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a b s t r a c t

In the present work, the oxidative electrochemistry of nitrite on the poly(3,4-ethylenedioxythiophene)/
iron phthalocyanine/multi-wall carbon nanotubes-(PEDOT/FePc/MWCNT) modified screen-printed car-
bon electrodes (SPCE) has been investigated. The parameters, such as overpotential, current density
and rate constant at PEDOT/FePc/MWCNT-modified SPCE, were compared with an un-modified, FePc-
, and FePc/MWCNT-modified SPCE for electro-oxidation of nitrite. As compared with the un-modified
SPCE, an increase in the anodic peak current density (Jpa) (∼100%) along with a decrease in the anodic
peak potential (Epa) of ∼150 mV for electro-oxidation of nitrite at the FePc-modified SPCE was observed.
When an under-layer of MWCNT was introduced onto FePc-modified SPCE, denoted as FePc/MWCNT-
modified SPCE, and the number of FePc/MWCNT bilayer was optimized, the heterogeneous electron
transfer rate constant (k) at FePc/MWCNT-modified SPCE was enhanced about 7.8 times as compared
with that at FePc-modified SPCE. Moreover, as a layer of PEDOT film was electrodeposited onto the
FePc/MWCNT-modified SPCE, denoted as PEDOT/FePc/MWCNT-modified SPCE, a significant increase in
current response along with a remarkable decrease in Epa were noticed. This can be attributed to the pre-
concentration effect induced by the electrostatic interaction between the negatively charged nitrite and

oxidized PEDOT film. On the whole, the PEDOT/FePc/MWCNT-modified SPCE greatly reduces the over-
potential of ∼330 mV along with 3.5 times enhanced the peak current density for the electro-oxidation
of nitrite as compared with un-modified SPCE. The sensitivity and limit of detection (S/N = 3) for the
PEDOT/FePc/MWCNT-modified SPCE were found to be as 638 mA cm−2 M−1 and 71 nM, respectively.
Notably, PEDOT/FePc/MWCNT-modified SPCE has a lower sensing potential than compared to several
other modified electrodes. The developed sensor was also applied for the determination of nitrite in tap

water sample.

. Introduction

Nitrite is ubiquitous within environment, food and physiolog-
cal systems as it is commonly used as an additive in some foods.

oreover, nitrite has been reported as a human health-hazard since
t can react with amines present in meat to produce carcinogenic
itrosamines [1]. Hence, it is necessary to develop a reliable and

ensitive sensor to detect nitrite in food, drinking water and envi-
onmental samples.

Several techniques, including spectrophotometry [2], chemi-
uminescence [3], chromatography [4], and capillary zone elec-
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trophoresis [5], have been developed for the determination of
nitrite; some of them involve time-consuming and tedious proce-
dures. The electrochemical technique is an appropriate alternative
or a complementary choice, with respect to the mentioned tech-
niques; it has been proved to be an inexpensive and effective way
for quantitative determination owing to its intrinsic sensitivity,
fast analysis, high selectivity and simplicity. The electrochemical
oxidation of nitrite usually involves a large overpotential at the
surfaces of the un-modified carbon electrodes, and therefore, the
determination of nitrite tends to suffering interferences from other
more oxidizable compounds. To overcome these problems, some
electrochemically modified electrodes based on porphyrin [6], Pt

nanoparticles [7], Nafion®/lead-ruthenate pyrochlore [8], and met-
allophthalocyanine [9] have been explored to lower the operating
potentials for nitrite oxidation.

Due to their interesting redox properties, the transition metal
phthalocyanine (MPc) complexes have been used as sensing mate-
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ials for the detection of some biologically and environmentally
mportant compounds, such as nitrogen dioxide [10], H2O2 [11],
itrite [9,12], thiols [13,14], thiocyanate [15,16], and epinephrine
17]. The overpotential for nitrite oxidation at the MPc-modified
lectrodes is still rather high, and some modifications on the nature
f the ligand of MPcs have been investigated to lower the overpo-
ential [9] and detected nitrite at the sensing potential of ≥0.6 V
Ag/AgCl) in physiological pH. However, there is possibility to
educe overpotential of nitrite oxidation below 0.6 V by a making
omposite of MPc with PEDOT and MWCNT.

