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Abstract: A water-insoluble picket-
fence porphyrin was first assembled on
nitrogen-doped multiwalled carbon
nanotubes (CN, MWNTs) through Fe—
N coordination for highly efficient cat-
alysis and biosensing. Scanning elec-
tron micrographs, Raman spectra, X-
ray photoelectron spectra, UV/Vis ab-
sorption spectra, and electrochemical
impedance spectra were employed to
characterize this novel nanocomposite.
By using electrochemical methods on
the porphyrin at low potential in neu-
tral aqueous solution, the presence of

tion of a high-valent iron(IV)-porphy-
rin unit, which produced excellent cata-
lytic activity toward the oxidation of
sulfite ions. By using sulfite ions, a
widely used versatile additive and pres-
ervative in the food and beverage in-
dustries, as a model, a highly sensitive
amperometric biosensor was proposed.
The biosensor showed a linear range of
four orders of magnitude from 8.0x
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1077 to 4.9x107 molL™" and a detec-
tion limit of 3.5x107 molL™" due to
the highly efficient catalysis of the
nanocomposite. The designed platform
and method had good analytical perfor-
mance and could be successfully ap-
plied in the determination of sulfite
ions in beverages. The direct noncova-
lent assembly of porphyrin on CN,
MWNTs provided a facile way to
design novel biofunctional materials
for biosensing and photovoltaic devi-
ces.

CN, MWNTs led to the direct forma-

Introduction

The functionalization of carbon nanotubes (CNTs) with por-
phyrins has attracted considerable attention for various ap-
plications due to their unique photophysical and photo-
chemical properties.'™! Generally, this procedure can be
performed by covalent or noncovalent routes. The noncova-
lent routes, including electrostatic interactions, - interac-
tions, and axial coordination, are particularly promising for
improving the dispersion or dissolution properties of CNTs
without destructing the sp® nanotube structure. Both electro-
static and m—m noncovalent interactions of CNTs with por-
phyrins have been extensively applied in the preparation of
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photocatalytic and photovoltaic devices with excellent per-
formance.”® However, the functionalization of CNTs with
porphyrins by axial coordination is very difficult due to the
absence of sufficient binding sites on CNTs. To achieve the
axial coordination for porphyrin functionalization of CNTs,
pyridyl® and 4-aminopyridine!™ groups were covalently
bound and the imidazole ligand assembled by m—m stacking
interactions" to the surface of CNTs to form an electron
donor for the self-assembly of acceptors, such as porphyrin
molecules. This work used doping of heteroatoms, especially
nitrogen atoms, in the carbon nanotube structure, which pro-
vided abundant binding sites for noncovalent functionaliza-
tion, and prepared a functional nanocomposite of nitrogen-
doped multiwalled carbon nanotubes (CN, MWNTs) with a
picket-fence porphyrin, bromoliron(IIT) 5,10,15,20-tetra-
kis(a,0,0,a-2-pivalamidopheny)porphyrin] (FeTpivPP)
through Fe—N coordination (Figure 1). This approach pro-
vided a facile avenue for the direct noncovalent assembly of
the porphyrin and the design of novel biofunctional materi-
als.

The CN, MWNTs usually have a defective bamboolike
structure with distinctive compartment layers due to the
doping of nitrogen atoms bonded to the carbon atoms in
two forms, namely, pyridinic and graphitic nitrogen atoms.
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Figure 1. Proposed schematic diagram of the CN, MWNTs/FeTpivPP-
modified GCE.

In comparison with CNTs, CN, MWNTs have a larger sur-
face-active groups/volume ratio, better electrical and me-
chanical properties, and better biocompatibility.">*! The
doped nitrogen atom can act as an electron donor and intro-
duce some defective sites or active sites on the nanotube
surface, which is expected to be an excellent candidate for
fabricating nanocomposites.*'’!

