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supercapacitors in multi-dimensional
polyaniline nanostructures†

Yong Ma,abc Chunping Hou,a Hao Zhang,a Mingtao Qiao,a Yanhui Chen,a

Hepeng Zhang,*a Qiuyu Zhang *a and Zhanhu Guo *c

Although some polyaniline (PANI) morphologies have been reported, their synthesis with regular structures

in multiple dimensions has met with limited success. Here, well-defined PANI spheres, roses, cloud-like and

rhombic plates, layered flowers, columns, blocks, and dendrites were prepared by employing static

surfactant systems in a 0.010 M HCl solution at room temperature. The acquisition of these multi-

dimensional (MD) nanostructures was a result of the fact that aniline and the newly formed PANI

molecules were subjected to a synergistic effect of soft templates and self-assembly processes. Detailed

electrochemical measurements were performed to investigate the capacitance of these MD

nanostructures. PANI layered flowers possessed the highest specific capacitance of 272 F g�1 at the

current density of 1.0 A g�1 due to their morphologies. Additionally, two factors including the surfactant

dosage and the pH value were evaluated to discern their impacts on the PANI morphologies. The

method presented herein renders the possibility for fabricating regular MD PANI nanostructures. And

these nanostructures also have potential to be applied in supercapacitor electrodes and energy storage.
1 Introduction

Supercapacitors are considered as the promising energy storage
devices for electronic devices due to their high power capability,
fast charge–discharge rate, wide thermal operating range, and
environmental friendliness.1 Electrodes, at the heart of such
systems, directly determine the properties of supercapacitors.2

Among various materials including oxides and carbon mate-
rials, conducting polymers have been tested in supercapacitors
as active electrode materials.3–5 Within the large family of con-
ducting polymers, polyaniline (PANI) is unique due to its
tunable conductivity and reversible acid/base doping/dedoping
chemistry, and nds a broad range of applications in chemical
sensors, ash welding, energy storage, etc.6–8 Compared to its
disordered aggregates, there is no doubt that PANI regular
nanostructures and supernanostructures have advantages in
terms of improved performances. For instance, PANI nanobers
are at the forefront of devising multifunctional sensors because
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of not only their superior solution processability,9 but also their
outstanding sensitivity and time response to acidic/alkaline
gases.10 Aligned PANI wires decorated on graphene oxide for
supercapacitors possess high capacitance energy storage.11 In
a separate study, PANI/carbon nanotube (skin/skeleton) hybrid
electrodes improved energy density without deteriorating high
power capability.12 It is noteworthy that regular PANI structures
can signicantly inuence or even decide the nal properties
and functions of materials. Hence, the delicate control of
PANI nanostructures working as electrode materials is highly
desirable.

Recent studies in regulating and directing PANI nano-
structures are quite remarkable. Among them, a great deal of
work on the chemical oxidative polymerization of aniline has
been devoted to exploring the regular morphology and uniform
dimension of PANI. With the aid of hard templates13 or some
effective approaches such as interfacial polymerization14 and
oligomer-assisted polymerization,15 one-dimensional (1D) PANI
nanobers were produced. Some MD PANI morphologies
including box-like microstructures,16 chain-like hollow spheres,17

nanospheres,18 tentacles,19 rhombic plates,4 and so forth were
also obtained by employing oxidative templates or inducer such
as proteins and surfactants. It is found that fabricating almost all
the above morphologies requires either a strong acid environ-
ment (1.0 M HCl solution) or complicated experimental condi-
tions and procedures (stirring or shaking, low temperature,
removal of the hard templates, etc.). Nevertheless, the usage of
high concentration of strong acid not only brings danger to the
J. Mater. Chem. A, 2017, 5, 14041–14052 | 14041
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Scheme 1 Molecular formula of surfactants: (a) PVP, (b) PEG, (c) CTAB,
(d) CTAC, (e) SDBS, (f) SLS, and (g) SDS.
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operator, but also causes harm to the environment.20 Moreover,
the rapid polymerization caused by the strong acid environment
may not provide enough time for long-chain oligomers to coag-
ulate, which oen leads to difficulty in generating MD nano-
structures with a regular morphology.21 Therefore, reducing the
polymerization rate of aniline by utilizing low acid environment
can provide more time for ordered arrangement of long-chain
oligomers, which may realize the successful preparation of
regular MD PANI nanostructures.

