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Abstract

In this review, the utilization of coordination compounds as electrocatalysts in a number of electro-oxidation reactions including oxidation
of olefins, alcohols, water, glucose, nitric oxide and other small molecules is discussed. The coordination compounds function either as redox
mediators and/or oxidative catalysts in the electrocatalytic reactions. Applications of the electrocatalysts in electro-synthesis, biosensing and biofuel

cells are discussed with reference to the role played by the coordination compounds in these processes or technologies.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction

Many redox reactions are catalyzed by transition metal
omplexes. When these redox reactions are coupled with an elec-
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rochemical cell, the electrode can act as an oxidant or reductant
o generate an active species from the transition metal complex,
hich then catalyzes the oxidation or reduction of specific sub-

trate. The electrode potential at which the redox reaction occurs
an be tuned by changing the transition metal or the spectator
igands, thus the oxidation or reduction of substrates can be
arried out at modest potential with high efficiency. Moreover,
he selectivity of the reaction can also be modified by changing
he spectator ligands and it is feasible to provide active centers
ith high selectivity for the redox reaction. The use of transi-

ion metal complexes as catalysts in electrochemical reactions
s a promising approach in the development of electro-synthesis
nd electrochemical sensors. In this context, the electrochemi-
al approach would be appealing for the following reasons: (i)
hemical oxidants or reductants used in synthesis or analysis are
eplaced by the electrode to give a clean reaction mixture and (ii)
he reaction rate and selectivity can be manipulated by varying
he electrode potential and/or the choice of electrocatalyst.

Over the past several decades, electrochemical reactions
atalyzed by transition metal complexes have received consid-
rable attention. In the literature, there has been an explosion of
esearch activity in these fields. However, most previous reviews
ave a general account on electrocatalytic reactions with focus
n reduction of organics and small molecules such as carbon
ioxide, nitrogen and protons [1,2]. There is no review that
ocuses on oxidation reactions only.

This review aims to give an overview of electrocatalysis by
ransition metal complexes in oxidation reactions, including the
lectrocatalytic oxidation of olefins, alcohols, water, glucose,
itric oxide and some small molecules. The role played by the
ransition metal complexes and the active species involved in the
lectrocatalytic reactions will be highlighted in the discussions.

.1. General principle of electrocatalysis

Similar to chemical reactions, many electrode reactions occur
nly at high overpotentials because of unfavorable kinetics. For
uch electrochemical reactions to be useful, it is necessary to find
n electrocatalyst that will lower the overpotential and speed up
he rate of reaction. The objective of electrocatalysis is there-
ore to seek alternative, lower energy activation pathways which
llow such electrode reactions to occur at high current density
nd at low overpotential. Electrocatalysis is important to many
pplications in electrochemistry since the energy efficiency of
ny electrochemical cell is determined in part, by the potential
f the anode and cathode. There are two basic different types
f electrocatalysis: heterogeneous and homogeneous. These two
ypes of electrocatalysis are shown in Figs. 1 and 2, respectively.

.1.1. Heterogeneous electrocatalysts
The heterogeneous electrocatalytic process involves the
mmobilization of the transition metal complexes on the elec-
rode surface [3]. The process involves three steps:

. Transfer of substrate from bulk solution to the electrode sur-
face or within the double layer.

2

c

Fig. 1. Schematic diagram of heterogeneous electrocatalysis.

. Exchange of electrons between the electrode and the sub-
strate.

. Removal of the products from the electrode, which may
involve desorption.

As shown in Fig. 1, the catalyst is coated or adsorbed on the
lectrode surface as an “electron shuttle” to transport electrons
rom/to the substrate. The product then desorbs or diffuses away
rom the electrode surface into the bulk solution.

.1.2. Homogeneous electrocatalysts
In homogeneous electrocatalysis the substrate does not

xchange electrons with the electrode directly, but with some
ntermediates or mediators [3]. Electron transfers and chemical
eactions can then take place in the bulk solution. The principle
ifference between the heterogeneous and homogeneous case
s that in the former the redox couple is physically attached to
he electrode surface whereas in the latter case it is free to dif-
use through the solution. In Fig. 2A the mediator and reactant
re both present in the same solution. In the second example
Fig. 2B) the substrate is present in a secondary phase, and it
s necessary to introduce a transfer reagent into the system to
huttle between two phases. Savéant and co-workers further dif-
erentiate homogenous electrocatalysis into redox catalysis and
hemical catalysis [4]. In the former the catalyst couple merely
lays the role of an electron carrier (mediator) whereas the tran-
itory formation of catalyst-substrate adduct occurs in the latter.

. Electrocatalytic oxidation of olefins

The electrocatalysts for olefin oxidation are dominated by
etal-oxo catalysts. Metal-oxo complexes are strong oxidizing

gents that have been extensively investigated over the past 20
ears [5–8]. The metal-oxo species can be electrogenerated in
itu from the metal-aquo complexes. After the reaction with
lefins, the metal-oxo complexes are reduced to the metal-aquo
omplexes, which are then regenerated at the electrode surface
9,10]. In the following sections, the electro-oxidation of olefins
ith transition metal-oxo complexes of ruthenium, iron, man-
anese, chromium and osmium are discussed.
.1. Ruthenium-oxo complexes

Electrocatalytic oxidation of olefins with ruthenium-oxo
omplexes as catalysts is rare. The first example was reported
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Fig. 2. (A and B) Schematic diagrams of homogeneous electrocatalysis.
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Scheme 2.

y Meyer and co-workers for the oxidation of various sub-
trates including alkenes [11–13]. The system involves a net
e− oxidation of the complex cis-[RuII(bpy)2(py)(OH2)]2+

bpy = 2,2′-bipyridine, py = pyridine) in aqueous solution result-
ng in the reversible formation of the mono-oxo RuIV complex,
RuIV(bpy)2(py)O]2+, which is a moderately strong oxidant.
n the [RuIV(bpy)2(py)O]2+/[RuII(bpy)2(py)(OH2)]2+ system,
he RuIV O in a buffered solution is rapidly reduced to
RuII(bpy)2(py)(OH2)]2+ when an unsaturated organic com-
ound was added. Both the RuIV/RuIII and RuIII/RuII couples
re reversible (Scheme 1), thus the oxidation reaction can
e made catalytic by using an external source of oxidizing
quivalents to regenerate the [RuIV(bpy)2(py)O]2+ in aqueous

olution. In addition, the study also demonstrated that over
5% of the [RuII(tpy)(bpy)(OH2)]2+ catalyst (tpy = 2,2′:6′2′′-
erpyridine) can be recovered after more than 100 catalytic cycles
n the allylic oxidation of cyclohexene (Scheme 2) [12].

