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ALCOYOL A I R  FVEL CELLS - DEVSLOPb'IENT AND APPLICATION 
Pi. Vielstich 

Institiit f u r  Phvsikz: ische Chemie der Universitgt Bonn 

INTRODUCTION 

Taitelbaum ( 1 )  in 1910 was the first to convert the chemical 
energy of liquid fuels (e.g. petroleum, stearic acid and 
starch) in a galvanic cell into electricity. But the use of 
fuels like alcohols or aldehydes was proposed many years la- 
ter by Xordesch and Marko (2) and by Justi et a1 (3). 

Kordesch and !.lark0 studied the system formaldehyde/air. The 
cell with the alkaline o r  acid electrolyte contains an oxy- 
gen diffusion electrode and a porous fuel electrode. The 
fuel o r  fue1,'electrolyte mixture penetrates the fuel electro- 
de  from the back.  In this manner an enlargement of the two 
phase boundary is obtained. Idoreover, under proper operating 
conditions the fuel concentration is relatively small in the 
vicinity of the oxygen electrode, even if no diaphragm is 
use'. T!iis is pslrticularly important if the oxygen electrode 
contains a aetal which catalyses the fuel reaction. 

In an other metho? of-construction the alcohol i s  dissolved 
in the electrolyte and both electrodes dip into the fuel- 
electrolyte mixture ( ? , a ) .  
The use  of liquid fuels in general obviates the need for a 
three-phase boundary, and thus facilitates the construction 
of the fuel electrode. An additional advantage is that the 
fuel can be brought to the catalytic electrode in high con- 
centration. Thus, if the reaction is fast enough, high 
current densities can be obtained (up to 1 A/crn2 at room 
temperature). Such battery systems can be used conveniently 
for maintenance-free, continuous operation if air at ambient 
temperature and pressure is supplied to the oxygen electrode. 
Some examples of this type of fuel cell are discussed in the 
following. 
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NETIWBOL A I R  CELL FOR OPEIiATION AT LOW CUS3ENT D E N S I T I E S  

General Remarks 

\ In recent experiments ( 5 , 6 )  it has been shown, that the anodic 
oxidation of methanol proceeds via formaldehyde, and formate 
or formic acid respectivly. On open circuit at platinum metal 
electrodes one observes a hydrogenation/dehydrogenation- 
equilibrium ( 7 ) ,  while under load also methanol is not electro- 
chemically active itself. At potentials p c  + 400 mV versus 
the H2 potential in the same solution a preliminary dehydro- 
genation takes place. At more positive potentials the fuel 
reacts with the oxygen which has been chemically adsorbed by 
the electrode surface ( 8 , g ) .  Therefore, a suitable combination 
of catalyst, electrolyte and temperature has to be arranged to 
obtain the required current density in the desired potential 
range over the total oxidation up to C o 2  or COj 
In this connection two problems have to be solved when using 
an alkaline solution, which is the most suitable electrolyte 
for practical cells. 

-- respectively. 

B 

(i) An appreciable enrichment of formate has to be avoided: 
the use of mixed platinum and palladium catalysts is 
one possible solution ( I O )  

(ii) ,The electrode polarization increases with the concen- 
tration of CO -ions at current densities j > 5 - 10 

mA/cm2 at 20 - 50°C (11) .  To obtain a flat voltage/ 
time curve over the i;otal capacity of 6 electrons per 
molecule (i.e. CH30H + 8 OH-- COj 

exceeded, 

-- 
3 

-- + 6 H 2 0  + 6 e-), 
\ the critical current density should not therefore be 
I 1  

1 
I 

Experimental Results with Laboratory Cells 
\ 
\\ For the investigation in the laboratory glass vessels con- 

taining 1 liter of electrolyte/fuel mixture ( I O  N KOH and 
4.5 I L  methanol) were used. KOH is used because cells with 
Ma03 have higher polarizations, particularly on the oxygen 
side. The KOH concentration is chosen in such a manner that 
even after conplete reaction of the fuel the OH--concentration 
w i l l  be 1 - 2 molar. 
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Platinum on a porous carrier was found to be a better catalyst 
than Raney-nickel. Up to now 2 - 5 mg Pt/cm have been used, 
At this fuel electrode the oxidation potentials for methanol 
and formate up t o  current densities of 5 mA/cm* are about the 

methanol as fuel is very low. This reaults in a flat voltage- 
time curve (see Fig. 1 ), 

Since, for the intended application (see below), only a few 
mA/cm are needed, porous carbon without metallic additions 
is used on the oxygen side. Plate-like or cylindrical electro- 
chemically active carbon electrodes (surface area: 250 cm ) 
a r e  made hydrophobic with polyethylene dissolved in benzene to 
such a degree that the methanol/electrolyte mixture will not 
penetrate through the electrode even after 10.000 hours (the 
thickness o f  the electrode plates is 5 - 10 mm).  

