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electrocatalysis of having highly dispersed Pt, we study in 
this work the electrocatalytic behavior of bimetallic elec- 
trodes obtained by electrodeposition of Pt, Pt + Pb and 
Pt + Ir on Ti electrodes in both 0.5 M H2SO 4 and 0.5 M 
NaOH electrolyte. This technique does not need thermal 
decomposition treatment in the sample preparation. It is 
known that the surface morphology and microstructure of 
the deposits are not homogeneous and are greatly influ- 
enced by the preparation conditions [12]. 

2. Experimental  

electrodes. Oxidation of EG was investigated using CV in 
both 0,5 M H2SO 4 and 0.5 M NaOH solutions. 

The surface morphology was studied by scanning elec- 
tron microscopy (SEM) with a Siemens Autoscan appara- 
tus. To determine the proportion of both metals in the 
Pt + M codeposit, flame spectrophotometry was employed. 
To carry out the analysis, the electrodes were dissolved 
previously in concentrated HCI. For Pt a spectrophotome- 
ter, Perkin-Elmer model 4000, was used with a lamp of 
hollow Pt cathode at 265.9 nm. For Pb, GBC 905 equip- 
ment was used with a lamp of hollow Pb cathode at 217 
am. 

2.1. Electrode preparation 

Pt and Pt + M electrodes (with M = Ir or Pb) were 
prepared by electrolysis at constant current (12 to 15 mA 
cm -2)  of chloroplatinic acid solutions in 0.5 M H2SO 4 
plus the respective salt (PbCO 3 or Na2IrC16 - 3H20) on 
Ti. Titanium foils (99.7%) having dimensions 10 X 10 x 
0.25 mm 3 were washed previously in concentrated sulfuric 
acid and then treated in the usual way [13] by cyclic 
voltammetry (CV) for 2 h in 0.5 M H2SO 4 between 
- 0 . 2 3  and 1.10 V (SCE). The electrodes thus prepared 
revealed deposits of good adherence and no ohmic compo- 
nents in the CV curves. 

2.2. Electrode characterization 

The electrodes were characterized in 0.5 M H2SO 4 by 
cyclic voltammetry. In the case of Pt + Pb deposits, to 
avoid a massive dissolution of lead, the potential was 
scanned from the H 2 evolution potential (E¢--  - 0 . 2 3  V 
in 0.5 M H2SO 4) to 1.15 V more positive than the initial 
potential E c [14]. 

A conventional three-compartment Pyrex cell, provided 
with a Luggin capillary, was employed. All potentials were 
measured with respect to, and are referred in the text to, a 
saturated calomel electrode (SCE). A P t  spiral of ca. 8 cm 2 
was used as a counter electrode, which was separated from 
the main compartment by a wet conical stopcock. Electri- 
cal contact was achieved through the thin liquid electrolyte 
film wetting the cone. The complete set up has been 
described elsewhere [15,16]. Voltammetric measurements 
were performed at 20°C under nitrogen. The real electrode 
areas were estimated from CV curves in 0.5 M H2SO 4 
solutions. The procedure described before [17,18] involves 
integration of the charge due to hydrogen adsorption (de- 
sorption) and oxygen adsorption. For Pt-electrodeposited 
electrodes a charge value of 224/zC cm -2 was used [19] 
to represent full hydrogen coverage for 1 cm 2 of active 
surface area of Pt. For this electrode the charge involving 
oxygenated species, in the potential window used, was 
estimated at 350 /zC cm -2 (active area). The latter was 
used to estimate the active area of Pt + Pb and Pt + Ir 

