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Electrocatalytic oxidation of mono- and polyhydric alcohols on gold and platinum
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A survey of representative studies on the oxidation of mono- and polyhydric alcohols on gold and
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molecular structure of these compounds on their electrocatalytic reactivity.
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1. Introduction

The present interest in the catalytic properties of
noble metals in electrochemical processes is related to
the development of porous graphite or ceramic elec-
trodes containing small amounts of these metals and
applied in fuel cells, sensors and electrochemical re-
actors. Among the noble metals used for electro-
chemical oxidation of organic compounds, platinum
and gold are the most active catalysts. Platinum has
highest catalytic activity in acidic solutions [1±37],
whereas gold is most active in alkaline environment
[23, 30, 38±73]. Palladium shows only low activity,
rhodium proves nearly inactive in alkaline solutions
[21±23, 26].Thus, only platinum and gold are treated
in this review.

The oxidation of organic substances on a platinum
electrode is accompanied by a characteristic, though
very unfavourable, e�ect of surface blocking by
strongly adsorbed intermediate species [26]. Al-
though, due to the relatively high energy of hydrogen
adsorption on platinum, the dehydrogenation of or-
ganic compounds may proceed rapidly in the range of
low electrode potentials, the inhibition e�ect is
dominant. This e�ect does not apply to a gold elec-
trode characterized by relatively weak adsorption
properties [46, 56, 74±79]. Although these properties
account for the poor catalytic activity of gold in
acidic solutions, in the case of alkaline solutions,
when hydroxyl ions are adsorbed on the gold surface
[42, 45, 46, 62, 63, 70, 80±83], the gold electrode
proves to be a more e�ective catalyst for dehydro-
genation of organic compounds than platinum. The
oxidation rate of organic substances on a gold elec-
trode in alkaline solutions is higher than on the
platinum electrode though often, but not always, at
higher electrode potentials [23, 41, 42, 44, 46, 50, 54,
56, 66, 84±86].

Alloying of platinum with metals of the sp group
leads to an increase in the catalytic activity of elec-
trodes in comparison with the activity of electrodes of
pure metals. In particular, a large synergistic e�ect
was obtained in the electrooxidation of monohydric
alcohols [46, 85], 1,2-ethanediol [41, 42, 87, 88], 1,3-
propanediol [18] and formaldehyde [56, 89] on
Pt+Au alloys in alkaline solutions. High catalytic
activity was also detected for Pt+Ag alloys [89],
while the activity of Pt+Pd, Pd+Au and Pd+Ag
alloys is lower [57, 90]. In acidic solutions, numerous
binary platinum alloys have also been investigated
[91]. Another subject of comprehensive study has
been the modi®cation of catalytic properties of plat-
inum and gold, as well as Pt+Au electrodes, by
underpotential deposition (u.p.d.) of adatoms of a
foreign metal, in particular of Pb, Bi, Tl, Sn, Se, As,
Te and Cu [24, 48, 49, 55, 64, 88, 92±113]. In reviews
by AdzÏ icÂ et al. [114], Parsons et al. [26] and Ko-
kkinidis et al. [115], various reasons for the increase
in catalytic activity of electrode materials by alloying
and/or by u.p.d. adatoms were discussed: (i) modi®-
cation of the electronic properties of the surface re-
sulting in changes of the adsorption properties, (ii)
increased surface concentration of adsorbed oxygen
containing species involved in the oxidation of or-
ganic substances, (iii) suppression of the formation of
strongly adsorbed intermediate species due to the
Ôthird body e�ect'.

Signi®cant progress in the elucidation of the na-
ture of intermediate species and ®nal products in the
electrocatalytic processes on the platinum electrode
was achieved after a combination of electrochemical
methods with in situ and online spectroscopic meth-
ods (EMIRS, PM±IRRAS, SNIFTIRS, SERS,
DEMS), as well as with on line chromatographic
techniques [27, 29, 31±33, 36, 37, 62, 66, 116±121],
(for reviews up to 1990 see [26, 30]). Analogous
studies on gold are scarce [17, 21, 64, 66, 122, 123].
Since all these methods provide identi®cation of rel-
atively stable species, the experimental data, are in* Author to whom correspondence should be addressed.

JOURNAL OF APPLIED ELECTROCHEMISTRY 27 (1997) 999±1011

0021-891X Ó 1997 Chapman & Hall 999



many cases, insu�cient for detailed analysis of the
reaction mechanism. This limitation has been cir-
cumvented in part by using isotopically labelled
compounds [124±126]. Measurements of the kinetic
isotope e�ect o�er an additional way of obtaining
information directly related to the main reaction step
[40, 46, 69, 70, 72].

There has been a signi®cant amount of research on
the oxidation of aliphatic alcohols. Numerous papers
on this subject, up to 1990 were reviewed by Parsons
et al. [26], Lamy [21] and Beden et al. [23, 30], chief
attention was focused on the kinetics and mechanism
of the oxidation of methanol, ethanol and 1,2-
ethanediol on platinum and gold. The purpose of this
paper is to present further studies reported in recent
years, with a special emphasis on the mechanism of
electrooxidation and the reactivity of mono- and
polyhydric alcohols containing two and more carbon
atoms.

2. Monohydric alcohols

The e�ect of the molecular structure of organic
compounds on the kinetics of their electrooxidation
has been widely discussed in the literature concerning
electrooxidation of monohydric alcohols on platinum
electrodes in acidic solutions, and for gold electrodes
in alkaline solutions. Sokolova and coworkers [5, 6,
12, 16, 18±20] have found, on the basis of cyclic
voltammograms, that the reactivity of monohydric
alcohols during oxidation on a platinum electrode
decreases with increase of the length of the carbon
chain in the substrate molecule. A cause of this re-
lationship is the increasing inhibition of the electrode
surface by adsorbed molecules of substrates and in-
termediates.

