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Abstract: Morphological characteristics of any nanomaterial are critical in defining its properties.
In this context, a method to control morphological parameters of polyaniline (PANI) has been
investigated by producing its composite with gold nanoparticles (AuNPs). Herein, we report for the
first time the successful control on the physical/chemical properties of PANI composites synthesized
via interfacial polymerization through functionalization of its AuNP composite component with
citrate, ascorbate, glutathione (GSH), and cetyl trimethyl ammonium bromide (CTAB). A significant
difference in the polymerization pattern, morphologies, and electrical properties was recognized in
these composites according to the functionality of the modified AuNPs. The obtained composites
of AuNPs/PANI exhibited highly diverse morphologies (e.g., nodule, hollow hemisphere, flake,
and spider-web galaxy type) and electrical characteristics according to functionalization. Hence,
this study is expected to offer better insight into control of the polymerization pattern of AuNP/PANI
composites and their associated properties.
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1. Introduction

Polyaniline (PANI) is one of the most explored conductive polymers used for diverse
technological applications [1]. Because of its unique chemical and structural properties, PANI has
been readily employed in nanoelectronic devices, electron field emitters, data storage, actuators,
rechargeable batteries, supercapacitors, electromagnetic interference shielding, catalysis, gas sensing,
and sensors [2,3]. In general, PANI exists in three different oxidation states, namely, leucoemeraldine,
emeraldine, and pernigraniline [4]. Of these oxidation forms, emeraldine PANI is of special interest
due to its conductive nature. The use of metal nanoparticles (NPs) with PANI has been demonstrated
for considerable enhancement of its innate characteristics (e.g., electrical conductivity and surface
area) [5,6]. Gold nanoparticles (AuNPs) are among the more promising materials that have been
explored to enhance the properties of PANI. AuNPs used during the synthesis of PANI have been
highly useful in elevating the yield (e.g., from 0.01% to 10%) of PANI [7].
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A number of methods have been employed to prepare PANI and its composites with AuNPs.
Among them, interfacial polymerization has shown extraordinary potential, especially for the formation
of conductive PANI-based products [8]. Generally, an amalgam of AuNPs with PANI displays
a synergistic effect by yielding a composite material with enhanced electrochemical/electro-catalytic
and sensing capabilities [9,10]. AuNP/PANI composites have also been found beneficial in
diverse technological applications, e.g., in development of room temperature resistive sensors
for gases/vapors [11], as memory devices in the field of organic electronics [1], and in
environmental/biomedical applications [11].

A special control over the morphology of PANI is of longstanding interest for the expansion
of its applicability in diverse fields [12]. A large number of strategies have already been exploited
to endow PANI with special characteristics such as electrospinning, interfacial polymerization,
and template-based synthesis [13]. However, it is not yet possible to directly synthesize PANI-based
materials with desired/controlled morphology through the alteration of the functionality of their
composite component (e.g., AuNPs). Herein, we have for the first time explored the applicability
of an interfacial polymerization approach to control the structural parameters of PANI nanofibers
(NFs) by forming their composites with functionalized AuNPs. We have achieved controlled and
desired morphology of PANI in the form of AuNP/PANI composite by varying the capping of AuNPs.
Four types of functionalization including (1) citrate, (2) ascorbate, (3) glutathione (GSH), and (4)
cetyl trimethyl ammonium bromide (CTAB) have been applied to first cap AuNPs, which were then
subjected to the final fabrication of AuNP/PANI composites in four distinctive morphologies of nodular
structures, hollow hemispherical, flakes, and spider web galaxy type, respectively. Each of these four
distinctive structures vary in fiber size and electronic properties. To the best of our knowledge, no other
attempt has been made to date to explore the effects of different functionalization of AuNPs on the
related properties of PANI. The diversification of morphological properties of PANI composites is
expected to contribute significantly to the progressive development of their technological applications
in fields such as energy storage, sensing, pollutant removal, medical imaging, and as delivery vehicles.

2. Materials and Methods

Chloroauric acid (HAuCl4), aniline, and chloroform were purchased from Central Drug
House (CDH) (P) Ltd, Gujrat, India. Trisodium citrate, sodium borohydride, CTAB, ascorbic acid,
and ammonium persulfate were procured from Sigma-Aldrich, Co., St. Louis, MO, USA. GSH was
obtained from Sisco Research Laboratories (SRL) Pvt Ltd, Mumbai, India. Sodium hydroxide and
hydrochloric acid were purchased from Green Genome (P), Ltd., Delhi, India. All the purchased
chemicals were of analytical grade. All aqueous solutions were prepared using Milli-Q (MQ; Millipore
SAS, Molsheim, France) water with resistivity of 18 MΩ cm.

To begin with, we prepared citrate-, CTAB-, GSH-, and ascorbate- capped AuNPs for the
formation of AuNP/PANI composites. The corresponding synthesis methods employed for the
functionalized AuNPs were adopted from Turkevich, et al. [14], Pannico, et al. [15], Chai, et al. [16] and
Rastogi, et al. [17], respectively. Synthesis of PANI and its composites was achieved by adopting and
modifying the approach used by Kumar, Mahajan, Bhatnagar and Kaur [8]. We briefly describe all the
adopted methodologies here. The detailed synthetic methods can be accessed in the cited articles.

Citrate-capped AuNPs were obtained by the reduction of chloroauric acid with sodium citrate [14].
The sodium citrate acts as a reducing and stabilizing agent for HAuCl4 and AuNPs, respectively.
The CTAB-capped AuNPs were synthesized using the 3-step method [15]. In Step 1, equal volumes
of 0.5 mM HAuCl4 and trisodium citrate were stirred for 10 min followed by dropwise addition
of ice-cold aqueous solution of 100 mM sodium borohydride with continuous stirring to prepare
seed solution. In Step 2, growth solution was prepared by dissolving 1.5 g of CTAB solid powder in
100 mL of 0.5 mM chloroauric acid aqueous solution. The resulting solution was heated at 50 ◦C with
continuous stirring until clear solution was obtained. In Step 3, seed growth was allowed to take place.
During this step, 100 mM ascorbic acid was added into the growth solution with continuous stirring,
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followed by dropwise addition of seed solution. Afterwards, the obtained solution was kept stirring at
350–400 rpm for 15 min. After standing for 30 min, the prepared CTAB-capped AuNPs were washed
with MQ water (twice) at 10,000 rpm for 30 min [15].

