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Nanocomposite based on polyaniline emeraldine-
base and 0-Al,05: A structural characterization

A ceramic-matrix nanocomposite based on polyaniline
emeraldine base and aluminum oxide (PANI-EB/a-Al,O5)
was obtained by in-situ polymerization. X-ray diffraction
pattern presented peaks related to both materials. The level
of crystallinity was estimated at about 53 %. The average
crystallite sizes of PANI-EB and 0-Al,0O5 were found to be
~40 A and 570 A, respectively. Scanning electron micro-
scopy showed polymerization over ceramic particles. Four-
ier-transform infrared spectroscopy suggested physical
deposition. The electrical conductivity of the PANI-EB/a-
Al,O5; nanocomposite was decreased by a factor of 80 when
compared with that of pure PANI-EB. Therefore, the poly-
meric reinforcement and the ceramic matrix maintained
their original structural features, but the electrical conduc-
tivity in the nanocomposite was reduced.
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1. Introduction

Nanocomposites are expected to display unusual properties
emerging from the combination of each component [1-4].
Different strategies have been employed along the years to
prepare nanocomposites based on polymeric reinforcement.
These materials can be classified in two different cate-
gories: physical encapsulation, in which the polymer is ab-
sorbed on the surface of inorganic particles, and chemical
encapsulation, in which there is a covalent bonding be-
tween them [5-8].

Intrinsically conductive polymers (ICPs) have been ex-
tensively employed as reinforcement due to their great po-
tential in technological applications [9—12]. Polyaniline
(PANI) is one of the most studied ICPs due to low cost of
the monomer, ease of synthesis/doping and chemical stabi-
lity under ambient conditions. Polyaniline emeraldine-base
(PANI-EB) is a successful example of polymer-doping that
resulted in a conducting system in which the number of
electrons remains unchanged (protonation) [13, 14]. Alumi-
na (0-Al,O3), on the other hand, has a large surface area, ad-
sorption capacity, good wear resistance, and is commonly
used as a catalyst, filter, and filler for polymers to improve
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mechanical barrier and conductive properties. Nanocompo-
sites constituted of PANI and 0-Al,O5 have been prepared
employing different methods and many possible applica-
tions have been suggested [5, 15—18].

The great technological potential of polyaniline is
masked by the disadvantages related to its insolubility and
infusibility, as well as poor mechanical properties. To over-
come this difficulty, procedures such as structural modifi-
cation by ring or N-substitution, doping with functionalized
protonic acids, blending with conventional polymers and
nanocomposites, are considered as promising ways from
an industrial point of view [7, 19-24].

In the present work, the nanocomposite PANI-EB/o-
Al,03, in powder form, was obtained by in-situ polymeriza-
tion through polymeric oxidative chemical synthesis in the
presence of a-Al,Oj5 particles. The crystal structure investi-
gation of semi-crystalline materials is an important research
topic in different areas. Many studies have been performed
to characterize nanocomposites, but very few focus on
structural characterization through structural refinement
methods. Understanding the structure of semi-crystalline
nanocomposites is essential for the development of new
technological applications. The major contribution of this
work is to obtain the cell parameters and crystallite size
and shape using the Le Bail method applied to a semi-crys-
talline nanocomposite comprised of polymeric-reinforce-
ment/ceramic-matrix. Fourier-transform infrared spectro-
scopy (FTIR) was used to obtain structural information
related to the chemical bonds; X-ray diffraction (XRD) pat-
terns were refined using the FullProf program package un-
der the conditions of the method proposed by Le Bail; scan-
ning electron microscopy (SEM) was carried out for the
investigation of the nanocomposite morphology. Finally,
these results were correlated with the obtained nanocom-
posite electrical properties.

