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Four Al2O3 nanostructures (i.e. nanofiber, nanoplatelet, nanorod and nanoflake) have been

successfully synthesized via hydrothermal procedures followed by a dehydration process. Subsequently,

polyaniline (PANI) nanocomposites incorporating these four Al2O3 nanostructures have been

fabricated using a surface initialized polymerization (SIP) method. Both TEM and SEM are used to

characterize the morphologies of the Al2O3 nanostructures and PANI/Al2O3 nanocomposites. X-Ray

diffraction results reveal that the morphology of the nanofiller has a significant effect on the

crystallization behavior of the PANI during polymerization. The electrical conductivity and dielectric

permittivity of these nanocomposites are strongly related to both the morphology of the filler and the

dispersion quality. Temperature-dependent-conductivity measurements from 50–290 K show that the

electron transportation of the nanocomposites follows a quasi 3-d variable range hopping (VRH)

conduction mechanism. The extent of charge carrier delocalization calculated from VRH is well

correlated to the dielectric response of these nanocomposites. Thermogravimetric analysis (TGA) and

differential scanning calorimetry (DSC) results reveal an enhanced thermal stability of the PANI/Al2O3

nanocomposites as compared to that of pure PANI due to the strong interaction between the

nanofillers and polymer matrix. The mechanism of the SIP method is also elaborated in this work.
1. Introduction

Polymer nanocomposites (PNCs) have received tremendous

attention due to their striking advantageous properties of poly-

mers such as lightweight, easy processability and flexibility, and

the functional characteristics of the nanofillers such as high

mechanical strength and excellent electrical, dielectrical, optical

and magnetic properties. Therefore, various structural PNCs

with different functionalities have been fabricated using

advanced technologies, such as ultrastrong multilayer PNCs by

layer-by-layer technique1,2 and magnetic PNC fibers using elec-

trospinning method.3,4 All these promising properties allow

PNCs to be applied in diverse areas such as microwave

absorbers,5,6 electronics,7,8 sensors9 and energy storage devices.10
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Nanomaterials are one kind of materials that have sizes

smaller than 100 nm in at least one dimension. Nanotechnology

is expanding extensively to various fields of interests due to the

novel physical, chemical, and biological properties of nano-

materials. Recent research indicates that the properties of

nanomaterials are strongly related to their size and morphology.

Xia et al. summarize the fabrication, characterization and

structure–property relationship on several nanostructures

including wires, rods, belts and tubes.11 The electrical, magnetic

and optical properties of nanomaterials can also be size- and

shape-dependent. One typical example is quantum dots, where

the emission wavelength is able to be tuned through controlling

the particle size and morphology.12,13 Another example is a size-

and shape-dependent morphological transformation of nano-

structured materials, where titanate nanostructures being trans-

formed into their anatase titania counterparts are demonstrated

during a hydrothermal soft chemical process.14 Specifically,

lepidocrocite hydrogen titanate nanotubes with diameters of

about 10 nm are transformed into anatase nanoparticles with an

average size of 12 nm. Lepidocrocite hydrogen titanate nano-

wires with relatively small diameters (average diameter range

of #200 nm) are converted into single-crystalline anatase nano-

wires with relatively smooth surfaces. Larger diameter (>200 nm)

titanate wires are transformed into analogous anatase submicron

wire motifs, resembling clusters of adjoining anatase
This journal is ª The Royal Society of Chemistry 2011
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nanocrystals with perfectly parallel, oriented fringes. In addition,

the structural difference of nanomaterials provides them with

preferential capabilities in specific applications. For example,

WO3 nanorods15 and mesoporous WO3
16 find their applications

in electrochromic devices, while WO3 nanoparticles,17 nano-

fibers18 and hollow spheres19 show excellent performances as gas

sensors to detect acetone, ammonia and alcohol, respectively.

Recently, ‘‘metacomposites’’ with negative permittivity including

polypyrrole/WO3
20 and polyaniline/WO3

21 PNCs are successfully

fabricated using a surface initialized polymerization (SIP)

method in our group.

Polyaniline (PANI) is unique among the conjugated polymers

since its conductivity can be readily controlled through doping/

dedoping process. Nanostructured PANI provides the possibility

of the enhanced performance due to its high specific surface

area.22,23 However, it is still difficult to fabricate PANI with

different nanostructures through a simple chemical process.