R
a
p
S

Scheme 3
.

High-valent ruthenium-oxo complexes of dimethylglyoxime
dmg) were used by Taqui Khan et al. [14] in the electrocatalytic
xidation of cyclohexene and cyclooctene to the corresponding
poxides with 38% and 34% yields, respectively. Controlled
otential electrolysis was performed at +0.75 V versus SCE in
pH 2.5 medium (Scheme 3). The active ruthenium-oxo cata-

ysts, [RuVI(H-dmg)2(H2O)(O)]2+ and [RuVII(H-dmg)2(O)2]+,
ere generated in situ at the electrode surface by electrochem-

cal oxidation of the precursor [RuIII(H-dmg)2(H2O)2]+ under
cidic solution conditions. The Ru(III)-complex exhibits three
edox couples with E1/2 values of +0.183, +0.357 and +0.522 V
ersus Ag/AgCl at pH 1.1 that correspond to the redox couples
f RuIV/III, RuVI/IV and RuVII/VI, respectively.

In addition, Taqui Khan et al. also investigated the
uthenium(III)-Schiff-base complex [RuIII(Naphdien)Cl]
Naphdien = bis(2-hydroxynaphthaldehyde)) as the electro-
atalyst to activate dioxygen for the epoxidation of olefins in
he presence of benzoic anhydride in DMF [15]. The redox
hemistry of the ruthenium complex, which catalyzes the
lectrochemical reduction of dioxygen for metal-oxo formation
nd substrate oxidation, was studied by cyclic voltammetry. The
esults were consistent with an initial one-electron reduction of

uIII to RuII, which then reacts with O2 to form an [RuIII–O2

−]
dduct. Further one-electron reduction of the dioxygen adduct
roduces a RuIII-peroxo complex [RuIII–O2

2−]− as shown in
cheme 4. The RuV-oxo complex is readily formed by the

.
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Scheme 4.

eterolytic cleavage of the O–O bond with benzoic anhydride
15,16]. In a controlled potential electrolysis (−0.25 V versus
CE) using cyclohexene and cis-cyclooctene as substrates,
poxides were produced selectively as the product and no
llylic oxidation product was obtained.

Recently, Cheng et al. reported the electrocatalytic oxi-
ation of styrene by a high-valent ruthenium(VI)-dioxo
orphyrin complex [17]. The RuII(CO)(TMP) complex
TMP = meso-tetramesitylporphyrin) was chemically oxidized
ith m-chloroperbenzoic acid to give the corresponding
uVI(O)2(TMP) dioxo-complex, which can be further oxidized

o the porphyrin cation radical, RuVI(O)2(TMP)•+ at +1.32 V.
hese electrogenerated ruthenium-dioxo porphyrin radicals
ere found to be the reactive species that oxidized styrene

o phenylacetaldehyde with 96% yield (Scheme 5). The steri-
ally hindered dioxoruthenium(VI) meso-tetramesitylporphyrin
omplex prevented dimer formation in the oxidation reaction.
onsequently the reactive intermediate, RuVI(O)2(TMP)•+, can
e generated electrochemically. The oxidation products (ben-
aldehyde and phenylacetaldehyde, without epoxides) are thus
uite different from those obtained by conventional oxidants in
he presence of ruthenium porphyrins.

.2. Iron-oxo complexes

Generation of iron-oxo species from iron porphyrin is an
nteresting topic because of its relevance to the cytochrome P-
50 chemistry [18,19]. Iron porphyrins are known to be oxidized
ith peroxidic oxidants to give active iron-oxo species, which
as been taken as a model for cytochrome P-450 type oxygen

ransfer reactions in biological systems [20–23].

Iron(III) porphyrins have been investigated as electrocata-
ysts for epoxidation of olefins by Groves and co-worker in
he 1980s [18]. The cyclic voltammogram of (TMP)FeIII(OH)

t
f
t
[

Scheme 5
Scheme 6.

n dichloromethane with 0.1 M tetrabutylammonium perchlo-
ate shows two couples. The first reversible couple at +1.0 V
ersus Hg/HgO corresponds to the FeIV/FeIII couple, and
he second couple at +1.35 V represents the porphyrin ring
xidation (Scheme 6). The (TMP)FeIII(OH) complex was
ound to catalyze the epoxidation of olefins electrochemically.
onstant-potential electrolysis of a solution containing styrene,
is- or trans-�-methylstyrene, cyclohexene, cyclooctene, or
orbornene can produce an average of 15 equiv. of the corre-
ponding epoxides over a period of 4 h.

High-valent fluoroiron porphyrin intermediates, which were
enerated by one-electron oxidation of a difluoroiron(III)
etraphenylporphyrin at +0.68 V versus SCE, were explored
s catalysts for electro-oxidation of hydrocarbons including
lefins and tertiary alkanes [24]. The cyclic voltammogram of
he FeIII porphyrin in dichloromethane is quasi-reversible as a
onsequence of the EC mechanism. Bulk electrolysis of olefins
uch as cyclohexene and cis-stilbene with electrogenerated reac-
ive intermediates such as (TPP)FeIVF2 and (TPP)(F)FeIV O
TPP = meso-tetraphenylporphyrin) gave an overall yield of
poxides greater than 90%.

Electrocatalytic oxygenation of alkenes in aqueous media
t room temperature with a high-valent water-soluble iron por-
hyrin catalyst was reported by Su and co-worker [25,26].
he high valent iron-oxo porphyrins, [O FeIV(2-TMPyP)]
nd [O FeIV(2-TMPyP)(OH)] (2-TMPyP = tetrakis(N-methyl-
-pyridyl)porphyrin), were generated electrochemically by one-
lectron oxidation of (2-TMPyP)FeIII(OH) complex in pH 9 and
4 buffer solution, respectively. Moreover, the reactive iron(IV)-
xo species, O FeIV(2-TMPyP), generated in situ at +0.7 V
ersus Ag/AgCl, is able to oxidize 2-cyclopentene-1-acetic
cid to cyclopent-2-ene-4-one-1-acetic acid in the presence
f dioxygen (Scheme 7) via an allylic hydrogen abstraction
echanism [25]. When (TSMP)FeIII(H2O) (TSMP = meso-
etrakis(3-sulfonatomesityl)porphyrin) was used as the catalyst
or the electro-oxidation reaction in a pH 5.0 buffer solution, a
urnover number of 93 with 68% current efficiency was achieved
26].

.
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Scheme 7.

