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1. INTRODUCTlON 

At the Spring Meeting of the Electrochemical  Society i n  Indianapolis this year ,  
Just i  and Winsel (1) reported on their  DSK-system (2) and i t s  application to fuel cel l  
technology. Previously, ( in the monograph "High-drain hydrogen-diffusion-electrodes 
operating at ambient temperature  and low pressure")  Just i ,  Pilkuhn, Scheibe, and 
Winsel (3) had described in  detail  the method employed i n  preparing the DSK-hydrogen 
electrode, using nickel as the basic  mater ia l ,  as well as i t s  electro-chemical proper-  
ties. To complete the picture of these fuel cells ,  this paper will deal  with the DSK- 
oxygen-electrode. We t r u s t  that  we may  be allowed to  p re sen t  only a brief descr ipt ion 
of how DSK-electrodes a r e  made, confining ourselves  to the specific propert ies  of the 
oxygen-electrodes. 

2. THE METHOD BY WHICH THE DSK-OXYGEN-ELECTRODE IS PREPARED 

It is character is t ic  of the DSK-electrode that it contains a Raney catalyst  in a n  
electronic conducting supporting matrix.  (4) 
Raney alloy is mixed with the supporting ma t r ix  powder, the result ing mixture  fo rmed  
into an electrode under p r e s s u r e  and then sintered. The non-noble components of the 
Raney alloy (Al, Zn, Si) a r e  then leached out while the Raney metal  is re ta ined i n  the 
pores of the electrode as a highly effective catalyst. Instead of f i r s t  pressing the 
electrode and then sintering it. the hot-pressing technique pe rmi t s  preparat ion in one 
process.  (5) The DSK-oxygen-electrode contains Raney s i lver  as the catalyst. F o r  
many yea r s  i t  has been known that s i lver  posses ses  good propert ies  as an  oxygen- 
c a r r i e r  and as a decomposition catalyst  for  HzOZ. (6,7) 

specific surface area. (8) The Raney s i lver  is formed in  the pores  of a supporting 
ma t r ix  which 1) possesses  good s inter ing propert ies ,  
tivity, and 3) is not attacked by the activating solvent and the fuel cel l  electrolyte at 
the oxygen potential. 
which can be considered. We should l ike to mention that the noble metals ,  including 
silver,  a r e  too expensive to be  used in  g rea t  amounts. However, nickel and nickel 
alloys, which passivate in  alkaline solution, and finally carbon can be employed. At 
f i r s t  we used a silver supporting m a t r i x  and l a t e r  a nickel one. 
which a rose  in  the development of oxygen-electrodes descr ibed h e r e  have been elimin- 
ated largely by K. -H. F r i e s e  (9) i n  our laboratories.  
pa r t  in the Raney alloy. 

2. 1 The Raney Silver-Alloy 

electrodes is i t s  ready malleability. The Raney alloy should therefore  be as br i t t le  as 
possible. In the most often used Raney nickel alloys of the Ni/Al sys t em this condition 
is ideally fulfilled; however, this is not the case  for  the Raney s i lver  alloys in the Ag/ 
Al systems. 
placed under a p res s  flattening into wide sheets  r a the r  than fractur ing occurs. 
placed in  a ball mill thin plates resul t  which a r e  not at all suitable fo r  sintering, 

and also improve the electrochemical propert ies  of the oxygen electrode by adding a 
small  quantity of manganese ( l e s s  than 0. 3 weight percent). Later  i t  turned out that  
this method was inferior when compared with a f h e r m a l  t reatment  of controlled melting. 

B-139 

To make a DSK-electrode, the powered 

These same propert ies  a r e  reinforced i n  the Raney s i lver  owing to its l a r g e r  

2 )  has good electr ical  conduc- 

These conditions reduce considerably the number of substances 

The many difficulties 

They originated for the mos t  

The f i r s t  condition which mus t  be fulfilled by a Raney alloy fo r  use i n  DSK 

The l a t t e r  alloys as normally produced a r e  so thoroughly ducti le that  when 
When 

F r i e se ,  Just i  and Winsel (4) managed to  inc rease  considerably the br i t t leness  
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P ig .  1 - Phase Diagram of the Binary System Ag/Al. 

