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would appear  that  Eq. [3] or [4] may be used to 
give fair ly precise pressures for given tempera tures  

log PO2 ~--- 6.48773-- 2996.83/T; s.d. ~ 0.02731 [1] 

log pO2 = --  2493.13/T -b 2.02688 log T; 
s.d. ~ 0.03709 [2] 

log pO2 ~ 94.6148 - -  7438.44/T + 0.00991043T 
- - 3 1 . 1 8 5 5  log T; s.d. ~ 0.01281 [3] 

log pO2 ~-~ - -  292.9857 + 5301.69/T - -  0.102885T 
-p 120.944 log T -~ 0.000031697T2; s.d. ~ 0.01278 [4] 

The least squares analyses in this paper  were  carr ied 
out on the National  Bureau  of Standards electronic 
computer,  using the appropr ia te  OMNITAB Program 
(12). 

Conclusions 
A study of the Ag20-Ag-O2 system has been com- 

pleted, over lapping the work  of Benton and Drake, 
and closing the gap which existed be tween the t em-  
pera ture  ranges used by Benton and Drake, and 
Lewis. It  can now be said that  the system has been 
studied f rom 446~ the lowest t empera tu re  used by 
Benton and Drake, to 773~ the highest  t empera tu re  
used by Keyes and Hara. All  data have  been included 
in the present  determinat ion of the thermodynamic  
constants. 
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Studies of Hydrocarbon Fuel Cell Anodes by the Multipulse 
Potentiodynamic Method 

II. Behavior of Methane on Conducting Porous Teflon Electrodes 

L. W. Niedrach 
General Electric Company, Research and Development Center, Schenectady, New York 

ABSTRACT 

Rates of adsorption of methane  on semimicro Teflon-bonded, pla t inum 
black fuel  cell electrodes in the presence  of a perchloric  acid electrolyte  
are about an order of magni tude  lower  than those previously observed with  
ethane. At  65~ the measured rate  of adsorption on a clean surface correlates 
well  wi th  the max imum anodic current  that  can be drawn from the elec-  
trode. The ad- layer  on the surface of the electrode consists of C1 species, 
some of which are  par t ia l ly  oxidized. Similar  C1 species which form upon 
the adsorption of higher  molecular  weight  hydrocarbons appear to play an 
impor tant  role in the over -a l l  anodic oxidation of hydrocarbons.  This im-  
plies that  an efficient catalyst  for hydrocarbon anodes should promote  the 
cracking of higher  molecular  weight  hydrocarbons to form C1 radicals and 
also promote the reaction of these f ragments  wi th  water.  

The behavior  of ethane and related hydrocarbons on 
smooth pla t inum electrodes in the presence of a per -  
chloric acid electrolyte  has been invest igated with  the 
mul t ipulse  potent iodynamic (MPP) method in this 
laboratory (1, 2). Recent ly  the method has been ex-  
tended to porous fuel  cell anodes of more complex 
s t ructure  wi th  which the behavior  of ethane was ex-  
amined in detail;  a few pre l iminary  exper iments  were  
per formed with  methane  and propane (3). For  this 
purpose a minia ture  vers ion of a previously described 
(4) conduct ing-porous-Tef lon fuel  cell electrode (con- 
taining pla t inum black as catalyst) was employed. 

This work  showed that  the behavior  of ethane on 
the Tef lon-bonded electrodes is both mechanis t ical ly  
and kinet ical ly  similar to that  on smooth pla t inum (3). 
It  also indicated that  ethane and propane are similar  
in that  their  ad- layers  on the electrode surface show 
two oxidat ion waves  when a l inear anodic sweep 
(1.a.s.) is applied. The first wave  occurs at potentials 
below which (approximate ly  0.8v) the electrode sur-  
face is itself oxidized. This first wave  general ly  ex-  
hibits a wel l -def ined peak. The second wave  is more 
diffuse and extends all  the way  from approximate ly  

0.8v to oxygen-evolu t ion  potentials. Methane was 
found to differ markedly,  however ,  in that  only one 
wave  could be detected dur ing oxidation of its ad- 
layer. Because this wave  corresponded to that  of the 
more readi ly  oxidized species f rom ethane and pro-  
pane, it was felt  desirable to invest igate  the behavior  
of methane  in greater  detail. 

