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The oxidation of ethanol (EtOH) at Pt(111) electrodes is 
dominated by the 4e path leading to acetic acid. The inclusion of 
surface defects such as those present on stepped surfaces leads to 
an increase of the reactivity towards the most desirable 12e path 
leading to CO2 as final product. This path is also favored when the 
methyl group is more oxidized, as in the case of ethylene glycol 
(EG) that spontaneously decomposes to CO on Pt(111) electrodes, 
thus showing a more effective breaking of the C-C bond. Some 
trends in reactivity can be envisaged when other derivative 
molecules are compared at well-ordered electrodes. This strategy 
was used in the past, but the improvement in the electrode 
pretreatment and the overall information available on the subject 
suggest that relevant information is still missing. 

 
 

Introduction 
 
Ethanol (EtOH) oxidation in acidic media is a widely studied electrocatalytic reaction due 
to the increasing interest over the past years on the study of direct alcohol fuel cells using 
an acidic polymer electrolyte membrane. It deals with a complex problem that involves 
12 e transfer steps before its complete conversion to CO2. The main drawback of this 
reaction for its application in fuel cells is the route to acetic acid (AcOOH) that preserves 
the integrity of the C-C bond in the EtOH molecule [1]. The undesired path involves the 
transfer of only 4e and leads to a very stable final product that is difficult to decompose 
further without using particular strategies, e.g. using bacteria [2]. It has been shown that 
the best single metal electrocatalyst is platinum, its activity being improved after 
combining with Ru and Sn that can enhence the selectivity and/or the overall reaction rate 
[3,4]. 
     As other electrocatalytic processes, EtOH oxidation is a structure sensitive process. 
This means that the reactivity of the different paths depends on the different electrode 
surface structures used [5]. Among the platinum single crystal electrodes used, Pt(111) is 
the most reluctant to produce CO2, AcOOH being almost the only final product. It is 
known that CO2 can be produced only on the steps separating {111} terraces and that the 
process involves the splitting of the C-C bond in CH3 and CH2OH adsorbed residues [6]. 
The latter adsorbate rapidly leads to adsorbed CO while the former one would require 
higher potentials, likely involving the formation of oxygenated species in the step, to 
finally form adsorbed CO. In this respect, the adsorbed methyl group is stable enough to 
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be a source for the formation of methane, a product reported from results given by 
Differential Electrochemical Mass Spectrometry (DEMS) studies [7]. 
     Due to the complexity of the oxidation mechanism, more data are required to 
understand the reaction kinetics and thus have a hint to influence the surface reactivity 
towards the desired reaction. To simplify, it is convenient to study the problem on single 
crystal surfaces in which, at least ideally, a few types of surface sites are in contact with 
the solution side (e.g. one at the basal planes, two at stepped surfaces and three at kinked 
surfaces). Also, to point out the characteristics of these electrocatalytic processes, in 
which the surface plays a dominant role, it is useful to diminish the concentration of the 
species in solution, in such a way that all other contributions coming from transport 
controlled steps or, even worse, kinetically controlled processes, could be minimized. In 
this communication we have tried to diminish reactant concentration in order to isolate 
the processes taking place at the surface as much as possible from other concentration 
dependent processes. 
     Another approach to the understanding of EtOH oxidation would be the study of 
reactivity of similar molecules, such as ethylene glycol (EG) and glycolic acid (GA). In 
both cases, the CH3 group has been partially oxidized, either in relation to the reactant 
(EtOH) or to the product (AcOOH). It is known that EG extensively breaks the C-C bond 
and produces adsorbed CO as practically the only surface residue [8]. On the other hand, 
this inclusion of an OH group also induces reactivity to glycolic acid, which can be 
oxidized at reasonably low potentials [9]. A key step to activate EtOH oxidation might be 
to partially oxidize the methyl group of the EtOH molecule. To maintain the general 
experimental approach, low concentrations of these more oxidized compounds are used 
in order to favor the surface reaction related steps. 
 