.3. Manganese-oxo complexes

The use of manganese porphyrin as electrocatalyst for
he epoxidation of olefins was first reported by Murray and
o-workers [27,28]. The electrocatalytic cycle is shown in
cheme 8. The catalytic cycle is initiated by one-electron elec-

rochemical reduction of MnIII(TPP)Cl to MnII(TPP) with the
oss of chloride ligand, which is followed by dioxygen bind-
ng that promotes a second one-electron reduction to generate

MnII-superoxo complex. This [MnII(TPP)O2

−] complex fur-
her reacts with benzoic anhydride to give a metallo-acylperoxy
omplex that undergoes O–O bond heterolysis to yield a high-
alent manganese-oxo porphyrin (TPP)MnV O. This complex

Scheme 8.
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Scheme 9.

s able to transfer one oxygen atom to olefins to give epoxides
28]. In addition, the high-valent MnV-oxo porphyrin can be
repared directly by chemical oxidation of MnIII(TPP)Cl com-
lex with hydrogen peroxide (H2O2) as the oxidant, which is
enerated by electrochemical reduction of dioxygen in aqueous
olutions [29]. The MnIII(TPP)Cl system has also been modified
y Devynck and co-workers by deposition onto carbon elec-
rodes for electro-activation of dioxygen and electrocatalytic
xidation of alkenes [30,31]. A catalytic efficiency up to 500
urnovers of catalyst per hour and a Faradaic yield up to 98%
ere achieved.
Recently, a novel approach for green-production of epoxides

as reported by Wong and co-workers [32,33]. The epoxidation
eaction combines the in situ electrogeneration of H2O2 with an
lkaline- or metal-catalyzed epoxidation system using ionic liq-
id as the reaction medium (Scheme 9). A number of lipophilic
lkenes were epoxidized selectively within 4–5 h with isolated
ield up to 90% [32].

The water-soluble manganese porphyrin MnIII(TMPyP) has
lso been investigated by Su and co-workers for the elec-
rocatalytic oxidation of alkenes in aqueous media [34–36].
lectro-oxidation of MnIII(TMPyP) complex at +1.0 V versus
g/AgCl leads to the formation of the manganese(IV)-oxo
orphyrin (TMPyP)MnIV O in aqueous medium. Further
ne-electron oxidation at +1.25 V would generate an unsta-
le Mn-oxo species postulated to be (TMPyP)MnV O or

IV •+
(TMPyP)Mn O] . In the electrocatalytic epoxidation of
ater-soluble alkene (Scheme 10), the catalytic efficiency was

ound to decrease rapidly after the first cycle. The deactiva-
ion of the catalytic process was attributed to the deposition of

Scheme 10.
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manganese Schiff-base complexes [38].
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Fig. 3. Structure of the substituted

he reaction product at the electrode surface, which blocks the
eterogeneous electron transfer.

Apart from manganese porphyrins, manganese Schiff-base
omplexes were also utilized as electrocatalysts for alkene epox-
dation. In 1990, Murray and co-workers reported the use of
MnIII(salen)] complex in electrochemical epoxidation of olefins
n the presence of dioxygen and benzoic anhydride in acetonitrile
olution [37]. The mechanism of the epoxidation reaction for the
MnIII(salen)] system, which involves the formation of MnV-oxo
pecies from the MnIII(salen) complex followed by oxygen atom
ransfer to olefins, is analogous to that of manganese porphyrins.
he yield of epoxides produced by the [MnIII(salen)] system is
p to 48% (current yields), and the best turnover per molecule
f catalyst is only up to 2.4 because of the short lifetime of the
chiff-base catalysts.

A similar [MnIII(salen)] system, in which the Schiff-base lig-
nds in the complexes bear different substituents on the aromatic
ing and contain different units bridging the two enamine nitro-
en atoms as shown in Fig. 3, has also been reported by Moutet
nd Ourari for electrocatalytic epoxidation of olefins with dioxy-
en [38]. These modified MnIII(salen) complexes gave better
urnovers (up to 6.6) and current efficiencies (up to 50%) in
he electrocatalytic epoxidation of cyclooctene than that based
n the unsubstituted MnIII(salen) complex. The best results were
btained with 2-methyl-imidazole as the co-catalyst and benzoic
cid as the activator.

The use of chiral manganese Schiff-base complexes for enan-
ioselective electrocatalytic epoxidation of olefins was reported
y Wong and co-worker [39]. The chiral MnIII(salen) cat-
lyst was also immobilized onto the electrode surface by
lectropolymerization. In this study, both homogeneous and
lectropolymerized chiral MnIII(salen) complexes were inves-
igated as electrocatalysts for epoxidation of styrene and
rans/cis-stilbene with dioxygen. The immobilized MnIII(salen)
atalyst showed a turnover number up to 1250 and an enan-
iomeric excess up to 77% in the electrocatalytic epoxidation
eaction. A similar electrocatalytic system for asymmetric epox-
dation was reported by Tanaka et al. in a CH2Cl2/aqueous NaCl
iphasic media [40].

.4. Chromium-oxo complexes

Chromium porphyrins have also been explored as electro-
atalysts for oxidation of organic substrates but the number

f reports are far less than those with manganese and iron
orphyrins. The reason could be due to the slow kinetics in
he electrogeneration of chromium-oxo species [41]. More-
ver, chromium-oxo porphyrins are less active to alkenes than

f
i
a
d

Scheme 11.

heir manganese analogues. The (meso-tetraphenylporphyrin)
hromium(V)-oxo species was first reported by Murray and
reager for electrochemical epoxidation of olefins [42]. The

eactive [O CrV(TPP)]+ Cr-oxo species can be generated by
ne-electron oxidation of [O CrIV(TPP)] complex, which is
repared by the reaction of [Cr(TPP)Cl] and iodosobenzene. In
ddition, the chromium(V)-oxo species can quantitatively trans-
er an oxygen atom to the olefinic substrate to produce epoxide
nd itself regenerated to the [CrIII(TPP)]+ state (Scheme 11).
n a controlled-potential electrolysis of [O CrIV(TPP)] with
xcess norbornene at +0.88 V versus SSCE for 10 min, 98%
ield of epoxides was obtained. Another analogous system
ith the (Br8TPP)CrIV O complex as the electrocatalyst for

lectrochemical oxidation of alkenes was also investigated in
ichloromethane solution [43].

