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Abstract A facile in situ mechanical–chemical poly-

merization method for synthesis of polyaniline/halloysite

nanocomposites was developed. Electron micrographs of

the composites showed novel multi-holed clay nanotubes

modified with a porous polyaniline nanolayer. After

removing clay tube cores, polyaniline nanotubes can be

obtained. Moreover, novel multi-holed clay nanotubes

were obtained after removing polymer shells.

Introduction

Polyaniline (PANi) is one of the important conductive

polymers, and many solution-based chemical methods to

prepare nanostructured PANi and its nanocmomposites

have been developed [1–5]. As a simple and convenient

chemical reaction method, mechanochemcial reaction has

been used to prepare various inorganic nanomaterials.

Recently, this method has been extended successfully to

prepare polymer and the composite materials [6–9].

Halloysite nanotubes has been studied for applications

in many fields, such as adsorbents [10], fillers in nano-

composites [11], and substrates for catalysts [12] or

nano-containers for biomolecules[13]. Here, we describe a

simple route to modify halloysite with PANi via in situ

mechanochemical polymerization of aniline in the presence

of the clay nanotubes. Interestingly, we found that the

resultant composite showed a novel nanostructure com-

prising clay tubes with nanoholes on the sidewalls.

Experimental

Polyaniline (PANi)/halloysite nanocomposite was prepared

using the following procedure. In a typical process, 1 mL

aniline and 0.6 g halloysite were mixed and hand-ground

for 1 min, and 5 g FeCl3 was then added and mixed

together with further grinding. After grinding for another

40 min, the product was collected and purified by washing

with water and filtration using a Buchner funnel with a

water aspirator. A small portion of the wet product was

then dispersed in ethanol for TEM studies on a Philips

CM12. The other part of product was dried at 80 �C for

12 h. XRD were obtained on a Siemens 5000 X-ray dif-

fractometer. SEM observations were performed on a Zeiss

ULTRA-plus. FT-IR and UV–vis spectra were recorded on

a Varian FT-IR and a Cary 5 UV–vis spectrometer,

respectively. DSC data was obtained on TA DSC 2920.

A CHI1202A Electrochemical Analyzer was used for

electrochemical measurements. The pore size and volume

of the samples were determined from nitrogen adsorption

isotherms measured using a Quantachrome Autosorb 1 gas

sorption system. The electrical conductivity data was

measured on the pressed pellet of the samples with con-

ventional 2 probe method. The pellets were obtained by

pressing the powder at 20 MPa.

Results and discussion

The FT-IR spectrum of halloysite (Fig. 1a) exhibits its

characteristic bands at 3691 and 3620 cm-1, which can be
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attributed to two Al2OH-stretching bands with each OH

linked to two Al atoms [14]. The two weak bands at 3546

and 3480 cm-1 can be attributed to the intercalated water

and surface OH groups (H-bonded to interlayer water),

respectively. The water bending band is also observed at

1633 cm-1. There are a few characteristic bands of this

mineral: 1117, 1011, and 1005 cm-1 (Si–O stretching

modes), 908 cm-1 (Al2–OH). In the magnified parts (see

inset in Fig. 1) of the spectrum, the additional two weak

bands at 3646 cm-1 and 3672 cm-1, and the shoulder band

at 935 cm-1 to the 908 cm-1, indicate the presence of

kaolin impurities [15], since generally halloysite shows

only two bands and a single Al2OH-bending band at

*908 cm-1 but kaolinites exhibits four bands and a

shoulder accompanying the Al2OH-bending band in the

corresponding range [14]. The presence of the hydroxyl

groups could facilitate the adsorption of aniline monomer

through H-bond and the restriction of the polymerization

on the clay tube surfaces.

