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Abstract Oxalic acid is one of the proposed metabolites

of the anodic oxidation of more complex organic mole-

cules. In spite of its simple structure, its mineralization

strongly depends on the nature of the electrode material at

which the process is carried out. Sargisyan and Vasil’ev

(Elektrokhimiya 18:845, 1982) pointed out such depen-

dence, investigating the kinetic behavior of OA at different

metal (Rh, Pd, Os, Ir, Pt and Au), at dimensionally stable

anodes (RuO2–TiO2) and at glassy carbon (GC) electrodes.

Their conclusions highlighted the important role played by

the organic anion adsorption step, claiming that OA is

oxidized with increasing difficulty at electrode materials

having higher oxygen affinity. More recently, these

assumptions have been supported by data on OA oxidation

at high anodic potentials (Martı́nez-Huitle et al., Electro-

chim Acta 49:4027, 2004). To further enrich the picture, in

the present paper, kinetic investigations were carried out at

different mixed-oxides, Pt, GC and highly conductive,

boron-doped diamond (BDD) electrodes, with either oxy-

gen or fluorine at their surface.

Keywords Oxalic acid � Electrochemical incineration �
Kinetics � Electrode material � Adsorption

1 Introduction

The anodic oxidation of oxalic acid (OA) has been exten-

sively studied, as a model reaction, somewhat at the border

between organic and inorganic electrochemistry [1–28]. The

interest for this reaction is further increased because of its

implication in industrially important ethylene glycol oxida-

tion [29, 30, 31] and in the electrochemical incineration of

polluting organic substrates in wastewater [32–34]. Most

studies have been carried out at Pt electrodes [1–23],

although other electrode materials have been taken into

consideration, like Pd [24, 25], Au [25, 26], as well as con-

ductive-oxide materials, like RuO2–TiO2 [1], TiO2 [27],

RuO2 [27], WOx [28] and IrO2–Ta2O5 [32]. The wealth of

experimental evidence has led to the proposal of different

oxidation mechanisms, although no complete agreement has

been attained on the nature of adsorbed intermediates, and

details of the reaction mechanism are not completely eluci-

dated so far. The study of the adsorption of OA at Pt elec-

trodes [9, 10, 16, 18, 19] has shown the existence of two types

of adsorbed species: the first is a strongly bound one, which

completely desorbs at E = 0.4–0.6 V (vs. RHE), and with a

CHO-type stoichiometry [6]; the second is a weakly bound,

anion-like species [20].

As far as the electroxidation of OA is concerned, two

mechanisms seem of particular interest (e.g. [3]). The first

of them assumes an electrosorptive first step, followed by a

destructive chemical-desorption-step of the adsorbed

intermediate HC2O4:

H2C2O4 ! HC2O4ðadsÞ þ Hþ þ e ð1Þ

HC2O4ðadsÞ ! 2CO2 þ Hþ þ 2e ð2Þ

In the second mechanism, a first step where OA is adsorbed

at the electrode surface is hypothesized, followed by the
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hydroxyl radical electrosorption step and eventually by the

surface reaction of the two adsorbed species [9]:

H2C2O4 ! H2C2O4ðadsÞ ð3Þ

H2O! OHðadsÞ þ Hþ þ e ð4Þ

H2C2O4ðadsÞ þ 2OHðadsÞ ! 2CO2 þ 2H2O ð5Þ

The co-existence of substantially different mechanisms

encourages further research at electrode materials with

different hydrophilicity and different catalytic activity

toward the oxygen evolution reaction, whose first step is

the hydroxyl radical formation.

In this work, an analysis of the dependence of OA

electroxidation on the nature of the electrode material was

attempted at Pt, glassy carbon (GC) and different mixed-

oxide, DSA-type electrodes, and subsequently extended to

highly conductive, boron-doped diamond (BDD) thin films,

with both oxygen and fluorine at their surfaces.