Although there were cases of synthesizing PANI in a low acid
or an aqueous solution,22–24 they have been proven far more
recalcitrant to regular nanostructures. The formation of these
irregular appearances is a consequence of the fact that free
energy and kinetic barriers lead to difficulty in arranging oli-
goanilines or polymer chains from their preferred coiled
conformation to an ordered array.25 Finding an effective and
simple method to prepare regular PANI with MD nano-
structures in a low acid environment still remains a scientic
challenge. Despite compromised introduction of other media, it
is proved that surfactant formed micelles working as so
templates have an undoubted ability to guide the growth of
PANI molecules.26 Besides, exploring the effects of PANI
morphology, dimension, and size on electrode materials is also
signicant, which can serve as a direct effective guidance about
the relationship between structures and performances.

Here, we successfully prepared various MD PANI nano-
structures in a low acid environment (0.010MHCl solution) using
a static surfactant system at room temperature. A series of PANI
morphologies including spheres, roses, cloud-like and rhombic
plates, layered owers, columns, blocks, and dendrites were ob-
tained by using polyvinylpyrrolidone (PVP), polyethylene glycol
(PEG), cetyl trimethyl ammoniumbromide (CTAB), cetyl trimethyl
ammonium chloride (CTAC), sodium dodecyl benzene sulfonate
(SDBS), sodium lauryl sodium (SLS), and sodium dodecyl sulfo-
nate (SDS), respectively. The formation mechanism of these PANI
MD nanostructures was claried, for which the signicance of
so templates and self-assembly processes was also elucidated.
These MD nanostructures were characterized by detailed elec-
trochemical measurements. And PANI layered owers possessed
the highest specic capacitance of 272 F g�1 at the current density
of 1.0 A g�1. Besides, the effects of the surfactant dosage and the
pH value on the PANI morphologies were investigated, followed
by the formation of PANI irregular sheets, rhombic plates deco-
rated with debris, chunks, nanorods, nanobelts, and nano-
spheres. It is worth pointing out that all the polymerizationsmust
be le to stand, since stirring or shaking can destroy the transient
ordered regions or dilute the local concentration of PANI mole-
cules, thereby interrupting their growth and self-assembly
process.27 Besides, there is no need for cooling and stirring the
synthetic system; hence a huge amount energy can be saved
together with a signicant reduction in the equipment cost.

2 Experimental section
2.1 Materials

Aniline (Hongyan Chemical Reagent Co., Ltd.) was puried by
distilling it under reduced pressure and storing it in a
14042 | J. Mater. Chem. A, 2017, 5, 14041–14052
refrigerator. Hydrochloric acid (HCl; Beijing Chemical Works),
ammonium persulfate (APS; Hongyan Chemical Reagent Co.,
Ltd.), polyvinylpyrrolidone (PVP K30; BASF SE), polyethylene
glycol 4000 (PEG 4000; Kemiou Chemical Reagent Co., Ltd.),
cetyl trimethyl ammonium bromide (CTAB; Kemiou Chemical
Reagent Co., Ltd.), cetyl trimethyl ammonium chloride (CTAC;
Shanpu Chemical Reagent Co., Ltd.), sodium dodecyl benzene
sulfonate (SDBS; Fuchen Chemical Reagent Co., Ltd.), sodium
lauryl sodium (SLS; China National Pharmaceutical Industry
Co., Ltd.), sodium dodecyl sulfonate (SDS; Kemiou Chemical
Reagent Co., Ltd.), and absolute ethanol (Fuyu Chemical
Reagent Co., Ltd.) were of analytical grade and used as received.
Deionized water was applied throughout all the synthesis
processes. The molecular formulae of surfactants are illustrated
in Scheme 1.