Porphyrins are an important class of conjugated organic
molecule, which can be employed to mimic the active site of
many important enzymes, such as hemoglobin, myoglobin,
cytochrome ¢ oxidase, nitric oxide reductase, vitamin B,,
and chlorophyll.?**! Metalloporphyrin has been well used
as electron media and exhibited good electrocatalysis of
many small molecules related to life process.**?! Especially,
high-valent iron(IV)—porphyrin as a strong oxidant has been
utilized to catalyze mono-oxygenation in many chemical re-
actions, including the catalytic oxidation of organic sub-
strates and biomolecules.”**! In comparison with a plane
porphyrin, a picket-fence porphyrin has a macrocyclic por-
phyrin ring with four columnlike phenyl substitutes, which
simulates the active center of some proteins and enzymes,
thus leading to improved catalysis toward biomolecules.***!
This investigation used FeTpivPP to functionalize CN,
MWNTs in the preparation of highly efficient catalysts. The
presence of CN, MWNTs led to a direct electron transfer
from the porphyrin to the electrode to form a high-valent
iron(IV)—porphyrin easily, thus producing excellent catalytic
activity of the oxidation of sulfite ions with a low overpoten-
tial.

Sulfite ions are widely used as versatile additives and
preservatives in the food and beverage industries to prevent
oxidation and bacterial growth, control enzymatic reactions,
and assist in preserving vitamin C during production and
storage.[33] However, excess concentration of sulfite ions is
harmful to the skin, respiratory tract, or stomach and intes-
tines.?***! The United States Food and Drug Administration
regulations have indicated that the sulfite ions contained in
food and beverages (i.e., “contains sulfites”) should not
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exceed 10 mgL '3 Therefore, effective monitoring of
sulfite ions is urgently important.

On the basis of its catalytic activity, a sensitive ampero-
metric biosensor with a low overpotential and a wide linear
range for sulfite ions was designed. This biosensor could be
successfully applied in the determination of sulfite ions in
beverages. Therefore, the novel nanocomposite possesses
potential applications as a highly efficient catalyst and in the
fabrication of biosensors.

Results and Discussion

SEM and Raman spectroscopic characterization of CN,
MWNTs/FeTpivPP: The scanning electron micrograph of
pristine CN, MWNTs displayed a well-defined one-dimen-
sional structure with the outer diameter of around 30 nm
(Figure 2). This well-dispersed and interdigitated nanostruc-

Figure 2. Scanning electron micrograph of pristine CN, MWNTs.

ture provided a significant increase in the effective area for
biomolecule loading. Furthermore, the Raman spectrum of
pristine CN, MWNTs showed a disorder-induced D band at
A=1357cm™ and a tangential stretch Gband at A=
1586 cm™! (Figure 3, curve a), with an intensity ratio I/l of
0.91. This value was much higher than 0.24 for undoped
MWNTSs,”** thus indicating that the nitrogen doping was
very effective in introducing defects into the structure of the
CNTs. As a result, the obtained CN, MWNTs had more de-
fective sites for functionalization. In comparison with CN,
MWNTs, the D and G bands of CN, MWNT/FeTpivPP
were slightly shifted to 1=1353 and 1583 cm™' (Figure 3,
curve b), respectively, which could be associated with FeT-
pivPP bound to the CN, MWNTs. Moreover, the values of
Ip/l; for the CN, MWNTs and CN, MWNT/FeTpivPP did
not show obvious differences, thus indicating that the func-
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Figure 3. Raman spectra of a) CN, MWNTs and b) CN, MWNT/FeT-
pivPP.

tionalization of CN, MWNTs with FeTpivPP did not destroy
the structure of the CN, MWNTs.

X-ray photoelectron spectrum (XPS) characterization of
CN, MWNT/FeTpivPP: The N1s XPS of FeTpivPP consist-
ed of two peaks assigned to the imido and pyrrolic nitrogen
atoms at 399.0 and 400.2 eV, respectively (Figure 4 A). The
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Figure 4. N1s XPS of A) FeTpivPP, B) CN, MWNTs, C) CN, MWNT/
FeTpivPP, and D) Fe2p XPS of a) FeTpivPP and b) CN, MWNT/FeT-
pivPP.