Electrochemical epoxidation of alkenes in aqueous
edia with water-soluble chromium porphyrin as the cat-

lyst was reported by Su and co-workers [44–46]. The
H2O)2CrIII(TSMP) complex (TSMP = meso-tetrakis(3-
ulfonatomesityl)porphyrin) is readily oxidized to
H2O)2CrIII(TSMP)•+ radical at a potential of +0.88 V
ersus Ag/AgCl in a buffered solution. Further reaction
y one-electron oxidation of the (H2O)2CrIII(TSMP)•+

adical at +0.99 V versus Ag/AgCl generates the reactive
CrIV(H2O)(TSMP)•+ species, which reacts with alkene to

ive enone at room temperature (Scheme 12). Interestingly, the
nalogous complex (H2O)2CrIV O(TSMP) shows no reactivity
owards alkene oxidation under similar experimental conditions
46].

.5. Osmium-oxo complexes

Tremendous success has been obtained with osmium
atalysts in the enantioselective dihydroxylation of alkenes
ince the seminal work done by Criegee in the 1930s on the
xidative conversion of alkenes with osmium tetroxide [47–49].
he asymmetric dihydroxylation of alkenes is a famous piece
f work by Sharpless and co-workers [50]. However, only very

ew reports using osmium-oxo complexes as electrocatalysts
n asymmetric oxidation of alkenes can be found in the liter-
ture [51,52]. An iodine-assisted electrochemical asymmetric
ihydroxylation of olefins in I2–K2CO3–K2OsO2(OH)4 or
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2–K3PO4/K2HPO4–K2OsO2(OH)4 solution with Sharpless’
igand was reported by Torii et al. [51]. Interestingly, I2
s an alternative co-oxidant in the K2OsVIO2(OH)4 sys-
em was found to enhance the electro-dihydroxylation of
tyrene significantly in terms of both isolated yields and
nantiomeric excess (ee). The cyclic voltammogram of
2OsVIO2(OH)4 in water with K2CO3 as the supporting

lectrolyte exhibits two oxidation peaks at Epa = −0.115 and
0.225 V versus SCE, respectively at a platinum electrode.
ddition of one equivalent of I2 results in a decay of the
rst oxidation peak while two new oxidation peaks appear at
ore positive potential at Epa = +0.295 V and Epa = +0.506 V.
hese oxidation peaks are characteristic of the oxidation
f iodide anions (I−) because I2 oxidizes the osmium(VI)
omplex and itself is reduced in the K2OsVIO2(OH)4
olution (Scheme 13). Electrolysis of styrene in a I2
0.5 equiv.)—K3PO4/K2HPO4–K2OsO2(OH)4–(DHQD)2PHAL
ystem ((DHQD)2-PHAL = (l,4-bix(9-O-dihydroquinidine)
hthalazine) afforded the diol in 96.2% yield with 96.5% ee.

. Electrocatalytic oxidation of alcohols

The electrocatalytic oxidation of alcohols such as methanol is
n important topic because of its relation to fuel cell and energy
esearch. The selective oxidation of alcohols to aldehydes or
cids by electrochemical approach is useful in synthetic chem-
stry. Ruthenium and nickel complexes are the two main types
f electrocatalysts in this category.

.1. Ruthenium and other metal-oxo complexes
Among different types of metal complexes, polypyridyl
uthenium-oxo complexes are well known oxidants for alco-
ols oxidation [12]. The high valent RuIV-oxo species can
e generated from the corresponding RuII-aquo complex via

Scheme 13.

p
c
c

2.

roton-couple electron transfer as shown in Scheme 1. The cat-
lytic oxidation of benzyl alcohol with [Ru(tpy)(bpy)(OH2)]2+

s shown in Scheme 14.
In recent years, a number of new ruthenium-oxo com-

lexes with diimines and modified polypyridyl ligands
Fig. 4) have been synthesized. The ruthenium-aquo
pecies [Ru(tpy)(�,�′-diimine)(H2O)]2+ (�,�′-
iimine = NC5H4C(H) N(C6H4)nNH2, n = 1 and 2) reported
y Lahiri and co-workers was found to undergo 2e−/2H+

ransfer in the oxidation process in both acidic and alkaline
edium [53]. The electrogenerated Ru-oxo species catalyzes

he oxidation of benzyl alcohol to benzaldehyde.
Modified polypyridyl ligands (Fig. 4) such as 4,4′-Me2dppi

3,6-di-(4-methylpyrid-2-yl)pyridazine) were developed by Hill
nd co-workers [54] for studying ruthenium-oxo redox reac-
ions. In the preparation of Ru-complex with 4,4′-Me2dppi,
wo geometric isomers, in-[Ru(tpy)(4,4′-Me2dppi)(H2O)]2+ and
ut-[Ru(tpy)(4,4′-Me2dppi)(H2O)]2+ were formed. Both iso-
ers can be oxidized electrochemically to generate RuIV O,

ut the out-isomer is more active in catalyzing the oxida-
ion of benzyl alcohol to benzylaldehyde due to the instability
f the in-isomer. Some substituted benzyl alcohol derivatives
uch as 1-phenylethanol, 1-phenyl-1-propanol and 2-methyl-
-phenyl-1-propanol were studied as substrates in the bulk
lectrolysis. The catalytic rates were found to decrease linearly
ith the steric bulkiness of the alcohol. A similar polypyridyl

uthenium complex [Ru(tpy)(Hbpp)(H2O)]2+, (Hbpp = (3,5-
is(2-pyridyl)pyrazole)) was also investigated as electrocatalyst
or oxidation of alcohol by Llobet and co-workers [55].
n addition, the ruthenium complex [Ru(bpea)(bpy)(H2O)]2+

ith tridentate polypyridyl ligand bpea (bpea = (N,N-bis(2-

yridyl)ethylamine))) was also reported [56]. The Ru-oxo
atalyst electrogenerated from the [Ru(bpea)(bpy)(H2O)]2+

omplex is able to oxidize alcohol to benzaldehyde with 82%

Scheme 14.
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Fig. 4. Structur

urrent efficiency in 10 h. Apart from ruthenium complex,
olypyridyl rhodium complexes [Rh(tpy)(phen)(H2O)]3+ has
lso reported for the electrocatalytic oxidation of benzyl alcohol
57]. But the rhodium(IV)-oxo system showed very low stability
n the electrocatalytic oxidation.

Recently, a new ruthenium complex containing thioether
ype ligand [9]aneS3 ([9]aneS3 = 1,4,7-triihiacyclononane)
Ru(phen)([9]aneS3)(H2O)]2+, was reported by Llobet and co-
orkers [58]. Although the complex is capable of catalyzing the
xidation of benzyl alcohol to benzaldehyde electrochemically,
he Ru-oxo species is not stable enough and readily decomposed
nce generated from the corresponding Ru–OH2 complex.

