the  f o l l o w i n g  pro-  

cedure. Carbon b lack  samples (1  - 2  g )  were wet ted by pour ing  t h e  app rop r ia te  \I 
amount o f  aqueous s o l u t i o n  o f  H2PtC16 (10 mg Pt/ml o f  s o l u t i o n )  onto the  powder. 

A f t e r  a  b r i e f  u l t r a s o n i c  a g i t a t i o n  the  s o l u t i o n  was complete ly  impregnated i n t o  

the  porous carbon b lack  and no f r e e  so l .u t i on  observed. The m ix tu re  was a i r  d r i e d  

i n  an oven a t  about 60°C. Th is  d r i e d  ca ta l .ys t  was ground i n  a  mor ta r  and.:pl.aced i n  .. . 

a  tube furnace. A f t e r  pu rg ing  w i t h  he l ium f o r  about 2  hours, pure hydrogen was . . 

i n t roduced and the  temperature increased r a p i d l y  t o  2 0 0 ~ ~ .  The hydrogen r e d u c t i o n  

was c a r r i e d  o u t  f o r  1  hour. The reduced o r  l tac t iva ted l '  c a t a l y s t  was then cooled 

t o  room temperature i n  pure hel ium. 

c. c a t a l y s t  Charac te r i za t i on :  CO Chemisorption: A s l u g  f l o w  CO chemisorpt ion 

method ( 2 )  was used . t o  determine t h e  s p e c i f i c  p la t i num sur face area o f  t he  supported 

e l e c t r o c a t a l y s t s  prepared i n  t h i s  program. A stream o f  he l ium was passed over  

t he  reduced o r  " a c t i v a t e d "  c a t a l y s t  sample and a  known amount o f  CO i n j e c t e d  i n t o  

the  he l ium stream. The amount o f  CO n o t  adsorbed and t h e r e f o r e  r:maining i n  t h e  

he1 ium stream was measured by a  thermal ' c o n d u c t i v i t y  b r idge '  de tec to r .  The amount 

o f  CO adsorbed on t h e  ~t sur face was obtained' by d i f f e r e n c e .  The amount o f  CO 

adsorbed per  g r a m o f  c a t a l y s t  i s  a  measure o f  metal d i s p e r s i o n  and i s  d i r e c t l y  

ccnver ted t o  s p e c i f i c  su r face  area o f  p la t i num c r y s t a l l i t e s .  The r e s u l t s  a re  

presented i n  Table I. 
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Table I. 

PropeFt ies o f  se lec ted  carbons and e l  ect rbcata1:ysts  i: - 

Heat Treatment 
Carbon temperature OC 

Vulcan XC-72R None 

'Vc l  can XC-72R 1200 

Vul can XC-72R 1400 

Vul can XC-72R 1800 

Vul can XC-72R 2500 

Shawinigan AC Bl  k.  None 

Shacltini gan AC B l  k.  ,1200  

Shawinigan AC Bl  k. 2500 

BET su r  ace 1 area. m /g ,  

254 ' 

Carbon we igh t  l o s s  % 
a t  100 m i n , . ; l . 0 ~ , ' 2 1 0 ~ ~  

P la t i num c r y s t .  
2  su r f ace  area. rn /g. 

153 

154 

107 

8 1 

62 



Transmi ss ion  E l e c t r o n  Microscopy : To s u b s t a n t i a t e  the  s,urface area measure- 

/ ments and t o  i d e n t i f y  t he  PZ-C s i t e s  h i g h  . r e s o l u t i o n  t ransmiss ion e l e c t r o n  micro-  

scopy o f ' c a t a l y z e d  Vulcan XC-72R as rece i ved  and Vulcan XC-72R 2500.HT -- two 

carbon sur face extremes o f  t h i s  carbon b lack  .were examined. Typ ica l  e l e c t r o n  

micrographs o f  10 w/o P t  on Vulcan XC-72R as rece ived and 10 w/o P t  on g r a p h i t i z e d  

Vulcan XC-72R a re  shown i n  F igures  1  and 2. Mean p a r t i c l e  s izes  o f  p la t i num 

c r y s t a l l i t e s  were measured. Assuming a  spher i ca l  geometry, t he  f o l l o w i n g  equat ion  
2  i s  used t o  c a l c u l a t e  t h e  s p e c i f i c  su r face  area S i n  m / g  of p lat inum: 

0 
where d  i s  t he  mean p a r t i c l e  d iameter  i n  A, and p = 21.4 g/cm3 i s  t he  d e n s i t y  

o f  p lat inum. ... . . I n  a d d i t i o n ,  t o  c o n f i r m  t h e  su r face  area 'measurements by o t h e r  

methods, t h i s  technique revea1.s t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  t h e  s p a t i a l  d i s -  

pers ion ,  and the  morphology o f  t h e  support  'ma te r i a l .  