N1s XPS of CN, MWNTs exhibited three well-separated
peaks attributed to the pyridinic, graphitic, and some oxi-
dized nitrogen species at 398.6, 401.0, and 404.4 eV (Fig-
ure 4B).[""¥! In comparison with the XPS of CN, MWNTs,
CN, MWNT/FeTpivPP showed a new peak at 399.8 eV (Fig-
ure 4 C), which could been contributed to by the coordina-
tion between the Fe centers of FeTpivPP and the pyridinic
nitrogen atoms of CN, MWNTs. Moreover, after binding
with FeTpivPP, the intensity ratio of the pyridinic and
graphitic N 1s centers for CN, MWNTs obviously decreased,
thus indicating that part of the pyridinic nitrogen atoms of
the CN, MWNTs could be coordinated with the Fe center
of FeTpivPP. This suggestion was also verified by comparing
the Fe2p,; peaks of Fe—N in FeTpivPP and CN, MWNT/
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FeTpivPP. The former occurred at 711.7eV (Figure 4D,
curve a), and the latter shifted to a higher energy at
712.9 eV (Figure 4D, curve b). This shift should be attribut-
ed to the presence of electron-donating pyridinic nitrogen
atoms of CN, MWNTs that coordinate the central Fe atom
of FeTpivPP. Thus, the nanocomposite of CN, MWNT/FeT-
pivPP was formed through Fe—N coordination rather than
only weak s—m noncovalent interactions.

UV/Vis absorption spectroscopic characterization of CN,
MWNT/FeTpivPP: The UV/Vis absorption spectra of FeT-
pivPP, MWNT/FeTpivPP, CN, MWNT/FeTpivPP, the corre-
sponding free-base porphyrin (H,TpivPP), and CN, MWNT/
H,TpivPP are shown in Figure 5 A. The FeTpivPP exhibited
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Figure 5. A) UV/Vis absorption spectra of a) FeTpivPP, b) MWNT/FeT-
pivPP, ¢) H,TpivPP, d) CN, MWNTs/H,TpivPP, and e¢) CN, MWNT/FeT-
pivPP. B) Electrochemical impedance spectra of a) bare, b) CN, MWNTs,
and ¢) CN, MWNT/FeTpivPP-modified GCEs.

a typical Soret-band absorption at A=417 nm and a weak
Q-band absorption at A=509 nm (Figure SA, curve a),
which was consistent with a previous report.*! In the pres-
ence of MWNTs, the Soret band of MWNT/FeTpivPP
showed a decrease in intensity with a red shift from =417
to 425 nm, thus indicating the formation of a J-type aggre-
gate nucleated on MWNTSs through m—m noncovalent inter-
actions (Figure SA, curve b).*”! Similarly, the assembly of
H,TpivPP on CN, MWNTs resulted in a slight shift of the
Soret band of H,TpivPP from 1=418 to 423 nm (Figure 5 A,
curves ¢ and d), whereas no split of the Soret band could be
observed. However, in the presence of CN, MWNTs, the
Soret band of CN, MWNT/FeTpivPP was split into two ad-
sorption peaks at A =425 and 453 nm (Figure 5 A, curve e),
which could be attributed to the assembly of FeTpivPP on
CN, MWNTs by Fe—N coordination. !

Electrochemical impedance spectroscopic characterization
of CN, MWNT/FeTpivPP: After using the [Fe(CN)(]*~/
[Fe(CN)g]* redox couple as the electrochemical probe, the
Nyquist plots of different electrodes in the frequency range
0.01-100000 Hz were prepared (Figure 5B). On a bare
glassy carbon electrode (GCE), the redox process of the
probe showed an electron-transfer resistance of about 370 Q
(Figure 5B, curve a). After the CN, MWNTs were coated
onto the electrode, the resistance decreased dramatically to
about 25 Q (Figure 5B, curve b), thus suggesting that CN,

