
178 

OX11)ATlON A N D  ADSOKPTION OF HYDROCARBON ON NOBl !i METAL 
ELECTRODES. 6. A discussion of the Mechanism of Saturated Hydro- 
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ABSTRACT 

The mechanism of the anodic oxidation of saturated hydrocarbons on Pt 
c l ~ c t r ~ ~ i e s  in strongly acid solutions a t  elevated temperatures is discussed. Since 
thc coulombic efficiency for CO production is 100% even for complex fuel mole- 
cules, the necd to cxamine the a 3 sorptioh processes in order to obtain mechanis- 
t ic  information is eniphasizcd. 
chi-cc. principal types of material accumulate in the steady state adsorbate:, these 
are ( : I  1-13 (polymeric), ClI-a (mixture of alkyl radicals), and 0-type (oxygen- 
L1tc.d (:I spc ies ) .  The 0-type is the predominant species and oxidizes the most 
readily a t  high potentials. This coverage 
is inscnsitive to hydrocarbon pressure. This observation, coupled with previous 
rcpc)i-ts that the overall reaction order is unity, prompt the suggestion that 0-type 
is ii poison for the overall hydrocarbon-to-CO2 reaction. However, recent re -  
sults indicate that in t h e  region of high covera e the overall reaction order is con- 

the slow step of the overall reaction involves a reaction of an adsorbed species 
(c. g. 0-typc) at hi h or limiting coverage. A tentative overall mechanism for 
tlic osida tion of  hyfrocarbons i s  suggested. 

From adsorption studies it has been found that 

I t s  coverage is high be'low about 0. 4 v. 

sidcrably less than unity and  .even negative at  B ow potentials. This suggests that 

IN  TRODUCTlON 

ic 
in 

The anodic oxidation of saturated hydrocarbons is  required for the econom - 

The earliest reports of saturated hydrocarbon 
utilization of the fuel cell  principle. Consequently, there has been much interest 
this area i n  the past five years. 

oxidation a t  low temperatures and interesting rates were by Grubb and Niedrach 
(1) in 1963. They used extensive amounts of Pt a s  the anode catalyst and con- 
cenuatcd ll3PO4 a t  150°C a s  the electrolyte and achieved moderate current 
densities a t  reasonable potentials. Since then there has been a large number of 
studies and it is clear that while many saturated hydrocarbons can be oxidized 
thc kinctics a re  rather unfavorable. The ultimate utilization of .the hydrocarbon 
anodc requires 'an enhancement of these kinetics, or requires the development o f  
a sufficiently cheap, i. e. noli-noble metal, catalyst that the electrode area can be 
appropriately expanded. 

I t  appears that maximum activity is  found for the C2 - C4 (2,3) range that 
straight chain hydrocarbons a r e  better than bridged chains (4) and that Pt is one 
of the better catalysts that we have (5). In the present work, w e  have undertaken 
to investigate the mechanism of anodic hydrocarbon oxidation with a view to 
clucidating those features, structural, electronic and ionic, which determine the 
path and t h e  rate of tlxt overall reaction. In the first  instance w e  have studied 
the adsorption and oxidation of C3Hg (6,7,8) and n-C H i 4  (9) a t  elevated tem- 

chcmical mechanism has not been fully unravelled a t  this point, a number of sig- 
nificant features of the reaction path have been revealed and the present paper 
summarizes the result of our own work and discusses mechanistic conclusions 
which can be drawn, both from our own work and from that of others. 

peratures using hot concentrated H3P04 and smooth B t electrodes. While the 
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OVERALL COURSE OF REACTION 

i t  would be expected tha t  their oxidation would be very difficult, and indeed a s  
mentioned, stringent conditions a r e  required for the reaction to occur at  any 
reasonable rate. B y  analogy wi th  gas phase reactions and i n  particular, the 
heterogeneous catalysis reactions of these compounds, one might expect that the 
reaction path would be v e r y  complicated and as a consequence tha t  there would be 
a number of products. However, i t  has been shown that the general reaction 

I t  i s  well known that saturated hydrocarbons a r e  very stable materials and 
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C,,H(2 +2) + 2 n H 2 0  - n C02 + (6 n + 2 )  H+ + (6 n + 2 )  e-  

occurs to completion with no side products accumulating in the solution or  i n  the 
gas phase (10,3,11). 

