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In this study, different morphologies of polyaniline (PAni) nanostructures were obtained via interfacial
polymerization. The influence of the time and temperature of polymerization on morphology was inves-
tigated. At room temperature the growth of nanosheets and nanoflowers with long polymerization time
(1–5 days) was observed. In the syntheses carried out at 50 �C the same nanostructures were obtained
with only a few hours of polymerization, which illustrates that the increase in temperature considerably
reduced the synthesis time and also provided the growth of nanofibers, morphology not found in the syn-
theses performed at room temperature. The characterization by XRD indicated the presence of diffraction
peaks characteristic of PAni nanostructures with high crystallinity. As the conductivity of PAni is directly
related to its crystallinity, it is expected that the nanostructures obtained have high conductivity, which
may represent a greater potential for diverse applications. It can be concluded that the proposed synthe-
sis presents a simple alternative for obtaining PAni nanostructures with different morphologies and high
crystallinity.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Polyaniline (PAni) is a conductive polymer with good process-
ability, chemical stability, and low cost. It can be used in various
applications, such as rechargeable batteries, electromagnetic radi-
ation shielding, field-effect transistors, gas sensors, and memory
devices [1–4].

Usually, PAni can be synthesized from the aniline monomer by
chemical or electrochemical polymerization. Several chemical
methods for obtaining PAni nanostructures, such as interfacial
polymerization, which occurs in a two-phase system formed
by an organic solvent and an aqueous phase, have been reported
[5–7].

In recent years, several morphologies of PAni nanostructures
have been reported, including nanofibers [5,6,8–14], nanosheets
[9,15,16], and nanoflowers [7,15,17–21]. These nanostructures
have been widely studied because of their promising application
in nanomaterials and nanodevices [5,9,15]. Some of these mor-
phologies, in general, have high crystallinity and consequently
higher conductivity, which may further increase their application
potential.
The main goal of this work is to investigate the influence of the
polymerization time and temperature on the morphology of PAni
nanostructures synthesized using interfacial polymerization.
2. Experimental

PAni was synthesized using the interfacial polymerization
method. Two solutions were prepared, as follows: aqueous
(ammonium persulfate + HCl) and organic solution (distilled
aniline + toluene). It was initially fixed in the organic solution, with
2 mL of aniline and 10 mL of toluene, and in the aqueous solution,
it was fixed with 100 mL of 1.0 M HCl. The amount of ammonium
persulfate (oxidant) for achieving a 1:1 M ratio of aniline:oxidant
was determined. Following this, the organic solution was slowly
added to the aqueous solution for 30 min. Among the organic
and aqueous solutions an interface is formed that has the charac-
teristics to initiate the PAni polymerization process: aniline, oxi-
dant and acid solution. The resulting PAni is rapidly decanted
into the aqueous solution. After the polymerization was complete,
the toluene was removed, and then the remaining solution was fil-
tered and washed, first in 0.1 M HCl solution and then in acetone.
The resulting PAni powder, obtained as the emeraldine salt form,
was dried at 60 �C for 24 h. Table 1 shows the varied parameters
in each synthesis.
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Table 1
Polymerization Parameters Used in Each Synthesis.

PAni 1 PAni 2 PAni 3 PAni 4 PAni 5 PAni 6 PAni 7 PAni 8

Temperature (�C) 25 25 25 25 50 50 50 50
Time (h) 1 24 48 120 1 2 5 12
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The morphological characterization was then performed using a
scanning electron microscope (SEM, Zeiss, model: Evo LS-15) and
field emission gun SEM (FEG-SEM, JEOL, model: JSM-7100FT). X-
ray diffraction (XRD) characterization was performed using a Bru-
ker D8 Discover diffractometer with Cu Ka radiation in the range of
5 to 30�, with steps of 0.02�, under a rotation of 15 rpm during the
measurement.
3. Results and discussion

Fig. 1a illustrates the PAni 1 image; slightly elongated struc-
tures can be observed, from which it is assumed that the polymer-
Fig. 1. Scanning electron microscope (SEM) images of polyaniline (PAni) synthesis: (a) P
ization time was not sufficient for the formation of nanofibers.
Fig. 1b (PAni 2) shows the formation of nanosheets, as observed
by Shendkar et al. [9] and Tao et al. [15,16]; the longer polymeriza-
tion time (24 h) contributed to the formation of this morphology.
In Fig. 1c for PAni 3, the image illustrates nanosheet agglomerates,
and it can be concluded that the longer polymerization time
favored the formation of these agglomerates. In the PAni 4 image
(Fig. 1d), the appearance of nanoflowers can be noticed, as
observed by Yang et al. [18] and Sun et al. [19] and described by
Wang et al. [21] as a random nanosheet arrangement. In the syn-
theses carried out under a temperature of 50 �C, it can be seen in
PAni 5 (Fig. 1e) that with 1 h of polymerization, nanofiber growth
is observed, indicating that the increase in temperature accelerates
Ani 1, (b) PAni 2, (c) PAni 3, (d) PAni 4, (e) PAni 5, (f) PAni 6, (g) PAni 7, (h) PAni 8.