 

Experimental 
 
     Platinum single crystal electrodes were used as working electrodes. They were made 
by fusion and subsequent slow crystallization of a 99.999% platinum wire, which after 
careful cooling, were cut and polished following the procedure described in Ref. [10]. 
Before each experiment, the single crystal electrodes were flame-annealed for around 10 
s in a gas-oxygen flame, cooled down in a reductive atmosphere (H2+Ar at a 1:3 ratio) 
and quenched in ultrapure water in equilibrium with this atmosphere before transferring 
to the electrochemical cell. Experiments were performed at room temperature in a 
classical two-compartment electrochemical cell, de-aerated using argon (Air Liquid, 
N50). The counter electrode was a platinum wire and the potentials were measured 
against a reversible hydrogen (Air Liquid, N50) electrode (RHE) connected to the cell 
through a Luggin capillary. Solutions were prepared from perchloric acid (Merck 
Suprapur), ethanol (Merck p.a.), ethylene glycol (Merck p.a.) and glycolic acid (Sigma 
Aldrich, 99%) in ultrapure water from Elga. The electrode potential was controlled using 
an EG&G PARC 175 signal generator in combination with an eDAQ EA 161 potentiostat 
and currents were recorded using an eDAQ e-corder ED401 recording system. 
     The characterization of the poisoning intermediate (PI) on EG oxidation was carried 
out using a flow cell, which in addition of the components of classical electrochemical 
cell, it is provided with an inlet through which the supporting electrolyte is circulated into 
the cell and a outlet through which the solution can be removed. Prior to the poison 
formation, a blank voltammogram in perchloric acid was recorded in order to check the 
cleanliness of the system, as well as to measure the initial amount of adsorbed hydrogen. 



After the blank was recorded, the flow cell was filled with the EG containing acidic 
solution. The poison was formed by immersing the working electrode for 2 minutes at a 
controlled potential of 0.3V. After that, the inlet of supporting electrolyte and the outlet 
of the flow cell were opened, inducing the output of the EG solution, the cleaning of the 
cell, and the renewal of the electrolyte solution, always keeping the electrode immerged, 
in such a way that its potential is ever controlled. Finally, a complete cycle in the 
hydrogen adsorption/desorption potential range was applied in order to evaluate the 
amount of remaining poison-free platinum sites. Once this cycle was completed, poison 
oxidation was carried out in a single excursion up to 0.9 V, recorded at the same sweep 
rate. The recovery of hydrogen adsorption ability of the surface was determined in the 
subsequent cycle in the complete range of potential. 
 
 

Results and Discussion 
 
Ethanol oxidation 
 
     Effect of ethanol concentration. Fig. 1 shows a comparison of cyclic voltammograms 
taken at 50 mV s-1 in 0.1 M HClO4 solutions with different EtOH concentrations for the 
Pt(111) electrode. At the lowest EtOH concentration used in this study (10-5 M) the 
hydroxyl (OH) adsorption-desorption appears broaden and slightly shifted towards more 
positive potentials at the time that a small and broad peak of cathodic current centered at 
c.a. 0.52 V is observed in the negative-going scan. The overall voltammogram looks 
similar to those observed with Pt(111) electrodes in slightly contaminated perchloric acid 
solutions, although in the present case the “contamination” is the intentionally added 10-5 
M EtOH. Increasing the ethanol concentration up to 10-4 M allows observing an ethanol 
oxidation peak at about 0.65 V while the OH adsorption-desorption process is not longer 
apparent. The negative scan shows an increase in the cathodic peak observed at 0.52V. 
Besides the expected increase in the oxidation peak of the positive scan, further increase 
of the ethanol concentration (5x10-4 M) shows positive currents in the negative sweep in 
the 0.87-0.55 V potential range and a decrease in the cathodic current peak at 0.52 V. 
This cathodic peak is no longer seen in the curve taken in 10-3 M ethanol that above 0.4 V 
shows only positive currents. 
     The appearance of a broad cathodic peak in the negative sweep at approximately 0.55 
V was reported by Cases et al. [11] in their studies of the voltammetric behavior of 
adsorbed residues resulting from the adsorption of acetaldehyde and ethanol on a Pt(111) 
electrode. The results of those studies showed that the broad cathodic peak is due to an 
anion with two carbon atoms (acetate anion). Lai and Koper [12] made voltammetric 
measurements in 0.1 M acetic acid solution for single-crystal electrodes of Pt 
[n(111)x(111)] and observed a broad process extending from 0.3 to about 0.9 V, which 
was attributed to the adsorption of acetic acid (acetate). They also showed that the 
adsorption of acetate is stronger than the adsorption of (bi)sulfate. Accordingly, the 
voltammetric curves shown in Fig. 1 demonstrate that the acetic acid formed in the 
electrochemical oxidation of ethanol adsorbs as acetate anions causing a broadening of 
the OH adsorption process. At very low concentrations acetate desorption is seen as a 
broad reduction peak around 0.52 V. As the ethanol concentration increases, larger 
amounts of acetic acid are formed that hold back further the OH adsorption process. 
Because there are larger amounts of species that can be oxidized, the currents measured 
on the negative sweep result from ethanol oxidation on sites that become progressively 
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Figure 1. Voltammetric curves (second cycle) for Pt(111) in 0.1 M HClO4 (dashed line) 
and different ethanol molar concentrations (solid line), as indicated. Sweep rate: 50 mVs-1. 
 
