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Abstract Polypyrrole/layered niobate (PPy–Nb6O17)

nanocomposite has been synthesized by the intercalation

of pyrrole monomer into the layer structure of organo-

modified niobate followed by the subsequent in situ

polymerization of pyrrole in the interlayer spaces. The

microstructure and morphology characterizations for the

resulting material have been investigated by means of

XRD, FTIR, and SEM. On the basis of the experimental

results, the mechanism for the formation of PPy chains

within the confined galleries of the inorganic host material

is presented. The cyclic voltammogram of the PPy–Nb6O17

nanocomposite thin film exhibits a fine diffusion-controlled

electrode process, which hints the possibility of being

utilized as an electrode modifying material.

Introduction

Layered nanocomposites fabricated by the intercalation of

guest species into the two-dimensional (2D) host interlayer

regions have attracted considerable attention [1]. Among

the diverse host materials, a series of layered com-

pounds based on niobates and titanates such as K4Nb6O17,

KNb3O8, KTiNbO5, KTi2NbO7, and KCa2Nb3O10 are

attractive host materials due to high ion exchangeability

and unique structural properties. Intercalation compounds

derived from these layered transition metal oxides have

been extensively investigated for potential applications

in various aspects, such as photocatalysis [2, 3], electro-

chemical electrode [4], photoinduced electron transfer

[5, 6], etc.

On the other hand, polyaniline (PAni) and polypyrrole

(PPy) are the most studied conducting polymers. In recent

years, composites of conducting polymers and layered

inorganic solids have exhibited great promise due to their

conductivity, high thermal stability, and high charge

capacity [7–10]. Among these studies, several groups have

successfully incorporated polyaniline in layered niobates

and titanates [11–14]. In a typical synthetic procedure,

aniline monomer was introduced into the 2D galleries by

neutralization with protonated oxides, followed by in situ

intercalative polymerization. To the best of our knowledge,

however, no examples of the synthesis of PPy/layered

niobate nanocomposite have been reported so far.

Unlike aniline, pyrrole is acidic, so it cannot be inter-

calated by acid–base reaction or cation exchange. Letaı̈ef

et al. [15] have successfully prepared PPy–clay nanocom-

posites by adsorption of pyrrole vapor and the intercala-

tive polymerization. Bissessur et al. [16] have shown that

PPy can be directly inserted into MoS2 by making use

of the exfoliating and restacking properties of LiMoS2.

Yoshimoto et al. [17] applied the mechanochemical tech-

nique to incorporate PPy chains into clay galleries. Herein,

K4Nb6O17 is organically modified with a cationic surfac-

tant octadecyl trimethyl ammonium chloride (OTAC)
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before the intercalation of the pyrrole monomer. With the

addition of initiator, PPy is formed by in situ polymeriza-

tion in the organophilic gallery. The obtained PPy–Nb6O17

hybrid is characterized by X-ray diffraction (XRD), infra-

red spectra (IR), and scanning electron microscopy (SEM).

Based on the experimental data, the mechanism for the

formation of PPy chains in the interlayer region of niobate

has been proposed. Electrochemical studies indicate that

the glass carbon electrode (GCE) modified with the as-

prepared PPy–Nb6O17 hybrid exhibits good redox activity

and electrochemical-cycling stability.

Experimental

Materials

A layered compound K4Nb6O17�3H2O was synthesized by

calcination of a 2.1:3.0 molar mixture of K2CO3 and

Nb2O5 at 1100 �C for 10 h, according to the procedure

described in the literature [18]. Pyrrole was purified by

distillation under reduced pressure prior to use. The other

materials were purchased as analytical grade chemicals.