On the other hand, MWCNT have numerous attractive
roperties, such as promoting the electron transfer rate and
lectrocatalytic activity for a wide range of biologically and envi-
onmentally important species [18–20]. Their reaction rates and
eversibility have been found to be superior to those of other carbon
aterials [21]. Recently, the electrocatalytic oxidation of nitrite on

arbon nanotubes powder microelectrodes has been reported [22].
Conducting polymer (CPs) has been also attractive field of

esearch for particularly sensing of biomolecules. Among CPs, the
oly(3,4-ethylenedioxythiophene) (PEDOT) has received signifi-
ant amount of attention as an electrode material in light emitting
evices, electrochromic devices, polymer batteries [23,24]. In
pecifics, PEDOT has received particular attention for the elec-
roanalytical application, e.g., detection of chemical [25] and
iomolecules such as ascorbic acid [26], cysteine [27], etc. due to
etaining of its electroactivity for wide range of pH.

In the present work, we report electrocatalytic oxidation of
itrite using PEDOT/FePc/MWCNT-modified SPCE. In our previ-
us work, electrocatalytic properties of PEDOT/MWCNT-modified
PCE have been investigated and significant decrease of overpo-
ential was observed for the oxidation of nitrite [28], which is due
o the electrostatic interaction between PEDOT film and nitrite
ons. Though, PEDOT/MWCNT-modified SPCE has good sensitivity
nd lower detection limit, however, sensing potential for electro-
xidation of nitrite somewhat higher, which may invite interfering
ubstance easily, than the present PEDOT/FePc/MWCNT-modified
PCE. Thus, it is an attempt to enhance properties like detec-
ion limit, sensitivity, and lower detection potential for oxidation
f nitrite, by incorporating FePc onto PEDOT/MWCNT-modified
PCE. Notably, the PEDOT/FePc/MWCNT-modified SPCE has signif-
cant enhanced properties, such as sensitivity (638 mA cm−2 M−1)
nd detection limit (71 nM), as compared with PEDOT/MWCNT-
odified one (sensitivity: 140 mA cm−2 M−1; detection limit:

.96 �M). Moreover, as compared with PEDOT/MWCNT-modified
PCE [28], a further decrease in sensing potential (∼100 mV) for
EDOT/FePc/MWCNT-modified SPCE was also obtained. Though
here have been reports on the electrochemical detection of
itrite by MPc-modified electrodes [9,12,29–31], however, to
he best of our knowledge, neither CPs/MPc/MWCNT- nor
EDOT/FePc/MWCNT-modified electrodes have been reported ear-
ier for electro-oxidation of nitrite. Finally, the applicability of
EDOT/FePc/MWCNT-modified SPCE was investigated for the
etermination of nitrite in tap water.

. Experimental

.1. Chemicals and Instruments

Metal phthalocyanines (MPcs, M: Cu (II) (97%), Fe (III) (95%),
n (II) (90%), Ni (II) (94%)) complexes, (2-hydroxypropyl)-�-
yclodextrin (H-�-CD), and 3,4-ethylenedioxythiophene (EDOT)
ere purchased from Sigma–Aldrich and used as received. All

ther chemicals were of analytical grade and used without fur-
her purification. 0.1 M solution of sodium nitrite solution was
repared by dissolution of sodium nitrite (Riedel-de Haën, 99%) in
 (2010) 1905–1911

pH 6 PBS solution. Multi-wall carbon nanotubes (MWCNT) were
purchased from Nanotech Port Co. (Taiwan) and these MWCNT
were produced via the chemical vapor deposition (CVD) method.
The diameter and the length of the MWCNT are 40–50 nm and
3–5 �m, respectively. Deionized (DI) water was used throughout
the work.

Electrochemical measurements were carried out at a CHI 440
electrochemical workstation (CH Instruments, Inc., USA) with a
conventional three-electrode system. A three-electrode type of
SPCE (Zensor R&D, Taiwan), with a geometric area of 0.071 cm2 was
used for the sensor preparation. The working electrode, reference
electrode and counter electrode on the SPCE are carbon electrode,
Ag/AgCl wire and carbon electrode, respectively. All electrochemi-
cal experiments were performed at room temperature and all the
potentials are reported against the Ag/AgCl reference electrode.