2 Experimental details

All measurements were performed with an Autolab

PGSTAT20, equipped with a SCANGEN module

(Ecochemie, The Netherlands), and using an electrolysis

cell made of Teflon� and glass. The working electrode, set

at the bottom of the cell, with only the upper surface in

contact with the electrolyte solution, had a nominal area of

0.785 cm2 (a disk with a diameter of 1 cm). The counter

electrode was a cylindrical platinum grid, and potentials

were measured against a double-walled, saturated calomel

electrode (SCE), with an intermediate saturated NaNO3

solution.

Measurements were carried out in solutions of OA

(Fluka, dihydrate salt) at concentrations ranging between

0.1 and 0.75 M, using 1 M HClO4 (Fluka) as the back-

ground electrolyte; NaClO4 monohydrate (Fluka) was used

in order to maintain a constant ionic strength. Chemicals

were of analytical grade, and all solutions were prepared

with MilliQ water (q[ 18 MX cm). Initial investigations

were performed by cyclic voltammetries (CV) at room

temperature, and at a scan rate of 100 mV s-1. The chosen

potential range was cycled using a step potential of 2 mV

and repeating the measurement at least five times or until

reproducible signals were obtained; in each case, the last

cycle was recorded. Quasi-steady polarization curves were

recorded in solutions stirred by bubbling nitrogen, at a scan

rate of 0.5 mV s-1 and with a step potential of 0.45 mV,

starting from the higher value and conditioning the elec-

trode at the initial potential for 15 s. The stability of

electrode materials was tested recording a CV curve before

and after every polarization. The following electrode

materials were investigated: platinum, GC, Ti/IrO2–Ta2O5,

Ti/IrO2–2SnO2, Ti/Ir0.67Ru0.33O2–2SnO2, Ti/RuO2–2SnO2,

and both fluorine- [35] and oxygen-terminated [36] BDD

films. Both BDD and F-BDD films were kindly provided

by CSEM (now Adamant Technologies, Neuchâtel, Swit-

zerland); oxygen-termination on the BDD surface was

obtained electrochemically by either cycling the electrode

between hydrogen and oxygen evolution onsets (in 1 M

HClO4: mildly oxidized BDD), or pre-treating it at ?3 V

versus SCE, for 20 min (strongly oxidized BDD).

A sol–gel method was applied to synthesize the Ti-

supported IrO2–2SnO2, Ir0.67Ru0.33O2–2SnO2 and RuO2–

2SnO2 oxide coatings [37], while Ti/IrO2–Ta2O5 electrodes

were kindly supplied by Industrie DeNora (Milan, Italy).

3 Results and discussion

3.1 Pt and glassy carbon

Measurements at Pt and GC were carried out in order to

ensure the consistency of our results with those described

in the literature, and to make available a reference basis

with which the results at oxide electrodes and BDD could

be compared. As far as CV data are concerned, no differ-

ences with the literature were found, and thus they are not

shown in this paper. In agreement with refs. [11, 14, 21–

23], CV curves at the Pt electrode in the presence of OA

show that the organic molecule adsorbs at the electrode

surface, as witnessed by the modification of hydrogen

adsorption and desorption peaks, which are shifted towards

more negative potentials when OA is present in the solu-

tion. This behavior is characteristic of a weak adsorption,

similar to that generally observed in the case of anions. The

OA oxidation peak appears as a single signal between 0.8

and 0.9 V and, in the explored range (from 1 to 100 mM),

its height depends on OA concentration [2]. In a previous

paper, experiments were carried out in acidic media (0.5 M

H2SO4) [2]; however, the catalytic activity of Pt for the OA

oxidation was shown to depend on pH and nature of sup-

porting electrolyte [11, 14]. Chollier et al. [11] found that

the reaction is rather inhibited by chloride anions and is

faster in the presence of ClO4
- and HSO4

-; in addition, the

Pt electrocatalytic activity was higher in perchloric than in

sulfuric acid, at a pH &0.5.