Chem. Eur. J. 2010, 16, 4120-4126


www.chemeurj.org

Noncovalent Assembly for Functionalization

MWNTs accelerated the electron transfer between the
redox probe and electrode surface due to their excellent
electronic conductivity. However, compared with CN,
MWNTs, the electron-transfer resistance of a CN, MWNT/
FeTpivPP-modified GCE was 230 Q due to the presence of
FeTpivPP, which blocked the electron transfer (Figure 5B,
curve c¢). The increased electron-transfer resistance further
demonstrated that FeTpivPP was assembled on CN,
MWNTs to form a noncomposite of CN, MWNT/FeTpivPP.

Electrochemical behavior of the CN, MWNT/FeTpivPP-
modified GCE: The cyclic voltammogram of CN, MWNT-
modified GCE in N,-saturated phosphate buffered saline
(PBS) showed a couple of small redox peaks that resulted
from oxycarbide species on the nanotube surface (Fig-
ure 6A, curve a). The CN, MWNT/FeTpivPP-modified

244 A
< b
3 124
= a
5
2 o0
3
(@]
12
08 -04 00 04 08
20
B b

Current / nA
o 3

N
o

\
o
oS
\
o
~
<
o
o
~
o
o]

Current / pA
. S
. 2.2
O

()

-
o

08 -04 00 04 08
Potential / V

Figure 6. Cyclic voltammograms of GCEs modified with A)CN,
MWNTs, B) CN, MWNT/FeTpivPP, and C) MWNT/FeTpivPP in a) N,-
saturated PBS (0.1M, pH 7.0) and b) N,-saturated PBS+sulfite (0.1m,
pH 7.0, 500 pmol L") at 100 mV's™".

GCE showed another couple of well-defined redox peaks at
—0.196 and —0.141 V and an anodic peak at +0.44 V (Fig-
ure 6B, curve a), whereas the cyclic voltammogram of the
MWNT/FeTpivPP-modified GCE did not show any observa-
ble peak (Figure 6C, curve a). Thus, CN, MWNTs could as-
semble much more FeTpivPP on their surface through Fe—N
coordination, which showed stronger interactions than the
n—m interaction between FeTpivPP and MWNTs. The redox
peaks at lower potentials should be attributed to the redox
couple of Fe"/Fe" with the separation of peak potentials
AE, of 0.055V, which was smaller than that of AE,=
0.115V for a gold electrode modified with gold nanoparti-
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clessMWNTs picket-fence porphyrin, ! thus indicating that
CN, MWNTs promoted the electron transfer between FeT-
pivPP and the GCE. The reduction and oxidation peak cur-
rents of the CN, MWNT/FeTpivPP-modified GCE in-
creased linearly with a scan rate of 40-500 mVs~', whereas
the difference in the redox peak potentials showed a slight
increase that indicates a surface-controlled electrode pro-
cess.

The irreversible oxidation peak observed at +0.44 V cor-
responded to the formation of an iron(IV) species.[*¥! The
oxidation peak potential of Fe™TpivPP was much more neg-
ative than +0.72V for a GCE modified with iron(III)
tetra(4-aminophenyl)porphyrin,*! and 40.83V for an
indium/tin oxide electode modified with iron(III) meso-tet-
rakis(N-methylpyridinium-4-yl)porphyrin.®® Moreover, the
oxidation potential showed a strong dependence on the pH
value of the solution. On increasing the solution from pH 5
to 9, the oxidation potential linearly shifted to more nega-
tive value with a slope of —55.2mVpH™, thus indicating
that one proton participated in the one-electron redox pro-
cess [Eq. (1)]:

HO—-Fe"'TpivPP — ¢~ — O=Fe"TpivPP + H* 1)

