
E
i

J
a

Q
b

a

A
A

K
T
S
E
E
S

1

e
i
a
e
t
e
e
c
s
e
c
l
l
e
c
b

0
d

Catalysis Today 158 (2010) 263–268

Contents lists available at ScienceDirect

Catalysis Today

journa l homepage: www.e lsev ier .com/ locate /ca t tod

lectrochemical catalysis and stability of tetraamido macrocyclic ligands iron
mmobilized on modified pyrolytic graphite electrode

inghua Wanga, Hong Suna,∗, X.S. Zhaoa,b

Institute of Multifunctional Materials (IMM), Laboratory of New Fiber Materials and Modern Textile, College of Chemistry, Chemical Engineering and Environment,
ingdao University, Ningxia Road 308, Qingdao 266071, China
Department of Chemical and Biomolecular Engineering, National University of Singapore, 4 Engineering Drive 4, Singapore 117576, Singapore

r t i c l e i n f o

rticle history:
vailable online 18 April 2010

eywords:
etraamido macrocyclic ligands iron
odium alginate
lectrochemistry
lectrocatalysis

a b s t r a c t

A synthetic molecule tetraamido macrocyclic ligands iron complex (FeIII-TAML), a catalyst that speeds up
peroxide oxidation reaction, was immobilized on pyrolytic graphite (PG) electrode modified with sodium
alginate (SA) gel films. The tetraamido macrocyclic ligands iron complex in the sodium alginate thin films
was characterized by cyclic voltammetry (CV), ultraviolet–visible spectrophotometry (UV–vis) and scan-
ning electron microscopy (SEM). The characterization results showed that the tetraamido macrocyclic
ligands iron complex on pyrolytic graphite electrode retained its native structure and displayed a pair
of well-defined and nearly reversible peaks at about −0.051 V and 0.051 V (V vs saturated calomel elec-
ensor trode, SCE) in a 0.1 M phosphate buffer solution of pH 7.0, originated from the tetraamido macrocyclic
ligands iron complex redox couples. The iron complex in the sodium alginate films also exhibited a good
electrocatalytic property toward the decomposition of hydrogen peroxide with a significant lowering of
overpotential, indicating the electrode can be potential hydrogen peroxide sensors. The amperometric
response of the sensor which showed good stability and reliability varied linearly with the hydrogen
peroxide concentrations ranging from 2.2 mM to 24 mM, with a detection limit of 0.88 mM at a signal-

to-noise ratio of 3.

. Introduction

The determination of hydrogen peroxide (H2O2) has become
xtremely important in recent years because H2O2 is widely used
n the food, medicine, chemical and biochemical industries, as well
s for environmental analysis [1–4]. Many techniques have been
mployed for H2O2 detection such as titrimetry [5], spectrome-
ry [6], chemiluminescence [7] and electrochemistry [8–11]. The
lectrochemistry methods based on a simple and low-cost enzyme
lectrode have attracted much attention [12–14]. However, one
ommon drawback of the enzyme-based H2O2 sensors is the poor
tability originated from the nature of the enzymes. Because the
nzymes are easy to deform thermally and chemically during fabri-
ation, storage or application, their catalytic activities can be easily
ost, which limit their technological applicability [15,16]. This prob-
em has driven chemists to design and fabricate low-molecule,

nzyme-free electrocatalysts [17–21], which are electrocatalyti-
ally active, yet stable against aggressively oxidizing acidic and
asic environments [22].
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The biomimetic oxidation chemistry of synthetic iron por-
phyrins [23,24] and non-heme iron complexes [25–30] has also
been widely investigated. Over the last two decades, a large amount
of oxidatively robust iron complexes were developed and used as
sensors for electrochemical determination of hydrogen peroxide,
organic hydroperoxides captopril [31,32], fenitrothion [33], toxic
metal cations [34,35], and even the explosive [36,37].

Tetraamido macrocyclic ligands iron complex, an oxidant acti-
vator, was first developed by Collins [38,39]. FeIII-TAML molecule
features an iron atom in its center, surrounded by four nitro-
gen atoms, which in turn is corralled by a ring of carbon atoms
(Scheme 1). X-ray diffraction structure analysis demonstrated the
presence of 5-coordination (5-CN) with Fe–OH2 bonds [40,41]. The
mechanism of the oxidant activation of TAML to peroxide is that
when hydrogen peroxide is present, it can displace a water ligand
and create a catalyst that triggers oxidation reactions with other
compounds in the solution.