Preparation of PPy–Nb6O17 nanocomposite

The suspension of layered niobate K4Nb6O17 was first

treated with aqueous solution of OTAC for 3 weeks at

room temperature. The molar ratio of OTAC to K4Nb6O17

was 8:1. The product was washed with water until the

washing became Cl- free and then was dried under

ambient conditions. The organo-modified niobate (OTAC–

Nb6O17) was then allowed to react with a pyrrole methanol/

water solution (1/2, v/v) under N2 atmosphere for another

2 weeks at room temperature. The product was filtered,

washed with methanol until pyrrole could not be detected

at 246 nm by UV spectroscopy in the filtrate and termed as

Py–Nb6O17. Polymerization was carried out by the drop-

wise addition of 0.2 M aqueous solution of FeCl3 (FeCl3/

pyrrole molar ratio 2/1) to the Py–Nb6O17 suspension and

continued for 24 h with stirring at room temperature. Then

the reaction mixture was filtered and washed with copious

water until free of Cl-. Finally the obtained gray powder

was dried in vacuum at 40 �C overnight and termed as

PPy–Nb6O17. Reference PPy sample was prepared under

the same condition using FeCl3 as oxidant in OTAC

aqueous solution.

Characterization

X-ray diffraction patterns were obtained with a RINT 2000

diffractometer (Rigaku), using Cu Ka radiation (k =

0.154 nm) with 2h from 1.5� to 20�. Data were collected at

a scanning rate of 1.0� min-1. The infrared spectrum was

recorded on a Shimadzu FTIR-8400S spectrometer with the

use of KBr pellets. Scanning electron micrograph images

were taken with a JSM-5600 apparatus (JEOL) operating at

15 kV for the Au-coated samples. The elemental analysis

was performed using a Perkin Elmer 2400-CHN elemental

analyzer.

Electrochemical measurements were performed with a

three-electrode electrochemical cell, with a platinum wire

being used as the counter electrode, and a saturated calo-

mel electrode as the reference electrode. The glassy carbon

electrode (GCE, area 0.38 cm2) was hand polished directly

with slurry of 1.0 and then 0.3 lm alumina and used as the

working electrode. The PPy–Nb6O17 nanocomposite and

reference PPy films were deposited onto the GCE.

Results and discussion

Synthesis of PPy–Nb6O17 nanocomposite

To confirm the intercalation of PPy into the interlayer

spaces of organo-modified niobate, various kinds of char-

acterization have been applied. Figure 1 presents the XRD

patterns of K4Nb6O17�3H2O as starting material (a), after

organo-modification (b), after intercalation in the presence

of pyrrole (Py–Nb6O17) and after in situ polymeriza-

tion (PPy–Nb6O17) (d). The hydrated potassium nio-

bate, K4Nb6O17�3H2O, exhibits a (020) diffraction peak at

1.88 nm accompanied by an intense (040) peak at 0.94 nm.

There exist two types of interlayers (hydrated interlyers I

and non-hydrated interlayers II) alternately (Fig. 2). The ion

exchangeability of the adjacent two interlayers is different

from each other [19, 20]. The d020 value corresponds to the

sum of two adjacent interlayer spaces. In the XRD pattern

of OTAC–Nb6O17, the (020) peak disappears and the (040)

Fig. 1 X-ray diffraction patterns of (a) K4Nb6O17�3H2O, (b) OTAC–

Nb6O17, (c) Py–Nb6O17, and (d) PPy–Nb6O17
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peak appears at 3.87 nm. These observations indicate that

OTAC molecules can be inserted not only into interlayer I,

but also into interlayler II. By subtracting the thickness of

niobate slab (0.41 nm), the net interlayer height of OTAC–

Nb6O17 is 3.46 nm. Considering the size of OTAC chain

length (2.6 nm, estimated by Chem 3D for an optimized

structure by PM3 calculation), it is postulated here that

OTAC cations may form a double layer in the interlayer

region and the tilt angle of OTAC is estimated to be 42�
with respect to the niobate nanosheet [21]. The intercalation

