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bstract

Polyoxometalates (POMs) constitute a broad family of molecular oxides showing promise in several efficient and clean electrocatalytic processes,
hen they are handled in appropriate conditions. Reduction and oxidation possibilities exist as well. The present short focused review shows the
sefulness of POMs in selected electrocatalytic processes. Quantitative transformations were demonstrated in several examples, including hydrogen
roduction, NOx reduction, dioxygen reduction, coenzyme oxidation. . . This selection leaves room for a wealth of other possibilities. It appears
learly that several parameters must be taken into account in the design and study of these processes. Among them, the stability in aqueous or non
queous solutions is an absolute prerequisite, which excludes the use of several newly synthesised fragments solely stable in the solid state. New
arameters, in addition of those highlighted here, might emerge because POMs with new atomic compositions, new structures and new reactivities,
ontinue to be synthesised and characterised. The challenge, however, is to find new POMs or new POM-based systems to decrease overpotentials

hich remain high for most reactions and improve the overall kinetics.
Finally, an optimistic prediction is that POMs, owing to their versatility and possibility to accommodate nearly all the atoms of the periodic

lassification, will become popular to drive selected electrocatalytic processes.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Polyoxometalates (POMs for convenience) are anionic struc-
ures constituted of early transition-metal elements in their
ighest oxidation state, hence their usual designation as early
ransition-metal–oxygen-anion clusters. They are remarkable in
everal respects, including the multitude of their properties based
n their sizes, shapes, charge densities and reversible redox
otentials or their enormous diversity of structures. In the follow-
ng, POM will be kept as the general term, but other designations
ike isopolyanions (IPAs) and heteropolyanions (HPAs) might
lso be used occasionally. The structures of the vast majority of
OMs studied in electrochemistry are primarily derived from

he Keggin structure and the Wells–Dawson structure.

POMs constitute a versatile family of molecular metal-oxide

lusters with applications in catalysis as well as in medicine
nd material science, hence the unabated interest in their redox,
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atalytic and electrocatalytic properties [1–15]. In particular,
heir redox behaviours may be very flexible and finely tuned
n purpose, by changing smoothly their composition, with a
remendously diverse variety of structures [5]. Most of their
roperties have been described in a series of excellent reviews,
hich usually include short developments on their electrochem-

stry and redox catalysis properties [1–9,16–20]. The reader is
eferred to these reviews for general descriptions of POM syn-
hesis, structures and reactivity. Among these reviews, particular
ttention is drawn to those few containing substantial develop-
ents on electron transfer behaviours and the electrochemistry

f POMs [1,3,4,6–9,16–20].
The present paper focuses on the homogeneous catalysis of

lectrode reactions by POMs. As a matter of fact, oxidised forms
f POMs may only accept electrons; in contrast, their reduced
orms, owing to their electron and proton transfer and/or storage
bilities, may behave as donors or acceptors of several elec-

rons while maintaining their structure. As a consequence, most
OMs may be considered as close mimics of mixed metal oxides
nd therefore, be studied as their soluble analogues, at least as
oncerns their catalytic properties in photochemistry and elec-

mailto:nadjo@lcp.u-psud.fr
dx.doi.org/10.1016/j.molcata.2006.08.066
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rochemistry. In addition, the impetus for the catalytic studies
f transition metal cation-substituted POMs was triggered by
he seminal remark of Baker [21] that monosubstituted POMs
an be considered as the analogues of metalated porphyrins and
sed in catalytic processes with the advantage, relative to their
rganic counterparts, of thermal stability, robustness and inert-
ess toward oxidising environments.

The purpose of the present communication is not to provide
n exhaustive review of all papers in which some electrocatalytic
ehaviors of POMs intervene, but rather to highlight the main
arameters that emerge from the scrutiny of the vast majority,
f not all, of the electrocatalytic properties of these chemicals at
lectrodes. Thus, examples will be selected to illustrate mainly
he following points: (i) examples which fall clearly in the two
roups of catalytic processes to be defined shortly in this section;
ii) the outcomes of POM super structures as concerns improve-
ents and/or new catalytic processes like the reduction of nitrate

r nitrogen protoxide; (iii) cooperativity between metallic cen-
ers within the POM framework (Mo-Fe or Mo-Cu centers), a
ewly described feature, which is, however, already encountered
n biological systems.

With these ideas in mind, examples described in the follow-
ng are selected to highlight the main parameters cited in the
oregoing section. Survey of the literature indicates that most
elevant papers, not devoted to chemically modified electrodes,
re covered in recent reviews. Even if new examples turn out to
ome mostly from the work carried out in the present authors’
aboratories during the last few years, due examination of some
elevant papers from other groups are included.

Possibilities of electrocatalysis of reactions at electrodes are
mong the powerful incentives for the electrochemical study of
OMs. Interesting results were obtained both in electrocatalytic
eductions and oxidations, provided the appropriate form of the
OM is used. Three recent reviews devoted to the electrochem-

cal properties of polyoxometalates, in particular as electrocata-
ysts, are available [7–9]. The last one focuses more specifically
n electrocatalysis on modified electrodes. In the present text,
ttention will be drawn specially to the basic principles that could
e considered to govern most of solution processes.

The term “electrocatalysis” will be used frequently to
escribe POM-based homogeneous catalysis of electrode reac-
ions. Strictly speaking, electrocatalysis applies to the “depen-
ence of the electrode reaction rate on the nature of the electrode
aterial” [22]. In the following, this term will be used in a

roader sense and will be admitted to include the possibility
hat the catalyst be homogeneously dissolved in the electrolyte
olution as well as the case where the catalyst is attached to
he electrode surface. A short chapter on the electrocatalysis of
norganic chemicals by chemically modified electrodes can also
e found in Vol. 10 of the Encyclopedia of Electrochemistry
9]. Therefore, this domain will not be covered in the following.
articular attention is exercised toward the literature covering

he period from 1996 to 2005 to provide a satisfactory overlap

ith the recent reviews [7,8] devoted to the electrochemistry of
OMs and to their properties as electrocatalysts.

After a short illustration, by appropriately selected examples,
f the two basic nuances of electrocatalytic processes, the paper
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ill analyse the case of vanadium-substituted polyoxotungstates
s versatile catalysts. The third and fourth sections will consider,
espectively, the influence of the nature and number of, eventu-
lly active, sites within the POM framework and the eventual
ooperativity between these centers.

. Experimental illustration of the basic concepts of
omogeneous catalysis of electrode reactions

Modeling the homogeneous catalysis of electrode reactions
ill be described succinctly here for a reduction process. In

hat case, electron exchange occurs in solution between the
educed catalyst and the substrate, thus regenerating the cata-
yst and explaining the observed catalytic effect. Transposition
o oxidation processes is straightforward. In short, electron trans-
ers to or from a molecule must be viewed as a succession of
lementary electrochemical and chemical reaction steps. Such
implified reaction schemes served as the basis for theoretical
nalysis of catalytic phenomena. The analysis, which is sketched
n more detail in an Appendix A, highlights two main mecha-
istic nuances of the catalysis: (i) the first one considers only
he possibility of simple solution electron transfers. The cata-
yst constitutes an electron shuttle between the electrode and the
olution, where it is engaged in a direct redox electron trans-
er with the substrate. This type of catalysis is termed redox
atalysis; (ii) the second pathway goes through the formation of
n adduct. In this case, the reduced form of the catalyst builds
p with the substrate a relatively unstable adduct, which then
ecomposes, eventually after further reduction at the electrode
urface or in solution. Finally, either the oxidized form of the
atalyst or its reduced form is regenerated. This type of catalysis
s termed chemical catalysis.

.1. Electrocatalytic oxidation of NAD(P)H by POMs: an
xample of redox catalysis

Recently, much efforts were devoted to the study of oxidation
f NAD(P)H by POMs [23–28].

The incentive for this research is the known importance of
AD(P)H/NAD(P)+ redox couples in biological systems as well
s the possibility of developing amperometric biosensors for
AD(P)+-dependent dehydrogenases. As a consequence, both
nzymatic synthesis [29] and electrochemical regeneration [30]
re relevant. In this search, the stability of the reaction products
n the presence of each other is also a necessary condition for
sefulness.

The work described in the following constitutes an illustra-
ive example in which mechanistic issues are probed in detail,
ncluding kinetics, elementary reaction pathways, bulk electrol-
sis performance and stability issues.

Here, focus is directed toward the oxidation of NADH. Quan-
itative studies in fairly acidic solutions are precluded by the
nown rapid hydration of NADH below pH 6. Nadjo and Keita

ucceeded in synthesising and/or selecting POMs stable in neu-
ral or alkaline media and likely to meet all the necessary criteria.
hese authors demonstrated an efficient oxidation of NADH by
everal vanado-tungsto phosphoric heteropolyanions, stable at
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Fig. 1. Cyclic voltammograms obtained for the system �1P2VW17O62
8−/

NADH. Electrolyte pH 7 phosphate buffer. Reference electrode SCE;
w
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orking electrode: 1 mm diameter Pt disk. The solutions contain 10−3 M

1P2VW17O62
8− + 10−3 � M NADH, except for the one containing 10−3 M

ADH alone. Scan rate v = 5 mV s−1 (taken from Ref. [27]).

H 7 [23–27]. The stability of the mixtures was established.
n addition, complete regeneration of NADH was obtained from
AD+ in the mixtures with the heteropolyblue (HPB) in the pres-
nce of alcohol dehydrogenase (ADH) and ethanol. The correct
toichiometry of NADH to POM was found, by spectrophotom-
try and coulometry, to be 1:2, thus indicating that the POM
cts as a one-electron oxidant. These observations support the
ollowing overall reaction scheme:

2α2 − [P2VW17O62]7− + NADH

� 2α2 − [P2VW17O62]8− + NAD+ + H+
More detailed mechanistic characteristics establish the purely
edox catalysis behavior of the systems studied. Typically, the
ystem NADH/�1-[P2VW17O62]7− is shown in Fig. 1 as a repre-

i
n
i
a

able 1
tandard potential for the first redox system of each POM and second order rate cons

PB �1-P2W17VO62
8− �1-P2W17MoO62

7−

◦ (mV vs. SCE) 477.5 395.5
10 10

(M−1 s−1) 1.5 × 104 6.9 × 102

ach value of k is the average of at least five experiments. The values of γ are not nec
taken from Ref. [27]).
ig. 2. Plot of log k vs. the one-electron redox potentials E◦ of the POMs (taken
rom Ref. [27]).

entative example of cyclic voltammetry evolution at a scan rate
f 5 mV s−1. The excess parameter (γ = C◦

NADH/C◦
POM) values

ppear on each curve from γ = 0 (first one-electron diffusion-
ontrolled process of the POM) to γ = 2.2 (electrocatalytic pro-
ess). The direct oxidation of NADH on the glassy carbon
lectrode surface is also shown for comparison. The evolution
f the CVs is easily understood on the basis of a fast oxida-
ion of NADH by the oxidized form of the POM. The same
verall pattern is obtained for other suitable POMs. Qualita-
ively, the intensity of the catalytic wave is observed to depend
n the formal potential of each POM. This constitutes a first
ndication that the process might follow a purely redox catalysis
ehaviour. Rate constants of the catalytic process were measured
y double potential step chronocoulometry [31] under pseudo
rst order rate conditions. These values are gathered in Table 1.
xcellent agreement was obtained for the rate constant values
ross-checked by the stopped flow technique [24]. The results
re gathered in Table 1 and Fig. 2. The plot of log10 k as a func-
ion of the one-electron redox potentials of the POMs in Fig. 2 is
eatured by a straight line with a slope of 16.4 V−1. This observa-
ion allows to write and discuss a detailed mechanistic pathway
Scheme 1).

It is shown first that hydride transfer is not a likely reac-
ion pathway. The rate limiting step is established to be the
nitial one-electron transfer by using rate constants obtained by

ndependent measurements. Then to go deeper into the mecha-
ism, the initial one-electron rate-limiting step was developed
nto three successive steps (Scheme 2) in which (NADH, HPA)
nd (NADH•+, HPB) represent the reactants in their reaction

tant k derived from DPSC experiments on HPB/NADH systems at pH 7

�2-P2W17VO62
8− P2W16V2O62

9− �2-P2W17MoO62
7−

392.5 277.5 225
10 10 20
6.4 × 102 7.1 1.2

essary, but have been added to give a better idea of the experimental conditions
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Scheme 1.

ites, whereas NADH + HPA and NADH•+ + HPB represent the
eactants and products beyond the average distance of diffu-
ion; kdiff is the diffusion-limited rate constant, k1act and k−1act
re the activation-controlled rate constants. Each of these steps
ould be, in principle, rate-limiting [32]. However, the experi-
ental results in Fig. 2 indicate that the diffusional separation

f the HPB/NADH•+ pair is rate limiting without any tendency
o observe a rate-limiting electron hop. A value of E◦ = +0.80 V
as determined for the NADH/NADH•+ couple at pH 7. These

esults establish that a purely redox catalytic process is oper-
tive. A short study, in more alkaline media, devoted to the
lectrocatalytic oxidation, by selected POMs, of NADPH [28],
substrate closely related to NADH, with the same importance

n vivo and in vitro, was also successful and shows the same
rends. A rate constant k = 3.5 × 103 M−1 s−1 was measured for
he system P2V2W16/NADPH at pH 8. However, study of such
ystems is not yet pursued with the same wealth of rate constant
easurements as for NADH.