The Fe(III) center of the nontoxic catalyst can coordinate to
tetraamido macrocyclic ligands, giving a FeIII-TAML oxidant acti-

vator, which catalyzes a variety of technologically important
oxidation reactions by hydrogen peroxide in water [39,42]. These
include the rapid leaching of water soluble dyes [43], the decol-
orization of pulp mill effluents, the delignification of wood pulp
[44], the complete remediation of chlorophenol persistent pollu-
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The FeIII-TAML was prepared according to described procedures.
Scheme 1. The structure of TAML activator. X = Cl, Y = H2O, R = CH3.

ants [45], and the selective oxidation of thiophene compounds of
asoline and diesel [46–48]. FeIII-TAML has the similar catalytic
echanism with some enzymes, such as horseradish peroxi-

ase (HRP) and cytochrome P450. It can combine with peroxide
olecules and speed up the release rate of free radicals [49,50].

eIII-TAML activators are exceptionally active; the second order rate
onstant for the rate-limiting activation of H2O2 was determined to
e as high as 104 M−1 s−1 at 25 ◦C and an optimal pH [51]. TAML cat-
lysts are effective in nanomolar to low micromolar concentrations
n water where they can attain turnover frequencies in thousands
er minute. It is a novel class of oxidatively robust “green” catalyst
52,53], which provides the first highly effective small molecule

imics of peroxidase enzymes, yet the TAML system was discov-
red to be innocent [47,54].

Alginate, an anionic polysaccharide, has been widely used as
n instant gel for bone tissue engineering owing to its good
iocompatibility [55–57]. Recently, Zhao et al. [58] employed
odium alginate (SA) as a matrix to immobilize hemoglobin on
ultiwalled carbon nanotubes for electrochemical biosensor appli-

ations.
In this paper, we described an approach to immobilizing FeIII-

AML in SA films on pyrolytic graphite (PG) electrodes. Various
echniques were used to characterize the FeIII-TAML/SA films. The
lectrochemical properties of the FeIII-TAML were characterized by
sing cyclic voltammetry (CV). The FeIII-TAML immobilized in SA
lms exhibited well-defined and reversible electrochemistry fea-
ures with reversible redox properties and a pair of redox peaks at
bout −0.051 and 0.051 (V vs SCE). Moreover, in accordance with
ts activity in the solution, the immobilized Fe ligand displayed a
ery good electrocatalytic performance toward hydrogen perox-
de. A new peroxide sensor was then fabricated by utilizing this
mmobilized FeIII-TAML as mimetic enzyme electrode. Compared

ith enzyme-based H2O2 sensors, the FeIII-TAML-based peroxide
ensor displayed unique properties, such as a better thermal sta-
ility.

. Experimental

.1. Chemicals and reagents

The FeIII-TAML was synthesized according to Collins et al. [59]
nd He et al. [60] and characterized with Fourier transform infra-
ed spectroscopy (FT-IR), Ultraviolet–visible spectrophotometry
UV–vis) and elements analysis. Sodium Alginate was from Qing-
ao Huadong Chemicals. Hydrogen peroxide (H2O2, 30%) was from
ingdao Chemical Engineering Plant. All other chemicals were of
nalytical grade.

The electrolyte was usually 0.05 M potassium dihydrogen phos-

hate buffers at pH 7.0 containing 0.1 M KBr. Other buffers were
.1 M sodium acetate, 0.1 M boric acid, and 0.1 M citric acid, all con-
aining 0.1 M KBr. The pHs of buffers were regulated with a HCl or
aOH solution.
y 158 (2010) 263–268

2.2. Preparation of FeIII-TAML/SA composite modified electrodes

Prior to use, the PG electrode (PG, 3 mm diameter) was polished
first with metallographic sandpapers while flushing with water and
then polished on a clean billiard cloth with twice distilled water.
The electrodes were ultrasonicated in distilled water for 30 s after
each polishing step. Then it was dried under nitrogen.