As in the previous study of ethane, a perchloric acid 
electrolyte  was employed over  a range of t empera -  
tures. Par t icular  at tent ion was given to the rates of 
adsorption and the nature  of the species that  form on 
the surface of the electrode. In addition data were  
again obtained to relate  these propert ies  to the over -a l l  
polarization curve for the fuel  electrode. 

Experimental 
The equipment  and general  procedures utilized in 

these investigations have been described previously 
(3). In brief, the  0.2-cm diameter  Teflon-bonded,  plat-  
inum black electrode was mounted  in a th ree -com-  
par tment ,  Teflon cell. Plat inized pla t inum flags served 
as the hydrogen reference and counter electrodes. The 
former  communicated with  the working anode through 
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Fig. 1. Potential sequences applied to the test electrode 

a Luggin capillary. The cell was operated in an air 
thermosta t  enabling control of the t empera tu re  to 
wi thin  0.1~ 

The 4.3N perchloric acid electrolyte  solution used 
for this work  was prepared  f rom reagent  grade per -  
chloric acid and quartz distil led water .  Electrolyt ic  
grade hydrogen was used in the reference  electrode 
chamber,  and Phil l ips research grade methane  was 
used as the fuel. Tank argon, deoxygenated  by passage 
over  heated copper turnings, was used as the "fuel"  
for obtaining solvent blanks. Tank argon was also used 
for degassing the solution. 

The electronic ins t rumenta t ion  and circuit  have been 
described previously  (5). 

The potent ia l - t ime sequence applied to the anode 
for adsorption studies at constant potent ial  is shown 
in Fig. 1. The rat ionale behind the various steps has 
been discussed in detail  e lsewhere  (1-3, 5). Briefly, 
however ,  steps A through C serve to precondit ion the 
electrode and re tu rn  it to a reproducible  state before 
each equilibration. Fol lowing oxidat ion of impuri t ies  
dur ing step A, the electrode is taken to step B to al low 
the system to become quiescent  while  adsorption of 
fuel  is prevented  by an "adsorbed oxygen"  layer  on 
the electrode. In step C the oxygen layer  is reduced 
at a potent ial  sufficiently low that  fuel  adsorption is 
still  prevented.  Upon shift ing to the potent ial  of step 
D fuel  adsorption occurs for the al lot ted time, TD. 
Anodic sweep E is then applied to de termine  the 
charge requi red  for the oxidation of the fuel  ad- layer .  
The a l te rna t ive  cathodic sweep E'  is used to de te rmine  
the " rea l"  surface area of the electrode f rom the 
charge corresponding to hydrogen deposition. In this 
case, argon is substi tuted for the fuel. 

For  the present  electrode the useful range of sweep 
speed v for oxidation of the ad- layer  was previous ly  
established by adsorbing a fixed amount  of e thane 
(corresponding to TD ~ 600  s e c )  and measur ing the 
charge requi red  for its oxidation over  a range of sweep 
speeds (3). The useful range was found to extend 
f rom approximate ly  0.1 to 0.4 v/sec.  Lower  sweep rates 
resul ted in addit ional  charge f rom the oxidation of 
fuel  that  adsorbed during the sweep. At higher  sweep 
rates the traces tended to lose definition, because of 
the diffuse s tructure of the electrode. A sweep speed 
of v = 0.1 v / sec  was used rout inely  in the present  
work. 

S teady-s ta te  polarization curves such as that  in Fig. 
7 were  obtained in two ways. The first method in-  
volved application of steps (A-D) of Fig. 1 before each 
measurement  of current  at a par t icular  potent ial  U. 
Ten-minu te  equi l ibrat ions were  al lowed on each point 
before the final value of current  was recorded. In the 
second method, steps (A-D)  of Fig. 1 were  applied 
only once, at the lowest value  of U. The potent ial  was 
then changed in increments  and the current  recorded 
for each potent ial  af ter  an apparent  constant  value  
was established. The two methods gave essentially 
identical  results. 