E lect rochemical  Sur'face Area : Surface area measurements a r e  a1 so be ing  made : 

us ing  an e lec t rochemica l  technique (3, 4 )  i n  50 w/o H3P04 a t  room temperature. 

The e l  e c t r o c a t a l y s t  was formed i n t o  an e l  ec t rode and was repeated ly  cyc led  be- 

tween 0  mv (RHE) and 1500 rnv (RHE) t o  remove adsorbed i m p u r i t i e s .  The e lec t rode  

was then h e l d  a t  400 mv (RHE) f o r  2  minutes. Fo l l ow ing  t h i s  p e r i o d  a  vol tammetr ic  

sweep a t  10 rnv/sec between 0  rnv (RHE) and 14.00 mv was recorded. A t y p i c a l  vo l  t a -  

mmetric sweep r e p r e s e n t i  ng hydrogen adso rp t i on  ( r e d u c t i o n )  and desorp t ion  o r  

removal ( o x i d a t i o n )  i s  shown i n  F igu re  3 f o r  a  T e f l o n  bonded p la t inum b lack  

e l e c t r o d e  s t r u c t u r e .  The p la t i num su r face  areas a r e  c a l c u l a t e d  fi-om t h e  coul  ombi c  

charge requ i red  t o  o x i d i z e  adsorbed hydrogen. 

d. Discussion o f  Resu l ts :  A n a l y t i c a l  da ta  f o r  se lec ted  carbons and e l e c t r o -  

c a t a l y s t s  c o n t a i n i n g  10 w/o p la t i num a r e  presented i n  Table I .  The heat  t r e a t e d  

carbons have improved c o r r o s i o n  r e s i s t a n c e  f rom t h e  p o i n t  o f  v i e w - o f  carbon l o s s  

under ope ra t i ng  f u e l  c e l l  cond i t i ons .  .It should be noted, however, t h a t  t h e  

di 'minished sur face areas o f  t h e  carbons as a  consequence o f  . the heat  t reatments,  

causes .the de r i ved  p la t i num c r y s t a l l i t e  su r face  areas t o  be lower  d u r i n g  t h e  

c a t a l y z a t i o n  process. F igu re  4  shows t h a t  f o r  ou r  c a t a l y z a t i o n  process, t h e  

s p e c i f i c  sur face areas o f  t h e  p la t i num c r y s t a l  1  i t e s  deposi tea' 011 t h e  carbon 

. . ,supports a re  re1  atec! t o  t h e '  BET su r face  areas o f  t h e  carbons.. 'I'he t ransmiss ion  
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Figure 1. Electron Micrograph of 10 w/0 platinum supported on Vulcan XC-72R
Magnification X830,000 (lmm = 12 f)
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ELECTRODE POTENTIAL vs RHE (V) 

~ i b u r e  3 .  Pntentiod narnic current /  o t en t i a l  r o f i l e  f o r  Pt-black in 50 w/o 
~ $ 0 4  a t  $30 C; sweep r a r e  - .010 !/s. 





e lec t ron  micrographs i n  Figure 1 and Figure 2 show t h a t  the plat inum pa r t i c l es  
on t h e  as-received Vulcan XC-72R (BET surface area = 254 m2/g) are much smaller 

than the  plat inum pa r t i c l es  deposited on the  graphi t ized Vulcan XC-72R (BET surface 

area = 62 m2g). 

The f a c t  t h a t  plat inum c r y s t a l l i t e s  deposited on as-received Shawinigan 

acetylene black have much lower surface area than plat inum on as-received Vulcan 

XC-72R ind icates t h a t  the observed e f f e c t  i s  not  due t o  heat treatment, but indeed 

i s  r e l a t e d  t o  the surface areas o f  carbon support. 