 
available as desorption of OH and acetate take place. It is interesting to note that in 10-4M 
ethanol, acetate desorption appears to be the process that contributes the most to the 
current measured in the negative potential scan. In contrast, for the two largest 
concentrations (5x10-4 and 10-3 M) the oxidation reactions become dominant and mask 
the surface limited desorption of acetate. For these two ethanol concentrations, the 
oxidation current observed in the negative scan involves two distinct processes leading to 
the increase of available Pt sites for ethanol oxidation. The shoulder observed at about 0.8 
V seems to be related to the oxidation of ethanol on the Pt sites from which OHS is 
desorbed, while the peak at lower potentials is connected to the oxidation occurring on 
sites available as desorption of OHB takes place [13]. It should be realized that EtOH 
oxidation can take place in solutions containing specifically adsorbed anions, although at 
higher potentials and involving smaller currents than in perchloric acid. 
     Similar experiments were done on stepped surfaces Pt(n, n, n-2) having different 
amounts of (111) terraces and (110) monoatomic steps as junctions of (111)x(111) 
microfacets [10]. The blank voltammograms recorded in perchloric acid are depicted in 
Fig. 2, which shows the gradual appearance of the sharp peak at 0.13 V typically 
observed on Pt(110), as the number of (110) steps increases. 
     In a general manner, the curves measured for the stepped surfaces in 0.1 M HClO4 

solutions containing low ethanol concentrations show features similar to those observed 
for the Pt(111) electrode. Fig. 3 shows the comparison of voltammograms obtained for 
the different electrodes. It is observed on Figs. 3A and B that the acetate desorption peak 
shifts towards more positive potentials as the amount of (110) steps increases, indicating 



that acetate adsorption is somewhat surface-sensitive and weaker on the steps. These 
differences are likely to be the cause of the variations of EtOH oxidation currents seen in 
Figs.3C and D. 
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Figure 2. Cyclic voltammograms recorded in 0.1M HClO4 for Pt(111) and electrodes 
with stepped surfaces, as indicated. Sweep rate: 50 mV s-1. 
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Figure 3. Cyclic voltammograms recorded for Pt(111) and electrodes with stepped 
surfaces, as indicated, in 0.1M HClO4 + EtOH: A) 10-5M, B) 10-4M, C) 5x10-4M, and D) 
10-3M. Sweep rate: 50 mV s-1. 
 