Results 
The general  form of the cur ren t -vo l tage  trace ob- 

tained dur ing oxidation of adsorbed methane  wi th  a 
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Fig. 2. Current-potential (time) traces for methane after different 
adsorption times. 
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Fig. 3. Current-potential (time) traces for methane adsorbed at 
several potentials. 4.3N HCIO4; 65~ V ~ 0.1 v/sec; TD ~ 10 
rain; 1, Ar blank; 2, methane; ME-16. 

l inear anodic sweep is shown for a range of equi l ibra-  
tion times, potentials,  and tempera tures  in Fig. 2-4. 
For each exper imenta l  condition a trace corresponding 
to the background solvent blank is also presented. 
Figure  2 shows a series of traces for adsorbed methane  
at 65~ for various equi l ibrat ion t imes at a potent ia l  
of 0.3v. The effect of the equi l ibrat ion potential  at 65~ 
appears in Fig. 3. Similar  data showing the effect of 
t empera ture  appear  in Fig. 4. In obtaining the data for 
the lat ter  two figures 10-min equil ibrat ions were  used 
throughout.  

It  is clear f rom Fig. 2-4 that  the amount  of methane  
adsorbed is a strong funct ion of the time, potential ,  
and temperature .  However ,  for all conditions of poten-  
tial and tempera tu re  and for equi l ibrat ion t imes as 
long as an hour only the single wave  is obtained dur-  
ing oxidation of the ad-layer .  This wave, l ike wave  
1 for e thane (3), becomes more  prominent  as the tern- 
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min; U = 0.3v; 1, Ar blank; 2, methane; ME-16. 

pera ture  is increased. Because the mater ia l  is so 
readi ly  oxidized it is no longer  seen when  equi l ibra-  
tions are per formed as potentials greater  than 0.5v. 

The magni tude  of the charge, QE1,1 associated with  
the oxidation of the mater ia l  adsorbed after  any time, 
TD, was obtained by integrat ing the area enclosed by 
the solvent  (blank) curve  and the methane  curve. 
This is indicated by the shaded areas in the figures. It  
is to be noted that  hydrogen formed by dissociation 
dur ing the initial adsorption step is not included in 
these measurements .  

Variations in QE1 with t ime at different potentials 
are shown in Fig. 5 for equil ibrat ions per formed at 
65~ The data have  been normal ized to charge per  
unit  of "real"  surface area as de termined  by cathodic 
deposition of hydrogen on the electrode. A conversion 
factor of 0.21 mcou l / cm 2 was used in calculat ing the 
" rea l"  area  (6). 

As in the case of ethane (3) the ra te  of adsorption 
is ini t ia l ly  constant and then follows an empir ical  
Elovich relat ionship over  a modera te  range. Ul t i -  
mate ly  a s teady-s ta te  coverage is achieved when  the 
ra te  of adsorption equil ibrates  wi th  the rate of oxida-  
tion. At 65~ the m a x i m u m  (initial) adsorption ra te  
for  methane  in terms of ~QE1/At is approximate ly  
0.00030 mcou l / s ec / cm 2 of real  area. 

z QE z is u s e d  to  de s igna t e  th i s  cha rge  because  the  ox idat ion  occurs 
i n  t he  s ame  p o t e n t i a l  r e g i o n  as  t h a t  of w a v e  1 fo r  e t h a n e  a n d  p ro-  
pane .  I n  c o n t r a s t  to  e t h a n e  a n d  p ropane ,  h o w e v e r ,  QE 1 : O~tot  :[or 
m e t h a n e ;  he re  Q~tot  is the  charge  required to ox id ize  al l  of the  
adsorbed surface  species  der ived  from the  hydrocarbon  ~uel. 
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Fig. 6. Effect of cathodic hydrogenation on the current-potential 
(time) traces for adsorbed methane and ethane. 4 .3N HCI04; 

initial; --- after hydrogenation; - - - - -  argon blank; TD = 
5 rain. 

Because of the low rate, even at 65~ detailed 
measurements  of this type were  not made at other  
temperatures .  However ,  at 25~ Q~I -~ 0.0088 
mcou l / cm ~ of  reaI area after  a 10-min equil ibration.  
At  this low coverage it is to be expected that  the 
adsorption would still be in the l inear  region. Using 
such an assumption one calculates a rate  of 0.000015 
mcou l / s ec / cm 2 of real  area, or a magni tude  less than 
that  at 65~ This corresponds to an act ivat ion energy 
of about 15 kcal /mole .  For  ethane a similar  t emper -  
a ture  effect was found by direct  measurement  of the 
ini t ial  rates at 25 ~ and 60~ (3). The observed rates 
at the two temperatures ,  which were  0.0010 and 0.010 
mcouI / sec / cm 2 of real  area, respectively,  correspond 
to an act ivation energy of 13 kcal /mole .  

