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ABSTRACT: An uniformly distributed film consisting of polyaniline (PANI) nanoparticles and carboxylic acid functionalized multi-

walled carbon nanotubes (MWNTs-COOH) was successfully assembled on ITO plates from a layer-by-layer (LBL) method by using

electrostatic interactions as the main driving force. The good conjugation between PANI nanoparticles and MWNTs-COOH resulted

in significant electrochemical performance variation of the obtained films. In addition, the assembled MWNT-COOH/PANI/ITO

showed synergistic effect to the electrochemical oxidation of nifedipine (NIF) when used as a sensor. Compared with bare ITO, the

oxidation potential of NIF can be decreased about 170 mV on MWNT-COOH/PANI/ITO, and the lower detection limit of NIF was

as low as 1.0 3 1026 mol/L. In addition, the assembled electrode gave no responses to interferences such as glucose, urea, ascorbic

acid, and trisodium citrate, which showed high selectivity for recognition and quantification of NIF. VC 2016 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2016, 133, 43452.
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INTRODUCTION

Carbon nanotubes (CNTs) possessing high conductance, ten-

sile strength, chemical stability, capable of promoting the

electron-transfer reactions of important biomolecules such as

cytochrome c, dopamine, ascorbic acid, exhibited promising

application in electrochemical sensors, and biosensors.1–4 Poly-

aniline (PANI), one of the most popular and promising con-

ducting polymers, behaving controllable conductivity,

environmental stability, interesting redox properties, and

exceptional electrocatalytic activity, has been widely used in

preparation of biosensors and sensor arrays which possess

excellent interference-free performance for the assay of glucose,

urea, and triglycerides.5–9 Significant research efforts have been

made to fabricate nanostructured PANI/CNT composites

because they could provide synergistic results, enhancing the

thermal and mechanical stability, processability, electrical con-

ductivity, and electrocatalytic activity of the materials,10–14 by

using various approaches from in situ electropolymerization to

interfacial polymerization with template-directed or template-

free approaches.15–18 Besides, layer-by-layer (LBL) self-

assembly methodology is a versatile, straightforward method

for the fabrication of nanostructured films with controlled

compositions, which has become an effective way to prepare

CNT/PANI films.19–22

The LBL assembly strategy was herein used to prepare thin films

composed of PANI and carboxylic acid functionalized multi-

walled carbon nanotube (MWNT-COOH). Due to the protona-

tion of imine (AN@) and amine (ANHA) groups, PANI can

have net positive charges.23,24 Meanwhile, MWNT-COOH can

be negatively charged by ionization of the carboxylic acid

groups which yielded carboxylate anions (COO2) in aqueous

solution.21,25 Thus, behaving like weak polyelectrolytes, PANI

and MWNT-COOH can be readily used for the LBL process.

Moreover, the LBL process can also be driven by the hydrogen

bonding interaction between the amine groups of PANI and the

carboxylic acid groups of MWNTs-COOH (Figure 1).26,27

Therefore, under such multiple interactions, alternatively

dipping indium-tin-oxide (ITO) or quartz slides in PANI and
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MWNT-COOH dispersions can lead to a stable and uniform

MWNT-COOH/PANI film, showing strong conjugation between

PANI and MWNT-COOH. Unfortunately, few documents have

been reported on the application of such films especially in

photoelectric and electrochemical areas.

As a calcium channel blocker, nifedipine (NIF) has been widely

used in the treatment of angina pectoris, arterial hypertension

and various cardiovascular diseases. However, its overdose is

toxic in nature and may cause severe dizziness, pounding heart-

beats, nausea, vomiting, etc. Therefore, from health concern, a

low cost, sensitive, and easy monitor of NIF is of great impor-

tance. Voltammetry has gained importance in chemical analysis

due to its low-cost operation, enhanced sensitivity, and accuracy

of measurement. Relative to the extensively studied electro-

reduction of NIF,28–30 the determination of NIF by electro-

oxidation is more convenient because of no need to remove

oxygen from the system. However, up to now only few docu-

ments have been reported on the determination of NIF based

on electro-oxidation by Sent€urk et al.31 and Srivastava et al.32

by using an activated glassy carbon electrode and a-cyclodex-

trins/MWNT paste electrode respectively. Compared with the

glassy carbon, MWNT based electrodes will be expected to

show more active catalytic behaviors toward NIF because of its

superior electric properties, which might be enhanced further

by incorporation of some electroactive substances such as the

conducting polymer PANI.