2. Experimental
2.1. Nanocomposite synthesis

Dark blue nanocomposite made from polyaniline emeral-
dine-base and aluminum oxide (PANI-EB/0-Al,O3) was
synthesized based on previous works of Zhang [5] and
Sanches et al. [17, 25] with some modifications. Aniline
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monomer was purchased from Aldrich and further distilled.
a-Al,O5 was obtained from Sapra/SA, Sao Carlos/SP, Bra-
zil. Two different solutions were prepared. Solution I was
prepared by dissolving 20 mL of distilled aniline in
300 mL of 1.0 M hydrochloric acid (HCI) and, subse-
quently, adding it to 167 g of a-Al,O5 powder under stirring
for 5 min. Solution II, on the other hand, was obtained by
adding 11.5 g of ammonium persulfate (APS) to 200 mL
of 1.0 M HCI. Solution II was added drop by drop to Solu-
tion I. The system remained under constant stirring for 3 h.
Then, the dispersion was vacuum filtered and subjected to
a solution of NaOH 1.0 M for 3 h to obtain the PANI-EB/
0-Al,O5 nanocomposite powder.

2.2. FTIR

Infrared spectra were obtained at Nanomed Inovag¢do em
Nanotecnologia, Sdo Carlos/SP, Brazil, in a Bomem-MB
Series-Hartmann & Braun spectrophotometer in the range
of 2000—500 cm™' and 16 scans. Samples were prepared
in KBr pellets with mass ratio of 1:100.

2.3. XRD measurements and degree of crystallinity

XRD data were obtained at the laboratory of X-ray crystal-
lography of IFSC/USP — Sao Carlos/SP, Brazil, using a Ri-
gaku rotaflex diffractometer equipped with graphite mono-
chromator and rotating anode tube, operating with Cu-K_,
50 kV and 100 mA. Powder diffraction patterns were ob-
tained in stepscanning mode, 20 = 5-60°, step of 0.02°
and 3 s/step, where @ is the Bragg angle. Degree of crystal-
linity was estimated utilizing the whole diffractogram pat-
tern using routine software, separating and then measuring
the integrated intensities from the crystalline and non-crys-
talline phases. The integration was carried out over the
whole range 20 =5° to 60°. The estimated crystallinity
(EC), in terms of percentage, is given by,

EC =100 A/ (A, + Ac) (1)

where A, and A, are, respectively, the crystalline and non-
crystalline integrated intensities [26].

2.4. Le Bail method

The Le Bail whole powder pattern decomposition method
was performed using the software package FullProf [27].
All parameters were refined by the least-squares method
[28]. The pseudo-Voigt function modified by Thompson—
Cox—Hastings was used as the peak profile function [29].
Instrumental resolution function parameters were obtained
from a lanthanum hexaborate standard, LaB¢. Aniline tetra-
mer single crystal parameters obtained by Evain et al. [30]
were used as initial parameters (a =5.7328 A, b=
8.8866 A, ¢ =22.6889 A, o =82.7481°, f=84.5281° and
y =88.4739°). Aluminum oxide structural parameters ob-
tained by Lutterotti and Scardi [31] were used as initial
parameters for alumina phase (a = 4.7605 A, = 4.7605 A,
y=12.9956 A, a = 90.0°, #=90.0°, and y = 120.0°). Sphe-
rical harmonics (SHP) [32] were used to account for the
possible crystallite anisotropy; particle size was determined
from the information on line profile (peak width and shape).
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2.5. SEM analysis

SEM experiments were performed using a Supra 35, Carl
Zeiss, at the Federal University of Sdo Carlos (UFSCar),
Brazil. Powder samples were deposited on a carbon tape
and the surface morphology was analyzed at room tempera-
ture.

2.6. DC Electrical conductivity measurements

DC conductivity measurements were carried out at room
temperature (300 K). The resistivities of PANI-EB and
PANI-EB/a-Al203 were measured at the Institute of Phy-
sics at S@o Carlos (USP/IFSC), Brazil, using a Keithley
Model 2612 A from 1 to 10 V. Powder samples were pro-
cessed into pellets which were coated with silver ink. Elec-
trical contacts were made in pellets using metal wires and
silver paste.