The EMF of this methanol/air cell is about 0.9 volt; at a 
current drain of 0.5 amp the terminal voltage is 0.75 - 0.6 
volt. For short periods of time 2 amps can be withdrawn at 
0.6 - 0.5 volt. The long term experiments are performed ta- 
king into consideration that the end use will be periodic 
loads (2 seconds at 0.5 amp and 4 seconds O.C.). The perio- 
dic current interruption not only makes the diffusion of air 
easier but it also increases the life time andpreserves the I 

activity of the fuel electrode. 

2 

same, So the formate content of the electrolyte when using /. 

2 

2 

Typical discharge curves are shown in Fig. 1. The difference 
between theoretical and experimental current yields can be 
explained on the basis of analysis of the electrolyte by eva- 
poration of methanol through the porous carbon. The analysis 
also shows that the diffusioi of C02 from the air through the 
carbon can be neglected. 

The influence of temperature on the oxidation rate at constant 
electrode potential is very pronounced. Current density-poten- 
tial plots obtained after operation for one day at 10 mA/m 
are given in Fig. 2. 

1 
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D i s c u s s i o n  

The s p e c i a l  f e a t u r e  o f  a m e t h a n o l / a i r  c e l l  as d e s c r i b e d  above 
i s  a h igh  Ah-capacity p e r  u n i t  volume o r  p e r  u n i t  weight :  
5.000 A h / l i t r e  me thano l ,  up t o  1.000 Ah/l f u e l - e l e c t r o l y t e  
m i x t u r e ,  o r  abou t  3 kg/kWh f o r  a n  o p e r a t i n g  time 6.000 hours .  

The e x p e r i m e n t a l  r e s u l t s  r e v e a l ,  however,  t h e  f o l l o w i n g  d i s -  
advan tages  : 

( i )  The c u r r e n t  d e n s i t i e s  a t  t h e  f u e l  e l e c t r o d e  a t  ambient 
t e n o e r a t i i r e s  a r e  r e l a t i v e l y  low,  i f  small amounts o f  
n o b l e  m e t a l  c a t a l y s t s  a r e  used. 

The v a p w p r e s s u r e  i s  unfavcumble f o r  modera te  tempera- 
t u r e  a p p l i c a t i o n s .  

( i i )  

( i i i )  Y i th  d e c r e a s i n g  t e n p e r a t u r e  t h e  power o u t p u t  o f  t h e  c e l l  
d rops  c o n s i d e r a b l y .  

FCWIC A C I D  AYD FORirATE A S  FUEL 

Anodic o x i d a t i o n  o f  fo rmic  a c i d ,  n a t u r e  o f  t h e  i n t e r m e d i a t e  
p r o d u c t  

In . , a . c id  e l e c t r o l y t e s  rne,thanol and formaldehyde  z r e  l e s s  r eac -  
t i v e  t h a n  f o r m i c  a c i d  (9,12,13).  The o x i d a t i o n  rate a t  2oten-  
t i e l s  y< 0.5 v o l t  ( v s .  SHZ) i s  de te rmined  by t h e  p o i s o n i n g  
e f f e c t  of a n  i n t e r m e d i a t e  p r o d u c t .  The p a r t i c l e s  adsorbed  a t  
a F t - e l e c t r o d e  a r e  p r o b a b l y  forr?.a.te r a d i c a l s  E n d - c e r t a i n l y  n o t  
car’bon monoxide o r  o x a l i c  a c i d  ( 1 4 ) .  A p o t e n t i o s t a t i c  p o t e n t i a l  
s c a n  i s  e s p e c i a l l y  s u i t e d . t o  g i v e  2 q u a l i t a t i v e  v iew o f  t h e  
r e a c t i o n  n e c % a c i s n .  Pi:;. 3 shows t h r e e  c u r r e n t  Gca.1:s d u r i n g  t h e  
a.noc?ic scan .  .‘?he f i r s t  iaxirn1.m i s  ?.ue .to t h e  r e a c t i o n  s t e p ’  ( 1 4 )  