Here we will report that the assembled MWNT-COOH/PANI

LBL films on ITO exhibited an excellent catalytic effect on

the electrochemical oxidation of NIF with good stability and

selectivity, mainly due to the synergistic effect of MWNT-

COOH and PANI originated from the conjugation and charge

transfer between them, which will find potential applications as

biosensors.

EXPERIMENTAL

Materials

All reagents and chemicals were used as received unless otherwise

noted. MWNTs-COOH (ACOOH % 5 2.56 wt %, purity >95%,

external diameter 20–30 nm, length 10–30 lm) were obtained

from Chengdu Institute of Organic Chemistry, Chinese Academy

of Science. PANI in its emeraldine base form, was prepared

chemically by direct oxidation of aniline using the method devel-

oped by MacDiarmid et al.33 NIF was purchased from Sigma.

Stock solution of NIF (1 3 1023 mol/L) was prepared by dissolv-

ing an appropriate amount of NIF in methanol (HPLC grade).

Britton–Robinson (BR) buffer was prepared by mixing the acid

mixture containing phosphoric acid (0.04 mol/L), acetic acid

(0.04 mol/L), and boric acid (0.04 mol/L). Buffer solutions were

adjusted by adding the necessary amount of NaOH solution

(0.20 mol/L) to obtain the appropriate pH value. Milli-Q water

(18 MX/cm), analytical reagents of N,N-dimethylformamide

(DMF) and N,N-dimethylacetamide (DMAc) were used.

Preparation of Dispersions for LBL Self-Assembly Process

The concentration and the pH value of PANI and MWNTs-

COOH dispersions used in the self-assembly process were taken

from literature.21,23,25 A total of 100 mg of emeraldine base of

PANI was first dissolved in 5 mL of DMAc by stirring overnight

and then was sonicated for 12 h. The solution was then filtered

to remove traces of undissolved PANI particles. Then the above

prepared solution was diluted by 50 mL of H2O, and was

adjusted to pH 5 3 by 1M HCl before filtered through a mem-

brane with the pore size / 5 0.22 lm. Under those conditions, a

stable aqueous dispersion of PANI could be obtained. MWNT-

COOH dispersions were made by ultrasonicating 5 mg of

MWNTs-COOH in 10 mL of Milli-Q water for 10 h, and then

the pH value of the solution was adjusted to 3 with 1M HCl.

Preparation of LBL Assembly Films

MWNT-COOH/PANI LBL films were fabricated manually using

PANI and MWNT-COOH aqueous dispersions. Typically, a

cleaned quartz or ITO slide previously ultrasonicated in a pira-

nha solution (mixture of 98% H2SO4 and 30% H2O2, v/v

70:30) for 30 min was first dipped in the PANI dispersion for

1 h, followed by rinsing with water and drying with nitrogen

flow at room temperature. The substrate was then dipped in the

MWNT-COOH dispersion for 1 h, rinsed, and dried. This leads

to the deposition of one bilayer of MWNT-COOH/PANI on

both sides of the substrate. The desired numbers of bilayers can

be obtained by repetition of above steps.

Preparation of Reference Electrodes

The reference electrodes of PANI/ITO were prepared by dipping

a cleaned quartz or ITO slide previously treated by a piranha

solution in the PANI dispersion for 1 h, followed by rinsing

with water and drying with nitrogen flow at room temperature.

The MWNT-COOH/ITO reference electrode was prepared by

deposition of two drops of MWNT-COOH solution on bare

ITO and then dried at 50 8C in vacuum for 24 h.

