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techniques and later transient techniques (potential or cur- 
rent step) should be applied. Until now very little has been 
known about the mechanism and kinetics of these pro- 
cesses, and we wish to pursue experimental studies in this 
direction. 

During the discharging (hydrogen oxidation) cycle sur- 
face oxidation may take place if the final potential is much 
more positive than the hydrogen equilibrium potential (or 
metal corrosion potential). In such cases the surface oxida- 
tion current should be taken into account. In order to avoid 
such oxidation, discharging at a constant potential, at 
which there is no surface oxidation, may be carried out. 

In the treatment of the hydrogen evolution reaction, the 
Langmuir isotherm for the adsorbed hydrogen was as- 
sumed. The use of Frumkin or Temkin isotherms would 
only change slopes of | vs. logarithm of time and, conse- 
quently, Xo vs. log t. 

The DAE method has proven to be stable and fast (less 
than 1 rain per simulation), and it may be used to solve 
other diffusion-kinetic equations in electrochemistry, with 
the assumed precision, even in the presence of fast reaction 
kinetics. 
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ABSTRACT 

X-ray absorption studies (XAS) were done on a carbon supported Pt-Ru electrocatalyst in 1 M HC1Q. Results at the 
Pt L3 and L~ edges confirmed that the Pt was alloyed with Ru and that the Ru content was about 25 atomic percent. There 
was a large excess of unalloyed Ru, with only about 10% of the Ru alloyed with the P t. The Pt XAS indicated that the R u 
increased the Pt d band vacancies and decreased the Pt-Pt  bond distances from 2.77 A to values between 2.71 and 2.73 A. 
The bifunctional mechanism for methanol oxidation on Pt-Ru electrocatalysts needs to be modified to account for the effect 
of these electronic changes on the adsorption of H and CO residues from methanol decomposition. There are significant 
changes in the Pt XAS in going from the reversible hydrogen potential to 0.24 V. This may be due to the onset of the 
formation of RuOH species on the alloy. Further fine tuning of the electronic structure and the electrocatalysis may be 
possible through the use of ternary alloys. 

Introduction 
The high activity of Pt-Ru electrocatalysts for methanol 

oxidation has been known for thirty years. I'2 The early 
work on these catalysts, particularly at Shell Research 
Limited, has been reviewed by McNicol. 3"~ L~ger and Lamy 
have reviewed work done during the eighties. 5 There has 
recently been a resurgence of activity in the area. 6-14 A com- 
parative study of the activity of various Pt binary alloys for 
methanol oxidation, published in 1992, indicates that 
Pt-Ru is still the best catalyst. 1~ Ross, in a review, stressed 
the need to apply modern characterization techniques, in- 
cluding x-ray absorption spectroscopy (XAS), to complex 
catalysts such as Pi-Ru. 16 Since then he and his co-workers 
have made considerable progress in characterizing well- 
defined planar polycrystalline Pt-Ru electrodes and have 
been able to correlate surface structure with activity. 8-9 
There is a recent review of this work. 17 So far there is no 
report on the application of XAS to Pt-Ru electrocatalysts. 

Recently we have completed in situ XAS studies, in 1 M 
HCIO4, on a series of carbon supported binary Pt alloy elec- 
trocatalysts, where Pt was alloyed with first row transition 
metals (Cr, Mn, Fe, Co, and Ni). 18,19 The effect of the alloy- 
ing element on the Pt d band occupancy was determined by 

* Electrochemical Society Active Member: 

analyzing the Pt L3 and L2 x-ray absorption near edge fine 
structure (XANES), following the methods of Mansour and 
his co-workers. 2~ The effect of the alloying element on the 
Pt-Pt bond distance could be derived from an analysis of 
the Pt L3 extended x-ray absorption fine structure 
(EXAFS). Evidence for corrosion or any redox process in- 
volving the alloying element could be derived from the K 
edge XANES of the first row transition metal. This paper 
reports a similar investigation on a carbon supported 
Pt-Ru electrocatalyst. 

