
 

On the adsorbates formed during the platinum catalyzed
(electro)oxidation of ethanol, 1,2-ethanediol and methyl-alpha-
D-glucopyranoside at high pH
Citation for published version (APA):
Gootzen, J. F. E., Wonders, A. H., Cox, A. P., Visscher, W., & Veen, van, J. A. R. (1997). On the adsorbates
formed during the platinum catalyzed (electro)oxidation of ethanol, 1,2-ethanediol and methyl-alpha-D-
glucopyranoside at high pH. Journal of Molecular Catalysis A: Chemical, 127(1-3), 113-131.
https://doi.org/10.1016/S1381-1169(97)00116-7

DOI:
10.1016/S1381-1169(97)00116-7

Document status and date:
Published: 01/01/1997

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023

https://doi.org/10.1016/S1381-1169(97)00116-7
https://doi.org/10.1016/S1381-1169(97)00116-7
https://research.tue.nl/en/publications/9c8a7ff6-bde7-4646-ba7d-1c2a1692f7a2


CATALYSIS 
A: CHEMICAL 

Journal of Molecular Catalysis A: Chemical 127 (1997) 113-131 

On the adsorbates formed during the platinum catalyzed 
( electro) oxidation of ethanol, 1,2_ethanediol and 

methyl-cy-D-glucopyranoside at high pH 

J.F.E. Gootzen * , A.H. Wonders, A.P. Cox, W. Visscher, J.A.R. van Veen 
Lab. Inorganic Chemishy and Catalysis, Schuit Institute of Catalysis, Eindhoven Unioersity of Technology, P.O. Box 513, 5600 MB 

EinaYwuen, The Netherlnnds 

Received 9 April 1997; accepted 17 May 1997 

The irreversible adsorbates of ethanol, 1,24hanediol and methyl-cr-u-glucopyranoside (MGP) have been studied with 
FIlRS and cyclic voltammetry. Both ethanol and 1,2-ethanediol display full C-C(OH) dissociative adsorption and 
dehydrogenation. In the case of ethanol adsorbed CO and C are formed of which the latter partially oxidizes further to 
adsorbed CO. In the case. of 1,2-ethanediol CO is formed as the only adsorbate. The adsorption of MGP occurs similarly to 
the small alcohols; it decarbonylates to form adsorbed CO and a small fraction of C adatoms. It is shown that the catalytic 
alcohol oxidation can be regarded as an electrochemical process that consists of two independently acting half-reactions that 
determine the open circuit potential (0.c.p.). The roughness of the surface greatly affects the 0.c.p. measured during catalytic 
alcohol oxidation; smooth platinmn leads to high 0.c.p. values and platinized platinum leads to low 0.c.p. values. These low 
and high open circuit potentials correspond respectively to a diffusion limited regime where diffusion of oxygen is rate 
limiting and a kinetic regime. The reaction rate is considerably lower in the kinetic regime than in the diffusion limited 
regime. The surface is highly covered with adsorbed oxygen or hydroxyl during oxidation of ethanol and MGP in the kinetic 
regime, whereas the surface is &void of adsorbed oxygen in the diffusion limited regime and is instead covered with a high 
steady state amount of CO and C species. The deactivation of the catalyst is found to occur both in the diffusion limited and 
in the kinetic regime of the MGP oxidation. Whereas in the diffusion limited regime, the deactivation is caused by a slow 
accumulation of carbonaceous residue, and in the kinetic regime, changes in the properties of adsorbed oxygen cause 
deactivation. 0 1997 Plsevier Science B.V. 
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1. Irrtroduction way, various valuable intermediates for the food 

The platinum catalyzed oxidation of alcohols, 
especially polyols, in aqueous phase is attractive 
because of the mild reaction conditions and the 
high selectivities that can be obtained. In this 

and pharmaceutical industry can be prepared. 
Catalytic oxidation also offers environmental 
advantages with respect to classical oxidation 
methods, since oxygen itself is reduced to water 
and thus waste production is low. A major 
problem in the catalytic oxidation of alcohols is 

* Comsponding author. Fax: + 3 l-M-2455054. the deactivation of the catalyst, that has been 
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found for various catalytic oxidation reactions 
[l-9]. Four possible causes have been proposed 
to explain the deactivation phenomena; (i) 
chemical poisoning, (ii) overoxidation of the 
catalyst surface, (iii) corrosion and (iv) particle 
growth. Overoxidation is widely accepted as the 
probable cause of the loss of activity in catalytic 
literature, although some have found the adsorp- 
tion of byproducts to be responsible for deacti- 
vation [Z]. 

Electrochemical studies can provide valuable 
information on the catalytic oxidation of alco- 
hols with oxygen in the liquid phase on sup- 
ported platinum catalysts, since catalytic oxida- 
tion can be regarded as an electrochemical pro- 
cess. The electrocatalytic oxidation of small al- 
cohols has received considerable interest in the 
context of possible applications in fuel cells 
[lo]. As a result, most electrochemical studies 
have been carried out at low pH, so that carbon 
dioxide produced at the fuel cell anode is re- 
moved easily from the electrolyte, whereas at 
high pH carbonate is formed which accumulates 
in the electrolyte. This difference in reaction 
conditions complicates the translation of knowl- 
edge obtained with electrochemical studies to 
the catalytic alcohol oxidation. 

These electrochemical studies have been 
combined with IR and mass spectrometry tech- 
niques that have been developed during the last 
two decades; reflection Fourier transform IR 
spectroscopy (FTIRS) and differential electro- 
chemical mass spectrometry (DEMS). These 
techniques have shown for primary alcohols at 
low pH that in addition to the formation of the 
acid and aldehyde, dehydrogenation and disso- 
ciation of the C-C(OH) bond occurs, leading to 
formation of adsorbed CO [l l- 181, according 
to: 

R-CH,OH + R,, + CO,, + 3H++ 3e 

Little is known of the composition of the coad- 
sorbates R,, that are formed along with CO 
and in previous papers we have paid attention to 
this subject [14,16]. The adsorbates R display no 
further C-C bond breaking and are largely de- 

hydrogenated. Part of the hydrocarbon adlayer 
can be hydrogenated at low potentials to the 
corresponding gaseous hydrocarbon whereas the 
other part is insensitive toward hydrogenation, 
probably due to graphite formation. The oxida- 
tion of C, can occur in the same potential 
region as for CO and at potentials where plat- 
inum is covered with oxides. Hydrocarbon ad- 
species containing two or more carbon atoms 
can only be oxidized to CO, in the oxide 
region. 

It has been argued that, in addition to CO and 
R, irreversible adspecies are formed at low pH 
with the carbon backbone intact and several 
adsorbate structures have been proposed 
[12,17,18]. The few FTIRS experiments that 
have been carried out in basic electrolyte for 
ethanol and 1,2-ethanediol have established the 
formation of CO [ 11,19,20], but no claims have 
been made up to now that adspecies are formed 
with the carbon backbone intact. For secondary 
alcohols it is generally found that no CO is 
formed during adsorption [ 13,2 1,221. The en- 
ergy required to break two C-C bonds is appar- 
ently too high to enable CO formation. In the 
electrochemical literature CO has been gener- 
ally indicated as the species that is responsible 
for poisoning of the alcohol electrooxidation 
[10,13]. Therefore, the electrooxidation of alco- 
hols only starts at potentials where CO is being 
oxidized to CO,, generating free platinum sites. 
In a previous report we suggested that not only 
CO is responsible for poisoning, but that the 
coadsorbates R, that are formed along with 
CO in the dissociative adsorption will also con- 
tribute to poisoning [16]. 