3. Results and discussion
3.1. FTIR analysis

Absorption bands showed deformations and vibrations re-
lated to the interatomic bonds and, consequently, to the
nanocomposite molecular structure. Figure 1 shows the
FTIR spectra of PANI-EB, a-Al,O3, and nanocomposite.
The FTIR spectrum of PANI-EB showed main absorption
bands at 1580 cm™, 1490 cm™, 1300 cm™, 1240 cm™,
1140 cm™, and 822 cm™'. The peaks at 1580 cm™' and
1490 cm™" are assigned to the ring stretching vibration of
quinoid and benzenoid, respectively [33, 34]. The peaks at
1300 cm™" and 1240 cm™' correspond to the N—H bending
and C-C (or C—N) symmetric stretching modes, respec-
tively. The bands at 1140 cm™' can be attributed to the in-
plane C—H bending modes. The C—H out-of-plane bending
mode has been used as a key to identify the type of substi-
tuted benzene [35]. For PANI-EB, this mode is observed as
a single band at 822 cm™', which falls in the range of 800—
860 cm™' predicted for a 1,4-substituted benzene. Bands
attributable to other types of substituted benzenes were not
observed. Thus, the FTIR spectrum suggests the formation
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Fig. 1. FTIR of PANI-EB, a-Al,O5 and nanocomposite.
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of PANI-EB with low degrees of branching and/or cross-
linking. FTIR spectrum of 0-Al,O3 is well known [36],
showing bands between 649 cm™' and 457 cm™' correspond-
ing to the AlO4 octahedra condensates, which are the build-
ing blocks of a-Al,O5 structure.

The FTIR spectrum of the nanocomposite showed bands
related to both materials. Additional bands indicating new
chemical bonds to form the nanocomposite were not ob-
served, suggesting physical deposition of PANI on the alu-
mina plates. No chemical interaction was observed by
Sanches et al. [17] either in a nanocomposite constituted of
polyaniline emeraldine-salt form and a-Al,O;.

3.2. XRD measurements and degree of crystallinity

XRD was used for the fingerprint characterization of the
semi-crystalline nanocomposite and the investigation of its
structure in the crystalline phase. Figure 2 shows the semi-
crystalline XRD pattern of PANI-EB and PANI-EB/o-

The PANI-EB pattern presented more defined peaks up
to 20 = 25°, showing a typical semi-crystalline XRD fea-
ture with broad peaks related to factors such as diffuse scat-
tering due to the non-crystalline contribution, the nanoscale
of the crystallites, and the superposed Bragg reflections.
Peaks were observed at 20 = 6.8°, 10.1°, 15.4°, 20.8°, and
25.2°. The peaks located at larger angles are formed by
many reflections (wider clusters). The peak located at
20 = 6.8° is related to dependence of the molecular size of
the counter ion [25].

The nanocomposite XRD pattern presented peaks of both
phases. It is possible to discern narrow and intense peaks of
0-Al,O5 from 20 = 25.7°, a typical characteristic of crystal-
line materials. This material yield a diffractogram with
peaks at 20 = 25.7°; 35.2°; 37.8°, 43.9°, and 52.6°.

The crystallinity in semi-crystalline materials is related
to the aligned chains in the three-dimensional arrangement.
Semi-crystalline nanocomposites based on polymer reinfor-
cement/ceramic matrix are two-phase systems. The crystal-
line phase is attributed to the parallel and ordered polymer
chains in a closely packed array (crystallites region) and to
the highly ordered ceramic material. The non-crystalline
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Fig. 2. PANI-EB and nanocomposite XRD pattern.
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phase is attributed to disordered polymer chains without
parallel alignment and to possible defects in the ceramic
crystals. In polymeric materials, the crystalline domains,
called crystallites, are much smaller than normal crystals
and are interconnected with the non-crystalline regions. In
contrast to the crystalline materials, which have well-de-
fined patterns and larger crystallites, these polymers have
broad overlapping Bragg reflection in a diffuse pattern.
The occurrence of both kinds of characteristics is an evi-
dence of the coexistence of ordered and disordered regions
in the semi-crystalline nanocomposite.