Experimental 
Electrodes and celL--The carbon supported Pt-Ru cata- 

lyst was obtained from Johnson-Matthey, Inc., West Dept- 
ford, NJ. The powder was fabricated into an electrode 
wafer using standard fuel cell electrode fabrication tech- 
niques. The electrode composition, by weight, was 76% 
carbon supported catalyst, 12% carbon fibers, and 12% 
PTFE (Teflon %30). The catalyst, carbon fibers, and the 
Teflon T-30 were dispersed ultrasonically in water. The 
PTFE was coagulated by the addition of I ml of 0.I M 
CF3SO3H , and the material was cast into a sheet on a vac- 
uum table paper making apparatus. The sheet (21 cm 2) was 
dried at 80~ in air and sintered under argon at 320~ for 
5 rain. The sheet weighed 0.8 g and was 0.6 mm thick. Elec- 
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trode disks (19 mm diam) were punched from the sheet, 
soaked overnight in ] M HCIO4, and were incorporated into 
a spectroelectrochemical cell with an uncatalysed PTFE- 
bonded carbon counterelectrode and a Nation 117 
(Du Pont) separator. Apart from separating the working 
and counterelectrodes, the main function of the separator 
was the prevention transport of evolved gases from the 
eountereleetrode to the working electrode. Each gasket in 
the spectroelectrochemical cell was sized 0.025 mm thinner 
than the corresponding component. This maintained all 
components under compression and prevented complica- 
tions in the spectra due to random density fluctuations 
caused by gas bubbles. The working and counterelectrodes 
were flooded with 1 M HC104. Provisions were made for an 
SCE reference electrode with a Nation tube salt bridge that 
was sheathed in a PTFE tube. Other details of the spectro- 
chemical cell are published elsewhere} 3 

X A S  measurements.-- The e l ec t r ochem i s t r y  of the  cell  
was  checked  b y  do ing  severa l  sweeps  (usual ly  three)  a t  
0.1 mV/s  in  the  p o t e n t i a l  enve lope  of 0.0 to  0.7 V vs. a re-  
ve r s ib le  h y d r o g e n  electrode.  On the  f ina l  sweep the  elec- 
t r ode  was  he ld  a t  0.0 V a n d  a n  X A S  scan  was  done  in  a n  
ene rgy  r a n g e  t h a t  covered  b o t h  the  P t  L3 a n d  L2 edges.  
M e a s u r e m e n t s  were  also t a k e n  a t  0.24 a n d  0.54 V. The  elec-  
t rode  was  swep t  a g a i n  to 0.0 V a n d  X A S  scans  were  m a d e  
a t  the  Ru K edge a t  0.0, 0.24, 0.54, a n d  0.84 V. This  covers  
the  comple te  p o t e n t i a l  r a n g e  n o r m a l l y  e n c o u n t e r e d  in 
m e t h a n o l  ox ida t ion .  

X A S  m e a s u r e m e n t s  were  m a d e  at  B e a m  L ine  X l l A  a t  
N S L S  w i t h  the  s to rage  r i ng  o p e r a t i n g  a t  2.52 GeV a n d  a 
c u r r e n t  b e t w e e n  110 a n d  250 mA. The  m o n o c h r o m a t o r  was  
o p e r a t e d  in  the  t w o - c r y s t a l  m o d e  us ing  S i ( l l l )  crystals .  
The  m o n o c h r o m a t o r  was  d e t u n e d  by  15% to re jec t  h i g h e r  
h a r m o n i c s .  In  the  case of b o t h  P t  a n d  Ru the  e x p e r i m e n t s  
were  done  in the  t r a n s m i s s i o n  mode  w i t h  t h r ee  de tec tors .  
The  t h i r d  de t ec to r  was  used  in  c o n j u n c t i o n  w i t h  a re fe rence  
sample ,  w h i c h  was  a P t  foil  in  t he  case  of P t  a n d  a n  Ru 
b l a c k / B N  s a m p l e  for  Ru. The  re spec t ive  l eng t h s  of t he  inc i -  
d e n t  (Io), transmission (I~), and reference (I~) ionization 
chambers were 6, 12, and 6 in. For the Pt measurements the 
Io chamber was filled with N2 and the other two with Ar. 
For Ru all chambers were filled with Ar. A slit height of i. 0 
mm was used in the Pt measurements. For Ru it was 0.5 
ram. Because of the low absorption of the other cell compo- 
nents at these high energies, and the uniformity of the elec- 
trode, the data quality was excellent. 