As yet it is unclear how to translate the 
observations made in electrochemical systems 
to the catalytic oxidation. Whereas CO forma- 
tion is usually observed in electrochemical stud- 
ies, the possibility of CO poisoning is not con- 
sidered in papers concerning catalytic oxida- 
tions. For several reasons a comparison between 
electrochemical and catalytic oxidation is tenta- 
tive. Electrocatalytic studies have generally in- 
volved simple alcohols and smooth platinum 
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electrodes, whereas catalytic studies have been 
performed with complex cyclic polyols and car- 
bon supported platinum catalysts. In addition, 
electrochemical studies use cyclic voltammetry, 
implying non-stationary conditions, whereas 
catalytic studies use stationary conditions. Up 
till now, open circuit potential measurements of 
catalytic reactions have provided the important 
insight that deactivation of the catalyst is ac- 
companied by an increase of the catalyst poten- 
tial [1,2,4,7-91. There is no consensus, how- 
ever, on the interpretation of this result. It has 
been attributed as an increase of the oxygen 
coverage as well as a result of site coverage by 
reactants, intermediates, or products. 

The main theme of this report concerns the 
state of the catalytic surface during selective 
oxidation of alcohol compounds at high pH. 
The reaction conditions were varied such that 
the reaction rate was either limited by diffusion 
of oxygen or kinetically limited. We have cho- 
sen to study the oxidation of ethanol, which has 
been used as model compound in electrochemi- 
cal and catalytic studies, and methyl-cy-r>-gluco- 
pyranoside (MGP), a cyclic polyol that can be 
selectively oxidized to methyl-a-D-gluco- 
siduronate, an intermediate in the synthesis of 
vitamin C. The irreversible adsorbates present 
during reaction were isolated and studied there- 
after with cyclic voltammetry and FI’IRS. The 
catalyst is known to deactivate during oxidation 
of MGP and special interest will be given to this 
reaction to establish the causes of deactivation. 
In order to obtain insight in the fundamental 
adsorption behaviour of alcohols, the composi- 
tion of the adsorbates formed from ethanol, 
1,2_ethanediol and MGP were studied with 
cyclic voltammetry and FIIRS. The results will 
be compared to those for acid electrolytes. 

2. Experimental 

Fourier transform infrared measurements 
were performed with a Biorad FTS 45A spec- 

trometer, equipped with a liquid nitrogen cooled 
MCT detector. All IR spectra were recorded 
with 4 cm-’ resolution. The bottom of the 
electrochemical cell consists of a CaF, prism 
with 65” beveled edges. The platinum electrode 
has a diameter of 9 mm and is embedded in a 
PTFE holder. P-polarized light has been used in 
all IR measurements. Electrochemical measure- 
ments were performed with an Autolab PG- 
STAT 20 computer controlled potentiostat and 
an EG and G Part model 175 universal pro- 
grammer connected to a Wenking POS 73 po- 
tentioscan. A Hg/HgO electrode was used as a 
reference-electrode. All potentials will be re- 
ferred to RHE. All measurements were per- 
formed with platinised platinum, that was ob- 
tained via electrodeposition from a 0.05 M 
H ,PtCl, + 0.01 M HCl solution on smooth plat- 
inum. A deposition current of 10 mA/cm2 was 
used for the DEMS gauze-electrode, while 0.5 
mA/cm2 was used for the IR electrode. The 
electrode areas, determined from the hydrogen 
desorption region in the cyclic voltammogram, 
were 53 cm2 and 10 cm2 respectively. Pla- 
tinized platinum was chosen in order to mini- 
mize the influence of impurities on the adsorp- 
tion process as well as to increase the mass 
signals in the DEMS technique. Potential cy- 
cling between 0 and 1.5 V was carried out until 
a stable voltammogram was obtained. Elec- 
trolytes were prepared using ultrapure water 
(18.2 Ma) obtained with an Elga water purifi- 
cation system. In the infrared experiments and 
cyclic voltammetry experiments 0.1 M KOH 
was used. Oxygen was removed from the elec- 
trolyte with argon 4.6. 

Adsorption experiments were performed at 
0.3 V for 10 min with 1 mM or 5 mM concen- 
trations of the various alcohol compounds in 0.1 
M KOH. CO (Hock Loos, purity 4.6) was ad- 
sorbed at 0.15 V by leading CO through the 
solution for 10 min. All other chemicals, p.a. 
quality, were obtained from Merck. After ad- 
sorption the electrolyte was replaced by fresh 
0.1 M KOH solution, while keeping the elec- 
trode at the adsorption potential. 
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3. Results 

3. I. Adsorbate study 

Ethanol was adsorbed from a 1 mM contain- 
ing electrolyte solution at 0.35 V for 10 min. An 
anodic current was observed during adsorption, 
that amounts to a total charge of 323 @/cm*. 
The ethanol solution is replaced by fresh elec- 
trolyte after adsorption and a cyclic vohammo- 
gram (c.v.) is subsequently recorded, If the scan 
is started at the adsorption potential in the posi- 
tive direction, referred to as ‘direct’ oxidation, a 
broad peak is present at 0.65 V, as shown by the 
full line in Fig. 1. The dashed curve represents 
the voltammogram recorded in blank elec- 
trolyte. A broad oxidation wave is present in the 
oxide region, that is not completely terminated 
at the reversal potential of 1.35 V. However, the 
amount of charge associated with oxidation of 
adsorbate in a second cycle is only very small. 
If the oxidation is preceded by cycling 4 times 
through the hydrogen region, referred to as ‘in- 
direct oxidation’, then a reduction wave is ob- 
served at potentials below 0.25 V as shown in 
Fig. 2. The subsequent oxidation at 0.65 V has 
narrowed and shifted to 0.60 V. The broad 
oxidation wave at higher potential has nearly 
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Fig. 1. C.V. of the oxidation of irreversible ethanol adsorbate on 
platinized platinum: ‘ direct’ oxidation ( ) and blank 
(---I. Eds = 0.35 V in 1 mM ethanol in 0.1 M KOH, followed by 
electrolyte exchange. Scan rate 5 mV/s. 
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Fig. 2. C.V. of the oxidation of irreversible ethanol adsorbate on 
platinized platinum: ‘indirect’ oxidation (p ) and blank 
(- - -). Eads = 0.35 V in 1 mM ethanol in 0.1 M KOH, followed by 
electrolyte exchange. Scan rate 5 mV/s. 

completely vanished. The total oxidation charge, 
including the peak at low potential as well as 
the broad wave at higher potential, has de- 
creased from 263 /.&/cm* for the ‘direct’ oxi- 
dation to 130 @Z/cm* for ‘indirect’ oxidation. 
The charge involved in the reduction, Qred, can 
be determined by subtracting the charge in- 
volved in the anodic part of each cycle below 
0.35 V from the charge involved in the cathodic 
part of the scan below 0.35 V, adding up the 
charges of the 4 reduction cycles. The cathodic 
part of the scan consists of both reduction of 
adsorbate and formation of adsorbed hydrogen 
from solution protons on uncovered platinum 
sites. The anodic part of the scan only consists 
of oxidation of adsorbed hydrogen. Subtracting 
both values gives the charge involved in reduc- 
tion; Q, = 122 @J/cm*. Note that hydrogen 
which is liberated during adsorption by C-H 
bond breaking is immediately oxidized to H+ 
during the adsorption and is thus not involved in 
the reactions described here. 

The cyclic voltammogram of 1,2-ethanediol 
adsorbates formed at 0.35 V from 1 mM 1,2- 
ethanediol shows no significant reduction in the 
potential region below 0.35 V, in contrast with 
ethanol. This means that the 1,2-ethanediol ad- 
sorbates are insensitive toward hydrogenation. 
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I I I 
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Potential / V 
Fig. 3. C.V. of the oxidation of irreversible 1,2-ethanediol adsor- 
bates: ‘indirect’ oxidation ( -_) and blank (---). Eads = 
0.35 V in 1 mM 1,2-ethanediol in 0.1 M KOH, followed by 
electrolyte exchange. Scan rate 5 mV/s. 

Only an oxidation wave is present at 0.60 V 
with a shoulder at 0.57 V, as shown in Fig. 3. 
No oxidation wave is observed at potentials in 
the oxide region. The total oxidation charge in 
the cyclic voltammogram is 198 &/cm* and 
the charge transferred during adsorption was 
269 PC/cm*, which leads to a Q,,/Q,, ratio 
of 1.36. 

