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Introduction

Graphene, a single-layered two-dimensional (2D) sheet, has
attracted enthusiastic interest in many areas of nanoscience
and nanotechnology due to its fascinating physical proper-
ties such as great mechanical strength, fast electron transfer,
universal optical absorption, and high specific surface
area.[1–12] Usually, graphene oxide (GO) can be easily depos-
ited on different substrates to produce continuous films for
the construction of transparent conductors,[13] photovoltaic
devices,[14–16] and biosensors,[17–19] since GO sheets decorated
with oxygen functional groups can be readily exfoliated to
form a stable aqueous dispersion.[15,20–22] However, the nu-
merous oxygen functional groups of GO render it too elec-
trically insulating for a conductance-based device.[23] Thus,
reduced graphene oxide (RGO), achieved by means of
chemical reduction using hydrazine hydrate to remove
oxygen and recover the aromatic double-bonded carbon

atoms,[22,23] is another promising candidate for the construc-
tion of electronic and optical devices. However, due to the
lack of solubility and active sites on the sheet, it is of the
utmost importance to functionalize RGO for further appli-
cations.

The functionalization of RGO with various molecules to
enhance their solubility and self-assembly properties can be
performed by covalent[24–28] or noncovalent methods.[29–33]

The latter is particularly promising, since the graphene func-
tionalized through noncovalent modification can retain its
electronic structure. For example, the graphene sheets pre-
pared by the reduction of GO have been noncovalently
functionalized with negatively charged 1-pyrenebutyrate
through p–p interactions, thereby resulting in a conductivity
seven orders of magnitude larger than the GO precursor.[30]

Based on the supramolecular assembly of free-base
5,10,15,20-tetrakis(N-methylpyridinum-4-yl)porphyrin
tetra(p-toluenesulfonate) on RGO, an optical probe has
been constructed for sensing Cd2+ ions.[31]

Compared with simple and free-base arylporphyrin,
picket-fence porphyrin, a kind of metalloporphyrin, has a
macrocyclic porphin ring with four columnlike phenyl sub-
stitutes and can simulate the active centers of some proteins
and enzymes, which leads to better catalytic activity toward
biomolecules.[34–37] In particular, the metalloporphyrin has
been well used as electron media and exhibits good electro-
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catalysis toward the reduction or oxidation of many small
molecules related to life process.[38–41] This work used water-
soluble 5,10,15,20-tetrakis [aaaa-2-trismethylammoniome-
thylphenyl]porphyrin ironACHTUNGTRENNUNG(III) pentachloride (FeTMAPP), a
kind of picket-fence porphyrin with one planar side and an-
other positively charged side, to functionalize RGO by
means of p–p noncovalent interactions (Scheme 1). The ob-
tained porphyrin/RGO nanocomposite showed good disper-
sion. The fast direct electron transfer between FeTMAPP
and the electrode could be obtained due to the presence of
RGO. The synergic effect between RGO and porphyrin led
to highly efficient electrocatalytic activity for the reduction
of chlorite.

Chlorite, as a by-product of drinking water disinfection,
may cause hemolytic anemia at low levels of exposure,
whereas higher levels of exposure can result in an increase
of methemoblobin. Thus, the World Health Organization
has published the guideline value of 2.6 � 10�7 mol L�1 for
chlorite monitoring.[42] Several methods such as capillary
electrophoresis,[43] the ion chromatographic method,[44] and
potentiometric technique[45] have been developed for chlor-
ite detection. Although these methods have adequate sensi-
tivity, they often suffer from time-consuming derivatization
and extraction processes, as well as professional operation.
It is especially difficult to use these methods for in situ or
online monitoring. Based on the highly efficient catalysis of
porphyrin-functionalized RGO, this work developed a sensi-
tive amperometric biosensor for chlorite. This biosensor
showed promising application in the monitoring of chlorite
with low cost, convenient operation, high sensitivity, and a
wide concentration range. The noncovalent functionalization
of RGO with porphyrin provides a convenient way to con-
struct a novel biosensing platform, and extends the applica-
tion of graphene in bioanalysis.