Data analysis.-- The methods used in analyzing the Pt 
XANES data and determination of the Pt d band vacancies 
followed those of Mansour and co-workers 2~ and are de- 
scribed in detail elsewhereY '~9 The EXAFS data were ana- 
lyzed by methods described in detail in previous publica- 
tions. ~8'~9'24 Phase and amplitude data for Pt-Pt interactions 
were derived from Pt foil data at liquid nitrogen tempera- 
ture and from the FEFF program of Rehr} 5 The FEFF pro- 
gram was also used to derive phase and amplitude parame- 
ters for Pt-Ru, Ru-Pt, Ru-Ru, and Ru-O interactions. In the 
EXAFS analysis correlation effects between the coordina- 
tion number (N) and the Debye-Waller factor (A(T 2) and 
between the bond distance (R) and the potential shift (hEo) 
were checked by comparing k ~ and/c 3 weighted fits} ~ The 
fitting was done by an iterative process till the same 
parameters gave good fits with both weightings. 

Results and Discussion 
XAS. - -Analys i s  of t he  X A S  s h o w e d  t h a t  t he  respec t ive  

edge j u m p s  a t  the  Pt  L~ edge were  0.11 a n d  0.09. This  i nd i -  
c a t ed  t h a t  t he  r e spec t ive  Ru a n d  P t  load ings  were  1.63 rag/  
cm ~ a n d  0.90 m g / c m  ~ for  a t o t a l  l oad i ng  of 2.53 mg/cm% 
This  gives a n  a tomic  r a t i o  of Ru to P t  of 3.43:1. 

PtXANES. - -F igures  1 a n d  2 shows  t he  P t  X A N E S  a t  0.0, 
0.24, a n d  0.54 V a t  the  r e spec t ive  P t  L~ a n d  L~ edges.  The  P t  
L~ X A N E S  for  P t  foil  a n d  c a r b o n  s u p p o r t e d  P t  in  1 M 
HCIO~, a t  0.54 V, are  ident ica l .  TM This  ind ica t e s  t h a t  a l loy ing  
w i t h  Ru causes  e lec t ron ic  effects on  t he  Pt. The resu l t s  in  
Fig. 1 i n d i c a t e  t h a t  a t  0.0 V the  w h i t e  l ine  a t  t he  P t  L~ edge 
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Fig. 1. Pt L3 XANES, Pt foil ( ), Pt-Ru at 0.0 V ( - -  -), 0.24 V (---), 
and 0.54 V (....). 

is slightly higher and wider than at the other two poten- 
tials. However, the changes at 0.0 V as compared to 0.54 V 
are much less for the Pt-Ru alloy than for a pure Pt on 
carbon (Pt/C) catalyst ~8. With Pt/C there is no increase in 
the peak height at 0.0 V. However, there is considerable 
widening of the Pt L~ white line on the high energy side of 
the peak. This widening of the white line has been observed 
by Mansour and co-workers 2~ and by Boudart and co- 
workers 27 on oxide-supported catalysts in a hydrogen at- 
mosphere in the gas phase. Thus the widening of the white 
line cannot be attributed to other electrochemical effects 
such as anion or water adsorption. Boudart attributed this 
to the transition of electrons into unoccupied Pt-H anti- 
bonding orbitals} 7 This could indicate surface segregation 
of Ru in the alloy or reduction in hydrogen adsorption on 
Pt. Ross ~ has actually found surface segregation of Pt in 
bulk alloys so the latter explanation is more plausible. The 
results suggest that alloying with Ru affects and most likely 
reduces the adsorption of hydrogen on platinum. 

Table I shows the calculated Pt d band vacancies for the 
three potentials. In the double-layer region (0.54 V) the d 
band vacancies are similar to those obtained for Pt-Ni al- 
loys (0.409) ~8,19 and are greater than those found for Pt-Fe 
alloys (0.368). This compares with a value of 0.329 for a 
Pt/C catalyst. So alloying with Ru causes an increase in the 
number of Pt d band vacancies. 