The method developed by Hermans and Weidinger [37],
and Goppel and Arlmann [38] was used for estimating the
degree of crystallinity by means of X-ray diffraction pat-
tern. The general procedure, shown in Eq. (2), is based on
the law of conservation of intensity which states that the
amount of intensity is determined by the integral over the
volume for the square of the electron density:

/ IdV, = / p*(r)dv; (2)

The mean electron density is roughly the same for the non-
crystalline and crystalline phases of a given semi-crystal-
line material, and it is possible to distinguish between them
on the assumption that the intensity for the crystalline scat-
tering is concentrated in the sharp reflections and that for
the non-crystalline in the diffuse halo. The idea is to try to
measure the integrated intensities from the crystalline and
non-crystalline phases separately. The degree of crystal-
linity was estimated over the whole XRD pattern using
Eq. (1) [26].

The nanocomposite crystallinity was estimated as ~ 53 %.
Figure 3 shows the decomposition of the XRD pattern for
crystallinity estimation. Sanches et al. [17] estimated the per-
centage of crystallinity to be around 70 % for a nanocompos-
ite composed of polyaniline emeraldine-salt (PANI-ES) and
0-Al,O5. The crystallinity of pure PANI-EB is estimated to
be ca. 30 % [39]. Thus, the crystallinity of the as-synthesized
nanocomposite is larger than that of pure PANI-EB and
smaller than that of pure a-Al,O3, as expected.
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Fig. 3. Decomposition of nanocomposite diffraction peaks.
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3.3. SEM analysis

From SEM, it was observed that the a-Al,O5 particles had a
range of micrometric size with plate-like morphology
(Fig. 4a). In PANI-EB images (Fig. 4b and c), nanosized
particles with morphology similar to interconnected nano-
spheres were observed, which form the polymer nanofibers.
In the nanocomposite PANI-EB/a-Al,O5 images (Fig. 4d
and e), it was observed that polymerization of PANI-EB
occurred over alumina plates by physical deposition (as
suggested by FTIR analysis), being possible to observe the
morphology of both materials.
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3.4. DC electrical conductivity measurements

The electrical conducting properties of nanocomposites are
related to the properties of their components, the morphol-
ogy of the system and the nature of the interface [40, 41].
In the case of conducting polymers such as polyaniline, the
total conductivity is a function of inter-chain and intra-
chain mobility. The inter-chain mobility depends on the de-
gree of crystallinity, temperature, and protonation (doping)
level. In addition, the counter-ions are capable of intro-
ducing defects by causing significant charge polarization
in neighboring chains [15].

Fig. 4. SEM images of (a) a-Al,O3; (b) PANI-EB; and (c) PANI-EB at
higher magnification; (d and e) PANI-EB/a-Al,0O5 nanocomposite.
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It is well known that polyaniline in the emeraldine
(“half-oxidized”) oxidation state can be reversibly
switched between electrically insulating and conducting
forms [42, 43]. However, even in the insulating form, the
conductivity of PANI-EB can present considerably high
values [39] and crystallinity can be as high as 50 % [44].
On the other hand, alumina is an electrical insulator with
DC electrical conductivity of about 10714 S cm™!.

The relationship between applied voltage and current is
given by V = RI, where R, the factor of proportionality, is
the nanocomposite electrical resistance. To verify the DC
electrical conductivity (o) of nanocomposite, the dimen-
sions of pellet sample were considered, as given by the in-
verse of electrical resistivity (p) [45]:

gt L 3)
p RA

where [ is the pellet thickness, and A is the area of the

straight section of the pellet. The slope of the /-V curve,

shown in Fig. 5, provides the resistance (R) of the nano-

composite.

The DC electrical conductivity, g, for pure PANI-EB
shows different values in literature, depending on their
methods of synthesis. Chaudhari and Kelkar [44] reported
a conductivity of 5.27 x 10”7 S cm™ for undoped polyani-
line by treatment of aqueous ammonia. Ozdemir et al. [46]
found a value of 10~ S cm™!. Very recently, Sanches et al.
[39] found a value of 1.32x 107 S cm™! for PANI-EB ob-
tained after neutralization of PANI-ES (previously obtained
using HCI and ammonium persulfate) in NaOH 1.0 M.