This 10% faradaic efficiency for the product of C02 is remarkable and un- 
expected and has important mechanistic implications. Thus  following the initial 
adsorption all the intermediate products between the reactant and the final product, 
C02 , a re  adsorbed on the electrode. There is no other way to account for the 
observations. This suggests that the  f r u i t f u l  way to investigate the reaction mech- 
anism is to study the adsorption processes. 
our experiments and i n  conjunction with the work of others, notably Gilman (12) 
and Nicdrach (13-17), i t  has led to a considerable understanding of the nature 
of the products formed on the electrode. 

‘lhis has been the prime approach of 

NATURE OF ADSORBED PRODUCTS 

The methods w e  have used to examine t h e  adsorbed products involve their 
determination with anodic stripping and with H-atom deposition. 
techniques in conjunction with controlled potential adsorption regimes onto a clean 
electrode. w e  can define the  charge to oxidize the adsorbed species, Qads and 
their coverage €Iorg. From the relationship between Q and €Ior w e  can de- 
termine [ e ] which is the number of electrons released when the agsorbed product 
is  oxidized to CO2 . This is quantitative1 of prime importance in discussing the 
nature of the adsorbed products and their ikely relationship to the overall re- 
actio t i .  

partially oxidized residues accumulate on the electrde. These residues are of 
three generic types: the CH-a ,  the CH-p and the 0-type. The CH-a! is 
cathodically desorbable, relatively unreactive towards oxidation and probably 
comprises a mixture of (partly dehydrogenated) alkyl radicals. Its composition 
changes with potential. The composition of the  CH-/3 species is also a function 
of potential. I t  is unreactive towards both reduction and oxidation and is probably 
a carbonaceous polymer. The 0-type, the major species in  terms of coverage, 
has the same composition a t  all  potentials. It releases - 1.3 electrons per 
covered site on oxidation to C02 and this indicates that it is oxygenated. W e  
have found (18) that 0-type is electrochemically identical to the reduced C02 
species of Giner (19), confirming his results (20). 

Other workers have also reported evidence for these types of adsorbed 
product. Niedrach et a1 (14) following Gilman’ s (12) suggestion have suggested 
two distinct paths which the  initially adsorbed hydrocarbon can adopt. The first  
path, the preferred path, involves the production of what w e  would call 0-type. The 
second path involves the production of what we would call CH-a! . The distinction 
between the types was based on the current waves which appeared during the 

Using these 

W e  have shown that when C3H8 (8) or  n-C6H 4 (9) are adsorbed, three 
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i linear anodic sweep stripping of the adsorbed layer. The fact that 0-type was 

oxidized more readily under these conditions than CH-cu was taken to mean 
that those reactions leading to 0-type were preferable to those leading to CH-a! . 
In support of this view we may note that CH-o! plays a greater role with higher 

is  that the production of 0-type and CH-o! are parallel reactions. 

CH-a  and that its coverage i s  high compared with CH-cu . These observations 
support t h e  view of Niedrach. However, there is  a large difficulty. The corro- 
lary of this view would be that a t  low potentials the oxidation of 0-type is the rate 
limiting step in the overall reaction with a very slow side reaction involving CH-o! 
oxidation in parallel with it. If this were so, we would expect that variations in 
thc rate of 0- type oxidation with potential and with hydrocarbon concentration 
would closely parallel the variation of the rate of the overall reaction. Since it 
has been r e p r t e d  that the overall reaction for both C3Hg (11) and n-CbH14 (21) 
is first  order with respect to fuel pressure, w e  would expect 00- to be 
strongly pressure dependent. However, w e  found 0-type covera eWgr both C3H8 
and n-CgH14 to be almost independent of fuel pressure (8 ,9) .  %is led u s  to the 
view that the reaction occurs via a general mechanism which was recently pro- 
posed (22), i.e. 

hydrocarbons which a re  less reactive. The implication of this view of course i, 

W e  found that (8 ,9)  oxidation kinetics of 0-type are faster than those of , 

I 

, 

Hydrocarbon d reduced C02 ( Bpoisoning) , 

Hydrocarbon (1-8d\ CO2 . (3) 