Pt EXAFS.--Figure 3 shows the Pt EXAFS at 0.54 V 
and Fig. 4 shows the Fourier transform. The parameters 
used for 
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Fig. 2. Pt L2 XANES, Pt foil ( ), Pt-Ru at 0.0 V ( - - - ) ,  0.24 V (---), 
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Table I. Results of Pt XANES analysis. 6 

Electrode potential (V) Pt d band vacancy per atom 

0.00 0.462 
0.24 0.423 
0.54 0.397 

the forward and inverse transforms are given in Table II. 
Figure 5 shows a Pt-Pt and Pt-Ru two shell fit of the inverse 
transform in k space. Figures 6 and 7 show the correspond- 
ing real and imaginary fits in r space. Even though there 
were beats in the EXAFS, all the spectra at the Pt L3 edge 
could be easily fitted with two shell fits, with physically 
reasonable parameters. There was no evidence for a Pt-O 
contribution, even in k ~ weighted transforms. For these two 
shell fits the error limits are _+15% for N and +_0.01 
for R. ~8 

The coordination number data indicate that the ratio of 
Pt to Ru varies between 10:3 and 8:3. If this is the case, then 
only about 10% of the Ru present is alloyed with Pt. This 
result is rather surprising but subsequent analysis of the 
Ru EXAFS supports this. Table Ill gives the results of the 
Pt EXAFS analysis at the various potentials. The results at 
0.0 V differed in that the Pt-Pt bond length was slightly 
shorter and the Pt coordination number was somewhat 
higher. This was checked by doing the analysis over differ- 
ent Ak ranges with various k weightings. In EXAFS analy- 
sis bond distances can be determined with much more pre- 
cision than coordination numbers. The fact that the Pt-Pt 
bond distances change is a strong indication of restructur- 
ing of the Pt-Ru particles in going from 0.24 to 0.0 V. Recent 
EXAFS results on carbon supported Pt shows an increase 
in the magnitude of the first Pt-Pt peak in the Fourier 
transform at 0.0 V. 28 In this case there is no change in the 
Pt-Pt bond distances. Data analysis, with checks for corre- 
lation effects, indicate an increase in the Pt-Pt coordina- 
tion number at negative potentials. 29 This may be due to 
restructuring of the Pt surface. A similar mechanism may 
occur here. Reduction of Ru species on the alloy could also 
contribute to surface restructuring at negative potentials. 
This would be consistent with the increase in the Pt d band 
vacancies at 0.0 V. The total first shell coordination (Pt + 
Ru) is 10 at 0.24 V and 12 at 0.0 V. For Pt on carbon the first 
shell Pt-Pt coordination is 8 at 0.54 V and i0 at 0.0 V. This 
indicates a particle size of ~35 A, 18.~0 whereas the total 
coordination of the first shell of the Pt-Ru alloy indicated 
a particle size of ~50 A. This is similar to that found when 
Pt is alloyed with first row transition metal elements. ~8 The 
increased particle size is due to the thermal processing in 
making the alloy catalyst) 9 In our work on other binary Pt 
alloys we found that there is an inverse relationship be- 
tween the Pt-Pt bond length and the number of Pt d band 
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Fig. 3. Pt EXAFS for Pt-Ru at 0 .54 V. 
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vacancies .  18 Thus  for  P t - R u  the  X A N E S  a n d  E X A F S  resu l t s  
are  cons i s t en t  in  t h a t  a t  0.0 V the re  is a n  inc rease  in  t he  d 
b a n d  vacanc i e s  a n d  a c o n c o m i t a n t  c o n t r a c t i o n  in  the  P t - P t  
b o n d  length .  The  re su l t s  he r e  are  very  s im i l a r  to those  
f o u n d  for  P t  a l loyed w i t h  f i r s t  row t r a n s i t i o n  e l emen t s  in  
t h a t  a l loy ing  w i t h  Ru dec reases  t he  P t - P t  b o n d  d is tance .  