2.2. Preparation of MPc, FePc/MWCNT, and
PEDOT/FePc/MWCNT-modified SPCEs

MPc (M: Cu (II), Fe (III), Mn (II), Ni (II)) solutions with con-
centration of 2 mg mL−1 were prepared by dissolving MPcs in
dimethylformaide (DMF) with the aid of ultrasonic oscillation. To
prepare MPc-modified electrodes, 1 �L of the MPc solutions was
drop-casted on the surface of the electrodes and was then dried at
60 ◦C.

To prepare FePc/MWCNT-modified electrode, a MWCNT sus-
pension with the concentration of 1 mg mL−1 was first prepared
by suspending MWCNT in DMF solution with the aid of ultrasoni-
cation. After the preparation of suspension, 1 �L (one drop) of the
MWCNT suspension was drop-casted on the surface of the elec-
trodes and was then dried at 60 ◦C. Thereafter, 1 �L of the FePc
solution with concentration of 4 mg mL−1 were drop-casted on the
surface of the electrodes and were then dried at 60 ◦C. To opti-
mize the number of FePc/MWCNT bilayer, the above-mentioned
procedure was repeated for several times (up to 6). We also tried
to prepare the suspension of the FePc and MWCNTs in order to
drop-cast by single-step, however, precipitation occurred by direct
mixing of FePc and MWCNTs.

After optimizing the number of FePc/MWCNT bilayer, the PEDOT
film was then electrodeposited onto FePc/MWCNT-modified SPCE
by the cyclic voltammetric (CV) method. Typically, FePc/MWCNT-
modified SPCE was scanned in aqueous solution containing 0.01 M
EDOT, 0.5 mM (2-hydroxypropyl)-�-cyclodextrin and 0.1 M LiClO4
in the potential range of 0 and 0.95 V at a scan rate of 50 mV s−1

for specific cycles. After electro-deposition of PEDOT, the resultant
modified electrode, designated as PEDOT/FePc/MWCNT-modified
SPCE, was treated with 0.1 M phosphate buffer solution (PBS, pH 6)
by repeated cycling in the potential range of 0.3–0.9 V at the scan
rate of 25 mV s−1 in order to obtain a stable background.

2.3. Amperometric detection of nitrite

For detection of nitrite by using PEDOT/FePc/MWCNT-modified
SPCE, the suitable sensing potential in the limit current plateau
region was determined by scanning the PEDOT/FePc/MWCNT-
modified SPCE in the potential range between 0.2 and 0.6 V using
the linear sweep voltammetry at a scan rate of 0.2 mV s−1 in 0.1 M
PBS (pH 6) solution containing 0.5 mM nitrite. Considering the sen-
sitivity and the steadiness of the PEDOT/FePc/MWCNT-modified
SPCE, the suitable sensing potential was determined as 0.5 V (vs.

Ag/AgCl). The determined sensing potential is ∼100 mV lower than
that reported in our previous study [28], which might be attributed
to the electrocatalytic properties of FePc. The current densities in
the concentration range between 2.5 and 200 �M were collected
and calibration curve for nitrite was constructed.
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Fig. 1. Cyclic voltammograms of the un-modified SPCE and SPCE modified with
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Fig. 2. (a) Cyclic voltammograms of the FePc-modified SPCE in 0.1 M PBS solution
(pH 6) containing 0.5 mM nitrite at various scanning rates (�) from 12.5, 25, 50, 100,

reminding parameters have their conventional meanings. The rate
etal phthalocyanines (MPcs, M: Cu, Fe, Mn, Ni). Measurements were carried out
n 0.1 M PBS solution (pH 6) containing 0.5 mM nitrite at the scan rate of 25 mV s−1.
oncentration of MPc solution for film preparation: 2 mg mL−1.

. Results and discussion

.1. Electro-oxidation behavior of nitrite at the MPc-modified
PCEs

Fig. 1 shows the CV responses of un-modified SPCE and MPc-
odified SPCEs obtained in 0.1 M PBS solution (pH 6) containing

.5 mM NaNO2. It can be found that the MPc-modified SPCE
howed higher current response to nitrite as compared with the
n-modified SPCE. Besides, the potential for nitrite oxidation was
ffected by the nature of central metal of MPcs, which can be
ttributed to the redox activity of the central metal of MPcs [29].
y considering the peak current density (Jpa) and peak potential
Epa), we chose the FePc as the most efficient electrocatalyst for the
urther experiments.