Fig. 2 - DSK Oxygen e lectrode  with P lex ig las  attachment, 
used for  the present experiments. 
s erves  both a s  gas  i n l e t  and a s  conductive 
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Under a calcium chloride protective melt  65% by weight of s i lver  is melted with 
3570 by weight of aluminum i n  a carbon crucible. As can be  seen  in the Ag/Al phase 
d i ag ram (Fig. 1) a solid mel t  appears  as a crystall ine m a s s  f r o m  the -;and , A A ~  phases 
slightly above the eutectic temperature  of 566OC. (10). Both phases are attacked by 
potassium hydroxide, yielding chiefly the sought-after Raney s i lver  f r o m  the 5 phase. 

than 100°C., a brit t le regulus is obtained which shows s t rong texture formation at  the 
f r ac tu red  surfaces.  
fo r  DSK electrodes by means of this treatment.  

formed into a stable electrode element when mixed with the supporting ma t r ix  powder. 
Our experience has taught us that this condition is not ea s i ly  met. A supporting ma t r ix  

temperature  according to the phake diagram. the liquid K A ~  phase i n  the alloy 65% Ag, 
35% Al is a l ready present. 
supporting matr ix  in KOH solution to yield the non-attackable intermetall ic compound 

therefore  permitting no Raney s i lver  t o  be obtained. 
suitable for oxygen electrodes.  The only possible way to p r e p a r e  DSK electrodes with 
Raney Ag as a catalyst on a supporting nickel ma t r ix  is the hot presging method. (5) 
By the use of the l a t t e r  i t  i s  possible to make use of the increased react ivi ty  of metals  
i n  the plastic flow state. (11) Applying temperatures  between 300 and 500OC. and ' p r e s s u r e s  to one ton/cmZ the individual powder grains  a r e  welded together. As a 

3 consequence of this t reatment  the composition of the grains  in  the inter ior  regions does 
' not change. Potassium hydroxide solution is then able to activate the electrode element 

which remains mechanically stable. 
By means of this hot pressing technique we were able, with Dr. F r i e s e ' s  aid, to 

produce single layer electrodes which yielded cu r ren t  densit i tes over 500 m a / c m 2  

If one can produce a melt  of this composition and quenches it f r o m  800' to l e s s  
>.' 
) 

According to F r i e s e  one can obtin a good malleable Raney alloy 

The second condition which a Raney alloy mus t  f u l f i l l  i s  the capacity to be 

\- made of nickel requires  a sintering temperature  of a t  l ea s t  60OoC. 
' 

, ' 

%( AlNi. 

However, at this 

This liquid phase r eac t s  spontaneously with the nickel 

The resul t  is a v e r y  homogeneous product from.which-no AI can be dissolved, 
The product is therefore not 

a 

I below 100°C. - though a t  the cost  of r a the r  high gas losses.  ( 8 , 9 )  

2.2 Double Layer  Electrodes 
To avoid a situation whereby gas bubbles escape through l a rge  po res  into the 

'),electrolyte without reacting we have prepared, as did Bacon (12) electro'des consisting 
of two layers.  (13) The fine-pore protective l aye r  is made f r o m  carbonyl nickel alone, 
or with the addition of a fine-grained Raney alloy which yields Raney s i lver  upon activa- 

The large-pore operating l aye r  is produced l ikewise f r o m  carbonyl nickel and 
:z:ey alloy powder. The porosity is influenced both by the particle s ize  of the alloy 
and through the addition of KC1 powder as filler. 
dissolved. (14) 

conducting layer  to inc rease  the mechanical rigidity. 
s i lver  but consis ts  of porous nickel. 

All of the following electrochemical  propert ies  of ou r  DSK oxygen electrodes a r e  
i the resul ts  of experiments on multi layered electrodes which permitted no gas  bubbles to 

~ 

After hot pressing the f i l ler  is eas i ly  

In  many cases  electrodes were prepared in our  laboratory with an additional gas 7 ,  

This third layer  contains no 

'escape unreacted into the electrolyte. 

t 
3. THE ELECTROCHEMICAL PROPERTIES O F  AG-DSK-ELECTRODES 

USED FOR THE CATHODIC REDUCTION O F  OXYGEN 
\ 

, 3. 1 The Experimental  Procedure 
Disk shaped electrodes about 2 m m  thick and 40 m m  in  diameter  were p r e s s e d  

into plexiglass,  the bo rde r s  made gastight, leaving a 10 c m z  surface a r e a  to yield 
current ,  s e e  Fig. 2. Nickel foil was employed-chiefly as the counter electrode on 
which oxygen was envolved. 
calomel electrode employed as reference electrode. 
electrode was fitted with a Luggin capillary for use a s  a potential measuring device 
and placed directly on the surface of the oxygen electrode. 
ance polarization is  fo r  the most p a r t  excluded, except for  that which unavoidably 
originates within the pores.  (3,15) 
res is tance (Knick-Berlin) was used to measu re  the potential while a mil l iampere me te r  
of the 0.2 c l a s s  recorded the current ,  

The polarization was measu red  with the aid of a saturated 
jq In addition the siphon of the 

In  this manner  the r e s i s t -  

' A D. C. voltage amplifier with a high threshold 

' 
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Fig. 3.  Comparison between the performances or two electrodes,  the 
upper having an a c t i v e .  the lower an inactive protec t im 
layer .  Electrolyte:  5.4 n KOH; temperature: 31°c; PN st",. 