2.2 Synthesis of PANI sole-like plates

PANI sole-like plates were synthesized as follows: puried
aniline (0.30 mL) was dispersed in an HCl solution (90 mL,
0.010 M) to form a homogeneous solution by ultrasonic stirring
for half an hour. Another HCl solution (10 mL, 0.010 M) con-
taining APS (164.2 mg) was quickly added to the above solution
to oxidize aniline. The polymerization was le unagitated at
room temperature for 10 h. The resulting sediment was sepa-
rated by suction, washed with ethanol and deionized water until
the suspension reached a neutral pH value, and dried in
a vacuum oven at 70 �C for 12 h.

2.3 Synthesis of MD PANI nanostructures in the presence of
surfactants

In a typical run, puried aniline (0.30 mL) and surfactants
(0.10 g PVP, 0.10 g PEG, 0.20 and 0.50 g CTAB, 0.050 g CTAC,
0.10 g SDBS, 0.10 g SLS, or 0.10 g SDS) were dispersed in an HCl
solution (90 mL, 0.010 M) to form a homogeneous solution via
ultrasonic stirring for half an hour. Another HCl solution (10
mL, 0.010 M) containing APS (164.2 mg) was injected into the
above solution all at once to initiate the polymerization. The
polymerization was maintained to stand at room temperature
for 10 h. The sediment was suction ltered, washed with
This journal is © The Royal Society of Chemistry 2017
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ethanol and deionized water several times and dried in
a vacuum oven at 70 �C for 12 h. The puried PANI samples
were obtained.
2.4 Effects of surfactant dosage and pH value

A series of experiments were carried out, and their reaction
conditions were the same as those of the aforementioned
quintessential synthesis of MD PANI nanostructures with the
exception of changing the surfactant dosage and (or) the HCl
concentration. Some typical reaction conditions were as
follows: in 0.010 M HCl solution but separately using (1) 0.10 g
CTAB, (2) 0.30 g CTAB, (3) 0.50 g CTAC, and (4) 0.050 g SDS; in
0.050 M HCl solution but using (5) 0.10 g CTAC and (6) 0.10 g
SDS, respectively.
2.5 Characterization

Field emission scanning electron microscopy (FE-SEM) images
were generated with a ZEISS MERLIN microscope. The samples
dispersed in ethanol were deposited onto silicon wafers and
sputtered with platinum by using a JFC-1600 auto-ne coater at
a 20 mA current for 300 s prior to observation. The Fourier
transform infrared spectrum (FTIR) was taken on a Bruker
TENSOR 27 spectrometer. X-ray diffraction patterns (XRD) were
determined on a Shimadzu XRD-7000S diffractometer with Cuka
radiation (l ¼ 1.548 Å) from 5 to 50�. X-ray photoelectron
spectra (XPS) were obtained by using a Kratos Axis Ultra DDL
spectrometer. Transmission electron microscopy (TEM) images
were recorded on a JEOL JEM-3010 microscope with an Oxford
794-CCD camera at an accelerating voltage of 200 kV. The
Fig. 1 (a) SEM image, (b) FTIR spectra and XRD patterns, (c) XPS survey s
sole-like plates obtained in 0.010 M HCl solution at room temperature w

This journal is © The Royal Society of Chemistry 2017
samples suspended in ethanol were dropped onto copper grids
coated with a carbon support lm before observation. Cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), galvanostatic charge–discharge (GCD), and cycle stability
measurements were carried out in 1.0 M H2SO4 solution by
employing a Princeton Applied Research VersaSTAT 4 three-
electrode electrochemical workstation. A glassy carbon elec-
trode having a diameter of 3 mm with samples on its surface
acted as the working electrode. Typically, 5.0 mg sample was
ultrasonically dispersed in 1.0 mL naphthol (30 wt%) solution.
5.0 mL of the above solution was added onto the glassy carbon
electrode using a pipette and dried at room temperature. The
counter electrode and reference electrode were a platinum
electrode and saturated calomel electrode (SCE), respectively.
CV curves were obtained within a voltage range of �0.20–0.80 V
at a scan rate of 10, 20, 40, 60, 80, 100 mV S�1. EIS curves were
measured from 0.010 to 100 Hz with an applied amplitude of
5.0 mV. GCD curves were tested at a current density ranging
from 1.0 to 5.0 A g�1 with a switch potential of 0.0 to 0.80 V.
Cycle stability was measured for 1500 cycles at 3.0 A g�1.
3 Results and discussion
3.1 Preparation of PANI sole-like plates