3. Results and discussion 

3.1. Pt electrodes 

In order to select the electrolyte used in the electrode 
preparation, the morphology and electrocatalytic activity of 
Pt deposits formed in 0.5 M H2SO 4 and 1 M HCl was 
investigated. SEM images, showing the surface morphol- 
ogy, are presented in Fig. 1. The aspect of the surface in 
Fig. 1 shows light spots associated with the presence of Pt 
deposits on the macroscopic surface. The dark regions 
seem to be related to the absence of deposits a n d / o r  with 
a surface region where microscopic particles of Pt deposits 
were formed. A comparison of these images reveals a 
greater size of particles in the Pt deposit and a more 
homogeneous deposit for the electrodes formed in HESO 4. 
However, in spite of the different deposit morphologies, 
the voltammetric responses on both electrodes in 0.5 M 
HESO 4 were similar. Additionally, the voltammetric re- 
sponse in the presence of EG was independent of the 
preparation of the deposits. 

From previous results [13], both electrodes may be 
suitable for use as an anode for ethylene glycol oxidation. 
Nevertheless, to avoid the presence of Cl-  ions in the 
deposit, the medium selected for preparation of the elec- 
trodes was sulfuric acid. Experimental measurements made 
previously in this laboratory [13] involving formic acid 
oxidation on these electrodes indicated that an increase in 
the electrolysis time only gives rise to an increase in the 
grain size of the deposit without affecting the electrocat- 
alytical activity of these electrodes. On the basis of these 
results, in the present work we have used short deposition 
times and, therefore, thin films of Pt on Ti. 

Fig. 2(A) shows the voltammograms of Pt deposits in 
0.5 M H2SO 4 with (solid line) and without (dashed line) 
0.1 M EG. Without the organic compound, the I / E  profile 
is similar to the voltammograms for platinized platinum 
electrodes reported in the literature [20]. In the presence of 
EG, the voltammogram exhibits a wide anodic peak in 
both scans, positive and reverse. In the positive scan, a 
shoulder (IIa) before the peak (Ia) and a decrease of the 
electric charge associated with hydrogen desorption are 
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observed. The latter indicates that adsorption of  some 
organic residue occurs on the electrode surface, blocking 
the sites for hydrogen adsorption. In the back scan an 
anodic current peak (IIIac), which appears at a potential 
lower than the peak Ia, is revealed. 

Studies of  the stability of  the electrode and its electro- 
catalytic activity in acid media were carried out by evaluat- 
ing the charges associated with the hydrogen processes 
(QH) and the formation of  oxygen containing species (Qo)  
after repetitive cyclic voltammetry (RCV). The variation of  
these charges with cycling time, under stirring conditions 
and in the absence and presence of  EG (Qeg), is presented 
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Fig, 1. SEM images of Pt deposits on Ti formed by electrolysis of 
chloroplatinie acid solution in 1 M HCi and 0.5 M H2SO 4. 
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Fig. 2. (A) Cyclic voltammograms obtained on a Pt deposit in 0.5 M 
H2SO 4 at 0.1 V s -I with (solid line) and without (dashed line) 0.1 M 
EG. (B) Variation of Qo and QH on Pt deposits with cycling time at 0.1 
V s- l in the absence of EG and of Qeg in the presence of EG. 

in Fig. 2(B). It seems clear from Fig. 2(B) that QH 
decreases significantly in the first CV curve, but Qo and 
Qeg seem to decrease more slowly and, consequently, an 
increase of  the real activity probably occurs during conti- 
nous cycling. 

In alkali, the oxidation of  EG proceeds to a greater 
extent than in acid medium. The CV resembles more a 
polarization curve than a voltammogram (see Fig. 3). 
Since measurements on Ti foils, in acid and alkaline 
medium, did not reveal any activity for the EG oxidation, 
differences in activity of  the codeposits in alkaline medium 
can apparently be associated with a cooperative effect of  
the Ti surface. It is well known that Ti forms oxide + 
hydroxide layers in alkali [21,22], which may promote a 
bifunctional character of  the Pt deposits. Ti foil did not 
present any activity for the electro-oxidation of  EG in 
either acidic or alkaline medium. Consequently, activity 
measurements were made with electrodes obtained on 
different supports and compared with those made with a Pt 
foil electrode (see Figs. 4(A) to 4(C)). The results do not 
indicate any effect of  the support on the electrocatalytic 
activity. 
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Fig. 3. Cyclic voltammograms obtained on a Pt deposit in 0.5 M NaOH at 
0.1 V s-  i with (dashed line) and without (solid line) 0.1 MEG.  