.2. An example of chemical catalysis: the reduction of
itrite

The electro-assisted chemical catalysis of the reduction of
itrite and nitric oxide constitutes an example in which the mech-
nistic issues are unravelled in detail for a FeIII-substituted POM
33]. As concerns excellent bulk electrolysis performance and
OM stability issues, the only example, to our knowledge, is

he demonstration, carried out by our group, of quantitative con-
ersion of NO into N2O by [P2Mo18O62]6− and other selected
OMs in aqueous media [10]. These issues are analyzed in this
ection.

The detailed mechanistic pathway given by Toth and Anson

33] for the electrocatalytic reduction of nitrite by FeIII-
ubstituted Keggin-type POMs establishes unequivocally the
hemical catalysis scheme operative in this system. Specifically,
he proposed catalysts can be represented by the general formula:

Scheme 2.
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-XW11O39FeIII(H2O)n− (X = Si, Ge, n = 5; X = P, As, n = 4). A
e-nitrosyl complex, formed upon reduction of the Fe center,
as detected and characterized. The actual catalytic process to
btain ammonia occurs at more negative potentials where the
ecessary number of charges is accumulated and delivered by
he W-framework. The overall mechanism up to the Fe-nitrosyl
ormation involves the following steps [33]:

2�-XW11O39FeIII(H2O)n− + 2e−

� 2α-XW11O39FeII(H2O)(n + 1)−

2α-XW11O39FeII(H2O)(n + 1)− + NO2
− + 2H+

� 2α-XW11O39FeII(NO)(n + 1)−

+ 2α-XW11O39FeIII(H2O)n− + H2O,

X = Si, Ge,n = 5; X = P, As,n = 4

The following two processes: HNO2 �H+ + NO2
− pKa = 3.3

t 18 ◦C and slow disproportionation of HNO2 in fairly acidic
olution: 3 HNO2 �HNO3 + 2NO + H2O, indicate that nitrous
cid might be the reactive intermediate, depending on the pH
omain explored. Finally, a loss in selectivity and a low yield
33] are attributed to electrode surface derivatization [20].

Actually, as concerns the electrocatalytic reduction of nitrite
nd nitric oxide, redox catalysis and chemical catalysis path-
ays cannot always be delineated sharply. As a matter of fact,
eita et al. [34,35] demonstrated, at the same time that Toth

nd Anson were establishing the aforementioned mechanism
33], that this catalytic process is observed with a large variety
f POMs, including several plenary unsubstituted ones and even
acunary species. For example, a supramolecular compound like
P8W48O184]40−, with only W centers, can also be used to reduce
O efficiently without derivatization of the electrode surface

36].
Fig. 3 and Table 2 illustrate the main results of interest in the

resent context. In Fig. 3, only the phenomena associated with
he first redox wave of [P2Mo18O62]6− selected as a represen-
ative example, are shown. In the absence of this POM, nitric
xide is reduced close to the supporting electrolyte discharge.
he substantial improvement brought about by the presence of

P2Mo18O62]6− is immediately obvious on Fig. 3. Several other
OMs show the same kind of catalytic effects on their respective
rst redox couples in the presence of NO. A list of those tested

n this issue can be found in the original paper [10] and in the
atents [34,35]. A quantitative evaluation of the improvement
s presented in Table 2 through the parameter �Ei, defined as
he difference between the potentials values at which an arbi-
rarily fixed current density of 53 �A cm−2 was observed in the
resence and absence of POM, provided the catalyst current was
ubstracted [10]. Indeed, very large �Ei values are achieved in
hese experiments. In Table 2 are also gathered the results of
reparative scale electrolyses from which sizeable amounts of

hemicals can be detected and quantified. N2O was the only
roduct detected. It turned out that the yields for N2O produc-
ion were close to 100% for all the POMs studied. In short, these
ields seem to be independent of the reduction potentials of the
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Fig. 3. Cyclic voltammograms run in a pH 1 medium (0.2 M Na2SO4 + H2SO4)
at a scan rate of 10 mV s−1. Working electrode: 5 mm diameter glassy car-
bon disk; solutions deoxygenated with pure argon: (a) supporting electrolyte
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lone; (b) supporting electrolyte saturated with NO; (c) supporting electrolyte
it 10−4 M [P2Mo18O62]6− thoroughly deaerated with argon; (d) solution (c)

aturated with NO (taken from Ref. [10]).

OMs used in this work. This feature suggests strongly a chemi-
al catalysis pathway for the electrocatalytic reduction of NO by

he present POMs. The detailed succession of electrochemical
nd chemical sequences occurring during the reaction remains
challenging problem.

able 2
eduction of NO into N2O by selected one- and two-electron reduced POMs

OM (number) Electrolysis potential
vs. SCE/V

�Ei/Va Yield (%)b

1[P2W17MoO62]6− (1) +0.1 1.080 103 ± 6
P2W18O62]6− (2) −0.06 0.810 100 ± 6
P2Mo18O62]6− (3) +0.32 1.200 100 ± 6
SiMo12O40]4− (4) +0.18 1.070 98 ± 6
P2W12Mo6O62]6− (5) +0.05 1200 95 ± 6

dapted from reference [10]. The reduction of each POM is carried out on its
rst redox wave. The POMs numbered 1 and 2 are reduced by one electron per
olecule, and the other ones by two electrons.
a Improvement in the operational potential �Ei obtained for the reduc-

ion of NO in the presence of the various POMs in pH 1 medium (0.2 M
a2SO4 + H2SO4). The values are measured for a current density of 53 �A cm−2

fter substraction of the POM current. This current density, in the absence of
OM, is obtained at −0.8 V vs. SCE for NO saturated solutions. Glassy carbon
orking electrode surface area: 0.19 cm2; γ = [NO]/[POM] = 15.
b Yield for production of N2O per mole of HPB in the electrolysis.
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Electrocatalytic behaviours are frequently explored, espe-
ially for new POMs,. Following the works of Toth and Anson
33] on the one hand, Keita et al. [34,35] on the other hand, the
eduction of nitrite has become a popular electrochemical test
eaction to assess the catalytic properties of new POMs, [37–40].

any other successful electrocatalytic processes were studied
nd published. Most of the corresponding papers are summarised
n recent reviews [7,8,41]. They include the hydrogen evolution
eaction (her), the reduction of O2, H2O2, DMSO, [ClO3]−, or
BrO3]−, etc.; the oxidation of DMSO, alcohols and olefins, etc.

The foregoing discussion underscores the complexity of
roblems. As a consequence, POM properties are studied mostly
ithout any particular attention to actual mechanistic pathways.
ne possibility among the reasons that guide toward this general

creening of properties before any in-depth mechanistic study,
ust be traced to the tremendous diversity of atomic composi-

ion, shape, structure and reactivity of POMs on the one hand
nd the wealth of the substrates that can be catalysed on the
ther hand. Therefore, even though mechanistic evidences will
e stressed more often than not, the present state of the art in the
omogeneous catalysis of electrode reactions by POMs will be
escribed in the following by highlighting the main parameters
nd behaviours that emerge from most, if not all, recent work.

. Vanadium-substituted Wells–Dawson-type
olyoxotungstates as versatile electrocatalysts

The electrochemical pattern of most POMs useful for electro-
atalysis studies is generally featured by the chemical reversibil-
ty of the first or the first several redox waves, in the absence
f a substrate to be catalysed. This behaviour guarantees the
etter stability scheme for the electrocatalyst, even though, in
xceptional cases, a kinetic stability of otherwise chemically
rreversible processes, might be envisioned. As a consequence,
xidised forms of POMs may accept electrons and behave as
xidation catalysts; in contrast, their reduced forms, owing to
heir electron and proton transfer and/or storage abilities, may
ehave as donors or acceptors of several electrons, thus acting
ainly as reduction catalysts. This versatility of electrocatalytic

ehaviors of POMs is usually obtained through electrochemi-
al manipulation of their redox centers. However, in favourable
ases, this dual capability might be built-in during the synthe-
is of POMs containing mixed valence centers. This paragraph
resents different nuances of this dual behaviour illustrated by
anadium-substituted Wells–Dawson-type polyoxotungstates.

The substitution of vanadium, eventually accompanied by
olybdenum, into a W framework of a POM is the focus of this

tudy [28]. The substitution of vanadium into the framework of a
ungstic or molybdo-tungstic POM increases the negative charge
f the anion and is, therefore, expected to shift the stability of the
aturated species to higher pH. Several prominent properties are
lso recognized for vanadium compounds in general, including
olyoxovanadates and vanadium-substituted POMs. Synthesis,

haracterization, electronic structures and catalytic behaviours
f vanadium-substituted POMs have generated a vast literature
42–59]. Specifically, electrocatalytic processes were illustrated
oth in reductive and in oxidative reactions. The electroreduc-
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ion of nitric oxide and nitrite in a pH 2 medium was efficiently
arried out by reduced �1-[P2VW17O62]7− [39]. Regarding
xidation reactions, the efficient catalysis of the oxidation of
AD(P)H by several vanado-tungsto-phosphoric POMs was
escribed in a previous section [23–28].

New results allow to develop and expand several aspects
f the electrochemistry and electrocatalytic behaviours of
anadium-substituted POMs [28]. Their dual possibilities will
e illustrated by the oxidation and reduction of nitrogen oxides,
erely by modifying the redox state of the vanadium cen-

er within the same POM. In a selected series of P- and As-
ells–Dawson type derivatives, emphasis is put on the stabil-

ty domain and complete characterization of [P2V2W16O62]8−
P2V2W16 for short) as a representative example, because the
edox potential of the vanadium center within this POM is par-
icularly suited for several electrocatalytic processes.

.1. Stability of selected V-substituted POMs

Table 3 indicates the stability domains for all the derivatives.
hese domains were obtained by monitoring their UV–vis spec-

ra between 600 and 200 nm as a function of pH over a period
f at least 24 h. Fine small dots indicate the domain in which
particular derivative is stable; vertically hatched domains cor-

espond to a decomposition less than or equal to 20%; finally,
lear domains indicate a decomposition of between 20 and 40%.
everal molecules in their oxidized form remain stable up to pH
and further. As expected, the presence of the V-center enlarges

he pH stability domain of these mixed addenda heteropoly-

ungstates in comparison with the corresponding monometal

ain precursors [X2W18O62]6− (X = P or As) and the corre-
ponding Mo-substituted derivatives. Using the same reasoning,
t is also expected that the reduced forms of these molecules

Table 3
Stability monitored by UV–visible spectroscopy over 24 h, for selected
V-substituted Wells–Dawson POMs. The numbering of metallic atoms
follow the IUPAC recommendations

Adapted from reference [28]. ( ) Stable; ( ) <20% transformation;
( ) 20–40% transformation. aReferences corresponding to synthesis and
characterisation of these POMs can be found in the original paper [28];
for further details, see text.
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hould be stable up to the same or even higher pH values than the
orresponding oxidised forms. A complementary cross-check
f this suggested stability was obtained by cyclic voltammetry
xperiments which usually cover a duration as long as 8–10 h.
erfect reproducibility of the time-to-time run of the voltammo-
ram for a selected potential scan rate was taken as a comple-
entary stability criterion.