According to spectroelectrochemical studies, the
oxidation of primary monohydric alcohols on a
platinum electrode proceeds along two parallel reac-
tion pathways [26, 27, 30, 32, 33, 101, 116, 118, 119,
121, 124, 126]. A sequence of dehydrogenation
steps of the adsorbed substrate molecules, leading
to carboxylic acids at pH>7 and CO2 at pH<7, is
accompanied by formation of strongly adsorbed in-
termediate species originating from alcohol molecules
after cleavage of CAC bonds. Otherwise, adsorbed
species maintaining the carbon chain of the substrate
molecules are formed from secondary alcohols [36,
37, 117, 127, 128]. Di�erences in the reaction path-
ways during electrooxidation of primary and sec-
ondary alcohols on Pt in acidic solution are visible in
Scheme 1 [32] and Scheme 2 [117] for 1-propanol and
2-propanol, respectively.

As expected from the Pauling's valence bond the-
ory of metals [129], the presence of hydroxide species
on the electrode surface is a precondition for the
catalytic activity of gold towards the electrooxidation
of monohydric alcohols. This reaction on gold in
alkaline solutions begins at a potential of about
ERHE � 0:6 V, when the electrode surface is partially
covered with adsorbed hydroxyl ions. The relevant
mechanism was identi®ed by Beøtowska-Brzezinska et
al. [38±40, 44±46, 53, 58] on the basis of the kinetic
data determined during electrooxidation of a ho-
mologous series of monohydric alcohols, from
methanol to heptanol, including isomers and some
chloro- and ¯uoroderivatives and deuterated com-
pounds. It was found that the secondary alcohols are
more easily oxidized on a gold electrode than the
primary ones of the same number of carbon atoms in
a molecule. Moreover, an increase in the length of the
aliphatic carbon chain, which is accompanied by an

Scheme 1. Reaction scheme of 1-propanol oxidation on a platinum electrode in acidic solution [32].
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increase in the free enthalpy of adsorption of alcohol
molecules on gold [53, 58, 78, 79], results in a larger
oxidation current by a factor of about 2 and 2.5 per
additional C atom in primary and secondary alco-
hols, respectively. The higher reactivity of 2-butanol
in comparison with that of 1-butanol was later con-
®rmed by Takky et al. [50]. All these relationships are
converse to those observed for platinum [16, 18±21,
23, 46, 50, 130, 131]. However, analysis of the solu-
tions after electrolysis has shown that the main
products of electrooxidation of primary alcohols on
gold in alkaline solution are carboxylic acids, and for
the secondary alcohols ketones [46], as previously
identi®ed for a platinum [30] and nickel electrode
[132]. Investigations on the deuterated compounds
and the measurement of the kinetic isotope e�ect has
provided insight into the rate determining step
(r.d.s.). It was shown, that the rate of alcohol oxi-
dation on a gold electrode is determined by the
cleavage of the CAH bond on the a-carbon atom,

within a symmetric surface transition state formed by
the interaction between alcohol molecules and hy-
droxyl ions in the electric ®eld at the electrode/elec-
trolyte solution interface [40, 46]. Further alcohol
electrooxidation steps proceed so fast that they have
no in¯uence on the rate of the process. A detailed
analysis of the kinetic data reveals, that the rate
constants contain contributions of the adsorptive
interaction of alcohol molecules with the electrode
surface and the charge distribution within the sub-
strate molecule and/or within the intermediate species
formed after the cleavage of the a CAH bond [44±46,
53, 58]. An increase in the free enthalpy of adsorption
per additional C-atom in an alcohol molecule, to-
gether with a decrease in the a CAH bond energy in a
secondary alcohol when compared with the corre-
sponding primary one, lead to a lower value of the
apparent activation energy [D�DE#� � 6±7 kJ mol)1]
and a more negative value of the apparent activation
entropy [D�DS#� � 12±20 J mol)1K)1].

A concurrent in¯uence of the kinetics of alcohol
electrooxidation on gold by the adsorptive properties
of alcohol and by the stability of the intermediate
species can be gained, among others, from a com-
parison of the behaviour of 2-propene-1-ol and
2-propyne-1-ol [71]. The former alcohol is oxidized at
a considerably higher rate, although the free enthalpy
of its adsorption on a gold electrode is lower than
that of the alcohol with the triple bond [133].
Unquestionably, the clue for the di�erence in the
reactivities is a high stability of the intermediates with
several resonance structures which are formed after
initial abstraction of hydrogen in the electrooxidation
of 1,2-propene-1-ol, whereas the intermediate species
of 2-propyne-1-ol lack the possibility of internal
stabilization.

The mechanism of electrooxidation of the primary
and secondary aliphatic monohydric alcohols, sche-
matically presented below by the equations in
Scheme 3 [45, 46], was con®rmed by most authors
dealing with the subject of electrocatalysis on gold and
Au/Pt in alkaline solutions [49, 50, 59, 62, 64, 67, 134].

Oxidation of 1-propanol on a polycrystalline gold
electrode in an alkaline solution was reinvestigated by
Ocon et al. [59]. They accepted the earlier proposition

Scheme 2. Reaction scheme of 2-propanol oxidation on a plati-
num electrode in acidic solution [117].