Ethylene Glycol oxidation 
 
     The oxidation of ethylene glycol in acidic media to CO2 is a 10 e process. This 
complex reaction involves several consecutive and parallel reaction steps, leading to 
different reaction intermediate products. In the reaction path where the C-C bond is not 
altered, glycolaldehyde, glyoxal, glycolic acid, glyoxylic acid and oxalic acid, before 
yielding CO2, have been identified as reaction products [14,15]. In addition, the C-C 
bond in each intermediate product can also break (at a different rate), producing 
monocarbon species, as formic acid and formaldehyde [15,16]. 
 
     Fig. 4 presents the voltammetric profiles of ethylene glycol (EG) oxidation at Pt single 
crystals electrodes. Within the basal planes, the Pt(111) electrode shows the best 
electrocatalytic properties. Although the Pt(110) and Pt(100) electrodes exhibit higher 
peak currents, the Pt(111) electrode has the lowest onset potential for the oxidation of EG. 
The small difference in currents between the positive and the negative direction scans 
reveals that Pt(111) also has the lowest poisoning rate by CO. Similar behavior was 
found for ethanol oxidation [17,18]. However, when working with such high 
concentrations, e.g. 0.1 M EG, the surface is saturated with adsorbed species that 
continuously come from the bulk solution, adsorb and react, generating high faradic 
currents that make difficult to distinguish between the contributions due to the adsorption 
of the different species and their oxidation in the reaction layer close to the surface. 
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Figure 4. Stationary voltammetric profiles for the oxidation of 0.1M EG in 0.1M HClO4 
solution on the basal planes. Sweep rate, 50 mV s-1. 
 
 
     The aim of this work was to use low concentrated solutions of EG in order to enable 
the identification of the different phenomena that take place at the surface of the electrode 
and its relation with its structure. In this approach, Fig. 5A shows the voltammetric 
hydrogen adsorption/desorption profile of the Pt(111) in perchloric acid (dashed line) and 
that obtained for a 10-5 M EG in 0.1 M HClO4 solution (solid line). It can be seen that, for 
a low concentration of EG, the hydrogen adsorption region is not altered. The small 
differences that are observed between the two curves might be due to the different contact 
of the electrode with the solution, taking into account that the surface tension changes in 



the absence or presence of EG. Besides the hydrogen adsorption, three main features can 
be observed in the positive scan in the presence of EG, at 0.58, 0.72 and 0.80V. The latter 
one is associated to the OH adsorption, as it matches with the peaks of the blank, already 
assigned to the adsorption of this anion. This means that the processes that take place at 
lower potentials do not affect the OH adsorption on the Pt(111). Fig. 5B represents the 
subtraction of the blank to the 10-5 M EG oxidation curve, in order to differentiate the 
contributions due to the adsorption/desorption of the ions of the supporting electrolyte 
and those from the EG. In the positive scan (solid line), the signal that appears at 0.3V is 
due to the adsorption of specie(s), while those above 0.6V are related to the EG oxidation. 
It should be noticed that the butterfly peak associated to the OH adsorption on Pt(111) is 
partially blocked both in the positive and negative going sweeps, indicating the presence 
of other specie(s) on the surface that inhibit OHS adsorption. When current in the 
negative scan is considered, small hysteresis can be noticed in the region where the 
oxidation of EG takes place. In addition, the desorption of an anion is observed at 0.47V 
(it might be adsorbed glycolate) and the hydrogen adsorption region is partially blocked. 
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Figure 5. (A) Stationary voltammetric profile of Pt(111) in 0.1M HClO4 (dashed line) and 
for the oxidation of 10-5M EG in 0.1M HClO4 solution (solid line). (B) Curves 
corresponding to the oxidation of 10-5M EG in 0.1M HClO4 on Pt(111) subtracted by the 
blank: positive going sweep (solid line) and negative going sweep (dashed line). Sweep 
rate, 50 mV s-1.  
 