The single wave  for methane  occurs in the same 
potential  range as wave  1 for ethane and propane, as 
wel l  as such par t ia l ly  oxygenated species as CO, 
formic acid and "reduced CO2" (3). I t  therefore  ap-  
pears that  similar  surface species are  involved in 
these cases. To de termine  whe ther  some of the species 
of this wave  for methane  are  removable  by cathodic 
hydrogenat ion and there fore  probably unoxygenated,  
cathodic hydrogenat ions were  per formed after  equil i -  
brations of the electrode wi th  methane  at 0.3 and 0.4v. 
In these experiments ,  sequence A-D of Fig. 1 was 
first followed. After  adsorption for  time, TD, the po- 
tent ial  was again stepped down to 0.06v for  2 to 5 
min before  application of the l inear  anodic sweep. 
Similar  exper iments  were  also per formed  wi th  ethane 
for  comparison. The  results of these exper iments  are 
summarized in Fig. 6 and Table  I. It  is clear that  in 
each case a port ion of the surface species was removed  
by this t reatment .  The amount  removed decreased 
wi th  increasing equi l ibrat ion potential.  In the case of 
e thane  all  of w a v e  2 was r emoved  by the hydrogen-  
ation t reatment .  The present  results  for e thane differ 

Table I. Effect of cathodic hydrogenation on wave 1 (TD = 5 rain; 
THyd = 5 min) 

M e t h a n e  65~ E t h a n e  60~ 
0.3v 0.4v 0.3v 0.4v 

4.0 2.8 10.1 8.0 QE 1 ---- i n i t i a l ;  m c o u l  
Q~z a f t e r  h y d r o g e n -  

a t i o n :  m c o u l  
AQE 1 mcoUl 
P e r  cen t  r e m o v e d  

2.5 2.3 3.8 5.5 
1.5 0.5 6.3 2.5 

38 18 62 31 
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Fig. 7. Polarization and surface charge curves for methane. 4.3N 
HCIO4; T =65~ ME-16. 

f rom those of Gi lman (1) who per formed similar  hy-  
drogenations wi th  the  wire  microelectrode after  equi l i -  
brations at 0.4v. In that case no desorption of wave  1 
species was observed after  hydrogenat ion at 0.06v. 
The diffuse s t ructure  of the Teflon electrode as well  
as small  differences in the catalytic behavior  may ac- 
count for the observed differences. 

One additional point for considerat ion is the re la-  
tionship be tween the adsorption data and the polar i -  
zation curve  for the electrode operat ing on methane.  
Such a polarizat ion curve  obtained at 65~ is shown 
in Fig. 7. The abscissa is expressed in terms of the 
current  density per uni t  of real  and geometr ical  area 
of the electrode. Therefore  the data may  be related 
to the adsorption studies as wel l  as per formance  curves 
for fuel cells. Also shown in the figure is the measured 
surface coverage, QE I a s  determined f rom linear an- 
odic sweep measurements .  The forms of the polar iza-  
tion and surface coverage curves are similar  to those 
previously  reported for ethane (3); however ,  the am-  
plitudes of both are considerably less than for ethane. 

Similar  bell  shaped curves relat ing surface coverage 
to potential  have also been observed by others with 
p la t inum electrodes and a var ie ty  of fuels and electro-  
lytes. For  example  such curves have  been obtained 
electrochemical ly  for ethane (1), e thylene (2) and 
acetylene (2) wi th  a perchloric  acid electrolyte,  for 
methane  (7), e thane (7), propane (7, 8) and butane 
(7) wi th  a phosphoric acid electrolyte,  and for ethane 
wi th  a hydrofluoric acid electrolyte  (7). Radiochem-  
ical t racer  techniques have also given s imilar  results 
for e thylene with a sodium hydroxide  electrolyte  (9) 
and a sulfuric acid electrolyte  (10) and for butane 
with a sulfuric acid electrolyte  (11). 