Al2O3 has been extensively studied to serve as catalysts, absor-

bents, fire retardants and fillers for structural materials.24–27

Al2O3 nanostructures are easier to produce through a hydro-

thermal process, more important, Al2O3 is stable in the acidic

and oxidative environments while polymerizing aniline, together

with the low cost, Al2O3 could be a competitive candidate as

‘‘seed’’ to fabricate different nanostructured PANI/Al2O3 PNCs

targeting at different physiochemical properties. However, elec-

trical and dielectric properties of conductive PNCs reinforced

with Al2O3 have been rarely reported, especially stemmed from

Al2O3 nanostructures with various morphologies.

In this work, four different Al2O3 nanostructures (i.e. nano-

fiber, nanoplatelet, nanorod and nanoflake) have been synthe-

sized via hydrothermal process and their corresponding

conductive PANI/Al2O3 PNCs have been fabricated using

a surface initialized polymerization method. The temperature

dependent resistivity and frequency dependent dielectric

permittivity are investigated and the results indicate that these

properties are strongly related to the morphology and dispersion

quality of the Al2O3 fillers. The thermal properties of the PANI/

Al2O3 PNCs are improved compared to that of pure PANI, as

investigated by thermogravimetric analysis (TGA) and differ-

ential scanning calorimetry (DSC).

2. Experimental

2.1. Materials

Aniline (C6H7N), ammonium persulfate (APS, (NH4)2S2O8),

and p-toluene sulfonic acid (PTSA, C7H8O3S) are purchased

from Sigma Aldrich. Aluminium nitrate, ammonia, aluminium

isopropoxide (Al(OC3H7)3, 98+%), and hydrazine monohydrate

(N2H4$H2O) are purchased from Alfa Aesar. All the chemicals

are used as-received without any further treatment.

2.2. Synthesis of four Al2O3 nanostructures

Al2O3 nanofiber (NFB). First, boehmite nanofibers were

produced using a literature reported method.28 Briefly,

aluminium nitrate (0.02 mole) was dissolved in ultra-pure water

(12.6 ml). Then 10 wt% ammonia aqueous solution was added

dropwise into the above solution while stirring vigorously until

pH reaches 5. The mixture was stirred at room temperature for
This journal is ª The Royal Society of Chemistry 2011
one hour. The obtained gel was filtrated and the residue was

transferred into a 25 ml glass beaker. Before putting the beaker

into a Teflon vessel (125 ml), 2 ml ultrapure water was poured to

the bottom of the Teflon vessel. The Teflon vessel was then sealed

and heated at 170 �C for 3 days. The resulting material was

washed several times with ultrapure water, centrifuged, and dried

in air at 60 �C for 2 days before calcination.

Al2O3 nanoplatelet (NPT). As reported previously,29 boehmite

nanoplatelets had been synthesized as follows: aluminium iso-

propoxide (0.5 mol) was added to distilled water (50 ml) followed

by vigorously stirring for one hour at 80 �C. Subsequently, the

mixture was poured into a 125 ml Teflon vessel. The vessel was

sealed and heated for 24 hours at 200 �C and then allowed to cool

down to room temperature. The suspension was filtered and

washed with distilled water for several times before g-AlOOH

nanoplatelets were obtained. Subsequently, the sample was dried

in an oven at 60 �C before calcination.

Al2O3 nanorod (NRD). A hydrothermal method was employed

to synthesize boehmite nanorods.30 Typically, aluminium nitrate

(13 mmol) was dissolved in distilled water (80 ml) to form

a transparent solution and hydrazine monohydrate (N2H4$H2O,

45 mmol) was added dropwise into the solution, giving rise to

milky precipitates at pH ¼ 5. Subsequently, the mixture was

poured into a 125 ml Teflon vessel. The vessel was sealed and

placed in an oven for 12 hours at 200 �C. The resultant colloidal

product was filtered, washed with distilled water and absolute

ethanol for several times, and then dried under vacuum at 60 �C

for 6 hours before calcination.

Al2O3 nanoflake (NFK). The boehmite nanoflakes were fabri-

cated following the same procedure as used for fabricating

boehmite nanorods but with different molar ratios of the reac-

tants.30 Aluminium nitrate (13 mmol) and hydrazine mono-

hydrate (N2H4$H2O, 62 mmol) were involved, and the initial and

ultimate pH values of the solution were almost the same (around

10).