The amount of FeIII-TAML was controlled by a micro-syringe.
We have studied the relationship between the peak current of a
CV curve and the amount of FeIII-TAML used (2, 4, 6, 8, 10, 12, 14,
and 16 �L of 1 mg/mL FeIII-TAML solutions were used in this study).
The peak current reached the highest with 10 �L of 1 mg/mL FeIII-
TAML solution. So, the electrode modified with 10 �L of 1 mg/mL
FeIII-TAML solution was chosen to detect hydrogen peroxide.

The experimental conditions for preparation of FeIII-TAML/SA
composite modified electrodes were optimized after a series of
experiments.

Typically, 5 �L of 1 mg/mL SA solution was spread evenly onto a
freshly polished PG electrode with a micro-syringe. A small bottle
was fit tightly over the electrode to serve as a closed evapora-
tion chamber for several hours so that the water was evaporated
slowly and more uniform films were formed. After the films stood
overnight, 10 �L of 1 mg/mL FeIII-TAML solution was spread onto
the dry SA film surface with a micro-syringe. A small bottle was fit
tightly over the electrode so that water evaporated gradually. The
FeIII-TAML/SA films were then dried in air overnight.

To investigate the formation of FeIII-TAML/SA films, a glass slide
was substituted PG electrode and the formation process of FeIII-
TAML/SA film on glass surface was performed by the same process.
After dried in air overnight, the glass slide was tested by Thermal
Fished EV-300 UV spectrophotometer.

2.3. Instruments and procedures

A CHI 760C electrochemical analyzer (CH Instruments) was used
for CV. In electrochemical measurements, a regular three-electrode
cell was used with a saturated calomel electrode (SCE) as reference,
a platinum wire as counter electrode, and a PG electrode coated
with films as working electrode. All experiments were performed
at ambient temperature (20 ± 2 ◦C).

Voltammetry on FeIII-TAML/SA film electrodes was carried on
in buffers. Prior to electrochemical measurements, buffer solutions
were purged with purified nitrogen for at least 15 min, and then the
nitrogen was bubbled gently through the solutions for exclusion of
oxygen during the whole experiments. In the experiments, mea-
sured volumes of hydrogen peroxide were injected via a syringe to
solutions in a sealed cell, which had been previously degassed with
nitrogen.

UV–vis absorption spectroscopy was measured with a Thermal
Fished EV-300 UV spectrophotometer. SEM was done with a JSM-
6390LV scanning electron microanalyzer at an acceleration voltage
of 20 kV. FT-IR spectra were measured with Nicolet 5700 spec-
trophotometer. Elemental analyses were performed on a vario EL
III Elementar (Germany). Sample films for SEM, UV–vis and FT-IR
were prepared on the glass slides.

3. Results and discussion

3.1. Synthesis of complexes
The solid was recrystallized from acetonitrile–water (1:1, v/v), the
resulting orange crystalline material was dried in a vacuum over
5 h at 45 ◦C. 30% Activators were synthesized in aqua forms. The
FeIII-TAML was identified by IR, UV, and elemental analysis.
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ig. 1. UV–vis spectra for (a) SA precursor film, (b) FeIII-TAML/SA films on glass slide
urface and (c) FeIII-TAML in aqueous solution.

Anal. calcd for C19H20N4FeO4Cl2.(H2O): C, 44.444; H, 4.288; N,
0.916, and C/N, 4.071; experiment for: C, 42.19; H, 5.139; N, 9.272;
nd C/N, 4.550.

IR (KBr) � [cm−1]: 3417, 1699, 1629 (CON–), 1118 (C–N),
375(–CH3).

.2. Conformational studies

UV–vis spectroscopy was used to characterize the structure
f FeIII-TAML in solution and within SA films. A typical absorp-
ion spectrum of FeIII-TAML in deionized (DI) water solution was
epicted in Fig. 1c.

To investigate the immobilization process of FeIII-TAML in SA
lm surface, a clean glass slide was used to test the UV phe-
omenon. The immobilization process was performed by using the
ame procedures, typically, the SA film was coated onto fresh clean
lass surface first and then one drop of FeIII-TAML solution was
ropped onto SA film surface. After FeIII-TAML treatment, films
ere blown dry in air and kept at room temperature overnight to
ry. Then films were immersed into DI water for about 1 h, non-
bsorbed FeIII-TAML on the film surface would be washed and the
lides could be used for the UV spectrum test. A typical absorption
pectrum of FeIII-TAML/SA film was depicted in Fig. 1b. Compared
ith glass slide with SA film only (Fig. 1a), an absorption peak

f TAML was obtained at about 368 nm (Fig. 1b), which was in
ccordance with the data obtained from aqueous solution. Both
eIII-TAML in solution (Fig. 1c) and FeIII-TAML/SA films demon-
trated absorption band at 368 nm, indicating that FeIII-TAML in
ry films retained its native structure.

