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Functionalization of Carbon Nanotubes with Water-Insoluble Porphyrin in
Ionic Liquid: Direct Electrochemistry and Highly Sensitive Amperometric
Biosensing for Trichloroacetic Acid

Wenwen Tu, Jianping Lei,* and Huangxian Ju**

Abstract: A functional composite of
single-walled carbon nanotubes
(SWNTs) with hematin, a water-insolu-
ble porphyrin, was first prepared in 1-
butyl-3-methylimidazolium hexafluoro-
phosphate ([BMIM][PF,]) ionic liquid.
The novel composite in ionic liquid
was characterized by scanning electron
microscopy, ultraviolet absorption spec-

showed excellent electrocatalytic activi-
ty toward the reduction of trichloroace-
tic acid (TCA) in neutral media due to
the synergic effect among SWNTs,
[BMIM][PF;], and porphyrin, which
led to a highly sensitive and stable am-
perometric biosensor for TCA with a
linear range from 9.0x107 to 1.4x
10*m. The detection limit was 3.8x

107"m at a signal-to-noise ratio of 3.
The TCA biosensor had good analyti-
cal performance, such as rapid re-
sponse, good reproducibility, and ac-
ceptable accuracy, and could be suc-
cessfully used for the detection of re-
sidual TCA in polluted water. The
functional composite in ionic liquid
provides a facile way to not only

troscopy, and electrochemical impe-
dance spectroscopy, and showed a pair
of direct redox peaks of the Fe'/Fe!
couple. The composite-[BMIM][PF;]-
modified glassy carbon electrode

Introduction

Trichloroacetic acid (TCA), as an organohalide pollutant, is
of major environmental concern due to its extensive use in
agriculture and public health programs.!! Urinary TCA has
been proposed as a biomarker of chronic ingestion exposure
to nonvolatile haloacetic acids from chlorinated drinking
water.>! Thus, the World Health Organization has urgently
appealed for the development of rapid, reliable, and accu-
rate analytical methods for the detection of TCA.[* Current-
ly, TCA is generally measured by gas chromatography with
precolumn trap enrichment and microwave plasma emission
detection,” headspace gas chromatography with electron
capture or mass spectrometric detection,®” and high-perfor-
mance liquid chromatography with solid-phase microextrac-
tion and electrospray mass spectrometric detection.’! Al-
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obtain the direct electrochemistry of
water-insoluble porphyrin, but also
construct novel biosensors for monitor-
ing analytes in real environmental
samples.

carbon

though these methods have adequate sensitivity, they suffer
from the need for expensive equipment, time-consuming de-
rivatization and extraction processes, and professional oper-
ation. Particularly, it is difficult to use these methods for in
situ or online monitoring.

To solve these problems, electrochemical biosensors based
on electrodes modified with hemin/Nafion,”! myoglobin/
poly(styrenesulfonate),!'” and hemoglobin/clay"!! have been
developed for the detection of TCA. However, the sensitivi-
ty of these biosensors is relatively poor. With the great prog-
ress made in nanoscience and nanotechnology,'>'* some
nanomaterials, such as CaCO; nanoparticles,'”! colloidal
gold nanoparticles'™ and zirconium phosphate nano-
sheets,””! have been employed in immobilizing hemoglobin
or myoglobin to improve the sensitivity of amperometric
biosensors for TCA. However, the sensitizing efficiency is
limited, and most of them can detect TCA only in a narrow
concentration range. Moreover, the possible activity change
of immobilized proteins upon long-term storage affects the
practical application of these biosensors. In the work report-
ed herein, we use a mimic of hemeprotein, hydroxyferripro-
toporphyrin (hematin), to functionalize single-walled carbon
nanotubes (SWNTs) in the presence of 1-butyl-3-methylimi-
dazolium hexafluorophosphate ([BMIM][PF]) ionic liquid
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(IL), as shown in Figure 1. The resulting novel functional
composite can be conveniently used for the preparation of
TCA biosensors. The water-insoluble hematin leads to good
stability of the biosensors.

Figure 1. Schematic diagram of a porphyrin/SWNTs-[BMIM][PF,]-modi-
fied glassy carbon electrode (GCE).