CV curves recorded at a Ti/Pt electrode are quite similar

to those obtained at Pt, and corresponding results were

obtained also from quasi-steady polarization curves. It is

worth mentioning that other authors carried out measure-

ments using either platinized Pt or smooth platinum elec-

trodes, and thus considering different roughness factors: no

significant mechanistic differences were found [1, 3, 4, 6,

9, 11]. In fact, at variance with that of other organic

compounds, the rate of the OA oxidation reaction does not
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depend on electrode roughness, possibly because of the

lack of dimensional effects, not important in the case of the

small OA molecule [38]. On the other hand, Petrii and

coworkers [3] recorded polarization curves, in the potential

range of water oxidation, pointing out the existence of a

pronounced hysteresis. An inhibition of the process, caused

by a preliminary polarization at oxygen-evolving poten-

tials, has been described also by Horanyi et al. [16], on the

basis of measurements in solutions containing HClO4 as

the supporting electrolyte. It can be assumed that the nature

of the anion of the supporting electrolyte, which adsorbs

together with oxygen-species and OA, may affect the ratio

between components in a mixed adsorption layer.

Horanyi’s later experiments [18], carried out in H2SO4

solutions at different concentrations, proved that sulfate

anions can force out the OA adsorption products. Beside

this effect, adsorbed oxygen species can play an additional

inhibiting role.

E/J plots at a pre-oxidized Pt electrode, in the presence

of different concentrations of OA, are shown in Fig. 1. The

electrochemical oxidation of OA seems to be strongly

hindered under these conditions, and the intersection of

polarization curves at about 1.8 V underlines the complex

set of electrochemical reactions taking place at the oxi-

dized Pt surfaces, involving most probably the o.e.r. as the

main process [2].

CV experiments at the GC electrode (Fig. 2) showed

that OA is electroactive at this material, its oxidation taking

place about 300–400 mV before the o.e.r. onset. In addi-

tion, a signal centred at about 0.9 V (vs. SCE) was

observed for OA concentrations C500 mM. The literature

reports that OA oxidation takes place across a wide

potential range (see, for example, ref. [1]); however, the

effect is witnessed only by an increase in current density

and a shift of quasi-steady polarization curves to less

positive potential values, with increasing the OA

concentration (Fig. 3). Tafel slopes from 110 to 121 mV

decade-1, and a reaction order of about 0.7, with respect to

OA concentration, were obtained. A significantly higher

Tafel slope (about 220 mV decade-1) was previously

reported by Sargisyan and Vasil’ev [1]: such a big differ-

ence may be related to changes in electrode surface state,

as a result of the higher anodic potential explored in [1].

3.2 Mixed-oxide (DSA-type) electrodes

Figure 4 shows cyclic voltammograms for a Ti/IrO2–Ta2O5

anode, recorded between 0.15 and 1.15 V (vs. SCE), at a

potential scan rate of 100 mV s-1. The addition of the

organic substrate has no significant effect on the shape of

CV curves, with the exception of a quite modest increase in

currents in the oxygen evolution potential range

(E [ 1.15 V). This experimental evidence, coupled with

indication of the lack of solid solutions between IrO2 and

Ta2O5, could be due to a poor catalytic activity of pure IrO2

surfaces toward the anodic oxidation of the organic sub-

strate. However, considering the competitive character of

OH• adsorption, the evidence in Fig. 4 could be also

justified in terms of a preferential interaction between

active sites and hydroxyl radicals themselves, which would

result in the hindrance of OA adsorption as well. Only at

higher substrate concentrations, some moderate degree of

adsorption would be achieved.