In th is  mechanism the overall reaction occurs on that part of the electrode which 
is not occupied by adsorbed species, or at least is not occupied by the poisoning 
adsorbed species. It was suggested that reduced C02 , i.e. 0 - t y p e ,  was the 
worst kind of poisoning species since being a C1 species i t  very likely consumed 
j u s t  those C1 reactive radicals which maintain the rate of the overall reaction. 
This view is i n  sharp contrast to that of Niedrach e t  a1 and suggests that those 
reactlons which lead to the production of 0-type a r e  undesirable. 

action, w e  suggested the possibility that the CH-o! species comprises several 
parts (8,9). Some of these parts, following Niedrach et a1 (14) are undesirable 
but some of them, the CH-aaCtive , were desired to promote the overall re- 
action. 

Since some adsorbed species must be controlling the rate of the overall re -  

REACTION ORDER 

A s  indicated, a central point i n  the divergence of our view from that pro- 
posed by Niedrach e t  a l  is the reaction order. In an ear ly study we reported that 
the reaction order on smooth 
( 1  1,2 l )  thac on platinized Pr the reaction order for C3Hg and n-CgH14 is 
accurately unity. These experiments, on platinized Pt , were the reasons for l 

our adopting t h e  views expressed above. 

important points have emerged. 

on fuel concentration than it is  on smooth Pt . 
Pt at 130°C the 0-type concentration does not change when the C3H8 pressure in-  

Pt is positive (23). Recently it has been reported , / 

We have, however, reexamined the reaction using platinized Pt and two 

Firstly, we have found that coverage with 0-type, is much more dependent i 

For example, a t  0.35 v on smooth 

> 
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cI..c:;1scs fi.oiii 2. 2 I i i i i i  to .22:3 iiim (8). 
(q).. 011 platinized. 1% ; iowever, the concentration of 0-tvpc increases by from 
0 tu 
obscrvations prompted us to examine the  order of 'the rcaction. 

tlw reaction ordcr is.not uni ty .  
ovcrall rcwtioii-raw (2 -1 )  anti this is prcxiscly tli: kind of, complication which 
\vou1cI hc e spc tcd  if the rcaction.wcre coming under extcLiisivc ads-orption control 
a t  rclntivc high covcragi.. There is 'little cspcrimental conflict t>c.twceii our rc- 
suits ;ind, those rcported by Gilcadi c t  a1 (11) sincc most o f  thcir studies .rcfcr to 
thc potc~ntial region abovc 0. :3,i v where the coverage with adsorbcd matcrials be - 
~'Olllcs v e r y  low. 

Similar inse'nsitivity is found wi th  ii-CbI 11.1 

250 /.~couI/i-. cm4 .for -C3ll8 under the same cdiiditions (24). Thcse 

This second aiid crucial finding was that a t  low p ten t ia l s , '  e.  g. bclow 0. 3.5 v.  
111 fact, we fi1id.a siliall negativc ordci- for tlic 

IIELATION OF' AIXOIII!ED PRODUCTS TO OVERALL I<EACTION 

Thc.se observations show that there i s  still a sharp disagrcernent bctwecn 
tht' ol-dcrs of the overall reaction and of 0-type coveragc. I lowever thc results 
C ~ L ' C '  iiiore ambiguous than was previously thought (8). The unity ordcr for the ovcr- 
311 naction reported by Gileadi, Stoner and Bockris for C3l-18 oxidation (1 1) im- 
plies a rt,lativyly simple mechanism. Specifically, the reaction could not pro- 
cccd via 0 - t y p e  since the coverage with 0-type w a s  thought to be high and,vir- 
tua1l.v indclwndent of C3118-pressure (8). For this reason, w e  postulated that 
thc reaction proceeded on the part of the surface not occupied by 0-type, a simi- 
lar poisoning mcclianism to I-lCOO11. oxidation (22 ,  25). The negative reaction 
ordcr we have observed in conjunction with thc increase in 0-type'coverage with 
prcssurc on platinized Pt (24), could certainly be interpreted in terms of such a 
poisoning mcchanisni (reactions (2) and ( 3 ) ) .  t lowever ,  these results on the over- 
all  order show that a t  low ptentials the reaction could proceed an adsorbed 
sp;cics present a t  high coverage, e. g. 0-type. 