Discussion 

In considering the results for methane,  it wil l  be 
most useful  to re la te  them to the previous observations 
wi th  other fuels. As a l ready noted, a most significant 
difference lies in the fact that  but  a single oxidation 
wave  is obtained for the ad- layer  f rom methane  in 
contrast  to the two waves from the ethane and pro-  
pane. Gilman, af ter  studies of e thane (1), e thylene  
(2), and acetylene (2) has concluded that  wave  2 
f rom ethane is associated with the oxidation of pa r -  
t ially dehydrogenated  C2 species on the electrode sur-  
face. It  is reasonable to conclude that  similar  mul t ip le  
carbon species are associated with  the second wave  
f rom propane and that a corresponding analogy will  
hold for higher  hydrocarbons.  With these higher  mo-  
lecular weight  mater ia ls  it is l ikely that  a var ie ty  of 

species of different chain length wil l  be present  and 
contr ibute to the second wave.  These would  result  
f rom cracking and polymerizat ion reactions which 
have been demonstrated to occur even at 25~ (12). 

It has also been noted in past work that  C1 species 
are among the cracking products obtained f rom the 
higher  hydrocarbons at 25 ~ (12) and at 65~ (13). 
Fur thermore ,  the cracking of propane on pla t inum in 
the absence of electrolyte  has been observed to form 
methane  and ethane and to have a pronounced tem-  
pera ture  coefficient (14). In v iew of these observations 
and the fact that  only wave  1 is observed with  
methane,  it seems clear that  the more readi ly  oxidized 
surface mater ia l  corresponds to C1 species. Previous 
observations (1, 12) as wel l  as the data in Table I and 
Fig. 6 indicate fur ther  that  these species are par t ia l ly  
oxygenated.  

The adsorption rates and s teady-s ta te  coverages for 
methane  are considerably lower  than those previously 
observed with ethane;  howeve r  the var ia t ion in cover-  
age with potential  parallels  that  for ethane. With re-  
gard to the lower  rate  of adsorption for methane,  this 
may relate  to the somewhat  h igher  dissociation energy 
requi red  to break the first C-H bond t h a n  is requi red  
for ethane, 101-102 kcal vs. 97 kcal, respect ively (15). 
Al ternat ively ,  it may reflect a weaker  physical  adsorp-  
tion prior  to dissociation on the surface to form the 
chemisorbed species. Sufficient detailed data are, how-  
ever,  unavai lable  at the present  t ime to reach a defin- 
i t ive conclusion concerning the reason for the pro-  
nounced differences. 

The shape of the curve re la t ing surface coverage to 
potent ial  reflects the influence of competing reactions. 
At low potentials ( <  0.3v) adsorption is h indered be- 
cause the required dissociation of the adsorbing hy-  
drocarbon is repressed by the presence of atomic hy-  
drogen on the electrode surface. At potentials above 
0.3v the surface coverage again declines in order to 
permit  the rate of adsorption to keep pace with  the 
increasing rate  of oxidation of the ad-layer .  It is pos- 
sible that  the shape of the curve  is fur ther  influenced 
by a potent ia l -dependent ,  compet i t ive  adsorption with  
water  which has been used in the in terpre ta t ion  of the 
effect of potent ial  on the adsorption of e thylene  (10). 

The low adsorption rates for methane  are reflected 
in the low current  densities obtained with  methane  as 
seen in the polarizat ion curve of Fig. 7. The max imum 
current  density, at 0.5v, is about one tenth that  ob- 
tained with ethane. In this connection it is of interest  
to relate the m a x i m u m  current  density to the adsorp-  
tion rates on the clean surface, e.g. the init ial  rates 
at 0.3 and 0.4v. 

To convert  the adsorption rates to equiva len t  cur -  
rent  densities, it must  be recal led that  the former  are  
expressed in terms of the change in surface charge 
with time, AQE~/At. Allowance  must  therefore  be made 
for any oxidation that  occurred dur ing the adsorption 
step itself, e.g., immedia te  oxidat ion of dissociated h y -  
drogen. This may  be done by mul t ip ly ing  AQE1/At by 
the ratio of the charge associated with oxidation of the 
hydrocarbon fuel  molecule  to that  requi red  for oxi-  
dation of the adsorbed species. 