As shown in Fig. 5, at variance with the above experi-

mental evidence, OA exhibits a quite important electroac-

tivity at the Ti/IrO2–2SnO2 electrode: the organic oxidation

onset can be placed at about 0.8 V versus SCE, thus 350–

400 mV prior to the beginning of the o.e.r. As data on

IrO2–Ta2O5 also indicate, this cannot be easily accounted

for if only the role of the ‘‘active’’ component, IrO2, is

considered. On the other hand, as elsewhere shown [39],

Fig. 1 Polarization curves for the electroxidation of OA at the Pt

electrode

Fig. 2 Magnification of CV curves for the GC electrode, in the

presence of the pure supporting electrolyte and of different amounts

of OA in solution. Inset the whole experimental picture
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this binary system consists of a substitutional solid solution

between the two oxide components and its surface consist

of Sn(IV) and Ir(IV) sites belonging to one and the same

conductive substitutional solid solution. This may well

have electronic effects related with the structure of the two

M4? ions (d10 Sn4? and d5 Ir4?) as well as with the

increase in the a and c tetragonal lattice parameter. As a

matter of fact, the detail of the shape of the voltammo-

grams for IrO2–Ta2O5 and IrO2–SnO2 mixed-oxide elec-

trodes is significantly different, already in pure supporting

electrolyte. In the case of the Ta2O5-stabilized coating, a

single broad and shallow maximum is observed, while the

SnO2-stabilized coating presents two partially convoluted

peaks, with a quite pronounced reversibility of the charging

process. Interestingly, the raise of the current related with

OA oxidation begins at the foot of the second peak. On the

basis of the limited information available, the second weak

signal in the blank voltammogram could be assigned to the

electroactivity of less easily oxidizable sites at the mixed-

oxide surface. It could be assumed that OA adsorption

takes place just before the latter solid-state redox process,

leading to the substrate oxidation.

The electrochemical behavior of OA at a Ti/Ir0.67

Ru0.33O2–2SnO2 electrode is shown in Fig. 6. The onset of

OA electroxidation is located, as in the previous case, close

to 0.8 V; however, the current response for one and the same

substrate concentration is at least twice as much, compared

with that recorded at the Ti/IrO2–2SnO2 film electrode

(Fig. 5). As witnessed by the lower voltammetric currents

recorded at the ternary-mixture electrode, this cannot be

accounted for by a larger electrochemically active area of the

coating.

The sensitivity of the reaction to the electrode compo-

sition is further confirmed by data in Fig. 7, recorded at a

Ti/RuO2–2SnO2 coating. The current increase due to OA

addition is still important, but the onset of its oxidation is

shifted by about 100 mV in the positive direction,

accompanying the foot of a poorly pronounced voltam-

metric peak in the blank CV. In this case, maxima would

fall in the o.e.r. region. Even if not all the possible com-

binations of components have been taken into consider-

ation in this work, the CV evidence underlines the decisive

importance of the presence of SnO2 as a film component,

whose role is further modulated by group VIII noble-metal

oxides.

To gain additional insight into these aspects, the elec-

trochemical behavior of OA has been further investigated

by quasi-steady polarization curves, and related diagnostic

parameters. As shown in Fig. 8 (blank curve), at a Ti/IrO2–

Ta2O5 the o.e.r. is anticipated with respect to what was

observed at oxidized Pt surfaces (Fig. 1). Currents due to

OA oxidation remain quite low up to the oxygen evolution

and the features of J/E curves are affected by the presence

of OA in a fairly complex way. Current values obtained in

Fig. 3 Polarization curves for the GC electrode, in the presence of

the pure supporting electrolyte and of different amounts of OA in

solution. Inset elaboration of data in terms of Tafel plot

Fig. 4 CV curves for a Ti/IrO2–Ta2O5 electrode, in the presence of

the pure supporting electrolyte (1 M HClO4) and with OA in solution;

data obtained at 100 mV s-1

Fig. 5 CV curves for a Ti/IrO2–2SnO2 electrode, in the presence of

the pure supporting electrolyte (1 M HClO4) and with OA in solution;

data obtained at 100 mV s-1
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the presence of low substrate concentrations (100–