After the hydrothermal procedures for boehmite nano-

structures, the as-prepared four samples were respectively

calcined at 600 �C for 3 hours, resulting in the corresponding

four Al2O3 nanostructures.
2.3. Fabrication of PANI/Al2O3 nanocomposites

Four types of PANI/Al2O3 PNCs were fabricated with the same

surface initialized polymerization method by introducing the

four different Al2O3 nanostructures. Initially, an Al2O3 nano-

structured powder (0.373 g) was mixed with PTSA/APS solution

with a fixed ratio of 30 mmol : 18 mmol in 200 ml deionized

water, following by one-hour sonication in an ice-water bath.

Then an aniline solution (36 mmol in 50 ml deionized water,

molar ratio of APS : PTSA : aniline ¼ 3 : 5 : 6) was mixed with

the above nano-Al2O3 suspension at 0 �C and sonicated for

additional one hour in ice-water bath for further polymerization.

The product was vacuum filtered and washed with deionized

water until the filtrate reached pH ¼ 7. The obtained PANI/

Al2O3 nanocomposite powders were dried at 50 �C. Pure PANI
J. Mater. Chem., 2011, 21, 3952–3959 | 3953
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was synthesized following the same procedure without adding

any Al2O3 nanomaterials.
Fig. 1 TEM microstructures of four Al2O3 nanostructures: (a) NFB, (b)

NPT, (c) NRD and (d) NFK.
2.4. Characterization

Fourier transform infrared spectroscopy (FT-IR, Bruker Inc.

Vector 22, coupled with an ATR accessory) was used to char-

acterize the pure PANI and its Al2O3 PNCs in the range of 500 to

4000 cm�1 at a resolution of 4 cm�1. FT-IR was also used to

determine the nanoparticle surface functionality.

The morphology of the PNCs was characterized with scanning

electron microscope (SEM, JEOL field emission scanning elec-

tron microscope, JSM-6700F). The nanofillers’ morphology,

distribution and interaction with PANI were determined by

TEM using a Philips CM-200 transmission electron microscope

with a LaB6 filament at an accelerating voltage of 120 kV.

Samples for TEM analysis were made from drying a drop of

Al2O3 nanomaterial or PANI/Al2O3 nanocomposite powders

suspended in ethanol after a brief sonication for about 30 s on

carbon-coated copper TEM grids.

X-Ray diffraction (XRD) analysis was performed on a Bruker

D8 Focus diffractometer equipped with a Sol-X detector using

a copper radiation source. Data were collected over a 2q angle

range of 10–60� at a resolution of 0.05� per step with a 6 s inte-

gration time per step.

Dielectric properties were measured by a LCR meter (Agilent,

E4980A) equipped with a dielectric test fixture (Agilent, 16451B)

at the frequency of 20 Hz to 2 MHz and at room temperature.

Pure PANI and PNC powders were pressed in a form of disc

pellets with a diameter of 25 mm by applying a pressure of 95

MPa in a hydraulic presser and the average thickness was about

0.5 mm. The same sample was used to measure the electrical

conductivity (s) by a standard four probe method within the

temperature range of 50–290 K. The temperature dependent

resistivity was used to investigate the electron transport mecha-

nism in pure PANI and its PNCs.

The thermal degradation of the PNCs was studied using

a thermo-gravimetric analysis (TGA, TA instruments TGA Q-

500). TGA was conducted on pure PANI and PANI/Al2O3

PNCs from 25 to 800 �C with an airflow rate of 60 ml min�1 and

a heating rate of 10 �C min�1. Differential scanning calorimeter

(DSC, TA Instruments Q2000) measurements were carried out

under a nitrogen flow rate of approximately 100 ml min�1 at

a heating rate of 10 �C min�1 from 0 to 250 �C.
Fig. 2 FT-IR spectra of (a) pure PANI, and PANI PNCs reinforced

with (b) NFB, (c) NPT, (d) NRD and (e) NFK, respectively.
3. Results and discussion