Characterization

UV–vis spectra were obtained by a Shimadzu 1901 UV–vis spec-

trophotometer. Scanning electron microscope (SEM) images

were collected by a Quant 400 instrument. The real-time

Figure 1. Schematic view of LBL film assembled based on multiple inter-

actions [electrostatic (a), hydrogen bonding (b)] between the positively

charged PANI and the negatively charged MWNTs-COOH. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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spectroscopic ellipsometer (Ellipso Technology, Elli-SE-F) with a

Xe arc lamp (350 2 820 nm) was applied to measure the thick-

ness of the multilayer film. By using the cleaned reference sub-

strate as reference, more than three to five sampling points were

measured to obtain the average thickness. The surface chemistry

of LBL film was analyzed by using a PHI 5400 X-ray photoelec-

tron spectrometer (XPS). All spectra were calibrated with the

C1s photoemission peak for sp2 hybridized carbons at 284.5 eV.

Curve fitting of the photoemission spectra was done after a

Shirley type background subtraction. Infrared absorption spec-

tra (FTIR-RAS) of sample surfaces were collected by the reflec-

tion–absorption method using a JASCO FT/IR-4100

spectrometer equipped with a reflector and an MCT-Mid detec-

tor, using a bare ITO plate as the reference surface. Cyclic vol-

tammetry (CV) were carried out on a CHI 660C

electrochemical workstation with the electroactive films

assembled on ITO plates as the working electrode, a saturated

calomel electrode (SCE) as the reference electrode and a Pt wire

as the counter electrode. The working electrode area was

0.25 cm2, which was always kept immersed in the electrolyte

solution during the data collection.

RESULTS AND DISCUSSION

Film Fabrication and Characterization

Multilayer films were obtained by alternatively dipping hydroxyl

group functionalized slide into the PANI dispersion and

MWNT-COOH dispersion. In the case the pH value for PANI

solution was 2.5–4.5, PANI can be protonated by protonic acid

such as HCl, which yields a positively charged PANI suspen-

sion.21,23 Simultaneously, carboxylic acid groups on the surface

of MWNTs-COOH possess enough negative charges to maintain

stable dispersion when the pH value of the solution is over than

2.21,25 In this study, it is mainly resulted from the presence of

electrostatic interactions between PANI polycation and MWNT-

COOH polyanion that makes the LBL deposition available. Fur-

thermore, hydrogen bonding interactions between the amine

groups of PANI and carboxylic acid groups of MWNTs-COOH

was also existed,26,27 which may assist the electrostatic interac-

tions to drive the formation of the LBL films.

The assembly process of the LBL multilayer films was moni-

tored by UV–vis spectroscopy for each deposition cycle with

PANI as the starting layer followed by MWNT-COOH layer.

Figure 2 showed the UV–vis absorption spectra of MWNT-

COOH/PANI multilayer films with various bilayer numbers, in

which two obvious absorption bands attributed to p–p* transi-

tion of benzoid rings at 320 nm and n–p* transition of quinoid

rings in PANI near 650 nm were found.34,35 Meanwhile, a faint

band attributed to polarons–p* electronic transition were

observed at 450 nm, which showed the presence of cation radi-

cals that produced by the protonation of N atoms in PANI. Fur-

thermore, it is observed that the absorption value at 328 and

640 nm was linearly increased with the increase of bilayer num-

bers (inset in Figure 2). This indicates a stepwise and regular

growth in thickness for the MWNTs-COOH/PANI LBL films.

By means of the optical ellipsometry, the thickness of the

MWNT-COOH/PANI multilayer film was characterized using a

cleaned quartz slide as reference, yielding thickness of around

25 nm for 1-bilayer film and around 200 nm for 8-bilayer film,

which also showed the regular deposition of MWNT-COOH/

PANI bilayers on the quartz slide.

Moreover, the absorption bands of p–p* transition and n–p*

transition of PANI on the assembled film were red shifted grad-

ually with increasing the numbers of assembled bilayers, as

shown from the arrows in Figure 2. In detail, the absorption

bands at 314 and 642 nm for the 1-bilayer LBL film [Figure

2(a)] were red shifted to 328 and 655 nm for the 8-bilayer

MWNT-COOH/PANI LBL film [Figure 2(h)]. This showed the

presence of strong conjugation between PANI and MWNT-

COOH in the assembled film, whose strength can be enhanced

gradually with the increase of assembled bilayer numbers.