Generally speaking, ruthenium-oxo complexes are very
ctive electrocatalysts in the oxidation of alcohols. However,
he catalysts have a limited lifetime due to decomposition or
igand dissociation of the Ru-complex in the solution [59–61].

Some of the ruthenium complexes were immobilized onto
he electrode surface to increase their stability. As pyrroles
re known to undergo electropolymerization readily on elec-
rode surface, the synthesis of various pyrrole-substituted

′ ′ ′′
yridine, 2,2 -pyridine, 1,10-phenanthroline and 2,2 :6,2 -
erpyridine ligands and the electropolymerization of their
uthenium complex have been achieved [1]. Recently, poly-
Ru(bpea-pyr)(bpy-pyr)(H2O)]2+ (Fig. 5) (bpea-pyr = bis-py-

Fig. 5. Structure of bpea-pyr and AC ligands.
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arious ligands.

idin-2-ylmethyl-(3-pyrrol-l-propyl)amine, bpy-pyr = 4-
ethyl-4′-(4-pyrrol-1-yl-butyl)-[2,2′]-bipyridine) has been

repared as a polymer film on the electrode and was applied
n the electro-oxidation of benzyl alcohol. This study demon-
trated that the redox cycles of the immobilized Ru-catalyst
ncrease significantly from 36 to 922 cycles as compared to its
nalogue in solution.

Polycyclic aromatic compounds such as anthracene, which
dsorb strongly on electrode surface, are also common for
lectrode modification. Recently, Marques reported the use of
dsorbed [Ru(AC)(H2O)2]− (AC = alizarin complexone) as cat-
lyst in the electro-oxidation of benzyl alcohol [62]. Another
xample is [Ru(tpy)(*bpy)(OH2)]2+ (*bpy = 4′-methyl-(2,2′-
ipyridine)-4-acetic acid), which can also be applied as adsorbed
atalyst on graphite electrode for electro-oxidation [63,64]. In
ost of these cases, the catalysts can be grafted on the graphite

elt resulting in significant improvement of rate of alcohol
lectro-oxidation.

Besides ruthenium, an indium-tin oxide electrode modified
ith the high valent trans-dioxorhenium catalyst was reported
y Tanaka and co-workers [65] for the electro-oxidation of 1-
henylethanol to acetophenone. The results showed that while
atalytic oxidation of 1-phenylethanol is difficult to occur in
H2Cl2 with free rhenium(V) complex as the catalyst, the
lectrocatalytic oxidation can be achieved with a higher cat-
lyst turnover number and high current efficiency through
mmobilization of the rhenium(V) complex onto the electrode
urface.

.2. Nickel complexes

Nickel complexes are another important class of electrocat-
lysts for oxidation of alcohols. Certain nickel complexes were
ound to facilitate methanol oxidation with low overpotential.

epresentative examples include nickel(II) tetraazamacrocyclic
omplex [66], nickel(II) curcumin complex [67,68], nickel(II)
anillin porphyrin [69], nickel(II) tetrakis(N-methylpyridinium)
orphyrin [70] and nickel(II) hematoporphyrin IX [71]. More-
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ver, the use of simpler ligands such as dimethylglyoxime to
eplace the macrocycles has also been explored [72,73].

Nickel complexes catalyze methanol oxidation to formate in
lkaline medium. The mechanism for nickel oxide catalyzed
xidation of methanol as proposed by Fleischmann et al. [74] is
hown in Scheme 15. The NiOOH generated from the oxidation
f nickel oxides on the electrode was identified as the active cat-
lyst for methanol oxidation. Methanol is then adsorbed onto the
iOOH surface. The reaction between the adsorbed methanol
n NiOOH surface with NiOOH (Eq. (3.1)) is believed to be the
ate determining step of methanol oxidation. After the oxidation
tep, proton abstraction occurs to give HCOO− as the product
71].

Recently, Ni(cyclam) (cyclam = l,4,7,11-tetraazamacro-
ycle) was anchored with PAMAM (poly(amidoamine))
endrimers and immobilized onto gold electrode surface
s electrocatalyst [75]. The result showed that the surface-
onfined PAMAM dendrimer can increase the current density
f methanol oxidation by a factor of 4 when comparing with
odified electrodes without the dendrimer. This may be caused

y the increase in methanol concentration at the electrode
urface by the dendrimer.

Electrochemical oxidation of aliphatic alcohols such as
thanol, propanol, butanol [68,69] or even phenol [76] based on
he nickel-system have also been investigated in recent years.
he kinetics of oxidation were reported to be fastest in the case
f methanol electro-oxidation.

. Electrocatalytic oxidation of water

Water oxidation has been extensively studied due to its poten-
ial application in solar energy conversion [77]. The oxidation
rocess as shown in Eq. (4.1) involves a four-electron process:

H2O → O2 + 4H+ + 4e− (4.1)

This process occurs in the photosystem II in green plants.
he catalyst in nature is a tetranuclear oxo-bridged man-
anese cluster which catalyzes the four-electron oxidation
f water to dioxygen. To mimic this natural active center,
any high-valent multinuclear �-oxo bridged manganese com-

lexes have been synthesized [77–79]. However, only few

tudies relative to their reactivity toward water oxidation have
een published, and almost none of them described a non-
mbiguous example of an active electrocatalyst [80]. On the
ther hand, some systems based on ruthenium-oxo complexes

l
t
c
i

5.

ave been shown to be capable of oxidizing water to molecu-
ar oxygen. Recently, a short review article on ruthenium-oxo
omplexes for oxidation of water to dioxygen has been pub-
ished by Llobet and co-workers [81]. Among these Ru-oxo
pecies, the most well studied system is the �-oxo dimer
is,cis-[(bpy)2(H2O)RuIII–O–RuIII(OH2)(bpy)2]4+ (bpy = 2,2′-
ipyridine) (Fig. 6a) first reported by Meyer and co-workers
82]. The active form of the catalyst is generally proposed to be
he O RuV–O–RuV O species [2,83]. The mechanism of water
xidation had been extensively studied by Hurst and co-workers
84,85]. The spectroelectrochemistry of the ruthenium �-oxo
imers with chloro-substituted 2,2′-bipyridines (4,4′-dichloro
r 5,5′-dichloro-2,2′-bipyridine) (Fig. 6b) was investigated by
ong and co-worker [86]. The RuIII–O–RuIV and RuIV–O–RuV

pecies were characterized and the O RuIV–O–RuV O dimer
as found to catalyze the water oxidation to give dioxygen at
.3 V within 2 h.