Scheme 3. Reaction pathway in the oxidation of primary alcohol (a) and secondary alcohol (b) on a gold electrode in alkaline solution
[45, 46].
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about alcohol oxidation in this system in a potential
range in which the hydroxide species are chemisorbed
on the gold surface. The authors claimed that the
surface coverage of HOHÿ � 0:5 was achieved at ERHE

� 0:65 V; HOHÿ � 1 was obtained at ERHE � 0:9 V. It
was suggested that at ERHE � 0:9 V a change in the
character of the surface layer takes place due to po-
larization of the OAH bond in the adsorbed ions. The
last phenomenon together with the change in the
coverage of the electrode by the intermediates of
1-propanol oxidation has been assumed to be the
reason for a change in the value of the electron
transfer coe�cient at ERHE � 0:9 V. A faster increase
in the surface coverage with adsorbed hydroxide
species may explain the increase in oxidation rate
observed for methanol [61] after voltammetric acti-
vation of gold according to the procedure of Arvia
et al. [135].

The electrocatalytic activity of gold in acidic so-
lutions is far lower than in alkaline solutions. The
behaviour of 1-propanol, 2-propene-1-ol and 2-
propyne-1-ol on gold at pH ' 0 has been compared
by Pastor et al. [136]. Their studies con®rmed that
saturated monohydric alcohols remain inactive in the
absence of adsorbed hydroxyl ions at the gold/solu-
tion interface. In contrast, unsaturated alcohols
undergo oxidation on a gold electrode in an acidic
solution. By using di�erential electrochemical mass
spectroscopy (DEMS) the authors identi®ed unsatu-
rated aldehydes and CO2 as the ®nal products of
oxidation of 2-propene-1-ol and 2-propyne-1-ol. It
was found that only 2-propyne-1-ol forms a relatively
stable adsorbate on the gold surface which can be
subsequently reduced at ERHE <0.2 V producing
propylene, propene, and 2-propene-1-ol. According-
ly, the CO2/aldehyde ratio was much higher in the
case of the alcohol with a triple bond when compared
with the corresponding ratio for the alcohol with a
double bond. The di�erences in the electrooxidation
pathways of 2-propene-1-ol and 2-propyne-1-ol were
explained in terms of di�erent interaction of the
substrate molecules with the gold surface. This in-
terpretation is supported by the values of the free
enthalpy of adsorption of DG�ad � ÿ31:8 kJmol)1

and DG�ad � ÿ34:0 kJ mol)1 for 2-propene-1-ol and
2-propyne-1-ol respectively, as obtained on a
Au(1 0 0) electrode in 0.02 M NaClO4 in the potential
range close to the potential of zero charge [133].
Obviously, the adsorption of unsaturated alcohols is
su�ciently strong to ensure an appropriate lowering
of the activation energy for CAH bond cleavage, as
well as for the reaction of an intermediate with water
molecules on the electrode surface. This does not
occur in the case of 1-propanol because of the much
lower value of the free enthalpy of adsorption,
DG�ad � ÿ5:0 kJ mol)1 [79].

3. Polyhydric alcohols

Several studies were devoted to electrode processes
involving diols. For 1,2-ethanediol oxidation, various

electrode materials were used as catalysts, such as Au
[42, 60, 64, 66, 88, 137, 138], Pt [66, 88, 139±146] as
well as alloys of Pt+Pd [138], Pt+Au [41, 88] or Au
and Pt modi®ed with u.p.d. adatoms of foreign
metals [48, 49, 64, 88, 95, 97, 105, 110, 139]. An ef-
fective catalyst, as in the case of oxidation of mono-
hydric alcohols, appeared to be a gold electrode in
alkaline solution, though in a range of anodic po-
tentials higher than for a platinum [42].

Hau�e et al. [42] indicated that cleavage of CAH
bonds in 1,2-ethanediol is facilitated by OH) ions
adsorbed on the surface of a gold electrode. The rate
determining step was formulated as shown in
Scheme 4. Kadirgan et al. [49, 64] have also shown
that the electrooxidation of 1,2-ethanediol on gold is
a ®rst-order process relative to cdiol over a wide range
of electrode potentials. Only for concentrations of
1,2-ethanediol higher than cdiol � 1 M, was a decrease
in the reaction order observed. Analysis of j/E curves
(Tafel slopes) showed that an � 0:34, thus con®rming
the mechanism presented by Hau�e et al. [42]. In this
mechanism, dehydrogenation of adsorbed diol mol-
ecules, associated with the transfer of the ®rst elec-
tron, is the rate determining step. The afore-
mentioned kinetic parameters and the reaction order
zOHÿ � 0 relative to cOHÿ in the range from 0.01 to 5 M

are in close agreement with those obtained for
monohydric alcohols [45, 46]. Lower currents of 1,2-
ethanediol oxidation at pH<12 can be explained by
an insu�cient degree of coverage of the gold elec-
trode surface with the adsorbed hydroxyl ions. The
participation of the latter species in the electrooxi-
dation of 1,2-ethanediol on gold was indicated by the
in¯uence of the crystallographic orientation of the
metal surface on the reaction rate. It was found by
AdzÏ icÂ et al. [48, 60] that on monocrystalline Au(1 1 0)
this process starts at a potential more negative than
on Au(1 0 0) or Au(1 1 1), which was related to dif-
ferences in the potential of AuOH formation. How-
ever, subsequent stages of the oxidation process
taking place on gold [60] were described assuming the
same reaction scheme as proposed earlier for the
electrooxidation of 1,2-ethanediol on platinum [80].