GSH-capped AuNPs were synthesized by mixing aqueous solutions of 25 mM chloroauric acid
and 19 mM GSH. The pH of the solution was adjusted to 8.0 with freshly prepared 1 M sodium
hydroxide, followed by addition of 52.86 mM sodium borohydride under continuously stirring
conditions. The reaction mixture was kept overnight at room temperature followed by centrifugation at
6000 rpm for 10 min to remove free GSH molecules [16]. For synthesis of the ascorbate-capped AuNPs,
the pH of 39 mM aqueous solution of ascorbic acid was adjusted to 7–8 using sodium hydroxide [17].
Red wine-colored AuNPs were obtained by adding and stirring 1 M aqueous solution of chloroauric
acid into the aforementioned ascorbic acid solution [17].

Polyaniline (PANI) and its composites with capped AuNPs were prepared using interfacial
polymerization under controlled conditions. We used chloroform as the organic phase and 1 M HCl
as the aqueous phase. Before forming the interface, 7 µL of aniline (monomer for polyaniline) were
dissolved in 10 mL of the organic phase [8]. Likewise, 2 mg of ammonium persulfate was added in
10 mL of 1 M HCl. The PANI was synthesized by making an equivolume interface between organic
(bottom layer) and aqueous phase (upper layer) in a reaction vessel [8]. Note that care must be taken
while pouring aqueous phase onto the organic phase for effective interface formation. The contents
were kept undisturbed overnight for complete polymerization of aniline to make PANI fibers. In the
case of AuNP/PANI composites, AuNPs capped with citrate, CTAB, GSH, and ascorbate were also
added to separate aqueous phases prior to formation of the interface in respective reaction vessels.
All the other steps used for the preparation of AuNP/PANI composites were the same as used for PANI
synthesis. The dark green colored fibrous material product was isolated and washed using deionized
water, methanol, acetone, and diethyl ether to remove unused chemicals [8]. The equal amounts of
acid were used in each case to maintain similar conditions for all the samples. It should be noted
that any variation in pH could lead to the alteration in doped or de-doped states of PANI to impart
various characteristics.

After completion of the reaction, the synthesized PANI and its composites with AuNPs
were characterized using ultraviolet–visible (UV-Vis) spectroscopy (Shimadzu UV-2700; Shimadzu
Corporation, Kyoto, Japan), Fourier-transform infrared spectroscopy (FTIR) (PerkinElmer, Llantrisant,
UK), field emission-scanning electron microscope (FE-SEM) (Hitachi SU 8010; Hitachi Ltd., Krefeld,
Germany), and transmission electron microscopy (TEM) (Jeol JEM-1400 EM; JEOL Inc, Peabody,
MA, USA).

The electrochemical characteristics of prepared materials were examined on gold (Au) screen
printed electrodes (SPE) using Metrohm Autolab M204 workstation (Metrohm Autolab B.V., Utrecht,
Netherlands). 50 µL of the test materials (e.g., PANI and AuNP/PANI) were drop casted and dried
(at room temperature) on Au-SPE to record the voltammogram. The voltammograms were recorded
using 50 µL of 0.5 M H2SO4 as electrolyte solution. The upper and lower vertex potential was set
to 0.8 V and −0.2 V, respectively. The start and stop potentials were 0 V. The data were recorded in
10 scans with scan rate and step size of 0.1 V/s and 0.00244 V, respectively.

3. Results and Discussion

Herein, citrate-, GSH-, ascorbate, and CTAB-capped AuNPs were formed by chemical synthesis
methods. The modified AuNPs were further used to prepare corresponding AuNP/PANI composites
via interfacial polymerization. The composite materials and pure PANI (prepared via interfacial
polymerization) were subjected to several analysis techniques to interrogate their morphological and
electronic characteristics.

The synthesized PANI and its composite structures with citrate, ascorbate,
and CTAB-functionalized AuNP exhibited dark green color, whereas that for GSH-AuNP/PANI
composite was brown (Figure S2). It is worth mentioning that the green color of PANI and AuNP/PANI
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composites was mainly due to the presence of emeraldine salt form of PANI, while the brown color
in GSH-AuNP/PANI should reflect the presence of pernigraniline form of PANI [18]. In order to
validate the control over synthesized PANI and AuNP/PANI composite, in terms of physical/chemical
characteristics, the synthesis (followed by characterization) of these materials was performed several
times. Interestingly, similar results were obtained each time to indicate a good hold over the controlled
synthesis of PANI and its composites.

3.1. UV-Vis Characterization of PANI and its AuNP Composites

The PANI and AuNP/PANI composites were examined with UV-Vis spectroscopy for electronic
transitions. In the cases of citrate-, GSH-, and ascorbate-capped AuNPs, strong localized plasmon
resonance (LSPR) absorption peaks were observed at 521 nm. The analogous peak was observed
at 526 nm for CTAB-capped AuNPs (Figure 1A). These peaks can be ascribed to LSPR of AuNPs.
The collective oscillations of electrons are mainly postulated for the LSPR, due to which AuNPs
display a strong absorbance band in the visible region ranging between 500 and 600 nm. Note that
the shape and size of the AuNPs are critical parameters which give rise to the LSPR absorbance
maximum [15–17,19].
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and AuNP/PANI composites.

In the case of PANI and three out of four of its composites (citrate-AuNPs/PANI,
ascorbate-AuNPs/PANI, and CTAB-AuNPs/PANI), two main peaks were observed at 350 and 440 nm
in UV-Vis spectra (Figure 1B), which correlate with the emeraldine salt of PANI [8,20]. These two peaks
amalgamate to form a flat single band corresponding to the presence of cation radicals along with
a π–π* transition in the benzoid ring and a polaron transition in the quinoid ring [9,20–22]. Another
peak obtained in the range of 750–800 nm can be attributed to the bipolar transition (exciton) of quinoid
ring due to charge transfer from adjacent benzoid ring. The peaks at 440 and 750–800 nm may represent
the effects of protonation by polyaniline chains [9,21]. These peaks are all characteristic of doped and
conducting forms of PANI. A few other peaks were also spotted for PANI and AuNP/PANI composites
ranging from 248 to 260 nm, indicating the presence of anilinium ions [8].