Consideration of such a mechanism allows an alternative interpretation o f  
'thc data. Thus we note that coverage,with C11-a has an even  stronger depend- 
cncc on C3llg pressure than has 0-type for smooth (8) and for platinized Pt 
(24). If the oxidation of 0-type involved a "reactant pair" mechanism, involving 
tlic adsorbate itself and free sites, a s  postulated by Gilman for Goads (26), 
(:II-(~'could act  a s  a poison for the reaction due to its occupation of surface. 
Since CI-1-0 i s  so pressure dependent, w c  can entertain this mechanism a s  an 
explanation of the above conflict in reaction order w h i l s t  still asser.ting that the 
m a i n  reaction proceeds via 0-type. 
0-type ,oxidation in circumstances where w e  deliberately desorb Cl1-a! (24) 
and this suppor'ts s u c h  a mechanism. 

These observations allow possibly the maintainance of the.views expressed 
by Niedrach et a1 concerning the  role of 0-type. A third observation with plati- 
nized Pt elecnades leads to further elaboration of the mechanism. W e  have in- 
vestigated the  oxidation kinetics of the adsorbed species on platinized P,t hi 
presence of C3Hg with anodic chronopotentiograms. These were taken a t  
sufficiently low current densities that the adsorbate oxidation occurs we l l  before 
the elecnode' s oxidation but a t  sufficiently high current densities that insignifi- 
cant solution C3Hg i s  oxidized. 
prewave and ,a more extensive potential plateau (24). 
leaves no doubt that i t  corresponds to the oxidation of 0-type material, i. e. re- 
dL1ced CO2 , The oxidation rate corresponding to the  plateau is about 40-5% 
of the overall reaction rare of the hydrocarbon. 
O-type lies between C3H8 and CO2 

W e  have found an increase in t h e  rate of 

Two predominant features a r e  observed, a 
The behavior of the plateau 

This  is a reasonable value if 
and indeed snongly suggests this conclusion. 
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The prewave is associated w i t h  adsorbed material on the elcctrodc other 
than 0 - t y p e ,  presumably C l i - a .  At  low currents, the prewave is found a t  lower 
potentials than 0-type but at high oxidation rates it merges into the 0 - type  wave. 
Eventually, both processes a r e  displaced to the region of electrode oxidation. 
The crucial point i s  that whereas a t  high potentials (e. . in our "anodic desorp- 
tion" experiments (8,9) or in fast linear sweeps (12, 14 5 ) Cl1-CY will oxidize less 
easily than 0- type,  it oxidizes more readily a t  low potentials. The relative oxi- 
dation rates at low potentials a r e  what a r e  significant for the operatioii of the 
hydrocarbon anode. ficnce we can no longer asser t  that formation of CII-CY is 
ncccssarily undesirable. Similarly, our previous conclusion (8 ,Y)  that CI I -CY 

production is parallel to 0-type production can no longer be maintained. 

There is no reasvn to suppose tha t  t h e  reaction sequence 

C3H8 -+ CH-a, , 

CH-CY -, 0-type , 

0-type - CO2 , (6) 

docs not occur. 

If t h i s  is so, the oxidation of 0-type m u s t  be rate-limiting a t  least a s  far 
u p  the  homologous ser ies  a s  n-CgH14 . This is because 0-type' s coverage is 
so high. A n  additional complication m a y  also ar ise  from the above-mentioned 
poisoning of 0 - type  oxidation by CH-(11 occupying the surface. A s  the homo- 
logous series is ascended, CH-CY coverage increases and a t  some stage it is 
clcar that its reaction, reaction ( 5 ) ,  becomes rate  limiting. 

following numbers of electrons in these various reactions (24): 
From the coulometry of the adsorbed species, we have suggested the 

C3H8 6-7, CH-CY 0-type - lo+ 3 C02 . (7) 

Confirmation of this reaction mechanism is required and, in particular, 
the chemical structures of the  intermediates a r e  the aim of our fur ther  work. 
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