500 mM) indicate a significant inhibitive action toward the

o.e.r., with no evidence of electroactivity of the organic

substrate. At the highest OA concentration, 750 mM, a

moderate electroactivity appears between about 1.00 and

1.25 V, where the o.e.r. is absent or occurs at a very low

rate. At potentials higher than *1.25 V, the J/E curves

intersect the blank one, and a sort of poisoning of the

catalytic activity of IrO2 toward the o.e.r. is the main

feature. Although this IrO2-based electrode is much more

active than Pt toward the o.e.r., its behavior in the presence

of OA is quite similar.

Experiments were carried out also at a Ti/IrO2–2SnO2

electrode, and results are shown in Fig. 9. In agreement

with the CV data of Fig. 5, the onset of the OA oxidation is

located in the potential range 0.80–0.90 V, much lower

with respect to the threshold of about 1.20 V at which the

oxygen evolution starts. In fact, no significant contribution

from the solvent oxidation to the total anodic current is

observed up to at least 1.30 V. An interesting feature of

quasi-steady J/E curves in Fig. 9 is a passivation effect,

resulting in the plateau between *1.10 and 1.15 V. The

reason for the drop in the oxidation rate of OA could be

sought in the oxidation state changes that IrO2 undergoes in

the above relatively narrow potential window. A further

increase in the potential above 1.17–1.18 V leads, how-

ever, to a recovery of the catalytic activity of the electrode

surface with a consequent increase in J. As shown in the

inset of Fig. 9, two distinct linearity regions can be found

in E/log J plots, prior to the o.e.r., with essentially the same

slope but different intercept. On the basis of the relevant

literature, the possibility of co-existing mechanisms at Pt

and Pt/Pt surfaces has been proposed, e.g. by Schiffrin

et al. [17], and the present data at IrO2–2SnO2 electrode

seem to supply further evidence to this point. A Tafel slope

close to 0.12 V decade-1, for the first linear segment in the

insert, would be in agreement with the mechanism pro-

posed by Sargisyan and Vasil’ev [1], while the substan-

tially similar slope of the second segment could fit in a

model, like that proposed by Inzelt et al. [9], where the rate

determining step is rather the hydroxyl radical formation,

followed by the bimolecular surface reaction between OH•

and adsorbed OA.

From Tafel plot data (inset of Fig. 9), a reaction order of

about 0.75 could be estimated, revealing a strong surface

activity toward OA oxidation. Tafel slopes, at the different

OA concentrations (from 0.1 to 0.75 M), were 157, 120,

115 and 100 mV decade-1, respectively.

Quasi-steady polarization curves for OA electroxidation

at Ti/Ir0.67Ru0.33O2–2SnO2 are shown in Fig. 10 and they

confirm, together with CV results of Fig. 6, a high reac-

tivity of OA between 0.80 and 1.10 V. The passivation

effect observed in Fig. 9 at the Ti/IrO2–2SnO2 is even

more evident at the ternary mixture, and a minimum in J is

Fig. 6 CV curves for a Ti/Ir0.67Ru0.33O2–2SnO2 electrode, in the

presence of the pure supporting electrolyte (1 M HClO4) and with OA

in solution; data obtained at 100 mV s-1

Fig. 7 CV curves for a Ti/RuO2–2SnO2 electrode, in the presence of

the pure supporting electrolyte (1 M HClO4) and with OA in solution;

data obtained at 100 mV s-1

Fig. 8 Polarization curves for a Ti/IrO2–Ta2O5 electrode, at different

OA concentrations. Inset elaboration of data in terms of Tafel plot
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observed at about 1.2 V. At higher potentials, in corre-