G i 
Operating Layer Thickness 
Fig. 4. Voltage of DSK oxygen double layer electrodes v8 .  thickness 

of operating layer .  Parameter: operating current d e n s i t l e s .  

Electrolyte:  5 n KUH; temperature: 30OC; P-3.0 stm. 
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3. 2 

was investigated i n  two s e r i e s  of measurements .  
where the si lver,  a s  the active a s  well  as mos t  expensive electrode component, could 
be most suitably placed. 

The Influence of the Protective and Operating Laye r s  
The significance of the individual l aye r s  during the cathodic reduction of oxygen 

In this manner we hoped to determine 

- j  3.21 The Protective Layer  
I The significance of the protective layer  during the polarization of an electrode 

i s  completely clear  when i t  is l imited to the voltage drop which occurs  i n  the electrolyte 
located within the pores.  However, it is not c l ea r  whether the protective layer  i tself  
also participates direct ly  in  the cathodic oxygen reaction. The l a t t e r  might be  expected 
if, o r  example. the diffusion of oxygen molecules into the electrolyte-fi l led protective 
layer  was of a comparable o rde r  of magnitude to the cu r ren t  yielding ability of the 

It might a l so  have been the case if, within the scope of the Ber l  reaction, 
(16) hydrogen peroxide were fo rmed  which then diffused into the protective l aye r  where 
i t  could be electrochemically reacted. 

once with and once without Raney s i lver  i n  the protective layer. 
par ison is shown, 
without Raney s i lver  i n  the protective layer  differ only b y  a few hundredths of a volt. 
This difference can probably be ascr ibed to the somewhat increased broadening 
resis tance in  the inactive protective l aye r  which is due to a l e s s e r  porosity. 
case,  however, is there  a character is t ic  co-functioning of the protective s i lver  l aye r  
on the oxygen reduction, 

’ ’ 
, . electrodes,  ’ 
\~, These questions a r e  mos t  simply resolved by  employing s imi l a r  electrodes,  

In Fig. 3 the com- 
The cu r ren t  density - polarization curves of e lectrodes with and 

In no 

3.22 The Operating Laye r  
In answer to the question how thick should one make the operating l aye r  of the 

DSK-silver-electrode, we have plotted, i n  Fig. 4, the polarization as a function of 
operating layer  thickness of otherwise s imi l a r  e lectrodes for two different cu r ren t  
densities. Here one s e e s  that approximately 0. 5 mil l imeter  thick l aye r s  yield the 
largest  effects with the sma l l e s t  amount of material .  
not improve the electrode performance; however, thicknesses below 0.5 m m  show a 

electrochemical oxygen reduction penetrates approximately 0. 5 mm. into the working 
layer. 

being l imited due to demands of mechanical rigidity. 
trode with the l a rges t  s i lver  content reveals  the l ea s t  polarization at equal cu r ren t  
densit ies i n  the p re s su re  range of 1 to 4 atmospheres.  

Considering these facts  we have been able to reduce the amount of s i lver  for  
optimal electrodes to 0.05 g / cm2  electrode surface by using a gas conduction l aye r  
with increased mechanical rigidity. This amount i s  insignificant with r e spec t  to the 
p r i ce  of the electrode. 

, 

Increasing l aye r  thickness does 

‘\strong performance deterioration, One m a y  then conclude that the react ion zone of the 

In Figure 5 the s i lver  content of the working l aye r  has  been changed, the l a t t e r  
As would be expected the elec-  

I 

3. 3 
3.31 The Oxygen P r e s s u r e  

oxygen electrode can be seen  in  Fig. 5. 
layer  is p re s sed  free,  the electrode commences to function. 
density the polarization diminishes with increasing pressure.  However, i n  the region 
of approximately 2 to 4 atmospheres  it becomes almost p r e s s u r e  independent. 
fur ther  incFease in  p r e s s u r e  causes  the protective l aye r  to be p re s sed  f r e e  permitt ing 
the gas  to escape unreacted into the electrolyte as fine bubbles. 