Interestingly, in the case of GSH-AuNP/PANI spectrum, the pattern was distinguished from
all other composites described above in that there was an additional absorbance peak (along with
above-mentioned peaks) at 550 nm. This can be attributed to the pernigraniline form of PANI, as also
indicated by the brown colored appearance of GSH-AuNP/PANI composite [23]. Consequently, it can
be concluded that the GSH-AuNPs favored the growth of pernigraniline as well as emeraldine form
of PANI. In contrast, the growth of emeraldine salt form of PANI was apparent for citrate-AuNPs,
ascorbate-AuNPs, and CTAB-AuNPs. Note that the peak at 550 nm could have been accredited to
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the SPR of AuNPs. However, the color of GSH-AuNP/PANI composite along with the absence of
respective peak in other AuNP/PANI composites was supportive of the presence of pernigraniline
form of PANI.

3.2. FTIR Characterization of PANI and AuNP/PANI Composites

The presence of functional groups in synthesized nanostructures (PANI and AuNP/PANI
composites) and their chemical structures were studied by FTIR (Figure 2). Spectra ranging from
3500 to 500 cm−1 were recorded and analyzed for all the samples (Table S1). Similar characteristic
peaks were observed for PANI and all its composites except GSH-AuNP/PANI. In all samples,
characteristic peaks at 1475–1480 and 1560 cm−1 were obtained for C=C stretching of benzenoid ring
in –NH–B–NH– units and quinoid ring polaronic structures (–B–NH+–), respectively [2,3,5,9,20,24].
Likewise, the peak at 1400 cm−1 can be ascribed to phenazine type segments, formed due to oxidative
intramolecular cyclization of branched oligoaniline (OANI) and polyaniline (PANI), as found in PANI,
citrate-AuNP/PANI, and ascorbate-AuNP/PANI [5]. The C–H stretching of aromatic amine can be
associated with the peak at 1291–1295 cm−1 in all cases [3,25]. Another peak at 1233 cm−1, consistent
in all spectra except in that of GSH-AuNP/PANI, can be assigned to C–N stretching vibrations in
benzenoid unit, representing the conductive form of PANI obtained in pristine form as well as in
composite forms including citrate-, ascorbate-, and CTAB-AuNP/PANI [3,5,9]. The peak at 1124 cm−1

was assigned to N–H stretching in PANI and AuNP/PANI composites; the lowest intensity of the peak
was seen from GSH-AuNP/PANI [3,5]. The peak at 1077 cm−1 was sharp in all the cases, whereas it
was blunt in case of GSH-AuNP/PANI [26]. Imine deformation (C–N–C bending) and quinone ring
deformation were observed at 730 and 799 cm−1, respectively, in all cases [9,24]. The peaks at 600
and 1026 cm−1 were associated with in-plane deformation vibrations of aniline groups of bipolaronic
structure of PANI and in-plane bending of C–H of aromatic rings, respectively [7,9].
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Figure 2. FTIR spectra of PANI and capped-AuNP/PANI composites.

Based on the FTIR analysis, PANI and its composites with citrate-, ascorbate-, and CTAB-
capped AuNPs have the characteristic properties of the emeraldine form of polyaniline,
whereas GSH-AuNP/PANI composite exhibits the properties of both, the fully oxidized pernigraniline
form as well as emeraldine form of PANI [3,5]. The bluntness or absence of peaks at 1077, 1233,
and 1291–1295 cm−1 along with the lowest intensity of N-H stretching at 1124 cm−1 can be accredited
to the pernigraniline form in PANI composite with GSH-AuNPs [26,27]. The intensity of the peaks at
1475–1480 (peak A) and 1560 cm−1 (peak B) serves as a proxy for the relative content of benzenoid and
quinoid ring, respectively. The A/B ratio is useful in assessing the conjugation length along the molecular
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chain in PANI [20,24]. Based on the FTIR spectral analysis, the A/B ratio in descending order was
found to be PANI followed by its AuNP composites functionalized with CTAB, then ascorbate, citrate,
and finally GSH. The differences in the ratio of peak A/peak B confirmed the variations in conjugation
length order along the molecular chain of PANI in each developed material. The most interesting
outcome achieved from the FTIR data (Table S1) is the unique characteristics of the GSH-AuNP/PANI.
The GSH-AuNP/PANI composite has co-existence of both emaraldine and pernigraniline forms of PANI.

3.3. FE-SEM and HRTEM Based Morphology Studies

The TEM analysis of synthesized AuNPs and AuNP/PANI composites was performed to assess
their particle size distribution and morphologies. The TEM images for citrate, ascorbate, GSH,
and CTAB-capped AuNPs are shown in Figure 3. The corresponding average particle sizes of the
capped AuNPs were obtained as 16.34, 8, 22.4, and 36.4 nm, respectively. Note that the average
particle and fiber sizes were calculated using the “ImageJ” software. The zeta potential of the citrate-,
ascorbate-, GSH-, and CTAB-capped AuNPs showcased their stability with the values of −43.2, −20.7,
−27.8, and 22.8 mV, respectively (Figure S1).
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The surface morphologies of PANI and its AuNP composites were studied using FE-SEM (Figure 4),
whereas internal architecture/structural distribution was analyzed using TEM (Figure 5). As seen in
Figure 4, each type of materials fabricated in this study evidently exhibited their unique morphologies.
The pure form of PANI exhibited elongated and uniform fibers. Moreover, as shown in Figures Figures
4A and 5A, the obtained PANI fibers with average size of 71 nm displayed a random orientation in 3-D
space. The detailed synthetic mechanism for PANI can be accessed from our earlier work [8]. In brief,
upon the formation of interface between organic and aqueous phase, aniline monomers migrated
into aqueous phase to form anilinium ions. These ions then served as nucleation centers to make the
polymer grow further. AuNPs can also serve as nucleation centers for the growth of PANI, as their
surfaces can favorably accommodate anilinium ions or PANI oligomers. The images of reaction vessel
are provided to display the synthesis progression of PANI and AuNP/PANI composites in Figure S3.