Results and Discussion

Atomic force and transmission electron microscopic images
of FeTMAPP/RGO : The atomic force microscopic (AFM)
image was used to characterize the FeTMAPP/RGO nano-

composite sheet. As shown in Figure 1A, the average thick-
ness of RGO aggregations was measured to be about 6.5 nm
due to the poor dispersion of RGO sheets in water. Consid-

ering that the thickness of a clean graphene sheet is
0.7 nm,[20] it was about 9 layers of RGO sheet. However,
when RGO was functionalized with FeTMAPP, the average
thickness of a FeTMAPP/RGO sheet was determined to be
about 1.2 nm (Figure 1B) due to the introduction of posi-
tively charged FeTMAPP on RGO. By considering that the
thickness of one porphyrin molecule is about 0.5 nm,[46] it
could be concluded that a monolayer of FeTMAPP mole-
cules was assembled on a monolayer of RGO. The transmis-
sion electron microscopy (TEM) image revealed few-layer
flexible wrinkled sheets of the RGO situated on the top of
the copper grid (Figure 1C), illustrating the flakelike shape
of RGO.[11,47] The single-sheet nature shown in Figure 1D
identified the better dispersion of FeTMAPP/RGO in
water. Furthermore, the introduction of positively charged
FeTMAPP on RGO led to a stable black suspension of FeT-
MAPP/RGO, whereas the suspension of RGO was unstable
(Figure 1E), which indicates a good dispersion of the nano-
composite. The deeper color of FeTMAPP/RGO than both
FeTMAPP and RGO dispersions also suggested the forma-
tion of a homogeneous nanocomposite. At the concentration
of 0.1 mgmL�1, the dispersion of FeTMAPP/RGO was very
stable, even for a storage period of several weeks.

Scheme 1. Schematic representation of the noncovalent assembly of FeT-
MAPP on RGO.

Figure 1. AFM images of A) RGO and B) FeTMAPP/RGO; TEM
images of C) RGO and D) FeTMAPP/RGO; and E) photographs of
a) RGO, b) FeTMAPP, and c) FeTMAPP/RGO (0.1 mg mL�1) dispensed
in water.
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Raman and ultraviolet-visible absorption spectra of FeT-
MAPP/RGO : The Raman spectrum of RGO showed a dis-
order-induced D band at 1347 cm�1 arising from sp3-hybrid-
ized carbon and a tangential stretch G band at 1576 cm�1

representing the E2g zone center mode of the crystalline
graphite (Figure 2A, curve a), which indicated significant

edge-plane-like defective sites existing on the surface of
RGO.[48,49] The 2D band of RGO was at 2685 cm�1, which is
the most prominent feature in the Raman spectrum of gra-
phene; its shape is highly sensitive and can be used to iden-
tify single-layer and few-layer graphene.[50] Compared with
RGO, FeTMAPP/RGO showed the 2D band at a lower fre-
quency (2676 cm�1) with a more symmetric and sharper
shape (Figure 2A, curve b). This suggested that the number
of layers in FeTMAPP/RGO was less than that in RGO.[51]

Therefore, FeTMAPP/RGO was more inclined to a single
layer compared with RGO. In addition, compared with
RGO, the D and G bands of FeTMAPP/RGO were slightly
shifted to 1350 and 1583 cm�1 (Figure 2A, curve b), respec-
tively, which could be associated with the noncovalent inter-
actions of FeTMAPP with the RGO. Moreover, the ratios
of the D band to the G band of FeTMAPP/RGO (1.12) and
RGO (1.16) had no apparent difference, which indicated
that the functionalization of RGO with FeTMAPP did not
destroy the conjugations of RGO.

The UV/Vis absorption spectra of FeTMAPP, FeTMAPP/
RGO and FeTMAPP/single-walled carbon nanotubes

(SWNTs) are shown in Figure 2B. FeTMAPP exhibited a
typical Soret band absorption at 415 nm (Figure 2B, curve
a). In the presence of RGO, the Soret band of FeTMAPP/
RGO is redshifted from 415 to 423 nm, which indicates the
formation of a J-type aggregate nucleated on RGO through
p–p noncovalent interactions (Figure 2B, curve b).[52] Mean-
while, the Soret band of FeTMAPP/SWNTs showed a de-
crease in absorption intensity with a redshift from 415 to
421 nm compared with FeTMAPP/RGO (Figure 2B, curve
c). This could be attributed to the planar structure of RGO,
which made the assembly of FeTMAPP on RGO through
p–p interactions easier.