.2. Electrochemistry of P2V2W16 and the other
-substituted POMs

The voltammetric behaviour of P2V2W16 is selected as a
epresentative example to illustrate the wealth and variety of
he electrochemistry of V-centers within these POMs. Fig. 4A
hows the cyclic voltammogram (CV) of this complex in a pH 5
cetate medium. The two most positive waves in Fig. 4A feature
ne-electron processes and are attributed to vanadium centers
60]. Their potential locations are substantially positive to that
f processes attributed to W centers. In the following, atten-
ion is focused on the electrochemical behaviors of V-centers.
ig. 4B and C complete Fig. 4A to give a detailed picture of

he evolution of the V-waves as a function of pH. Starting from
he pH 5 medium, the two waves move in the positive poten-
ial direction as the pH is decreased and, finally, visually merge.
owever, a clear evolution in peak current intensities and peak
idths is still observed between pH 1 and 0. A striking evo-

ution of the voltammetric pattern was observed between pH 5
nd 8 as appears from comparison of Fig. 4A and C. The sec-
nd V-wave is shifted in the negative potential direction and
ecomes drawn-out and largely irreversible. It is worth noting
hat the potential location of the first V-wave can be considered
o remain fixed in this pH domain. Actually, this independence
rom pH was observed roughly from pH 4 to higher values. In
hort, the observed voltammetric pattern can be explained in the
ollowing manner: for pH < 4, the first V-wave shows classical
otential shifts as a function of acidity and, then, becomes pH-
ndependent for higher pH values; in contrast, the second V-wave
xperiences much larger displacements, whatever the pH from
to 8, a behaviour that induces the coalescene or separation of

he two V-waves.
Table 4 gathers the reduction peak potentials and the appar-

nt formal potentials measured at pH 7 for the V-substituted
ells–Dawson POMs studied in this work. Combination of this

iversity in the number of V atoms with the presence of As
r P as the central heteroatom in these tungstic and molybdo-
ungstic structures modulates substantially the apparent formal
otentials measured at pH 7 for the first V-wave. The formal
edox potentials taken as an average of the cathodic and anodic
eak potentials span the range from +569 mV to +122 mV. This
eaves considerable flexibility in the choice of POMs for electro-
atalytic purposes. However, it might be misleading to consider
nly formal potentials, which must be completed by the compar-
sons of the actual behaviors of the voltammetric patterns. The
orphologies of the cyclic voltammograms should indicate, at
east qualitatively, the differences in overall acid–base properties
ithin complexes and their influence on the CVs. As an exam-
le, it was demonstrated that the beneficial influence expected
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Fig. 4. Cyclic voltammograms (CVs) of 2 × 10−4 M P2V2W16 in various media.
The scan rate was 2 mV s−1, the working electrode was glassy carbon, and the
reference electrode was SCE. (A) Pattern showing the two V-Waves and two
W-waves at pH 5 (1 M CH3COONa + CH3COOH). (B) Evolution of the two
V-waves as a function of pH. Compositions of the media: pH 0: H2SO4; pH 1
t
T

f
P
q
t

Table 4
V-reduction peak potential Epc1 and apparent formal potentials E◦′ (defined
as (Epc1 + Epa1)/2) measured in a pH 7 medium by cyclic voltammetry for a
selection of V-substituted Wells–Dawson POMs

Complex Epc1 (mV) E◦′ (mV)

�1-As2VW17 531 569
�1-P2VW17 453 504
�2-As2VW17 404 446
�2-P2VW17 377 414
As2Mo2VW15 455 489
P2V3W15 59 122
P2V2W16 255 298
P MoV W 267 309
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i
of the V-centers for a modest increase of γ values (γ is the
excess parameter defined as γ = C◦

NOx
/C◦

POM). In this poten-
tial domain, no direct reduction is observed for NO or HNO2
present in the solution [10,39]. It is worth noticing the high effi-
o 3:0.5 M Na2SO4 + H2SO4. (C) CV showing the two V-waves at pH 8:50 mM
RIS + 0.5 M Na2SO4 + H2SO4 (taken from Ref. [28]).
rom accumulation of V-centers in P2V3W15 as compared to
2V2W16 and P2MoV2W15 might be counterbalanced by the
ualitatively poorer acid–base and electron transfer abilities of
he former complex [28].

F
N
(
w

2 2 15

aken from Ref. [28]. Scan rate of 2 mV s−1; reference electrode: SCE; working
lectrode: glassy carbon.

.3. Electrocatalytic processes based on V-substituted
OMs

.3.1. Electrocatalysis of the reduction of nitrite: recent
mprovements

Electrocatalytic reduction of nitrite by reduced POMs has
een studied for some time and described in a previous section.
xamples concerning specifically V-substituted POMs were also
tudied [39,61]. General aspects of such electrocatalytic pro-
esses were discussed recently [62]. The example presented
ere is aimed at illustrating the continuous improvement brought
bout in this reaction by the use of appropriately selected POMs
28]. Fig. 5 shows the current enhancement accompanying the
ddition of NaNO2 to a pH 1 solution of P2V2W16 (vide supra
or the behaviour of NaNO2 in this medium).

The pH 1 value was selected because it ensures a fairly com-
lete merging of the two V-waves of this complex. The current
ntensity increase is observed readily at the reduction potential
ig. 5. Cyclic voltammetry study of the electrocatalytic reduction of 2 × 10−2 M
aNO2 (γ = 100) with a 2 × 10−4 M solution of P2V2W16 in a pH 1 medium

0.5 M Na2SO4 + H2SO4). The scan rate was 2 mV s−1, the working electrode
as glassy carbon, and the reference electrode was SCE (taken from Ref. [28]).
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Fig. 6. Evolution of the UV–vis spectrum of a mixture of �1-P2VW17 (10−3 M)
and NaNO2 (γ = 100) in a pH 7 medium (0.4 M NaH2PO4 + NaOH). Starting
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iency of the electrocatalysis and the fairly positive potential
t which it takes place. The main incentive to show Fig. 5 is
o stress the possibility that an appropriate selection of POMs
ould be performed to obtain a continuous shift in the posi-
ive direction of the potential at which such electrocatalysis is
bserved. The limit is the possibility that nitrite be oxidized into
itrate by the POM instead of undergoing an electrocatalytic
eduction process. This point is considered in the following.
efore closing this sub-section, a short remark is in order:
oth vanadium- and molybdenum-substituted species show elec-
rocatalytic beaviours at exceptionally positive potentials. The
esults of vanadium-substituted POMs must be associated with
heir better long term stability under electrocatalysis conditions.

.3.2. Oxidative electrocatalytic processes

.3.2.1. An example of mediated oxidation process: oxidation of
itrite. Formal potentials in Table 4 guided toward the selection
f POMs likely to oxidise nitrite in a pH 7 medium [28]. Upon
ixing of one of the selected POMs with nitrite at pH 7, colour

hanges were eventually observed as a function of time, thus
ndicating that the POM was acting as an oxidant. A representa-
ive experimental example is illustrated by the addition of a fixed
xcess of nitrite (defined by γ , vide supra) to a pH 7 solution
f �1-P2VW17. The evolution of the mixture was monitored by
V–vis spectroscopy between 1300 and 400 nm. Fig. 6 shows
set of spectra. Starting with the neat POM (γ = 0), addition

f nitrite (γ = 100) results in the reduction of the V-center and
he gradual development of the known spectrum of the reduced
OM. This spectrum is the same as that of the heteropolyblue
repared by electrochemical reduction. Interestingly, it is fairly
ifferent from that of the oxidized form. A sharp isosbestic point
ndicates a neat conversion of one form into the other. The set of
pectra in Fig. 6 was exploited to calculate a pseudo-first order
ate constant k′ = 1.1 × 10−3 s−1 under the assumption that the
ate is first order in POM concentration. Table 5 gathers the
ain qualitative observations with the selected POMs. Despite
heir mostly qualitative character, the results suggest two main
arameters to be operative in this issue, in addition of the nec-
ssary stability of the two relevant redox states of the POM:
he formal potential of the POMs and the pH of the solution.

r
P
e
i

able 5
ualitative evaluation of several POMs (10−3 M) for oxidation of nitrite (γ = 200) as

omplex pH Qualitative kinetics Isosbe

1-As2VVW17 1 Slow Yes
2 Fast Yes
5 Fast Yes
7 Very fast Yes

2-As2VVW17 7 Slow No

1-P2VVW17 2 Slow Yes
5 Fast Yes
7 Very fast Yes

2MoV2W15 7 Very small conversion ratio

2V2W16 7 Negligible conversion ratio

aken from Ref. [28].
rom t = 0, γ = 0, time intervals between two successive spectra in the direction
ndicated by the arrow are, respectively: �t (min): 2; 21; 17; 16; 28; 81 (taken
rom Ref. [28]).

pecifically, �1-As2VW17 is chosen as a representative exam-
le. The influence of pH might be twofold: possibly shifting
he formal potential(s) of the V-wave(s) in the cases of several
omplexes like P2V2W16; and also fixing the equilibrium state
f nitrite in solution (vide supra for the behaviour of NaNO2 in
his medium), and hence the nature of the species to be actually
xidized by the POM. Then, it is conceivable that the oxida-
ion of HNO2 (and eventually NO) be difficult at pH 1. The first
aves of �2-As2VW17 and �1-P2VW17 are located at less pos-

tive potentials than the corresponding wave of �1-As2VW17 at
H 2. Hence, the slower nitrite oxidation kinetics observed for
he two former complexes. Finally, still less positive potentials

easured for P2MoV2W15 and P2V2W16, respectively, justify
hat nearly no oxidation of nitrite by these POMs be obtained
t pH 7. All these considerations lead to the conclusion that a

edox type reaction is operative in the oxidation of nitrite by the
OMs gathered in Table 5. Even though electrochemical regen-
ration of the catalytically active forms can be easily envisioned
n favourable cases to complete an electrocatalytic cycle, the

a function of pH

stic point on the spectra Comments

Incomplete after 7 h
Complete in a few minutes
Complete in a few minutes
Complete in a few minutes

Incomplete after 7 h

Incomplete after 7 h
Complete in a few minutes
The excess parameter γ must be
decreased for a good observation of the
isosbestic point
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electrocatalysis of the oxidation of l-cysteine by �2-H4PVW17
at a glassy carbon electrode in a pH 7 medium. The follow-
ing characteristics of the voltammetric pattern obtained in the
presence of l-cysteine indicate unambiguously that an efficient
98 B. Keita, L. Nadjo / Journal of Molecula

resent examples, due to their relative slowness, are clearly bet-
er handled by UV–vis spectroscopy for their characterization.

.3.2.2. Reactions of V-substituted POMs with l-cysteine. The
emarkable behaviours of several V-substituted Wells–Dawson-
ype POMs (stability in a large pH domain, including the physi-
logical pH domain; stability of their oxidised (VV) and reduced
orms (VIV) in the open air, formal potential of the V-center span-
ing a large domain, etc.) designate them as good candidates
or reactions with biological systems [63]. Classical complexes
f the Wells–Dawson series (�1- and �2-[X2VW17O62]7− or 8−
X = As or P)) and two new dissymmetrical POMs, of general
ormula �2-[H4XVW17O62]8− or 9− (X = P or As) [64,65], with
elatively low formal potentials, proved sufficiently powerful
xidants to oxidize l-cysteine. Cysteine is recognized as one
f the most important among marker thiols in biological sys-
ems [66–69]. It is used in medicine and food industries. As a
onsequence, its detection and accurate determination consti-
ute a valuable task and the search for sensitive and selective

ethods in these purposes continues unabated [66–69]. Unfor-
unately, classical bare solid electrodes, including bare glassy
arbon electrodes, show a very slow kinetics for this process
69,70].

To guide in the choice, Fig. 7 shows the cyclic voltam-
ograms, restricted to the VV/VIV redox couple within �1-

2VIVW17, �2-P2VIVW17 and �2-H4P VIVW17 in a pH
medium. As expected, the VV/VIV couple within �1-

2VW17 is observed to have a more positive formal potential
E◦ = 0.506 V) than in the �2-P2VW17 isomer (E◦ = 0.415 V);
nally, the VV/VIV couple within the new POM �2-H4PVW17
E◦ = 0.291 V) is the less positive of the three POMs. Among
he roles assigned to catalysts, two are essential: in addition of

he activation which is the primary incentive for catalysis, it
s also desirable that the catalysts be selective. The problem is
cute in biological systems. Specifically, for quantitative detec-
ion of cysteine in biological media, it is necessary to observe

ig. 7. Cyclic voltammograms (CVs) restricted to the VV/VIV redox couple
or 2 × 10−4 M �1-P2VW17, �2-P2VW17 and �2-H4PVW17, respectively, run
n a pH 7.00 (0.4 M NaH2PO4 + -NaOH) buffer solution. The scan rate was
0 mV s−1, the working electrode was glassy carbon and the reference electrode
as SCE. For more detailed information, see the text (taken from Ref. [63]).
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ts oxidation at a potential as low as possible to avoid, eventu-
lly, interferences from currents due to the oxidation of other
olecules present in complex media. Finally, the VV/VIV cou-

les within available POMs span a formal potential domain from
.122 V to 0.575 V [28,71]. The choice was restricted to �2-
4XVIVW17 (X = P or As) and �2-P2VIVW17 because they have

he most negative formal potentials among those POMs active
or the desired reaction.