of bulky ions into the interlayer spaces is difficult owing to

the high charge densities of niobate layers. Herein, a long

time of 3 weeks are needed for OTAC cations to enter into

both interlayer I and interlayer II. [22, 23] After the loading

of pyrrole monomer, the (040) diffraction peak of the

product shifts to a lower angle compared to OTAC–Nb6O17,

indicating the successful insertion of pyrrole into the

lamellar spaces. The basal spacing of Py–Nb6O17 reaches

4.37 nm. The driving force for intercalation of non-ionic

pyrrole molecules into organically modified niobate is

assumed to be hydrophobic interactions with the interca-

lated alkyl chains of OTAC–Nb6O17 and the formation of

hydrogen bonding interactions between the N–H of the

pyrrole and the surface oxygen atoms of the niobate. The

layer distance begins to shrink as the in situ polymerization

progressed. The basal spacing of 3.84 nm is close to that of

OTAC–Nb6O17 before the intercalation of pyrrole. The

decrease in the basal spacings could be due to the chemical

bonding of monomers during the polymerization and the

partial expulsion of the pyrrole molecules from the inter-

layer spaces. Similar results were also observed in the

intercalative polymerization of aniline and pyrrole within

other various layered hosts [12, 17].

To further prove PPy chains have been intercalated into

the niobate galleries, FTIR spectrum was measured for the

resulting product after polymerization, as shown in Fig. 3.

For comparison, the IR spectra of pristine unmodi-

fied K4Nb6O17, organically modified OTAC–Nb6O17 and

Py–Nb6O17 are also presented. In the FTIR spectrum of

PPy–Nb6O17 hybrid, the absorption bands at 1540, 1456,

1296, and 1165 cm-1 are ascribed to the PPy chain [24,

25]. The peak at 1540 cm-1 is associated with the pyrrole

ring, i.e., the combination of C=C and C–C stretching

vibrations. The peak at 1456 cm-1 is due to the C–N

stretching vibration. The peaks at 1296 and 1165 cm-1 are

attributed to the in-plain vibrations of C–H. Furthermore,

C–H antisymmetric and symmetric stretch vibrations

appear at 2910 and 2844 cm-1, corresponding to hydro-

carbon chains of OTAC molecules in the hybrid. The

absorption bands in the range of 400–1000 cm-1 arise

from the Nb–O stretching vibration of the layered host

[26]. The IR absorption of PPy–Nb6O17 hybrid is different

from that of Py–Nb6O17 in the range of 1000–1650 cm-1,

which is caused by the chemical bonding between pyrrole

rings in polymer chains. Above spectral results confirm

that the intercalative polymerization of pyrrole within the

niobate nanosheets is successfully carried out to produce

PPy–Nb6O17 hybrid.

The SEM images of K4Nb6O17�3H2O and PPy–Nb6O17

hybrid are given in Fig. 4. The SEM image of

K4Nb6O17�3H2O shows 2D niobate sheets in a parallel

layered structure. The intercalation of polymer does not

disturb the lamellar structure of the niobate. Furthermore,

CHN analysis of PPy–Nb6O17 hybrid reveals that the C/N

molar ratio is 16.6. This value is between that of OTAC

and polypyrrole, which further confirm the coexistence of

OTAC and polypyrrole in the hybrid. According to the

above experimental results, the proposed mechanism for

the formation of PPy–Nb6O17 nanocomposite is shown in

Fig. 2 Schematic structure of K4Nb6O17

Fig. 3 IR spectra of (a) K4Nb6O17�3H2O, (b) OTAC–Nb6O17,

(c) Py–Nb6O17, and (d) PPy–Nb6O17
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Fig. 5 [27]. When Fe3? ions move into the interlayer

spaces, they are able to oxidize the intercalated monomers

yielding highly active intermediate species, cation radicals,

thus initiating the polymerization process. Once formed,

cation radicals react with monomer molecules, yielding

dimers, oligomers, and polymers as end product of oxida-

tive polymerization.

Electrochemical properties of the PPy–Nb6O17

modified electrode

Cyclic voltammograms, obtained with the GCE modified

only with K4Nb6O17�3H2O in 0.1 M LiClO4 solution,

reveals no peak in the potential range of -1.2–1.2 V

(Fig. 6a) in either scan directions. However, when PPy is

intercalated into the interlayer spaces of layered niobate,

clear cyclic voltammetric waves are observed with anodic

and cathodic peak currents at -0.65 and -0.87 V,

respectively (Fig. 6c). This pair of peaks is attributed to the

involvement of the redox couple [PPy?, ClO4
-]/PPy.