Fig. 2 depicts the CVs for the oxidation of nitrite at the FePc-
odified SPCE in the PBS solution (pH 6) containing 0.5 mM nitrite

t various scan rates. It can be found that (i) the relationship
etween the Jpa and square root of scan rate (�1/2) was linear (the

nset of Fig. 2(a)), indicating the oxidation of nitrite at the FePc-
odified SPCE was diffusion-controlled, (ii) the peak potential (Epa)

hifts with the scan rate (log �), indicating the irreversibility of the
itrite electro-oxidation process (see Fig. 2(b)), and (iii) Fig. 2(c)
hows a plot of the current function (Ip�−1/2) vs. �, exhibited a
ypical shape indicative of a catalytic process composing of a one-
lectron transfer step followed by a chemical step [30].

For a totally irreversible diffusion-controlled system, the elec-
ron transfer coefficient (˛), and the number of electron transfer
nvolved in the rate-determining step (n˛) can be found using Eq.
1) [31]:

p = 2.3RT

2(1 − ˛)n˛F
log � + K (1)

here K is a constant, � is the scan rate, and all other param-
ters have their conventional meanings. By using the slope in
ig. 2(b), (1 − ˛)n˛ can be estimated as 0.428, suggesting the rate-
etermined step involves one-electron transfer as the value of ˛
anges between 0.3 and 0.7 [32]. According to Eq. (1), the heteroge-
eous electron transfer rate constant, k, can be obtained from the
ntercept of Fig. 2(b). It can be shown that [31]:

= E0′ + RT

(1 − ˛)n˛F

[
0.78 + 2.3

2
log

(
(1 − ˛)n˛FD

k2RT

)]
(2)
200, 300, 400, 500, 600, 700, 800, 900, and 1000 mV s−1. Inset: plot of Jpa vs. scan
rate (�), (b) plot of Epa vs. log (�), and (c) Ip/�1/2 vs. �. Concentration of FePc solution
for film preparation: 2 mg mL−1.

where E0′
is the formal potential (0.59 V vs. SCE [33]), D is the

diffusion coefficient of nitrite (2.1 × 10−5 cm2 s−1 [34]), and the
constant k was calculated as 0.0074 cm s−1, which is close to the
value reported for the FePc derivative (0.0064 cm s−1) [31]. Further-
more, the total number of electron transferred (nt) in the process
for the nitrite electro-oxidation can be calculated from Eq. (3) [32]:
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Fig. 3. The effect of the concentration of FePc solution for film preparation on the
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Fig. 4. The effect of the number of FePc/MWCNT bilayer on the peak current density
(Jpa) and peak potential (Epa). The solid square and the hollow square in the figure
represent the peak anodic current density and peak anodic potential, respectively.
eak current density (Jpa) and peak potential (Epa). The solid square and the hol-
ow square in the figure represent the peak anodic current density and peak anodic
otential, respectively. Measurements were carried out in 0.1 M PBS solution con-
aining 0.5 mM nitrite at the scan rate of 25 mV s−1.

pa = 2.99 × 105nt[(1 − ˛)n˛]C0D1/2�1/2 (3)

here C0 is the bulk concentration of nitrite (0.5 mM) and the
emaining parameters have their conventional meanings. The value
f nt was estimated to be about 2, suggesting that nitrate (NO3

−) is
he most likely product of the reaction.

From the above analyses and evidence from the literature
29,35], the mechanism for the nitrite oxidation on the FePc-

odified SPCE is proposed as follows:

FeIIIPc+ + 2NO2
− � 2[FeIIPc–NO2] (4)

[FeIIPc–NO2] → 2FeIIIPc+ + 2NO2 + 2e− (5)

NO2 + H2O → NO2
− + NO3

− + 2H+ (6)

The formation of the adduct ([FeIIPc–NO2]), due to the elec-
ronic coupling between Fe3+ in FePc complex and nitrite [34], was
roposed as the nitrite activation step. After forming an adduct, it
ndergoes electrochemical oxidation to form FeIIIPc+ and NO2, fol-

owed by rapid disproportionation of NO2 into NO2
− and NO3

− [35].
ifferent mechanism [36] has been proposed for the detection of
itrite using nanoFePc with the oxidation state of Fe in FePc being
+, and the number of electron transfer is 1. However, according
o the literature [29], the electro-oxidation of nitrite starts from
he formation of the adduct of nitrite and FePc, followed by a rate-
etermining one-electron transfer step. The adduct formation was
esulted from the electronic coupling between Fe3+ in FePc complex
nd nitrite. In our case, the oxidation state of Fe in FePc is 3+, and
herefore we proposed the mechanism similar to that proposed by
he literature [29] for the detection of nitrite.