The cyclic voltammogram recorded after ad- 
sorption of 5 n&I methyl-a-D-glucopyranoside 
at 0.35 V is depicted in Fig. 4. In the direct 
oxidation, represented by the solid line, a peak 
is present at 0.65 V in the double layer region 
and a small broad oxidation wave is present in 
the potential region between 1.05 and 1.35 V in 
the oxide region. The amount of charge in- 
volved at high potential is considerably lower 
than for ethanol, making the voltammogram 
similar to that of 1,2-ethanediol. The total oxi- 
dation charge, including the peak at low poten- 
tial as well as the broad wave at higher potential 
is 250 @/cm* for the ‘direct’ oxidation. 

For comparison, we measured the cyclic 
voltammogram of CO, that was adsorbed at 
0.15 V for 10 min, followed by electrolyte 
exchange. As shown in Fig. 5, the oxidation of 
adsorbed CO starts at 0.25 V and displays three 
peaks at 0.38, 0.57 and 0.63 V. The oxidation 
peaks at 0.63 and 0.57 V are in agreement with 
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Fig. 4. C.V. of the oxidation of MGP adsorbates: ‘direct’ oxida- 
tion ( -) and blank (---I. Eads = 0.35 V in 1 mM MGP 
in 0.1 M KOH, followed by electrolyte exchange. Scan rate 5 
mV/s. 

the previous study of adsorbed CO on polycrys- 
Mine platinum in KOH electrolyte [23]. This 
study further showed the peak positions to de- 
pend strongly on the scan rate used and a third 
oxidation peak at 0.44 V was observed only at a 
sufficient low scan rate of 4 mV/s. In our 
experiments this peak is observed even at much 
lower potential, probably as a result of a lower 
adsorption potential. It is remarkable that ad- 
sorbed CO can be susceptible toward oxidation 
at such a low potential, where platinum is usu- 
ally covered with hydrogen, thus expecting re- 
ducing conditions instead of oxidizing condi- 

0.2 0.4 0.6 0.8 1.0 1.2 

Potential I V 
Fig. 5. C.V. of the oxidation of adsorbed CO on platinized 
platinum in 0.1 M KOH. Eads = 0.15 V. Scan rate 5 mV/s. 
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tions. It is for the first time that adsorbed CO is 
found to oxidize at such a low potential. Com- 
parison of the cyclic voltammogram obtained 
for CO with those of 1,2-ethanediol, ethanol and 
MGP shows that it is very similar to that of 
l,Zethanediol, but differs somewhat from that 
of ethanol and MGP. 

We have also performed adsorption experi- 
ments of CO, ethanol and 1,Zethanediol at 0.45 
V, which will not be extensively discussed here. 
We confine ourselves to the remark that all 
charges involved in the oxidation of adsorbates 
formed at 0.45 V are approximately 30% lower 
than after adsorption at 0.35 V, due to consider- 
able further oxidation of the initially formed 
adsorbate. This was confiied by the observa- 
tion that the current did not converge to zero 
during adsorption. 

IR spectra were obtained by subtracting sin- 
gle-beam spectra before CR,) and after CR,) 
oxidation of the adsorbate. The first single beam 
was obtained at the adsorption potential of 0.35 
V whereas the second was obtained at 0.35 after 
a potential excursion to 1.35 V. Fig. 6 compares 
the spectra, given as AR/R, (AR = R, - RI), 
in the wavenumber region between 2100 en 
1600 cm-’ as obtained for ethanol, 1,2- 
ethanediol, MGP and CO. This wavenumber 
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Fig. 6. FTJRS spectrum, given as R, - R, /R,, in the wavenum- 
ber region for COs, and CObridge after adsorption of (A) CO, (B) 
1,2-ethanediol, (C) ethanol and (D) MGP. Ed, = 0.15 V for CO 
and 0.35 V for the alcohols. Resolution 4 cm-‘, E, = E, = 0.35 
V. 

region is typical for linear and bridge bonded 
CO. It is clear from the vibrations around 2050 
and 1800 cm-’ that both linear and bridge 
bonded CO are present on the surface. The 
relative amount of bridge bonded CO is larger 
than was observed in acid electrolyte [14]. The 
CO vibrations for the various alcohol com- 
pounds are smaller than after adsorption of CO 
and as a result they have shifted to lower 
wavenumbers as expected for decreasing CO 
coverage. Although the CO coverage is not 
exactly proportional to the integrated ab- 
sorbance, it can nevertheless give a fair indica- 
tion. Whereas the IR peaks in Fig. 6 for the 
various alcohol compounds appear much smaller 
than for pure CO, the integrated CO ab- 
sorbances, and thus the CO coverages, are nev- 
ertheless considerable due to the broadness of 
the IR peaks. 

3.2. Measurement of open circuit potentials: 
implications of surface roughness 

We have determined the effect of surface 
roughness on the open circuit potentials mea- 
sured during catalytic ethanol oxidation. Before 
measurement of the o.c.p., the solution was 
saturated with oxygen for 15 min, while keep- 
ing the electrode in a reduced state at 0.1 V. 
During the actual 0.c.p. measurement oxygen 
was led over the solution. Fig. 7 shows the 
0.c.p. for smooth and platinized platinum in a 
solution of 0.1 M ethanol in 0.1 M KOH. For 
smooth platinum the 0.c.p. quickly rises to 1 V 
whereas for platinized platinum the 0.c.p. stabi- 
lizes at 0.35 V. When oxygen was passed 
through the solution, the 0.c.p. increased for 
platinized platinum, the final value depending 
on the flow rate. It is well known that the 
reduction of oxygen at 0.35 V is diffusion lim- 
ited, whereas the oxidation of ethanol is kineti- 
cally limited. This shows that the increase of the 
0.c.p. upon convection is a result of the im- 
proved oxygen transport to the electrode. The 
potential of 0.35 V indicates that no adsorbed 
oxygen is present on the surface during reac- 
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Fig. 7. Open circuit potential during catalytic oxidation of 0.1 M 
ethanol in 0.1 M KOH with 0, on smooth and platinized plat- 
inum. The catalyst was reduced at 0.1 V before measurement. 

tion. For smooth platinum the 0.c.p. did not 
change when oxygen was led through the solu- 
tion, indicating that the reaction rate is kineti- 
cally limited. The 0.c.p. of 1 V indicates that a 
high coverage of adsorbed oxygen or hydroxyl 
species is present. The large difference between 
smooth and platinized platinum originates from 
the difference in roughness, which will be dis- 
cussed in the next section. 

According to the additivity principle of Wag- 
ner and Traud [24] the open circuit potential can 
be envisaged as the potential where the two half 
reactions each proceeds with the same current, 
although of opposite sign. However, this only 
holds when the redox couples act indepen- 
dently. We performed some simple experiments 
on platinized platinum to check whether this 
was the case for the catalytic ethanol oxidation 
by measuring separately the oxygen reduction 
current and the oxidation current in 0.1 M 
ethanol at 0.35 V, which corresponds to the 
0.c.p. measured for the catalytic ethanol oxida- 
tion on platinized platinum, as shown in Fig. 7. 
In accordance with the Wagner and Traud prin- 
ciple, we found the current values for oxygen 
reduction and ethanol oxidation to be exactly 
the same but of opposite sign, which confirms 
that the catalytic oxidation of ethanol with oxy- 
gen can be envisaged as an electrochemical 

process consisting of two independently acting 
half reactions. In agreement with this conclu- 
sion we found that the presence of 0.1 M ethanol 
had absolutely no effect on the size of reduction 
current of oxygen at 0.1 V, where ethanol oxi- 
dation does not yet occur. 