The adsorption bands of CON– for native FeIII-TAML were
bserved at 3417 cm−1, 1629 cm−1, 1118 cm−1(C–N), respectively.
imilar characteristic peaks (3419 cm−1 and 1627 cm−1 for CON–,
134 cm−1 for C–N) were observed for the FeIII-TAML immobi-

ized on the SA composite film at this time. The similarity of the
eIII-TAML and FeIII-TAML/SA spectra revealed that the FeIII-TAML
mmobilized on the SA composite film almost retained its original
tructure.

.3. Morphology of FeIII-TAML/SA films
Scanning electron microscopy (SEM) was then used to char-
cterize the morphology of SA and FeIII-TAML/SA films on glass
lides. SA film presented a smooth surface (Fig. 2a) and a much
ifferent morphology of FeIII-TAML/SA films as shown in Fig. 2b
as observed compared to the SA film only. In addition, the SEM
Fig. 2. Top view of SEM for (a) SA, and (b) FeIII-TAML/SA films with the same mag-
nification.

cross-sectional views technique was used to estimate the thick-
ness of FeIII-TAML/SA films after freeze-fracturing, which was about
3–5 �m.

3.4. Electrochemical properties of FeIII-TAML

Electrochemical characteristics derived from CV reflected the
nature of FeIII-TAML. When a FeIII-TAML/SA films electrode was
immersed into pH 7.0 buffer solutions containing no FeIII-TAML,
after about 15 min of soak and several CV scan, a pair of peaks
at the steady state were observed at about −0.051 V and 0.051 V
(V vs SCE). Fig. 3b shows a single electrochemically reversible
redox process at electrode, in accordance with characteristic of the
Fe(III)/Fe(II) redox couples [61]. The peaks of FeIII-TAML/SA films
showed nearly reversible cyclic voltammograms in blank buffers,
suggesting direct electron transfer occurred between FeIII-TAML
and PG electrode in SA films.

FeIII-TAML/SA films in pH 7.0 buffers showed quite symmet-
rical peak shape (Fig. 3) with roughly equal heights of reduction
and oxidation peaks. Fig. 4 shows that the reduction peak cur-
rents increased linearly with scan rates from 0.1 V s−1 to 0.8 V s−1,
and integration of reduction peaks at different scan rates in this
range gave nearly constant charge (Q) values. Moreover, the anodic
peak current increased linearly with the scan rates, as shown in the
insert of Fig. 4. All these are characteristic of diffusionless, surface-
confined voltammetric behavior [62].
3.5. Catalytic activity

Catalytic CV behavior was also observed for hydrogen peroxide
at FeIII-TAML/SA film electrodes. Take FeIII-TAML/SA film electrode
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Fig. 5. Cyclic voltammograms at 0.1 V s−1 in pH 7.0 buffers for (a) SA film without
H2O2, (b) SA film with 4.4 mM H2O2, (c) FeIII-TAML/SA films without H2O2, (d) FeIII-
TAML/SA films with 2.2 mM H2O2, and (e) FeIII-TAML/SA films with 4.4 mM H2O2.
ig. 3. Cyclic voltammograms for (a). SA films; (b). FeIII-TAML/SA films at 0.2 V s−1

n pH 7.0 buffers.

s an example, when H2O2 was added to a pH 7.0 buffer, an increase
n reduction peak at about −0.4 V was observed with the disappear-
nce of oxidation peak for FeIII-TAML. The reduction peak current
ncreased with the concentration of H2O2 in solution. However,
he direct reduction of H2O2 was observed on SA precursor films at
bout −0.8 V (as shown in Fig. 5).

The electrocatalytic reduction of H2O2 at FeIII-TAML/SA films
as also tested by amperometry. Fig. 6 illustrated a typical amper-

metric response of FeIII-TAML/SA films with the stepwise addition
f H2O2 at the constant potential of −0.1 V vs SCE. The stepped
ncrease of H2O2 concentration in buffers caused the correspond-
ng growth of catalytic reduction currents with a linear relationship.

hile SA films without FeIII-TAML also displayed some catalytic
ctivity toward H2O2 reduction in amperometry, FeIII-TAML/SA
lms behaved much better.