spondence with the onset of the o.e.r. (in the blank solu-

tion) or slightly before it, the passivation effect disappears,

but in this case the o.e.r. would be expected to contribute to

the J and this limits the interest of the information obtained

from J/E curves beyond roughly 1.20 V, related to a mixed

process. Tafel slopes have values of about 90–95 mV

decade-1, independently of OA concentration (inset of

Fig. 10). Under these conditions, the mechanism proposed

by Bockris et al. [6] and Orts et al. [20] (Eqs. 1, 2) better

fits the experimental picture. As a final example of elec-

trochemical reactivity of OA at noble-metal oxide elec-

trodes, polarization curves at a Ti/RuO2–2SnO2 electrode

are shown in Fig. 11 (the pertaining Tafel plot is repro-

duced in the inset): in this case, a comparison with the pure

supporting electrolyte could not be obtained (RuO2 is not

stable under o.e.r. conditions). The different catalytic

properties of RuO2 with respect to IrO2 are reflected also in

the OA electrochemical oxidation, which is slightly antic-

ipated at IrO2 containing coatings (Figs. 9, 10), as also

shown by CV data of Fig. 7. Besides, the potential range

where the process inhibition is observed is shifted to more

positive potentials, and superimposes with oxygen evolu-

tion. Tafel slopes are between 190 and 230 mV decade-1

and the reaction order with respect to the organic substrate

is around 0.7.

3.3 BDD electrodes

Quasi-steady polarization experiments were carried out at

fluorine-terminated BDD (F-BDD, [35]), as well as at

mildly and strongly oxidized BDD surfaces [36]. Figure 12

shows polarization curves obtained at a F-BDD electrode;

Tafel slopes of about 160 mV decade-1 were obtained

(inset of Fig. 12), and the reaction order with respect to the

organic reactant amounted to about 0.6. As a general fea-

ture, the oxidation of OA seems to be strongly hindered at

this electrode, possibly because of the hydrophobicity of its

surface and consequent poor adsorption of OA and OH•

species [35].

The electroxidation of OA was investigated, under

similar conditions, at the strongly oxidized BDD. As can be

seen in Fig. 13, the character of polarization curves at this

electrode is similar to that discussed at the fluorinated

material, with only a moderate increase in substrate elec-

troactivity. Tafel slopes are greater than those previously

discussed, ranging from 200 to 240 mV decade-1 (the

higher value was obtained at the lowest OA concentration);

also, a reaction order slightly lower than 0.55 was

estimated.

Finally, the behaviour of OA at a mildly oxidized BDD

electrode is shown in Fig. 14. Tafel slopes were from 170

to 215 mV decade-1, and the reaction order was approxi-

mately equal to 1.2.

Different behaviours, for the different conducting dia-

mond films, can be distinguished: OA is relatively inactive

Fig. 9 Polarization curves for a Ti/IrO2–2SnO2 electrode, at different

OA concentrations. Inset elaboration of data in terms of Tafel plot

Fig. 10 Polarization curves for a Ti/Ir0.67Ru0.33O2–2SnO2 electrode,

at different OA concentrations. Inset elaboration of data in terms of

Tafel plot

Fig. 11 Polarization curves for a Ti/RuO2–2SnO2 electrode, at

different OA concentrations. Inset elaboration of data in terms of

Tafel plot
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at the fluorinated electrode, while measured currents are

doubled at the strongly and mildly oxidized BDD surfaces,

showing a decrease in the overpotential required for the

reaction. An important effect of the polarization appears to

be the elimination of sp2 species, which can be more or less

abundant on the diamond surface, depending on prepara-

tion conditions. The importance of non-diamond species

for electrode activity has been investigated in details by

Duo et al. [40], especially in relation to electron transfer

reactions: electrochemical responses varied as a function of

surface treatment. Untreated electrodes (BDD as-grown or

‘‘fresh’’ electrodes) exhibited the highest surface activity,

while the electrode response decreased significantly after

anodic polarization. A relatively mild polarization process

was sufficient to transform the surface from hydrophobic

(BDD as-grown) to hydrophilic (BDD mildly oxidized)