Fluorescence spectra and contact-angle photographs of FeT-
MAPP/RGO: Fluorescence spectra of FeTMAPP and the
FeTMAPP/RGO suspension were carried out to further
confirm the p–p interactions between RGO and FeTMAPP
(Figure 3A). Upon excitation of FeTMAPP at 415 nm, a

strong fluorescence emission peak was observed in FeT-
MAPP aqueous solution (Figure 3A, curve a). However,
after FeTMAPP was assembled on RGO, the fluorescence
emission excited at 423 nm was thoroughly quenched, and
the FeTMAPP/RGO nanocomposite did not show any fluo-
rescence (Figure 3A, curve b). The quenching efficiency was
close to 100 %, which could be attributed to photoinduced
electron transfer from the photoexcited singlet FeTMAPP

Figure 2. A) Raman spectra of a) RGO and b) FeTMAPP/RGO. B) UV/
Vis absorption spectra of a) FeTMAPP, b) FeTMAPP/RGO, and c) FeT-
MAPP/SWNTs.

Figure 3. A) Fluorescence spectra of a) FeTMAPP (5 mm ; lex =415 nm)
and b) FeTMAPP/RGO (0.1 mg mL�1; lex =423 nm) solutions. B) Con-
tact-angle photographs of a) bare, b) RGO-, and c) FeTMAPP/RGO-
modified substrates.
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to the RGO.[27,31] Therefore, the absorption and fluorescence
spectra confirmed the good electronic communication be-
tween FeTMAPP and flattened RGO.

The biocompatibility of the novel functional material was
further characterized with the contact-angle measurement.
The contact angles of bare glass slide, RGO, and FeT-
MAPP/RGO films were measured to be 30, 47, and 238, re-
spectively (Figure 3B). The smaller contact angle of FeT-
MAPP/RGO film relative to RGO film indicated its better
hydrophilicity, which added to the hydrophilic groups intro-
duced by water-soluble FeTMAPP. The good biocompatibil-
ity of FeTMAPP/RGO could greatly improve the bioactivity
of the immobilized FeTMAPP for biosensing.

Direct electrochemistry of FeTMAPP/RGO : A cyclic vol-
tammogram of an RGO-modified ITO electrode in N2-satu-
rated phosphate buffer solution (PBS) showed a couple of
small redox peaks (Figure 4, curve a), which resulted from

the residual surface-oxygenated species on the RGO surface
during chemical reduction of GO.[48,53] The FeTMAPP/
RGO-modified ITO electrode showed a couple more well-
defined redox peaks at �0.291 and �0.314 V (Figure 4,
curve b), which were attributed to the redox couple of FeIII/
FeII in immobilized FeTMAPP. The separation of peak po-
tentials (DEp) was 0.023 V, which was much smaller than
that of 0.115 V for the gold nanoparticles/MWNTs–FeT-
MAPP-modified (MWNT=multiwalled nanotube) gold
electrode,[54] thereby indicating a faster electron-transfer
rate. As a control, 5,10,15,20-tetrakis(N-methylpyridinum-4-
yl)porphyrin ironACHTUNGTRENNUNG(III) pentachloride (FeTMPyP) was assem-
bled on RGO by using the same procedure; the resulting
FeTMPyP/RGO-modified ITO electrode showed a greater
peak separation (Figure 4, curve c). The redox peaks with
much smaller peak currents occurred at �0.198 and
�0.264 V. Thus the structure of FeTMAPP was an important
factor in the demonstration of fast electron transfer.