The FTIR spectra of PANi (Fig. 1c) show its charac-

teristic absorption bands at 1573, 1486, 1296, and

1242 cm-1, which can be attributed to the C=C stretching

vibration mode of the quinonoid and benzenoid rings, the

stretching mode of C–N and the protonated C–N group,

respectively [8, 16]. It is noted that the intensity of the band

at 1573 cm-1 relative to that at 1486 cm-1 increases in the

spectrum of the composite (Fig. 1b), indicating the com-

posite is richer in quinoid units than PANi. The UV–vis

spectrum of PANi without clay (Fig. 2) shows the char-

acteristic absorption peaks of PANi in its emeraldine base

(EB) state, where a narrow peak at 323 nm and broad peak

at 620 nm appear, corresponding to the p–p* transition

centered on the benzenoid unit and to the quinoid

excitation band, respectively. While in the UV spectrum of

the composite, both peaks shifted to higher wavelength,

e.g., 332 and 663 nm, respectively. These shifts can come

from the interaction between the polymer and the halloy-

sites. This is in accordance with the red shifts observed for

PPy-MMT clay [17] and PANi-Mica [18] by other groups.

It is likely that the interfacial H-bonding interactions

between aniline and clay restricts the polymerization on the

halloysite tube surface and uncoil the PANi chain, leading

to the increase of its conjugation length. This interaction

therefore causes a red shift in the UV–vis absorption

spectra. This is similar to the case that the intercalation of

conjugated polymers inside clay galleries by an in situ

polymerization of the trapped monomers induces the

improvement of their conjugation degree due to the crea-

tion of more preferential orientations than the PANi mol-

ecules formed in a coiler state without the tube templates

[18]. The polymerization occurring on the surface of the

halloysite clay tubes may make the polymer chains more

straightened resulting into a higher degree of conjugation

and causing a red shift of the peaks in its UV–vis spectra.

In the XRD pattern of halloysite, the basal space

reflections indicate a sharp peak at 12.4� corresponding to a

001 basal spacing of 0.72 nm. While in the one of PANi,

only one broad peak around 2h = 21� can be observed,

which is the typical amorphous scattering of PANi in its

EB form [19]. The pattern of the composite is almost the

same as that of halloysite, confirming the retaining of its

structure. In the DSC curve of the halloysite, the first weak

peak around 115 �C can be attributed to the loss of

adsorbed water, and the strong peak around 590 �C is due

to the de-hydroxyl groups, similar to previously reported

DTA results [14]. Both peaks are shifted to higher tem-

peratures in the curve of the composite, e.g., 150 and
Fig. 1 FTIR-ATR spectrum of (a) halloysites, (b) PANi/halloysite

composite, and (c) PANi

Fig. 2 UV–vis spectra of PANi and PANi/halloysite nanocomposite
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610 �C, respectively. The shifts can be attributed to the

coating effect of the polymer layer, probably from the

H-bonding interaction between the H–N group in PANi and

the hydroxyl group in the clay, as discussed above. The

endothermic peak at 490 �C is caused by the decomposi-

tion of the PANi macromolecule [20]. As the content of

PANi in the composite is only 18 wt% and the polymer is

in its EB form, the conductivity of the composite

(1.64 9 10-6 S/cm) is less than those prepared in acid

aqueous solutions [21]. The electrochemical characteristics

of the composite were also investigated by cyclic voltam-

metry (Fig. 3), where the oxidation process with a peak at

*0.23 V is caused by the oxidation of the leucoemeraldine

to the emeraldine form, and the peak at *0.81 V is a result

of the oxidation from the emeraldine to the pernigraniline

form [22], indicating that the composite is electrochemi-

cally active.

Microscopic examinations of halloysites (Fig. 4a, b)

reveal that the sample contains mainly nanotubes with

lengths up to lm. The outer diameter of the tubes varies a

lot due to the different number of clay layers which are

rolled into the tubes. For the composites, although the

coating layers seem to be uniform and cover the entire

surface of the halloysites, many protuberance and small

pores appear on the tube surfaces in the highly magnified

images (Fig. 4c, d), which can be contrasted with the

smooth surfaces of the pristine clay nanotubes (Fig. 4a, b).