without changes in crystal shape and size. However, the

electrochemical properties were strongly modified: for

example, the voltammetric charge decreased, probably as a

result of the diminution of active surface sites concentra-

tion. After stronger oxidation processes, electrodes expe-

rienced morphological changes involving both crystal size

and crystal shape: the surface became smoother, and the

electrochemical activity, measured in terms of voltam-

metric charge, decreased strongly [40]. This may explain

why better results were obtained at mildly oxidized BDD,

during the oxidation of OA. Moreover, based on required

anode potentials, the organic oxidation clearly involves

intermediates that are only available during the oxygen

evolution reaction, in agreement with data obtained at

BDD anodes by Comninellis et al. [12].

3.4 Mechanism discussion

Based on the literature relevant to OA and water electro-

oxidation, the following mechanistic hypotheses can be

considered:

(a) anodic oxidation of OA:

(1) HC2O4
- ? M ? M–HC2O4

• ? e

(2) M–HC2O4
• ? M ? 2CO2 ? H? ? e

(3) M–OH• ? M–HC2O4
• ? 2M ? 2CO2 ? H2O

(4) 2M–OH• ? HC2O4
- ? H?

? M ? 2CO2 ? 2H2O

(b) anodic oxidation of water:

(10) H2O ? M ? M–OH• ? H? ? e

(20) M–OH• ? M–O• ? H? ? e

(30) 2M–O• ? 2M ? O2

Mechanism (a) (Steps (1)–(2)) has long been proposed

by several authors and requires OA electrosorption as a

pre-requisite, without participation of hydroxyl radicals.

Fig. 12 Polarization curves for a F-BDD electrode, at different OA

concentrations. Inset elaboration of data in terms of Tafel plot

Fig. 13 Polarization curves for a strongly oxidized BDD electrode, at

different OA concentrations. Inset elaboration of data in terms of

Tafel plot

Fig. 14 Polarization curves for a mildly oxidized BDD electrode, at

different OA concentrations. Inset elaboration of data in terms of

Tafel plot
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On the other hand, mechanism (1) ? (3) implies super-

imposition of the organic substrate electrosorption and at

least the first step of the oxygen evolution reaction. Step (4)

can account for the possibility of a ‘‘direct’’ chemical

reaction between oxidized surface of the electrode and OA

in a non-adsorbed state.

Mechanistic hypothesis (b) adequately describes o.e.r. at

noble-metal-oxide-based electrodes in acidic media; inter-

mediate steps like (10) can be represented through the

general scheme:

MOx OHð Þy! MOxþ1OHy�1 þ Hþ þ e

with M ¼ Ru; Rh; Pd; Os; Ir; Ptð Þ

and they condition not only the catalytic activity of the

oxide electrodes toward the oxygen evolution, but also

their charge-storage capacity in the potential range pre-

ceding it.

The increase in potential from hydrogen evolution to

oxygen evolution causes an increase in oxidation state of

noble-metal-ions from (II) to (IV), higher oxidation states,

i.e. (V) and (VI), being achieved at the onset of oxygen

evolution itself. This could imply a progressively favored

adsorption of the water molecules (hydroxyl groups),

because of their smaller size and higher reorientation ability.

In order to better focus on possible interactions between

noble-metal-ion sites at the electrode surface, it may be

useful to refer also to data on solution equilibria involving

Ir(IV), Ir(III) [41, 42], which indicate that oxalato–Ir(III)

complexes are formed through a direct reaction between

OA and hydrated Ir(IV). The reaction involves the Ir(IV)

reduction prior to the complex formation. Electroxidation

of HC2O4
- at IrO2–SnO2, IrO2–RuO2–SnO2, and RuO2–

SnO2 electrodes (Figs. 5, 6, 7, 9, 10, 11) could be inter-

preted on the basis of the above considerations. Under

potentials at which most of noble-metal sites is in the (III)