3.1. TEM of the four Al2O3 nanostructures

Al2O3 nanostructured materials with four different morphol-

ogies are successfully produced and Fig. 1 shows the corre-

sponding TEM microstructures. Fig. 1(a) clearly shows that the

Al2O3 is fibrous with very long narrow fibers, some exceeding

500 nm in length and with a width of less than 10 nm. The

nanoplatelets (Fig. 1(b)) have a particle size varying from 20 to

80 nm. Fig. 1(c) shows the sample, consisting of a large number

of nanorods with a length of less than 200 nm, and Fig. 1(d)

demonstrates that the sample is composed of plentiful nanoflakes

with sizes of 20–60 nm.
3954 | J. Mater. Chem., 2011, 21, 3952–3959
3.2. FT-IR analysis

Fig. 2 shows the FT-IR spectra of pure PANI and its PNCs

reinforced with different Al2O3 nanostructures. The bands at

1566 and 1487 cm�1 are assigned to the stretching deformation of

quinone and benzene rings of PANI, respectively. The band at

1298 cm�1 is attributed to the C–N stretching in a secondary

aromatic amine. The peak at 1112 cm�1 corresponds to the C–N

stretch in quinoid ring. The out-of-plane bending of C–H in the

substituted benzene ring is reflected in the 796 cm�1 peak. These

results are in good agreement with the previous spectroscopic

characterization of polyaniline.31,32 In addition, the PANI/Al2O3

PNCs exhibit two absorption bands at 557 cm�1 and 528 cm�1,

which are attributed to the Al–O stretching vibration.33 There-

fore, it can be concluded that PANI co-exists with inorganic

Al2O3 nanomaterials in the PANI/Al2O3 PNCs on the basis of

the FT-IR spectral similarity between the PANI/Al2O3 PNCs

and the pure PANI as well as the FT-IR spectral features of

Al2O3.
3.3. XRD analysis

Fig. 3 shows the XRD patterns of pure PANI and its PANI/

Al2O3 PNCs reinforced with different Al2O3 nanostructured

fillers. Pure PANI shows two peaks at 2q ¼ 19.5� and 25.2�,

respectively, Fig. 3(a), which correspond to the (100) and (110)
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 XRD patterns of (a) pure PANI, and its PNCs reinforced with (b)

NFB, (c) NPT, (d) NRD and (e) NFK, respectively.

Fig. 4 SEM microstructures of the PANI/Al2O3 PNCs reinforced with

(a) NFB, (b) NPT, (c) NRD and (d) NFK, respectively.
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crystal planes.34,35 Two additional peaks at 2q ¼ 37.4� and 45.9�

are observed in the PNCs, Fig. 3(b)–(e), which are assigned to

(311) and (400) planes of the g-Al2O3.30 In addition, a new peak

of PANI appears at 2q ¼ 14.9� with a reported (010) plane34

while the two original peaks (2q ¼ 19.5� and 25.2�) are still

exhibited in the PNCs, indicating that the nanofillers promote

the formation of (010) plane of PANI during the surface initia-

tion polymerization process. However, the slight difference in

peak intensity is observed between the pure PANI and the PANI/

Al2O3 PNCs, Fig. 3(a)–(e). The PNCs reinforced with Al2O3

nanofibers show a reduced peak intensity in the positions of 2q¼
19.5� and 25.2� (Fig. 3(b)), while the other PNCs show an

increased intensity (Fig. 3(c)–(e)). As previously reported,

nanomaterials, including nanotubes,36 nanofibers37 and core–

shell structure,38 are able to act as nucleating sites to promote the

growth of various nanostructured polymeric composites. A

decreased peak intensity of (100) and (110) crystalline planes is

observed in the PANI/NFB PNCs (Fig. 3(b)), which is due to the

inferior crystallization arising from the internal stress along the

nanofiber axis direction during growth. On the contrary, nano-

fillers with a lower aspect ratio are more favorably serving as

‘‘seeds’’ to initiate the growth of polymers around the nanofillers,

which will promote the formation of a defect-free crystalline

structure of polymers.20,39 This is definitely true for the PNCs

filled with Al2O3 NPT, NRD and NFK in this work.
Fig. 5 TEM microstructures of the PANI/Al2O3 PNCs reinforced with

(a) NFB, (b) NPT, (c) NRD and (d) NFK, respectively.
3.4. SEM and TEM observation of the nanocomposites

Fig. 4 shows the SEM images of the PANI/Al2O3 PNCs with 10

wt% different nanostructured Al2O3 fillers. Generally, the Al2O3

nanomaterials are well dispersed in the PANI matrix except the

nanoplatelets, Fig. 4(b). In this case, slight agglomeration and

bare polymer matrix are observed as indicated by the white

arrows. This observation is consistent with the TEM observa-

tion, Fig. 1, confirming that the surface initiated polymerization

method is quite efficient to fabricate PNCs from uniformly

dispersed nanofillers. However, it is not able to completely

separate the agglomerated nanoplatelets during polymerization.