The thickness of the uneven polymer coating is less than

15 nm and the diameter of most pores is less than 30 nm

(Fig. 4c, d). The nanopores appear like white spots in SEM

image (Fig. 4e). The porous structure of the composite was

also characterized by nitrogen adsorption–desorption

measurement. The results indicated that the sample had

Barret–Jovner–Halenda pore volume of 0.06 cm3/g, and a

maximum pore size distribution of about 32 nm, which is

in accordance with the microscopic observations. It is

noted that although polymer-coated halloysite tubes pre-

pared with the solution-based method have been reported

recently [23, 24], the microstructure of such multi-pored

polymer-coated clay tubes has never been clarified so far.

To study the detailed microstructure of the composites,

two further control experiments were done. After removing

the polymer shell with N-methylpyrrolidone, the clay

Fig. 3 CV of PANi/halloysite composite in 1 M HCl aqueous

solution with a scan rate of 0.5 V/s

Fig. 4 TEM image of a halloysites and c, d PANi/halloysite composite; SEM image of b halloysites and e PANi/halloysite composite
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exhibits multi-holed tube structure (Fig. 5a–c), however;

the holes here are so different from those in Fig. 3d–f that

most holes are indeed small black holes in SEM image

(\15 nm), more irregular and vary a lot in size (Fig. 5b, c).

It is revealing to study the penetration depth of the holes in

the multi-walled clay tube. As shown in Fig. 5b, c, some

holes are through the tubewalls. The solid arrow in Fig. 4b

shows the enlarged inner tube diameter due to the holes

making the wall compressed and curved, while the hollow

arrow shows a hole just on the surface of the wall without

penetrating it. The cartoon of a flute-like tube in Fig. 4c

illustrates such a structure. Due to the multi-holed nano-

structure, such novel clay nanotubes are expected to have

improved properties compared to those without holes on

the walls when using as adsorbents, substrates for catalysts,

and nanocontainers for delivery microsystems. Further

work on this material is underway. In contrast, after dis-

solving the clay cores with HCl–HF mixing acid, the

remaining polymer shells show tube-like appearance

(Fig. 5d, e). Due to their thin tubewalls, the PANi tubes

cannot retain their tubular shape and shrink to smooth

belts, which are different from those obtained with solution

method [1, 25].

At present, the mechanochemical reaction mechanism

involved in the process remains unclear. However, it is

believed that the formation of the PANi and the nanoholes

in the sidewall of the clay tubes is likely related to the

mechanochemical polymerization process. At the begin-

ning of the reaction, aniline is easily absorbed on the sur-

faces of the halloysite nanotubes through H-bond

interaction. When mixing with FeCl3, both the Lewis base

characteristic of aniline and the strong Lewis acid char-

acteristic of FeCl3 benefit the reaction between them [26].

Mechanical grinding not only causes new FeCl3 surfaces

for further reaction with aniline but also improves the

interfacial diffusion between the reactants and halloysite.

As the diffusion of the solid reactant particles is often

short-range during the mechnochemical reaction, thus it

helps to restrict the polymerization in a limited area on the

surfaces of the clay tubes. The continually released HCl

by-product from the polymerization benefits not only the

auto-catalyzing polymerization of PANi on the surfaces of

clay tubes but also in situ etching of the clay tube walls,

resulting in many small holes (Fig. 5a–c).

Conclusion

A facile mechanochemical polymerization process for

synthesis of multi-pored PANi nanolayer modified hal-

loysite nanotubes with holes in the tubewalls was devel-

oped. Microscopic examinations confirmed the presence of

nanoholes on the clay tube walls and porous PANi nano-

layer coatings. Moreover, PANi nanotubes and multi-holed

clay nanotubes can be obtained by further chemical treat-

ment of the composite.
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