form, adsorption of oxalate species may be favored and

their oxidation may occur through Steps (1)–(2) in mech-

anism (a), prior to the oxygen evolution reaction. Further

increase in electrode potential allows the attainment of

higher oxidation states of the metal cations at the electrode

surface, accompanied by preferential electrosorption of

hydroxyl groups, displacing OA species and still too stable

to act as oxidation mediators themselves. This may well

lead to the inhibition of OA oxidation in a more or less

limited potential range in the vicinity of the o.e.r. onset,

first, and then to a change of mechanism to the (1) ? (3),

mechanism (a), sustained by the higher reactivity attained

by hydroxyl radicals. Reaction (4) cannot be ruled out

either. Details of the effect are decided by the nature of the

properties of the electrode surface.

The case of the Ta2O5-stabilized electrode seems to be an

exception with respect to SnO2-stabilized noble-metal

oxides. The reason for this may be the well documented

surface segregation of the valve-metal-oxide at the elec-

trode film surface, which could negatively affect the inter-

action between the substrate and electrode catalytic sites.

However, at the level of the present investigation, no con-

clusive interpretation of the differences could be attempted

avoiding the risk of speculation. Further research is neces-

sary to give a satisfactory interpretation. The whole out-

come of this work is summarized in Fig. 15, for a 0.75 M

OA concentration: the electrocatalytic activity toward OA

electroxidation is higher at DSA than at BDD electrodes; in

addition, Pt and GC appear in an intermediate position,

between the DSA and BDD systems.

From results in Fig. 15a, the potential values required to

ensure a current density of 1 mA cm-2 at the different

electrodes were calculated and results are shown in

Fig. 15b (in the case of Ti/IrO2–2SnO2, an extrapolation

was made, assuming a linearity of the Tafel curve down to

the required potential). Somewhat expectedly, higher

potential values are found for surfaces with poor adsorptive

properties, like those of doped diamond in their different

modifications. The case of oxidized Pt surfaces remains at

intermediate levels, possibly because of the limited attitude

to adsorb OA and hydroxyl radicals.

Fig. 15 a Tafel plot for the OA

electroxidation at different

electrodes; [OA] = 750 mM.

(a) Ti/IrO2–2SnO2;

(b) Ti/Ir0.67Ru0.33O2–2SnO2;

(c) Ti/RuO2–2SnO2;

(d) Ti/IrO2–Ta2O5; (e) GC;

(f) Pt; (g) mildly ox BDD;

(h) strongly ox BDD;

(i) F-BDD. b Anodic potential

required to measure a current

density of 1 mA cm-2,

at different electrodes
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4 Conclusions

Oxalic acid is a well known reducing agent:

2CO2ðgÞ þ 2Hþ þ 2e� ! H2C2O4ðaqÞ
E� ¼ �0:42 vs. SHE

Despite its relatively simple molecular structure, the

kinetics of its oxidation exhibit high activation energies:

for instance, an Ea value of 31 kJ mol-1 was measured at

colloidal MnO2 surfaces [43].

The work of Sargisyan and Vasil’ev shows that the

electrode surface strongly influences the kinetics of OA

anodic oxidation. The present paper supports this hypoth-

esis with data obtained at oxide electrodes, which suggest

that the adsorption at stabilized RuO2- and IrO2-based

electrodes accelerates oxidation kinetics, unless segrega-

tion of inert oxide species de-activates the surface itself

(as in the case of the IrO2–Ta2O5 electrode). The inevitable

differences in effective surface area among the studied

electrodes prevents a more rigorous interpretation of their

catalytic activity, yet the obtained CV and J/E results

support the view that the interaction of OA with Ru(III)–

Ru(IV) and Ir(III)–Ir(IV) surface sites allows for a faster

oxidation. Extension of the present research to cases where

the nature of active sites is changed, keeping surface

roughness constant, would allow a better understanding of

this interesting kinetic behaviour.
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