Fig. 5 shows the TEM micrographs of the PNCs. The nanofiber

surface in PNCs (Fig. 5(a)) becomes rougher as compared to that

of pure nanofibers (Fig. 1(a)), which is due to the polymerization

occurred on the nanofiber surface and a strong interfacial

interaction between the nanofiller and the polymer matrix.
This journal is ª The Royal Society of Chemistry 2011
Similar results are observed in the other PNCs. The agglomera-

tion of nanoplatelets is clearly observed, Fig. 5(b), while the

nanorods are well separated and completely wrapped with

PANI, Fig. 5(c). The nanoflakes are well dispersed and most of

them are presented in the form of an individual flake with the

existence of few double-flake stack together, Fig. 5(d).
3.5. Electrical conductivity and electron transport mechanism

Fig. 6(a) shows the resistivity as a function of temperature for

pure PANI and its PNCs with 10 wt% different Al2O3 nano-

structures, respectively. Generally, the resistivity decreases with

increasing temperature, indicating a semiconducting behavior of

pure PANI and the PNCs in the measured temperature scale.40

The graph clearly shows that the PNCs exhibit either enhanced

(PANI/NPT) or reduced resistivity (PANI/NFB and PANI/

NFK) as compared to that of pure PANI. However, it is inter-

esting to find that a junction at �165 K is observed between the

resistivity curves of pure PANI and PANI/NRD. Compared to

PANI, a decreased resistivity at lower temperature (75–165 K)

and an enhanced resistivity at relatively higher temperature from

165 to 290 K are shown in PANI/NRD. The two dimensional
J. Mater. Chem., 2011, 21, 3952–3959 | 3955
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Fig. 6 (a) Resistivity vs. temperature and (b) ln (s)–T(�1/4) curves of pure

PANI and PANI/Al2O3 PNCs.

Pu
bl

is
he

d 
on

 3
1 

Ja
nu

ar
y 

20
11

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

T
en

ne
ss

ee
 a

t K
no

xv
ill

e 
on

 1
0/

06
/2

01
6 

02
:1

9:
46

. 
View Article Online
nanoflakes, i.e. NPT and NFK, seem more promising in

decreasing the resistivity than the one-dimensional nanofibers,

even though both of these two nanofillers contribute to

a decreased resistivity in the PNCs. However, it is interesting to

observe that the PANI/NPT PNCs exhibit the highest resistivity

among all these samples and show an opposite conduction

phenomenon as compared to that of PANI/NFK PNCs, even

though the morphologies of these two nanofillers are similar. The

major difference of the resistivity in these two PNCs (PANI/

NFK and PANI/NPT) may come from the exfoliation degrees of

the nanofillers, which are clearly observed in the TEM images of

the Al2O3 nanostructures (Fig. 1(b) and (d)) and the SEM images

of the PANI/NPT and PANI/NFK PNCs (Fig. 4(b) and (d)). The

Al2O3 nanoplatelets appear to be agglomerated both before

(Fig. 1(b)) and after (Fig. 4(b)) the polymerization process, which

introduces structural defects and blocks the electron trans-

portation within the PNCs, and finally an enhanced resistivity is

observed.

The electron transportation mechanism is investigated

through constructing a relation between ln (s) and T�1/n for each

sample, where n ¼ 2, 3, and 4. The best fits (standard deviation

0.01) for each sample are obtained with n ¼ 4 in the temperature

range of 50–290 K. The linear relation between ln (s) and T�1/4,

Fig. 6(b), indicates a quasi 3-d variable range hopping (VRH, the

low temperature behavior of the resistivity in strongly disordered

systems where the states are localized).41 The temperature

dependent VRH conductivity is given by eqn (1)

s ¼ s0 exp
h
� ðT0=TÞ1=n

i
(1)

where T0 is the characteristic Mott temperature related to the

electronic wave function localization degree and s0 is the

conductivity at high temperature limit. Generally, a larger T0
Fig. 7 (a) Real permittivity and (b) dielectric loss as a functio