I n  t l ie  r e g i o n  o f  t h e  second c.nd t h i r d  ?eaks  t h e  r u e 1  r e a c t s  
..:-ith checisorbec! oxygen as d e s c r i b e d  above f o r  tlie n e t h a n o l  
o x i d a t i o n .  The adso rbed  i n t e r n l e d l a t e  t o o  i s  o x i d i z e d  i n  t h i s  
n o t e ~ i t i a l  renge .  P ig .  4. c l e a . r l y  de rzons t r a t e s  tkie p o i s o n i n g  
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effect of the adsorbed product on a smooth platinum electrode I 
k 

at 0.5 volt. I 
I S  

'! Application of a mixed Pt/Ru-catalyst i 
$ <  t Recently Frumkin (15) has discovered that the use of a mixed 

platinum ruthenium catalyst diminishes the poisoning effect. 
This has been confirmed by the following experiment. An active 
carbon electrode (geom. surf. 24 cm , 12 m g  Pt-metal/cm ) was 
prepared (a) with 3 $ Pt (b) with 3 $ Pt/Ru (9:l) ratio by 
weight. The current densities observed at the two electrodes 
at 0.5 volt were for electrode (a) 2 mA/cm and for electrode 
(b) 10 mA/cm . In a long duration experiment with an HCOOH/ 
air cell (50cm 
using the two types of electrode was about 3.  The current 
yield which is about the same for the two cells is surprisingly 
low, less than 20 $ on a 2 electron/molecule basis. 

Formate ion-oxidation on mixed noble metal catalysts 

r! 
'1 

2 2 

2 

2 
2 elect'rodes, 2OoC) the ratio of power outputs 

In early investigations,of the anodic oxidation of methanol in 
alkaline solution with Raney-nickel (9) or platinum (6,lO) 
electrodes formate ion was usually found as the primary oxi- 
dation product. The further oxidation of the formate ions 
occured at a less favourable potential. Grimes and Spengler 
(lo), however, have observed that the use of mixed platinum 
and palladium catalysts allows the complete oxidation of me- I 

L 
nickel substrate as anode (9 mg Pd/Pt (5:l)/cm ) produced 
twice the power output of a similar methanol cell at the 

1 

1 

I 
thanol to carbonate. A formate ion/oxygen fuel cell with a 

2 

id same temperature. 
i 

$ These results demonstrate that the oxidation rate of formate 
ions is very sensitive to the composition and the structure 
of the metal catalyst. Moreover, the electrocatalytic effects 
are different for formate ion and methanol. 8 ,  

Our studies have shown that the formate Oxidation rate on 
platinum and palladium alloys varies over more than two orders 
of magnitude. The formate oxidation has been investigated on 
a series of smooth metal electrodes by use of the potentiosta- 

?. tic scanning method. An example of the current voltage d i a -  

, .  
. .  

. . . . . . . -. - . -- , '  - .  .-... ... . 
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grams obtained in 6 N KOH + 4 M HCOOH is given in Big. 5. 
The height o f  the high anodic current peak (during the anodic 
scan) is taken as measure of the catalytic activity of the 
metal. The activity of the metal surface is controlled by the 
potential range covered and the scanningspeed (100 mV/sec). 
Fig. 6 shows the strong influence of the electrode material 
on the peak current density for 20 and 4OoC. 

The relationship between electroqe material and current den- 
sity obtained offers of course only a first insight into the 
selection of the most suitable catalyst. In battery practice 
one has to deal with porous electrodes and continuous dischar- 
ge Therefore factors other than metal composition are also 
important. 

In preliminary tests of formate ion/air cells about 10 times 
the power output compared with methanol as fuel has been ob- 
served. Continuous discharge at 20 mA/cm2 at 20°C is readily 
0 btained. 

Di's cus si on 

By use of mixed Pt/Ru-anode catalysts the power output of a 
HCOOH/air cell at ambient operating conditions is of the same 
order as that of an alkaline methanol/air cell. The reaction 
product of the formic Bcid cell is C02 and therefore electro- 
lyte renewal is not required. On the other hand one needs for 
both electrodes noble metal catalysts. Another disadvantage 
is the high rate of the current-less decomposition. The in- 
fluence of the current density on the reaction yield has not 
yet been investigated. 

Due to the moderate current densities at ambient temperature 
a n d  pressure the formate ion/air cell with mixed Pt-metal 
catalysts at the fuel electrode offers a new field of appli- 
cations. In contrast to methanol the vapour pressure is low, 
80 that operating temperatures up to 100°C can be used. Com- 
pared t o  methanol, however only 2 electrons per molecule are 
obtainable. 