Studies of the solution after oxidation of 1,2-
ethanediol on a gold electrode in 0.1 M NaOH at
ERHE � 1:13 V using liquid chromatography and IR
spectroscopy [49, 64], con®rmed the presence of an-
ions of glycolic, formic, and oxalic acids. It was
concluded that 1,2-ethanediol may be oxidized step-
wise through glyoxal and/or glycolate into glyoxylate
and, further, to oxalate, as well as to formate after
CAC bond cleavage. In a parallel reaction, glyoxylate
may undergo the Cannizaro reaction giving glycolate

Scheme 4. The initial step in the oxidation of 1,2-ethanediol on a
gold electrode in alkaline solution [42].
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and oxalate. Further information on the electrooxi-
dation pathways was recently provided by Weaver
and coworkers [66]. On the basis of in situ FTIR
spectra, they corroborated successive formation of
relatively long-lived solution±phase intermediates:
glycolate, glyoxalate and oxalate and, in addition,
they observed carbonate. The latter species escaped
identi®cation in the liquid chromatographic analysis
[64]. On the other hand, the in situ FTIR spectra
provided no evidence for formate production. A
general reaction pathway of 1,2-ethanediol oxidation
on a gold electrode in alkaline solutions, including
the suggestion of Kadirgan et al. [64] and Weaver
et al. [66] is shown in Scheme 5.

The properties of gold electrodes modi®ed by
u.p.d. Pb, Bi, Cd, Ru, Re and Tl adatoms during
oxidation of 1,2-ethanediol in alkaline solution were
investigated on the basis of cyclic voltammograms
[64]. It was shown that only Au+Pb and Au+Bi
reveal a higher catalytic activity than a pure gold
electrode. The catalytic e�ects were explained by as-
suming that the chemisorption of hydroxyl ions on
Pb and Bi adatoms occurs at lower electrode poten-
tials when compared with gold. No such e�ect was
detected for the Au+Cd and Au+Re systems,
whereas in the Au+Ru and Au+Tl systems strong
inhibition of 1,2-ethanediol electrooxidation was
observed.

The mechanism of 1,2-ethanediol oxidation on a
platinum electrode is di�erent from that reported for
gold. This is a result of the stronger adsorptive
properties of platinum. Subsequent steps of 1,2-
ethanediol oxidation on a platinum electrode in

alkaline solutions, as shown by Hau�e et al. [84] and
outlined below in Scheme 6, are typical of the elec-
trooxidation of organic substances in this system
[140, 147]. The initial step (1) is a dissociative
chemisorption of 1,2-ethanediol. Further Pt(OH)ad
species are formed in reaction (2). The reaction (3) of
the intermediate produced in stage (1) with Pt(OH)ad
is the rate-determining step for the whole process.
Apart from the oxidation of the adsorbed reactive
intermediates to glycolate, oxalate and CO3

2), clea-
vage of the CAC bond may also take place [49, 66,
142, 146, 148]. Such a conclusion was con®rmed after
detection of carbon monoxide, sitting on top or in a
bridged arrangement on the platinum surface [137],
poisoning the electrode and inhibiting the process.

The main reaction product detected upon the
electrooxidation of 1,2-ethanediol on Pt in acidic
solutions at double layer potentials was CO2 and
glycolic acid besides the adsorbed CO species and
traces of such intermediate products as: glycolalde-
hyde, glyoxal, glyoxylic acid and oxalic acid, form-
aldehyde and formic acid [15, 137, 143, 148±151].
This indicates the simultaneous occurrence of the
CAC bond dissociation in the reacting molecules
and the subsequent dehydrogenation steps of 1,2-
ethanediol [3, 139, 141, 151]. The carboxyl functional
groups of the intermediates are oxidized to CO2,
whereas a signi®cant part of the alcohol and aldehyde
groups, as it was found by Wieland et al. [151], is
oxidized to adsorbed CO. This explains why a de-
crease in electrode activity, being a consequence of
the progressive blocking of the electrode surface by
COad, poses a serious problem on a platinum elec-

Scheme 5. Reaction scheme of 1,2-ethanediol oxidation on a gold electrode in alkaline solution at ERHE ³ 1.13V [64, 66].

Scheme 6. Initial steps in the oxidation of 1,2-ethanediol on a platinum electrode in alkaline solution [84].
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trode in an acidic rather than an alkaline solution.
The modi®cation of a platinum surface by u.p.d.
foreign metal adatoms and by electrochemical acti-
vating procedures during prolonged electrolysis is a
way of limiting the formation of poisonous species, as
well as increasing the selectivity of the electrode re-
action [139, 150]. Under appropriate conditions a
production of the two-carbon compounds can be
achieved in long-term electrolysis of 1,2-ethanediol
[150].

The in¯uence of Sn and Pb u.p.d. adatoms on the
kinetics of 1,2-ethanediol oxidation on a platinum
electrode in acidic and alkaline solution was identi®ed
by Smirnova et al. [105]. As a result of the surface
modi®cation of the Pt electrode by Sn adatoms, the
rate of the diol oxidation increases both in acidic (by
2±2.5 orders of magnitude) and alkaline (by 1±1.5
orders of magnitude) solution. The Pb adatoms bring
about only a slight increase in the oxidation rate in
solution of pH<7, whereas in an alkaline solution
the rate of the process was observed to increase by
two orders of magnitude. Jiang et al. [110] detected
an enhanced catalytic activity of Pt modi®ed by u.p.d.
Bi adatoms. All these catalytic e�ects were explained
in terms of the Ôthird body e�ect' and/or of a bi-
functional theory of electrocatalysis.