Functionalized carbon nanotubes have attracted consider-
able attention for various applications.??! Generally, the
functionalization of carbon nanotubes with porphyrin can be
performed by a covalent or noncovalent route.*?"! The
latter is particularly promising because the covalent ap-
proach may cause a partial loss of the electronic properties
of functionalized carbon nanotubes. The noncovalent combi-
nation of carbon nanotubes with porphyrins can undergo
fast electron transfer, which leads to excellent performance
of photovoltaic devices.’®**! Some water-soluble porphyrin
compounds have been assembled on carbon nanotubes for
the electrochemical detection of oxygen and nitric
oxide.P%3! In this work, the water-insoluble hematin assem-
bled on SWNTs in an IL shows direct electrochemistry cor-
responding to the reduction and oxidation of the Fe™/Fe!
couple. The presence of the IL [BMIM][PF,] enhances
greatly the direct electrochemical response, which is benefi-
cial to improving the sensitivity of the resulting biosensors.

ILs can dissolve a large number of organic electrocata-
lysts,?l and have gained increasing interest in biosensing
due to their wide potential window and extremely high ionic
conductivity."™*” The water-insoluble hematin can be well
dissolved in these media, which simplifies greatly the assem-
bly of water-insoluble porphyrin on SWNTs. More signifi-
cantly, the catalytic activity of porphyrin and the excellent
conductivity of IL and SWNTs in the as-prepared composite
film lead to a synergic effect to accelerate the reduction of
TCA. Thus, besides good stability, the resulting biosensor
for TCA shows much higher sensitivity than those reported
previously.""'"**] The rapid response, good reproducibility,
and acceptable accuracy of the proposed biosensor show its
promising application in environmental monitoring and
public health programs.
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Results and Discussion

SEM and UV absorption characterization of porphyrin/
SWNTs-[BMIM][PF¢]: The morphologies of the pristine
SWNTs and porphyrin/SWNTs-[BMIM][PF,] films were ob-
served by scanning electron microscopy (SEM; Figure 2).

Figure 2. A) SEM images of pristine SWNTs and B) porphyrin/SWNTs—
[BMIM][PF].

SWNTs were discernible and showed a larger diameter than
the real diameter, which resulted from the aggregation of
SWNTs in bundles.®® In porphyrin/SWNTs—[BMIM][PF]
film, the SWNTs were enwrapped by [BMIM][PF,] due to
the binding and blanketing effect of [BMIM][PF;], which
led to a slightly greater diameter than that of the pristine
SWNTs and meant that the porphyrin/SWNTs were not well
distinguished. Although some parts of the porphyrin/
SWNTs were shown to be in close touch, they were well dis-
persed in the [BMIM][PF4] to form a robust homogeneous
gel for the construction of biosensors.

Figure 3 shows the UV absorption spectra of SWNTs—
[BMIM][PF¢], porphyrin-[BMIM][PF¢], and porphyrin/
SWNTs-[BMIM][PF] film formed on an indium tin oxide
(ITO) surface. The SWNTs—-[BMIM][PF,] did not show ob-
vious absorption (Figure 3, curve a). Hematin dissolved in
[BMIM][PF,] exhibited a typical Soret band absorption at
411 nm (Figure 3, curve b), characteristic of the Soret elec-
tronic absorption band of the porphyrin unit.*” In the pres-
ence of SWNTs, the Soret band of porphyrin/SWNTs—
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Figure 3. UV absorption spectra of a) SWNTs-[BMIM][PF,], b) porphy-

rin-[BMIM][PF], and c) porphyrin/SWNTs—-[BMIM][PF,] confined on
an ITO surface.
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[BMIM][PF;] film showed a decrease of intensity with a red
shift from 411 to 418 nm (Figure 3, curve c¢), which indicated
the formation of J-type aggregate nucleated on SWNTSs.*!
This result demonstrated that hematin was successfully ad-
sorbed on SWNTs in the presence of [BMIM][PF].

Electrochemical impedance spectroscopic characterization
of porphyrin/SWNTs-[BMIM][PF;]: By using the
Fe(CN)¢ ™ redox couple as the electrochemical probe, the
Nyquist plots of different electrodes in the frequency range
from 0.01 to 100000 Hz were obtained (Figure 4). At a bare
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Figure 4. Electrochemical impedance spectra of a bare GCE (a) and
GCEs modified with b) porphyrin, c¢) porphyrin-[BMIM][PF,],
d) SWNTs-[BMIM][PF], e) porphyrin/SWNTs, and f) porphyrin/
SWNTs-[BMIM][PF,], in 0.1m KCl solution containing 5mMm
K;[Fe(CN))/5 mm K, [Fe(CN)g].