The optimum concentration of FePc was determined for oxida-
ion of nitrite by just drop-casting it on SPCE. As shown in Fig. 3, a
ignificant shift in Epa was noticed toward the negative side as the
ePc concentration was increased from 0 to 4 mg mL−1. It should be
oted that as the FePc concentration was higher than 4 mg mL−1,
ePc precipitated. As a result, FePc concentration of 4 mg mL−1 was
hosen for later experiments.

.2. Electro-oxidation behavior of nitrite at the FePc/MWCNT-
nd PEDOT/FePc/MWCNT-modified SPCEs
Since MWCNTs have some important properties, such as high
urface-area-to-volume ratio, facilitating electron transfer [18–20],
nd good electrocatalytic properties to nitrite [22], an under-layer
f MWCNTs was introduced to the FePc film with an intention of
ncreasing the active surface and facilitating the electron transfer
Measurements were carried out in 0.1 M PBS solution (pH 6) containing 0.5 mM
nitrite at the scan rate of 25 mV s−1. Concentration of FePc solution for film prepa-
ration: 4 mg mL−1.

between FePc and the SPCE, thus improving the electrocatalytic
properties of the FePc-modified SPCE. As shown in Fig. 4, after
introducing a layer of MWCNT, a shift in Epa to the negative side
and an increase in Jpa were noticed. Besides, when the number
of FePc/MWCNT bilayer was increased from 1 to 5, Jpa slightly
increased and Epa shifted about 60 mV to the negative side. How-
ever, the FePc/MWCNT composite film became unstable physically
and fell off easily as the bilayer number was greater than 5,
resulting in lower Jpa and higher Epa. Note that in order to get
the optimal sensing performance, in terms of Epa and Jpa, of the
FePc/MWCNT-modified SPCE, it is necessary to adjust the number
of FePc/MWCNT bilayer. However, the structure of the resultant
composite film became complex and increased the build-up time
for electrode preparation. Nevertheless, the modified electrode
with FePc/MWCNT bilayer of 5, designated as (FePc/MWCNT)5-
modified SPCE, was chosen for further experiments.

In our previous report [28], the sensor response to nitrite was
improved by electrodepositing a layer of PEDOT film onto the un-
modified SPCE, which can be attributed to the pre-concentration
effect induced by the electrostatic interaction between the oxi-
dized PEDOT film and nitrite ions. In this work, we do not
specifically investigate the pH effect because our previous work
[28] indicated that the CV response of the PEDOT/MWCNT-
modified electrode is insensitive to pH ranging from 6 to 8.
With an intention to enhance sensor response, PEDOT film was
electrodeposited onto the (FePc/MWCNT)5-modified SPCE, des-
ignated as PEDOT1/(FePc/MWCNT)5-modified SPCE, and results
are shown in Fig. 5. As shown in Fig. 5(a), a significant increase
in Jpa and a remarkable shift in Epa to the negative side were
noticed as a layer of PEDOT film was deposited onto the
(FePc/MWCNT)5-modified SPCE. In addition, smaller Epa along
with slightly higher Jpa was observed for nitrite electro-oxidation
at the PEDOT1/(FePc/MWCNT)5-modified SPCE than those at the
PEDOT1/(MWCNT)5-modified SPCE, which is indicative of the elec-
trocatalytic role of FePc playing in facilitating this electrochemical
process. Compared to other MPc-modified electrodes [37–39], the
Epa obtained in this work is much lower. To optimize the amount
of PEDOT deposited onto the (FePc/MWCNT)5-modified SPCE, we
controlled the amount of PEDOT in terms of the cycle number dur-