While the precise composition of the ad- layer  has 
not been established for e i ther  methane  or ethane, 
especially after short equil ibrations,  it is possible to 
calculate a range of l imit ing currents  f rom the initial 
adsorption data at 0.3 and 0.4v. In the case of methane,  
depending on whe the r  the ad- layer  is assumed to have 
an average composition approaching that  of methyl  
radicals or that  of a highly oxygenated species, such 
as CO, the observed ra te  of adsorption would  be equ iv-  
alent to a steady state current  density of f rom 0.30 
to 1.2 t ,a/cm 2 of real  area. The observed value  of 0.3 
t~a/cm 2 is in good agreement  in v iew of the evidence 
for a mix ture  of C1 radicals and par t ia l ly  oxygen-  
ated species. 

A similar  calculat ion has been made for ethane (3). 
In this case the calculated m ax im um  current  density 
fel l  in a range f rom 14 to 35 t ,a/cm 2 and the ob- 
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served value  was 2.5 ~a/cm 2 of real  area. For  
comparison, Rhodes (16) obtained adsorption rates 
equivalent  to 22 ~a/cm 2 (1013 molecules /cmf /sec)  for 
ethane on a rotated pla t inum electrode (,600 rpm) at 
80~ wi th  a 1N H2SO4 electrolyte.  While this value  is 
in excel lent  agreement  wi th  the results wi th  the Tef-  
lon bonded electrode, no data were  obtained for the 
s teady-sta te  max imum current  obtainable wi th  the 
rotat ing electrode. 

The discrepancy between the calculated and ob- 
served max imum current  densities for ethane on the 
Teflon-bonded electrode undoubtedly  reflects the fact 
that  at the potential  of the max imum steady-sta te  cur-  
rent  some of the more ref rac tory  species are present  
on the surface and lower the adsorption rate relative 
to that on the "clean" surface at 0.3v. The decline in 
the current density that occurs at higher potentials 
appears to reflect further reductions in adsorption rate 
as a result of such processes as surface oxidation, anion 
adsorption, and stronger bonding of water to the sur- 
face. These processes would also contribute to the 
similar decline in methane performance at potentials 
above 0.5v. 

At low potentials, the effect of the adsorption rate 
on the polarization curve is minimal. Here it is clear 
that the overvoltage required for the further oxida- 
tion of surface intermediates to CO2 is limiting. This 
is true, of course, under potentiostatic conditions as 
well as with the resistive loads of practical fuel cells. 

The pronounced temperature coefficients for both 
the methane and ethane adsorptions (activation en- 
ergy of about 14 kcal/mole) are reflected in the ob- 
served improvement in the performance of hydro- 
carbon fuel cells with increasing temperature. In 
particular, they relate to the regions of "unstable" 
performance observed with saturated hydrocarbon fuel 
cells operating on resistive load (17-19). Under these 
conditions, it will be recalled that at low current den- 
sities steady performance is obtained while at higher 
current densities the performance decays with time 
or, under certain conditions, oscillations set in (19, 20). 
As a result of the increasing adsorption rates with 
increasing temperature, the region of instability oc- 
curs at continuously higher current densities as the 
operating temperature is increased. When polarization 
curves are obtained potentiostatically, as in the pre- 
sent work, maximum currents are observed in place 
of the instability associated with resistive loads. 

While it would be premature to discuss the mecha- 
nisms of the electrode reactions in any detail at this 
time, it is appropriate to consider briefly some of 
the possible paths suggested by the available informa- 
tion. In par t icular  it is per t inent  to speculate about the 
meaning of the two separate 1.a.s. waves seen with 
ethane and propane, the single wave  seen with me-  
thane, and the evidence for the par t ia l ly  oxidized sur-  
face species. In the discussion that  follows, ethane 
will  be used as the model  wi th  the expectat ion that  
h igher  molecular  weight  hydrocarbons wil l  behave 
similarly.  The behavior  of methane,  in turn, wi l l  be 
somewhat  simpler. 