Ru  X A N E S . - - F i g u r e  8 shows  Ru X A N E S  for  the  e lec t ro-  
ca ta lys t s  a t  va r ious  po ten t i a l s .  X A N E S  a t  these  h i g h  ener-  
gies are  of l imi t ed  va lue  in d e t e c t i n g  r e d o x  processes  be -  
cause  t he  edge Shift w i t h  i nc rea s ing  o x i d a t i o n  s t a t e  is 
small .  Never the less ,  some changes  can  be  obse rved  a t  
0.84 V. This  is u n d o u b t e d l y  due  to t he  f o r m a t i o n  of species  
in  a h i g h e r  o x i d a t i o n  s t a t e  a n d  d i s so lu t ion  of the  Ru. Disso-  
l u t i on  of Ru is k n o w n  to occur  a t  p o t e n t i a l s  more  pos i t ive  
to 0.7V. ~ 

Ru  E X A F S . - - F i g u r e  9 shows  the  Ru E X A F S  a t  0.0 V, a n d  
Fig. 10 shows  t he  effect of p o t e n t i a l  on  t he  Fou r i e r  t r a n s -  
form.  There  is a n  Ru-O c o n t r i b u t i o n  a t  1.5 A t h a t  changes  
s ign i f i can t ly  at  0.84 V. Ana lys i s  of t he  Ru  E X A F S  was  diffi-  
cult .  E s t i m a t e s  of the  Ru-O  c o n t r i b u t i o n  were  o b t a i n e d  b y  
do ing  k 3 w e i g h t e d  t r an s fo rms ,  b a c k  t r a n s f o r m i n g  t he  Ru-O  
c o n t r i b u t i o n  (hr  = 0 to 1.75 A), a n d  do ing  a s ing le - she l l  fit. 
The  use  of a k 3 w e i g h t e d  t r a n s f o r m  yie lds  be t t e r '  s e p a r a t i o n  
of the  Ru-O c o n t r i b u t i o n  a n d  f ac i l i t a t ed  e s t i m a t i o n  of the  
Ru-O p a r a m e t e r s .  The  resu l t s  cou ld  be  f i t t ed  to a n  Ru-O 
b o n d  l e n g t h  of 2.02 A a t  0.0 V a n d  1.94 A a t  0.84 V. The  b o n d  
l e n g t h  was  1.96 A at  t he  o the r  two  po ten t i a l s .  Af t e r  m a n y  
i t e ra t ions ,  i t  was  f o u n d  t h a t  the  spec t r a  a t  0.84 V could  be  
bes t  f i t t ed  to a two- she l l  R u - R u  a n d  Ru-O f i t  b y  f ix ing  t he  
Ru-O b o n d  d i s t ance  a t  1.94 ~.. This  gave  a n  Ru-O  coo rd ina -  
t i on  n u m b e r  of - 3 .  A t  the  o the r  p o t e n t i a l s  t he  d a t a  cou ld  be  
easily fitted to a similar two-shell fit by fixing the Ru-O 
bond distance to the values given above. However, unlike 
the data at 0.84 V, the data could be fitted to a wide range 
of Ru-O coordination numbers. This is probably due to the 
weaker Ru-O bond at negative potentials. The data were 
simply fitted by fixing the O coordination number at three. 
The parameters used in doing the data analysis are given in 
Table IV and Table V gives the results. Figures ii shows a 

Table II. Fourier transform parameters used in analyzing Pt EXAFS. 

Electrode potential (V) k" Ak (A 1) hr  (A) 

0.00 3 2.8 to 13.1 1.44 to 3.16 
0.24 3 2.8 to 15.0 1.40 to 3.4 
0.54 3 2.73 to 14.8 1.38 to 3.2 

k=: weighting for Fourier transform. 
Ak : integration range in k space for Fourier transform. 
Ar: range for inverse transform. 
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typical  fit  for  the da ta  in k space. The fact  tha t  the da ta  
could be f i t ted  wi thou t  inc luding  an Ru-P t  cont r ibut ion  
fur ther  supports  the fact  tha t  only a smal l  f rac t ion  (~ 10 %) 
of the Ru is a l loyed wi th  Pt. The main  conclus ion tha t  can 
be d rawn  from the Ru E X A F S  is tha t  the  RuO~ undergoes  at  
least  one redox  process in the po ten t ia l  range  for me thano l  
oxidat ion.  This can be seen in the changes in the  Ru-O bond 
length.  The cont rac t ion  in the  bond length  at more  posi t ive  
potent ia ls  is also consis tent  wi th  the decrease in the Debye-  
Waller  fac tor  at  posi t ive  potent ia ls .  At  posi t ive  potent ia ls  
the increase in the Ru-O peak in Fig. 10 and the decrease in 
the Ru-Ru  peak  indicates  ox ida t ion  of the  Ru. Unfo r tu -  
nately, no conclusions can be d r awn  about  the  Ru in the  
alloy. Deta i led  XAS studies, at the Ru K edge, are needed  
on P t -Ru  alloy catalysts  wi th  no excess una l loyed  Ru. 