Fig. 2. Field emission gun scanning electron microscope (FEG-SEM) images: (a) nanofibers – PAni 5, (b) nanosheets – PAni 2, (c) nanoflowers – Pani 6, (d) nanoflower petal
detail – PAni 6.
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the polymerization process, thereby favoring the growth of this
type of morphology. At 25 �C, with the same polymerization time,
it was not possible to observe the formation of nanofibers. In the
PAni 6 image (Fig. 1f), it is again possible to observe the tempera-
ture influence on the nanostructure morphology, with the
nanoflowers obtained with only 2 h of polymerization. In the PAni
7 image (Fig. 1g), nanosheet and plate structures are again
obtained, representing an ordered nanosheet arrangement; here,
thicker sheets were formed, as proposed by Wang et al. [21]. In
PAni 8 (Fig. 1h), the predominance of structures with a plate mor-
phology can be observed, indicating that the longer polymerization
time favors the sheets’ ordered growth, thereby forming the plates.

Fig. 2 illustrates the FEG-SEM images of some of the synthesized
morphologies. In Fig. 2a, it is possible to observe various nanofibers
with a diameter of approximately 150 nm. Fig. 2b shows some
nanosheets with a thickness of around 100 nm. Fig. 2c and 2d
Fig. 3. X-ray diffraction (XRD) patterns of the syn
provide detailed images of a nanoflower resulting from the
nanosheets’ random stacking.

Fig. 3 presents the XRD pattern of the synthesis from PAni 1 to
PAni 8. All syntheses present the characteristic peaks of the emer-
aldine salt form at 9.2�, 14.9�, 20.6�, and 25.4� [22]. The peaks at
6.4�, 18.2�, 19.2�, and 22.9�, which are characteristic of PAni nanos-
tructures with high crystallinity [23], were observed only in the
PAni 2–8 syntheses. A diffraction peak at 6.4� represents the peri-
odical distance between the dopant and N atom on the adjacent
main and characterizes the greater linearization of the polymeric
chain that favors electrical conductivity [22–24]. The appearance
of this peak may have been favored by the dropwise addition of
the reagent, since the slow addition may favor a greater organiza-
tion of the polymer chains. In the synthesized materials, the peak is
more intense in the syntheses in which the nanosheets are present
in greater quantity, and it continues to increase as the nanoflowers
thesis in the ranges of (a) 5–30�, (b) 7.5–30�.
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and plates appear. As mentioned above, the appearance of this
peak is directly related to the PAni conduction, so it is expected
that these nanosheets, nanoflowers, and plates will have high
conductivity.

As shown above, interfacial polymerization proves to be an
effective method for obtaining different morphologies PAni
nanostructures, using only the influence of polymerization time
and temperature. Temperature is shown to be a significant factor
in reducing the synthesis time, since nanostructures with nano-
flower morphologies were obtained at 50 �C with only 2 h of
polymerization. The same morphology was obtained by Wang
et al. [21] between 1 and 3 days of synthesis. In addition to the
decrease in synthesis time in relation to the syntheses reported
for this morphology, the nanosheets and nanoflowers obtained
in the present work present higher crystallinity, which may rep-
resent higher conductivity, and therefore, greater potential for
diverse applications.
4. Conclusions

5. In this study, different PAni nanostructures were obtained via
interfacial polymerization (nanofibers, nanosheets, and nanoflow-
ers). At room temperature, a longer polymerization time led to
the formation of nanosheets and nanoflowers. The same process
occurred at a temperature of 50 �C, however the increase in tem-
perature accelerated the polymerization process, allowing the
growth of these morphologies with shorter polymerization times
and also provided the growth of other morphologies such as nano-
fibers and plates, which were not observed in the syntheses per-
formed at room temperature. The XRD analysis indicated that the
nanosheets and nanoflowers had structures with high crystallinity,
which can significantly increase the conductivity of the polymer. It
can be concluded that the proposed synthesis presents a simple
alternative for the control of different morphologies with high
crystallinity in PAni nanostructures.
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