The FeTMAPP/SWNTs-modified ITO electrode also
showed a pair of redox peaks with smaller peak current

(Figure 4, curve d). This phenomenon was consistent with
that of the UV/Vis absorption spectra, which resulted from
the curved structure of SWNTs. Therefore, the presence of
flattened RGO accelerated the electron transfer and in-
creased the amount of FeTMAPP on the electrode surface.
RGO as a planar sheet was a better platform for immobiliz-
ing porphyrin by means of p–p interactions, especially for
picket-fence porphyrin.

The reduction and oxidation peak currents of FeTMAPP/
RGO-modified electrode increased linearly as the scan rate
increased from 40 to 500 mV s�1 (Figure 5), whereas the dif-

ference in redox peak potentials showed a slight increase,
thereby indicating a surface-controlled electrode process.
With an increase in the pH from 5 to 9, the oxidation poten-
tial linearly shifted to a more negative value with a slope of
�53.4 mV per pH unit; this value was close to the theoreti-
cal value of �59.1 mV per pH unit at 25 8C for a one-proton
and one-electron electrode process, thereby indicating that
one proton participated in the redox process.

Electrocatalysis of FeTMAPP/RGO toward the reduction of
chlorite : When chlorite (50 mmol L�1) was added to PBS, no
obvious catalytic peak was observed at the RGO-modified
ITO electrode (Figure 6A). However, upon addition of
chlorite, an enhanced catalytic reduction peak toward chlor-
ite reduction was observed at �0.36 V with the initial poten-
tial of +0.08 V at the FeTMAPP/RGO-modified ITO elec-
trode (Figure 6B). The electrocatalytic current was
20.28 mA, which was larger than that of the FeTMPyP/
RGO-modified ITO electrode (5.49 mA; Figure 6C). This
was a typical EC catalytic process,[55] in which FeIIITMAPP
was first reduced to iron(II) species and then back to the in-
itial state by means of a chemical reaction with chlorite,
which was finally reduced to chloride ion.[56] On the other
hand, the electrocatalytic peak potential of the FeTMAPP/
RGO-modified electrode (�0.36 V) for reduction of chlorite
was more positive than that of the FeTMAPP/SWNTs-modi-
fied electrode (�0.55 V; Figure 6D), thus indicating a syner-

Figure 4. Cyclic voltammograms of a) RGO-, b) FeTMAPP/RGO,
c) FeTMPyP/RGO-, and d) FeTMAPP/SWNTs-modified ITO electrodes
in N2-saturated PBS at 100 mV s�1.

Figure 5. Cyclic voltammograms of FeTMAPP/RGO-modified ITO elec-
trode at 40, 80, 100, 200, 300, 400, and 500 mV s�1 (from inner to outer)
in 0.1 mol L�1 pH 7.0 N2-saturated PBS. Inset: plots of oxidation and re-
duction peak currents versus V.
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gy effect of RGO and FeTMAPP in the electrocatalytic re-
duction of chlorite. This was an advantage for the detection
of chlorite at a low applied potential, which led to a better
ability to exclude the interference of other reductive species
that coexisted in the samples.

With an increasing amount of deposited FeTMAPP/RGO,
the reduction and oxidation peak currents for FeIII/FeII in-
creased and then tended to remain at a constant value at an
amount of 5 mL (Figure 7A). At amounts higher than 10 mL,
both peak currents decreased slightly due to the thicker
film, which decreased the electron-transfer rate. The electro-
catalytic current of chlorite reduction quickly decreased at
FeTMAPP/RGO amounts higher than 10 mL (Figure 7B).
This result should be attributed to the decrease in both the
accessibility to catalytic sites for chlorite reduction and the
electron-transfer rate. Thus, this work used a 5 mL suspen-
sion of FeTMAPP/RGO (0.1 mgmL�1) to prepare the chlor-
ite biosensor.