 
     The oxidation of 10-5 M EG solution was carried out embracing different potential 
windows. Fig. 6 displays the results recorded. When the Pt(111) electrode is cycled up to 
0.4V, it is observed a decrease in the charge involved in the hydrogen adsorption region, 
which agrees with the information extracted from Fig. 5B, e.g. something is attaching and 
blocking the surface of the electrode. When the potential range moves up to 0.6V, a small 
oxidation process appears, likely involving adsorbed CO at low coverage. When cycling 
to higher potentials, a desorption feature appears at 0.47 V in the negative going sweep, 
becoming higher if the potential is hold at 0.75V for a few seconds. The hydrogen 
adsorption/desorption region is recovered when the electrode is cycled to 0.95V, and a 
reversible peak at 0.1V appears, which is related to the adsorption/desorption of hydrogen 
on steps with symmetry (110). 



0.0 0.2 0.4 0.6 0.8 1.0
-60

-40

-20

0

20

40

60

80

j/
A·

cm
-2

E/V(vs RHE)
 

Figure 6. Voltammetric oxidation on Pt(111) of 10-5 M EG in 0.1 M HClO4. Sweep rate, 
50 mV s-1. 
 
 
     Experiments using the flow cell were carried out with the purpose of extract more 
information about the poisoning intermediate (PI) and the features that appear on the EG 
oxidation curves at low concentrations. The knowledge of the generation processes of PI 
and its electrochemical behavior is one of the key steps to achieve better control of the 
electrooxidation mechanism of small organic molecules to obtain better efficiency of the 
catalyst. The oxidation of the accumulated poison on the Pt(111) surface for 10-3M EG 
solution (Fig. 4) shows the same characteristic profile as obtained in similar experiments 
with the poison formed from formic acid [19] and methanol [20], e.g. adsorbed CO. 
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Figure 7. Voltammetric oxidation on Pt(111) of the poisoning intermediate (PI) formed 
by dissociative adsorption of EG at 0.3V. Test solution: (A) 0.1 M EG in 0.1 M HClO4. 
(B) 10-3 M EG in 0.1 M HClO4. Sweep rate, 50 mV s-1. 
 



 
     On a first approach of the experiment, a 0.1 M EG in 0.1 M HClO4 solutions was used 
to the formation of the poison (Fig. 7A). By considering the differences in the 
voltammograms before PI formation and after PI oxidation, it may be concluded that the 
EG has not been completely removed from the cell, and a curve similar to that obtained 
in Fig. 6 is observed. This means that a small amount of organic residue is still present in 
the cell, and this is the cause why curves are not superimposed. For that reason, a more 
diluted solution of EG was used in further experiments with the flow cell (Fig. 7B). In 
that case, the blocking of the surface in the hydrogen region is not as pronounced as in 
the more concentrated EG solution, but the same features can be observed: a peak at 
0.50V that does not appear in the following cycle, and a peak at 0.7V. When a diluted 
solution is used to for the formation of the PI, it is possible to completely remove the EG 
from the cell and after the PI oxidation, and thus the blank of the surface in the 
supporting electrolyte is recorded, although the intensity of the butterfly peaks slightly 
decrease. 
     With that information is possible to conclude that the CO, produced by spontaneous 
dissociation of the EG in contact with the platinum, is responsible for the partial blocking 
of the surface at lower potentials. The adsorbed CO is oxidized to CO2 at 0.58V and 
0.78V, likely as isolated molecules and more compact islands, respectively. In this 
experiments, no species are observed that desorb in the negative scan thus pointing out to 
different time scales between CV and PI analysis experiments. 
 