Electrocatalytic oxidation of sulfite ions: When sulfite ions
(500 umol L") were added to PBS, an enhanced catalytic
peak toward the oxidation of sulfite ions was observed at
+0.47 V with the initial potential of +0.23 V at the CN,
MWNT/FeTpivPP-modified GCE (Figure 6B, curve D),
whereas no obvious peak for the oxidation of sulfite ions
was observed at the CN, MWNT-modified GCE (Figure 6 A,
curve b). This result suggested that the CN, MWNT/FeT-
pivPP nanocomposite greatly decreased the overpotential
for the electrooxidation of sulfite ions due to the presence
of O=Fe™TpivPP. As expected, the sulfite ions showed a
weak electrooxidation peak at the MWNT/FeTpivPP-modi-
fied GCE (Figure 6C, curve b), thus indicating that little
FeTpivPP had assembled on the MWNTSs surface again due
to the weaker m—m interactions than the Fe—N coordination
on the CN, MWNTs surface. Comparison of the responses
of the sulfite ions on the CN, MWNTs and CN, MWNT/
FeTpivPP-modified GCEs, the electrocatalytic oxidation of
the sulfite ions was attributed to the iron(IV) center of FeT-
pivPP rather than the presence of the residual Fe catalyst in
the CN, MWNTs. This result suggests that the CN, MWNT/
FeTpivPP nanocomposite greatly decreased the overpoten-
tial for the electrooxidation of sulfite ions due to the pres-
ence of O=FeTpivPP. This was a typical electrocatalytic
process,”! in which Fe"'TpivPP was first oxidized to the
iron(IV) species and then back to the initial state by a
chemical reaction according to the oxygen-atom-transfer
mechanism of a high-valent porphyrin [Eq. (2)].1*

2 O=Fe"VTpivPP + SO;* + H,0 — 2HO-Fe™TpivPP + SO,*

)
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The oxidation potential of the sulfite ions was much more
negative than for GCEs modified with diazo resins/anionic
iron(III)  tetrakis(p-sulfonatophenyl)porphyrin  (pH 8.74,
+0.82 V), and GCEs modified with iron(III) tetra(4-ami-
nophenyl)porphyrin (pH 9.55, +0.83 V).[*l Thus, the as-pre-
pared nanocomposite showed increased electrocatalytic abil-
ity for the oxidation of sulfite ions. The low overpotential
was beneficial in excluding the interference of other reduc-
tive species that coexisted in the samples.

Although the proton did not participate in the oxidation
of sulfite ions by iron(IV) species, the catalytic peak poten-
tial for the oxidation of sulfite ions shifted on increasing
from pHS5 to 9 to more a negative value with a slope of
—56.9mV pH™' (Figure 7A), which is consistent with the
generation of iron(IV) species. This result further indicated
a one-proton and one-electron redox process for the genera-
tion of iron(IV) species, which led to the dependence of the
peak current of the oxidation of sulfite ions on pH value
(Figure 7B).

7204 "% {
<< 540
g 360
54015 150
] © o 1500 uM
£ 260 0 2500 5000 7500 2.1 4 uM
g 360 Concentration / uM <C K
3 =4
O — 1.8
500 uM| E
1801 K 2
51.510.8 uM
20 uM 100 uM O {
| 12
o 160 200
Time /s
0 250 500 750 1000

Time /s

Figure 8. Successive amperometric response of the CN, MWNT/FeT-
pivPP-modified GCE to sulfite ions in PBS (0.1m, pH 7.0) at an applied
potential of +0.47 V. Upper inset: linear calibration curve; lower inset:
amplified response.
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Figure 7. Effects of pH value on A) oxidation peak potential and B) current of sulfite ions (500 umolL™") in

0.1m PBS. Scan rate: 100 mVs™.