PANI sole-like plates having a thickness of about 500 nm, 2.5–
3.6 and 5.2–6.5 mm in horizontal and vertical diameters, are
synthesized by chemical oxidative polymerization of aniline in
an unagitated 0.010 MHCl solution, as shown in the SEM image
of Fig. 1(a). The emergence of these plates is attributed to the
quick precipitation and interfacial energy reduction of newly
pectrum, and (d) deconvoluted N 1s core-level XPS spectrum of PANI
ithout stirring.

J. Mater. Chem. A, 2017, 5, 14041–14052 | 14043
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formed polymer chains with insufficient doping in pH ¼ 2
solution.28,29 In Fig. 1(b), the FTIR spectrum of the plates (blue)
exhibits peaks at 1587, 1510, 1301, 1174, and 821 cm�1 (C]C
stretching deformation of quinonoid and benzenoid rings, C–N
stretching vibrations, and C–H in plane and out of plane
deformation), which convincingly conrm the formation of
PANI.30 The crystallinity of the plates is quantied by using the
XRD pattern (black). There is a sharp peak due to the periodic
distance between the N atom and dopant acid on adjacent main
Fig. 2 Schematic illustration of PANI (a) sole-like plates, (b) spheres, (c)
roses, (d) cloud-like and (e) rhombic plates, (f) layered flowers, (g)
columns, (h) blocks, and (i) dendrites obtained in 0.010 M HCl solution
in the presence of no surfactant, PVP, PEG, CTAB (less), CTAB (more),
CTAC, SDBS, SLS, and SDS, respectively.

Fig. 3 SEM images of PANI (a and b) spheres (inset TEM image of the sp
(0.10 g), respectively.

14044 | J. Mater. Chem. A, 2017, 5, 14041–14052
chains at 6.4�.30 The peaks at 18.5 and 25.8� correspond to the
periodicity in the direction parallel and perpendicular to the
polymer chains.31,32 In Fig. 1(c), the XPS spectrum clearly shows
that the plates are mainly composed of C, N, and O elements. In
Fig. 1(d), the N 1s core-level spectrum is deconvoluted into three
major components with binding energy at 394.9, 396.6, and
397.4 eV. Nevertheless, the atomic percent of ]N–, –NH–, and
N+ is 5, 74.7, and 20.3%, from which the proportions of emer-
aldine base and salt are calculated to be 25.3 (5 + 20.3) and
20.3%, suggesting that the doping level of the plates is low.
3.2 Preparation of MD PANI nanostructures

As expected, when adding different kinds of surfactants into the
foregoing polymerization system, many exciting results and
fascinating PANI morphologies appear. To be specic, in
0.010 M HCl solution, in the presence of PVP, PEG, different
dosages of CTAB, CTAC, SDBS, SLS, and SDS, among which the
rst two are nonionic surfactants, the second two are cationic
surfactants, and the last three belong to anionic surfactants,
well-dened PANI spheres, roses, cloud-like and rhombic
plates, layered owers, columns, blocks, and dendrites are
separately prepared, as illustrated in Fig. 2. Electronmicroscopy
images of all the PANI products produced under identical
reaction conditions but subject to different kinds of surfactants
are provided in the following discussion. In addition to these
visual images, other characterization results including FTIR
spectra, XRD patterns, and XPS as well as corresponding N 1s
core-level spectra are elaborated in the ESI.†

Fig. 3(a) exhibits the typical SEM image of PANI spheres
obtained by the addition of PVP. It is distinctly seen that these
here in (b)) and (c and d) roses obtained by using PVP (0.10 g) and PEG

This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/c7ta03279j


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
1 

Ju
ne

 2
01

7.
 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
 3

0/
08

/2
01

7 
21

:4
8:

18
. 