3.2. Pt + Pb electrodes 

Pt + Pb electrodes were obtained under the same exper- 
imental conditions as the Pt electrodes, but with the elec- 
trolyte saturated with PbSO 4. Owing to the low solubility 
of PbSO4, formed when the PbCO 3 salt is dissolved in 0.5 
M H2SO 4, in our studies of the influence of lead concen- 
tration in the electrode 1 M HCI was used as supporting 
electrolyte. In this way it was possible to vary the lead 
content in the electrolyte and, hence, in the deposit. 

Fig. 5 shows the Pt + Pb codeposits on Ti before and 
after cycling for 2 h in 0.5 M H2SO 4. In Fig. 5(A), the 
"caulif lower" like appearance of the deposits is evident. 
However, as a result of cycling in sulfuric acid, there is a 
change in appearance (Fig. 5(B)), revealing a decrease in 
deposit particle size and differently contrasted regions over 

Fig. 5. SEM images showing the morphology of P t+Ph codeposits 
before (A) and after (B)cycling the electrode in 0.5 M H2SO 4 at 0.1 V 
s - I  for 2 h. 
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Fig. 4. Cyclic voltammograms obtained on different Pt electrodes in 0.5 M NaOH at 0.002 V s - l  . The electrodes are: (A) Pt deposited on Pt, (B) Pt 
deposited on Ti and (C) Pt foil. 
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Fig. 6. (A) Cyclic voltammograms obtained on a Pt + Pb codeposit in 0.5 
M H2SO 4 at 0.1 V s- t with (dashed line) and without (solid line) 0.1 M 
EG. (B) Variation of Qo and QH on Pt deposits with cycling time at 0.1 
V s- i in the absence of EG and of Qe8 in the presence of EG. 

the electrode surface. Similar  results have been reported 
earlier by the authors in a study o f  formic acid oxidation 
on bimetall ic  electrodes [13]. 

Owing to the high solubili ty of  the PbO oxide in 
alkaline medium,  the study of  Pt + Pb deposits  on Ti was 
only carried out in acid medium. 

The potent iodynamic profile of  the Pt + Pb codeposits  
in 0.5 M HESO 4 is shown in Fig. 6(A) both without (solid 
line) and with (dashed line) EG in the electrolyte.  In the 
absence of  EG,  the I / E  curves are similar to those of  the 
Pt deposit  in HESO 4 solutions. In the presence of  the 
organic compound,  an oxidation peak current in both 
directions of  the scan is observed. However ,  in comparison 
with Pt deposits  (Fig. 2(A)), the current peak in the reverse 
scan is lower, probably as a consequence o f  a very low 
coverage in lead. This will be discussed later in this work. 

The stability of  the electrode in acid medium was 
studied by evaluating the charges, in the posit ive scan with 
and without EG in the electrolyte,  after cycling the elec- 
trode for different times. The corresponding charges were 

5pro 
Fig. 7. SEM image of Pt + lr codeposits on Ti foil. 

Qcg (associated with EG electro-oxidation) and Qo and 
QH (associated with oxide formation and hydrogen desorp- 
tion in the absence of  organics). A plot of  the respective 
charge values vs. the cycl ing time (Fig. 6(B)) reveals a 
decrease in the charge values related to hydrogen and 
oxide species. This may be the result of  partial dissolution 
or sintering processes of  Pt + Pb electrodes, which seems 
to be related to the low catalytic activity of  these elec- 
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Fig. 8. Cyclic voltammograms obtained on PI + Ir codeposits in 0.5 M 
H2SO 4 at 0.1 V s -] with (dashed line) and without (solid line) 0.1 M 
EG. (A) Pt:Ir 30:70 and (B) Pt:Ir 70:30. 
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trodes for EG oxidation (Fig. 6(A)). Variations of the 
Pt + Pb ratio in the electrolyte revealed changes in Pt:Pb 
deposit composition and catalytic activity of these elec- 
trodes. This will be discussed later in this work. 