In case of AuNP/PANI composite forms, the morphology of the fibers obtained was heavily
dependent on the type of AuNP functionalization and size of AuNPs. PANI synthesized in the presence
of citrate- and ascorbate-functionalized AuNPs display nodular and hollow hemispherical vesicle-like
structures, respectively. As is evident from Figures 4B and 5B, the citrate- AuNP/PANI composites
are arranged in the form of nodules (with diameter 313 nm) incorporating the PANI fibers (with
diameter 40 nm). The centers of the nodules are expected to serve as nucleation centers for PANI
growth while the over-growth of PANI led to the formation of nodule-like structures near nucleation
centers. The nodule-like morphology in citrate-AuNP/PANI composites might be due to the interaction
of anilinium ions with the three free negatively charged carboxyl-groups of the citrate on the AuNPs
(Figure 6A) [28]. These groups are available simultaneously for the attachment of anilinium ions. It is
suspected that the concurrent growth of polyaniline (after the attachment of anilinium ions) could lead
to the formation of nodule-like structures.
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In ascorbate-AuNP/PANI composite, the structures are arranged in large hollow hemispherical
vesicles (550 nm) (Figures 4C and 5C). The hollow cavity is visible in approximately 50% of the
ascorbate-AuNP/PANI vesicles. The other 50% of the vesicles are either inverted/complete hollow
or solid spheres. Moreover, these spherical structures are ~60% of the total ascorbate-AuNP/PANI
composite structures visible in Figure S4. The small size of ascorbate-AuNPs (~8 nm) has restricted
the average size of fiber below 28 nm. Additionally, the formation of hollow hemispherical vesicles
can be expected due to the presence of ascorbate functionalization on AuNPs-surface. During
the ascorbate-AuNPs synthesis, the –OH group on furan ring interacts with AuNP whereas the
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negatively charged aliphatic chain is free to contribute to negative charge of ascorbate-AuNPs [28].
Thus, ascorbate-AuNPs can directly interact with positively charged anilinium ions (see Figure 6B).
The arrangement type of groups in ascorbate could facilitate the directional growth of the polyaniline
fiber in the form of vesicles. Likewise, the PANI composites of AuNPs functionalized with GSH and
CTAB are arranged in flakes and spider-web galaxy-like structures, respectively. The GSH-AuNP/PANI
flakes with average size of 76 nm are assembled in tightly packed manner (Figures 4D and 5D).
The interactions of tripeptides (cysteine, glycine, and glutamate) present in GSH structure (Figure 6C)
could be postulated as the origin for this flake-like morphology of GSH-AuNP/PANI composite.
For example, cysteine can form disulfide linkages (-S-S-) with PANI. The ammonium persulfate used
during the synthesis of PANI may serve as the source of sulfur in PANI to form –S–S– bond with
GSH. Moreover, the scattered and negatively charged free carboxylic groups of the GSH would have
participated in the growth of PANI to form sheet-like structure. This type of interaction between
GSH-AuNPs and PANI can lead to the formation of a broad fiber with a flake-like appearance. On the
other hand, the CTAB-AuNP/PANI composite shows loosely packed long fibers with uniform mesh
(average size of 21 nm) which is comparable to the spider-web galaxy. These fibers are also guise-like
separated beads (of 20 nm in size) on a thread as one may find in a necklace. The loose packing
of CTAB-AuNP/PANI may be due to the presence of long aliphatic chains of the CTAB molecule
capped on AuNPs (Figure 6D). This aliphatic chain can show π–π interaction with the anilinium ion
and aniline oligomers to grow the polymer along the axis of aliphatic chain with the spider-web-like
structures. The CTAB-AuNP/PANI fibers are arranged in a mesh-like structure, which could be helpful
in imparting high porosity to this structure.

Overall, the incorporation of AuNPs with PANI not only decreased the size of the fibers but
also controlled other morphological and/or electronic structures. The AuNPs were seen to serve as
nucleation centers for the growth of PANI NFs. The AuNPs with different functionalities are thus
speculated to drive the formation of diversely shaped AuNP/PANI composites with correspondingly
diverse physical and chemical properties.

3.4. Electrochemical Properties of PANI and its Composites.

The electrochemical behavior of the synthesized PANI and AuNP/PANI composites was studied
using cyclic voltammetry (CV).

As shown in Figure 7A, the voltammogram of bare Au-SPE exhibited the signals for the electrolyte
(H2SO4) near +0.2 V. As the same Au-SPE and electrolyte were used in every experiment, these peaks
(X and Y) were the part of voltammograms recorded for the PANI as well as AuNP/PANI composites.
Four peaks were observed in the voltammogram of PANI and AuNP/PANI composites responsible for
the transition between the various forms of PANI. Specifically, the reversible transition of emeraldine
form of PANI into pernigraniline form is represented by the redox signals as peaks 1 and 2 are
present around +0.5 V, whereas the redox transition between emeraldine and leucoemeraldine forms
(as represented by peak 3 and 4) is near −0.1 and 0.1 V, respectively [29].