During the anodic sweep, PPy gets oxidized resulting in

production of positive sites in the originally neutral matrix

[28]. In order to maintain the electroneutrality of the

polymer, ClO4
- ions migrate into the matrix from the

electrolyte during the anodic sweep and are expelled

during the cathodic sweep. The midpoint potential [Em =

(Epa ? Epc)/2] and the peak separation (DEp = Epa - Epc)

are found to be -0.76 and 0.22 V, respectively. For

comparison, the cyclic voltammogram of reference PPy is

given in Fig. 6b, which presents one pair of broad redox

Fig. 4 SEM micrographs of a K4Nb6O17�3H2O and b PPy–Nb6O17
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peak with a midpoint potential at Em = 0.125 V and the

peak separation DEp = 0.69. The difference in the elec-

trochemical behaviors between the PPy–Nb6O17 nano-

composite and reference PPy may originate from the fact

that the layered host provides a nanometer-sized 2D

channel for the polymerization of the PPy chains and for

the transportation of conductive carrier during the redox

process. For example, the introduction of niobate has var-

ied a packed configuration of PPy to a looser one of

PPy–Nb6O17, which can be used to explain the smaller

peak separation in the voltammogram of PPy–Nb6O17 [29].

Figure 7 illustrates the cyclic voltammograms of

PPy–Nb6O17 measured at different scan rates. There is a shift

of Epc to more negative values and a shift of Epa to more

positive values with the increase of the scan rate. The DEp

increases from 0.103 to 0.445 V when the scan rate varies

from 10 to 300 mV s-1, indicating a slow electron diffusion

process of the PPy in the interlayer region at high scan rates.

Plotting the cathodic and anodic peak currents (Ic and Ia)

against the square root of the scan rate (inset), a linear cor-

relation was obtained, suggesting a diffusion-controlled

electrode process. This behavior may be explained due to the

incorporation/expulsion of the ClO4
- ions at the solid/

solution interface during the redox process.

The stability of the obtained PPy–Nb6O17 nanocom-

posite is a key aspect for its practical application. In order

to verify the electrochemical stability of the PPy–Nb6O17

hybrid film, the modified GCE is tested for repeated circles

at the scan rate of 100 mV s-1. It can be seen from Fig. 8

that the PPy–Nb6O17 hybrid is very stable in LiClO4

medium, with almost no observable changes in both the

peak current and the peak separation after the first cycle,

which confirms the good immobilization of PPy in niobate

interlayer spaces. The results obtained from CVs reveal

excellent redox activity and electrochemical stability of the

nanocomposite, which indicate that PPy–Nb6O17 is an

attractive candidate for practical utilization as electronic

conductors and catalysts in electronic devices with poten-

tial applications in sensors, batteries, optical switching

devices, and so on.

Conclusions

The intercalation of pyrrole into the layered niobate

semiconductor and the subsequent in situ polymerization of

pyrrole are performed to develop a novel organic/inorganic

hybrid material with interesting characteristics. The cat-

ionic surfactant molecules OTAC are introduced into the

interlayer spaces to provide a strong driving force for the

intercalation of pyrrole monomer. The intercalation process

has been investigated systematically by several techniques,

Fig. 6 Cyclic voltammograms of (a) K4Nb6O17�3H2O, (b) Reference

PPy and (c) PPy–Nb6O17 modified electrodes in 0.1 M LiClO4

solution under N2 at a scan rate of 100 mV s-1

Fig. 7 Cyclic voltammograms of PPy–Nb6O17 thin film in 0.1 M

LiClO4 solution under N2 at a scan rate of 10, 25, 50, 100, 150, 200,

250, and 300 mV s-1, respectively. Inset shows the relationship

between peak current and square root of scan rate

Fig. 8 Cyclic voltammograms upon repeated potential scans of PPy–

Nb6O17 hybrid thin film in 0.1 M LiClO4 solution under N2 at a scan

rate of 100 mV s-1
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including XRD, IR, and SEM. The electrochemical

behavior of the nanocomposite modified electrode inves-

tigated by cyclic voltammetry exhibits a diffusion-

controlled process and the excellent stability of the

nanocomposite film has also been proved. We predict that

PPy–Nb6O17 nanocomposite has possibility to be used as

electrode modifying material.
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