Some non-�-oxo binuclear ruthenium complexes have also
een demonstrated as active electrocatalysts for water oxi-
ation (Fig. 7). These include dimeric ruthenium complexes
ith btpyan (btpyan = l,8-bis(2,2′:6′,2′′-terpyridyl)anthracene)

87,88] and bpp (bpp = (3,5-bis(2-pyridyl)pyrazole)) [89] and
iruthenium substituted polyoxometalate [90]. In the controlled-
otential electrolysis of [Ru2(OH)2(3,6-tBu2qui)2(btpyan)] at
.7 V versus Ag/AgCl with small amount of H2O in 2-
rifluoroethanol solution, dioxygen is evolved with a current
ensity of 91% (21 turnovers). Interestingly, the turnover num-
er was increased to 33,500 when the electrolysis was conducted
n KOH/H3PO4 solution (pH 4) using a modified indium–tin
xide (ITO) electrode on which the Ru-catalysts were immobi-
ized. It is suggested that the quinone bridge in the non-�-oxo
inuclear ruthenium complex plays an important role in water
xidation. The four electron oxidation of water was achieved
y redox reactions in which not only the two RuIII/RuII couples
ut also the two semiquinone/quinone couples of the ruthenium
inuclear complex played a significant role.

The catalytic water oxidation of [Ru2
II(bpp)(tpy)2(H2O)2]3+

Fig. 8) with CeIV as the oxidant was conducted in 0.1 M triflic
cid which gave dioxygen after 48 h with an efficiency of 73%
ith regard to the oxidant. The reaction rate of water oxidation
y [Ru2

II(bpp)(tpy)2(H2O)2]3+ is three times faster than that of
is,cis-[(bpy)2(H2O)RuIII–O–RuIII(OH2)(bpy)2]4+ under simi-

ar experimental conditions. The increase in activity may be due
o the favorable formation of molecular oxygen by the oxo–oxo
oupling in [Ru2

II(bpp)(tpy)2(H2O)2]3+ as the RuIV = O groups
n [Ru2

IV(bpp)(tpy)2(O)2]3+ are rigidly facing each other.
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Fig. 6. Structure of �-oxo ruthenium dimers [82,86]. (a) [(bpy)2(H2O)RuIIIORuIII(OH2)(bpy)2]4+ and (b) [(Cl2bpy)2(H2O)RuIIIORuIII(OH2)(Cl2bpy)2]4+
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Fig. 7. Structure of [Ru2(OH)2(3,6-tBu2qui)2(btpyan)] [87].

The diruthienium-substituted polyoxometalate (POM)
III 14−
Ru2 Zn2(H2O)2(ZnW9O34)2] can serve as an electrocata-

yst for water oxidation. The diruthenium-substituted POM can
enerated dioxygen at +0.750 V which is consistent with the
0 of oxygen generation (E0 = +0.760 V versus NHE at pH 8).

Fig. 8. Structure of [Ru2
II(bpp)(tpy)2(H2O)2]3+ [89].
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ig. 9. Schematic representation of water oxidation reaction at the nafion-RuO2-
u(bpy)3

2+ multi-component electrode [91].

he active centers for water oxidation were assigned to be RuV

pecies.
Another successful example of electrode modification

or water oxidation is the Nafion-RuO2-Ru(bpy)3
2+ multi-

omponent electrode [91] (Fig. 9). In this electrocatalytic
ystem, the current efficiency of water oxidation was improved
emarkably compared to the Nafion-RuO2 and Ru(bpy)3

2+ elec-
rodes. Redox mediation through Ru(bpy)3

2+ was found to
ominate over RuO2 catalytic effect in the water oxidation
echanism. The catalytic activity of RuO2 was affected by the

emperature at which it was prepared.

. Electrocatalytic oxidation of glucose mediated by
etal complexes

.1. Metal complexes as redox mediators in GOx-based
xidations

Electrocatalytic oxidation of glucose has been an important

esearch area for almost four decades. The prodigious research
ffort in the development of a glucose biosensor is due to its
aluable application in blood glucose assay serving 300 million
eople (5% of the world population) suffering from diabetes.
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Fig. 10. Structure of some positively charged bipyridines [96].

lucose oxidase (GOx) has been utilized as the recognition
lement and catalyst for glucose oxidation in the biosensor tech-
ology [92]. In order for the GOx to communicate effectively
ith the electrode, a redox mediator that exhibits reversible

edox property is required [92–94].
Ferrocene derivatives [95] and osmium polypyridyl com-

lexes [96] are the two major classes of redox mediator. To
vercome the negatively charged active site of GOx, osmium
omplexes with positively charged bipyridyl ligands such as
hose shown in Fig. 10 were found to be effective mediators with
ery high electron transfer rates [97]. The development of glu-
ose biosensors has been extensively reviewed in the literature
98] and will not be repeated here.

Instead of having the metal complex as a diffusing medi-

tor, Heller and co-workers bound ferrocene moiety to the
Ox protein to establish an electron tunneling path connect-

ng the GOx/FADH2 (FAD = flavin adenine dinucleotide) to
he electrode. The covalent attachment was accomplished by

s
f
t
(

Fig. 11. Modification of GOx with carbo
stry Reviews 251 (2007) 2367–2385 2377

he reaction of a carbodiimide activated ferrocenium/ferrocene
arboxylate ester with lysine-amine resulting in ferrocene
arboxamides or through imide bond formation by reacting
n amino-derivatized of the ferrocene with a modified GOx
Fig. 11) [99]. The ferrocene-modified protein could communi-
ate effectively with the electrode. Heller’s group also attached
pyridine moiety to the protein using acryl chloride and diazo-
ium salt. The covalently attached pyridine coordinates to the
uthenium pentamine moiety to create a new path for electron
unneling [100,101].

Similarly, Battaglini et al. reported that osmium redox
enters can be covalently attached to GOx by using
Os(bpy)2Cl(pyCOOH)]+ and [Os(bpy)2Cl(pyCHO)]+ in which
he pyridine ligand contained carboxy or carbonyl functional
roup for coupling to the amino groups in the protein [102].
nother coordinative approach for modifying GOx was demon-

trated by Ryabov et al. [103]. GOx from A. Niger contains
wo imidazole side chains, His 516 and His 559 in close prox-
mity to the FAD which serve as binding site for metal ions
104]. As depicted in Fig. 12, coordinative loading of the com-
lexes cis-[Ru(L)2Cl2] (L = bpy or phen) into the enzyme could
e achieved without prior chemical modification of the protein.
his simple method of coordinative modification afforded very
igh catalytic current even at high scan rates owing to the very
igh rate of the intramolecular electron transfer [104].