Interestingly, the CV voltammograms for each composite have shown significant differences in
terms of the potentio-dynamic behavior of the above mentioned conversion peaks in PANI composites.
In case of PANI (Figure 7B), the transition peaks of 1 and 2 are recorded at +0.48 and +0.58 V, respectively.
The transitions peaks of 3 and 4 were recorded at −0.06 and +0.19 V, respectively. In contrast, a different
trend was observed in the transition peak potentials of the synthesized AuNP/PANI composites. In case
of citrate-AuNP/PANI (Figure 7C), the transition peak potentials for 1, 2, 3, and 4 were observed
at +0.70, +0.60, −0.019, and +0.20 V, respectively. The values of peak potentials for this composite
have shown a change of +0.22 V for transition 1 (i.e., emeraldine -pernigraniline transition) with
respect to PANI. Also, a slight increase of 0.02 V in emeraldine-pernigraniline conversion potential
was observed. However, the transition potentials for 3 and 4 did not show any significant change.
Thus, it can be concluded that in case of citrate-AuNP/PANI, emeraldine form required enhanced
potential for conversion into pernigraniline form relative to PANI alone. In contrast, in case of
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ascorbate-AuNP/PANI (Figure 7D), the transition signals show significant variations in peak potentials
and current relative to control PANI. The potential of transition peaks 1, 2, 3, and 4 were observed at
+0.47, +0.42, −0.12, and +0.54 V, respectively. This observation indicates the negligible change in the
content of pernigraniline form of PANI, when compared to the PANI and citrate-AuNP/PANI. Moreover,
a higher potential value of ~0.40 V was required for the redox conversion between emeraldine and
leucoemeraldine forms of PANI. It can thus be concluded from current intensities (Figure 7D) that
the higher amounts of leucoemeraldine form should readily be converted into the emeraldine and
successively into pernigraniline forms upon redox conversions.
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Figure 7. The electrochemical properties as studied using cyclic voltammetry on Au SPE: (A) bare
electrode, (B) control (PANI), (C) citrate-AuNP/PANI, (D) ascorbate-AuNP/PANI, (E) GSH-AuNP/PANI,
and (F) CTAB-AuNP/PANI. All the spectra were recorded with 0.5 M H2SO4 as electrolyte. X and
Y represent the characteristic signals for the electrolyte. Peak labels 1, 2, 3, and 4 are transition
peaks for emeraldine to pernigraniline (emer-perni), pernigraniline to emeraldine (perni-emer),
emeraldine to leucoemeraldine (emer-leuco), and leucoemeraldine to emeraldine (leuco-emer) forms of
PANI, respectively.

The GSH-AuNP/PANI (Figure 7E) composite has shown unique feature with almost equal
transition signals for all the peaks (i.e., ~ 0.30 mA). The respective peak potentials for the transitions 1, 2,
3, and 4 were recorded at +0.68, +0.58, −0.53, and +0.16 V, respectively. These values of current and peak
potential suggest that GSH-AuNP/PANI should favorably produce both emeraldine and pernigraniline
forms of PANI while leucoemeraldine form is readily converted into the emeraldine form. In other
words, it is thus expected that almost equal amounts of emeraldine and pernigraniline forms might be
present in this composite. In case of CTAB-AuNP/PANI, the observed transition potentials for peak
1, 2, 3, and 4 were +0.52, +0.43, −0.12, and +0.93 V, respectively. The CTAB-AuNP/PANI displayed
similar redox conversion pattern as that of ascorbate-AuNP/PANI other than a splitting of peak 3 in
latter case. The occurrences of this peak split might reflect the effects of some artifacts on electrode
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surface. It was observed from the voltammogram of CTAB-AuNP/PANI that the emeraldine form was
converted into high amounts of leucoemeraldine form, which was subsequently converted into the
pernigranline form upon applying further voltage. In addition, for CTAB-AuNP/PANI, the signals for
the transition between different forms of PANI were observed to be damped as compared to the other
composite. This might probably occur due to the long aliphatic chain in the structure of the CTAB as
capping agent [30].

Overall, as seen from the specific CV signatures of each AuNP/PANI composite and the PANI
samples, the presence of different forms of PANI was validated with the accompanying changes in the
electrochemical characteristics. The variations in transition peak potential for the inter-conversion
of the three forms of PANI, as shown in Table S2, provide a good insight into the difference in the
conductivity behaviors of the synthesized PANI composites. These unique and distinctive properties
of AuNP/PANI are dependent mainly on the differentially capped AuNPs, which can be helpful in
expanding their applications in the field of energy storage, drug delivery, and microelectronics.

3.5. Morphology Orientation of AuNP/PANI Composites and Comparative Evaluation with Other Synthesis
Methodologies for PANI-Materials

This study was carried out to demonstrate the tremendous potential of PANI composites with
AuNPs in that their morphological properties can be efficiently adjusted to enhance their versatile
applicabilities. For instance, the nanofibrous forms of conductive PANI could take the advantages
in the fabrication of electrochemical sensing and optoelectronic/electrical devices [31,32]. Likewise,
the vesicle form of the PANI composite is a highly useful option as a carrier for molecules (such as drugs,
enzymes, proteins, and pesticides), supercapacitor, sorbent, and catalyst [32–34]. PANI structures with
spider web-like morphology and high porosity, on the other hand, are useful for sorbent and capacitor
applications [35,36]. The nodule-like structures also exhibit excellent potential for diverse applications
in electrochemical energy storage, pollutant removal, supercapacitors, and sensors [37–40].

Previous efforts have attempted to control the morphology of PANI composite [4]. The adsorption
or assembly pattern of oligomers on nucleation centers was concluded to be primarily responsible
for the growth of different morphologies. In this research, it was also observed that different capping
of AuNPs (acting as nucleation centers) directed the growth of PANI in diverse morphologies.
The nodule-like morphology was also obtained by keeping the interfacial synthesis temperature to
0 ◦C [41]. These researchers also tested the effect of several synthesis parameters (e.g., concentration
of the aniline, amount of ammonium persulfate, and solvents for the development of PANI) on the
morphological features of PANI. Nonetheless, they were only able to control the alignment while
reducing the size of the fibers. Likewise, the effects of variables like reaction temperature, pH,
and duration were also examined in relation to morphological forms of PANI [42,43]. These variations
in the synthesis procedure were effective to yield diverse morphologies of PANI such as nanospheres
and nanorods. ZnO, TiO2, and swollen liquid crystal (SLC) templates have also been explored for
PANI morphologies of NFs (100 nm), nanowires (10 µm), and spheroids, respectively [44–46]. Similarly,
the addition of varying concentrations of steric stabilizer, such as poly(N-vinylpyrrolidone) (PVP),
can yield three different morphologies of PANI, i.e., nanospheres (50 nm), nanorods (150 nm), and NFs
(215 nm) [47]. In a few other studies, the use of K2Cr2O7 and CTAB during chemical synthesis of PANI
yielded petal-like and rice-like structures, respectively [20,48,49].