glassy carbon electrode (GCE) the redox process of the
probe showed an electron-transfer resistance of about 370 Q
(Figure 4, curve a). After hematin was coated on the elec-
trode, the resistance increased dramatically to about 960 Q2
(Figure 4, curve b), which suggested that hematin film
blocked the electron exchange between the redox probe and
electrode surface. The presence of [BMIM][PFs] on the
hematin-coated electrode greatly improved the electron
transfer. The porphyrin-[BMIM][PF¢]-modified GCE
showed an electron-transfer resistance of only 450 Q
(Figure 4, curvec). On the other hand, the porphyrin/
SWNTs-modified GCE showed an electron-transfer resist-
ance of about 280 Q (Figure 4, curve ¢), thus implying that
the SWNTSs accelerated the electron transfer due to their ex-
cellent conductivity. Compared with both porphyrin/SWNTs
and porphyrin-[BMIM][PF;]-modified GCEs, the electron-
transfer resistance of 190 Q at the porphyrin/SWNTs-
[BMIM][PF¢]-modified GCE was lowest (Figure 4, curve f),
and indicated a synergic effect of SWNTs and [BMIM][PF;]
in accelerating electron transfer. This effect led to very fast
electron transfer of [Fe(CN)¢]>”*~ at the SWNTs—[BMIM]-
[PF]-modified GCE (Figure 4, curve d). The increase of
electron-transfer resistance in the presence of hematin con-
firmed that the porphyrin was successfully assembled on the
surface of SWNTs, which resulted in the hindered pathway
of electron transfer.
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Electrochemical behavior of porphyrin/SWNTs-[BMIM]-
[PF¢]-modified GCE: The cyclic voltammograms of bare,
hematin-modified, and SWNTs-[BMIM][PF¢]-modified
GCE:s in phosphate-buffered saline (PBS) did not show any
observable peak (Figure5, curvesa-c), whereas GCEs
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Figure 5. Cyclic voltammograms of a bare GCE (a) and GCEs modified
with b) hematin, ¢) SWNTs-[BMIM][PF,], d) porphyrin-[BMIM][PF],
e) porphyrin/SWNTs, and f) porphyrin/SWNTs-[BMIM][PF,], in PBS
(0.1m, pH 7.0) at 100 mVs™'.

modified with porphyrin-[BMIM][PF4], porphyrin/SWNTs,
and porphyrin/SWNTs—[BMIM][PF,] showed a pair of
redox peaks (Figure 5, curves d—f). These peaks could be at-
tributed to the Fe"™/Fe™ redox couple in hematin, although
they could not be observed at the hematin-coated GCE due
to the high electron-transfer resistance. The good solubility
of hematin in [BMIM][PF;] and the improvement of elec-
tron transfer by [BMIM][PF,] or SWNTs led to the direct
electron transfer of hematin at porphyrin-[BMIM][PF]-
and porphyrin/SWNTs-modified GCEs. Furthermore, the
porphyrin/SWNTs-[BMIM][PF,]-modified GCE showed a
couple of stable, symmetrical, and well-defined redox peaks
at —0.363 and —0.404 V with a cathodic peak current of
2.07 uA, which was much larger than the 0.65 pA at porphy-
rin-[BMIM][PF,]-modified GCEs and 1.28 pA at porphyrin/
SWNTs-modified GCEs. The weights of coatings on the
three electrodes were identical, and thus the amount of por-
phyrin at the porphyrin/SWNTs—[BMIM][PF¢]-modified
GCE was lowest. The largest peak current, which was even
greater than the sum of peak currents at the other two elec-
trodes, further confirmed the synergic effect of SWNTs and
[BMIM][PF] in accelerating the electron transfer between
porphyrin and the GCE.

The reduction and oxidation peak currents of the porphy-
rin/SWNTs-[BMIM][PF¢]-modified GCE increased linearly
with the scan rate in the range of 40-500 mVs™', whereas
the difference of redox peak potentials showed a slight in-
crease, which indicated a surface-controlled electrode pro-
cess. With an increase of pH from 5 to 9, the redox poten-
tials of the porphyrin/SWNTs-[BMIM][PF4]-modified GCE
shifted to more negative values and exhibited a linear rela-
tionship with slopes of —55.6 and —54.7 mV pH ™ for the re-
duction and oxidation processes, respectively. These slopes
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were very close to the theoretical value of —59.1 mVpH™" at
25°C, thus indicating that one proton participated in the
one-electron redox process.

