
Journal of Power Sources, 46 (1993) 17-27 17 

Catalytic influence of underpotentially deposited 
submonolayers of different metals in ethylene glycol 
oxidation on various noble metal electrodes in alkaline 
medium 

A . A .  E1-Shafei, H.M. Shabanah and M.N.H. Moussa 
Chemistry Department, Faculty of Science, EI-Mansoura University, EI-Mansoura (Eg~t) 

(Received November 23, 1992; in revised form April 7, 1993; accepted April 30, 1993) 

A b s t r a c t  

The electrochemical oxidation of ethylene glycol has been studied on Pt, Pd and Au 
electrodes in alkaline medium in the absence and in the presence of metal ad-atoms. For 
pure-metal electrodes, the maximum current density was obtained at an Au electrode. 
However, in the presence of metal ad-atoms, enhancement of catalytic activity changes its 
order to: P t > A u >  Pd. The three different electrodes exhibit maximum catalytic activity 
when modified with Pb ad-atoms. The decreasing order of enhancement by ad-atoms under 
investigation is: Pb > Bi > TI > Sn > Cd. 

Introduction 

The original interest in the anodic oxidation of  aliphatic alcohols was in their 
possible application in fuel cells [1]. One  of  them, ethylene glycol (EG), seems to be 
a very attractive fuel for alkaline fuel cells. This is due to its high reactivity, particularly 
on gold electrodes [2, 3]. However, oxalate -- produced as a result of  the complete 
oxidation of  ethylene glycol -- needs to be removed from the alkaline electrolyte [4, 
5]. In  addition, ethylene glycol was considered as a suitable fuel for use at higher 
temperatures [6, 7]. 

Several reaction mechanisms for EG electrooxidation on Pt substrates in acidic 
[8-12] as well as in alkaline media [13, 14] have been proposed but the nature of  
adsorbed residues, which poison the electrode surface, is still under  discussion. The 
electrocatalytic oxidation of  E G  on modified Pt substrates has been studied both in 
acidic [15-17] and in alkaline [18] solutions. Recently, the electrooxidation of  E G  on 
an Au electrode in acidic and in alkaline media has been studied [2, 3]. In acidic 
medium Au  behaves as a poor  electrocatalyst whereas it is an excellent electrocatalyst, 
even much better than Pt, in alkaline medium. This difference was explained by the 
different modes of  adsorption of  polyols on Pt and Au surfaces. 

In the present work, the effect of  underpotentially deposited (UPD) ad-atoms 
(Pb, Bi, TI, Sn, Cd) on the catalytic activity of  some noble metal electrodes (Pt, Pd, 
Au) towards the electrooxidation of  E G  in alkaline media is studied by cyclic voltammetry 
and potential step techniques. 
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E x p e r i m e n t a l  

The electrooxidation of  EG was examined by cyclic voltammetry and potential 
step techniques as previously described [19]. Pt and Au sheets served as counter 
electrodes. Potentials were measured versus an Ag/AgCl/saturated KNO3 electrode. 
The working electrodes were Pt, Pd and Au  sheets modified by U P D  of  foreign metal 
ad-atoms. The U P D  of  the different metal ad-atoms was obtained by adding the 
corresponding salts -- Pb(CIOa)2-3H20 (Aldrich), Bi(NO3)3.5H20 (BDH),  TINO3 
(Prolabo), SnSO4 (BDH),  CdSO4-8/3H20 (Ridel-de Haen)  -- at low concentrations 
( 1 0 - 7 - 5 x 1 0  -s  M) to the electrolytic solution. The electrolytic solution (0.1 M 
CH2OH-CH2OH (BDH) in 0.1 M N a O H  (BDH) was prepared with megapure water. 
All solutions were purged with purified nitrogen (99.996%). 

The  real surface area was determined from the hydrogen region for Pt electrodes 
[20] and from the oxygen reduction peak for Au  and Pd electrodes [21, 22] in the 
voltammograms recorded in a sulfuric acid (BDH) electrolyte. 