View Article Online
spheres share a coarse surface and have a diameter in the range
of 2.5–7.0 mm. A closer look at the sphere reveals that its surface
composed entirely of short worm-like nanostructures that are
200–400 nm in length and about 50 nm in diameter (SEM image
of Fig. 3(b)). Of particular attention is that there is a crack
running through the whole substrate, from which it is certied
that the spheres are solid rather than hollow, in line with that
shown in the inset TEM image. The obtaining of these spheres
can be rationalized by a so template mechanism. During the
polymerization, because of the amphiphilicity of PVP mole-
cules, PVP spherical micelles are spontaneously formed. And
these micelles can be effortlessly maintained for the purpose of
reducing surface tension between the micelles and the solvent.
Hydrophobic aniline molecules diffuse into the micellar inte-
rior, making these aniline-lled micelles serve as “micro-
reactors” (so templates) for aniline polymerization.33 Aer
adding hydrophilic oxidant APS, the polymerization initially
occurs at the micelles–water interface, followed by proceeding
to the inside of the aniline-lled micelles. As time goes on, the
spherical micelles with different diameters transformed into
multi-sized PANI spheres. Meanwhile, for the sake of reducing
the surface energy of freshly formed PANI spheres as much as
possible, a rough surface has to be constructed.34

Note that the prepared PANI spheres are extremely different
from the previously reported microspheres with hollow struc-
tures described by Wan's group,33,35,36 which is considered to be
ascribed to different alkyl chain lengths of micellar molecules.
Since the alkyl chain of PVP molecules is much longer than that
of peruorooctane sulfonic acid,33 b-naphthalene sulfonic
acid,35 and salicylic acid36 used in preparing PANI hollow
Fig. 4 SEM images of PANI (a) cloud-like plates and inset magnified she
TEM image of the plate), and (c) layered flowers and inset magnified flowe
respectively.

This journal is © The Royal Society of Chemistry 2017
microspheres, PVP micelles present better solubilization and
more aniline molecules are adsorbed to their interior. In this
case, sufficient aniline molecules favor the generation of solid
structures. But for the micellar molecules with short alkyl
chains, their weak adsorption ability cannot provide plenty of
aniline molecules to polymerization in micelles, leading to the
emergence of hollow structures.

In the SEM image of Fig. 3(c), when the polymerization is
carried out with another nonionic surfactant PEG, PANI roses with
the size of 3.7–9.0 mm consisting of sheets are attained. A
magnied view of the rose fully displays its cross-sheet structure,
with the sheets are estimated to be 70–400 nm in thickness (SEM
image of Fig. 3(d)). Correlating the collective rose-like morphology
associated with PEG molecules containing oxygen atoms, a hier-
archical self-assembly process is proposed in which PANI sheets
are assembled into owers. First, PEG sheet-like micelles are
formed due to the alternating hydrophilic and hydrophobic parts
(–O–C–C–O–), which yield PANI thin sheets. Then, since there are
abundant oxygen atoms of PEG molecules, the spontaneously
formed hydrogen bonding among PANI thin sheets renders them
grow together.With increasing the growth time, the thin sheets on
one hand orient parallel to their large facets and merge into
thicker sheets, and on the other hand randomly intersect and
assemble, resulting in the formation of PANI roses.