Electrocatalytic reduction of TCA: A comparison of the
electrocatalytic reduction of TCA at different electrodes in
the potential range of +0.1 to —0.8 V is shown in Figure 6.
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Figure 6. Cyclic voltammograms of a bare GCE (A) and GCEs modified
with B) SWNTs-[BMIM][PF4], C) porphyrin, D) porphyrin—-[BMIM]-
[PF4], E) porphyrin/SWNTs, and F) porphyrin/SWNTs—-[BMIM][PF], in
a) PBS (0.1m, pH 7.0) and b) (a)+100 pm TCA at 100 mVs™".

When 100 pm TCA was added to PBS, no obvious reduction
peak was observed at the bare and SWNTs—-[BMIM][PF]-
modified GCEs (Figure 6 A and B). The cyclic voltammo-
gram of TCA at the porphyrin-coated GCE showed a reduc-
tion process at potentials more negative than —0.45 V with a
weak peak at —0.748 V (Figure 6 C), which indicated a weak
electrocatalysis of porphyrin toward its reduction due to the
very slow electron transfer between the water-insoluble por-
phyrin and electrode. However, the electrocatalytic reduc-
tion peak could be observed at around —0.43 V at GCEs
modified with porphyrin-[BMIM][PF,] (Figure 6D) and
porphyrin/SWNTs (Figure 6E). The electrocatalytic peak
currents (the increase in the reduction peak of porphyrin)
were 0.95 and 2.32 pA, which was much lower than that of
7.62 nA at the porphyrin/SWNTs—[BMIM][PF]-modified
GCE (Figure 6F). The latter started at —0.08 V, more posi-
tive than the —0.24 and —0.20 V at porphyrin—[BMIM][PF]-
and porphyrin/SWNTs-modified GCEs, respectively. Clearly,
the electrocatalysis of porphyrin toward the reduction of
TCA at the porphyrin/SWNTs—[BMIM][PF4]-modified GCE
also showed a synergic effect of porphyrin, SWNTs, and
[BMIM][PF].

At the porphyrin/SWNTs-[BMIM][PF4]-modified GCE
the peak potential for TCA reduction was —0.40 V, which
was much more positive than the —0.5 V at a water-insoluble
cobalt phthalocyanine-didodecylammonium bromide—clay-
modified pyrolytic graphite electrode (PGE),*! —0.60 V at a

782 —— www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(poly-L-lysine)-cobalt corrin vitamin B;, hexacarboxylic
acid-modified PGE,*Y and —0.75V at a binuclear cobalt
phthalocyaninehexasulfonate sodium salt-didodecyldimethy-
lammonium bromide-modified PGE."? Thus, the proposed
biosensor would have a better ability to exclude the interfer-
ence of other reductive species coexisting in the samples.

Condition optimization: The cyclic voltammetric perfor-
mance of the porphyrin/SWNTs—[BMIM][PF;]-modified
GCE depended on the concentration of SWNTSs used in the
preparation of porphyrin/SWNTs-[BMIM][PF,]. As shown
in Figure 7A, with an increasing amount of SWNTs added
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Figure 7. Effects of A) concentration of SWNTs in the preparation of the
modified GCE and B) pH on the electrocatalytic peak current in 0.1m
PBS containing 100 um TCA at 100 mVs™.

to a [BMIM][PF,] solution (0.2 mL) of porphyrin (4 mm),
the electrocatalytic current of TCA increased and reached a
maximum value at 1 mg, which was attributed to the excel-
lent electrical conductivity of SWNTs for accelerating the
electron transfer between the porphyrin and GCE. Howev-
er, when the amount of SWNTs was larger than 1 mg, the
electrocatalytic current decreased due to the relatively de-
creasing amount of porphyrin assembled on SWNTs, which
was a key component for the electrocatalysis. Thus, 1 mg
SWNTs was added to 0.2 mL of a [BMIM][PF;] solution of
4 mM porphyrin for the preparation of modified electrodes.