R e s u l t s  a n d  d i s c u s s i o n  

Oxidation of  EG on modified Pt electrode 
The U P D  of  Pb, Bi, TI, Sn and Cd on the Pt electrode in alkaline media has 

been previously described [18, 23]. The voltammograms of  a Pt electrode recorded in 
the absence and in the presence o f  metal salts are given in Fig. 1. U P D  ad-layers of  
Pb are formed on the electrode surface according to the reaction: 

HPbO2-  + H 2 0 + 2 e -  ' P b a ~ . + 3 O H -  (1) 

The U P D  of  Pb begins in the negative potential sweep at - 0.2 V, while its redissolution 
starts at ~ - 0.3 V, with a main desorption peak at - 0.22 V. TI + ions are underpotentially 
deposited on Pt in the negative potential scan between ~ - 0 . 1  V and - 0 . 8  V, giving 
various reduction peaks depending on the Tl + ion concentrations. Its redissolution 
during the positive sweep also gives several oxidation peaks at potentials more positive 
than - 0.5 V. The  main U P D  peak of  Bi appears at - 0.37 V and the main redissolution 
peak at - 0 . 1 8  V. The U P D  of  Cd occurs during the negative sweep in a single peak 
at - 0 . 3 9  V; the redissolution reaction takes place in a broad peak at ~ - 0 . 1  V. Sn 
is underpotentially deposited in strong alkaline medium according to the reaction: 

SnO22 - + 2H20 + 2e-  , Sn,ds. + 4 O H -  (2) 

The U P D  of  Sn occurs in the negative sweep in a single peak at - 0 . 3 5  V. The main 
redissolution peak occurs at - 0 . 1 5  V. 

The effect of  submonolayers of different ad-atoms on EG oxidation on a Pt 
electrode has been studied previously [18]. However, the effect of  some metal ad- 
atoms was examined under  the present experimental conditions in order  to compare 
their influence on the three noble metal electrodes towards E G  oxidation. Figures 2 
and 3 show the cyclic voltammograms and steady-state polarization curves of  EG 
oxidation on bare Pt and on Pt surfaces modified by U P D  submonolayers of  Pb, Bi, 
TI, Sn and Cd in 0.1 M NaOH. 

The oxidation of  E G  on a Pt electrode is strongly enhanced by the presence of  
Pb, Bi and TI ad-atoms. The general shape of  the oxidation curves is unchanged, but 
the current densities are greatly magnified, reaching about 14 mA/cm 2 in the positive 
scan for 1 × 10 -4 M Pb 2÷ in solution. The presence of  Sn ad-atoms at the optimum 
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Fig. 1. Cyclic vo l tammograms  o f  Pt  e lec t rodes  in 0.1 M N a O H  ( - - )  in the absence  and  in the  
p resence  o f  ( - - - )  l x l 0  -5 M Pb 2÷, ( . . . . .  ) 10 -5 M Bi 3÷, ( - - - )  5 × 1 0  -5 M TI ÷, ( . . . .  ) 
l x l 0  -6 M Sn 2÷ and  ( . . . . .  ) 5 × 1 0  -5 M Cd2÷; sweep  rate  100 mV/s  at 25 *C. 

concentration (5 × 10 - 6  M Sn 2÷ in solution) only slightly increases the current density 
without changing the shape of  the voltammogram. The oxidation rate of  E G  in the 
presence of  Cd ad-atoms slightly increases during the positive sweep at the optimum 
concentration (5 x 10 - 7  M Cd 2+ in solution). For  concentrations > 1 × 10 -6 M Cd 2+, 
the current density is slightly smaller than on a pure Pt electrode. However, Cd ad- 
atoms shift the current-potential  curves towards a more negative potential. The catalytic 
activity decreases in the following order: Pb > Bi > TI > Sn > Cd (Fig. 3). 

• Oxidat ion o f  E G  on  m o d i f i e d  P d  electrode 
The voltammograms of  Pb, Bi, Tl, Sn and Cd on Pd electrodes in alkaline medium, 

together with that of  pure Pd surfaces are shown in Fig. 4. The U P D  of  Pb begins 
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Fig. 4. Cyclic voltammograms of Pd electrodes in 0.1 M NaOH ( - - )  in the absence and in the 
presence of ( - - - )  2 .5×10 -4 M Pb 2+, ( . . . . .  ) 1×10 -5 M Bi 3+, ( - - - )  5 × 1 0  -5 M TI +, ( . . . .  ) 
5 × 1 0  -5 M Sn 2+, and ( . . . . .  ) 1×10  -5 M Cd2*; sweep rate 100 rows at 25 °C. 