ing electropolymerization. As seen in Fig. 5(b), it can be found
that as the cycle number was increased from 1 to 2, Jpa further
increased. However, as the cycle number was further increased
(>2), Jpa decreased and Epa shifted to the unfavorable side. While the
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Fig. 5. (a) Cyclic voltammograms of the (FePc/MWCNT)5, PEDOT1/(MWCNT)5 and
PEDOT1/(FePc/MWCNT)5-modified SPCEs with PEDOT film electropolymerized for
1 cycle in 0.1 M PBS solution (pH 6) containing 0.5 mM nitrite. Scan rare: 25 mV s−1.
(b) The effect of the cycle number for the electro-deposition of PEDOT film on the
peak current density (Jpa) and peak potential (Epa). The solid square and the hollow
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Fig. 6. (a) The amperometric current responses of the PEDOT2/(FePc/MWCNT)5-
quare in the figure represent the peak anodic current density and peak anodic
otential, respectively. Measurements were carried out in 0.1 M PBS solution (pH 6)
ontaining 0.5 mM nitrite at the scan rate of 25 mV s−1.

lectrostatic interaction was enhanced by increasing the amount
f PEDOT film, the diffusion barrier for nitrite increased simul-
aneously, and therefore the advantageous effect of electrostatic
nteraction between PEDOT was greatly reduced at greater amount
f PEDOT deposited. Therefore, the amount of PEDOT obtained at 2
ycles was found to be optimal number for electrocatalytic oxida-
ion of nitrite. The resultant modified electrode was designated as
EDOT2/(FePc/MWCNT)5-modified SPCE.

Table 1 summarizes the parameters of Epa, Jpa, and k for the
lectro-oxidation of nitrite at the FePc-, (FePc/MWCNT)5-, and
EDOT2/(FePc/MWCNT)5-modified SPCEs. The electron transfer

ate constants for (FePc/MWCNT)5-, and PEDOT2/(FePc/MWCNT)5-
odified SPCEs were estimated from the intercepts of

ig. S1(a) and (b) along with Eq. (2). As compared with FePc-
odified SPCE, the electron transfer rate constant, k, was

Table 1
Values of Epa, Jpa, and k for the electro-oxidation of nitrite at un-modified SPCE, FePc/
Measurements were carried out in 0.1 M PBS (pH 6) solution containing 0.5 mM nitr

Electrodes Parameters

Epa (mV)

Un-modified SPCE 732
FePc-modified SPCE 584
(FePc/MWCNT)5-modified SPCEa 520
PEDOT2/(FePc/MWCNT)5-modified SPCEb 380

a With FePc/MWCNT bilayer number of 5.
b With PEDOT layer number of 2 and FePc/MWCNT bilayer number of 5.
modified SPCE to various nitrite concentrations in 0.1 M PBS solution (pH 6) at
an applied potential of 0.5 V vs. Ag/AgCl. Resulted calibration curve for nitrite is
included as the inset. (b) Enlarged current density-time curve in (a). The noise level
also shown in the inset of (b).

significantly enhanced (∼8 times) by modifying the SPCE with
optimal number of FePc/MWCNT bilayer. Besides, k was further
enhanced from 0.055 to 0.162 cm s−1 after electrodepositing 2
layers of PEDOT onto the (FePc/MWCNT)5-modified SPCE. The
enhancement in the electron transfer rate constant could be
attributed to the synergetic effect of the high conductivity and
catalytic effects of MWCNT and pre-concentration effect induced
by the electrostatic interaction between conductive PEDOT and
nitrite ions.
3.3. Amperometric detection of nitrite

The calibration curve for nitrite was constructed by measuring
the current change after the addition of nitrite with specific con-

SPCE, (FePc/MWCNT)5/SPCE, and PEDOT2/(FePc/MWCNT)5/SPCE, respectively.
ite at the scan rate of 25 mV s−1.

Jpa (mA cm−2) k (cm s−1)

0.104 –
0.209 0.007
0.214 0.055
0.366 0.162
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Table 2
The determination of nitrite concentration in tap water sample by comparing the proposed method and the Griess method.