Preliminary experiments performed by UV–visible–NIR
pectrophotometry, allowed to obtain a linear calibration curve
hat suggests a clean and relatively fast transformation of �2-
2VVW17 into �2-P2VIVW17 through a one-electron process in

he presence of increasing amounts of l-cysteine. Quantitative
inetic experiments were then performed by the stopped fow
echnique. The results relative to �2-H4XVIVW17 are selected
s an illustrative example because this catalyst was analysed both
y stopped flow and electrochemistry. Fig. 8 shows a represen-
ative set of spectra, after treatment for this POM. The striking
bservation, is a sharp isosbestic point. At the corresponding
pecific wavelength, its oxidized and its one-electron reduced
orms appear as the only two strongly absorbing species in the
ixture. Analysis of these experimental data allows to determine
rate constant k = 925 M−1 s−1 for the system H4PVVW17-l-

ysteine.
Electrocatalysis of the oxidation of cysteine was carried out

n the presence of �2-H4PVIVW17. The formal potential of �2-
4PVW17 becomes pH-independent as soon as pH > 2.5. For a
iven pH, only a few millivolts variation of this E◦ is observed
epending on the electrolyte composition. Fig. 9A shows the
ig. 8. Sets of UV–visible spectra of POM-l-cysteine systems as a function of
ime for �2-H4PVW17. Concentrations for initial stock solutions were 0.1 mM
or the POM and 1 mM for l-cysteine. The experiments were run in a pH 7.00
0.4 M NaH2PO4 + NaOH) buffer solution at room temperature (taken from Ref.
63]).
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Fig. 9. Cyclic voltammetry study for the electrocatalytic oxidation of l-cysteine
by 2 × 10−4 M H4PVIVW17, in pH 7 buffer (50 mM NaH2PO4 + NaOH + 1 M
NaCl); the scan rate was 2 mV s−1, the working electrode was glassy car-
bon, the reference electrode was SCE. The excess parameter was defined as
γ = C◦

L-cysteine/C◦
POM. The cyclic voltammogram is restricted to the potential

domain of the VV/VIV redox couple of the POM. (a) The excess parameter val-
ues were γ = 0 and γ = 10; (b) Comparison of the catalytic process (γ = 10) by
H4PVIVW17 with the background current of the supporting electrolyte and with
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he direct oxidation of l-cysteine on the glassy carbon electrode (taken from
ef. [63]).

lectrocatalytic process is taking place with the POM: (i) a
arge current increase in the vanadium center oxidation domain;
ii) no reduction current observed for VV on potential rever-
al. This interpretation is supported by the features displayed
n Fig. 9B, where it is observed that, in the potential domain in
hich the catalytic current develops, the current associated with
irect oxidation of l-cysteine on naked glassy carbon is small, in
greement with literature descriptions of the behaviours of this
lectrode material towards this thiol. For the present example,
rate constant was determined by chronocoulometry [26]. The
btained value k = 1000 M−1 s−1 compares very favourably with
hat (k = 925 M−1 s−1) extracted from stopped flow experiments
n the same system.
A short comparison with NAD(P)H-POM systems is interest-
ng for highlighting similarities and differences with l-cysteine-
OM systems. For carefully selected POMs, both systems dis-
lay a redox behavior, with good catalytic efficiency [28]. It
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s remarkable that selected POMs be efficient both for overall
wo-electron substrates (NAD(P)H) and a one-electron substrate
l-cysteine). It should also be emphasized that the follow-up
eaction is different for the two systems, a deprotonation or a
imerization, respectively.

Finally, the foregoing results illustrate the two main pathways
f homogeneous catalysis processes of electrode reactions. They
lso illustrate the possibility to manipulate the overall atomic
omposition and/or location of the substituent V-atom(s) in the
OM framework, with the consequence that the apparent formal
otentials of these centers can be made to span an appreciable
otential range. A complementary behaviour is the stability of
oth forms of these POMs over a large pH domain, a feature that
pens the way for their use in a large variety of reductive and
xidative catalytic processes. In this context, it is worth pointing
ut that such POMs were also used for the direct synthesis of
etal nanoparticles, because they present several interesting fea-

ures not available usually with other chemical reductants. For
nstance, the preparation of Pd◦ nanoparticles from [PdCl4]2−
as achieved [71].

. Influence of the nature and number of substituent
ites within the POM framework

Numerous examples show that the presence of substituent
ransition metal centers within the POM framework is not a pre-
equisite for the observation of catalytic or electrocatalytic activ-
ties [10,33–39,72,73]. This section will emphasise one more
xample of such behaviour through a brief account of the elec-
rocatalytic activity of K28Li5H7P8W48O184·92H2O (P8W48)
or the reduction the NOx [36]. Nethertheless, transition metal
ation-substituted POMs offer sites onto which substrate to be
atalysed are likely to be complexed, thus guiding toward clear
echanistic pathways.

.1. Electrocatalytic behaviours of P8W48 towards NOx

The cyclic voltammetry patterns observed for P8W48 are
xtremely dependent on the nature and concentration of sup-
orting electrolytes [36]. The main behaviours are described
n Fig. 10A and B. The sensitivity was taken into account as
ollows. Except for the pH 0.3 medium made up solely with
ulphuric acid, 1 M LiCl was added to all other solutions and
uffered media were used for pH > 1.2. In pH 4.7 and 3 media,
wo equal, chemically reversible waves are obtained in the poten-
ial domains explored (Fig. 10A). In pH 1.2 solution, the two
aves observed in pH 3 and 4.7 media undergo a displacement

n the positive potential direction and are split; however, the
ombined peak current intensities remain roughly constant and
qual to the intensity of the corresponding original wave at pH 3,
or example. The same phenomenon continues at pH 0.3, with a
lightly larger splitting and a further move of the whole pattern in
he positive potential direction. The behaviour of the first wave

s a function of the pH of the solution is shown more clearly in
ig. 10B. Controlled potential coulometry indicates that each of

he two waves observed at pH 4.7 or pH 3 corresponds to the
onsumption of 8 faradays per mole of heteropolyanion. Partic-
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Fig. 10. Evolution of the cyclic voltammograms of P8W48 as a function of the composition of the supporting electrolyte. Scan rate: 10 mV s−1. (A) 5 × 10−4 M
P8W48 in various pH solutions: pH 4.7: (0.1 M CH3COOLi/CH3COOH + 1M LiCl); pH 3: (H2SO4 + 0.069M PHP + 0.5M Li2SO4); pH 1.2: (H2SO4 + 0.5M Li2SO4);
pH 0.3: (0.5M H2SO4). (B) 10−4 M P8W48 in various pH solutions; the study is restricted to the first wave obtained at pH 5 and to its evolution at lower pH values;
pH 4 and 5: (0.1M CH3COOLi/CH3COOH + 1M LiCl); pH 3: (H2SO4 + 0.069M PHP + 0.5M Li2SO4); pH 1.2: (H2SO4 + 0.5M Li2SO4); pH 0.3: (0.5M H2SO4). (C
and D) Evolution, as probed by cyclic voltammetry, of the catalytic reduction of nitrite observed on the first 8-electron system of 10−4 M P8W48. Scan rate: 2 mV s−1.
( ◦ ◦ med
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C) Evolution as a function of the excess parameter γ = C
NO2

−/CHPA in a pH 4

H for a constant excess parameter γ = 200. Electrolyte compositions are the s
urther details, see text (taken from Ref. [36]).

lar attention was paid to the first wave at several pH values, in
nticipation of its involvement in some catalysis studies. Typ-
cally, at pH 1.2, coulometry was carried out on the combined
plit first wave. The measured consumption was 8.04 faradays

er mole of heteropolyanion. After exhaustive electrolysis on
his wave, the reduced solution could be reoxidized quantita-
ively to the initial state at 0 V versus SCE. Detailed discussion
an be found in the original paper [36].

γ

o
l
t

ium (0.1M CH3COOLi/CH3COOH + 1M LiCl). (D) Evolution as a function of

s those of Fig. 2D. The curve with γ = 0 pH 4.7 is added for comparison. For

Fig. 10C shows representative cyclic voltammograms
btained when increasing concentrations of nitrite are intro-
uced in a pH 4 solution of P8W48. The ratio of the concen-
ration of nitrite to that of the heteropolyanion is designated by

= c◦

NO2
−/c◦

HPA. At this pH, the first 8-electron reduction wave
f the oxometalate is not split and the catalytic process is high-
ighted by the gradual enhancement of the current intensity and
he vanishing of the reoxidation trace. For fairly high γ val-
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Fig. 11. Cyclic voltammogram restricted to the three first waves of a 5 × 10−4 M
solution of �2-P2W15Mo2Cu in 0.2 M Na2SO4 + H2SO4 (pH 3); scan rate:
2 mV s−1; working electrode: glassy carbon. (A) Before and (B) after addi-
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es, the catalytic wave becomes polarogram-shaped, with the
everse scan current tending to retrace very closely the forward
can current. Correlatively, the plateau current is independent
rom the scan rate as expected. Fig. 10D displays as a func-
ion of pH, the cyclic voltammograms obtained with a constant
alue of γ = 200. The catalyst wave at γ = 0 is added for the sake
f comparison. The same general behaviours are observed as
t pH 4; however, several details are worth noting. The first 8-
lectron wave of the oxometalate splits for pH < 3 (vide supra)
nd the catalysis study is then concerned with the whole com-
osite wave. The catalytic pattern moves in the positive potential
irection when the pH decreases. It is worth emphasising that
he catalytic process proceeds without the presence of a specific
ransition metal centre to complex the species to be catalyzed.
s another step in this study, the problem arises of the identity of

he catalyzed species (vide supra). For a direct verification, pure
O was bubbled into a pH 1.2 solution of P8W48. The solubility
f NO puts the value of γ at 20. The original reduction pattern of
he catalyst is fully restored upon bubbling argon through the NO
aturated solution. Even ignoring the slowness of the dispropor-
ionation process of nitrite, the observations designate HNO2 as
he main species participating in the catalytic reduction of nitrite
n this pH domain. However it was found that the catalytic cur-
ent in the presence of NO might become strikingly large. In
act, the authors discovered that the catalytic reduction of NO
s strongly enhanced by trace amounts of dioxygen in fairly
cidic media. Saturation of NO into a pH 1.2/P8W48/air solu-
ion gives a catalytic wave, which exceeds by far that observed
or NO2

− with γ = 200, in the absence of dioxygen. Such obser-
ations prompted to study a mixture of nitrite and nitric oxide.

strongly enhanced catalytic wave was obtained compared to
hose of individual chemicals. Numerous reactions and equilib-
ia among the NOx [74] in the gas phase and in solution, demand
careful examination before deciding possible species partici-
ating in the catalytic processes. Provisionally, it is worth noting
hat the reaction of NO with molecular dioxygen ends up rapidly
n the formation of HNO2 in solution [74]. Also, the possibility
hat the reduction of dioxygen is actually being catalyzed is not
learly supported by experimental observations.

Finally, a short comparison with [P2Mo18O62]6− [10] or
P2V2W16O62]8− [28] is in order. From the standpoint of reduc-
ion potential, P8W48, might not seem the best oxometalate for
he electrocatalytic reduction of the NOx. Such a conclusion

ight be misleading because a much larger number of electrons
s involved at this reduction potential, thus giving the possibility
o obtain more highly reduced products than N2O.

.2. The nature of transition metal center substituent is
seful to drive some specific electrocatalytic processes

The first examples of electrocatalytic reduction of nitrate by
educed POMs were obtained with Cu- or Ni-substituted POMs
75]. Specifically, �2-P2W15Mo2Cu was chosen as a represen-

ative example to be described in detail.

In its cyclic voltammogram in plain pH 3 electrolyte,
ig. 11A, the copper reduction wave is followed by a third
eversible wave attributed to the redox process of the W centres

c
a
p
s

ion of increasing amounts of nitrate; the excess parameter γ = C◦
NO3

−/C◦
HPA

s indicated on the figure. For further details, see text (taken from Ref. [75]).

14,76]. In the presence of increasing concentrations of nitrate,
ig. 11B shows a gradual increase of the reduction current just
ast the copper reduction wave. Concomitantly, the reversibil-
ty of the third wave is suppressed even for small values of
he excess parameter γ (γ = C◦

NO3
−/C◦

HPA). These observations
emonstrate the efficient catalysis of nitrate reduction during the
eduction of �2-P2W15Mo2Cu. It is known that the reduction of
itrate on solid electrodes, including glassy carbon, is a diffi-
ult process. Here, it was checked and Fig. 11B shows that no

ppreciable reduction of nitrate occurs down to −1.0 V in the
H 3 electrolyte in the absence of �2-P2W15Mo2Cu. The neces-
ity of copper was easily assessed by carrying out the same
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Fig. 12. Cyclic voltammograms of a 2 × 10−4 M solution of �2-P2W15Mo2Ni
in 0.2 M Na2SO4 + H2SO4 (pH 3) showing its catalytic activity in the presence
of nitrate; scan rate: 2 mV s−1; working electrode: glassy carbon. (A) the excess
parameter γ = C◦

NO3
−/C◦

HPA is indicated on each curve. (B) The catalytic activi-
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xperiments with �2-P2W15Mo2� (the symbol � represents
he vacancy in the lacunary species) and �2-P2W15Mo3. With
hese two heteropolyanions, no catalysis of the nitrate reduc-
ion was observed, even with γ as large as 1000 and potential
imits as negative as −0.930 and −0.910 V for the two com-
ounds, respectively, compared to the much less negative limit
f −0.560 V for �2-P2W15Mo2Cu.