The conjugation between PANI and MWNT-COOH in the

assembled films can also be reflected from CV data. The CVs

of MWNT-COOH/PANI/ITO [Figure 3(A)], PANI/ITO

[Figure 3(B(a))] and MWNT-COOH/ITO [Figure 3(B(b))] were

recorded in 30:70 (v/v) methanol/BR buffer solution at pH 5 2

in the range of 20.2 to 1.2 V at the scan rate of 50 mV/s.

PANI/ITO [Figure 3(B(a))], shows a reversible redox behavior

with an anodic peak at 0.048 V. The CV curve of MWNTs-

COOH [Figure 3(B(b))] is quasi-rectangular along the x-axis

without any redox peaks. After assembled by one layer of

MWNT-COOH, the redox behavior of PANI/ITO was signifi-

cantly changed. The oxidation peak of PANI at 0.048V [Figure

3(B(a))] was positively shifted to 0.367 V for 1-bilayer MWNT-

COOH/PANI/ITO [Figure 3(A(a))], due to the charge transfer

from PANI to MWNT-COOH. Furthermore, as the number of

the bilayers of MWNT-COOH/PANI on ITO plates was

increased from 1 to 15, the oxidation potential of PANI was lin-

early positively shifted from 0.367 to 0.569 V [Figure 3(A,C)],

which indicated the continuous enhancement of charge transfer

in the conjugation system of PANI and MWNT-COOH. In

addition, the oxidation current values were also linearly

increased with the increase of bilayer numbers [Figure 3(D)],

Figure 2. UV–vis absorption spectra of MWNT-COOH/PANI/quartz with

increasing numbers of bilayers (a: 1-bilayer, b: 8-bilayer). Inset: absorb-

ance at 328 and 640 nm with the increased numbers of bilayers. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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which verified the homogeneous growth of PANI by such an

assembly process.

Scanning electron microscopy was monitored to characterize

the surface morphologies of the MWNT-COOH/PANI/ITO, as

shown in Figure 4. From the SEM image of PANI/ITO [Figure

4(a)], the large, granular crystalline domains36 of PANI particles

were significantly clustered on the substrate, with the size range

500–1000 nm. However, for the SEM images of an 8-bilayer

MWNT-COOH/PANI/ITO film as shown from Figure 4(b), the

size of PANI domains was considerably decreased on the slide.

On the contrary, a uniformly distributed film was formed con-

sisting of debundled MWNTs [see the arrows in inset of Figure

4(b)] surrounded by highly dispersed PANI nanoparticles,

which shows the densely packing and the interconnected net-

works. In the LBL process, the PANI and MWNT-COOH can

be served as the growth template for each other, which con-

trolled the position, size, and morphology of the components

directed by the electrostatic and hydrogen bonding interactions.

Figure 3. (A) CVs of MWNT-COOH/PANI/ITO films with 1-bilayer (a), 5-bilayer (b), 8-bilayer (c), 10-bilayer (d), and 15-bilayer (e), respectively; (B)

cyclic voltammogram of PANI/ITO (a) and MWNT-COOH/ITO (b); (C) The relation of oxidation potential with the numbers of bilayers; (D) The relation

of peak current with the numbers of bilayers. The bilayer number for the reference PANI/ITO was denoted as 0.5. Supporting electrolyte: 30:70 (v/v) metha-

nol/BR buffer solution at pH 5 2, scan rate: 50 mV/s. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. SEM images of the surface of PANI/ITO (a), 8-bilayer MWNT-COOH/PANI/ITO (b) and the magnified image (inset in b).
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Thus, uniformly distributed PANI nanoaparticles and single

MWNTs were formed on the slide. The magnified image [inset

in Figure 4(b)] clearly revealed that in the film the size of PANI

nanoparticles was in the nanometer scale (40–50 nm), which

closely adhere to the wall of MWNTs-COOH [see the arrows in

Figure 4(b)].