In the majority of the above-mentioned studies, the PANI structures formed were of much larger
dimensions than the structures developed in this study. Moreover, only solvothermal synthesis methods
were reported to generate morphologies other than fibrous structures of PANI-materials. We were able
to attain diverse morphologies of PANI materials through interfacial polymerization. To expand their
morphological characteristics, PANI-based materials can be prepared in a more controlled manner with
interfacial polymerization [31]. As seen in this study, the structures of PANI composites were modified
effectively through interfacial polymerization. Thus, this research demonstrates that the approaches
introduced should benefit the development of high throughput technologies for PANI composites.
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4. Conclusions

In this work, we prepared PANI and its AuNP composites with four different functionalities
through interfacial polymerization. The obtained nanostructures exhibited high diversity in terms of
morphological/chemical characteristics and electrochemical properties. A random NF morphology
was obtained from PANI alone, while PANI-AuNP composites functionalized with citrate, ascorbate,
GSH, and CTAB were capable of taking diverse morphologies such as nodule, hollow hemisphere,
flake, and spider-web galaxy type, respectively. A fully oxidized pernigraniline form of PANI is
estimated to be formed in case of GSH-AuNP/PANI composite, while PANI, citrate-AuNP/PANI,
ascorbate-AuNP/PANI, and CTAB-AuNP/PANI should be present in emeraldine salt form. These results
have all been validated with several visual and characterization methods such as color change,
UV-Vis, FTIR, and electrochemical studies. In this study, some control on the physical (morphology)
and electrical/electrochemical properties of PANI composites has been realized through interfacial
polymerization. The results of this study thus suggest that the applicability of AuNP/PANI-based
nanocomposites can be extended considerably for diverse technological applications in sensing, energy
storage, drug delivery, and pollutant removal.
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The zeta potentials of the differently capped AuNPs incorporated in the composite formation with PANI:
(A) Citrate-AuNPs, (B) Ascorbate-AuNPs, (C) GSH-AuNPs, and (D) CTAB-AuNPs, Figure S2: The images for the
interfacial polymerization of PANI and its composites with AuNPs during progression of reaction: (A) PANI,
(B) citrate-AuNPs/PANI, (C) CTAB-AuNPs/PANI, (D) GSH-AuNPs/PANI, and (E) ascorbate-AuNPs/PANI, Figure
S3: Images for the interfacial polymerization of PANI and its composites with AuNPs during progression
of reaction: (A) PANI, (B) citrate-AuNPs/PANI, (C) CTAB-AuNPs/PANI, (D) GSH-AuNPs/PANI, and (E)
ascorbate-AuNPs/PANI, Figure S4: SEM image of ascorbate-AuNP/PANI composite to show the distribution
of spherical vesicles (at 1 µm scale bar), Table S1: IR bands and their assignment in synthesized PANI and
AuNP/PANI composites, Table S2: The values of transition peak potentials (measured by CV) for PANI and
its composites.
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Interfacial synthesis and characterization of gold/polyaniline nanocomposites. Synth. Met. 2014, 195, 122–131.
[CrossRef]

6. Saini, D.; Basu, T. Synthesis and characterization of nanocomposites based on polyaniline-gold/graphene
nanosheets. Appl. Nanosci. 2012, 2, 467–479. [CrossRef]

7. Santos, R.F.; Andrade, C.A.; dos Santos, C.G.; de Melo, C.P. Visible luminescence in polyaniline/(gold
nanoparticle) composites. J. Nanopart. Res. 2013, 15, 1408. [CrossRef]

8. Kumar, V.; Mahajan, R.; Bhatnagar, D.; Kaur, I. Nanofibers synthesis of ND: PANI composite by liquid/liquid
interfacial polymerization and study on the effect of NDs on growth mechanism of nanofibers. Eur. Polym. J.
2016, 83, 1–9. [CrossRef]

9. Bogdanovic, U.; Pasti, I.; Ciric-Marjanovic, G.; Mitric, M.; Ahrenkiel, S.P.; Vodnik, V. Interfacial synthesis
of gold–polyaniline nanocomposite and its electrocatalytic application. ACS Appl. Mater. Interfaces 2015,
7, 28393–28403. [CrossRef]

10. Samanta, A.; Gangopadhyay, R.; Ghosh, C.K.; Ray, M. Enhanced photoluminescence from gold nanoparticle
decorated polyaniline nanowire bundles. RSC Adv. 2017, 7, 27473–27479. [CrossRef]

11. Venditti, I.; Fratoddi, I.; Russo, M.V.; Bearzotti, A. A nanostructured composite based on polyaniline and gold
nanoparticles: Synthesis and gas sensing properties. Nanotechnology 2013, 24, 155503. [CrossRef] [PubMed]

12. Ciric-Marjanovic, G.; Dragicevic, L.; Milojevic, M.; Mojovic, M.; Mentus, S.; Dojcinovic, B.; Marjanovic, B.;
Stejskal, J. Synthesis and characterization of self-assembled polyaniline nanotubes/silica nanocomposites.
J. Phys. Chem. B 2009, 113, 7116–7127. [CrossRef]

13. Giacobbe, S.; Pezzella, C.; Della Ventura, B.; Giacobelli, V.G.; Rossi, M.; Fontanarosa, C.; Amoresano, A.;
Sannia, G.; Velotta, R.; Piscitelli, A. Green synthesis of conductive polyaniline by Trametes versicolor laccase
using a DNA template. Eng. Life Sci. 2019, 19, 631–642. [CrossRef] [PubMed]

14. Turkevich, J.; Stevenson, P.C.; Hillier, J. A study of the nucleation and growth processes in the synthesis of
colloidal gold. Discuss. Faraday Soc. 1951, 11, 55–75. [CrossRef]

15. Pannico, M.; Calarco, A.; Peluso, G.; Musto, P. Functionalized gold nanoparticles as biosensors for monitoring
cellular uptake and localization in normal and tumor prostatic cells. Biosensors 2018, 8, 87. [CrossRef]

16. Chai, F.; Wang, C.; Wang, T.; Li, L.; Su, Z. Colorimetric detection of Pb2+ using glutathione functionalized
gold nanoparticles. ACS Appl. Mater. Interfaces 2010, 2, 1466–1470. [CrossRef]

17. Rastogi, L.; Dash, K.; Ballal, A. Selective colorimetric/visual detection of Al3+ in ground water using ascorbic
acid capped gold nanoparticles. Sens. Actuators B 2017, 248, 124–132. [CrossRef]