The possible ligand effects were studied by considering the
tomic composition of the ligands and the location of the cop-
er centre in the heteropolyanion framework. The following
eteropolyanions, were selected: �1- and �2-P2W17M, �1- and
2-P2W12Mo5M, �2-P2W17Mo2M and �2-P2W13Mo4M (with

representing any substituent metal center, and, here, specifi-
ally Cu2+). The presence of Mo is chosen on purpose [77–80].
rom the analysis of the results, it came out that the catalytic
roperties towards the reduction of nitrate are enhanced by the
resence of Mo atoms in the framework. Detailed account of
he experiments can be found in the original paper [75]. Vari-
us parameters, including the amount of deposited copper, the
egree of mixing up of the copper wave with that of another
edox center, Mo or W, the morphology of the electroplated film
nd pH effects were also considered.

However, the following remark, which might limit the impor-
ance of these results, made it necessary to compare the
ehaviours of Cu- and other metal ion-substituted heteropolyan-
ons. As a matter of fact, it can be argued that the foregoing
bservations replicate merely the catalytic properties known for
opper, or eventually of molybdenum, in the electrocatalytic
eduction of nitrate ion [77–82].

This comparison was carried out by selecting an extensive
eries of substituted compounds. Focus is placed more specif-
cally on �2-P2W15Mo2M derivatives (where M = VIV, MnII,
eIII, CoII, NiII, CuII, ZnII and) and fully tungstic frameworks,
1- and �2-P2W17M (M = CoII, NiII and CuII). As previously,

he potential scan was restricted to the domain in which the catal-
sis of proton reduction by heteropolyanions does not occur yet.
mong the substituent metal ions, only FeIII and CuII centres
ithin the heteropolyanions are reduced in this potential domain.
Fig. 12A shows the catalytic reduction of nitrate by �2-

2W15Mo2Ni in a potential regime where no such activity is
bserved on glassy carbon electrode in its absence. The poten-
ial location is clearly more negative than obtained with �2-
2W15Mo2Cu; the current intensity is also smaller, even though

his parameter should be considered with caution, owing to the
ossibility of electrode surface area modification upon deposi-
ion of copper. A final point of concern will be the comparison
f the nature of the product(s) resulting from the two catalytic
rocesses. The comparison in Fig. 12B of two Ni-substituted het-
ropolyanions is more straightforward than for Cu-substituted
olecules, because no deposition process is involved in the

lectrochemistry of the former. This comparison indicates that
he catalytic current for nitrate reduction is the larger with the

o-containing HPA. Here again, it must be reminded that Mo

toms are in the reduced state and might show a catalytic activity
owards the reduction of NO2

−, if this anion happens to be an
ntermediate in the catalytic reduction of nitrate, as in the case
f Cu-substituted heteropolyanions.

M
m
n
E

ies of �2-P2W15Mo2Ni and �2-P2W17Ni are compared for γ = 1000. For further
etails, see text (taken from Ref. [75]).

Following these first examples, several confirmations were
btained [75,83–85].

Finally, attempts at catalyzing the reduction of nitrate were
erformed with all the other heteropolyanions cited above.
ll the results indicate that these oxometalates are not effi-

ient, at least in the potential domain explored. The cases
f �2-P2W15Mo2M, �1- and �2-P2W17M derivatives (where
= FeIII) deserves particular attention as they indicate that these
olecules are not efficient in the electrocatalytic reduction of

itrate. Such an observation complies with the literature where
pstein et al. had shown that efficient oxidation of Fe2+ by nitrate
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ig. 13. Ball and stick (left) and polyhedral (right) representations of [Fe6(OH
black), germanium (blue) and oxygen (red) (taken from Ref. [87]).

ecessitates a catalyst [86]. However, it was discovered recently
hat the Keggin dimer, [Fe6(OH)3(A-�-GeW9O34(OH)3)2]11−
abbreviated as Fe6Ge2W18), with the structure shown in Fig. 13,
resents important catalytic activity toward the reduction of
itrate [87]. Fig. 14 indicates that this activity was observed
eadily when the first W-reduction processes were reached. Fur-
hermore, the potential domain where this electrocatalysis was
btained is comparable with those of the best HPA-based elec-
roacatalysts [85]. Owing to the slightly positive location of
he W-wave of Fe6Ge2W18 relative, for example, to that of
Ni4Mn2P3W24O94]17− [85], the electrocatalytic reduction of
itrate at pH 3 begins roughly 100 mV positive in the case of
he former complex. Comparison of the nitrite and nitrate elec-
rocatalysis patterns is enlightening: insofar as nitrite and NO
re known to appear as intermediates in the reduction of nitrate
n various metals, the potential locations of the correspond-
ng waves would suggest that highly reduced species should be
btained in the electrocatalytic reduction of nitrate in the pres-
nce of Fe6Ge2W18. Provisionally, the remarkable activity of
e6Ge2W18 in the electrocatalytic reduction of nitrate is worth
mphasizing as it constitutes the first example, to our knowledge,
n which such an efficiency is demonstrated for a Fe-containing
PA.

.2.1. Concluding remarks
The results described in this sub-section reveal unambigu-

usly the importance of the nature of the substituents within the
OM framework. Possibly, the location of this substituent or
heir relative arrangement in case of multiple substitution, should
lso be taken into account. The example of Ni-substituted POMs
ithin which no electroactivity was detected for the substituent

s remarkably enlightening in this respect.

t
c
F
w

�-GeW9O34(OH)3)2]11−. The color code is as follows: iron (green), tungsten

.3. The number of substituents within the POM framework
ight influence the catalysis intensity

Separation of the influences of the nature of substituent(s)
rom that of their number is made for clarity, even though they
ight mix intimately in several cases. For example, it was

ound recently [88], that the dimeric pentacopper(II)-substituted
ungstosilicate [Cu5(OH)4(H2O)2(A-�-SiW9O33)2]10− cataly-
es the reduction of nitrogen protoxide (N2O). This is probably,
he first report of catalysis of this reduction by a POM. In this
xample and in several others, the nature and the number of
ubstituents might intervene in concert. Keeping specifically
rst with Cu-substituted POMs, the comparison between the
atalytic activities of monosubstituted derivatives with those
f sandwich-type complexes had demonstrated the favourable
ffect of the accumulation of Cu-centers within the same
olecule in the electrocatalytic reduction of nitrate [83,84].
nalogous conclusions were reached in the comparison of

he efficiencies of Ni-multi-substituted POMs with Ni2+-
onosubstituted POMs [85] or Fe3+-sandwich-type POMs
ith Fe3+-monosubstituted POMs in other reaction processes

87,89].
A particularly striking example is offered by the electro-

atalytic behaviours of a new Cu2+-multi-substituted POM
90], containing twenty Cu atoms, [Cu20Cl(OH)24(H2O)12
P8W48O184)]25− (Cu20P8W48). To our knowledge, this polyan-
on contains the largest number of 3d transition metal cen-
ers among reported polyoxotungstates. This molecule is syn-

hesised from K28Li5H7P8W48O184·92H2O (P8W48) and both
ompounds were checked to be stable in a large pH domain.
ig. 15 shows the structure of Cu20P8W48. Its electrochemistry
as studied in detail [90].
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Fig. 14. Cyclic voltammograms in a 2 × 10−4 M solution of 1a in pH 3 media;
working electrode: glassy carbon; reference electrode: SCE. (A) pH 3 sulfate
medium (0.2 M Na2SO4 + H2SO4); superposition of the CVs restricted to the
Fe-wave (dotted line) and to the Fe-wave and the first W-redox processes (contin-
uous line), respectively; scan rate: 10 mV s−1. (B) pH 3 acetate medium (0.4 M
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H3COONa + ClCH2COOH); superposition of the CVs run in the presence of
× 10−3 M NO2

− and 2 × 10−1 M NO3
−, respectively; scan rate: 2 mV s−1

taken from Ref. [87]).

The polyanion Cu20P8W48 was tested, at pH 0 and 5, for
ts activity in the reduction of nitrate and the intermediate or
nal products thereof, namely NO2

−, HNO2 or NO. How-
ver, only the observations made at pH 5 were described in
etail, a medium in which POM-based catalysts are more diffi-
ult to obtain than in more acidic solutions. Fig. 16A shows
he CVs recorded in the absence and the presence of dif-
erent concentrations of nitrate. The current is observed to
ncrease readily at the potential location of the first W-wave
ith increasing nitrate concentration, even for small values of

he excess parameter γ (γ is the excess parameter defined here
s γ = C◦

NOx
/C◦

Cu20P8W48
). Concomitantly and beginning from

he same small γ values, the W-waves loose their chemical
eversibility. For example, the catalytic efficiency CAT varies

rom 176 to 1088% when γ increases from γ = 10–60. CAT is
efined as CAT = 100 × [I(HPA+NO3

−) − Id
(HPA)]/I

d
(HPA) where

(HPA+NO3
−) represents the reduction peak current observed for

he heteropolyanion (HPA) in the presence of nitrate and Id
(HPA)

v
F
p
f

ig. 15. Combined polyhedral/ball-and-stick representation of Cu20P8W48. The
O6 octahedra are in red, and the PO4 tetrahedra are yellow, Cu is turquoise

nd Cl is violet (taken from Ref. [90]).

s the corresponding reduction peak current for the HPA alone.
rovisionally, it is worth noting that the tests carried out at pH
show also a large catalytic efficiency for the nitrate reduction
ith catalytic current intensities larger than those obtained at pH
, in-line with the dependence of this process on pH. In the two
edia studied, no direct reduction of nitrate anions on the glassy

arbon electrode is observed in the potential domains explored
nd in the absence of HPA. Using the same conditions, also the
igand P8W48 shows no activity towards this reaction. As a con-
equence, the presence of copper ions appears to be of utmost
mportance for observing this catalysis.

The activity of Cu20P8W48 for reductions of NO2
−, HNO2

nd/or NO was also tested as these species are probable interme-
iates in nitrate reduction. In addition, another aim was to check
he influence of the Cu2+ presence, as the pure lacunary lig-
nd P8W48 had been shown to catalyse the reduction of NO2

−,
NO2 and NO [36]. Fig. 16B shows the example of nitrite reduc-

ion catalysis by Cu20P8W48 at pH 5. This catalysis appears at
he potential location of the Cu2+/Cu+ couple. At pH 0, we have
lso established that HNO2 and NO (vide supra for the behaviour
f NaNO2 in this medium) are efficiently reduced in the presence
f Cu20P8W48 at the reduction potential of Cu2+.

Specifically, comparison of Cu20P8W48 and [Cu4(H2O)2
P2W15O56)2]16− (Cu4P4W30) is interesting because a twofold
im is achieved with the former complex. As a matter of fact,
oth the numbers of Cu2+ centers and those of W-centers were
onsiderably increased compared to the corresponding ones in
u4P4W30. This situation illustrates and justifies the pursued
im to enhance most electrocatalytic processes through inter-

ention of as many as possible fast multi-electron redox couples.
or example, in the comparison of Cu20P8W48 and Cu4P4W30 at
H 5, the number of electrons for W-waves reduction increases
rom 4 to 8 and that of Cu2+/Cu+ couple from 4 to 20. For nitrate
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Fig. 16. (A) Cyclic voltammograms (scan rate: 2 mV s−1) for the electrocat-
alytic reduction of nitrate with a 4 × 10−5 M solution of Cu20P8W48 in a pH
5 medium (1 M CH3COOLi + CH3COOH). (B) Cyclic voltammograms (scan
r −1 −5
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ate: 2 mV s ) for the electrocatalytic reduction of nitrite with a 4 × 10 M
olution of Cu20P8W48 in a pH 5 medium (1 M CH3COOLi + CH3COOH). The
xcess parameter is defined as γ = C◦

NOx
/C◦

Cu20P8W48
(taken from Ref. [90]).

eduction at pH 5, it was found that, in the same experimental
onditions and taking into account the number of Cu2+ centers,
u20P8W48 is, for instance, roughly 2.5 times more efficient than
u4P4W30 at −0.85 V. At this pH, a potential improvement of

oughly 200 mV was observed for the catalytic process, because
u2+ and the catalytically active W-waves are located at more
ositive potentials in the former complex. The same compari-
on could not be carried out at pH 0, because Cu4P4W30 is not
table in this medium, a feature which constitutes an additional
dvantage of the supermolecular Cu20P8W48 complex.

As concerns nitrite at pH 5, the difference in catalytic effi-
iencies is still more pronounced: in the same experimental
onditions and taking into account the number of Cu2+ cen-
ers within each complex, Cu20P8W48 is, for example, 3.5 times
ore efficient than Cu4P4W30 at −0.19 V. The efficiency, at pH

, of the pure ligand P8W48 is negligible between 0 and −0.2 V, a

omain in which the presence of Cu2+ makes Cu20P8W48 show
n important catalytic activity. In contrast, the catalysis with the
ure ligand is triggered by the W reduction wave located at a
uch negative potential, at −0.680 V. As a last issue of interest,
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t should be pointed out that a catalytic effect could be observed
ith the simple (4 × 10−5 M P8W48 and 8 × 10−4 M CuSO4)
ixture. However, for example, in the same measurement con-

itions, the catalytic efficiency CAT for nitrite reduction by this
ixture is 3–11 times smaller than the corresponding value

etermined for the molecule Cu20P8W48 itself when the pH
aries from 5 to 0.