The presence of electrostatic and hydrogen bonding interactions

within the MWNT-COOH/PANI LBL films can be seen from

XPS analysis. Figure 5 shows the XPS spectra of an 8-bilayer of

MWNT-COOH/PANI/ITO film. The survey scan spectrum [Fig-

ure 5(a)] shows that the films consist of a considerable amount

of oxygen, nitrogen and carbon elements. The typical N1s spec-

tra of the assembled film [Figure 5(b)] were deconvoluted into

four component peaks, centered at 398.5, 399.3, 400.1, and

402.7 eV, respectively. The peak centered at 398.5 eV is assigned

to the N1s feature of imide (@NA) in PANI. However, the N1s

peak of ANHA at 399.3 eV showed a lower binding energy

shift compared with the reported value 399.7 eV.37,38 This is

because of the formation of hydrogen bonding in which

ANHA acts as hydrogen donor, making the nitrogen atoms

more electronegative due to the electron transfer from hydrogen

acceptor.39 Additionally, the two peaks with higher binding

energy at 400.1 and 402.7 eV could be attributed to AHN1A
and @N1A in PANI units, respectively, indicating the presence

of electrostatic interactions in the assembled films.

The presence of hydrogen bonding interactions between PANI

and MWNT-COOH in the assembled film was further illus-

trated by FTIR-RAS spectra. Figure 6 shows the FTIR-RAS spec-

tra of MWNT-COOH/ITO [Figure 6(a)], 8-bilayer MWNT-

COOH/PANI/ITO [Figure 6(b)] and PANI/ITO [Figure 6(c)],

which all exhibits similar absorption bands associated with the

C@C or C@N stretching in PANI or MWNT-COOH at 1450–

1610 cm21.40 The region of the C@O in carboxylic acid group

ranging from 1700 to 1750 cm21 was focused as it can reflect

the bonding state of carboxylic acid. As shown in Figure 6(a),

for MWNT-COOH/ITO, the absorption bands at 1743 and

1687 cm21 were assigned to the C@O stretching of the carbox-

ylic acid groups, in free monomer and hydrogen bonded dimer

state, respectively.41 However, for the MWNT-COOH/PANI/ITO

film [Figure 6(b)], the absorption intensity of peak at

1741 cm21 representing the free monomer state was decreased

and that of peak at 1697 cm21 associated with the hydrogen

bonded state was increased, because of the hydrogen bonding

between MWNT-COOH and PANI.

Encouragingly, the assembled LBL films showed good stability.

For the 8-bilayer films of MWNT-COOH/PANI/ITO soaked in

acidic aqueous solution at pH 5 2 for 15 min, it was found that

the CVs showed almost the same as that before soaking. Fur-

thermore, the CVs of assembled films were also unchanged after

stayed in air for 6 months. In addition, the 8-bilayer MWNT-

COOH/PANI/ITO showed the satisfactory stability toward the

mild ultrasonication of 70 W for 1 min in H2O. The good sta-

bility of the multilayer film upon storage, soaking and ultraso-

nication is very useful for potential applications in biosensors.

Electrocatalytic Effects on Nifedipine

Figure 7 shows the response of the modified electrode toward

NIF, the important calcium channel blocker, with the

Figure 5. XPS spectra of an 8-bilayer MWNT-COOH/PANI/ITO film. Survey scan (a) and N 1s spectra (b). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. FTIR-RAS spectra of MWNT-COOH/ITO (a), 8-bilayer

MWNT-COOH/PANI/ITO film (b), and PANI/ITO (c). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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concentration of 4 3 1025 mol/L. As seen from Figure 7, the

oxidation current of NIF at 0.95 V was increased with the

increase of the number of MWNT-COOH/PANI bilayers, due to

the progressively loading of MWNTs-COOH and PANI nano-

particles. When the assembled bilayer number reached 8, the

oxidation current showed no increase any more.