FeTMAPP/RGO-based biosensor for determination of
chlorite : The current–time curve of the FeTMAPP/RGO-
modified ITO electrode upon successive addition of chlorite
at an applied potential of �0.36 V clearly illustrates the
rapid response of the modified electrode to chlorite
(Figure 8). The response reached a steady signal within only
4 s, and displayed a linear increase with an increase in chlor-
ite concentration from 5.0 � 10�8 to 1.2 �10�4 mol L�1 (i.e. ,
3.4 to 8.1 �103 mg L�1). The detection limit was 2.4 �
10�8 mol L�1 (i.e., 1.6 mg L�1) at a signal-to-noise ratio of 3.
The linear response range was wider than those of 0.1 to
10 mgL�1 by capillary electrophoresis,[43] 0.02 to 2.0 mg L�1

by the ion chromatographic
method,[44] and 50 to 150 mgL�1

by the potentiometric tech-
nique.[45] Thus, the proposed
amperometric biosensor pre-
pared with FeTMAPP/RGO
showed promising application
in the monitoring of chlorite
with high sensitivity and wide
concentration range.

The biosensor for chlorite
showed good fabrication repro-
ducibility, with a relative stan-
dard deviation of 4.6 % estimat-
ed from the slopes of the cali-
bration plots at five freshly pre-
pared FeTMAPP/RGO-modi-
fied ITO electrodes. At chlorite
concentrations of 0.5 and
50 mmol L�1, the biosensor
showed good repeatability with
relative standard deviations of
5.2 and 4.7 % examined for five
determinations, respectively. At
a chlorite concentration of

Figure 6. Cyclic voltammograms of A) RGO-, B) FeTMAPP/RGO-, C) FeTMPyP/RGO-, and D) FeTMAPP/
SWNTs-modified ITO electrodes in a) 0.1 m pH 7.0 N2-saturated PBS and b) that given in (a) plus chlorite
(50 mmol L�1) at 100 mV s�1.

Figure 7. Effect of the amount of FeTMAPP/RGO (0.1 mg mL�1) for
preparation of the modified electrode on A) redox peak currents for
FeIII/FeII and B) electrocatalytic peak current for chlorite reduction.
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50 mmol L�1, the cyclic voltammograms of the biosensor for
fifty consecutive scans between + 0.3 and �0.7 V showed ac-
ceptable stability. The response of chlorite at the fiftieth
scan remained at 97.7 % of its initial response.

When the biosensor was not in use, it was stored in shade
at room temperature and measured every few days. No ob-
vious decrease in the amperometric response to chlorite was
observed after one week. It was able to keep 95.8 % of its
initial amperometric response after four weeks. This implied
that the structure of FeTMAPP/RGO was very efficient for
retaining the activity of FeTMAPP and preventing it from
leaking out of the biosensor.

The effects of common interfering species on the biosens-
ing response were examined. For example, anions (F�, Br�,
Cl�, ClO3

�, ClO4
�, NO2

�, NO3
�, CO3

2�, HCO3
�, PO3

3�,
HPO3

2�, H2PO3
�, SO4

2�), cations (Na+ , K+ , Mg2+ , Zn2+ ,
NH4

+), and saccharides (sucrose, glucose, fructose) at 1000
times the concentration of chlorite did not interfere with the
amperometric response to chlorite. Ascorbic acid and lactic
acid could be tolerated at less than 100 times the concentra-
tion of chlorite. Uric acid and acetic acid could be tolerated
at less than 200 times the concentration of chlorite. Hypo-
chlorite could be tolerated at less than 50 times the concen-
tration of chlorite. Thus, the amperometric biosensor had an
excellent specificity for the highly sensitive detection of
chlorite without any sample pretreatment.

Conclusion

A functional nanocomposite of RGO with water-soluble
picket-fence iron porphyrin was prepared by means of p–p

interactions. The FeTMAPP/RGO nanocomposite had good
biocompatibility and could be well dispersed in water to
form a stable and homogeneous suspension due to the intro-
duction of a positively charged FeTMAPP monolayer onto
the surface of RGO. The planar side of picket-fence porphy-
rin reduced the distance between the porphyrin plane and
flattened RGO, thus resulting in a fast electronic communi-
cation between FeTMAPP and flattened RGO. Therefore,

the direct electrochemistry that corresponded to the redox
couple of FeIII/FeII was realized. The RGO/FeTMAPP-modi-
fied ITO electrode showed excellent electrocatalytic activity
toward reduction of chlorite at low applied potential, which
resulted in highly sensitive amperometric biosensing with
good analytical performance for the detection of chlorite,
such as rapid response, wide linear range, low detection
limit, and good fabrication reproducibility. The assembly of
porphyrin on RGO not only provides a facile way to design
novel biofunctional nanomaterials for electrocatalysis and
amperometric biosensing, but also can be extended to other
optoelectronic devices.