3.3. Isolation of adsorbates present during dif 
@ion limited oxidation 

We devised an experiment to isolate the ad- 
sorbates that are present on the surface during 
the diffusion limited oxidation of the alcohol on 
platinized platinum. This consists of interrup- 
tion of the oxidation by applying a potential of 
0.15 V, where the oxidation reaction stops and 
intermediates can be hydrogenated off the sur- 
face. Among the irreversible C-C(OH) disso- 
ciative adsorbates that are possibly present dur- 
ing reaction, CO will remain on the surface at 
0.15 V, whereas CH, species can be hydro- 
genated off the surface. The catalytic oxidation 
was carried out in a quiescent solution of 1.7 
mM ethanol in 0.1 M KOH, saturated with 
oxygen. The 0.c.p. stabilized at 0.41 V and was 
only weakly dependent on the ethanol concen- 
tration; for 17 mM ethanol the open circuit 
potential shifted to 0.38 V. After 5 min of 
reaction at this potential, the reaction was inter- 
rupted by the potential step to 0.15 V and the 
oxygen supply was stopped and replaced by 
argon. Subsequently, the reactant solution was 
replaced by fresh 0.1 M KOH electrolyte, fol- 
lowed by cyclic voltammetric analysis of the 
adsorbate layer. The resulting voltammogram is 
shown as the full line in Fig. 8. The dashed line 
represents the second cycle, being equal to a 
cyclic voltammogram recorded in blank KOH. 
The ethanol oxidation was also carried out elec- 
trochemically at 0.41 V, in the absence of oxy- 
gen. The cyclic voltammogram recorded after- 
ward is shown as the dashed-dotted line in Fig. 
8. Comparing the cyclic voltammograms in Fig. 
8 shows that both the chemical and the catalytic 
oxidation procedure result in the same voltam- 
mogram, indicating that the same adsorbates are 
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Fig. 8. C.V. after catalytic and electrochemical ethanol oxidation 
at 0.41 V on platinized platinum, followed by a potential step to 
-0.8 V and electrolyte replacement. Scan rate 5 mV/s. 

present. The charge involved in the oxidation of 
the adsorbates is 113 ,!,E/crn* and it follows 
that the surface is considerably covered with 
adsorbates. Note that during the potential step to 
0.15 V loss of C adspecies occurs, implying that 
the actual coverage is even higher. 

The irreversible adsorbates formed during 
ethanol oxidation on platinized platinum were 
also studied with FIIRS, although under slightly 
different conditions; the electrode had a smaller 
roughness and the ethanol concentration was 
increased to 10 n&I. The open circuit voltage 
was established at 0.46 V under these condi- 
tions. After 5 min the potential was stepped to 
0.15 V and the electrolyte was exchanged for 
fresh base electrolyte, followed by the IR mea- 
surement. The IR spectra obtained after electro- 
chemical and catalytic oxidation are shown in 
Fig. 9 in the wavenumber region between 2200 
and 1100 cm-‘. The negative bands at 1980 and 
1725 cm- ’ originate from linear and bridge 
bonded CO, respectively. The positive band at 
1400 cm-’ originates from carbonate species 
that are formed in the oxidation of the adsor- 
bate. The IR experiments confirm the voltam- 
metry experiment, showing that electrochemical 
and catalytic oxidation result in the same adsor- 
bates during reaction. 

When the electrochemical oxidation of 1.7 

Wavenumbers I cm-’ 

Fig. 9. FT’IRS spectra, given as R, - R, /R, after catalytic and 
electrochemical oxidation at 0.46 V on platinized platinum, fol- 
lowed by a potential step to - 0.8 V and electrolyte replacement. 
Resolution 4 cm-‘. E,, = E, = 0.46 V. 

mM ethanol on platinized platinum was per- 
formed at 0.55 V instead of 0.41 V as described 
above, the voltammogram shown in Fig. 10 is 
obtained after a potential step to 0.15 V, fol- 
lowed by electrolyte exchange. The coverage of 
irreversible adsorbates is now very low, in con- 
trast with the results for 0.41 V. However, when 
the experiment was repeated a 0.55 V with a 
tenfold higher ethanol concentration, the adsor- 
bate coverage increases considerably. These ob- 
servations show that for 1.7 mM ethanol the 
reaction rate was determined by diffusion of 
ethanol to the surface, whereas for 17 mM the 

I I I I I I 
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Fig. 10. C.V. obtained after ethanol oxidation at 0.55 V for 1.7 
mM(---)and17mM( ), followed by potential step to 
0.15 V and electrolyte replacement. 
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rate was kinetically limited. FTIRS experiments 
give further information on the products formed 
during the diffusion limited and kinetically rate 
limited ethanol oxidation. An experiment was 
performed in which a potential scan was made 
from 0.25 V, where a reference IR spectrum 
was recorded, to 0.55 V in the presence of 17 
mM ethanol. The first spectrum recorded at 0.55 
V contained two clear peaks at 1405 cm- ’ and 
1550 cm-’ of approximately equal size. These 
vibrations can be assigned to the presence of 
acetate in the thin layer. However, the ratio of 
the peak heights for the two vibrations differs 
from the ratio expected for acetate. This indi- 
cates that also carbonate is formed, which dis- 
plays a single vibration at 1402 cm- ‘. A second 
IR spectrum that was recorded at 0.55 V imme- 
diately after the first, displays a growth of the 
band at 1402 cm-‘, whereas the band at 1550 
cm-’ remains equal. This indicates that now the 
acetate formation has stopped and carbonate is 
formed as the only product. When the electrode 
is pulled up from the CaF, window into the 
bulk of the solution, the current increases sud- 
denly, indicating that the reaction had become 
diffusion limited during the FIIRS measure- 
ment. This demonstrates that carbonate is formed 
as the only product when the electrochemical 
ethanol oxidation becomes diffusion limited. A 
control experiment was carried out with an 
ethanol concentration of 0.1 M, which is high 
enough to prevent the diffusion of ethanol to be 
rate limiting. Indeed, only bands at 1405 and 
1550 cm-’ were observed, indicating that ac- 
etate was the major product in this situation. 

The same trends were obtained when the 
experiments were performed with MGP, apart 
from the fact that the open circuit potential does 
not reach a constant value, as described in the 
next section. 

3.4. Catalyst deactivation during MGP oxida- 
tion 

Some experiments were performed to study 
the deactivation of the catalytic oxidation of 
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Fig. 11. Open circuit potential during the catalytic oxidation of 50 
mM MGP in 0.1 M KOH on platinized platinum. 

methyl - a,-D-glucopyranoside. Fig. 11 shows 
the 0.c.p. as a function of time for the catalytic 
oxidation of 50 mM MGP on a platinized plat- 
inum catalyst in 0.1 M KOH saturated with 
oxygen. Before the start of the measurement the 
potential was held at 0.1 V in order to reduce 
the surface. Fig. 11 shows that in contrast with 
ethanol the 0.c.p. steadily increases in time, 
until it reaches a value of 0.8 V whereafter it 
increases to 0.99 V, where it remains stable as 
long as 16 h. This steady increase is in agree- 
ment with previous experiments for MGP oxida- 
tion on platinized platinum [ll. When oxygen is 
passed through the solution during the experi- 
ment the 0.c.p. increased in the low potential 
region, whereas no effect was observed when 
the 0.c.p. was 0.99 V. This shows that the 
reaction is diffusion limited in oxygen for low 
potentials and is kinetically limited at 0.99 V. 
The 0.c.p. also increases faster when oxygen is 
led through the solution. 