Sample/method Actual value (�M) Added (�M) Value found after adding RSDb (%, n = 3) Recoveryc (%, n = 3)

Tap water/Griess method N.D.a 50 51.5 2.1 103
Tap water/electrochemical detection (this work) N.D. 50 50.8 2.3 102
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a Not detectable.
b Relative standard deviation.
c Concentration found after adding 50 �M of nitrite/50 �M of nitrite.

entration and shown in Fig. 6. Note that the current density in
he calibration curve is the one which has already subtracted the
ackground current density; therefore, it starts from zero. It can be
ound that the current density increases linearly with the increase
n nitrite concentration. Besides, from the slope (inset of Fig. 6(a)),
he sensitivity for the PEDOT2/(FePc/MWCNT)5-modified SPCE was
ound to be 638 mA cm−2 M−1. Fig. 6(b) shows the enlarged cur-
ent density–time curve present in Fig. 6(a). From the inset of
ig. 6(b), the background noise level was determined to be about
.15 �A cm−2. Based on signal-to-noise ratio of 3, the limit of detec-
ion (LOD) for the PEDOT2/(FePc/MWCNT)5-modified SPCE was
stimated and was found to be 71 nM. It should also be noted that
he limit of detection for the PEDOT/FePc/MWCNT-modified SPCE is
omparable with or lower than that obtained with other CNT-based
odified electrodes [28,40–46]. Besides, the LOD for our proposed
ethod is below the maximum admissible level (∼3 �M) of nitrite

n drinking water established by the European Community [47].
his implies that the proposed method is applicable for the detec-
ion of nitrite in drinking water. Moreover, the modified electrode
lso showed a good repeatability for nitrite determination since the
elative standard deviations of 3.5 and 2.8% were obtained by carry-
ng out five consecutive chronoamperometric measurements using
and 20 �M nitrite, respectively. In addition, the reproducibility for

he fabricated sensor, determined by testing five electrodes in 0.1 M
BS solution (pH 6) containing 20 �M of nitrite is 7.6%.

The interference effect of the foreign ions on the determina-
ion of nitrite was examined by addition of various ions into the
BS solution (pH 6) containing 0.5 mM nitrite and the results are
ummarized in Table S1. It can be found that most anions did not
how any interference effect during the determination of nitrite by
sing PEDOT2/(FePc/MWCNT)5-modified SPCE. However, 10-fold
oncentration of SO3

2− ion shows serious interference.
It is worth comparing our PEDOT2/(FePc/MWCNT)5-modified

PCE, in terms of sensing potential, with other modified
lectrodes used for the electro-oxidation of nitrite. Our
EDOT2/(FePc/MWCNT)5-modified SPCE has relatively lower
ensing potential as compared with that of the electrode modified
ith PPy/SWCNT (0.75 V vs. SCE, pH 5.5) [48], oxotitanium Pc (0.6 V

s. Ag/AgCl, pH 7.4) [9], Fe (III) poly-3-aminophenyl porphyrin
0.75 V vs. SCE, pH 7.4) [49], or thiadiazole (0.84 V vs. Ag/AgCl, pH
.4) [50]. As a result, PEDOT2/(FePc/MWCNT)5-modified SPCE does
ot suffer from interference from foreign ions.

.4. The real sample analysis

Finally, the present PEDOT2/(FePc/MWCNT)5-modified SPCE
as examined for real sample analysis in tap water and our results
ere compared with Griess method. For Griess method, typically

qual volumes of 1× Griess reagent (Sigma–Aldrich) and tap water
ample were mixed and incubated for 15 min. Thereafter, the con-
entration of nitrite was determined by reading the absorbance at

40 nm. The obtained results, both by an electrochemical method
nd the Griess method, were summarized in Table 2. It can be found
hat the results obtained by our method are in good agreement
ith those obtained by the Griess method. It should be noted that

he original nitrite concentration is undetectable by both methods,

[

[
[

[

which is simply because tap water sample contains too low concen-
tration of nitrite. Also, for the detection of nitrite using our modified
electrode, the tap water (0.5 mL) has added in the buffer solution
(7.5 mL), therefore the nitrite concentration of tap water was fur-
ther diluted (∼8 times) in this step. As a result, we added 50 �M of
nitrite in tap water sample and recorded the results as “value found
after adding”.

4. Conclusion

The PEDOT/FePc/MWCNT-modified SPCEs were fabricated and
their application to amperometric detection of nitrite was inves-
tigated. Thanks to the synergistic effect of the redox properties of
FePc along with the promoted electron transfer rate by introducing
MWCNT and PEDOT, the overpotential for nitrite electro-oxidation
was significantly reduced at the PEDOT/FePc/MWCNT-modified
SPCE as compared to the un-modified SPCE. Besides, the current
response to nitrite was also significantly enhanced. The lower oper-
ating potential and practical detection limit (∼71 nM) allow the
PEDOT/FePc/MWCNT-modified SPCE for practical use.
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