As in the case of gold, the oxidation rate of 1,2-
ethanediol on platinum is a�ected by the crystallo-
graphic structure of the electrode surface. This is in-
dicated by di�erent electrode potential values, where
this process begins as well as by di�erent values of the
oxidation current densities. MarkovicÂ et al. [140] in-
dicated a correlation between the onset of the oxi-
dation of 1,2-ethanediol and the formation of PtOH
on the platinum surface of a particular crystallo-
graphic orientation. The structural e�ects in the ox-
idation of 1,2-ethanediol were generally weaker in
alkaline [140] than in acidic solutions [144, 145], most
probably due to the di�erent structure of the inter-
mediates.

It was observed that not only 1,2-ethanediol but
also other diols in alkaline solution, were more re-
active on a gold electrode than the monohydric al-
cohols [46, 62, 65, 68±72, 137, 138]. Alonso et al. [62]
focused attention on the electrocatalytic oxidation of
1,2-propanediol. Both from the Tafel slopes and the
reaction order relative to cdiol and cOHÿ , as well as
from the activation energy they concluded, that the

oxidation rate was determined by the rate of the
CAH bond cleavage in 1,2-propanediol molecules
interacting with the adsorbed hydroxyl ions. This had
already been proposed for the oxidation of mono-
hydric alcohols and 1,2-ethanediol on a gold
electrode [see above]. The authors suggest, that 1,2-
propanediol molecules adsorbed directly on the sur-
face gold atoms are involved in the oxidation process,
along with the adsorbed hydroxyl groups lying in
their vicinity, whereas the CAH bond in the CH2OH
functional group is preferentially split. The proba-
bility of hydrogen abstraction from the CHOH
functional group was considered to be lower, as a
consequence of formation of a less stable radical.
This conclusion is contradictory to the generally ac-
cepted rule assuming a higher stability of secondary
radicals relative to primary ones [152].

On the basis of NMR spectroscopy which identi-
®ed the anions of lactic, formic and acetic acid as the
®nal products in the 1,2-propanediol samples after
prolonged electrolysis, the general reaction pathway
outlined in Scheme 7 for the oxidation of 1,2-pro-
panediol on a gold electrode in alkaline solution was
presented [62]. According to this scheme, 1,2-pro-
panediol oxidation may proceed along two di�erent
pathways, via methylglyoxal and via the anion of
lactic acid as intermediates to the anion of pyruvic
acid. Methylglyoxal may be also partially trans-
formed into the anion of lactic acid through a Can-
nizzaro intramolecular reaction [153]. After cleavage
of the CAC bond in the anions of pyruvic and lactic
acid, anions of formic, acetic and carbonic acid may
be formed.

All the reaction products mentioned in Scheme 7
were also identi®ed during the oxidation of 1,2-pro-
panediol on a Pt electrode, whereas their distribution
was strongly dependent on the electrode potential,
the structure of the electrode surface and on the
pH of the electrolyte [25, 104, 139]. The occurrence of
formic acid and acetic acid in solution, as well as
hydroxyacetone and lactic acid, was interpreted in
terms of a simultaneous cleavage of CAH and CAC
bonds in the substrate molecules and in the interme-
diate species. Evidence for the side reactions leading
to poisoning of the electrode surface was provided by
in situ FTIR-spectroscopy [29, 31]. Formation of
adsorbed CO and ethyliyne species was detected in
parallel to a direct oxidation of 1,2-propanediol via

Scheme 7. Reaction scheme of 1,2-propanediol oxidation on a gold electrode in alkaline solution [62].
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such reactive intermediates as (CH3CHOH _CHOH)ad,
(CH3

_COHCH2OH)ad and (CH3
_COH _CHOH)ad.

Similarly, the direct oxidation of 1,3-propanediol
[139] and 2,3-butanediol [14] on a Pt electrode takes
place via the corresponding oxy±oxo compounds,
whereas the evolution of CO2 is ascribed to the oxi-
dation of strongly chemisorbed species formed in side
reactions.

The activity of a platinum electrode during 1,2-
propanediol oxidation in acidic solutions [12, 15, 24,
25, 139] is lower than in alkaline solutions [104, 139].
A reason for the observed di�erences may be a de-
creased rate of the consecutive dehydrogenation steps
in the absence of hydroxyl ions at the electrode/so-
lution interface and an increased poisoning of the
electrode surface by adsorbed three-carbon species
and COad forming as a consequence of the CAC
bond cleavage in 1,2-propanediol. A stronger inhi-
bition of the electrode surface by chemisorbed species
with a longer carbon chain may be a reason for the
lower current density of 1,2-propanediol electrooxi-
dation on Pt in comparison with the corresponding
value for 1,2-ethanediol, under the same experimental
conditions [25].

U.p.d. Pb, Tl and Bi adatoms considerably en-
hance the electrocatalytic activity of a platinum
electrode for oxidation of 1,2-propanediol from al-
kaline solutions [104]. An increase in the reaction rate
was explained on the basis of a bifunctional theory of
electrocatalysis, assuming that two types of com-
pound, Pt±O±M±OH and (Pt±O)2±M±OH, are
formed at the electrode/solution interface. In acidic
solutions the catalytic action of the foreign adatoms
is less pronounced [24]. An enhancement e�ect was
observed with Pt+Re, Pt+Cd and Pt+Pb sys-
tems, whereas Tl and Bi adatoms led to a consider-
able inhibition e�ect. The positive e�ect of the
adatoms was attributed to a prevention of the reac-
tion between the 1,2-propanediol intermediates and
hydrogen atoms on the platinum surface. However,
the origin of the catalytic e�ect of u.p.d. adatoms is
certainly much more complicated. As established by
Belgsir et al. [139], the presence of u.p.d. foreign
metal adatoms on a platinum surface drastically
modi®es the distribution of reaction products in
comparison with that formed on a pure platinum
electrode.