Amperometric biosensing of sulfite ions: The current/time
curve of the CN, MWNT/FeTpivPP-modified GCE upon
successive addition of sulfite ions at an applied potential of
+0.47 V clearly illustrated that the modified GCE could re-
spond very rapidly to the change in the sulfite concentration
(Figure 8). The response reached a steady signal within only
3 seconds and displayed a linear increase with the increasing
concentration from 8.0x 1077 to 4.9x 107> mol L™}, with a de-
tection limit of 3.5x 107" mol L™ at a signal-to-noise ratio of
3:1. The linear response range was wider than 6x107°-1x
10~% mol L' at the carbon ionic liquid electrode™ and 4x
107 -6.9x 107 mol L™" at the electrode modified with nano-
structured copper-salen polymer film.”* Also, the detection
limit was lower than 4x107™° and 1.2x107° mol L™'>> at
the above respective modified electrodes. Thus, the biosen-
sor showed a good performance for the determination of
sulfite ions due to the highly efficient catalysis of the CN,
MWNT/FeTpivPP nanocomposite.

The sulfite biosensor showed good fabrication reproduci-
bility with a relative standard deviation of 4.3 % estimated
from the slopes of the calibration plots at five freshly pre-
pared CN, MWNT/FeTpivPP-modified GCEs. At the con-
centrations of 8 and 800 umolL™! for the sulfite ions, the
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acceptable stability. The re-
sponse of the sulfite ions at the
fiftieth scan remained 98.2%
of its initial response. When
the biosensor was not in use, it
was stored in the shade at room temperature and measured
every few days. No obvious decrease in the amperometric
response to sulfite ions was observed after one week of stor-
age. The biosensor could keep 95.3% of its initial ampero-
metric response after four weeks. This result implied that
the structure of the CN, MWNT/FeTpivPP film was very ef-
ficient for retaining the activity of FeTpivPP and preventing
it from leaking out of the biosensor.

Interference study and detection of sulfite ions in real sam-
ples: The effects of common interfering species on the bio-
sensor response were examined. The detection potential of
+0.47 V, a more negative value than applied at other am-
perometric biosensors for sulfite ions, avoided the interfer-
ence of electrochemically reductive compounds. For exam-
ple, anions (F-, Br-, ClI, NO,", NO;, COs*, HCOj;,
PO;*", HPO;*", H,PO;"), organic acids (lactic acid, tartaric
acid, citric acid, oxalic acid), and saccharides (sucrose, glu-
cose, fructose) at 1000-fold concentrations of the sulfite ions
did not interfere with the amperometric response of the sul-
fite ions. Ascorbic acid was tolerated at less than a threefold
concentration of sulfite ions. Sulfide ions at the same con-
centration as the sulfite ions interfered with the amperomet-
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ric response of the sulfite ions; however, this response did
not occur with sulfite ions in food and beverage samples.
Thus, the present biosensor could be applied successfully to
the determination of sulfite ions without any sample pre-
treatment. The amperometric biosensor had excellent specif-
icity for the highly sensitive detection of sulfite ions in food
and beverage samples.

The concentration of sulfite ions in grape juice was detect-
ed with the proposed biosensor to be 5.340.2 umol L™ (five
measurements) without any need for sample pretreatment.
This value was close to 5.0 umolL™' as measured by the
standard iodimetric method. Recovery testing was further
carried out to demonstrate the validity of the proposed
method. After sulfite ions (8 and 800 umolL™") were added
to this sample, the obtained recoveries of sulfite ions were
105.2+£2.8 and 97.1£2.5%, respectively.

Conclusions

A water-insoluble picket-fence porphyrin was first assem-
bled on nitrogen-doped multiwalled carbon nanotubes (CN,
MWNTs) through Fe—N coordination for the preparation of
highly efficient catalysts. Direct electrochemistry that corre-
sponds to the redox couple of Fe™/Fe was realized. The ox-
idation of the assembled porphyrin at low potential formed
a high-valent iron(IV)-porphyrin. The CN, MWNT/FeT-
pivPP-modified electrode showed excellent catalytic activity
toward the electrooxidation of sulfite ions mediated by
iron(IV) species with low overpotential, thus leading to
good analytical performance in the detection of sulfite ions,
such as a rapid response, wide linear range, low detection
limit, good fabrication reproducibility, and acceptable accu-
racy. The direct noncovalent assembly of porphyrins on ni-
trogen-doped carbon nanotubes provides a facile way to
design novel biofunctional materials for biosensing and pho-
tovoltaic devices.