1 

.. 
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CXP7?II-ZWTS X T 3  GLYCOL AS FUEL 

I n  a c i d  e l e c t r o l y t e s  t h e  anod ic  o x i d a t i o n  o f  g l y c o l  l e a d s  t o  
C02 as end p r o d u c t .  The working p o t e n t i a l  i s ,  however,  l e s s  
f a v o u r a b l e  t h a n  w i t h  fo rmic  a c i d  as f u e l  ( 9 ) .  The o x i d a t i o n  
a t  a l k a l i n e  pH r e s u l t s  i n  t h e  f o r m a t i o n  of  o x a l a t e .  But a t  
moderate  t e m p e r a t u r e s  ( 6 0  - 9 0 ° C )  a s t r o n g  dehydrogenat ion  
t a k e s  p l a c e  

-- 
‘2’4 + Had CH20H-CH20H + 2 OH- 

8 Had + 8 OH- - 8 H20 + 8 e- 

and c u r r e n t  d e n s i t i e s  up t o  600 mA/cm2 c a n  be o b t a i n e d  ( 9 , 1 6 ) .  

Griineberg e t  a1  ( 9 , 1 6 , 1 7 )  have developed a g l y c o l / a i r  c e l l  
ope-2tir.g a t  emlsient t e m p e r a t u r e  and p r e s s u r e .  

T?’e a i r  e l e c t r o d e  was p r e s s e d  from a c t i v a t e d  carbon and poly-  
e t ’?ylene powder (500 kg/cm , 1 6 O o C )  and b u i l t  up i n  two l a y e r s .  
?he l a y e r  an t h e  e l e c t r o l y t e  s i d e  w a s  made on ly  weakly hgdro- 
phobic  and c o n t z i n e d  kg20 as c a t a l y s t .  The e l e c t r o d e  had s u c h  
good n e c h a n i c a l  s t a b i l i t y  t h a t  i t  cou ld  be used as an end p l a t e  
i n  t h e  c e l l .  Between t h e  a i r  e l e c t r o d e s  t h e r e  i s  a f u e l  e l ec -  
t r o d e  o f  t h e  s a n e  s i z e :  c o a r s e  g r a i n e d  Ni-DSK ( 3 )  i s  h e l d  i n  
p l a c e  by n i c k e l  s c r e e n s .  

The open c i r c u i t  p o t e n t i a l  o f  s u c h  a c e l l  ( 6  IT KOH + 2 M g l y c o l )  
i s  about  1.1 v o l t .  A t  a l o a d  o f  3 rnA/cm2 such  a c e l l  w i l l  have 
a p o t e n t i a l  of 0.0 v0l.t a t  room tempera tu re .  F o r  s h o r t  p e r i o d s  
o f  t i n e  c u r r e n t  d e n s i t i e s  up t o  30 mA/cm2 can  be  withdrawn, 

F o r  t h e  i n v e s t i g a t i o n  of h i g h  c u r r e n t  d e n s i t y  g l y c o l / a i r  c e l l s  
we have used as f u e l  e l e c t r o d e s ,  f lame-sprayed Raney-nickel  on 
a n i c k e l  s u b s t r a t e .  E l e c t r o d e s  up t o  a geomet r i c  a r e a  of 
20 x 70 cm have  b e e n  s t u d i e d .  A s  a l r e a d y  s t a t e d  by Boies  and 
Dravnieks  ( 1 8 )  t h e  a c t i v i t y  o f  t h e  e l e c t r o d e  i s  c r i t i c a l l y  de- 
pendent  on  t h e  g r a i n  s i z e ,  and t h e  s u b s t r a t e  must be c a r e f u l l y  
p repa red  
l a y e r .  The i n c r e a s e  of t h e  dehydrogena t ion  ra te  w i t h  tempera- 
t u r e  has a s t r o n g  i n f l u e n c e  on the shape  o f  t h e  c u r r e n t / v o l t a g e -  
c u r v e  ( F i g .  7 ) .  

The f e a t u r e s o f  t h e  g l y c o l  c e l l  o p e r a t i n g  a t  moderate  t empera tu res  

2 

1 

/i 

2 

t o  o b t a i n  good and s t a b l e  c o n t a c t  t o  t h e  c a t a l y t i c  I 

are : 
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noble metal catalysts are not required, high current densities 
1 can be obtained in direct oxidation from an easily handled 
, '  liq~id fuel, and strong gas evolution does not take place. 

The price of the fuel and the necessary renewal of the elec- 
trolyte are the main disadvantages. 

APPLICATIGKS OF I:LCOIIOL AIlI/CTLLS 

,\ General Remarks 

1 ?mbient air cells with methanol or formate ion as fuel are 
particularly suited for a maintenance-free, continuous opera- 
tion at low or aoderate current densities. Therefore they 
could be used to supply signal devices, stationary or mobile 
communication systems, isolated weatherstations etc. Such 
alcohol/air cells can start to compete with dry batteries and 
wet batteries of the system zinc/NaOH/air. 