A series of reports by Beøtowska-Brzezinska and
co-workers [46, 65, 68±72], gives a comprehensive
analysis of the e�ect of the molecular structure of
various diols on their reactivity in the oxidation
process on a gold electrode in alkaline solutions. A
wide scope of the investigated substrates included
acyclic, cyclic, saturated and unsaturated diols with
di�erent carbon chain lengths (from two to six C
atoms) and with hydroxyl groups in di�erent posi-
tions and con®gurations. The basic kinetic parame-
ters: charge transfer coe�cient (a), the reaction order
relative to substrate (zdiol) and to hydroxyl ions
(zOHÿ ) are found to be either the same or very close
for all diols, and almost equal to those for mono-

hydric alcohols. On the basis of the kinetic data, the
mechanism of the ®rst steps in the electrooxidation of
diols on gold appears to be the same as in the elec-
trooxidation of monohydric alcohols. The heteroge-
nous dehydrogenation of diol molecules, involving
electron transfer to the gold electrode and the for-
mation of water molecules, determines the rate of the
whole process. Hydrogen abstraction from a diol
molecule occurs via a transient adsorbate complex
formed as a result of an interaction between the
substrate molecules and hydroxide species on the
electrode surface. This is evidenced both by the
isotope kinetic e�ect (see below) and the values of
electron transfer coe�cient a � 0:5 as well as by the
reaction order zdiol � 1 within a wide range of diol
concentration in solution and zOHÿ � 1 and zOHÿ � 0,
respectively, at the concentration of hydroxyl ions
cOHÿ � 0:01 M and cOHÿ � 0:01 M. The rate of diol
electrooxidation on gold increases proportionally to
cdiol, both when zOHÿ � 1 and zOHÿ � 0, that is , at a
partial and total coverage of the electrode surface
with the adsorbed hydroxyl ions. This testi®es to a
high rate of desorption of the intermediates. A devi-
ation towards zdiol � 0 occurs when the surface
coverage with diol molecules (Hdiol) reaches a maxi-
mum value. The corresponding value of cdiol depends
on the actual adsorption properties of the substrate
molecules [71], thus con®rming the conclusion con-
cerning adsorption of diol molecules at the gold/so-
lution interface as a precondition for their
dehydrogenation and oxidation. The adsorption of
substrate molecules was also demonstrated by a sig-
ni®cant decrease in the di�erential capacity of the
electric double layer with increasing diol concentra-
tion in solution [65, 68, 70, 71, 76, 133, 154]. A similar
e�ect was indicated when monohydric alcohols were
used [58, 78, 79].

The above mechanism of oxidation of mono- and
polyhydric alcohols on a gold electrode appears to be
analogous to that known in the heterogenous catal-
ysis under the name of the Eley±Rideal mechanism
[155]. According to this mechanism, alcohol mole-
cules may be adsorbed on the catalyst surface without
being involved in the oxidation reaction, in particular
at small coverages of the metal surface with pre-
adsorbed hydroxyl ions at low anodic potentials.
They may actually inhibit adsorption of further hy-
droxyl ions by blocking the electrode surface. This
would account for the observed decrease in the rate of
alcohol oxidation, with their concentration in solu-
tion being high. This e�ect as well as the analogous
decrease in the reaction rate observed at higher con-
centrations of hydroxyl ions are indicative of the
competitive adsorption of alcohol molecules and
hydroxyl ions on a gold surface [16, 68, 71].

Some information about the adsorbed complex in
the electrooxidation of diols were obtained from the
kinetic measurements for chosen vicinal and terminal
isomers of diols at di�erent degrees of deuteration of
the systems under study [69, 70]. During oxidation of
the vicinal diols, both after substitution of hydrogen
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atoms by deuterium on carbon atoms bonded with
±OH groups in the diol molecule and after deutera-
tion of ±OH groups, a primary isotope kinetic e�ect
was observed. This was manifested by a signi®cant
decrease in the reaction rate at a simultaneous
deuteration of a solvent and the supporting electro-
lyte. In particular, an anomalously large isotope ki-
netic e�ect was observed for 2,3-butanediol.
Consequently it was assumed, that the transient
complex formed at the gold electrode surface in the
process of dehydrogenation of vicinal diols may have
a cyclic structure. The possibility of a cyclic transient
state and of OAH bond cleavage in the rate-deter-
mining step was ruled out in the case of terminal
isomers because of the large distance between hy-
droxyl groups in diol molecules. Only the secondary
isotope kinetic e�ect after deuteration of these groups
was found to be in agreement with this conclusion.

The electrocatalytic activity of gold is higher for
isomers of acyclic and cyclic diols carrying ±OH
groups at vicinal position than for terminal isomers
[46, 65, 68, 72]. Obviously, the second hydroxyl group
in a diol molecule, attached to the neighbouring
carbon atom, markedly enhances reactivity in the
electrooxidation. The e�ect of the position of ±OH
groups in a diol molecule on the kinetics of electro-
oxidation is well illustrated in Fig. 1 and Fig. 2 by the
cyclic voltammograms for butanediol and cyclohex-
anediol isomers. It can be seen, that the oxidation
rate of isomers with functional groups separated by
±CH2 groups is much lower as compared with that

for the appropriate vicinal isomers. When the number
of electrons transferred during the formation of the
reaction products is considered, the di�erence in the
reactivity of the above mentioned isomers is even
more pronounced. The possible reaction pathways
for electrooxidation of 1,2-butanediol, 2,3-butanediol
and 1,4-butanediol proposed on the basis of the ex-
perimental data [65, 68, 70] and the general rules of
the chemical reactivity of diols [152] are presented in
Scheme 8, 9 and 10, respectively.