The pH value of the detection solution was also an impor-
tant parameter. The electrocatalytic current of TCA de-
creased slowly with increasing pH value from 5 to 7, fol-
lowed by a dramatic decrease on increasing the pH from 7
to 9 (Figure 7B), which indicated that a proton was necessa-
ry for the reduction of TCA.”! The catalytic species was
possibly hemin (Fe-H,O) obtained as a result of the proto-
nation of hematin (Fe-OH) at pH 5-7, which has a pK of
~ 8. In view of the pH in biological and most environmental
systems, pH 7.0 was chosen for amperometric sensing of
TCA, at which the electrocatalytic peak current was 95 % of
that at pH 5, thus showing enough sensitivity for the am-
perometric detection of TCA.

Amperometric sensing of TCA: The current-time curve of
the porphyrin/SWNTs-[BMIM][PF]-modified GCE upon
successive additions of TCA at an applied potential of
—0.40 V clearly illustrated that the modified GCE could re-
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spond very rapidly to a change in the TCA concentration
(Figure 8), producing steady signals within only 4 s. The re-
sponse displayed a linear TCA concentration range from
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Figure 8. Successive amperometric response of a porphyrin/SWNTs—
[BMIM][PF4]-modified GCE to TCA in PBS (0.1M, pH 7.0) at —0.40 V.
Insets: linear calibration curve and amplified response.

9.0x1077 to 1.4x10 *m with a detection limit of 3.8x10""m
at a signal-to-noise ratio of 3. The linear response range was
wider than those of 3.4x107° to 7.0x107*m at a myoglobin/
poly(styrenesulfonate)-modified PGE,'” 2.0x107° to 1.2x
10~°m at a myoglobin/colloidal gold nanoparticles/TiO, sol—
gel-modified GCE,™ and 1x107° to 8x107°m at a hemin/
Nafion film-modified GCE.”) The sensitivity was
754 AM'cm™  much  higher than  those  of
1.09mAM'ecm™ at a hemoglobin—chitosan-IL-modified
GCEP! and 0.35 mAM'cm™2 at a myoglobin/poly(styrene-
sulfonate)-modified PGE." Thus, the porphyrin/SWNTs—
[BMIM][PF¢]-based biosensor for TCA had a very high
sensitivity.

The TCA biosensor showed good fabrication reproduci-
bility with a relative standard deviation of 3.56 %, estimated
from the slopes of the calibration plots at five freshly pre-
pared porphyrin/SWNTs-[BMIM][PF4]-modified GCEs. At
the TCA concentrations of 5 and 100 pm, the biosensor
showed good repeatability with relative standard deviations
of 3.24 and 3.68 % for five determinations, respectively. The
batch-to-batch reproducibility showed a relative standard
deviation of 4.50% for the slopes of calibration plots ob-
tained from five independently prepared biosensors.

When the biosensor was not in use, it was stored in the
shade at room temperature and tested every day. No obvi-
ous decrease in the amperometric response to TCA was ob-
served after one week of storage. It kept 94.5% of its initial
amperometric response after a month. This implied that the
structure of the porphyrin/SWNTs—[BMIM][PF¢] film was
very efficient for retaining the activity of porphyrin and pre-
venting it from leaking out of the biosensor.

Interference and detection of TCA in real samples: The ef-
fects of common interfering species on the biosensor re-
sponse were examined. A detection potential of —0.4V,
more positive than those applied at other amperometric
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TCA biosensors, avoided interference by electrochemically
reducible compounds. NaCl, MgSO,, KNO;, CuSO,, AlCl;,
NH,Cl, Na;PO,, CaCl,, ZnCl,, ethanol, urea, methanol, su-
crose, and glucose at 1000 times the concentration of TCA
did not interfere with the amperometric response of TCA.
Acetic acid and uric acid could be tolerated at less than
300 times the concentration of TCA. Ascorbic acid and
lactic acid could be tolerated at less than 200 times the con-
centration of TCA. These results indicated that the ampero-
metric biosensor had an excellent specificity for the highly
sensitive detection of TCA.

The concentration of residual TCA in polluted water
from the Yangzi Petrochemical Company Ltd. was detected
with the proposed biosensor to be 43.1+1.6 um (five meas-
urements) without any need of sample pretreatment except
for an appropriate dilution of the sample. Due to the lack of
experimental conditions available in our laboratory to per-
form a traditional or referee determination of TCA, recov-
ery testing was carried out to demonstrate the validity of
the proposed method. After 5.0, 30, and 100 um of TCA
were added to this sample, the obtained recoveries of TCA
were 97.84+3.2, 98.8+3.5, and 103.6+3.8%, respectively
(five measurements), which indicated acceptable accuracy.