.3.1. Concluding remark
Finally, it becomes clear that accumulation within the present

olyoxometalates of active Cu2+ centers is associated with an
nhancement of the catalytic properties of this atom, with the
upplementary advantage to fabricate highly reduced species
ith the electrons accumulated in the reduced W framework of

he heteropolyanion.

. Additivity and/or cooperativity of the influences of
ifferent metallic centers within the POM framework

This section addresses the observed interactions between two
r several metallic centers within POMs, resulting in an overall
nfluence on the homogeneous catalysis of electrode reactions.
or clarity and convenience, a distinction is established between
OMs substituted in their skeleton by one transition metal center
r several such centers and sandwich-type POMs in which the
ubstitution is envisioned in the central metal core.

.1. Substituted POMs

.1.1. Cooperativity of Mo- and Cu-centers within POM
keleton for the electrocatalytic reduction of dioxygen and
ydrogen peroxide

The electrochemistry of �2-P2W15Mo2Cu is useful in this
ection and the following one. Fig. 17A shows the part of its
yclic voltammetric pattern of interest in this work. The first two
eduction waves were attributed to molybdenum and to copper,
espectively [76]. The large desorptive oxidation wave observed
uring the reoxidation scan features an overlap of the oxidation
f the deposited copper with the reoxidation wave of Mo cen-
res. Spectroelectrochemistry experiments at several potentials
ere useful to help in confirming the attribution of waves. The

lectrolysis performed at the peak potential of the first wave,
−0.097 V versus SCE) is complete after the consumption of
.1 electrons per molecule [76]. The absorbance of the solu-
ion no longer changes upon continuation of the electrolysis at

0.176 V versus SCE. It came out that the two-electron reduc-
ion of Mo centres in this potential domain is complete before
hat of the CuII centre, except for some 5% reduction of the
atter. At a more negative potential, roughly two supplementary
lectrons are used for the reduction of Cu2+ into Cu0. The third
ave (not shown) features the reduction of WVI centres.
The main features of the dioxygen electrocatalytic reduction

n the presence of �2-P2W15Mo2Cu are illustrated in Fig. 17B

y a selection of cyclic voltammograms [91]. The direct reduc-
ion of dioxygen on the glassy carbon surface is observed at a
airly negative potential. In contrast, its electrocatalysis occurs
eadily in the potential domain which was demonstrated previ-
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Fig. 17. Cyclic voltammograms (scan rate: 2 mV s−1) observed in 0.2 M
Na2SO4 + H2SO4 (pH 3); working electrode: glassy carbon. (A) 10−4 M �2-
P2W15Mo2Cu. The choice of the reversal potentials helps to distinguish the
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P2W15Mo2�, where the symbol � represents the vacancy. It
is worth noting that the Mo centres are reduced at the same
potential in both the lacunary and the Cu-substituted complexes.
The lacunary heteropolyanion develops no dioxygen reduction

Fig. 18. Cyclic voltammograms (scan rate: 2 mV s−1) observed in 0.2 M
Na SO + H SO (pH 3); working electrode: glassy carbon. (A) Comparison of
arious steps. (B) dioxygen alone and 10−4 M �2-P2W15Mo2Cu in the presence
f different concentrations of dioxygen. For further details, see text (taken from
ef. [91]).

usly to correspond mainly to the reduction of Mo centres. It
s worth emphasizing that the voltammetric pattern indicates no
bvious deposition of copper in this domain. Qualitatively, the
fficiency of the catalysis is already revealed even for an excess
arameter ((γ = C◦

O2
/C◦

HPA)) as low as γ = 2. The catalytic effi-
iency CAT is a useful parameter and is defined as follows:
AT = 100 × [I(HPA+O2) − Id

(HPA)]/I
d
(HPA) where I(HPA+O2) is

he peak current for reduction of the heteropolyanion (HPA) in
he presence of O2 and Id

(HPA) is the corresponding diffusion
eak current for the HPA alone. For γ = 10, CAT calculated at
0.060 V is 2.5 times larger than for γ = 2. Whatever the value

f γ , the polarogram shape of the cyclic voltammogram at low
can rates must be noted. Also worth of notice is the observation
hat the plateau current for these polarograms at fixed γ value
oes not depend on the scan rate. These details facilitate the eval-
ation of the overall rate constant of the catalytic process [92]
hich is found to be: k = 2.1 × 103 M−1 s−1. After completion of

he dioxygen reduction experiments, the initial voltammogram
nder argon was routinely restored by bubbling the inert gas

hrough the solution. This result is taken as an indication that no
rreversible complex was formed between dioxygen and the oxi-
ized HPA. At slow scan rate, the electrocatalytic activity is also
bserved on the other waves beyond the first one. A correct com-
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arison with the activity of a solution of pure copper sulphate
s plagued or, at least, made difficult by several parameters: the
ifference in diffusion coefficient between the HPA and Cu2+;
ome deposition of copper modifying the electrode surface area;
he potential at which the catalysis begins, etc. Nonetheless, even
gnoring these shortcomings, the catalytic efficiency of the HPA
as found to remain better than that of Cu2+ alone. Two comple-
entary results must be noted: (i) pH effects were studied; (ii)

ydrogen peroxide was found to be reduced in the same potential
omain as dioxygen; (iii) water was demonstrated to be the final
roduct of the reduction of dioxygen in the present conditions.

The closeness of the reduction potentials of Mo and Cu cen-
res within the molecule of �2-P2W15Mo2Cu at most pH values,
here the catalysis occurs, raises the question of the actual

ole of each particular atom in the electrocatalytic reduction
f dioxygen. Various parameters of the system were studied
o clarify the situation. In Fig. 18A are compared the catalytic
ctivities of �2-P2W15Mo2Cu and its lacunary precursor �2-
2 4 2 4

he behaviours of 10−4 M �2-P2W15Mo2 and 10−4 M �2-P2W15Mo2Cu in the
bsence and in the presence of dioxygen. For further details, see text. (B) Com-
arison of the behaviours of 10−4 M �2-P2W17Cu and 10−4 M �2-P2W15Mo2Cu
n the presence of dioxygen. For further details, see text (taken from Ref. [91]).
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atalysis in the potential domain of reduction of Mo moieties.
ndeed, a catalytic effect is seen to start at the substantially more
egative potential corresponding to the first reduction wave of

centres. Provisionally, it is worth noting that such catalysis
f the dioxygen reduction on the W waves is encountered in
ost of the heteropolyanions studied to-date. Keeping specif-

cally with the Mo atom, it was found also that the first wave
f �2-P2W15Mo3 does not show any catalytic activity toward
ioxygen, even though sufficiently energetic electrons are avail-
ble. It must be concluded, at the very least, that the Mo centres
lone within �2-P2W15Mo2Cu are not the loci of the observed
atalysis process.

�2-P2W17Cu was selected to test and compare the catalytic
bility of another closely related Cu-containing heteropolyan-
on in the dioxygen electrocatalytic reduction. Its electrochem-
stry at pH 3 was studied previously [76]. Its first wave was
bserved at a more negative potential than the Mo-wave of
2-P2W15Mo2Cu. Copper deposition during the first reduction
ave of �2-P2W17Cu was revealed by the characteristic strip-
ing oxidation wave on potential reversal [76]. In this compound,
he first W wave was shown to overlap partly with the copper
ave. Spectroelectrochemistry studies indicated, however, that

he two-electron reduction of Cu2+ is complete before any sig-
ificant reduction of W moieties.

In the present work, the electrocatalytic dioxygen reduction
y reduced �2-P2W17Cu is indeed observed (not shown). In
ontrast with the case of �2-P2W15Mo2Cu, the catalytic wave
urrent intensity depends on the scan rate. The characteristic
tripping oxidation wave of the copper deposited during the
athodic processes diminishes drastically upon increase of the
values. All these observations together point to a prominent

ole of the copper centre within �2-P2W17Cu in the catalytic
eduction of dioxygen, albeit at a substantially more negative
otential than observed with �2-P2W15Mo2Cu.

Fig. 18B compares the currents of the catalytic waves
btained in identical experimental conditions with �2-
2W15Mo2Cu and �2-P2W17Cu, respectively. The electrocat-
lytic process is less favourable with the latter complex, in which
he catalysis can be admitted to be triggered essentially by the Cu
enter. In other words, no synergism could be observed between
he W and Cu influences in the explored potential domain.
n contrast, this result, associated with the lack of “intrinsic”
ctivity of Mo centers, highlights the cooperativity between Mo
nd Cu centres within �2-P2W15Mo2Cu in the electrocatalytic
ioxygen reduction.

The question arises as to the actual sequence of events that
nd up in the reduction of dioxygen into water. Several obser-
ations are worth mentioning provisionally. The reoxidation of
educed POMs by dioxygen after the catalytic processes in which
hey participate is a popular practice. Its mechanism was gen-
rally and indistinctly explained to go through an intermediate
dduct formation accompanied by inner sphere electron trans-
ers [93]. This and related processes have received further insight

ecently. Duncan and Hill [94a] established clearly that simple
uter sphere electron transfer might be the actual pathway in the
ase of unsubstituted POMs; in the case of vanadium-substituted
erivatives, the conclusion was less clear-cut. The work of Dun-
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an and Hill with isotopic labels does establish that POM oxy-
ens are lost during POM reduction and subsequent reduction
f O2 (reduced POM re-oxidation). In addition, Neumann et al.
howed that the some molybdates do lose oxygens upon reduc-
ion and these are replenished by other oxygen sources upon
eoxidation, thus following a Mars van Krevelen-type mech-
nism [94b]. The present results should be considered in the
ramework of metal ion-substituted complexes. In other words,
he reasoning should parallel those used in the dioxygen elec-
roreduction by copper-containing organometallic complexes.
n these examples, “Cu(I)-O2” constitutes the favourite inter-
ediate [95]. Here, the proximity of the reduction potentials of
o and Cu2+ centres within �2-P2W15Mo2Cu at appropriately

elected pH values suggests strongly that such a mechanism
ould be operative. Furthermore, the efficiency of the cataly-
is would indicate that the reduction potential of the adduct is
ery close to or even more positive than that of Mo centres.
entatively, mixed acceptor orbitals containing both Mo and Cu
ontributions can be suggested to exist.

Finally, the possibility that a specificity of the Mo/Cu associa-
ion exists to favour the observed cooperativity should be consid-
red. Even though the present results were obtained in homo-
eneous conditions, a parallel can be, tentatively, made with
he case of catalytic solid electrodes prepared for the reduction
f dioxygen into water: specifically, (Ru1−xMox)ySeOz layers
ontaining very small amounts of Mo realise the four-electron
eduction of dioxygen in acidic media [96]. The presence of Mo
as demonstrated to be required to favour the catalytic process.
he mechanistic assumption which guided to the synthesis and
tudy of such layers is that oxygen is adsorbed by Mo due to
ts higher interaction energy among the surface atoms, but the
lectrocatalysis must occur at the ruthenium. Such cooperativity
an be considered as a successful operational hypothesis.

.1.2. Facilitation of NOx reduction by the presence of
olybdenum in Fe- or Cu-substituted heteropolytungstates
Several Fe- and Cu-containing Wells–Dawson type tung-

odiphosphates substituted by two, four or five Mo atoms
re studied by cyclic voltammetry at pH 3 and 5. The
ollowing heteropolyanions were selected and synthesised
13b,97]: �2-K8[Cu(OH2)P2W15Mo2O61] (abbreviated as
2-P2W15Mo2Cu) and �2-K7[Fe(OH2)P2W15Mo2O61] (abbre-
iated as �2-P2W15Mo2Fe) and �2-K7[Fe(OH2)P2W12
o5O61] (abbreviated as �2-P2W12Mo5Fe) and �2-K7

Fe(OH2)P2W13Mo4O61] (abbreviated as �2-P2W13Mo4Fe);
1 and �2-K8[Cu(OH2)P2W12Mo5O61] (abbreviated as �1-
nd �2-P2W12Mo5Cu) and �2-K8[Cu(OH2)P2W13Mo4O61]
abbreviated as �2-P2W13Mo4Cu). Their main electrochemical
haracteristics are gathered on Table 6. This electrochemistry
as found to depend critically on the pH of the supporting

lectrolyte, on the number of molybdenum atoms in the POM
keleton and on the location of the Fe- or Cu-substituent in this
ramework. For example, in a pH 3 medium the first wave of

2-P2W15Mo2Fe features an overall three electron process, in
ontrast with the well-separated Fe-centered and W-centered
rocesses in �2-P2W17Fe. In the same medium, the first Mo-
ave is observed at a fairly positive potential and precedes the
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Table 6
Main reduction peak potentials at pH 3 and 5 for the (Fe or Cu)-substituted
molybdo-tungstodiphosphates studied in this work

Heteropolyanion pH −Epc (mV)

Mo wave Fe or Cu wave First W wave

�2P2W13Mo4Fe 3 −176 68 320
�2P2W13Mo4Fe 5 −46 234 482
�2P2W12Mo5Fe 3 −158 48 208
�2P2W12Mo5Fe 5 −34 242 360
�2P2W15Mo2Cu 3 66 180 476
�2P2W13Mo4Cu 3 −144 174 318
�2P2W12Mo5Cu 3 −116 198a –
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Fig. 19. Cyclic voltammograms observed for 2 × 10−4 M solution of Cu-
substituted POMs and showing their catalytic activity in the presence of nitrite;
scan rate: 2 mV s−1. The formula of the copper salt, the abbreviated formula
of the oxometalate and the pH of the solution are indicated on the figures. (A)
Comparison of cyclic voltammograms of �2-P2W15Mo2Cu in the absence and
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otential values were culled from the cyclic voltammograms run at a scan rate
f 2 mV s−1. Reference electrode: SCE (taken from Ref. [97]).
a Merging of the Cu and W waves.

e-centered wave for �2-P2W13Mo4Fe and �2-P2W12Mo5Fe.
n the evaluation of these POMs in the electrocatalytic reduction
f nitrite, a nitrosyl complex is formed in a first step. A further
eduction of this complex is obtained readily in the cases
f �1-P2W17Fe and �2-P2W15Mo2Fe. Provisionally, it must
e noted that the Fe- and the first W-process are fairly well
erged for �1-P2W17Fe in this medium. The better efficiency

f �2-P2W15Mo2Fe is expressed through a more positive
eak potential for the relevant wave and a larger peak current
ntensity.