Experimental Section

Materials and reagents: Nitrogen-doped multiwalled carbon nanotubes
(CN, MWNTSs) with a nitrogen content of 4.6 % were synthesized accord-
ing to previous reports!'”*! and were further heated to reflux in NaOH
(6 molL™") at 110°C for 4 h to remove the Al,O; support, followed by
heating to reflux in H,SO, (1 molL™") for 8 h to remove the residual Fe
catalysts. The purified CN, MWNTs were thoroughly washed with
double-distilled water until the filtrate reached pH 7 and were dried at
70°C overnight.

Bromol[iron(III) 5,10,15,20-tetrakis(a,a,a,0-2-pivalamidopheny)porphyr-
in] (FeTpivPP) and the corresponding free-base porphyrin were prepared
according to procedures in previous reports.* Multiwalled carbon nano-
tubes (MWNTs) (>95%; diameter: 20-40 nm) were purchased from
Shenzhen Nanotech Port Ltd. Co. (China), anhydrous sodium sulfite
(>97.0%) was purchased from Nanjing Chemical Reagent Co. Ltd.
(China), and all the other chemicals were of analytical grade. Aqueous
solutions were prepared with double-distilled water. Phosphate buffered
saline (PBS) (0.1 molL™") was always employed as the supporting elec-
trolyte, which was deaerated with high purity nitrogen for 20 min. The
pH value of PBS was pH 7.0, except in those cases indicated.
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Apparatus: Scanning electron micrographs were obtained by using a Hi-
tachi S-4800 scanning electron microscope (Hitachi, Japan). Resonance
Raman spectra were recorded on a Renishaw-inVia Raman microscope
(Renishaw, UK). X-ray photoelectron spectroscopic measurements were
performed with an ESCALAB 250 spectrometer (Thermo-VG Scientific,
USA) with ultrahigh vacuum generator. UV/Vis absorption spectra were
recorded with a Lambda 35 UV/VIS spectrometer (Perkin-Elmer, USA).
Electrochemical impedance spectroscopic measurements were carried
out on a PGSTAT30/FRA?2 system (Autolab, the Netherlands) in KCl so-
lution (0.1 molL™") containing K;[Fe(CN)y] (5 mmolL")/K,[Fe(CN);]
(5 mmolL™"). The impedance spectra were recorded at 10->-10° Hz. The
amplitude of the applied sine wave potential in each case was 5mV.
Cyclic voltammetry and amperometric experiments were preformed on a
CHI 812B electrochemical workstation (CH Instruments Inc., USA). All
the experiments were carried out at room temperature with a conven-
tional three-electrode system with a modified glassy carbon electrode, a
platinum wire, and a saturated calomel electrode as the working, auxili-
ary, and reference electrodes, respectively.

Preparation of CN, MWNTs/FeTpivPP-modified GCE: CN, MWNTs
(15mg) in THF (5mL) were successively added to FeTpivPP in THF
(1.5mL, 1 mgmL™). The resulting suspension was ultrasonically dis-
persed for 1h and centrifuged at 10000 rpm for 15 min to remove free
FeTpivPP. After washing with THF (5x), the sediment was dried at
70°C to obtain the CN, MWNTs/FeTpivPP nanocomposite. The as-pre-
pared nanocomposite was ultrasonically dispersed to obtain a suspension
of CN, MWNTs/FeTpivPP in THF (0.5 mgmL™).

The GCEs (diameter: 3 mm) were polished to a mirror finish with an alu-
mina slurry (1.0 and 0.05 pm) on chamois leather, ultrasonically washed
in absolute ethanol and double-distilled water for 2 min, respectively, and
dried at room temperature. A suspension of CN, MWNTs/FeTpivPP in
THF (5 pL, 0.5mgmL ") was applied to the GCE and dried at room
temperature to obtain the CN, MWNTs/FeTpivPP-modified electrode.
Similarly, a CN, MWNT-modified GCE was prepared.
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