When adding cationic surfactants instead of nonionic
surfactants, amazingly, the resulting PANI is in the shape of
diverse giant plates based on sheets, Fig. 4. In the SEM image and
inset TEM image (le) of Fig. 4(a), in the presence of CTAB
(0.20 g), PANI cloud-like plates having jagged edges are acquired,
with an aspect ratio of 4–6 to 1 (short and long axial diameters:
ets (right) (inset TEM image of the sheet (left)), (b) rhombic plates (inset
rs obtained by using CTAB (0.20 g), CTAB (0.50 g), and CTAC (0.050 g),

J. Mater. Chem. A, 2017, 5, 14041–14052 | 14045
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6.7–17.1 and 26.6–48.4 mm). One piece of cloud-like plate having
wide middle and two narrow sharp ends shows that there is
a cutting edge taking place,19 from which it can be inferred that
the middle part emerges rst and then the ends gradually grow.
Close observation claries the stacking sheet structure, implying
that the plates originate from the ordered stacking of sheets
(inset SEM image (right)), while at a given dosage of 0.50 g CTAB,
PANI rhombic plates with smooth edges are gained, having
a length of 31.6–93.9 mm, a width of 23.4–41.9 mm, and a thick-
ness of 2.8–10.6 mm (SEM image of Fig. 4(b)). Small rhombic
plates can be seen in the inset TEM image. In comparison with
the cloud-like plates, the increased CTAB provides the preferred
orchestration of PANI whether in the aspect of the morphological
regularity and the marginal smoothness. With respect to CTAC-
directed polymerization (0.050 g), PANI layered owers made
up of sheets having a thickness of 50–200 nm are shown in the
SEM image of Fig. 4(c). The owers possess fewer sheets and their
sheets have smoother edges relative to the aforementioned PANI
roses. The magnied sheets further highlight their smooth edges
(inset SEM image).
Fig. 5 SEM images of PANI (a and b) columns (inset TEM image of colum
dendrites (inset TEM image of the branch in (f)) obtained by using SDBS

14046 | J. Mater. Chem. A, 2017, 5, 14041–14052
Such quality and kinds of surfactant-dependent morpho-
logical diversity arise from the differences of the micellar
quantity and surfactant molecular scale. According to the
previous literature, CTAB37 and CTAC38 molecules could form
lamellar micelles. With regard to our nanostructures, the
lamellar micellar mechanism can also rationally explain their
evolution process. In the polymerization system, lamellar
micelles ((CTA)2S2O8) comprised of quaternary ammonium
cations and persulfate anions are developed and precipitated
immediately in a state of white occulence aer pouring into
APS solution. Thereaer, persulfate anions oxidatively poly-
merize aniline molecules to PANI sheets, and in the meantime
reduce themselves to sulfate anions.39 With the polymerization
proceeding, lamellar micelles gradually degrade and break
down, and PANI sheets are received. The stacking of sheets is
oen the kinetic product of aggregation and tends to form
quickly in large quantities.25 In consequence, PANI giant plates
are constructed.

It is reasonable to accept that the preferable control is real-
ized with the employment of more surfactants due to the
ns in (b)), (c and d) blocks (inset TEM image of the block in (d)), (e and f)
(0.10 g), SLS (0.10 g), and SDS (0.10 g), respectively.

This journal is © The Royal Society of Chemistry 2017
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presence of more micelles. Accordingly, PANI rhombic plates
(0.50 g CTAB) exhibit superior regularity compared with cloud-
like plates (0.20 g CTAB). In the situation of 0.050 g CTAC, PANI
layered owers follow a pattern similar to that of cloud-like and
rhombic plates in which PANI sheets are initially formed with
the help of lamellar micelles. Aerwards, the acquisition of
these superstructures can be claried by one or more of the
following three factors: (1) because of the limited dosage of
CTAC, relatively smaller lamellar micelles are formed, which
decreases the size of resulting PANI sheets. The decrease in size
is benecial to the quick movement of these building blocks. (2)
In order to maintain the charge balance, a myriad of chloride
ions exist on the periphery of CTAC micelles yielding stronger
electrostatic attraction. The attraction reduces the resistance of
self-assembly of PANI sheets. (3) CTAC lamellar micelles expe-
rience weaker steric hindrance since chloride ions have
a smaller size than bromide ions, which favors the relatively
effortless self-assembly.