Experimental Section

Materials and reagents : Graphene oxide was synthesized from graphite
by a modified Hummers method.[57] Reduced graphene oxide (RGO) was
prepared by the chemical reduction of graphene oxide with hydrazine hy-
drate.[20] FeTMAPP was prepared according to the work of Collman
et al.[58] MS (ESI): m/z found for C64H72Cl4FeN12O4 [M�Cl]+ : 1268;
HRMS (ESI): m/z calcd for C64H72Cl4FeN12O4 [M�Cl]+ : 1268.3903;
found: 1268.3926. SWNTs (>90%, diameter <2 nm) were purchased
from Shenzhen Nanotech Co. (China). Sodium chlorite (80 %) was pur-
chased from Alfa Aesar China Ltd. (China). FeTMPyP was a gift from
Professor Osamu Ikeda at Kanazawa University (Japan). All other chem-
icals were of analytical grade. Aqueous solutions were prepared with
twice-distilled water. PBS (0.1 mol L�1) was always employed as the sup-
porting electrolyte deaerated with high-purity nitrogen. The pH value of
PBS was 7.0 except where indicated.

Apparatus : The TEM images was obtained using a JEM-2100 TEM in-
strument (JEOL, Japan). Resonance Raman spectra were recorded using
a Renishaw-inVia Raman microscope (Renishaw, United Kingdom). The
morphologies of the modified surfaces were studied using atomic force
microscopy (Agilent 5500 model, USA) in tapping mode. Fluorescence
spectra were recorded at room temperature using a F900 fluorescence
spectrometer (Edinburgh Instruments Ltd., United Kingdom). UV/Vis
absorption spectra were recorded using a Lambda 35 UV/Vis spectrome-
ter (Perkin–Elmer instruments, USA). The static water contact angles
were measured with a contact-angle meter (Rame-Hart-100, USA) by
using droplets of deionized water at 25 8C. Cyclic voltammetric and am-
perometric experiments were performed using a CHI 660D electrochemi-
cal workstation (CH Instruments Inc., USA). All experiments were car-
ried out at room temperature using a conventional three-electrode
system with an indium–tin oxide (ITO) electrode as a working electrode,
a platinum wire as an auxiliary electrode, and a saturated calomel elec-
trode as a reference electrode.

Preparation of FeTMAPP/RGO and the modified ITO electrodes : RGO
(6 mg) and twice-distilled water (5 mL) were successively added to the
FeTMAPP solution (1 mL, 3 mmol L�1). The resulting suspension was ul-
trasonically dispersed for 1 h, and then centrifuged at 10000 rpm for
20 min to remove free FeTMAPP. After washing 5 times with twice-dis-
tilled water, the sediment was dried at 70 8C to obtain the FeTMAPP/
RGO nanocomposite. The as-prepared nanocomposite was ultrasonically
dispersed in twice-distilled water to obtain a FeTMAPP/RGO suspension
(0.1 mg mL�1).

After the ITO electrode had been cleaned with NaOH (0.1 mol L�1) and
H2O2, washed with acetone and twice-distilled water, and dried at room
temperature, a suspension of FeTMAPP/RGO (5 mL, 0.1 mg mL�1) was
coated on the ITO electrode and dried at room temperature to obtain
the FeTMAPP/RGO-modified electrode. Similarly, RGO-, FeTMPyP/
RGO-, and FeTMAPP/SWNTs-modified ITO electrodes were prepared.

Figure 8. Successive amperometric response of FeTMAPP/RGO-modi-
fied ITO electrode to chlorite in 0.1 m pH 7.0 N2-saturated PBS at an ap-
plied potential of �0.36 V. Upper inset: linear calibration curve; lower
inset: amplified response.
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