As in the case of monohydric alcohols, the rate of
electrooxidation of acyclic diols on gold increases
with an increasing number of carbon atoms in a
substrate molecule, both for vicinal and terminal
isomers [68]. This regularity for terminal isomers of
diols was recently con®rmed by Hilmi et al. [73]. The
double bond in a diol molecule increases its reactiv-
ity, e.g. the oxidation rate of 2-butene-1,4-diol is
several times higher than that of 1,4-butanediol. On
the other hand, the oxidation rate of 2-butyne-1,4-
diol containing a triple bond in a molecule is signi®-
cantly smaller [71].

The e�ect of geometric isomerism on the reactivity
of diols was illustrated using cyclohexanediols [72].

Fig. 1. Cyclic voltammograms of a polycrystalline gold electrode
in a solution 0.1M KOH+(a) 0.01M 2,3-butanediol; (b) 0.01M
1,2-butanediol; (c) 0.01M 1,4-butanediol; (d) 0.01M 1,3-butanediol.
dE=dt � 100mVsÿ1.

Fig. 2. Cyclic voltammograms of a polycrystalline gold electrode in
a solution 0.1M KOH+(a) 0.005M trans-1,2-cyclohexanediol; (b)
0.01M trans-1,2-cyclohexanediol; (c) 0.05M trans-1,2-cyclohex-
anediol; (d) 0.05M cis,trans-1,2-cyclohexanediol, (e) 0.01M cis,trans-
1,2-cyclohexanediol; (f ) 0.01M 1,4-cyclohexanediol; (g) 0.01M
1,3-cyclohexanediol. dE=dt � 100mV sÿ1.
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Trans-1,2-cyclohexanediol is easily oxidized within
the potential range ERHE � 0:6±1.0 V, whereas
cis-1,2-cyclohexanediol is oxidized preferably in the
range ERHE � 0:95 V. A change of concentration of
trans- and cis-1,2-cyclohexanediol, under otherwise
unchanged experimental conditions, a�ects the rate
of the process in a di�erent way. In the case of trans
isomer, with increasing concentration of diol in so-
lution, the current density also increases, whereas at
higher concentrations of the cis-isomer, the oxidation
process is clearly shifted towards more anodic po-
tentials (Fig. 2).

Analysis of the adsorption parameters and the
kinetic data on the electrooxidation of aliphatic diols,
both acyclic and cyclic, saturated and unsaturated
[65, 68±72, 76, 133, 154], suggests that the main rea-
son for the di�erent reactivities of the studied com-
pounds on gold are the di�erences in the energy of
the CAH bond broken in the rate determining step
and the stabilities of the intermediates formed there-
after. A less important role is played by the adsorp-
tion properties of diols. Di�erences in the adsorption
properties may account for the observed increase in
the oxidation rate of acyclic diols with increasing
number of carbon atoms in a molecule in the ho-
mologous series of vicinal and terminal isomers:

1,2-ethanediol<1,2-propanediol<1,2-butanediol
<1,2-pentanediol<1,2-hexanediol

1,2-ethanediol<1,3-propanediol<1,4-butanediol
<1,5-pentanediol<1,6-hexanediol

Stronger interactions between a diol molecule and the
electrode surface, re¯ected by the free enthalpy of
adsorption increasing for each subsequent member of
the homologous series, obviously favour lowering of
the energy barrier for dehydrogenation of diol mol-
ecules. On the other hand, the oxidation rate of vic-
inal isomers on a gold electrode is higher than that of
terminal isomers, despite a lower value of the free
enthalpy of adsorption of vicinal diols and their
weaker interaction with the gold surface. Most
probably, the adsorption e�ect is overcompensated
by: (i) a lower energy of the CAH bond in a ±CHOH
group in vicinal isomers, relative to the energy of the
CAH bond in a ±CH2OH group in terminal isomers;
and/or (ii) a higher stability of the secondary radical
formed during the oxidation of vicinal diols relative
to the stability of primary radical formed during the
oxidation of terminal diols. Also, di�erences in the
course of electrooxidation of cis- and trans-isomers of
cyclohexanediol on gold can be assigned to a more
e�ective activation of the reacting CAH bonds in the

Scheme 8. Possible reaction pathways for the electrooxidation of 1,2-butanediol on a gold electrode in an alkaline solution.

Scheme 9. Possible reaction pathways for the electrooxidation of 2,3-butanediol on a gold electrode in an alkaline solution.
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trans-isomer by adjacent adsorbed hydroxyl ions,
because of the advantagenous distance between the
involved functional groups. All the e�ects, that is, the
resonance stabilization and the inductive e�ect, as
well as the lowering of the energy barrier of dehy-
drogenation of diol molecules induced by strong ad-
sorption, coincide in the case of 2-butene-1,4-diol.
This explains a considerable increase in the oxidation
rate as compared to that of its saturated analog, 1,4-
butanediol. However, as mentioned above, a substi-
tution of the double bond in a diol molecule with the
triple bond, signi®cantly reduces the rate of oxida-
tion, although the value of the free enthalpy of ad-
sorption of 2-butyne-1,4-diol is more negative than
that of 2-butene-1,4-diol [133]. It seems reasonable
that a low reactivity of 2-butyne-1,4-diol is a conse-
quence of the fact that there is no possibility of an
internal resonance stabilization of the reaction in-
termediate, formed after the initial abstraction of
hydrogen from a diol molecule [71].