When the polymerization proceeds by separately applying
anionic surfactants SDBS, SLS, and SDS, without exception,
three distinct morphologies are prepared. For the rst case,
a mass of PANI columns with a diameter of 1.1–2.0 mm and
a length of 5.1–15.3 mm, and a handful of bers can be viewed in
the SEM image of Fig. 5(a). From Fig. 5(b), magnied SEM and
inset TEM images indicate that the columns are solid and their
surface is covered with micron-sized rods, strongly indicating
that the secondary growth – the newly formed PANI growing on
the surface of already existing PANI40 – takes place during
aniline polymerization. In the case of utilizing SLS, irregular
PANI blocks with tens of microns in size are acquired (SEM
image of Fig. 5(c)). The SEM image of Fig. 5(d) exhibits the
detailed composition of the block where scattered PANI nano-
bers with a diameter in the range of 40.0–100.0 nm stacked
compactly and fused into a nanobrous network, along with
many pores having 70–300 nm in size among nanobers. The
existence of pores in the substrate can be further manifested by
the inset TEM image. When SDS plays a direct role in aniline
polymerization, PANI dendrites with each branch up to 10
microns dominate the PANI morphology (SEM image of
Fig. 5(e)). Compared to rods of columns and nanobers of
blocks, branches of dendrites having a higher aspect ratio are
Fig. 6 TEM images of different PANI dendrites: (a) V (I)-junctions, (b) V
image in their inset.

This journal is © The Royal Society of Chemistry 2017
achieved. In SEM and inset TEM images of Fig. 5(f), it is easily
observed that the branches with a diameter of 430–880 nm
possess a smooth surface and are solid.

The appearance of these nanostructures is positively corre-
lated with the shape of micelles, the steric hindrance, and the
intermolecular forces of surfactant molecules. In the polymer-
ization system, anionic surfactants fabricating linear micelles
on one hand result in the formation of 1D nanostructures, and
on the other hand have an effect on stabilizing these freshly
formed 1D nanostructures. Because SDBS molecules have large
phenyl groups, strong steric hindrance makes the 1D nano-
structures independent of each other. The subsequent poly-
merization happens preferentially and continuously in the close
proximity of already existing PANI owing to the low nucleation
energy,41 so new PANI nucleation sites sweep across the 1D
nanostructures and columns with rods on their surface are
constructed. In the situation of using SLS, the trick of forming
such a complex nanobrous network is that the hydrogen
bonding formed between the O of SLS and the H of PANI acts as
the driving force for the aggregation and fusion of 1D nano-
structures. It is worth noting that the emergence of pores is
a consequence of the disordered arrangement of nanobers.

To determine the mechanistic rationale of the dendrimer-
like superstructures, different PANI dendrites are displayed in
images of Fig. 6. The three TEM images show typical V (I)-, V (II)-,
and X-junctions of dendrites, as well as their corresponding inset
SEM images. One can readily nd that these dendrites are solid
and their straight branches have a high aspect ratio of 10–20 to
1, different from the reported tubular junctions obtained with
D-camphor-10-sulfonic acid,42 dendritic nanobers prepared in
a surfactant gel,43 and branched PANI nanobers by using
a solid-state mechanochemical route.44 As highlighted above,
the dendrites are solid attributed to the fact that SDS micelles
have a better solubilization in contrast with organic acid
micelles. As for the branches with a high aspect ratio, their
formation is supposed to be induced by lacking of steric
hindrance and reduction of hydrogen bonding. As SDS mole-
cules have no large groups like phenyl groups, the vanishing of
steric hindrance increases the contact opportunity of 1D
nanostructures, giving rise to their collision and combination.
Besides, the decrease of hydrogen bonding attributed to fewer
(II)-junctions, and (c) X-junctions, along with the corresponding SEM