In the present work, the DC electrical conductivity of
PANI-EB/a-Al,O5 was obtained, by the average of three
samples, to be around 1.57 x 102 S cm™!. Thus we observe
almost 80-fold decrease in the conductivity of the nano-
composite when compared with that of the pure sample of
polyaniline in the emeraldine-base which is around
1.32x 1077 S cm™" [39]. Note that the matrix is composed
only of insulating material and the PANI-EB contributes to
an increase in nanocomposite electrical resistivity. The DC
electrical conductivity for nanocomposite using polyaniline
and a ceramic matrix also shows different values in litera-
ture depending on their methods of synthesis and the oxida-
tion state of polyaniline. Nanocomposite formed by PANI-
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Fig. 5. Plot of I vs V for the electrical conductivity calculation.
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ES and alumina showed DC electrical conductivity around
0.24 Scm™! (against 1.84 x 10*S cm™ for pure PANI-
ES), presenting an increase of about 1300 times when com-
pared with the pure PANI-ES at room temperature [17]. Su
and Kuramoto [47] synthesized a processable PANI-EB/ti-
tanium dioxide nanocomposite with suitable conductivity
(1-10 S cm™) that increased after thermal treatment at
80°C for 1 h. However, Teoh et al. [18] obtained a decrease
in DC electrical conductivity when they synthesized com-
posite with nanofiber morphology by oxidative polymeriza-
tion of aniline with alumina nanofibers.

Nanocomposites are closely related to the design of ad-
vanced devices for electronic and optoelectronic applica-
tions. The utility of polymer/inorganic particle nanocompo-
sites in these areas is quite varied involving many potential
applications that require conducting nanocomposites with
electrical conductivity in the obtained range.

3.5. Le Bail method analysis

Following the Rietveld method [48] the R factors are re-
lated to the integrated intensities given by:

]k(obs) = Z {Wj'k ’ S/%(calc) ’ yj(obs)/yi(calc)} (4)
J

where w;, is a measure of the contribution of the Bragg
peak at position 20 to the diffraction profile y; at position
20;. The sum is overall y;(s), Which can theoretically con-
tribute to the integrated intensity /;(obs). So, there is a bias
introduced here by the apportioning according to the cal-
culated intensities; this is why the observed intensities are
in fact said to be “observed” under quotes, in the Rietveld
method. These “observed” intensities are used in the Ry
and R calculations [49]. Basically the Le Bail method al-
lows refinement of the unit cell parameters and microstruc-
ture parameters. In the traditional Rietveld method S;(calc)
are the effectively measured intensities. In our case, how-
ever, they are only the intensities suggested by the profile
fitting based on a distribution of intensities using a profile
function [29] for each overlapped reflection constituting
the few very broad peaks. These peaks are due to the low
crystallinity and small crystallite size.

The Le Bail method [49—-51] has recently been utilized
to obtain structural information of semi-crystalline materi-
als, even taking into account the large overlapped peaks on
XRD patterns. Thus, it has been used to characterize some
polymeric materials [52—55]. In order to perform the Le
Bail method to investigate the crystal structure of the
PANI-EB/a-Al,O3 nanocomposite, the crystal symmetry
and unit cell for PANI and aluminum oxide obtained, re-
spectively, by Evain et al. [30] and Lutterotti and Scardi
[31] were used as input data. Table 1 shows the refined pa-
rameters.

The refined lattice parameters were compared to those
found in the literature [56, 57] which showed that both ma-
terials maintained their structural characteristics after form-
ing the nanocomposite. It is known that the polyaniline
synthesis conditions interfere in their physical and chemical
characteristics. It was observed, in previous work [52], that
the drop by drop reagent addition favored the appearance
of the peak located at 260 = 6.8°, which typically corre-
sponds to the large spacing induced when doped with a mo-
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Table 1. Comparison between the values found by Evain et al. [30] and Lutterotti and Scardi [31] with those found by PANI-EB and a-

Al,O3, respectively.