For �2-P2W13Mo4Fe and �2-P2W12Mo5Fe in which the pos-
ibility of merging of waves is now lost, no appreciable catalytic
ctivity towards nitrite was observed at the potential of the well
eparated Mo-wave. The catalytic process is actually observed
o start just past the peak potential of the third wave. This
nefficiency was associated, at least in part, with the loss in
ooperativity between Mo and Fe centres within the molecule.
n any case, the potential locations indicate that �1-P2W17Fe
nd �2-P2W15Mo2Fe are better catalysts than �2-P2W13Mo4Fe
nd �2-P2W12Mo5Fe at pH 3, probably owing to the merging
ossibilities of their relevant waves in the former complexes.

Closely related phenomena were observed in the elec-
rocatalytic reduction of nitrite and nitrate by reduced �2-
2W15Mo2Cu [13b,97]. The first wave for this molecule was
hown to feature the reduction of the Mo centres in this molecule,
ithout any interference from the reduction of the Cu: such
conclusion stems from preparative scale electrolysis coupled
ith UV–visible spectroscopy. Fig. 19 describes the phenomena

or nitrite reduction at pH 3. In this figure, the curve for γ = 0
hows no deposition of copper in the potential domain explored,
n agreement with known results. Several verifications were car-
ied out. It was checked that copper deposition from CuSO4
olutions commences in the same potential domain and in the
bsence of nitrite. It was also confirmed that copper electrode-
osited from a CuSO4 solution reduces nitrite. Turning to the
urves for γ = 10, it is observed in Fig. 19 that the catalytic
eduction of nitrite starts readily on the first reduction wave

f �2-P2W15Mo2Cu. Then, the interference of copper in this
rocess, if any, is not obvious, and one must look for comple-
entary experimental indications. An interesting observation
as made in the following way: the potential domain for the

o
P
c
p

resence of an excess γ = 10 of nitrite. (B) Comparison of the catalytic activities
f �2-P2W17Cu and �2-P2W15Mo2Cu in the presence of an excess γ = 100 of
itrite. For further details, see text (taken from Ref. [97]).

tudy of the catalysis by �2-P2W15Mo2Cu was extended so that
large electrodeposition of copper could be expected. Then,

or γ = 10 an important decrease in the copper reoxidation wave
fter the catalytic process was observed. This copper reoxidation
ave vanishes completely when γ is further increased. Further-
ore, the value of current intensity in the potential domain

xplored in Fig. 17 shows that no appreciable electrode sur-
ace area increase can be invoked. Complementary comparison
as carried out with �2-P2W15Mo3. Despite a larger number

f Mo atoms in the skeleton of this HPA compared to �2-
2W15Mo2Cu, the first several waves of P2W15Mo3 are hardly
atalytic towards nitrite. Furthermore, irrespective of stability
roblems, �2-P2W15Mo2� appeared as the weakest catalyst (the
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ymbol � represents the vacancy in the lacunary species). All
hese observations together were traced to the two following rea-
ons: the charge consumed during the cathodic scan is shared
or the reduction of the Mo and Cu centres; Cu participates as
redox reagent in the reduction of nitrite. Finally, an interac-

ion between copper and nitrite can be hypothesized to explain
he observed phenomena, even though no direct experimental
vidence for the reduction of copper was obtained. In short,
uch a behaviour would suggest a beneficial cooperation of the
opper and molybdenum centres in �2-P2W15Mo2Cu. These
bservations underscore the favourable role of the presence of
opper in the molecule. Finally, Fig. 19B compares the catalytic
ctivities toward the reduction of nitrite of �2-P2W17Cu and �2-
2W15Mo2Cu. The superiority of the Mo derivative does not call
or further comments.

.2. Sandwich-type POMs

There are five major families of sandwich POMs, four of
hich are derived from trivacant Keggin structures. In the

ollowing, illustrations are carried out mainly with members
f the fifth family, consisting of the Wells–Dawson-derived
tructures. These complexes are composed of a central M4O16
nit encapsulated by two B-�-[X2W15O56]12− (X = PV or
sV) trivacant POMs. The selected POMs include ����-
a12(FeIIIOH2)2(FeIII)2(As2W15O56)2 (Fe4As4), ����-Na12

FeIIIOH2)2(FeIII)2(P2W15O56)2 (Fe4P4), ����-Na16
NaOH2)2(FeIII)2(X2W15O56)2 (X = As(V) (Fe2As4) or P(V)
Fe2P4)), ����-Na14(NaOH2)(FeIIIOH2)(FeIII)2(X2W15O56)2
X = As(V) (Fe3As4) or P(V) (Fe3P4)) and the mixed-metal
omplexes, ����-Na14(MnIIOH2)2(FeIII)2(X2W15O56)2
X = As(V) (Mn2Fe2As4) or P(V) (Mn2Fe2P4). Their structure
re sketched in Fig. 20. In the pH 3 medium (2 M NaCl + HCl) to
e used in catalysis studies, their electrochemistry is dominated
y the stepwise reduction of the Fe-centers. Fig. 21 shows,
n superposition, the voltammograms of Fe4As4, Fe3As4, and
e2As4, restricted to the waves attributed to the reductions of

he Fe(III) centers only. Several conclusions emerge from these
atterns. For each CV, the number of waves corresponds to the
umber of Fe(III) atoms in each complex. These observations
uggest there are sufficiently strong interactions between the
e(III) centers in each of the complexes to induce complete
plitting of their redox processes into separate steps. Qualita-
ively, the overall current intensities are also consistent with the
umber of Fe(III) atoms in each complex. The number of Fe(III)
enters was also checked by controlled potential coulometry
easurements, which give three electrons per molecule for
e3As4 and Fe3P4 and two electrons per molecule for Fe2As4
nd Fe2P4 for the exhaustive reduction of these centers. At pH
, the following values were determined: 3.95 ± 0.05 electrons
er molecule for Fe4As4 and Fe4P4 at −0.250 V (versus SCE);
.95 ± 0.06 electrons per molecule for Fe3As4 and Fe3P4
ith the potential set at −0.300 V (versus SCE); 1.95 ± 0.07
lectrons per molecule for Fe2As4 and Fe2P4 at −0.360 V
versus SCE). The CV patterns shift in the negative potential
irection with a decrease in the number of Fe(III) atoms. This
s most likely related to the overall increase in the negative

c
f
e
a

taken from Ref. [99]).

harge of the POM due to the decrease in the number of Fe(III)
toms. It is probably also related to pKa differences in the
educed forms. Further details can be found in the original
apers [98,99].

Mixed metal sandwich-type complexes are also of prime
mportance in the present issue. In addition of (Mn2Fe2As4)
r (Mn2Fe2P4) already cited in this section [98,99], electro-
atalytic reaction were also studied for ����-[(ZnIIOH2)2
FeIII)2(P2W15O56)2]14− (Zn2Fe2P4) and ����-[(ZnIIOH2)
(FeIII)2(As2W15O56)2]14− (Zn2Fe2As4) [62] and for the
anana-shaped [Ni4Mn2(H2O)2P3W24O94]17− [100]. This last

omplex proved efficient for the reduction of the NOx. Keeping,
or clarity, with FexX4 (X = P or As; x = 2, 3, 4), their useful
lectrochemistry in the present issue is restricted to Fe-waves
nd was described in detail in the original papers [62,98,99].
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Fig. 21. Cyclic voltammograms of Fe4As4, Fe3As4, and Fe2As4 in 2 × 10−4 M,
p
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H 3 (2 M NaCl + HCl) buffer solution. The scan rate was 10 mV s−1, the work-
ng electrode was glassy carbon, and the reference electrode was SCE (taken
rom Ref. [99]).
.2.1. Cooperative effects in the electrocatalytic reduction
f dioxygen and hydrogen peroxide

FexX4 (X = P or As; x = 2, 3, 4) complexes are selected for
his study. A pH 3 medium was selected for the studies of

h
o
w
w

ig. 22. Cyclic voltammograms for the electrocatalytic reduction of dioxygen and hy
= 5, the scan rate was 2 mV s−1, the working electrode was glassy carbon, the refere

uffer was pH 3 (2 M NaCl + HCl). (A) Electrocatalytic reduction with Fe4As4; (B)
ctivity of Fe4As4 towards dioxygen and hydrogen peroxide reduction (taken from R
lysis A: Chemical 262 (2007) 190–215

he electrocatalytic reductions of O2 and H2O2. The efficiency
f the catalysis is evaluated by a excess parameter γ , which
s defined as C◦

O2
/C◦

POM for dioxygen and C◦
H2O2

/C◦
POM for

ydrogen peroxide (C◦ = concentration of the relevant species
ndicated as a suffix) [91 or vide supra]. The catalytic efficiency
CAT) is defined as follows: CAT = [I(POM + O2 or H2O2) −
d(POM)]/Id(POM), where I(POM + O2 or H2O2) is the current
or the reduction of the POM in the presence of O2 or H2O2 and
d is the corresponding diffusion current for the POM alone.

Fig. 22A shows the CVs for Fe4As4 in the absence and pres-
nce of dioxygen. The electrocatalytic reduction of O2 starts
fter the second Fe(III) wave and precludes the possibility of
bserving any other Fe(III) reduction waves. This is consistent
ith the formation of an iron-dioxygen adduct upon reduction of

he first two Fe(III) centers. This adduct is subsequently reduced
o give water with regeneration of the catalyst. An inner sphere

echanism is likely operating. Water was confirmed to be the
nal product in the hydrogen peroxide reduction studies by the
ame catalytic system. It is interesting that the final reduction
rocess starts past the second Fe(III) wave. Since the naked elec-
rode does not reduce dioxygen in the potential domain explored

ere, then electrocatalysis must be driven by the reduced forms
f the POM [33]. At the potential location of the second Fe(III)
ave, the number of electrons accumulated in the POM frame-
ork is not sufficient to carry out the overall process. Fig. 22B

drogen peroxide. The excess parameter for dioxygen or hydrogen peroxide was
nce electrode was SCE, the concentration of the POM was 2 × 10−4 M, and the
Comparison of Fe4As4, Fe3As4, and Fe2As4; (C) Comparison of the catalytic
ef. [99]).
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ompares the CVs of Fe4As4, Fe3As4, and Fe2As4 in the pres-
nce of the same excess of dioxygen. The onset of the electrocat-
lytic process shifts in the negative potential direction when the
umber of Fe(III) atoms decreases. Qualitatively, the catalytic
fficiency follows the same trend. The preceding reasoning pos-
ulating an overall inner sphere process remains valid here, even
hough an obvious binding site for dioxygen on Fe2As4 is diffi-
ult to designate.

The electrocatalytic reduction of hydrogen peroxide by
e4As4 is shown in Fig. 22C and compared with the reduction of
ioxygen by the same system. The catalytic reduction of H2O2
s facile on the first Fe(III) wave of Fe4As4 at a potential much

ore positive than observed for the electrocatalytic reduction of
2. This observation indicates that the final reduction product of
ioxygen is water. Complexes Fe2As4 and Fe3As4 give similar
esults, and the onset of the electrocatalytic process is seen to
trictly follow the order of reduction of the three complexes.