M e c h a n i s m  of  m e t h a n o l  o x i d a t i o n . - - T h e  bi funct iona l  
mechan i sm for the catalysis  of P t -Ru  was first  presented  by 
Watanabe  and MotooJ  I Accord ing  to the mechan i sm Pt  
sites catalyze the dehydrogena t ion  of me thano l  and the ox-  
idat ion of the hydrogen  atoms. On pure  P t  the reac t ion  is 
"poisoned"  because  of absorp t ion  of the  CO residues f rom 
me thano l  decomposi t ion.  On P t -Ru  adsorbed oxygen-con-  
ta in ing  species on the  Ru faci l i ta te  oxida t ive  removal  of the  
CO residues. This mechan i sm has successfully exp la ined  
many  aspects of the catalysis inc lud ing  the different  opt i -  
m u m  Pt:Ru surface  a tom rat ios  for me thano l  and CO oxi-  
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Fig. 6. Fits for the real part of the Fourier transform of data in Fig. 
5 in r space, k 3 weighted, Ak = 3 to 14 A -1, data ( ), fit (- - -). 

dation.  ~,7 However,  recent  work  by Vielst ich and co -work-  
ers 1''~2 indicates  tha t  the  b i funct ional  mechan i sm needs to 
be modif ied  to account  for e lectronic  effects of the  Ru on 
the  Pt. FTIR studies show a h igher  f requency  for  the CO 
s t re tch on Pt-Ru,  imply ing  a lower  energy of absorp t ion  for 
CO on the alloy. 3' More recent  results  show tha t  the peak  
po ten t ia l  for  the CO res idue  fo rmat ion  is shif ted 70 mV in 
the  negat ive  d i rec t ion  on the  alloy.ll An addi t iona l  cata lyt ic  
effect due to electronic  in terac t ions  in the alloy has to be 
involved.  The present  work  indicates  that  Ru has e lectronic  
effects on the Pt. There is no evidence in the present  work  
tha t  a l loying promotes  OH absorp t ion  on the  Pt. In the 
previous work on alloys of first row transition metals 18'I~ it 
was found that OH absorption was inhibited and no OH 
absorption could be observed even at 0.84 V. The same is 
likely to be true here and Ru is necessary to provide the 
oxygen-containing species for oxidation of the CO 
residues. Electronic effects on alloying can explain the 
lower energy of CO absorptionJ 2 The present work also 
indicates that alloying with Ru also affects the adsorption 
of H on Pt. Reduction of the hydrogen absorption and the 
provision of Pt sites could account for the negative shift in 
the potential for the formation of absorbed CO. Adzic et al. 

have proposed that reduced adsorption of H can have fur- 
ther electrocatalytic effects on the oxidation of small or- 
ganic moleeulesJ 3 The Pt EXAFS results indicate that 
changes occur in the alloy on going from 0.0 to 0.24 V. These 
changes are most likely due to the formation of RuOH and 
a relaxation of the Pt-Ru bonding. The formation of RuOH 
represents the "turn on" of the eleetroeatalytic effect. The 
present work and the results of Vielstich 11'31 indicate that it 
is necessary to modify the bifunctional mechanism and in- 
clude electronic effects. 

Table IlL Fitting parameters for the Pt EXAFS for the Pt-Ru catalyst 
at various potentials. 