The Influence of Operating Conditions 

I, 

i 

The influence of oxygen p res su re  on  the electrochemical propert ies  of the 
At a ce r t a in  p r e s s u r e  at which the operating 

At constant cu r ren t  

A ’ 

3. 32 The Electrolyte Concentration 

alkaline solution, 
whose conductivity maximum l i e s  a t  about s i x  n o r m a .  
density fo r  varying degrees  of polarization is plotted as a function of the concentration 
of potassium hydroxide. 
which is shifted to lower concentrations with increasing polarization. 
minimum of the electrode can be explained as follows: 

On account of its nickel supporting ma t r ix  our DSK electrode functions only in 
It has  been tested at  var ious concentrations of potassium hydroxide 

In Figure 6 the cathodic current  

Between three and four normal  all curves show a maximum 
The resis tance ‘* 

I 

1 
’I 
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During cathodic cur ren t  flow the KOH concentration increases  within the p o r e s  
a s  compared to that in the bulk electrolyte. 
then reached when the alkali in the pores  attains the optimal concentration. 
g rea te r  the polarization i s  this will be the case the lower the concentration is. 

The electrolyte res i s tance  minimum i s  
The 

3.4 The Stability of the Catalyst 
In order  to determine if Raney s i lver  ages with t ime a n  oxygen electrode has 

been exposed to alternating loads since December 1959. 
been placed in an hydrogen-oxygen cell  which operates  during the day a t  50 m a / c m 2  
and overnight at  30 ma/cm2. 
change. (17) 

Since March 23,  1960, i t  has 

During this period (15 months) the electrode did not 

. 3. 5 The Gas Efficiency - ' 
' 
'b 

The cur ren t  yield i s ,  of course,  important in judging the economic efficiency of 
a n  electrode. 
then one can obtain maximally 4 x 96,500 Ampere-secs.  a s  the electr ical  change. 
Deviations from this may be caused by gas  bubbles which have escaped into the e lec t ro-  
lyte electrochemically unreacted, by back diffusion of oxygen molecules into the 
electrolyte, and also by the fact  that the electron yield of the electrochemical e le-  
mentary process  i s  not complete. 
H20 four electrons per  oxygen molecule a r e  liberated. 
only a s  far a s  H202 then only two electrons a r e  re leased.  (16) Between these ideal  

1. cases  many intermediate values a r e  conceivable. 
1 electron yield obtained by the catalytic o r  electrochemical decomposition of the H202 

formed in  the Berl  r e a c t i o n  (18) ' electrodes the cur ren t  flow of the flowing gas s t reams.  The left  diagram in F igure  7 

F o r  example, i f  one admits one mole of oxygen to an oxygen electrode, 

' 
* If the reduction of the oxygen molecule is  c a r r i e d  to 

But i f  the reduction is c a r r i e d  

These occur as a resu l t  of the 

The current  yield of our DSK electrodes was determined by measuring a t  the 

shows the gas flow to the s ta t ionary loaded hydrogen electrode, the r ight  diagram to 
the s ta t ionary loaded hydrogen electrode, the r ight  diagram to the oxygen electrode. 
The drawn-in thick l ines  a r e  calibration curves of the flowmeter which correspond to 
a complete gas utilization. 
temperatures  confirm the almost  100 per  cent e lectrochemical  react ion of the admitted 
gases. (17) 

on, the dashed curve. 
e lectron yield of the single procelss i s  four. 
perhaps the HZOZ formed in  accordance with the Ber l 'mechan i sm occurs  a s  a shor t -  
lived intermediate product. 

The experimental  points determined at  three different 

In the right diagram the s tandard calibration plot for ' the  Ber l  process  is seen 
Apparently.within the scope of our measuring accuracy the t rue 

F r o m  this we should like to conclude that 

4. CONCLUSION 

This repor t  has  been presented as a review of the technology as well a s  the 
capacity of our DSK electrodes. It would not be complete if nothing were said about 
the future development. 
the technology of the protective layers ,  the polarization charac te r i s t ics  of our e lec-  
t rodes may'be improved. Allied with this our efforts a r e  pr imar i ly  concerned with the 
fur ther  technical development o f  hydrogcn-oxygen cells and other f u e l  calls for  carbon 
monoxide (3) and with liquid fuel-electrolyte (19) mixtures. 

We believe that through fur ther  improvements,  especially of 
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Fig. 7- Gas consumption (Faraday efficiency) of DSK double layer electrodes with hydro- 

gen ( l e f t )  and oxygen ( r igh t )  vs. current. The thick l ines  a re  calibrating 
l i n e s  f o r  the flow-metefs, indicating complete electrochemical reaction of the 
gases according to  H2+ I02 = H2O. The dotted l i ne  (r ight)  applies to  the Berl 
react ion H ~ + O ~  = ~ ~ 0 ~ .  

,' 
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