18. Abed, M.Y.; Youssif, M.A.; Aziz, H.A.; Shenashen, M. Synthesis and enhancing electrical properties of PANI
and PPA composites. Egypt. J. Pet. 2014, 23, 271–277. [CrossRef]

19. Suvarna, S.; Das, U.; Sunil, K.; Mishra, S.; Sudarshan, M.; Saha, K.D.; Dey, S.; Chakraborty, A.; Narayana, Y.
Synthesis of a novel glucose capped gold nanoparticle as a better theranostic candidate. PLoS ONE 2017,
12, e0178202. [CrossRef]

20. Zeng, F.; Qin, Z.; Liang, B.; Li, T.; Liu, N.; Zhu, M. Polyaniline nanostructures tuning with oxidants in
interfacial polymerization system. Prog. Nat. Sci. Mater. Int. 2015, 25, 512–519. [CrossRef]

21. Gul, S.; Bilal, S. Synthesis and characterization of processable polyaniline salts. J. Phys. Conf. Ser. 2013,
439, 012002. [CrossRef]

22. Stejskal, J.; Kratochvil, P.; Radhakrishnan, N. Polyaniline dispersions 2. UV—Vis absorption spectra.
Synth. Met. 1993, 61, 225–231. [CrossRef]

23. Yoon, S.-B.; Yoon, E.-H.; Kim, K.-B. Electrochemical properties of leucoemeraldine, emeraldine,
and pernigraniline forms of polyaniline/multi-wall carbon nanotube nanocomposites for supercapacitor
applications. J. Power Sources 2011, 196, 10791–10797. [CrossRef]

24. Zhao, J.; Qin, Z.; Li, T.; Li, Z.; Zhou, Z.; Zhu, M. Influence of acetone on nanostructure and electrochemical
properties of interfacial synthesized polyaniline nanofibers. Prog. Nat. Sci. Mater. Int. 2015, 25, 316–322.
[CrossRef]

25. Hasoon, S.A.; Abdul-Hadi, S.A. Optical, structural and electrical properties of electrochemical synthesis of
thin film of polyaniline. Baghdad Sci. J. 2018, 15, 73–80.

26. Pousti, M.; Abbaszadeh, M.; Ghorbani, M. A combined experimental and theoretical studies on molecular
structure and vibrational spectra of polyaniline and polyaniline/silver nanocomposite. Synth. Met. 2013,
183, 63–68. [CrossRef]

http://dx.doi.org/10.1016/j.synthmet.2014.05.018
http://dx.doi.org/10.1007/s13204-012-0059-y
http://dx.doi.org/10.1007/s11051-012-1408-1
http://dx.doi.org/10.1016/j.eurpolymj.2016.07.025
http://dx.doi.org/10.1021/acsami.5b09145
http://dx.doi.org/10.1039/C7RA01124E
http://dx.doi.org/10.1088/0957-4484/24/15/155503
http://www.ncbi.nlm.nih.gov/pubmed/23518508
http://dx.doi.org/10.1021/jp900096b
http://dx.doi.org/10.1002/elsc.201900078
http://www.ncbi.nlm.nih.gov/pubmed/32625038
http://dx.doi.org/10.1039/df9511100055
http://dx.doi.org/10.3390/bios8040087
http://dx.doi.org/10.1021/am100107k
http://dx.doi.org/10.1016/j.snb.2017.03.138
http://dx.doi.org/10.1016/j.ejpe.2014.08.003
http://dx.doi.org/10.1371/journal.pone.0178202
http://dx.doi.org/10.1016/j.pnsc.2015.10.002
http://dx.doi.org/10.1088/1742-6596/439/1/012002
http://dx.doi.org/10.1016/0379-6779(93)91266-5
http://dx.doi.org/10.1016/j.jpowsour.2011.08.107
http://dx.doi.org/10.1016/j.pnsc.2015.07.003
http://dx.doi.org/10.1016/j.synthmet.2013.09.011


Nanomaterials 2020, 10, 2404 14 of 15

27. Jamadade, V.; Dhawale, D.; Lokhande, C. Studies on electrosynthesized leucoemeraldine, emeraldine and
pernigraniline forms of polyaniline films and their supercapacitive behavior. Synth. Met. 2010, 160, 955–960.
[CrossRef]

28. Vaid, K.; Dhiman, J.; Sarawagi, N.; Kumar, V. Experimental and computational study on the selective
interaction of functionalized gold nanoparticles with metal ions: Sensing prospects. Langmuir 2020,
36, 12319–12326. [CrossRef]

29. Korent, A.; Soderžnik, K.Ž.; Sturm, S.; Zuzek-Rozman, K. A correlative study of polyaniline
electropolymerization and its electrochromic behavior. J. Electrochem. Soc. 2020, 167, 106504. [CrossRef]

30. Teradale, A.B.; Lamani, S.D.; Ganesh, P.S.; Swamy, B.E.K.; Das, S.N. CTAB immobilized carbon paste electrode
for the determination of mesalazine: A cyclic voltammetric method. Sens. Bio-Sens. Res. 2017, 15, 53–59.
[CrossRef]

31. Kumar, V.; Mahajan, R.; Kaur, I.; Kim, K.-H. Simple and mediator-free urea sensing based on engineered
nanodiamonds with polyaniline nanofibers synthesized in situ. ACS Appl. Mater. Interfaces 2017,
9, 16813–16823. [CrossRef] [PubMed]

32. Zhang, L.; Wan, M. Self-assembly of polyaniline—From nanotubes to hollow microspheres. Adv. Funct.
Mater. 2003, 13, 815–820. [CrossRef]

33. Luo, J.; Chen, Y.; Zheng, Y.; Wang, C.; Wei, W.; Liu, X. Hollow graphene-polyaniline hybrid spheres using
sulfonated graphene as Pickering stabilizer for high performance supercapacitors. Electrochim. Acta 2018,
272, 221–232. [CrossRef]

34. Luo, J.; Ma, Q.; Gu, H.; Zheng, Y.; Liu, X. Three-dimensional graphene-polyaniline hybrid hollow spheres by
layer-by-layer assembly for application in supercapacitor. Electrochim. Acta 2015, 173, 184–192. [CrossRef]