Selected values of catalytic efficiencies (CAT) for the reduc-
ion of dioxygen and hydrogen peroxide are included in Table 7.
he general trends from Fig. 22 are confirmed and quanti-
ed. Focusing specifically on complexes Fe4As4 and Fe4P4,

t appears that, under the same experimental conditions, the
hosphorus-containing complex, Fe4P4, is slightly more effi-
ient than the arsenic analogue, Fe4As4, for dioxygen reduction,
hile the opposite is true for hydrogen peroxide reduction. This
bservation underscores the impossibility to anticipate which
lectrocatalyst would be the more efficient when an inner sphere
athway is operative. Provisionally, it appears that the same
rend was obtained in CAT values for M2Fe2X4 (X = P or As;

= Zn(II) or Mn(II)) [62]. Three points deserve special empha-
is. First, the electrocatalytic processes observed here remain
fficient in other media. For example, at pH 5, a CAT value of
23% was measured for the electrocatalytic reduction of O2 by
e4P4 at a potential of −240 mV. This observation and others not
pecifically described here are important in that they establish
he utility of the Fe(III) centers within these multi-iron sandwich
omplexes in media of low proton availability. Second, ample
oom might still exist for optimization of the selected media
or efficient electrocatalytic processes within these compounds.
hird, despite the apparent superiority of Fe4As4 and Fe4P4 in

he present voltammetric study, Fe3As4 and Fe3P4 might ulti-
ately be the most useful long term catalysts, in part due to their
etter stability over a wide range of conditions [97,101].
Examination of these two electrocatalytic processes sheds

ome light on the reaction pathways. Dioxygen does not coor-

able 7
elected values of catalytic efficiencies measured at pH 3 (2 M NaCl + HCl) for

2 and H2O2 reductions (taken from the SI of Ref. [99])

PA CAT% for O2 reduction CAT% for H2O2 reduction

e4P4 366 (at −160 mV) 731 (at 66 mV)
e4As4 313 (at −160 mV) 867 (at 66 mV)
e3P4 364 (at −220 mV) 546 (at 16 mV)
e3As4 237 (at −220 mV) 619 (at 16 mV)
e2P4 217 (at −300 mV) 214 (at −160 mV)
e2As4 189 (at −300 mV) 233 (at −160 mV)
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inate to Fe(III) but it does coordinate to Fe(II). In the pres-
nce of only one Fe center (as in �2-As2(FeOH2)W17O61

7−),
o electron source is available just past the reduction poten-
ial of Fe(III) to drive the catalytic process to completion. This
bservation underscores the importance of the accumulation of
e(III) centers which carry out immediate further reduction of

he adduct. Also noteworthy is that the accumulation of these
atalytic centers diminishes the overall negative charge of the
OM, rendering its reduction more facile, and ultimately, sav-

ng energy during the electrocatalytic process. If complexation
f the Fe(III) centers is possible with H2O2, then this might
onstitute a favorable process for its electrocatalytic reaction. In
upport of this, complexes Fe3As4 and Fe3P4, which have only
ne such exchangeable center, have roughly the same efficiency
s �2-As2(FeOH2)W17O61

7− for the electrocatalytic reduction
f H2O2.

Analogously, Fe4As4 was compared to �2-[As2(FeIIIOH2)
17O61]7− and found to be a more efficient catalyst for the

eduction of dioxygen [89].
In short, the superiority observed in cyclic voltammetry for

etraferric over triferric and diferric complexes in the electro-
atalytic reduction of dioxygen and hydrogen peroxide might
e traced, at least partly, to the communication between the
etal centers of the respective central cores of these POMs

62,89,98,99].

.2.2. Cooperativity effects in electrocatalytic NOx

eduction
In the electrocatalytic reduction of NO and/or NO2

− by
e(III)-substituted heteropolytungstates, the first step in this pro-
ess is the formation of a complex with the Fe(II) form of the
OM and nitrogen oxide. The actual catalytic step takes place
ith remarkable enhancement of the current intensity, and it
ccurs at more negative potentials in the reduction domain where
he W(VI) centers accumulate a suitable number of electrons
ithin the complex framework for subsequent delivery. With the
oal of saving energy by moving the electron reservoir closer
o the Fe(III)-reduction potential, several Wells–Dawson-type
OMs were synthesised, including �1-P2(FeOH2)W17O61

7−
nd �2-P2(FeOH2)Mo2W15O61

7− in which the Fe- and W-
aves or Fe- and Mo-waves merge in appropriate pH media

14,36]. This strategy turns out to be favorable, and the entire cat-
lytic process shows up at the reduction potential of the Fe(III)
enter, which is now observed concomitantly with the Mo(VI)
r W(VI) reduction waves. The same phenomenon is observed
ith M2Fe2X4 (X = P or As; M = Zn(II) or Mn(II)) [62,99]. The

esults are illustrated briefly with Mn2Fe2P4 in Fig. 23, with
aNO2 as the starting substrate. An important current intensity

ncrease is observed with increasing γ values (γ is the excess
arameter defined as γ = C◦

NOx
/C◦

POM) at the reduction poten-
ial of the Fe(III) centers in a pH 1 solution (vide supra for the
ehaviour of NaNO2 in this medium). In this potential domain,
o reduction is observed for NO or HNO2 present in the solu-

ion. Fig. 23 shows unambiguously that the catalytic process
egins simultaneously with the reduction of the Fe(III) centers.
urthermore, it is worth noting the high efficiency of the elec-

rocatalysis, even though modest γ values were used. Finally, in
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Fig. 23. Cyclic voltammetry study of the electrocatalytic reduction of nitrite
with a 2 × 10−4 M solution of Fe2Mn2P4 in a pH 1 medium (0.5 M
N −1
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a2SO4 + H2SO4). The scan rate was 2 mV s , the working electrode was
lassy carbon, and the reference electrode was SCE (taken from Ref. [99]).

he timescale of cyclic voltammetry, Fe2P4 shows the same phe-
omenon as Fe2Mn2P4 concerning the electrocatalytic reduction
f NO and NO2

−. However, the latter complex might be a better
hoice for this catalytic process due to the improved stability of
ts Fe(II) forms [98]. Under the same experimental conditions,

n2Fe2As4 also shows good catalytic efficiency for the reduc-
ion of nitrite. In addition, its activity at 0 V is 25% higher than
hat of Mn2Fe2P4 due to the positive potential shift of the Fe(III)
aves in the former complex compared with the latter due to the
ifferent heteroatoms (i.e. As versus P).

However, in a pH 5 medium, the catalytic process (obtained
ith NaNO2 as the starting substrate) is no longer observed

n the iron-reduction potential domain, but is relegated to the
eduction potential of the first W-wave. This observation is in
ull agreement with the expected absence of NO and HNO2 in
his medium. In contrast, experiments with pure NO [10,39] at
H 5 show that the catalytic process starts directly in the iron
eduction potential domain. We have also checked the catalytic
eduction of NO at pH 1. All these results converge to designate
O as the species electrocatalytically reduced by the present

omplexes throughout the pH domain evaluated.
In the foregoing experiments, the electrochemical behaviours

f substituent metal cations (Mn(II) or Zn(II)) in the central
ore of POMs do not exist or are not concerned in the potential
omain explored for the catalytic processes. Nonetheless, their
resence exerts a beneficial influence on the catalytic reduc-
ion of HNO2 or NO. In summary, there are three features in
he preceding results that are favourable for the use of these

ixed metal sandwich-type POMs in the electrocatalytic reduc-
ion of HNO2 and NO. First, these POMs are stable from pH

to at least 6, a feature not shared by the otherwise efficient

olybdic or molybdo-tungstic POMs. Second, these complexes

how the enhanced stability of the Fe(II) state within the mixed-
etal complexes relative to those observed in their lacunary

recursors, Fe2As4 and Fe2P4. Finally, the third feature exhib-

h

i

lysis A: Chemical 262 (2007) 190–215

ted by these complexes which is favourable for electrocatalytic
rocesses is the ability of the Fe-based redox waves to trigger
he catalytic processes without any direct interference from the

(VI) centers.

. Conclusion

Unsubstituted POMs, transition-metal-substituted POMs,
ixed addenda POMs and sandwich-type POMs constitute a

road family showing promise for efficient and clean electrocat-
lytic processes. Reduction and oxidation possibilities exist as
ell. The rich possibilities opened by POMs might be traced to

heir robustness and versatility when they are handled in appro-
riate conditions. One of the aims of the present short focused
eview is to show the usefulness of POMs in selected electro-
atalytic processes. This selection leaves room for a wealth of
ther possibilities. Another aim is to demonstrate clearly that
everal parameters must be taken into account in the design and
tudy of these processes. New parameters, in addition of those
ighlighted here, might emerge because POMs with new atomic
ompositions, new structures and new reactivities, continue to
e synthesised and characterised. However, the stability in aque-
us or non aqueous solutions is an absolute prerequisite, which
xcludes the use of several newly synthesised fragments solely
nown in the solid state.

Much work remains necessary in many directions: a non
xhaustive list includes mechanistic studies, rate constant mea-
urements, preparative scale electrolyses, turnover numbers,
cale-up of useful electrocatalytic reactions. There is an increas-
ng number of papers in which the electrocatalytic properties of
OMs are illustrated by their activities towards substrates like
O2

−, NO, BrO3
−, ClO3

−, IO3
−, O2, H2O2, . . ., etc. The chal-

enge, however, is to find new POMs or new POM-based systems
o decrease overpotentials which remain high for most reactions
nd improve the overall kinetics.

Finally, our optimistic prediction is that POMs, owing to their
ersatility and possibility to accommodate nearly all the atoms of
he periodic classification, will become popular to drive selected
lectrocatalytic processes.
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ppendix A. Redox versus chemical catalysis in the

omogeneous catalysis of electrode reactions

The first observations of catalytic phenomena in electrochem-
stry in the early 1930s were followed by attempts at modeling
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he example of hydrogen peroxide reduction in the 1940s. A
eneral framework was expressed, in which electron exchange
ccurred in solution between the reduced catalyst and the sub-
trate, thus regenerating the catalyst and explaining the observed
atalytic effect. In short, electron transfers to or from a molecule
ust be viewed as a succession of elementary electrochemical

nd chemical reaction steps. Such simplified reaction schemes
erved as the basis for theoretical analysis of catalytic phe-
omena. In molecular electrochemistry, electrochemical reduc-
ions can therefore be sketched by the following reaction
chemes:

For the catalyst (P):

P + 1e � Q, E0
PQ

For the substrate (A):

A + 1e � B, E0
AB

B → C

The catalytic effect is reflected in the interaction of Q with
, resulting in the regeneration of P.

+ A � . . . � P + C

The only thermodynamic condition then required for this
eaction to be driven from left to right is that the standard
olar free enthalpy of the reaction be negative, i.e. the follow-

ng inequality must hold: E0
PQ < E0

AC, where E0
AC represents

he standard redox potential of the A/C couple.
However, this overall scheme might feature two types of suc-

essive reaction steps. The first one considers the possibility
f solution electron transfers; the second one goes through the
ormation of an adduct.

The first scheme is simple and reads as follows:

It is worth reminding that the direct reduction of the substrate
s realized according to the following pathways:

A + 1e � B, E0
AB

B → C
The catalyst constitutes an electron shuttle between the elec-
rode and the solution, where it is engaged in a direct redox
lectron transfer with the substrate. This type of catalysis is
ermed redox catalysis.
lysis A: Chemical 262 (2007) 190–215 213

The second reaction scheme reads:

In this case, the reduced form of the catalyst builds up with
he substrate a relatively unstable adduct AQ, which then decom-
oses, eventually after further reduction at the electrode surface
r in solution. Finally, either the oxidized form P of the catalyst
r its reduced form Q is regenerated. As concerns the substrate,
ts reduction follows the aforementioned E.C. (electrochemical
hemical) mechanism. This type of catalysis is termed chemical
atalysis. Finally, it must be pointed out that the clear-cut dis-
inction between redox catalysis and chemical catalysis might
e difficult, but amounts ultimately to a detailed study of the
ature of the redox reaction.
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Patent Appl. EP 382,644 (1990); Chem Abst. 114 (1991) 191882u.
[36] B. Keita, Y.W. Lu, L. Nadjo, R. Contant, Electrochem. Commun. 2 (2000)

720.
[37] S. Dong, X. Xi, M. Tian, J. Electroanal. Chem. 385 (1995) 227.
[38] X. Xi, S. Dong, J. Mol. Catal. A: Chem. 114 (1996) 257.
[39] B. Keita, A. Belhouari, L. Nadjo, R. Contant, J. Electroanal. Chem. 381

(1995) 243.
[40] J.E. Toth, F.C. Anson, J. Electroanal. Chem. 256 (1988) 361.
[41] L.E. Briand, G.T. Baronetti, H.J. Thomas, Appl. Catal. A: Gen. 256 (2003)

37.
[42] D.P. Smith, M.T. Pope, Inorg. Chem. 12 (1973) 331.
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3597.
[60] S.P. Harmalker, M.A. Leparulo, M.T. Pope, J. Am. Chem. Soc. 105 (1983)

4286.
[61] S. Zhai, J. Liu, J. Jiang, S. Dong, Electroanalysis 15 (2003) 1165.
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