in the  negat ive  po ten t i a l  sweep  at + 0.2 V, whi le  the  red isso lu t ion  o f  the  U P D  layer  
starts  at ~ - 0.7 V, wi th  a ma in  deso rp t ion  peak  at - 0.03 V.  TI + ions a re  unde rpo ten t i a l l y  
depos i t ed  on  Pd in t he  nega t ive  scan b e t w e e n  0.0 and  - 0.75 V, giving var ious  r educ t ion  
peaks ,  that  d e p e n d  on  the  TI + ion concen t ra t ions  in t h e  solut ion.  T h e  U P D  layer 
red isso lu t ion  in the  posi t ive  sweep  starts  at  0.15 V, wi th  severa l  oxida t ion  peaks  at  
- 0 . 7  and + 0.1 V. T h e  U P D  o f  Bi ad -a toms  takes  p l ace  accord ing  to the  react ion:  

B i O 2 -  + 2 H 2 0  + 3 e -  , Bi.ds. + 4 O H  - (3) 

o r ,  

BiO + + H 2 0 + 3 e -  ~ B i = ~ . + 2 O H -  (4) 
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which occurs toge ther  with pa l lad ium oxide reduction.  Its redissolution begins at 
- 0 . 5 5  V, giving two desorpt ion  peaks  at - 0 . 3 5  and - 0 . 1 5  V, respectively. The  U P D  
of  Sn ad-a toms is real ized f rom the soluble species SnO22- dissolved in the  electrolyte 
solution. Dur ing  the negative sweep the U P D  begins at - 0 . 4 5  and extends as far as 
- 0 . 8  V. The  redissolut ion of  Sn during the positive sweep gives a main peak  at 
- 0 . 3 6  V. The  U P D  of  Cd occurs during the negative sweep between - 0 . 4 5  and 
- 0 . 8  V, while its redissolut ion begins at  - 0 . 4  V giving two oxidation peaks  at - 0 . 3 2  
and - 0 . 1 7  V. 

The  electrooxidat ion of  E G  on a Pd e lec t rode  is markedly  improved by the 
format ion of  Pb, Bi and TI submonolayers  on the electroeatalytic surface (Fig. 5). Fo r  
the op t imum concentrat ions,  the  current  densit ies at the  peak  potent ia l  during 
the positive sweep reach values close to 6, 5 and 4 mA/cm 2 for 1 X 10 - s  M Pb 2+, 
1 x 1 0  -6 M Bi 3+ and l x l 0  -6 M TI +, respectively. As  in the  ease of  Pt electrodes,  
Sn and Cd submonolayers  lead  only to a small increase of  the current  densities.  This 
increase of  current  is accompanied  by a shift o f  the polar izat ion curve to  a more  
negative potent ia l  for  Pd e lec t rode  modified by Cd ad-atoms. The  catalytic activity 
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Fig. 5. Anodic cyclic voltammograms of Pd electrodes in 0.1 M NaOH containing 0.1 M E G  
( - - )  in the absence and in the presence of ( - - - )  l x l 0  -6 M Pb 2+, ( . . . . .  ) l x l 0  -6 M Bi 3+, 
( - - - )  l X l 0  -7 M TI +, ( . . . .  ) I x l 0  -5 M Sn 2+, and ( . . . . .  ) l x l 0  -7 M Cd2+; sweep rate 
100 mV/s at 25 *C. 
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decreases following the same order as in the case of Pt electrode. These results are 
consistent with those obtained under  steady-state conditions (Fig. 6). 

Oxidation of  EG on modified Au  electrode 
Figure 7 shows the voltammograms recorded for Au electrodes in the absence 

and the presence of Pb, Bi, TI, Sn and Cd ions in solution. The U P D  of Pb 2+ occurs 
in the negative sweep direction from - 0 . 1 5  to - 0 . 8  V giving different peaks depending 
on the Pb 2+ ion concentrations. The main deposition peak is observed at - 0 . 4 8  V 
whereas that of redissolution occurs at - 0 . 5  V. Only one reduction peak at 
- 0 . 3 6  V and one oxidation peak at - 0 . 3 4  V are observed for Bi at low concentrat ion 
(1 x 10 -6 M Bi3+). For  concentrations > 1 x 10 -5 M more complicated voltammograms 
are obtained. In  the presence of TINO3, the voltammograms of the Au electrode 
display a rather complicated pat tern with several U P D  and redissolution peaks. The 
peaks I and I '  appear to be the principal U P D  peaks corresponding to the conversion 
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of an adsorbed form of Tl(1) to TI(UPD) and vice versa [24]. The UPD of Sn 2+ and 
of Cd 2+ ions occurs in the negative direction after the oxygen reduction peak, giving 
a small deposition peak at -0.34 V. 