The init ial  step must  cer tainly involve adsorption 
of the fuel  on the electrode surface. On the basis of 
careful  kinetic studies wi th  ethane on wire microelec-  
trodes, Gi lman has concluded (1, 2) that  this p r imary  
adsorption step corresponds to the format ion of an 
ethyl  radical on the surface. This may be represented 
by 

C2H6 (gas) s q- S--> S- -C2H5 q- H + q -e  [2] 

at potentials at which appreciable currents  are  drawn 
from the electrode. He points out that  an equiva len t  
route is given by 

C 2 H 6  (gas) 3- 2S -~ S -- C2H5 -{- S - -  H [2a] 
~" M o r e  p r e c i s e l y ,  t h e  g a s  wi l l  f l rs t  d i s s o l v e  i n  t h e  e l e c t r o l y t e  a n d  

be  t r a n s p o r t e d  b y  d i f f u s i o n a l  p r o c e s s e s  to  t h e  e l e c t r o d e  w h e r e  it  
w i l l  a d s o r b  f r o r a  so lu t ion .  W h i l e  m a s s  t r a n s p o r t  p r o c e s s e s  a r e  n o t  
l i m i t i n g  in  t h e  w o r k  u n d e r  d i scuss ion ,  i t  is o b v i o u s  t h a t  t h e y  c a n  
b e c o m e  i m p o r t a n t  u n d e r  s o m e  c o n d i t i o n s  of  o p e r a t i o n .  F o r  p r a c t i c a l  
f u e l  cell  e l e c t r o d e s  i t  is  i m p o r t a n t  t h a t  m a s s  t r a n s p o r t  l i m i t a t i o n s  
be  m i n i m i z e d .  

in which case the adsorbed hydrogen is rapidly  con- 
sumed by the Volmer  reaction: 

S--H-> S -l- H + + e [2b] 

At low potentials, of course, some of the hydrogen will 
remain adsorbed on the surface. 

Gilman then reasons that the ethyl radical follows 
two paths. The first results in the formation of four 
surface bonds to the surface without rupture of the 
C-C linkage 

S -- C2H5 -[- 38--> S4 -- C2H2 -~ 3H + ~- 3e [3] 

This species is associated with wave 2 obtained 'with 
a 1.a.s. and is identical with the single adsorbed species 
obtained when ethylene and acetylene are adsorbed 
(2). The present work is in accord with this interpre- 
tation, and cathodic hydrogenations of adsorbed ethane 
at 25~ have shown that the major material on the 
surface at that temperature corresponds to C2 species 
while that for propane corresponds to Cs species (12). 

The second reaction path of the ethyl radical results 
in the formation of the material associated with wave 
I, which Gilman also obtained for ethane on the plat- 
inum wire microelectrode. In the absence of detailed 
kinetic data for the species associated with wave 1 
Gilman did not speculate in detail on its identity. 

The new data obtained with the Teflon-bonded elec- 
trodes are helpful in this area. The similarities be- 
tween the single wave for methane and wave 1 for 
ethane, as well as other evidence noted above, strongly 
suggest that the second reaction path of the ethyl rad- 
ical involves C-C bond fission as indicated in the 
following general equation 

S --C2H5 ~- S--> 2S-- CHa q- (5 --2a) H + 
q- ( 5 - - 2 a )  e [4] 

(The methy lene  radical wi th  two carbon bonds to the 
surface may represent  the principal  species in parallel  
with the C 2 H 2  of wave  2 which also has two surface 
bonds per carbon atom.) 

The C1 species in turn appear to react  readily wi th  
water  to form a part ial ly oxygenated mater ia l  which 
corresponds to the previously proposed "CO-l ike"  
species of Niedrach (12) and the "reduced CO2" of 
Giner (21), and which Giner has also more recent ly 
found to be formed during the oxidation of hydro-  
carbons in the presence of a sulfuric acid electrolyte 
(22). B r u m m e r  and Turner  (8) have  also obtained 
evidence for the presence of par t ia l ly  oxygenated sur-  
face species in their  studies of propane at higher  
tempera tures  wi th  a phosphoric acid electrolyte,  as 
have Niedraeh and Toehner  (7). 

The specific ident i ty  of the oxygenated species is 
as yet  unknown and the reaction can therefore  best 
be represented by 

S -  C H a  -{- b H 2 0  q -  c a - - >  S ( c + l )  - - C I - I d O b  
q- (aq-  2 b - - d )  H + q- ( a q - 2 b - - d )  e [5] 

That  both the C1 species and the par t ia l ly  oxygenated  
species are present  on the surface and oxidize over  
the same potent ial  range is indicated by the new hy-  
drogenat ion exper iments  with methane  and ethane. 
Since Eq. [4] represents  a "cracking" reaction and 
Eq. [5] a " re forming"  reaction, these observations 
suggest that  it would be profitable to direct  at tention 
toward the study of the behavior  of a l te rna t ive  cata-  
lysts in promot ing such reactions. 