We used the same experimental procedure as 
described for ethanol to study the irreversible 
adsorbates that are present on the surface during 
reaction. In this way we can obtain information 
concerning the steady increase of the open cir- 
cuit potential in Fig. 11. After a certain reaction 
time a potential of 0.35 V is applied, followed 
by exchange of the solution for fresh 0.1 M 
KOH. The potential of 0.35 V was chosen to 
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Fig. 12. C.V. recorded after catalytic MGP oxidation for 1 min 
( ) and 10 min (- - -), followed by potentiapotential 
step to 0.35 V. Blank (-_). Scan rate 5 mV/s. 

prevent eventually present carbon species to be 
reduced off the surface, in contrast with the 
value of 0.15 V used for ethanol. Note however, 
that at 0.35 V further C-C(OH) dissociative 
adsorption of MGP can occur. After electrolyte 
exchange, a cyclic vohammogram is recorded to 
analyze the adsorbates that are formed during 
reaction, shown in Fig. 12. We found profound 
changes in the cyclic voltammogram that were 
recorded after various reaction times, corre- 
sponding to catalytic oxidation at different open 
circuit potentials. After 1 min reaction time the 
oxidation peak in the double layer region is 
large, whereas the broad oxidation wave in the 
oxide region was small. For increasing reaction 
time and increasing open circuit potential, the 
CO-like peak at low potential decreased whereas 
the broad wave at high potentials increased. We 
plotted in Fig. 13 the charge involved in the 
peaks at low and high potentials as a function of 
reaction time. It is clearly shown that the in- 
crease of the reaction potential is correlated 
with changes in the adsorbates that are present 
on the surface during reaction. 

We performed some further experiments to 
see whether reduction treatments during reac- 
tion can reactivate the catalyst. The experiment 
was started with clean platinized platinum, that 
is exposed to a solution of 10 mM MGP satu- 
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*Fig. 13. Charge Q,, involved in the oxidation waves at low (0) 
and high (A) potentials after catalytic MGP oxidation for various 
times, followed by a potential step to 0.35 V and electrolyte 
replacement. 

rated with oxygen. The increase of the open 
circuit potential with time is shown in Fig. 14. 
After 10 min, a potential of 0.45 V is applied, at 
which platinum oxides are reduced immediately 
off the surface to water, whereas reducible hy- 
drocarbon fragments remain on the surface. Fig. 
14 shows that indeed some reactivation occurs 
as indicated by the lowered open circuit poten- 
tial. However, the potential increases fast and 
seems to continue the initial curve. When the 
potential is stepped to 0.1 V, the open circuit 
potential decreases more and equals the curve 
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Fig. 14. Open circuit potential during catalytic MGP oxidation and 
the effect of mtential during reductive treatment. 
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Fig. 15. Deactivation of MGP oxidation in time at 1.0 V and 
reactivation at open circuit potential. MGP concentration = 50 
mM. 

measured for clean platinum. The slope of the 
line is somewhat higher than for clean platinum. 
This might be caused by an imcomplete re- 
moval of the adsorbates during the reductive 
treatment. 

It is remarkable that once the the potential 
has reached 0.99 V it remains constant for long 
times at 0.99 V, whereas it has been reported 
that the catalyst deactivates during operation in 
the kinetic regime [1,4,25]. Therefore, we per- 
formed some experiments to study the charac- 
teristics of the MGP oxidation at high poten- 
tials. We performed some experiments in which 
the MGP oxidation was carried out electrochem- 
ically at 0.99 V. Before the start of the reaction 
the potential was held at 0.1 V to reduce the 
surface. Fig. 15 shows that the current decreases 
in time. After 30 min the imposed potential was 
removed, whereafter the equilibrium potential 
established. As shown in Fig. 15 this results in a 
quick decrease of the potential to 0.25 V. After 
2 min the imposed potential of 0.99 V was 
restored again and the current recovered its 
original value, indicating that the catalyst was 
reactivated. These results are similar to those 
obtained for the catalytic MGP oxidation on 

carbon supported platinum catalysts in a slurry 
phase reactor [I]. This experiment was repeated 
except that the reaction was now interrupted by 
a potential step to either 0.45 or 0.1 V. At 0.45 
V oxides are reduced and carbon species remain 
unaffected whereas both oxides and carbon 
species are reduced at 0.1 V. We found that 
after a potential step to both 0.45 V and 0.1 V 
the activity is restored to the same value when 
the potential was stepped subsequently to 0.99 
V. 

These results suggest that the state of ad- 
sorbed oxygen plays a role in the deactivation 
of the MGP oxidation. We further investigated 
the role of adsorbed oxygen by preoxidizing the 
electrode surface at 0.99 V for a fixed time in 
base electrolyte before admitting an MGP con- 
taining solution to the cell. With this experiment 
we can establish whether deactivation is strictly 
related to MGP oxidation or relates solely to the 
properties of the adsorbed oxygen species. Three 
current-time curves after 0, 15 and 60 min 
preoxidation are given in Fig. 16, which show 
that the MGP oxidation current has decreased 
considerably after preoxidation of the platinum 
electrocatalyst. However, it is remarkable that 
the initial rate after 15 min of preoxidation, 
curve B, does not correspond to the oxidation 
after 15 min MGP oxidation in curve A in Fig. 
16. Apparently the rate of deactivation is higher 
in the presence of MGP. Nevertheless, it has 

1 
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Fig. 16. The oxidation of 50 mM MGP in time at 0.99 V on 
electrodes preoxidized at 0.99 V for (A) 0, (B) 15 and (C) 60 min. 
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Fig. 17. The reduction of platinum oxide after polarization of the 
platinized platinum electrode for 0 (-->, 15 (--> and 60 min 
(- . -) at 0.99 V. 

been demonstrated that time dependent changes 
in the oxide covered platinum surface are in- 
volved in the deactivation of MGP oxidation. 
We also recorded cyclic voltammograms to 
study the electrochemical reduction of the 
formed oxygen adsorbates during preoxidation. 
The results are given in Fig. 17 and it is shown 
that the oxide reduction peak slightly shifts to 
negative potentials for increasing preoxidation 
times. It is not possible from these voltammo- 
grams to determine whether the oxygen cover- 
age has increased because the broad oxygen 
reduction peak is difficult to integrate. 

The current for MGP oxidation in Fig. 15 can 
be translated to turnover frequencies per Pt 
atom, when it is assumed that the oxidation of 
MGP to MGP-ox is 100% selective and thus 4e 
are consumed; this yields 0.0016 MGP/(Pt s). 
This value is in good agreement with the reac- 
tion rates found for carbon supported platinum 
catalysts in a slurry phase reactor at pH = 8 
operated in the kinetic regime [1,4]. 

4. Discussion 

4. I. Adsorbate study 

The observation of considerable amounts of 
both linear and bridge bonded CO on platinized 

platinum with FTIRS for 1,2-ethanediol and 
ethanol demonstrates that these molecules de- 
carbonylate during adsorption, at least to a cer- 
tain extent. The formation of adsorbed CO at 
high pH has also been observed with EMIRS in 
the presence of 1,2-etbanediol [26], whereas no 
CO vibrations were observed with FTIRS [ 111. 
A FTIRS study of ethanol adsorbates on plat- 
inum single crystals in NaOH electrolyte has 
shown that only linearly bound CO is formed on 
pt(l lo), solely bridge bonded CO is formed on 
Pt(100) and no CO vibration was observed on 
Pt(ll1) [19]. On the basis of these results we 
can ascribe the linear and bridge bonded CO 
vibrations in our spectra to CO species adsorbed 
on Pt(l10) and Pt( 100) related sites on the 
electrode surface. These two surface geometries 
correspond to a pair of hydrogen 
adsorption/desorption peaks in the cyclic 
voltammogram in Fig. 1. This assignment of the 
hydrogen peaks in the cyclic voltammogram can 
also be made for platinum in acid electolyte and 
is in accordance with an extensive electrochemi- 
cal study of hydrogen desorption on single crys- 
tals [27]. The strongly bonded hydrogen peak at 
0.41 V can be assigned to a stepped (100) 
surface, e.g. (210), (310) and (4101, whereas the 
weakly bonded hydrogen peak originates from a 
pt( 110) surface geometry. 