Further j u s t i f i c a t i o n  of t h i s  observation i s  found i n  Exxon's work f o r  

EPRI (5). For t h e i r  "Catalyst S in ter ing Studies" they selected carbon supports 

w i t h  l a rge  di f ferences i n  c r ys ta l  s t ruc tu re  (amorphous t o  g raph i t i c )  and surface 

proper t ies  (as measured by v o l a t i l e  contents and pH) f o r  catalyzat ion.  Using 

t h e i r  data f o r  nominally 10 w/o P t  deposited by an impregnation technique, 

Figure 5 i s  a p l o t  o f  plat inum c r y s t a l l i t e  surface area against the  BET surface 

area o f  carbons. Note t h a t  due t o  the overa l l  lower plat inum dispersion and 

h igher  surface areas o f  carbons used by Exxon, the  scale i n  Figure 5 i s  d i f f e r e n t  

from t h a t  used i n  Figure 4. Although there i s  some scatter,  a d e f i n i t e  increase 

o f  p lat inum surface area w i t h  increased surface area o f  carbon support can be 

seen t o  be present. Par t  of the sca t te r  i s  bel ieved t o  be due t o  inadequacy o f  

the  N2 adsorption BET method t o  d i s t i ngu i sh  between t r u e  and avai lab le  surface 

areas f o r  microporous mater ia ls  (6). 

There can be a number o f  reasons f o r  the  0bservedbehavior;the simplest o f  

them being t h a t  there are a constant number o f  ac t i ve  o r  t r ap  s i t e s  f o r  plat inum 

c r y s t a l l i t e s  and t h a t  g raph i t i c  carbons have fewer defect  s i t e s  than tu rbos t ra t i c  

carbon blacks. Carbons w i t h  lower surface area, therefore,  w i l l  have re1 a t i v e l y  

fewer c r y s t a l l i t e s  and defects; hence f o r  a given plat inum loading the plat inum 

c r y s t a l  I i'tes wi l .1  be l a rge r  than those on high surface area carbons. 

E lect rocata lys ts  w i t h  only 1 w/o plat inum were prepared on as-received Vulcan 

XC-72R (BET surface area 254 m2/g) and Vulcan XC-72R 3000 HT (BET surface area 

60 m2/g). As seen i n  the e lect ron micrographs i n  Figures 6 and 7, even f o r  1 w/o 

p l a t ~ n u m  locldi l~y the s izc  of the plat inum c r y s t a l l i t e s  on the  graphi t ized carbon 

black i s  much l a rge r  than t h a t  on the h igh surface area carbon black. As a matter 
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Figure 6. Electron micrograph of 1 w/0 platinum on Vulcan XC-72 R.

Magnification X830,000  (lmm = 12 A)
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o f  f a c t ,  f o r  a  g iven carbon support  t h e  p la t i num c r y s t a l l i t e  s i z e  i s  about t h e  

same f o r  10 w/o P t  and 1  w/o P t  l oad ing .  C l e a r l y ,  the  simple hypothesis  presented 

above does no t  h o l d  and o t h e r  r e l a t e d  f a c t o r s  such as w e t t a b i l i t y  and micro-  

p o r o s i t y  o f  t he  support m a t e r i a l  w i l l  i n f l u e n c e  the  c a t a l y z a t i o n .  

. .. . It should be noted t h a t  w i t h  100% d ispe rs ion  o f  t he  p la t i num (every p la t i num 

atom being used), t he  p l a t i n u m  c r y s t a l l i t e  sur face area w i l l  approach 250 m21g. 
C lea r l y ,  t he re  i s  cons iderab le  scope o f  c a t a l y s t  d i spe rs ion  improvement. Improved 

c a t a l y z a t i o n  techniques w i l l  i nc rease t h e  p la t i num metal u t i l i z a t i o n  and i n  t u r n  

reduce the  cost ,  p rov ided t h a t  t h e  e l e c t r o c a t a l y s t s  can be formed i n t o  h igh  u t i l  i za -  
t i o n  ,e' lectrode s t ruc tu res .  
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Recently, i t  was reported [I] t ha t  t he  t r ue  o r  spec i f i c  a c t i v i t y  of P t  
approximately doubled and the  Tafel slope increased from 90 mv/decade t o  

2 110 mv'/decade as  t he  surface  area of P t  was decreased from 80 t o  10 m /g. 