35. Zou, T.; Wang, C.; Tan, R.; Song, W.; Cheng, Y. Preparation of pompon-like ZnO-PANI heterostructure and
its applications for the treatment of typical water pollutants under visible light. J. Hazard. Mater. 2017,
338, 276–286. [CrossRef]

36. Song, Y.; Qin, Z.; Huang, Z.; Liu, T.; Li, Y.; Liu, X.-X. Nitrogen-doped carbon “spider webs” derived
from pyrolysis of polyaniline nanofibers in ammonia for capacitive energy storage. J. Mater. Res. 2018,
33, 1109–1119. [CrossRef]

37. Navale, Y.; Navale, S.; Chougule, M.; Ingole, S.; Stadler, F.; Mane, R.S.; Naushad, M.; Patil, V. Electrochemical
synthesis and potential electrochemical energy storage performance of nodule-type polyaniline. J. Colloid
Interface Sci. 2017, 487, 458–464. [CrossRef]

38. El Jaouhari, A.; Laabd, M.; Aouzal, Z.; Bouabdallaoui, M.; Bazzaoui, E.; Albourine, A.; Martins, J.; Wang, R.;
Bazzaoui, M. Effect of electrolytic conditions on PANi electrosynthesis on stainless steel: A new application to
polycarboxy-benzoic acids removal from industrial effluents. Prog. Org. Coat. 2016, 101, 233–239. [CrossRef]

39. Morrin, A.; Ngamna, O.; Killard, A.J.; Moulton, S.E.; Smyth, M.R.; Wallace, G.G. An amperometric enzyme
biosensor fabricated from polyaniline nanoparticles. Electroanalysis 2005, 17, 423–430. [CrossRef]

40. Liu, W.; Yan, X.; Chen, J.; Feng, Y.; Xue, Q. Novel and high-performance asymmetric micro-supercapacitors
based on graphene quantum dots and polyaniline nanofibers. Nanoscale 2013, 5, 6053–6062. [CrossRef]

41. Li, Y.; Zheng, J.-L.; Feng, J.; Jing, X.-L. Polyaniline micro-/nanostructures: Morphology control and formation
mechanism exploration. Chem. Pap. 2013, 67, 876–890. [CrossRef]

42. Wang, Y.; Jing, X. Formation of polyaniline nanofibers: A morphological study. J. Phys. Chem. B 2008,
112, 1157–1162. [CrossRef] [PubMed]

43. Waghmode, B.J.; Patil, S.H.; Jahagirdar, M.M.; Patil, V.S.; Waichal, R.P.; Malkhede, D.D.; Sathaye, S.D.;
Patil, K.R. Studies on morphology of polyaniline films formed at liquid–liquid and solid–liquid interfaces at
25 and 5 C, respectively, and effect of doping. Colloid Polym. Sci. 2014, 292, 1079–1089. [CrossRef]

44. Talwar, V.; Singh, O.; Singh, R.C. ZnO assisted polyaniline nanofibers and its application as ammonia gas
sensor. Sens. Actuators B 2014, 191, 276–282. [CrossRef]

45. Youssef, A.M. Morphological studies of polyaniline nanocomposite based mesostructured TiO2 nanowires
as conductive packaging materials. RSC Adv. 2014, 4, 6811–6820. [CrossRef]

46. Dutt, S.; Siril, P.F. Controlling the morphology of polyaniline–platinum nanocomposites using swollen liquid
crystal templates. Synth. Met. 2015, 209, 82–90. [CrossRef]

47. Park, H.-W.; Kim, T.; Huh, J.; Kang, M.; Lee, J.E.; Yoon, H. Anisotropic growth control of polyaniline
nanostructures and their morphology-dependent electrochemical characteristics. ACS Nano 2012, 6, 7624–7633.
[CrossRef]

http://dx.doi.org/10.1016/j.synthmet.2010.02.007
http://dx.doi.org/10.1021/acs.langmuir.0c02280
http://dx.doi.org/10.1149/1945-7111/ab9929
http://dx.doi.org/10.1016/j.sbsr.2017.08.001
http://dx.doi.org/10.1021/acsami.7b01948
http://www.ncbi.nlm.nih.gov/pubmed/28471169
http://dx.doi.org/10.1002/adfm.200304458
http://dx.doi.org/10.1016/j.electacta.2018.04.011
http://dx.doi.org/10.1016/j.electacta.2015.05.053
http://dx.doi.org/10.1016/j.jhazmat.2017.05.042
http://dx.doi.org/10.1557/jmr.2017.443
http://dx.doi.org/10.1016/j.jcis.2016.09.038
http://dx.doi.org/10.1016/j.porgcoat.2016.06.021
http://dx.doi.org/10.1002/elan.200403185
http://dx.doi.org/10.1039/c3nr01139a
http://dx.doi.org/10.2478/s11696-013-0347-3
http://dx.doi.org/10.1021/jp076112v
http://www.ncbi.nlm.nih.gov/pubmed/18181600
http://dx.doi.org/10.1007/s00396-013-3150-3
http://dx.doi.org/10.1016/j.snb.2013.09.106
http://dx.doi.org/10.1039/c3ra44658a
http://dx.doi.org/10.1016/j.synthmet.2015.07.012
http://dx.doi.org/10.1021/nn3033425


Nanomaterials 2020, 10, 2404 15 of 15

48. Dutt, S.; Siril, P.F. A novel approach for the synthesis of polyaniline nanostructures using swollen liquid
crystal templates. Mater. Lett. 2014, 124, 50–53. [CrossRef]

49. Li, J.; Jia, Q.; Zhu, J.; Zheng, M. Interfacial polymerization of morphologically modified polyaniline:
From hollow microspheres to nanowires. Polym. Int. 2008, 57, 337–341. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.matlet.2014.03.068
http://dx.doi.org/10.1002/pi.2353
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	UV-Vis Characterization of PANI and its AuNP Composites 
	FTIR Characterization of PANI and AuNP/PANI Composites 
	FE-SEM and HRTEM Based Morphology Studies 
	Electrochemical Properties of PANI and its Composites. 
	Morphology Orientation of AuNP/PANI Composites and Comparative Evaluation with Other Synthesis Methodologies for PANI-Materials 

	Conclusions 
	References