The left top of Fig. 6 shows the corresponding calibration curve
f the sensor for H2O2 addition. The response to H2O2 was linear

2
n the concentration range from 2.2 mM to 24 mM (R = 0.998). The
etection limit was 0.88 mM at a signal-to-noise ration of 3. The cal-

bration curve tended to lever off when the concentration of H2O2
ecame larger. Association constants are evaluated and presented

n Table 1.

ig. 4. Cyclic voltammograms of FeIII-TAML/SA films in pH 5.5 buffers at scan rates
f (from inner to outer): (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.5, (f) 0.6, (g) 0.7, (h)
.8 V s−1. Inset shows the relationship between the anodic peak currents and scan
ates.
Fig. 6. Amperometric response of (a) SA film and (b) FeIII-TAML/SA films at −0.1 V
in pH 7.0 buffers solution with 2.2 mM H2O2 injected every 40s. Inset shows the
calibration curves for H2O2 in pH 7.0 buffers for FeIII-TAML/SA films.

The presence of the discrepancy of linear range and detec-
tion limit was understandable because different detection methods
possessed different sensitivity. But the calculated characteristic
constant had no obvious discrepancy, it was accordance with the
theoretical phenomena because all of the detection conditions were
just the same.

3.6. Stability of the sensor
The stability of FeIII-TAML/SA films was tested by CV with two
different storage methods. The first one was performed with wet
storage method. PG electrodes coated with FeIII-TAML/SA films
were stored in pH 7.0 blank buffers and CVs were carried out period-

Table 1
Catalytic performances of FeIII-TAML/SA films toward H2O2.

H2O2 FeIII-TAML/SA film

Linear range (mM) 2.2–24
Detection limit (mM) 0.88
Sensitivity (nA mM−1) 2.24
Correlation coefficient 0.9996
Catalysis efficiency 4.879
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ig. 7. Temperature effect on the amperometric response to 2.2 mM H2O2 in pH 7.0
uffers.

cally. The second method was dry storage method, FeIII-TAML/SA
lm electrodes were stored in air for most of the storage time, and
he test was performed in pH 7.0 buffers occasionally. The excellent
tabilities of FeIII-TAML/SA films were obtained from two methods.
eak potentials and currents of FeIII-TAML/SA films electrode stored
n wet and dry state essentially maintained unchanged for at least
month.

The enhanced thermo-stability of the sensor was tested. The
urrent of the sensor to H2O2 in buffers increased slightly from
5 ◦C to 65 ◦C. Furthermore, the sensor still maintained a simi-

ar response without obvious deactivation at high temperatures
Fig. 7).

The operational stability of the sensor was examined with inter-
ittent measuring the current response to 2.2 mM H2O2 in the

tirred buffers every 12 h in the period of 3 days. The results illus-
rated the remaining activities of TAML related to the initial TAML
ctivity. The storage stability of the sensor to 2.2 mM H2O2 in
uffers was studied over the period of 2 months. The sensor was
tored in buffers in the refrigerator at 4 ◦C when not in use. The
atalytic current response could maintain about 70% of the initial
ignal, which demonstrated that the sensor operated in buffers in
oom temperature displayed good operational and storage stabi-
ization.

. Conclusions

Water soluble FeIII-TAML was first incorporated into negatively
harged sodium alginate (SA) gel film on pyrolytic graphite (PG)
lectrodes, forming FeIII-TAML/SA films. The special structure of SA
an form stable films on PG electrodes, which could hold the FeIII-
AML immobilized stably and prevent it bleaching from the film.
hese ordered films are presumably stabilized mainly by electro-
tatic attractions between SA and FeIII-TAML.

The modified electrode exhibited well-defined and nearly
eversible electrochemistry features. The stable films showed cat-
lytic properties to hydrogen peroxide with a significant lowering
f overpotential. A new peroxide sensor was fabricated with this
lm which showed a linear range between 2.2 mM to 24 mM. Exper-

mental data showed that such immobilized FeIII-TAML system can
e potential electrochemical sensors.
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