Figure 8(A) shows the CVs of the 8-bilayer MWNT/PANI/ITO

(a), bare ITO (b), PANI/ITO (c), and MWNT-COOH/ITO (d)

electrodes toward NIF (4 3 1025 mol/L) in 30:70 (v/v) metha-

nol/BR buffer solution at pH 5 2 in the range of 10.6 to 11.2

V. For the bare ITO, an irreversible oxidation peak of NIF was

found at 1.12 V [Figure 8(A(b))]. However, in the case of

PANI/ITO [Figure 8(A(c))], the oxidation peak of NIF cannot

be found because of the strong electrostatic repulsion between

the protonated PANI and the protonated NIF which inhibits

approaching of NIF to the electrode surface, thus retarding the

oxidation of NIF on the electrode. In the case of the MWNT-

COOH/ITO electrode [Figure 8(A(d))], because the MWNTs-

COOH have excellent electronic transport properties as well as

the strong adsorptive ability to NIF which is induced by the

electrostatic and hydrogen bonding interactions between them

[Figure 8(B)], the oxidation potential of NIF was shifted nega-

tively to 1.03 V. Regrettably, the background current of NIF on

MWNT-COOH/ITO is so strong that the oxidation peak of NIF

at 1.03 V is too weak to be observed [Figure 8(A(d))].

As a sharp contrast, in the case of the assembled 8-bilayer

MWNT-COOH/PANI/ITO electrodes used, the oxidation peak

of NIF became much more significant and was largely negatively

shifted to 0.95V [Figure 8(A(a))]. This electrochemical perform-

ance enhancement can be attributed to the synergistic oxidation

toward NIF from both MWNT-COOH and PANI. On the one

hand, NIF could be easily absorbed by the MWNT-COOH/

PANI/ITO compared with MWNT-COOH/ITO because the

presence of charge transfer from PANI to MWNT-COOH makes

the electron density of MWNT-COOH increased, which leads to

improved electrostatic and hydrogen bonding interactions

between MWNT-COOH and NIF [Figure 8(B)]. On the other

hand, the electrons come from the oxidation of NIF could be

easily transferred to PANI because of the electron-accepting of

Figure 7. Relationship of the number of bilayers of MWNT-COOH/PANI/

ITO with the peak current of NIF (4.0 3 1025mol/L) in the 30:70 (v/v)

methanol/BR buffer solution at pH 5 2.

Figure 8. (A) CVs of the 8-bilayer MWNT-COOH/PANI/ITO (a), bare ITO (b), PANI/ITO (c), and MWNT-COOH/ITO (d) toward NIF solution (4.0

3 1025mol/L) in 30:70 (v/v) methanol/BR buffer solution at pH 5 2. Scan rate: 50 mV/s. (B) Schematic representation of adsorption of NIF on the sur-

face of MWNTs-COOH. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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protonated PANI, which was conjugated with the MWNT-

COOH. Both aspects lead to the facile oxidation of NIF on

MWNT-COOH/PANI/ITO. Compared with the bare ITO, the

oxidation potential of NIF on the 8-bilayer MWNT-COOH/

PANI/ITO multilayer films was shifted negatively up to 170 mV

(from 11.12 to 10.95 V vs. SCE). It is more significant than

the b-cyclodextrin (b-CD) and MWNT paste electrode which

can make the oxidation potential of NIF decreased 60 mV than

the bare electrode.32 Moreover, due to the presence of more

electrochemical active compounds on the 8-bilayer MWNT-

COOH/PANI/ITO, the oxidation current was increased double

times that of bare ITO.

Figure 9 shows the CVs of NIF (2 3 1025 mol/L) solution on

the 8-layer MWNT-COOH/PANI/ITO electrode at different scan

rates. From Figure 9, it can be seen that the electrochemical oxi-

dation of NIF is irreversible in nature. Moreover, with the

increase of scan rates, the oxidation potential of NIF at the sur-

face of the 8-bilayer MWNT-COOH/PANI/ITO was positively

shifted, along with the increase of the peak current. In addition,

the peak current of NIF showed a proportional relation to the

scan rate in the range 10–400 mV/s (inset of Figure 9), which

reveals the oxidation of NIF on the MWNT-COOH/PANI/ITO

should be an adsorption controlled process. This is mainly

resulted from the electrostatic and hydrogen bonding interac-

tions between MWNT-COOH/PANI/ITO and NIF [Figure

8(B)].