3.3. Pt + Ir electrodes 

These electrodes were obtained in sulfuric acid elec- 
trolyte containing different proportions of Ir and Pt salts. 
The results indicate that the Ir:Pt proportions obtained in 
the deposits are similar to those in the forming electrolyte. 
SEM images showing the surface morphology of this 
electrode (Fig. 7) reveal differently contrasted areas associ- 
ated with Pt + Ir deposits. In comparison with Pt deposits 
(Fig. 1), Ir + Pt deposits present a more uniform distribu- 
tion. This seems to be related to clustering processes of the 
Ir + Pt deposit particles during electrode preparation. In 
relation to Ir + Pt deposits, the presence of separate phases 
for Pt and Ir is considered unlikely, although the phase 
diagram for Pt + Ir at room temperature presents a region 
of total immiscibility [23]. The conventional current- 
potential response for Pt:Ir electrodes, 70:30 and 30:70 in 
the absence and presence of EG, is shown in Fig. 8. The 
l I E  profile obtained without EG (dashed line) presents the 
characteristic areas described for a Pt electrode. However, 

in the presence of EG (solid line) the I / E  curves vary, 
depending on the Pt:Ir proportion (Figs. 8(A) and 8(B)) 
and the scan rate used. In Fig. 9 the values of Iv and Ep 
are represented for the three main peaks of Figs. 8(A) and 
8(B) as a function of scan rate. The slope values of the 
different straight lines are summarized in Table 1. 

Comparing the results for the two Pt + Ir deposits (Ta- 
ble 1), aloglp/~logv values of the three current peaks are 
relatively similar, however, differences are evident for the 
aEp/alog v values. The greatest differences appear in the 
peak Ia that corresponds to the oxidation of EG via a 
strongly adsorbed intermediate and may be attributed to 
the differences in iridium content of these electrodes. From 
Figs. 9(C) and 9(D), the EG oxidation on Pt:Ir 30:70 starts 
at a potential less positive than on Pt:Ir 70:30 (peak Ia). 
Relating the previous information to voltammetric studies 
on an Ir electrode under similar experimental conditions 
[16], the starting potential for the EG oxidation in Pt:Ir 
30:70 coincides with the potential of formation of the 
oxygenated species on the Ir electrode. Thus it is apparent 
that, while the Pt:Ir 70:30 electrode behaves similarly to 
the Pt deposit electrodes, the Pt:Ir 30:70 electrode behaves 
like the Ir electrodes. The latter is additionally confirmed 
by comparison of the aEp/Olog v values for the two Pt + Ir 
electrodes. These values differ substantially, suggesting a 
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Table 1 
Summary of the slope in Fig. 9 

Composition Pt:Ir 70:30 Pt:Ir 30:70 

alog Ip /a log  v 
I 0.307 0.432 

II 0.597 0.591 
Ill 0.312 0.323 

(aEp/alog v ) / m V  dec- l 
I 40.57 134 

II 59 70 
III - 28.46 17.8 

different reaction path on the two electrodes. The differ- 
ence, which must be related to the stabilization of the 
intermediate in the electrode surface, is considered, as 
suggested previously, to be associated with the chemical 
nature of the metal deposit (Pt or Ir) making up the greater 
part of these electrodes. The value determined for the 
0log Ip/01og v slope is less than 0.5; hence, in spite of the 
complex conditions of this system, it is possible to suppose 
that there is a control of the reaction different from diffu- 
sion or adsorption control. 