3956 | J. Mater. Chem., 2011, 21, 3952–3959
implies a stronger localization of the charge carriers, while small

T0 implies a weak localization.42 The T0 and s0 for each sample

are summarized in Table 1. The experimental results are in good

agreement with the theoretical expectations. T0 increases from

3.02 � 107 K (pure PANI) to 3.82 � 107 K (PANI/NPT), indi-

cating an enhanced localization of the charge carriers, and thus

an enhanced resistivity. However, T0 decreases significantly to

2.17 � 107 K and 1.46 � 107 K for PANI/NFB and PANI/NFK

PNCs, respectively, accompanying with the decreased resistivity

within the whole temperature range. The decreased resistivity of

these PNCs is probably due to the long fiber length of NFB and

large surface area of NFK, which are favorable to reduce the

contact resistance after coating with conductive PANI. The

lowest T0 and s0 are obtained in the PANI/NRD PNCs, reflected

in the smallest curve slope, Fig. 6(b).
3.6. Dielectric properties

Fig. 7(a) and (b) show the real permittivity (30) and dielectric loss

(tan d, where tan d¼ 300/30) as a function of the frequency for pure

PANI and its PNCs with different Al2O3 nanostructures at room

temperature. It is interesting to observe that 30 of pure PANI

experiences three different stages towards high frequency, which

include the increase in the range of 20–103 Hz, almost stable

within 103 to 2� 104 Hz and then decrease in the frequency range

of 2 � 104 to 2 � 106 Hz, while the PNCs only show a mono-

tonically decreased 30 with increasing frequency. The PANI/NPT

obtains the highest 30 of 547 at 100 Hz and meanwhile exhibits the

sharpest decrease in 30 towards high frequency. The large 30

originates from the Maxwell–Wagner–Sillars effect, in which the

charge carriers are accumulated at the internal interfaces.43 The

increased charge carrier localization is verified by the enhanced

T0, Table 1. The decrease of the 30 with increasing frequency is

induced by the well known dielectric relaxation phenomena,44

which suggests that the charge carrier localization is not stable

and easily affected by the external frequency disturbances.

However, 30 is relatively stable within the whole frequency range

for the other PNCs, and the magnitude of 30 follows the sequence:

PANI/NRD > PANI/NFB > PANI/NFK. The resistivity vari-

ation of all these composites is in the reverse sequence. Generally,

higher s often derives from the easier and faster electron (charge

carriers) transportation within the PNCs and thus the electrons

tend to move between the two electrodes rather than to stay in

a specific location, which leads to the lower 30.
n of frequency for the pure PANI and PANI/Al2O3 PNCs.

This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0jm03908j


Fig. 8 TGA curves of pure PANI and PANI/Al2O3 PNCs.

Table 1 T0 and s0 for pure PANI and its PNCs

Samples T0 � 107/K s0/S cm�1

Pure PANI 3.02 115 151
PANI/NFB 2.17 37 835
PANI/NPT 3.82 28 739
PANI/NRD 1.29 2061
PANI/NFK 1.46 9189
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Fig. 7(b) shows the frequency dependent dielectric loss (tan d).

tan d decreases significantly within the frequency range from 102

to 104 Hz and is almost stable at a small value from 104 to 106 Hz.

The inset of Fig. 7(b) depicts tan d within the frequency of 5 �
105 to 2 � 106 Hz. Similar tan d curve is observed for PANI/NFB

and PANI/NFK PNCs, which exhibit the most stable and lowest

tan d at around 0.1, followed by PANI/NPT and PANI/NRD

PNCs. Pure PANI obtains the highest tan d within the whole

frequency range.
Fig. 9 DSC curves of (a) pure PANI, and its PNCs reinforced with (b)

NFB, (c) NPT, (d) NRD and (e) NFK; and pure nanofillers of (b0) NFB,

(c0) NPT, (d0) NRD and (e0) NFK. The arrows indicate a broad

exothermic peak of the PNCs.
3.7. Thermogravimetric analysis

Fig. 8 shows the thermal stability of pure PANI and its PANI/

Al2O3 PNCs, respectively. All the samples show two distinct

weight loss stages. The first stage, which corresponds to 5–7%

weight loss from 25 to 250 �C, is due to the evaporation of

moisture and solvent residue in the samples. The major weight

loss at above 310 �C is attributed to the degradation of PANI.