The QadQm values of 1.23 and 1.36 for 
ethanol and 1,2-ethanediol, respectively, give 
additional quantitative information on the com- 
position of the irreversible adsorbates. In the 
case of 1,2-ethanediol the value of 1.36 suggests 
that in the total oxidation of this molecule to 
CO,, 5.8 electrons are transferred during ad- 
sorption and 4.2 electrons are transferred during 
oxidation of the adsorbate. Since 2 CO, 
molecules are formed in the oxidation of a 
single 1,Zethanediol molecule, it follows that 
4.2/2 = 2.1 electrons are transferred per CO, 
molecule in the oxidation of the adsorbate. This 
value is within the margin of error equal to the 
value of 2 for CO according to: 

CO,, + 20H-+ CO, + H,O + 2e 
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In addition, the absence of a reduction at poten- 
tials below 0.35 V and the absence of an oxida- 
tion at high potentials in the oxide region con- 
firm that CO is the only adsorbate formed in the 
adsorption of 1,2-ethanediol. We found in a 
previous study [14] in acid electrolyte likewise 
that the adsorption of 1,Zethanediol is com- 
pletely dissociative. This implies that the ad- 
sorption of 1,2-ethanediol is independent of the 
pH and the type of electrolyte used. In accor- 
dance with this conclusion, the oxidation profile 
of the 1,Zethanediol adsorbate shows a close 
resemblance with the oxidation profile of CO, 
apart from the lower coverage for 1,2-ethanediol 
with respect to CO. However, the adsorption of 
CO was performed at 0.15 V, whereas 1,2- 
ethanediol was adsorbed at 0.35 V. When the 
curve in Fig. 3 is compared with a voltammo- 
gram of CO that is also adsorbed at 0.35 V, 
only a small difference remains. The lower cov- 
erage for 1,2-ethanediol is probably due to spa- 
tial requirements of the C-C dissociative reac- 
tion. 

The three peak structure for CO oxidation 
has been observed earlier for polycrystalline 
platinum [23], in contrast with single crystal 
studies, that generally report a single oxidation 
peak for the various crystal planes. Only at high 
coverages a prewave is observed for Pt(100) in 
carbonate electrolyte [28]. We can assign the 
main oxidation peaks at 0.63 and 0.57 V in the 
cyclic voltammogram to the different crystal 
planes that are predominant at the electrode 
surface. Comparing the voltammograms in Figs. 
2 and 3 for ethanol and 1.2-ethanediol provides 
further evidence for the assignment of the CO 
oxidation peaks. The shoulder at 0.57 V is much 
more pronounced in Fig. 3 for 1.2-ethanediol 
than for ethanol in Fig. 2. Moreover more 
weakly bonded hydrogen is present after adsorp 
tion of ethanol with respect to 1,Zethanediol. 
This shows that there is a close correlation 
between the weakly bonded hydrogen sites and 
the CO oxidation wave at 0.57 V, In combina- 
tion with the FTIRS results we can assign the 
oxidation peak at 0.57 V to linear adsorbed CO 

on Pt(l10) related sites whereas the oxidation 
peak at 0.63 V can be assigned to bridge bonded 
CO on Pt(100) related sites. The third CO oxi- 
dation at 0.38 V originates from adsorbed CO 
molecules that are very weakly bonded and 
therefore we can correlate this oxidation wave 
with the presence of a densely packed CO ad- 
layer, on one or both crystal planes. 

In the case of ethanol, the Q&Q,, value of 
1.23 indicates that of the 12 electrons trans- 
ferred in the total oxidation of an ethanol 
molecule to CO,, 6.6 electrons are involved in 
the adsorption and 5.4 electrons are transferred 
in the oxidation. Since two CO, molecules are 
formed in the total oxidation of a single ethanol 
molecule, this implies that 2.7 electrons per 
CO, molecule are involved. This value is close 
to the characteristic value for CO, indicating 
that the molecule is largely dehydrogenated. 
The integrated CO absorbances for 1,2- 
ethanediol and ethanol are approximately of the 
same size and since full decarbonylation was 
concluded for 1,Zethanediol this leads to the 
conclusion that ethanol adsorbs also fully disso- 
ciative, according to: 

C,H,OH + (6 - x)OH- 

+ co~cl, + CHx,ads + (6 - x)H,O + (6 - x)e 

Quantitative analysis of the II,, value then shows 
that a follow-up oxidation of CH, to CO occurs 
after the initial C-C(OH) dissociative reaction. 
Formation of equal amounts of CO and CH, 
would result in II,, values between 3 (x = 0) 
and 4.5 (x = 3). An n,, value lower than 3 can 
only be obtained when one of the adsorbates has 
oxidized further than C and therefore we con- 
clude that the value of 2.7 originates from a 
follow-up oxidation of CH, to CO according to: 

CH, + (2 + x)OH- 

-+CO+(l +x)H,O+(2+x)e 

We have concluded in a previous study [14] that 
the same follow up reaction of CH, also occurs 
in acid electrolyte, where II,, = 2.5 was found. 
A recent FIIRS study [29] using labeled ethanol 
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provided direct spectroscopic proof for this re- 
action, as shown by the formation of r3C0,,, 
from 13CH,CH,0H at potentials equal to the 
adsorption potential used by us in acid elec- 
trolyte. 

An important difference between ethanol and 
1,2-ethanediol is the presence of a reduction 
below 0.35 V for ethanol. This reduction was 
also reported for Pt(ll0) [19] and polycrys- 
talline Pt [lo] in contrast with pt(100) and 
Pt(lll) 1191. No interpretation of this reduction 
peak has been given up to now, but we assign 
this peak to the reduction of CH, to CH, 
according to: 

CH x,ads + (4 - $-W + (4 - + 

+CH,+(4-x)OH- 

Due to the removal of CH, species in the 
reduction, the amount of charge involved in the 
subsequent oxidation in Fig. 2 is lower than in 
the ‘direct’ oxidation in Fig. 1. The ratio of the 
reduction charge and the decrease in the oxida- 
tion charge QEd/AQ, gives information on 
the oxidation state of the CH, species that have 
been reduced to CH,. The ratio Q,/A Q,, = 
0.9 found here in KOH electrolyte demonstrates 
that the CH, species are fully dehydrogenated 
to C, since both in the reduction of C to CH, 
and the oxidation of C to CO,, 4 electrons are 
involved, giving Qred/AQ,, = 1. In the case of 
CH or CH,, Q,/AQ, values of 0.6 and 0.33 
would have been expected. 

Combining the II,, values found for ethanol 
and 1,2-ethanediol with the oxidation charges 
determined with cyclic voltammetry gives the 
adsorbate coverage according to: 

where Qi is the charge involved in the desorp- 
tion of a monolayer of hydrogen, determined in 
blank electrolyte. This procedure results in ad- 
sorbate coverages of 0.45 for ethanol and 0.46 
for 1,2-etbanediol. In the case of 1,Zetbanediol 

the adlayer consists completely of CO, whereas 
for ethanol the adlayer consists of CO and C. It 
can be calculated from the IZ, value of 2.7 that 
the adlayer consist of 65% CO and 35% C, 
corresponding to coverages of 0.29 for CO and 
0.16 for C. The CO coverage is in quite good 
agreement with the CO coverage calculated from 
the charge involved in the ‘indirect’ oxidation: 
0.30, assuming that C,, has been completely 
reduced to methane. Comparing the charges in- 
volved in the ‘direct’ and ‘indirect’ oxidation of 
ethanol adsorbates shows that the C species are 
oxidized in the double layer region as well as in 
the oxide region. The charge involved in the 
oxide region in Fig. 1, corresponds to 8, = 0.09 
monolayers when we assume that 4 electrons 
are involved in the oxidation of C to CO,, 
whereas the oxidation charge for C,, in the 
double layer region corresponds to 8, = 0.07. 
We want to stress that the FIRS results are in 
agreement with the conclusions given above, 
that were obtained only from the charges in- 
volved in cyclic voltamrnetry. The normalized 
integrated CO absorbance of 0.45 & 0.05 for 
ethanol and 1,Zethanediol are in accordance 
with the respective ratios of the CO coverages 
that were calculated from cyclic voltammetry; 
8 co,&h/~co,co = 0.38 and &o,l,2ethdi0l/~co,co 
= 0.39. 