The redox mediators can also be anchored onto the electrode

urface [105]. Willner and co-workers have constructed chiral
errocene monolayers on a gold electrode through amide linkage
o study the bio-electrocatalyzed oxidation of glucose [106,107]
Fig. 13).

iimide derivatized ferrocene [99].
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Fig. 12. Coordinative loading of ruthenium complex into GOx [104].

The use of conducting polymeric materials containing the
edox mediators to modify the electrode is an alternative
pproach for obtaining an electroactive interface between the
lectrode and the GOx. The synthesis of electron conducting
ydrogels for “wiring” GOx onto the electrode surface was
eveloped by Heller and Gregg [108]. The electron-conducting
ydrogels are crosslinked water-soluble polymers that contain
on-leachable osmium polypyridyl-based redox centers. These
ydrogels are not only capable of electrically wiring the GOx to
he electrode but also permeable to glucose and gluconolactone
109,110]. Later on, a new generation of electron-conducting
ydrogels (Fig. 14) was introduced by the same group [111,112].
he redox center was composed of Os2+ core, which were ligated
y three bisimidazoles and linked covalently to the polyvinyl
yridine (PVP) polymer. It was found that long tethers for linking
he redox centers could lead to high flexibility and fast electron
iffusion. Coupled with an oxygen cathode of bilirubin oxidase
n hydrogel, the glucose anode was applied to the construction
f a miniature glucose/O2 biofuel cell (Fig. 15) [113–115]. This
ystem with osmium complex as the mediator has been reported
o be the smallest low-cost biofuel cell.

.2. Non-enzymatic electro-oxidation

In cases where high substrate specificity is not required
e.g. electrochemical detection in HPLC), a simple metal cat-

lyst can be employed for the electro-oxidation of glucose
nd other carbohydrates. In this regard, ruthenium-oxo com-
lexes were reported to be active catalysts for glucose oxidation.
xamples included [Ru(tpy)(phen)O]2+, [(bpy)2(O)Ru]2O3+

(
d
l
r

Fig. 13. Electrode modified with 2-methyl ferrocene c
stry Reviews 251 (2007) 2367–2385

nd cis-[Ru(6,6′-Cl2bpy)2(O)2]2+ (tpy = 2,2′:6′,2′′-terpyridine;
hen = 1,10-phenanthroline; bpy = 2,2′-bipyridine) [116–118].
mong these examples, cis-[Ru(6,6′-Cl2bpy)2(O)2]2+ exhibited

he best robustness due to the electron-withdrawing and steric
ffects of the chloro-substituents at the 6,6′-positions [118].
okon and co-workers recently employed a glucose oxidation
lectrode with RuCl2(azpy)2 (azpy = 2-phenylazopyridine) as
he catalyst to produce 2-ketogluconic acid with considerable
roduct selectivity. The conversion yield and product distribu-
ion were found to depend on the isomeric form of the ruthenium
omplexes used [119].

Araki and co-workers have explored the use of electropoly-
erizable supramolecular porphyrins for glucose oxidation

120–124]. Glassy carbon and gold electrode were modified
ith a tetraruthenated nickel porphyrin, designated as NiTRP

Fig. 16) by electropolymerization in alkaline medium. The
odified electrodes were successfully employed as sensors for

he analysis of glucose in parentheral nutrition solution by virtue
f the catalytic activity of the NiIII/NiII centers [123].

Cobalt phthalocyanine has also been incorporated in car-
on paste electrode for carbohydrate oxidation. The modified
lectrode can be used for universal detection of various carbo-
ydrates in liquid chromatography [125].

.3. New developments

The use of nanotechnology in developing biosensors is an
merging trend. An example demonstrated by Jin and co-
orkers is the use of ferrocene-doped silica nanoparticles as

edox mediator. The nanosilica surface exhibited high bio-
ompatibility and the doped ferrocene inside maintain its
igh electron transfer efficiency as mediator. The biosensor
as used to determine the glucose concentration in rat brain

126]. Dendritic macromolecules containing redox centers have
lso been an important class of material for developing cata-
ysts, electronic materials and sensors. Alonso and co-workers
mmobilized GOx electrostatically onto carbon and platinum
lectrodes modified with ferrocene-cobaltocenium dendrimers

Fig. 17). The desirable functional properties of the biosensor
erived from the thin film of heterometallic dendrimers included
ong-term stability, high sensitivity, expanded linear response
ange, and protection from interference by ascorbic acid [127].

arboxylic acid for glucose oxidation [106,107].
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Fig. 14. Structures of the conducting hydrogel a and hydrogel b [115].

Fig. 15. Glucose/O2 biofuel cell reported by Heller and co-workers [115].
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The best result was attained with nickel phthalocyanine with
reaction rate only four times higher than that of the least active
copper phthalocyanine. The various approaches using chemi-
cally modified microelectrodes in electrochemical detection of
Fig. 16. Structure of tetraruthena

. Electrocatalytic oxidation of nitric oxide

The wide range of physiological functions associated with
itric oxide (NO) [128–140] makes the determination of NO in
iological media important. However, the precise and accurate
etermination of NO is complicated by its low stability, low
oncentration and high reactivity with superoxide or other free
adicals present in biological systems. The half-life of NO in
hysiological solutions can be as short as 6 s [141,142].

The determination of NO at ultra-low concentration in vivo
s a challenging analytical problem and requires the design
f sensors with high specificity, simplicity and sensitivity.
n 1992, Malinski and Taha reported the use of polymeric
ickel porphyrins coated on microelectrode for NO detec-
ion [143,144]. The sensor selectivity was enhanced by a
afion membrane which minimized the penetration of anionic

pecies such as nitrite to the electrode surface. The Nafion
nd nickel porphyrin coated carbon microsensor was reported
o have a linear response up to 300 �M of NO with a detec-
ion limit of 10 nM. Later on, different metalloporphyrins
ncluding nickel [145–148], iron [149–154], cobalt [155,156],
anganese [157–159], palladium [157] porphyrins and some

ther metal complexes [160,161] were reported to be effec-
ive catalysts for the electro-oxidation of NO. Nevertheless,
he nature of this catalysis has not been clearly understood,

ith the role played by the metal ion still a subject of contro-
ersy. Ikeda and co-workers have proposed that a high valent
etal oxo species is responsible for NO oxidation with the
ater-soluble iron(III)-meso-tetrakis (N-methylpyridinum-4-

S
(

ckel porphyrin (NiTRP)4+ [123].

l)porphyrin [FeIII(4-TMPyP)] or manganese(III)-meso-tetrakis
N-methylpyridinum-4-yl)porphyrin [MnIII(4-TMPyP)] as cat-
lyst (Scheme 16) [152,162].