Figures 8 and 9 show the voltammograms and the polarization curves obtained 
for EG oxidation on an Au electrode modified by UPD of Pb, Bi, Tl, Sn and Cd. 
The voltammogram obtained at pure Au electrode is given in the same Fig. for 
comparison. The presence of HPbO2-, TI + and BiO2- (or BiO +) ions in solution, 
and their reduction to form UPD ad-layers, result in a significant enhancement of 
the catalytic activity of the Au electrode for EG oxidation. As in case of Pt and Pd 
electrodes, catalytic activity decreases in the order: Pb > Bi> Tl. A small increase in 
current around the peak potential is observed in the presence of Sn ad-atoms. Cd 
ad-atoms shift the polarization curves to more negative potentials. This can be attributed 
to their ionic character [25]. 

For pure-metal electrodes, Au exhibits the highest current density as shown in 
Fig. 10. This result is consistent with that reported in the literature [2, 3]. However, 
in the presence of metal ad-atoms the maximum current was obtained at the Pt 
electrode. In a comparative study between nobel metal electrodes towards the oxidation 
of HCOOH [26] in acidic medium and D-glucose in alkafine medium [27], a so-called 
Volcano curve was obtained when the latent heat of sublimation was plotted against 
log 2(ip). At the apex of the curve lies Pt, which is therefore the best elcctrocatalyst 
in this case. The current of the anodic peak is multiplied by two just because the 
maximum catalytic action appears at coverages OM = 0.5, where half of the active sites 
on the electrode surface arc available for the oxidation of HCOOH and D-giUCOSc. 
This assumption is in contrast with the following: (i) the optimum coverage by UPD 
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25 °C: ( - ~ )  free Au; ( - + - )  l x l 0  -7 M TI+; ( - * - )  l x l 0  -6 M Sn2+; ( - 0 - )  l x l 0  -6 M pb2+; 
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submonolayers  is not  exactly 0.5 for all the  ad-atoms and (ii) the authors  assumed 
that  the react ion takes place only on Pt sites free from metalad,.. However,  Vielstich 
and col laborators  [28], concluded that  the oxidation of  H C O O H  takes p lace  on the 
Pt surface covered by a monolayer  of  Pb. The  current  obta ined  at an A u  e lec t rode  
was not  subjected to mult ipl icat ion by a factor  of  two [26], because  the  U P D  of  Pb 
on A u  e lec t rode  is cathodic to the region where the oxidation of  H C O O H  on A u  
takes place.  I f  we apply the rules proposed  by Adzic  et al. [26], a similar o rder  of  
catalytic activity is obta ined  (Pt > Pd > Au) .  Ano the r  o rde r  is obta ined (Pt  > A u  > Pd)  
when the actual  exper imenta l  current  values were taken without the  above modification 
and taking into account Vielstich's  conclusion. However,  in both cases, maximum 
catalytic activity is found for the Pt e lec t rode  modified with U P D  submonolayers,  
especially that  modified with Pb ad-atoms.  

The  effect of  the  different metal  ad-a toms studied here  on the electrooxidat ion 
rate  of  E G  can be explained by means  of  the  modification of  Oong. and/or  OOH, the 
coverages of  organic adsorpt ion residue and adsorbed hydroxyl, respectively, by the  
foreign metal  atoms. The  catalytic influence of  Pb, Bi and Tl can be  a t t r ibuted  to 
the l iberat ion of  free Pt, Pd or  A u  sites before  the  E G  oxidation, due to the  redlssolut ion 
of  the  bulk metals  (around - 0 . 5  V versus Ag/AgCI/KNO3) which are  able to adsorb 
E G  molecules.  At  more  positive potentials ,  hydroxyl radicals can be adsorbed  on the 
few meta l  ad-a toms remaining at the e lec t rode  surface. Cd ad-a toms shift the polar izat ion 
curves t o  more  negative potent ials  than on pure-meta l  e lectrodes [15, 18, 23, 29]. Cd 
ad-a toms display some ionic character  [25]. Sn ad-a toms do not  change the polar izat ion 
curves because  this metal  does not greatly change the coverage of  the adsorbed  species; 
redissolution for Sn ad-a toms occurs in the potent ia l  range for E G  oxidation.  
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List of symbols 

U P D  
ad-atoms 

Boa 
Borg. 
ip 

underpotent ial  deposition 
adsorbed atoms 
surface coverage with metal ad-atoms 
surface coverage with OH 
surface coverage with organic residue 
peak current  
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