With regard to the more ref rac tory  species of wave  
2, which oxidize only at h igher  potentials,  it is l ikely 
that  an ent i re ly  different mechanism of oxidation 
prevails.  This conclusion is based on Gilman's  obser-  
vat ion that  conversion to the species of wave  1 is 
slow (2). It is therefore  l ikely that  oxidat ive  attack 
occurs before the C-C bonds are ruptured.  This could 
resul t  in the format ion of a lcohol- l ike  species as in-  
termediates.  It should be emphasized, however ,  that  
such intermediates  wil l  undoubtedly  be quite  distinct 
f rom those involved  in the direct oxidation of alcohol-  
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type fuels at moderate temperatures.  The alcohol-l ike 
species derived from hydrocarbons would be strongly 
bound to the surface by mult iple  carbon-meta l  l ink-  
ages, and hence complete oxidation to CO2 would be 
assured. With alcohol fuels it is more likely that  
weaker bonds between the oxygen and the metal  are 
involved. This is suggested by the incomplete oxidation 
to organic acids that  is often observed with alcohols 
(23) at moderate temperatures.  It  is fur ther  supported 
by the behavior of alcohols towards deuter ium ex- 
change, where it is found that  the hydroxylic  hydro-  
gen undergoes exchange most readily (24). 

Relating to the oxidation of these mul t ip le -carbon  
species is the work of Bockris and co-workers (25- 
27) dealing with the oxidation of e thylene and acety- 
lene. They in terpre t  Tafel plots and other evidence in 
terms of a slow step invo lv ing  the product ion of hy-  
droxyl  radicals from water. Such a route would not 
be in conflict with the present  results. 

Summary and Conclusions 
The behavior of methane  on Teflon-bonded fuel 

cell electrodes parallels that  of ethane in that adsorp- 
tion at in termediate  potentials varies l inear ly  with 
t ime at low coverages, and a semilogari thmic re la t ion-  
ship applies at higher coverages. Rates of adsorption 
of methane  are, however, over an order of magni tude  
lower than  those previously observed with ethane. At 
65~ the measured rate of adsorption of methane  on a 
"clean" surface correlates well with the max i mum 
anodic cur ren t  that can be drawn from the electrode. 
This is in marked contrast  to the behavior of ethane 
where the observed m a x i m u m  cur ren t  is almost an 
order of magni tude  lower than that  calculated from 
the adsorption rate. The difference in behavior  of the 
two fuels is related to the ad-layers  formed dur ing 
adsorption. In  the case of methane  only readily oxi- 
dized C1 species, some of which are part ial ly oxy- 
genated, form. The ad- layer  from ethane also contains 
relat ively refractory C2 species which block the sur-  
face and limit the adsorption rate at the potential  of 
the max imum current.  

On the basis of the behavior of methane  and ethane 
it is possible to construct  a tentat ive picture of the 
steps involved in the anodic oxidation of hydrocarbons 
on p la t inum catalyzed fuel cell electrodes. After  a 
p r imary  adsorption step, at least two distinct reaction 
paths are followed by ethane and higher hydrocar-  
bons. One path results in the formation of the re la-  
t ively refractory species. The most desirable path re-  
sults in "cracking" of the carbon chain to form the 
more reactive C1 radicals and the par t ia l ly  oxygen-  
ated species. At low current  densities the overvoltage 
associated with oxidation of the ad-species to CO,, 
limits performance. As the current  density is increased 
the adsorption rate eventua l ly  becomes the l imit ing 
factor. 

In  view of the m a n y  species present  on the elec- 
trode surface and the changes in coverage and com- 
position with temperature,  potential,  and time, much 
at tent ion to analyt ic  detail will be required before a 
definitive mechanism can be derived. It  seems unl ike ly  
that  electrochemical measurements  alone will  be suf- 
ficient to unrave l  all of the steps. Instead, much sup- 
p lementary  informat ion must  be sought, par t icular ly  
with regard to the identification of surface species 
and their  roles as active intermediates  or passive by-  
products. Radiotracer, infrared,  chromatographic, and 

other related techniques should prove invaluable  in 
ident i fying such species, in measur ing " turnover"  
rates on the electrode surface, and in providing addi- 
tional support ing information.  
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