Conclusions

A novel functional composite of SWNTs with water-insolu-
ble porphyrin has been prepared in an IL for constructing a
biosensor. The porphyrin dissolved in [BMIM][PF,] IL can
be self-assembled on SWNTs by m—x noncovalent interac-
tion, which leads to good dispersion of the SWNTs in the IL
and a direct electrochemical response corresponding to the
redox couple Fe™/Fe". The presence of SWNTs and
[BMIM][PF,] produces a synergic effect that accelerates the
electron transfer between the redox probe or water-insolu-
ble porphyrin and the electrode. The porphyrin/SWNTs—
[BMIM][PF¢]-modified GCE shows excellent electrocatalyt-
ic activity toward the reduction of TCA, producing a highly
sensitive biosensor for TCA due to the synergic effect of
SWNTs, [BMIM][PF,], and porphyrin. The biosensor exhib-
ited good analytical performance in neutral media, such as
rapid electrocatalytic response, wide linear range, low detec-
tion limit, good fabrication reproducibility, detection preci-
sion and stability, excellent specificity, and acceptable accu-
racy. The functionalization of carbon nanotubes with water-
insoluble porphyrin in an IL provides a facile way for pre-
paring novel biofunctional materials, accelerating electron
transfer, and extending the application of water-insoluble
porphyrins.

Experimental Section

Materials and reagents: Hydroxyferriprotoporphyrin (hematin, 98 %) was
purchased from Alfa Aesar China Ltd. (China). [BMIM][PF] (99 %) was
purchased from Chemer Co. (China). SWNTs (diameter <2 nm) were
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purchased from Shenzhen Nanotech Co. (China). TCA (>99 %) was pur-
chased from Shanghai Lingfeng Chemical Reagents Ltd. (China). All
other chemicals were of analytical grade. Aqueous solutions were pre-
pared with twice-distilled water. PBS solution (0.1m) was always em-
ployed as supporting electrolyte, and was deaerated with high-purity ni-
trogen. The pH value of the PBS was 7.0 except where otherwise indicat-
ed.

Apparatus: SEM images were obtained by using a Hitachi S-4800 scan-
ning electron microscope (Hitachi, Japan). UV absorption spectra were
recorded with a Lambda 35 UV/Vis spectrometer (Perkin-Elmer Instru-
ments, USA). Electrochemical impedance spectroscopic measurements
were carried out on a PGSTAT30/FRA2 system (Autolab, The Nether-
lands) in KClI solution (0.1m) containing K;[Fe(CN)]/K [Fe(CN)] (both
5 mm). The impedance spectra were recorded in the frequency range of
1072-10° Hz. The amplitude of the applied sine wave potential in each
case was SmV. Cyclic voltammetric experiments were performed on a
CHI 610C electrochemical workstation (CH Instruments Inc., USA), and
amperometric experiments were performed on a CHI 812B electrochemi-
cal workstation (CH Instruments Inc., USA). All experiments were car-
ried out at room temperature by using a conventional three-electrode
system with a modified GCE as working electrode, a platinum wire as
auxiliary electrode, and a saturated calomel electrode as reference
electrode.

Preparation of modified GCEs: The GCEs (3 mm in diameter) were pol-
ished to a mirror finish with 0.1 and 0.05 um alumina slurry on chamois
leathers, and then washed ultrasonically in absolute ethanol and twice-
distilled water for 2 min, respectively, and dried at room temperature.
Hematin was dissolved in [BMIM][PF4] IL (5 mL) with the aid of ultra-
sonic agitation to give a brown solution of porphyrin (4 mm). Further, a
fuscous porphyrin/SWNTs-[BMIM][PF,] gel was obtained by mixing
SWNTs (1mg) with a [BMIM][PF,] solution (0.2mL) of porphyrin
(4 mm), followed by grinding in an agate mortar for about 20 min. Then,
the porphyrin/SWNTs-[BMIM][PF] film was coated on the pretreated
GCE by rubbing the electrode over the gel. To obtain a homogeneous
thin gel film, the coating was further smoothed with a spatula and the
modified amount was controlled to 0.5mg by weighing. Similarly,
SWNTs-[BMIM][PF¢]- and porphyrin-[BMIM][PF,]-modified GCEs
were prepared in the absence of porphyrin or SWNTs, respectively. Por-
phyrin- and porphyrin/SWNTs-modified GCEs were prepared by using
chloroform instead of [BMIM][PF] as solvent.
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