Electrode potential Calculated parameters 
(V) Shell N R (~-) h ~  (~2) AEo (eV) 

0.00 Pt-Pt 9.64 2.71 0.007 1.93 
Pt-Ru 2.71 2.67 0.0029 -6.61 

0.24 Pt-Pt 7.03 2.73 0.0049 0.63 
Pt-Ru 2.95 2.67 0.0019 -7.07 

0.54 Pt-Pt 7.39 2.72 0.005 3.64 
Pt-Ru 2.57 2.68 0.001 -6.75 

N: coordination number. 
R: coordination distance. 
Ac~2: Debye-Waller factor. 
AEo: inner potential shift. 
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Table IV. Parameters used in analyzing Ru EXAFS. 

Electrode potential (V) k" hk (A -~) Ar (A) 

0.00 3 2.61 to 13.9 0 to 3.22 
0.24 3 2.62 to 12.64 0 to 3.08 
0.54 3 2.61 to 12.71 0 to 3.2 
0,84 3 2.55 to 12.8 0 to 3.22 

Table V. Fitting parameters for Ru EXAFS. Numbers in brackets 
were fixed as discussed in the text. 

Electrode potential Calculated parameters 
(V) Shell N R (.~) A(~ (s AEo (eV) 

0.00 R u - R u  5.75 2.66 0 .0041 3.90 
R u - O  (3.00) (2.02) 0 .033 - 0 . 9 6  

0.24 R u - R u  6.14 2.66 0 .0049 4.32 
R u - O  (3.00) (1.96) 0 .029 6.34 

0.54 R u - R u  5.74 2.66 0 .051 4.66 
R u - O  (3.00) (1.96) 0 .028  5.63 

0.84 R u - R u  5.61 2.66 0 .0048 4.53 
R u - O  3.18 (1.95) 0 .016 6,74 
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Fig. 9. Ru K edge EXAFS Pt-Ru at 0.0 Y. 
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Fig. 10. Fourier transform of Ru EXAFS, Pt-Ru at 0.0 V ( ), 
0.24 V (- - - ) ,  0.54 V (---), and 0.84 V (....), k 1 weighted, hk = 2.6 
to 13 A-'. 

Conclusions 
XAS studies at the Pt L3 and L2 edges show that the Pt is 

alloyed with Ru and that the Ru modifies the electronic 
structure of the Pt. The bifunctiona] mechanism for the 

electrocatalysis of methanol oxidation needs to be modi- 
fied to take into account the effect of the increase in Pt d 
band vacancies on the adsorption of H and CO residues. 
This result indicates that further improvements in elec- 
trocatalytic activity may be achieved through further 
modifications in the electronic structure by the use of 
ternary alloys. The XAS results at the Ru K edge are less 
conclusive because of a large excess of unalloyed Ru in the 
electrocatalyst. 
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ABSTRACT 

Gold electrodeposition has been studied on glassy carbon from Au(I) ammoniacal solution. The current transients 
obtained from potential step perturbations show a typical metallic nucleation growth controlled by diffusion; this process 
is influenced by adsorption of the different chemical species on the surface. Diffusion coefficients were calculated for Au(I) 
at different temperatures. It was also found that the increase in the temperature provokes the modification of the nucleation 
mechanism. 

Introduction 
The electrodeposition and electrowinning of gold are 

normally performed using cyanide-based baths. However, 
these baths have the great disadvantage of being strong 
pollutants because the cyanide ion is among the products 
obtained. For this reason, alternative nonpollutant baths 
have been researched (e.g., those based on thiourea, thio- 
sulfate, and ammonia). Unfortunately there are few works 
on this matter (e.g., work of Rausepp and Allgood on the 
gold-thiourea complex1); on the other hand, the ammonia 
bath has been studied for leaching and electrodeposition of 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 

noble metals, e.g., silver, 2 and good results have been re- 
ported by Meng for gold leachingP However, a s tudy on the 
thermodynamics and electrochemical behavior for Au(III) 
reduction in this medium has not been reported to our 
knowledge. Because the ammonia ba th  seems to be a good 
al ternative for these processes, this bath  has been selected 
in this work as a first choice. 

To investigate the influence of the temperature on gold 
electrodeposition, voltammetric and potentiostatic studies 
were undertaken. When the experimental results were 
compared with the corresponding theoretical models, it 
was found that the temperature has great influence on the 
system studied, since it provokes a change in the nucleation 
process at high temperatures. 
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