The results for MGP show that the C-C(OH) 
dissociative adsorption does not only occur for 
simple alcohol compounds but also occurs for 
more complex cyclic polyols. However, we can- 
not conclude from our measurements that the 
C-C dissociative adsorption of MGP is com- 
plete. Some experiments with glucose have 
shown that a small reduction is visible at low 
potentials and a small contribution is present in 
the oxide region. This implies that the decar- 
bonylative adsorption is not complete, although 
it is the major adsorption pathway according to: 

C,H,,O, + 6C0 + 12H++ 12e 

In the case of MGP then is seems reasonable to 
conclude that decarbonylative adsorption is not 
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the sole adsorption route, although it is the 
dominant one, according to: 

C,H,,O, + 6C0 + CH, 

+(14-x)H++(14-x)e 

Adsorbate studies have shown that dissociation 
of the reactant alcohol into CO and C can occur 
at potentials where the oxidation to acetalde- 
hyde and acetic acid does not occur. This 
demonstrates that the decarbonylative reaction 
is thermodynamically favored over the oxida- 
tion of ethanol to ethanal and acetic acid. How- 
ever, if the surface is completely covered with 
dissociative adsorbates, oxidation is the only 
possible reaction pathway. 

4.2. Open circuit potential measurements: im- 
plications of surface roughness 

In this section we will discuss the difference 
in open circuit potential (0.c.p.) values for the 
catalytic ethanol oxidation on smooth and pla- 
tinized platinum. We have demonstrated with 
simple experiments that the catalytic alcohol 
oxidation can be regarded as an electrochemical 
process and the different 0.c.p. values for smooth 
and platinized platinum originate from a differ- 
ence in kinetics of the two half reactions in- 
volved; 

C,H,OH + H,O + CH,COOH + 4H++ 4e 

0, + 4Ht+ 4e + 2H,O 

Such a local cell mechanism has already been 
proposed by others [24,30-331. The oxygen re- 
duction is diffusion limited below 0.8 V, and as 
a result it does not increase after roughening of 
the electrode surface. However, the ethanol oxi- 
dation is kinetically limited over the complete 
potential region and thus increases proportion- 
ally with the electrode area upon roughening of 
the electrode surface. As schematically shown 
in Fig. 18 there is for smooth platinum no 
potential below 0.8 V where the current of the 
half reactions are equal, leading to a further 
increase of the 0.c.p. to 1 V, where the surface 
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Fig. 18. Current-potential curves for ethanol oxidation and oxy- 
gen reduction on smooth and platinized platinum. 

is highly covered with adsorbed oxygen or hy- 
droxyl and where the oxygen reduction has 
almost, but not completely, ceased. The reaction 
rate of the catalytic ethanol oxidation is not 
limited by diffusion of oxygen to the surface but 
is kinetically limited. In a previous report it has 
been concluded that the rate of the catalytic 
ethanol oxidation in the kinetic regime corre- 
sponds to a surface of which only 9% of the 
surface atoms are available for the oxidation 
reaction and 91% is covered. This conclusion 
was reached by comparing the oxidation rate on 
carbon supported platinum catalysts in a slurry 
phase reactor with kinetic data of electrochemi- 
cal adsorption studies on platinum foil [25]. 

For platinized platinum the 0.c.p. stabilizes at 
0.35 V after reductive startup of the reaction as 
a result of the increased ethanol oxidation with 
respect to smooth platinum, as schematically 
shown in Fig. 18. In contrast with smooth plat- 
inum the reaction rate is now diffusion limited 
and can be further increased by improving the 
mass transport of oxygen to the surface. Such a 
low open circuit potential has also been found 
for the catalytic oxidation of 2-propanol [30] 
and ethanol [l] on platinized platinum. On the 
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basis of our experiments we conclude that it is 
not allowed to compare the results of 0.c.p. 
measurements on platinized platinum with mea- 
surement on carbon supported platinum in the 
kinetic regime as was done by Vleeming et al. 
[l] and Schuurman et al. [4]. 

The different kinetic regimes for smooth and 
platinized platinum affect the reaction rate con- 
siderably. The reduction rate of oxygen at 1 V 
is shown in Fig. 18 to be much lower than in 
the diffusion limited regime below 0.8 V, which 
indicates that the catalytic oxidation of alcohols 
in the kinetic regime proceeds at much lower 
rate than in the diffusion limited situation. Note 
that the occurrence of the local cell mechanism 
implies that adsorbed oxygen is not involved in 
a direct reaction with the alcohol as has been 
proposed [ 1,4-634-361. Adsorbed oxygen or 
hydroxyl causes both the electrochemical oxy- 
gen reduction and the electrochemical ethanol 
oxidation to be inhibited. When adsorbed oxy- 
gen or hydroxyl were involved in the oxidation 
of alcohols a positive correlation would be ex- 
pected between the oxygen coverage and the 
activity, at least for low coverages. However, 
this correlation has never been demonstrated 
with electrochemical techniques. 

Summarizing, the catalytic alcohol oxidation 
performed in the kinetic regime corresponds to 
a high open circuit potential and thus a surface 
highly covered with oxygen or hydroxyl. In our 
view the situation for the alcohol oxidation in 
the kinetic regime can readily be referred to as 
overoxidation, since the high oxygen coverage 
causes the reaction rate to be much lower than 
in the diffusion limited regime. On the contrary, 
studies in the diffusion limited regime corre- 
spond to a low open circuit potential and thus a 
surface that is completely free of adsorbed oxy- 
gen or hydroxyl. 

The experiments on platinized platinum nicely 
illustrate that catalytic oxidation reactions pro- 
ceed through a local cell mechanism. This has 
important consequences for the transport of re- 
actants and products on porous electrodes. Since 
its reduction is diffusion limited, oxygen will 

not diffuse deeply into the pores of the electrode 
but react in the surface region. Ethanol, how- 
ever, reacts at the entire surface including deeply 
in the pores. The electrons that are transferred 
from ethanol to the metal during oxidation are 
transported through the metal to the surface of 
the electrode where they are used to reduce 
oxygen. The question is what the implications 
of these results are for carbon supported cata- 
lysts in a slurry phase reactor. The transport of 
oxygen to the surface of the catalyst particles is 
much better in a slurry phase reactor than in our 
experiments, which suppresses the likeliness of 
diffusion limitation. However, our experiments 
have shown that the roughness factor of the 
electrode is a very important parameter. For a 
carbon catalyst particle the roughness factor can 
be defined as the ratio of the true platinum 
surface in a particle and the outer surface of the 
carbon particle. This ratio can be influenced by 
several factors as the platinum content of the 
catalyst and the size of the carbon particles. 
This roughness factor can be quite high for 
carbon supported platinum catalysts and in this 
respect it can resemble platinized platinum. De- 
pending on the type of alcohol, the catalyst 
properties and reaction conditions, the oxidation 
in a slurry reactor can proceed in the kinetic 
regime or in the diffusion limited regime. In the 
case that the reaction rate is limited by diffusion 
of oxygen, the high conductivity of the carbon 
support enables the local cell mechanism to 
occur by conduction of electrons through the 
carbon support, which leads to a situation where 
the outer shell of the catalyst particle reduces 
oxygen and both the outer and inner part of the 
particle oxidizes the alcohol. The electrons mi- 
grate through the carbon support from the inner 
part to the outer shell of the particle. 