Refined Parameters Evain et al. [30] PANI-EB Lutterotti and 0-AlLO;
Scardi [31]
a(A) 5.7328(1) 57177 (2) 4.7605 4.7611 (2)
b (A) 8.8866(2) 17.7678 (2) 4.7605 4.7611 (2)
cd) 22.6889(6) 22.7542 (2) 12.9956 12.9625 (2)
a (%) 82.7481(8) 82.9682 (2) 90 90
@) 84.5281(8) 84.5253 (2) 90 90
7 (%) 88.4739(11) 88.4306 (2) 120 120
V(A% 1141.3(4) 2283.4 (4) 255.1 254.5
Global Average Size (anisotr.) A) - 40 (4) - 570 (50)
Crystallite Apparent size ;oo (A) - 47 - 560
Crystallite Apparent size oo (A) - 40 - 560
Crystallite Apparent size oy, (A) - 34 - 270
Ry, (%) 4.1
R, (%) 8.1
7 3.3

lecule of larger molecular weight such as HCI. A better
agreement was obtained by introducing a new “b” unit cell
parameter valued around 17.77 A [25, 56]. This peak is
strongly dependent on the molecular size of the respective
dopant used to induce crystallinity and electrical conductiv-
ity in polyaniline. During the neutralization process to ob-
tain PANI-EB/a-Al,O5, counter ions were not totally re-
moved from the structure, and thereby the peak continued
to exist.

Anisotropic size broadening can be written as a linear
combination of spherical harmonics (SHP) and it is sup-
posed that anisotropic size contributes only to the Lorent-
zian component of the total Voigt function. The explicit
formula of the intrinsic integral breadth using the SPH
treatment of size broadening is given by [57]:

— A/ —
" Djcosf  cos

B Z AipYimp (O Pp,) (5)
Imp

where f3, is the size contribution to the integral breadth of
reflection (hkl), yim,(©,®,) are real spherical harmonics
with ®;, and @, being the polar angles of the vector /& with
respect to a Cartesian crystallographic frame [58] and ay,,
are refinable coefficients, depending on the Laue class.
After refinement of the coefficients ay,,,, the program calcu-
lates the apparent size (D, in A) along each reciprocal lat-
tice vector if the parameters (U,V,W);,.. are fetched to the
program from an external Instrumental Resolution Function
file. It is important to stress that the standard deviation ap-
pearing in the global average apparent size is calculated
using the reciprocal lattice directions, so it is a measure of
the degree of anisotropy, and not of the estimated error.
PANI-EB presented much smaller coherent scattering do-
mains than alumina and the anisotropy model suggested a
range of values. The average crystallite size obtained for
PANI-EB is 40 A with a standard deviation (anisotropy) of
4 A. The apparent crystallite sizes in the directions [001],
[010] and [100] were 34, 40 and 47 A, respectively. The a-
Al O; average crystallite size was found to be around
570 A with a standard deviation (anisotropy) of 50 A. There

Int. J. Mater. Res. (formerly Z. Metallkd.) 106 (2015) 10

is a largest apparent size of 560 A in the [100] and [010] di-
rections, and other smaller (270 A) along [001].

4. Conclusions

We successfully synthesized a nanocomposite by in-situ
polymerization based on polyaniline emeraldine base and
0-Al,O5. Observations regarding the structural properties
of the nanocomposite powder have been reported here.
Rietveld refinement of XRD patterns was used under the
conditions of the method proposed by Le Bail, enabling re-
searchers to routinely use this tool in the study of semi-crys-
talline materials. The refined parameters are in agreement
with those obtained in literature, except the “b” cell param-
eter, which was modified due to the dependence of the lat-
tice parameters on the counter ion size. Particle size was de-
termined from the information on line profile and showed
that PANI-EB presented much smaller coherent scattering
domains than alumina. XRD showed a semi-crystalline pat-
tern with peaks related to both materials and degree of crys-
tallinity of about 53 %. SEM analysis showed that PANI-
EB was polymerized over the a-Al,O3 particles. FTIR
showed an absence of chemical interaction between PANI-
EB and alumina. Addition of a-Al,Oz particles during
synthesis of polyaniline increased the nanocomposite resis-
tivity.
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