1, 
I I' 

I '  

I 

i 

The high power glycol cell should be applicable e.g. as an 
emergency unit. In contrast to such a fuel cell the presently 
used Diesel engine has several disadvantages: 
it requires maintenance, unreliability of the rotating parts, 
uncertain starting in an emergency. 

Ecside battery construction cost, fuel cost and availability, 
the amount of  noble metal used for the electrodes is a peculiar 
problem in comilercial fuel cell application. In the alkaline 
methanol and formate cells developed so  far 2 - 5 mg/cm pla- 
tinum 2nd galladiurn are needed. To what extend this amount has 
t&e decreased to nake such cells economic depends very much 
on the special aaplicztion. 

Test of a GO 'fatt methanol/air battery for sea buoys 

On the basis o f  o u r  laboratory investigations described above 
Bro-m, Boveri a. Cie. have built a 6 volt 10 amp battery for a 
flashing buoy. The module contains 10 cylindrical cells 
(Fig. 8). In each cell 18 pairs of electrodes are connected 
in parallel in order to equalize the different performance 
of the individual cells and to prevent the failure of single 
electrodes. Prom the 400 litre fuel/electrolyte-mixture 180 k'?!h 

2 
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can be obtained. By using an electronic device the power 
output of the battery is stabilised ( 3 0  Watt in signal 
operation between 5 and 30°C) against changes of tempera- 
ture and changes in fuel concentration- which occur over 
a two years period of operation (intermittd2 sec load, 
4 sec 0.C. ) .  r 

The battery is presently in field test for serveral months. 
It is felt that the operation cost (methanol and caustic) 
will be cheaper than the present propane-consuming buoys. 

i 

! I 
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Fig. 1 Terminal voltage at periodic loads (2, sec load and 
4 sec O.C.) of a methanol/air cell, operating time 
7 > 72.000 hours with 4 electrolyte charges, tempe- 
rature I O  - 20'~ 
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- 0s - 0,7 - 4 6  
POTENTIAL VERSUS SE.,VOLTS 

Fi -. cI E f f e c t  o f  t e ' n p e r a t u r e  on t h e  per formance  o f  a p l a -  
tlnurn a c t i v a t e d  c a r b o n  e l e c t r o c i e  i n  G N KOH + 2 M 
C X ~ O H  s o l u t i o n ,  P = 1 2  m2, 4,8 ng Pt/cm2; c u r v e s  
t a k e n  a f t e r  1 d a v  o r e r e t i o n  i L t  10 mA/cm 2 

(v 

€ 2  

€ 0  

0 . a 

0 0 6  1 2  
POTENTIAL VERSUS H2 

Fig. 3 T r i a n g u l a r  p o t e n t i a l  s c a n  on smooth P t  i n  1 N H2S04 
+ 1 HCOOH, 50 mV/sec, 2OoC 
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20 40 60 80 
TIME, MIN. 

Fig. 4 Decrease of current with time on smooth Pt in 1 N 
H2S04 + 1 M HCOOH at constant potential 
( 1 )  at 0,5 volt (first current peak in Fig. 3) 
( 2 )  at 0.9 volt (second peak in the anodic scan of 

Fig. 3 )  

IO 

0.5 
N 
E 

E 
2 0  

-0.5 
0 04 08 12 16 

POTENTIAL VERSUS H2 

Fig. 5 Triangular potential scan on smooth Pt/Ir (75:25)- 
alloy in 6 N KOH + 4 M HCOOK, 1-00 mV/sec, 4OoC 
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Fig. 7 

1oL 

E I:/” , I I s 0.1 
Pt R/Ir W/Aq W/Pt W/Rh Pd 

75/25 80120- 81/19 80120 
ELECTRODE 

Peak current density of a triangular potential scan 
a c r o r d i n q  to F i g ,  5 on different smooth metal elec- 
trodes in 6 N ::OH + 4 1; HCOOK 
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os 02 03 
POTENTIAL VERSUS H2 

Current density-potential curves on flame sprayed 
Saney-nickel (grain size 200 p)  in 6 N KOH’+ 2 I\! 
G l y c o l ,  plots taken after 2 day operation at 50 mA/cm 
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P i g ,  8 Three c e l l s  of a 10 c e l l  60 Wat t -me thano l / a i r  b a t t e r y  
w i t h  c y l i n d r i c a l  a i r  d i f f u s i o n  e l e c t r o d e s  f o r  a 
f l a s h i n g  s e a  buoy 
(by  c o u r t e s y , o f  Brown, Bover i  and C i e . ,  Baden/Schweiz) 