4.3. Adsorbates present during difsusion limited 
oxidation 

Catalytic studies on alcohol oxidations are 
often carried out in the diffusion limited regime 
[2] and in some cases this has been confumed 
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with potential measurements [2,9,35,37]. We 
found that the electrode surface is highly cov- 
ered with CO and C adsorbates during the diffi- 
sion limited ethanol oxidation on platinized plat- 
inum. We cannot establish the exact coverage 
during the reduction since after the potential 
step to 0.15 V reduction of C species occurs. 
The adsorbate coverage during reaction depends 
on the o.c.p., which itself depends on several 
factors like the electrode roughness, ethanol 
concentration and the mass transport of oxygen. 
We suggest that in all cases where alcohol 
oxidation has been carried out in the diffusion 
limited regime [2,9,35,37], the surface is also 
highly covered with irreversible adsorbates that 
are formed from the reactant alcohol. The re- 
ported open circuit potentials can be so low that 
they correspond to values in the so-called hy- 
drogen region and on that basis it was con- 
cluded by some [2] that the catalyst surface is 
actually covered with hydrogen during reaction. 
However, it should be kept in mind that in such 
a situation the surface is highly covered with 
irreversible adsorbates and not many platinum 
sites are left for hydrogen to adsorb. As a result 
only a low hydrogen coverage is necessary to 
reach fairly negative potentials, which means 
that the hydrogen coverage is much lower than 
suggested by some as they refer to a reduced 
surface [2]. In fact, the open circuit potential of 
0.41 V found in our ethanol oxidation experi- 
ments does not correspond to a situation that the 
surface contains any adsorbed hydrogen. 

Our experiments have demonstrated that the 
electrochemical and catalytic oxidation of 
ethanol result in the same coverage of irre- 
versible adsorbates on the catalyst surface as 
long as the electrochemical potentials are equal. 
This supports the view that the catalytic oxida- 
tion can be regarded as an electrochemical pro- 
cess and therefore information obtained with 
electrochemical tools can be directly transferred 
to the catalytic oxidation. The key parameter is 
the potential. 

We have clarified that the CO + C coverage 
is a steady state coverage and that CO and C 

CH,COOH + CH,CHO 

CH,CH,OH ’ 
\I 

co,+c, f co, 

Scheme 1. 

adsorbates are not only present during the initial 
phase of the reaction. No adspecies remained on 
the surface when the rate of electrochemical 
ethanol oxidation was made limited by diffusion 
of ethanol, which proves that the rate of C- 
C(OH) dissociative adsorption and subsequent 
oxidation to CO, is then higher than the diffi- 
sion rate of ethanol and thus the CO, selectivity 
is 100%. A subsequent increase of the ethanol 
concentration at this potential made the reaction 
rate kinetically limited again, leading to a high 
coverage of CO and C adspecies, which demon- 
strates that continuously new CO and C ad- 
species are being formed by C-C(OH) dissocia- 
tive adsorption during oxidation of ethanol to 
acetaldehyde and acetic acid. This demonstrates 
that the presence of CO is not an initial effect; 
being formed during startup of the reaction and 
disappearing after admission of oxygen. The 
possible reactions are given in Scheme 1. 

Our experiments on the diffusion limited oxi- 
dation of MGP have shown clearly that the 
increase of the open circuit potential with time 
is correlated with an increase of adsorbates that 
are oxidized at high potentials in the oxide 
region, whereas the amount of adsorbates that 
oxidize at low potentials diminish. The oxida- 
tion at high potential in the oxide region is 
typical for adsorbed hydrocarbon species C .H y, 
whereby CO, is formed The increase of the 
0.c.p. can easily be understood in terms of the 
two electrochemical half reactions. As the sur- 
face becomes covered with these site blockers, 
less platinum is available for the oxidation of 
MGP. Because the electrochemical oxidation 
rate of MGP is kinetically limited, a build-up of 
carbonaceous residue will result in an inhibition 
of the MGP oxidation as less Pt surface is 
available for reaction. However, the electro- 
chemical reduction of oxygen is diffusion lim- 
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ited and this reaction is not affected by an 
increasing coverage of irreversible adspecies. 
We infer this from the experiments with ethanol 
and oxygen, where the presence of 0.1 M ethanol 
had no effect on the oxygen reduction rate at 
0.1 V. As a result the open circuit potential 
increases in order to maintain a net zero current. 
Our conclusion contrasts with those in the litera- 
ture, where the slow increase of the open circuit 
potential was referred to as overoxidation [ 11. 

We found that when the 0.c.p. reaches 0.8 V, 
which corresponds to the peak potential for 
MGP oxidation, it quickly rises to 0.98 V, and 
thus the reaction transfers from diffusion limited 
regime to the kinetic regime. As in the case of 
ethanol, the platinum surface is highly covered 
with adsorbed oxygen or hydroxyl at 0.98 V 
and the majority of the carbon species formed 
during deactivation probably oxidizes to CO, at 
this potential. The 0.c.p. remained constant 
within 20 mV for 16 h, which implies that the 
coverage of adsorbed oxygen or hydroxyl re- 
mains equal. Nevertheless, we found the cata- 
lyst both to deactivate when electrochemical 
MGP oxidation was carried out at 0.98 V and to 
reactivate after reduction of the adsorbed oxy- 
gen species at o.c.p., which is in perfect agree- 
ment with the study on carbon supported plat- 
inum in a slurry phase in the kinetic regime [I]. 
This means that the deactivation does not origi- 
nate from a slow increase of the oxygen cover- 
age, since this would require an increase of the 
open circuit potential. 

Our experiments have demonstrated that the 
adsorbed oxygen species slowly change in time 
when the electrode is preoxidized in the absence 
of alcohol. The shift of the oxygen reduction 
peak in the cyclic voltammogram after different 
preoxidation times implies an increase of the 
adsorption energy of the oxygen species. In this 
way we can understand that while the open 
circuit potential during catalytic MGP oxidation 
in the kinetic regime remains constant the cata- 
lyst nevertheless deactivates due to changes in 
the oxygen adspecies. However, it should be 
reminded that the adsorbed oxygen atoms them- 

selves are not involved in the catalytic oxidation 
but act only as site blockers. Apparently the 
slow change in the properties of adsorbed oxy- 
gen results in a decreased ability of the catalyst 
to reduce molecular oxygen and to oxidize MGP, 
probably by a decreased accessibility of the 
platinum surface for either molecular oxygen or 
MGP. 

5. Conclusions 

The irreversible adspecies formed after ad- 
sorption of ethanol and 1,2-ethanediol have 
completely undergone C-C(OH) dissocation ac- 
companied by full dehydrogenation to form CO 
and C species in the case of ethanol and only 
CO in the case of 1,Zethanediol. The C species 
are partially oxidized further to CO. These re- 
sults show that the adsorption behaviour of 
these compounds at high pH is completely anal- 
ogous with that at low pH [14,16]. The adsorp- 
tion behaviour of the cyclic polyol MGP is 
similar to that of the small alcohols as the 
molecule completely decarbonylates to form ad- 
sorbed CO and a small fraction of C. 

All our experiments show that the catalytic 
alcohol oxidation can be regarded as an electro- 
chemical process, consisting of two indepen- 
dently acting half reactions that determine the 
open circuit potential. The roughness of the 
electrode surface greatly affects the 0.c.p. dur- 
ing catalytic alcohol oxidation; smooth platinum 
leads to high 0.c.p. values and platinized plat- 
inum leads to low 0.c.p. values. These low and 
high open circuit potentials correspond to a 
diffusion limited regime where diffusion of oxy- 
gen is rate limiting and a kinetic regime, respec- 
tively. The reaction rate in the kinetic regime is 
considerably lower than in the diffusion limited 
regime. 

During oxidation of ethanol and MGP in the 
kinetic regime, the surface is highly covered 
with adsorbed oxygen or hydroxyl. In contrast 
with this the surface is devoid of adsorbed 
oxygen in the diffusion limited regime and is 
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instead covered with a high steady state amount 
of CO and C species, which are continuously 
being formed by C-C(OH) dissociative adsorp- 
tion. The catalyst is found to deactivate both in 
the diffusion limited as in the kinetic regime for 
MGP oxidation. Whereas in the diffusion lim- 
ited regime, the deactivation is caused by accu- 
mulation of carbonaceous residue, while in the 
kinetic regime, changes in the adsorbate proper- 
ties cause deactivation and not a plain increase 
of the oxygen coverage. 
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