Unlike on a gold electrode, the oxidation rate of
terminal isomers of aliphatic diols on a platinum
electrode decreases with an increasing number of
carbon atoms, both in alkaline and acidic solutions
[73]. This relationship is the same as in the case of
oxidation of monohydric alcohols on Pt. Undoubt-
edly, the reason for this is a surface inhibition,
equivalent to an increase of the adsorption energy of
subsequent members of homologous series of diols
and of appropriate monoaldehydes, which appear to
be primary oxidation products [65, 68, 76, 156]. The
surface inhibition must also be a reason for the lower
oxidation rate of 2,3-butanediol relative to 1,2-bu-
tanediol reported by Hilmi et al. [73]. These authors
noticed a very strong in¯uence of stereoisomerism on
the oxidation rate of 2,3-butanediol [157, 158]. A
comparison of voltammograms recorded both with
poly- and monocrystalline platinum electrodes have
shown that the R,R and S,S isomers are less reactive
than the R,S isomer. Di�erent reactivities of partic-
ular stereoisomers of 2,3-butanediol may be caused
by di�erent interaction and orientation of their stable
conformers at the electrode/solution interface. Due to
the formation of intramolecular hydrogen bonds
between the vicinal hydroxyl groups in R,R and S,S
isomers of 2,3-butanediol only one of the CAH hy-

drogen atoms at the position 2 or 3 may be directed
towards the metal, whereas with R,S isomers both of
the considered hydrogen atoms may be attached to
the electrode surface.

Enea et al. [134] compared the voltammograms
recorded during the oxidation of polyhydric alcohols
containing from two to six C atoms in a molecule
(1,2-ethanediol, 1,2,3-propanetriol, S-erythrol, D,L-
xilithol, D-sorbitol and D-mannitol) on platinum and
gold electrodes in alkaline solutions. The authors
state, that the rate of oxidation of all these com-
pounds on platinum clearly decreases with increasing
number of carbon atoms in their molecules. Consid-
ering the results obtained for monohydric alcohols
and diols (see above), this appears to be a general rule
for the oxidation of organic compounds containing
the ±OH functional group, on a platinum electrode.
For a gold electrode in alkaline solution, as it might
also have been inferred from the data on monohydric
alcohols and diols, the rate of polyol oxidation in-
creases with increasing number of carbon atoms and
±OH groups in a molecule (1,2-ethanediol <1,2,3-
propanetriol <S-erythrol). However, data on the
adsorption of polyols and the e�ect of steric position
of ±OH groups in the substrate molecules on the ki-
netics of their oxidation on a gold and platinum
electrode are incomplete. Recently, the electrooxida-
tion of D-sorbitol was studied on single crystal and
polycrystalline platinum in acidic soluion [159±161].
Detailed data on the mechanism of electrocatalytic
oxidation are available for 1,2,3-propanetriol. Ac-
cording to Avramov-IvicÂ et al. [67, 162], the initial
steps of 1,2,3-propanetriol oxidation on gold and
platinum, respectively, are the same as for any other
mono- and polyhydric alcohol oxidized on these no-
ble metals. The authors considered the formation of a
surface complex between hydroxide species and 1,2,3-
propanetriol molecules as the essential condition for
the process to occur on gold [67].

A parallelism between the potential of elec-
trosorption of hydroxyl ions and the onset of
1,2,3-propanetriol oxidation was also observed on a
platinum electrode in alkaline solution [162]. In this
case, however, the dehydrogenation of substrate
molecules was accompanied by formation of strongly
bonded adsorbate (mainly CO), blocking the plati-

Scheme 10. Possible reaction pathways for the electrooxidation of 1,4-butanediol on a gold electrode in an alkaline solution.
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num surface, in a manner similar to that found for
monohydric alcohols and diols. The poisoning of the
electrode surface by intermediates is very weak on
gold and hence the electrooxidation rate of
1,2,3-propanetriol on this metal is three times higher
than on platinum. Analogous di�erences in the cata-
lytic activity of a platinum and gold electrode were
indicated upon the oxidation of glucose. The inhibi-
tion e�ect is signi®cant on platinum, mainly due to
the production of adsorbed CO and gluconolactone-
type species [28, 163±174]. Again, the rate of glucose
oxidation on gold, even in acidic solution, is higher
than that on platinum and increases with pH [28, 43,
63, 175±177]. According to Larew et al. [63], cleavage
of the CAH bond occurs at a particularly high rate
when molecules of glucose are linked by hydrogen
bridges to more than one AuOH active centre on the
surface of a gold electrode. The same is assumed for
intermediates formed during electrooxidation of
glucose. These processes proceed slowly, when the
number of neighbouring active centres on the elec-
trode surface is limited and every glucose molecule
interacts with only one active centre. However, even
in this case the reactivity of glucose on gold is higher
than that of other polyhydric alcohols. This might be
a consequence of a preferential adsorption of the al-
dehyde group of glucose on the Au±OH surface. This
conclusion appears to be correct in view of the high
reactivity of formaldehyde on a gold electrode [54].

In general, it can be said that an e�ective catalyst
in electrochemical oxidation of organic substances
should reveal the following properties: (i) the energy
of adsorption of substrate molecules and/or inter-
mediate species formed on the catalyst surface should
be su�ciently high to substantially decrease the ac-
tivation energy for the dehydrogenation step, but
su�ciently low for the intermediate and ®nal prod-
ucts to desorb easily, and (ii) the energy released by
formation of water molecules as one of the reaction
products should be su�cient to compensate for the
energy needed for desorption of dehydrogenated or-
ganic intermediates from the metal surface.
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