Besides metalloporphyrins, metallophthalocyanines are sta-
le materials with good electrocatalytic properties towards NO
xidation [163,164]. Bedioui and co-workers have explored
wide variety of metallophthalocyanines, including cobalt,

hromium, iron, nickel, manganese, copper and zinc phthalo-
yanines on their electrocatalytic properties (Fig. 18) [165–167].

hen comparing different metallophthalocyanines, the influ-
nce of the metal ion on the catalytic activity is not significant.
cheme 16. Catalytic cycle for the oxidation of NO by [O M(4-TMPyP)]
M = Mn, Fe).
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Fig. 17. Structure of ferrocene-cobaltocenium dendrimer [127].

Fig. 18. Structure of metallophthalocyanines, substituted Ni-Pc and substituted Cu-Pc [165].
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Scheme 17.

O in biological media have been reviewed by Bedioui and
o-workers in 1996, 2000 and 2002, respectively [162,168–170].

. Electrochemical oxidation of some small molecules

Besides NO, metalloporphyrins and metallophthalocyanines
f Fe, Ni, Co are active catalysts for the oxidation of small
olecules such as cysteine, thiocyanate, hydrogen and ascor-

ic acid. Thiol compounds play an important role in biological
ystems. For example the concentration of cysteine is crucial
nside human body and detection of cysteine is therefore clin-
cally important. The electrocatalytic oxidation of cysteine can
herefore be developed into an analytical method for cysteine
etection. Water-soluble porphyrins of cobalt [171], iron [172]
nd manganese [172] show catalytic activity for the oxidation
f cysteine to cystine. Water-soluble phthalocyanines of cobalt
173–175], manganese and zinc [174] are able to convert cys-
eine to cystine in good yield in acidic medium. It is believed
hat the metalloporphyrins and metallophthalocyanines function
s redox mediators for cysteine electro-oxidation and the mech-
nism of cobalt phthalocyanine in acidic medium is shown in
cheme 17 [175].

Other sulfur-containing compounds such as thiocyanate can

lso be oxidized by metallophthalocyanines. Recently cobalt
176] and iron phthalocyanines [176,177] were immobilized
nto gold electrode to act as sensors to detect thiocyanate.
he sensors gave a good catalytic activity towards thiocyanate

s
o
t
d

Scheme 1
stry Reviews 251 (2007) 2367–2385

xidation in pH 4 buffer with a detection limit down to
10−7 mol dm−3. The polymer films are stable and the prepa-

ation can be reproduced easily.
Oxidation of small molecules like dihydrogen is of

reat interest because of its relation to energy research. In
iological system the enzyme hydrogenase catalyzes the oxi-
ation of hydrogen or the reduction of proton. The nickel
omplexes [Ni(PNP)2]2+ (PNP = Et2PCH2NMeCH2PEt2) and
Ni(P2

CyN2
Bz)2]2+ (P2

CyN2
Bz = 1,3,5,7-tetraphenyl-1,5-diaza-

,7-diphosphacyclooctane) are good catalysts in hydrogen
xidation [178,179]. The complexes incorporate both hydride
nd proton acceptor sites in a single metal complex. These accep-
or sites in the nickel complex are believed to be important in
he hydrogen activation and proton transfer process as shown in
cheme 18 [179].

. Conclusions and outlook

The technological advances involving the use of coordination
ompounds in electrode modification and catalyst design have
een facilitating the development of electrosynthesis, fuel cells
nd biosensors. The industrial use of electricity as feedstock
or oxidation of organic compounds is regarded as an envi-
onmentally benign approach to reduce regional pollution and
nergy consumption. Many organic compounds are kinetically
table towards oxidation at electrode due to the high overpo-
ential of the electrochemical process. The crucial role of metal
omplexes in this approach is to catalyze the electrode process
ia an electro-active intermediate in the catalytic cycle. Electro-
hemical oxidation of alcohols such as benzyl alcohol has been
ell studied. The electrocatalytic epoxidation or dihydroxyla-

ion of alkenes is of high potential in fine chemical industry
s epoxides and diols are important intermediates in organic

ynthesis. It is very encouraging that the asymmetric version
f the electrochemical processes have been demonstrated. Fur-
her research efforts to improve the catalytic processes may be
irected towards increasing the catalyst robustness. Discovery

8.
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f new reaction media such as ionic liquids is another important
esearch direction to improve the environmental benignity of the
rocesses.

The development of efficient electrodes for water oxidation
s the major hurdle in solar energy research. Some metal-oxo
pecies have been shown to be active in the electrocatalytic oxi-
ation of water to dioxygen. However, the instability of these
etal species upon repetitive cycling leading to short lifespan of

he electrode has impeded the application of the catalysts. More-
ver, the mechanistic details have not been thoroughly unraveled
nd rational design to improve the catalyst stability could there-
ore be difficult. The design of new catalytic system without
he involvement of �-oxo metal species could result in more
obust new catalysts. Driven by the global desire for sustain-
ble and renewable energy resources and also national policy of
nergy diversification in many countries, a great deal of research
ffort in the catalyst development for water splitting and fuel cell
eaction is foreseeable.

The development of glucose oxidase based biosensors and
iofuel cells have been greatly facilitated by the discovery of
etal complexes as electron mediators in the redox process. In

he development of glucose biofuel cells, the high overpotential
ommonly encountered in the reduction of O2 to water at the
athode is yet to be overcome [114,180–183]. To further improve
he power density and the durability of the enzyme electrode,
anotechnology has recently been advocated because conduc-
ive nano-materials with large surface area can increase the
nzyme loading and facilitate reaction kinetics, thus improving
he power density of the biofuel cells. In addition, the struc-
ure of the nano-materials can be designed through synthesis to
mprove the stability of the immobilized enzymes [184]. The
pplication of nanotechnology in this aspect will become a new
rend to overcome the major obstacles in the development of
owerful biofuel cells.

Besides the discovery of new materials and catalysts, mech-
nistic study is vital in further improving the catalytic process.
or example, although metalloporphyrins and metallophthalo-
yanines are now an important class of catalyst in NO sensor
abrication, the mechanism of NO oxidation and the role of the
etal core are still not well understood. To overcome the analyt-

cal challenge a thorough understanding of the catalytic process
s of utmost importance.

In fact, this review focuses only on a fraction of oxida-
ion processes. Nevertheless, rationally combining coordination
hemistry with biotechnology, nanotechnology, electrochem-
stry and material science on a knowledge-based approach could
esult in new development of novel catalytic processes which can
acilitate energy revolution, alleviate environmental pollution
nd improve health care, as demonstrated by the aforementioned
xamples.
cknowledgments
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