In alkali, the behavior of the Pt + Ir electrode also 
resembles a polarization curve with high current. In Fig. 
10(A) a cyclic voltammogram obtained at a voltage scan 
of 100 mV s - l  is presented, and in Fig. 10(B) a polariza- 
tion curve recorded at a voltage scan of 1 mV s - I .  In the 
cyclic voltammogram a marked decrease of the hydrogen 
charges and an important current intensity in the potential 
region of the EG oxidation are observed. However, from 
the polarization curve (Fig. 10(B)) it is not possible to 
identify a Tafel region. This may indicate that the mecha- 
nism of the reaction is complex where the rate determining 
reaction has to be a function of the potential. Furthermore, 
from Fig. 10(B) the current density (on the active area of  
the electrode) measured at the same potential is greater for 
the electrode with lower iridium content. 

The mechanism of the electro-oxidation of EG is far 
from being understood. Orts et al. [24], working with Pt 
monocrystals, have suggested that the reaction mechanism 
of EG oxidation is similar to that of methanol oxidation on 
Pt. This means that there would be a mechanism similar to 
those proposed by Parsons and coworkers [25,26] for 
HCOOH oxidation on Pt and used by Herrero et al. [27] 
for HCOOH oxidation on Pt(100) electrodes. There is 
agreement in these mechanisms in the cleaving of the C - C  
bond to give products with only one carbon. In this way, 
the most probable mechanism is that the EG oxidation 
occurs via a poison intermediate through dehydrogenation 
in several consecutive steps, forming a species of the type 
MxCOH where M represents a surface site on the electrode 
and x represents the number of surface sites blocked by 
the adsorbed species. For P t -HCOOH,  this number ap- 
pears to be dependent on the experimental conditions 
[28,29] and values between 1 and 3 have been reported. 
The rate-determining step of the reaction would corre- 
spond to the desorption of the MxCOH species to give 
CO2, which can occur (for x = 3) according to the follow- 
ing reaction: 

MaCOH + 3 ( M - O H )  , CO 2 + 6M + 2H20 (1) 

E 20 

k 0 
0 

- 1 0 0 0  

I I 

I I 

- 5 0 0  0 

p o t e n t i a l / m V  

4. General discussion 

The results obtained for EG oxidation in acid medium 
indicate a low catalytic activity for the three electrodes. 
However, differences in the activity of these electrodes can 
be observed. This is shown in a more explicit way in Fig. 
11, which plots I / I  ° vs. E where I and I ° correspond to 
the current obtained at 5 mV s - l  in the absence and 
presence of EG respectively. From Fig. 11 the activity of 
the Pt + Ir electrode is 1.5 times greater than that of the Pt 
or Pt + Pb electrodes. However, in the Pt + Pb electrodes 
with greater Pb content, the reaction starts at a much less 
positive potential, which suggests that in this electrode the 
intermediate is less stabilized and hence is easier to oxi- 
dize. 
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Fig. 10. (A) CV curves on Pt + lr electrodes at 0.1 V s-  l in 0.5 M NaOH 
with and without EG. (B) Polarization curves obtained at ! mV s -  1 o n  

the same electrode. 
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The interaction of the species M - O H  with the adsorbed 
intermediate M3COH will depend on the affinity of the 
adsorbed species with both the codeposit metals and the 
bare metal region (if it exists). The electrochemical behav- 
ior of these electrodes is difficult to interpret from the 
inter-relationship between acid-base and redox properties. 
The codeposited metal can promote the formation of unsta- 
ble M-OH, which facilitates EG oxidation. The reaction 
(1) can be catalyzed by increasing the M - O H  coverage. 
Studies carried out in our laboratory, encompassing Ir 
electrodes modified with adatoms for the methanol oxida- 
tion, showed that the presence of metallic adatoms modi- 
fies the kinetics of such a reaction [15]. From our results, 
Pt + Ir electrodes have the greater electrocatalytic activity 
for EG oxidation in acid medium. This is possibly related 
to the iridium electrode behavior in acid medium, where 
the formation of oxygenated compounds through the oxy- 
hydroxy-hydrated species starts at a potential less positive 
than that for the Pt electrode. These species acting as 
donors of OH species may increase the reaction rate. In the 
case of the electrode with lead this was not observed, 
which is probably due to the greater affinity of lead for 
OH species, increasing the Pb dissolution rate by oxide 
formation. 