With the addition of the various structured nanofillers, the

degradation temperature (10% weight loss of PANI and 11.2%

weight loss of PNCs are taken; the additional 1.2% weight loss is

calculated from the Al2O3 residue (�15%, Fig. 8) times the

weight loss of Al2O3 itself (�8%, Fig. 11) after thermal degra-

dation) is increased by 14.6, 9.1, 10.3 and 13.8 �C for PANI/

NFB, PANI/NPT, PANI/NRD and PANI/NFK PNCs, respec-

tively, as compared to that of pure PANI (340.6 �C). The

increased thermal stability is due to a strong interaction between

the filler and matrix, which is also observed in PANI/montmo-

rillonite PNCs,45,46 PANI/Ag PNCs47 and Fe3O4/PANI core/shell

structure.48 It is interesting to observe that the PNCs reinforced

with NFB and NFK show better thermal stability than that of

the PNCs filled with NRD and NPT. This observation is

consistent with the variation of s in the PNCs, where the former

two nanofillers increase s and the latter two do not (Fig. 6).

PANI is completely decomposed in the air at high temperatures
This journal is ª The Royal Society of Chemistry 2011
(>600 �C). From the TGA analysis, Al2O3 in the PNCs is esti-

mated to be 14.7, 16.0, 17.4 and 15.4 wt% for PANI/NFB, PANI/

NPT, PANI/NRD and PANI/NFK, respectively. The PNCs

have a weight residue much larger than that of the initial particle

loading estimation, calculated from the initial weight of particles

and monomers. This is due to the incomplete conversion of the

aniline monomers to PANI. The slight difference of the residue

among the four PNCs arises from the shape effect of the nano-

fillers on the polymerization.
3.8. Differential scanning calorimetry

DSC measurement is able to provide further information on the

thermal property of pure PANI and its PANI/Al2O3 PNCs. As

shown in Fig. 9, all the samples exhibit a broad endothermic peak

below 175 �C (marked with arrows), which is related to the

release of moisture and other combined small molecules.21 This

observation is consistent with the slight weight loss in TGA

(Fig. 8). Pure PANI is observed to exhibit a small peak around

170 �C while all the different Al2O3 nanostructures show

a similar small peak at about 150 �C. However, only one peak is

observed in the PNCs at relatively higher temperature as

compared to the corresponding pure Al2O3 nanostructures,

which is primarily due to the strong interfacial interaction

between the Al2O3 nanofiller and PANI matrix.49,50 The peak

overlapping could be excluded because all the four PNCs show

only one peak simultaneously. The peak position of the PNCs

(Fig. 9(b)–(e)) shifts to higher temperature as compared to that of

the pure nanofillers (Fig. 9(b0)–(e0)). The specific melting

enthalpy and temperature values are listed in Table 2. However,

they are still lower than those of pure PANI due to the relatively

weak interaction between the volatile components and PNCs.

We consider a more compact structure (or higher crosslinking) of

PANI in the PNCs from this SIP method, which prevents the

water molecules penetrating into PANI backbone structure. In

addition, the shape of the fillers would impose their effect on the

formation of PANI structure, thus the slight difference in the

peak position is observed among the four PANI/Al2O3 PNCs. In

addition, a broad exothermic peak, starting from around 125 �C

and ending at about 200 �C (marked with arrows), is observed in

the PNCs while the nanofillers show only flat lines. This broad
J. Mater. Chem., 2011, 21, 3952–3959 | 3957
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Table 2 DSC characteristics of Al2O3 and PANI/Al2O3 PNCs

No. Composition DH1/J g�1 T1/�C DH2/J g�1 T2/�C

(a) PANI 5.27 169.4 — —
(b) PANI/NFB 1.11 153.0 47.64 208.3
(c) PANI/NPT 1.65 164.1 36.36 225.3
(d) PANI/NRD 1.86 163.3 29.79 232.4
(e) PANI/NFK 2.00 157.0 34.38 220.3
(b0) NFB 7.17 148.8 41.68 207.3
(c0) NPT 5.88 147.7 44.37 193.8
(d0) NRD 10.60 146.4 42.49 197.8
(e0) NFK 10.62 151.4 18.48 209.7

Fig. 11 The TGA curves of the Al2O3 NPTs before and after surface

treatment with APS and PTSA.