The charge transfer interactions between NIF and PANI on the

assembled film were further clarified by comparing the UV–vis

spectrum of the 8-bilayer MWNT-COOH/PANI/quartz [Figure

10(a)] with that [Figure 10(b)] after dipped in the NIF solution

of methanol/BR buffer (pH 5 2) for 30 min. As shown in Figure

10, when the 8-bilayer MWNT-COOH/PANI/quartz was treated

with NIF solution (4.0 3 1023 mol/L), the absorbance intensity

at 328 nm was significantly increased because of the deposition

of NIF on the assembled film under electrostatic and hydrogen

bonding interactions. Moreover, the absorption band at 655 nm

attributed to n–p* transition of quinoid rings in PANI [Figure

10(a)] was blue shifted to 640 nm [Figure 10(b)] due to the

charge transfer from NIF to PANI.

Figure 9. CVs of NIF (2.0 3 1025 mol/L) in 30:70 (v/v) methanol/BR

buffer solution at pH 5 2 on an 8-bilayer MWNT-COOH/PANI/ITO elec-

trode at different scan rate (mV/s): (a) 10, (b) 30, (c) 50, (d) 100, (e)

150, (f) 200, (g) 250, (h) 300, and (i) 400 . Inset: The linear relationship

of peak current (Ip) of NIT to scan rate (v). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. UV–vis absorption spectra of an 8-bilayer MWNT-COOH/

PANI/quartz (a) and that after treated by the NIF (4.0 3 1023 mol/L) in

30:70 (v/v) methanol/BR buffer solution (pH 5 2) for 30 min (b). [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 11. CVs of NIF with different concentrations (mol/L): (a) 1.0 3

1026, (b) 5.0 3 1026, (c) 1.0 3 1025, (d) 2.0 3 1025, (e) 4.0 3 1025,

(f) 8.0 3 1025, and (g) 1.0 3 1024 in 30:70 (v/v) methanol/BR buffer

solution at pH 5 2 on an 8-bilayer of MWNT-COOH/PANI/ITO electrode

at scan rate of 50 mV/s. Inset: the linear relationship of peak current (Ip)

to the concentration of NIF. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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The CVs response of the 8-bilayer MWNT–COOH/PANI/ITO

in 30:70 (v/v) methanol/BR buffer solution at pH 5 2 contain-

ing different concentrations of NIF was shown in Figure 11.

The calibration curve in inset of Figure 11 shows that the peak

current was increased linearly as NIF concentrations were

increased from 1.0 3 1026 to 1.0 3 1024 mol/L at the scan

rate 50 mV/s. It follows the equation as Ip (A) 5 0.0869 CNIF

(M) 1 2.378 (R 5 0.99476), where Ip is the redox peak current,

C is the concentration of NIF. Compared with that (8.0 3 1025

mol/L) measured by the activated glassy carbon electrode,31 the

lower limit (1.0 3 1026 mol/L) for NIF concentration in the

linearity ranges of calibration plots was decreased measured

upon the MWNT-COOH/PANI/ITO electrode.

In order to evaluate the selectivity of the MWNT-COOH/PANI/

ITO electrode for the electrochemical determination of NIF, the

commonly used interferences for the determination of NIF were

investigated at the surface of the 8-bilayer MWNT-COOH/

PANI/ITO. The assembled electrode showed no response for the

interferences such as glucose, urea, ascorbic acid, and trisodium

citrate solutions with the concentration level of 1 3 1024 M

(Figure 12). This suggests that the determination of NIF cannot

be affected by common interfering species that are often present

along with NIF. Therefore, MWNT-COOH/PANI/ITO can be

considered as a good electrochemical sensor for recognition and

quantification of NIF.

CONCLUSIONS

Electrostatic and hydrogen bonding interactions can drive the

LBL process to construct a uniform distributed film consisting of

PANI nanopariticles and debundling MWNTs-COOH, forming a

good conjugation system. Synergistic effect of PANI and MWNT-

COOH to the electrochemical oxidation of NIF benefiting from

the composite components was observed for the assembled film

when used as a sensor. The assembled LBL MWNT-COOH/

PANI/ITO electrode showed high stability, low detection limit,

which can be applied to the determination of NIF. It presents a

good example that the electronic communications between the

active substances may endow the electrode good facility, selectiv-

ity, and sensitivity to the determination of biomaterials.
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