I t  was concluded t h a t  this i s  of importance f o r  fuel  c e l l  appl icat ions  s ince  

t h i s  phenomenon reduces t h e  decay.of a c e l l  t o  a value which i s  l e s s  than 
would be predicted from a surface area l o s s  a t  constant  a c t i v i t y .  Unfortunately, 

t h i s  conclusion ignored t he  e f f e c t  of the  increase i n  T.afel slope a t  pract ical  

operating cur ren t  densi ty  and misled Christner and Ross [2J t o  s t a t e  t h a t  no 

net  gain. in performance i s  real ized a s  ~t c r y s t a l l i t e  s i z e  i s  reduced. 

A simple ca lcu la t ion ,  using Equation 1 would show t h a t  l o s s  of 

surface  a rea ,  i n  f a c t ,  causes a pract ical  fuel c e l l  t o  decay more than one 

would expect w i t h  constant  a c t i v i t y  and slope. The po t en t i a l ,  E ,  o f  a -fuel 
2 c e l l  cathode operating a t  a current  density of I ma/cm on a i r  i s  given by 

where bm i s  t he  measured Tafel slope,  and 0.21 i n  the  Nernst term i s  O2 

pa r t i a l  pressure i n  a i r .    he . cur ren t  densi ty ,  i ,  on O2 a t  900 mv i s  given by 

. . 
i = Ao S'g W 

P t  
(2  

where, as  defined i n  ( 1 )  Ao i s  the  a c t i v i t y  per u n i t  surface area of P t ,  Sg 

i s  t he  surface area  per u n i t  pass of P t  and W i s  t he  mass of P t  per un i t  
p t  

geometric area of the  e lect rode.  

F O ~  a typical  0.5 mg/cm2 platinum loaded cathode, the  r e s u l t s  of such 

ca lcu la t ions  f o r  t h e .  two cases a r e  compared i n  Figure 1A. Curves A and B 

represent ac t iva t ion  control led performance curve f o r  reduction of pure oxygen 

and of oxygen in  a i r ,  respective1y;for a c a t a l y s t  w i t h  80 mZ/gm i n i t i a l  
m 

platinum surface a r ea ,  40 p~/cm[ a c t i v i t y ,  and -90 mv/decade Tafel slope.  The 

curve C represents  performance of a cathode operating on a i r  when the  platinum 

S T O N E H A R T  A S S O C I A T E S .  INC.  



surface area has reduced t o  10 m2/gm a t  constant ac t iv i ty  and slope. As 
2 2 reported, however, a ca ta lys t  with 10 m /gm platinum surface area has 8 0 ~  A/cm 

a c t i v i t y  and -110 mv/decade Tafel slope; curve D i s  an a i r  performance curve 

f o r  such a case. 

Since an ambient pressure, . s ta te  of the a r t ,  practical fuel ce l l  operates 

a t  215-265 rn~/cm~ (Reference 3: Figures 16 and 11 ) , the phenomena observed in 

Ref. 1 . clear ly increase the decay of a c e l l .  Any reduction in average oxygen 

p a r t i a l  pressure due to  oxygen u t i l i za t ion  a t  the cathode would increase the 

magnitude of the'Nernst term in Equation 1 and make the s i tuat ion worse. 

Furthermore, only, the electrochemically act ive surface area of the platinum 

-- t h a t  includes dry, act ive and any dissolved platinum -- i s  taken into account, 

and hence any relationship between surface area and c r y s t a l l i t e  s i ze  becomes 

dubious. 

Bregoli 's work, qui te  the contrary to  his conclusion, emphasizes the.need 

fo r  continuing e f fo r t s  to  reduce o r  to  stop recrys ta l l iza t ion  (surface area los s )  

of platinum catalyst .  
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CURRENT DENS ITY (MA/cMZ) 
2 Figure 1 A .  Comparison20f cathode p o t e p t i a l s  a t  177O C in 99 w/o H PO4 f o r  0.5 mg Pt/cm loading.  

A: 80 m2/g P t .  40 $/cm2, -90 mvldecade, on 1 a t ? .  8 . 
B: 80 m2/9 P t .  4 0  M/cm2. -90 mV/decade, on 1 atm. a f r .  
C :  10 m2/g P t ,  40 M/cm2, -90 mV/decade, on 1 atm. a i r .  
D: .10 m /g P t ,  80 M/cm , -110 mV/decade,.on 1 atm. a i r .  
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