Scheme 1 Mechanism of the nanocomposite fabrication by the SIP

method.
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peak is attributed to a series of reactions, including bond scis-

sioning (endothermic) and bond formation (exothermic).51 The

bond scissioning is compensated by the generated heat from the

bond formation, thus shows an exothermic peak at around 125–

200 �C. The sharp peak at 200–250 �C is from the Al2O3 nano-

fillers. The large shift of these peaks to higher temperatures

indicates a strong interaction between the Al2O3 fillers and the

PANI matrix.49,52
3.9. Mechanism exploration of surface initialized

polymerization (SIP) approach

To better understand the SIP process and elaborate on the SIP

mechanisms, the surface functionality of the Al2O3 nano-

structures before and after surface treatment is explored through

FT-IR.

The surface treated sample is prepared as follows: Al2O3 NPTs

(0.373 g) are mixed with the PTSA/APS solution with a fixed

ratio of 30 : 18 mmol in 200 ml deionized water, following by

one-hour sonication in an ice-water bath. Then, the NPT is

removed from the solution by centrifugation and washed three

times with deionized water. Finally, the obtained solid sample is

dried at 80 �C for 8 hours. Fig. 10 shows the spectra of the Al2O3

NPTs before and after the surface treatment. The new peaks

presented in the range 950 cm�1 to 1600 cm�1 from the surface

treated Al2O3 NPTs indicate that the APS and PTSA are

successfully anchored on the surface of Al2O3 NPTs. The broad

peak around 1437 cm�1 and the multi-peaks within the range of

1000–1200 cm�1 are attributed to the S–O, S]O symmetric and
Fig. 10 FT-IR spectra of the Al2O3 NPTs before and after surface

treatment with APS and PTSA.

3958 | J. Mater. Chem., 2011, 21, 3952–3959
asymmetric vibrations of APS and PTSA. This indicates that the

oxidant (APS) and acid (PTSA) have been physicochemically

attached on the surface of Al2O3 NPTs.

Fig. 11 shows the thermal degradation curve of the Al2O3

NPTs before and after the surface treatment. The Al2O3 NPTs

before surface treatment show a sharp decrease in weight

percentage below 200 �C, which corresponds to the elimination

of moisture. And the weight loss curve is relatively stable after-

ward. The intense peak in DTG curve (dash line) at this area

confirms the weight loss. After treating with APS and PTSA, the

NPTs show an obvious weight loss starting around 400 �C

besides the moisture removal below 200 �C. The broad peak

centered at around 550 �C in DTG curve further confirms the

weight loss, which is due to the decomposition of the APS and

PTSA at elevated temperatures. Both FT-IR and TGA curves

confirm the existence of APS and PTSA on the surface of Al2O3

NPTs, which is essentially important for initializing the poly-

merization starting from the surface of Al2O3 NPTs and explains

the strong interfacial interaction between the polymer matrix and

Al2O3 NPTs as evidenced by the TEM observation, Fig. 5.

Scheme 1 illustrates the two steps for fabricating PNCs with SIP

method.
4. Conclusions

Al2O3 nanostructures with different morphologies (i.e. nano-

fibers, nanoplatelets, nanorods and nanoflakes) are synthesized

using hydrothermal procedures followed by a dehydration

process. Their corresponding conductive polyaniline PNCs are

successfully fabricated by a surface initialized polymerization

method. The crystalline structure of PANI is affected by the

‘‘seeding’’ behavior of Al2O3 nanostructures and also depends on

the morphology of the Al2O3 nanostructures. The electrical

conductivity and dielectric permittivity of these PNCs are

strongly related to the morphology and dispersion quality of the

nanofillers. The temperature dependent resistivity of pure PANI

and its PANI/Al2O3 PNCs depicts a quasi 3-d variable range
This journal is ª The Royal Society of Chemistry 2011
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hopping (VRH) electron transportation mechanism. The extent

of charge carrier delocalization calculated from VRH is well

correlated to the dielectric response of these PNCs. The enhanced

thermal stability of the PANI/Al2O3 PNCs as compared to pure

PANI indicates a strong interaction between the polymer matrix

and nanofillers as evidenced by DSC analysis. The two-step

mechanism of the SIP method is proposed based on the surface

functionality before and after surface treatment of the Al2O3

nanostructures as analyzed by FT-IR and TGA.
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