The oxidation of EG in alkaline solution on Pt gives 
oxalate as the reaction product and can be represented as 

C 2 H a ( O H ) 2  + 1 0 O H -  ~ C2 O2-" -Jr 8 H 2 0  -t- 8e- 

(2) 

It has also been suggested that the EG oxidation in alkaline 
medium involves the adsorption of EG and the dehydro- 
genation of adsorbed species, as follows: 

C2H4(OH)2 + Pt + OH-  ~ > 

(residue)a d + H20  + e -  (3) 

where a wide variety of reaction intermediates and prod- 
ucts has been reported [30]. 

The role of the (OH)ad species in the mechanism of EG 
oxidation needs further elucidation [3]. From our results, 
currents were obtained on Pt deposits in alkaline medium 
which were even higher than those on Pt + Ir codeposits in 
acid medium. To elucidate the possible role of the support 
metal (Ti) in the activity of these electrodes in alkaline 
medium, additional experiments including Pt deposits on 
different support metals were carried out (Fig. 4). From the 
current values, measured at the same potential, the activity 
of these electrodes is shown to be independent of the 
support metal. Consequently, the high electrocatalytic 
properties of the Pt deposits on Ti for EG oxidation in 
alkaline medium seem to be associated with the role of the 
OH-  species in solution. 

The most probable rate-determining step on Pt and 
Pt + Ir deposits is the reaction of adsorbed dehydrogenated 
EG with OH species. However, regarding the differences 
observed in both electrolytes, it is possible that such OH 
species are present in alkaline medium (the OH-  ions in 
the solution (OH-)~q), while in sulfuric acid solution the 
OH is adsorbed on the electrode (OH)ad. 

The activity of the Pt + Pb electrodes for EG oxidation 
was unexpected, since for such a reaction electrodes pre- 
pared by upd of Pb in Pt present high activities. Although 
flame spectroscopic analysis of Pt + Pb deposits revealed 
Pt:Pb proportions similar to those in the electrolyte, the 
analysis only gave the total Pt and Pb in the deposits and 
not the Pt and Pb surface contents. Thus, it is possible that 
the lower activity of the Pt + Pb deposits is related to a 
decrease of the Pb sites for EG oxidation. Furthermore, 
comparing the activity of Pt + Pb deposits with those of Pb 
on Pt formed by upd, another important aspect to be 
considered is the behavior of Pb during CV. In an under- 
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po ten t i a l  depos i t ,  the  P b  cove rage  is r e g e n e r a t e d  in e a c h  

v o l t a m m e t r i c  cycle .  H o w e v e r ,  in  the  m a s s i v e  depos i t ,  l ead  

a t o m s  poss ib ly  do  no t  b e h a v e  in a r eve r s ib l e  way ,  there-  

fore  d e c r e a s i n g  the  p o p u l a t i o n  o f  the ac t ive  si tes.  

T h e  resu l t s  o b t a i n e d  ind ica te  the  r e l e v a n c e  o f  h a v i n g  

spec ies  tha t  p r o m o t e  the  O H  adso rp t ion  w h i c h  o c c u r s  w i th  

the P t  + Ir  e l ec t rode .  It  is  i m p o r t a n t  a lso to e m p h a s i s e  tha t  

the  p r e p a r a t i o n  m e t h o d  o f  a codepos i t ed  e l ec t rode  o f  g rea t  

ac t ive  a rea  is s i m p l e  and  ve ry  r ep roduc ib le .  

A c k n o w l e d g e m e n t s  

T h e  au tho r s  

suppor t  t h r o u g h  

g ran t  193093.  
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