 
Glycolic Acid oxidation 
 
     The reactivity of glycolic acid is expected to be like that showed by acetic acid due to 
the similarity of their molecular structures. In fact, the voltammetric profile of Pt(111) in 
a 0.1 M GA + 0.1 M HClO4 solution is quite similar to those obtained for solutions of 
acetic acid [21,22] and oxalic acid [23] with the same concentration, which is typical of a 
reversible anion-like adsorption. Nevertheless, the presence of a OH group in the 
molecule of glycolic acid makes it more reactive. So, besides the adsorption of the 
glycolate, which is a thermodynamically controlled process, is also possible to 
differentiate a kinetic process in the cyclic voltammetry, associated to the reaction of the 
GA. Fig. 8 shows the influence of the sweep rate on this kinetic processes, which take 
place above 0.6V, while the hydrogen adsorption region (below 0.37V) and the anion 
adsorption (broad state around 0.45V) are not affected after sweep rate normalization. 
     With the purpose of discern the contributions due to anion adsorption/desorption 
processes to those from GA oxidation, the results displayed on Fig. 8 where submitted to 
a mathematical treatment. First of all, a voltammogram of the Pt(111) electrode on 0.1 M 
HClO4 was treated in such a way that the contributions above 0.5V due to the OH 
adsorption/desorption (the butterfly peak) were eliminated, and only the charge of the 
double layer is remaining. The resulting curve was subtracted to those on Fig. 8, 
separating the positive and the negative scans. The results are shown in Fig. 9. Discarding 
the contributions of the butterfly peaks makes easier to observe the net oxidation currents 
due to the GA oxidation, which otherwise would be masked by the OH 
adsorption/desorption. Fig. 9 displays, independently of the sweep rate, a reversible peak 
centered in 0.47V which must be associated to the adsorption/desorption process of the 
glycolate anion. On the other hand, the lower the scan rate is, the higher the net oxidation 
current above 0.6V. In this treatment, high sweep rates favored the thermodynamic 



adsorption process as the main features in the voltammogram, while low potential scans 
leads to kinetics controlled processes become more important. 
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Figure 8. Cyclic voltammograms recorded at the Pt(111) electrode at different sweep 
rates. Currents are normalized by the sweep rate to maintain constant the adsorption 
processes and differentiate the kinetic contributions. Test solution: 10-3 M GA in 0.1 M 
HClO4. 
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voltammogram, without the butterfly contribution, to the cyclic voltammograms recorded 
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     Fig. 10 shows voltammetric curves measured for the Pt(111) electrode in 0.1 M 
HClO4 solutions, pure and with 10 additions of GA and recorded at a sweep rate of 50 
mV s-1. As mentioned before, high sweep rates are required to discriminate 
thermodynamic processes, thus mainly adsorption/desorption states are observed in the 



range of potentials studied. Within the hydrogen adsorption region (at E<0.3V), the 
voltammograms recorded in the different solutions overlap nicely, which indicates an 
excellent reproducibility. This behavior strongly suggests that no species other than 
adsorbed hydrogen are present at the surface of the Pt(111) electrode and proves that the 
oxygen content in the electrolyte is rather low. The charge associated to the anion 
adsorption grows and shifts in the negative direction when the bulk concentration of GA 
increases, becoming a sharp spike that make up the well known 'butterfly' appearance, 
characteristic for (bi)sulfate [24], acetate [21,22] the chloride adsorption [25] at the 
Pt(111) electrode surface. For solutions with GA concentrations higher than 5 x 10-4 M, 
the CVs recorded display good symmetry indicating good reversibility of the 
adsorption/desorption phenomena. The performed measurements at lower sweep rate (Fig. 
8) pointed out that the irreversibility observed for solutions with low GA concentrations 
is due to a kinetic process and not by a slow mass transport to the surface. 
 
     Further thermodynamic studies can be carried out from CVs displayed in Fig. 7 for the 
GA adsorption at the Pt(111) electrode surface, and the results can be compared with 
those present in the literature for the adsorption of other anions [24,25]. 

0.0 0.2 0.4 0.6 0.8 1.0

-100

-50

0

50

100

j/
A·

cm
-2

E vs RHE / V

 x=0

 x=1.0x10-4

 x=2.5x10-4

 x=5.0x10-4

 x=1.0x10-3

 x=2.5x10-3

 x=5.0x10-3

 x=1.0x10-2

 x=2.5x10-2

 x=5.0x10-2

 x=1.0x10-1

 
Figure 10. Cyclic voltammograms recorded at the Pt(111) electrode in 0.1M HClO4 + x 
M GA. Sweep rate, 50 mV s-1. Arrows indicate directions in which the current increases 
with the bulk GA concentration. 
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