J. Mater. Chem. A, 2017, 5, 14041–14052 | 14047
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oxygen atoms of SDS molecules avoids the stacking of 1D
nanostructures, signicantly improving their mobility. Under
the optimal interactions, PANI dendrites are fabricated. With
the reaction proceeding, the branches gradually grow and form
sharp tips.
3.3 Effect of surfactant dosage and pH value

PANI oen imparts a tolerance to novel morphologies by
employing different dosages of surfactants45 or different
concentrations of HCl solution,46 because of changing the
shape of surfactant micelles or the hydrophilicity of aniline
molecules. Therefore, it is promising to enrich PANI morphol-
ogies by varying these two factors in our system. As expected,
many fantastic morphologies are obtained, and some of them
are displayed in the SEM images of Fig. 7. For example, in
0.010 M HCl solution, when altering the surfactant dosage (0.10
and 0.30 g CTAB, 0.50 g CTAC, and 0.050 g SDS), PANI irregular
sheets (Fig. 7(a)), rhombic plates decorated with debris
(Fig. 7(b)), chunks (Fig. 7(c)), and nanorods (Fig. 7(d)) are
Fig. 7 PANI nanostructures of (a) irregular sheets, (b) rhombic plates deco
solution but respectively using 0.10 g CTAB, 0.30 g CTAB, 0.50 g CTAC
spheres obtained by respectively using 0.10 g CTAC and 0.10 g SDS in 0

14048 | J. Mater. Chem. A, 2017, 5, 14041–14052
separately acquired; when utilizing 0.10 g CTAC or 0.10 g SDS
but in 0.050 M HCl solution, PANI nanobelts (Fig. 7(e)) and
nanospheres (Fig. 7(f)) are gained. Using PANI nanorods and
nanospheres as examples, the effects of the dosage of surfac-
tants and the pH value on PANI growth are explicit. When the
dosage of SDS is reduced by half (0.050 g), the number of SDS
micelles is simultaneously greatly reduced, which in turn lowers
the contact probability of the micelles. As a result, the growth of
1D nanostructures is free from interference. Furthermore, due
to the competitive growth of both ends, each of the nanorods
has almost uniform diameter and no sharp tip appears. When
altering the pH value (0.050 M HCl solution), the concentration
of H+ is ve times as high as that of the original system, which
effectively increases the number of aniline cations that are
spontaneously formed through the electrostatic attraction
between aniline molecules and H+.47 In order to cater to the
enhanced hydrophilicity of aniline cations,48 SDS micelles have
to transform themselves into small shapes to capture the
aniline cations. Consequently, PANI nanospheres are formed.
rated with debris, (c) chunks, and (d) nanorods obtained in 0.010MHCl
, and 0.050 g SDS; PANI nanostructures of (e) nanobelts and (f) nano-
.050 M HCl solution.

This journal is © The Royal Society of Chemistry 2017
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3.4 Electrochemical characterization of MD PANI
nanostructures

The intrinsic features of PANI, for example doping and oxida-
tion levels, undoubtedly inuence its electrochemical perfor-
mances. Besides, the morphology and dimension can also be
key to the electrochemical behaviors of PANI. In order to
investigate the basic electrochemical performances of these MD
PANI nanostructures, rst of all, cyclic voltammetry (CV) curves
were obtained in a 1.0 M H2SO4 electrolyte. Fig. S4† exhibits
representative CV curves, in which, for comparison, all of them
are obtained in a certain potential range from �0.2 to 0.8 V.
Generally speaking, PANI has two redox processes, in other
words, the electron transfer from semiconducting leucoemer-
aldine to conducting emeraldine and faradaic transformation
from emeraldine to pernigraniline.49 Almost all the CV curves
show obvious redox peaks with the exception of that of PANI
rhombic plates (Fig. S4(d)† CTAB). The relatively poor electro-
chemical activity is a result of the micron-level size of rhombic
plates which prevents sufficient accessibility between plates and
the electrolyte. Only the utilization of the outer surface seriously
deteriorates the appearance of redox peaks. The other samples,
sole-like plates (Fig. S4(a)† no surfactants), spheres (Fig. S4(b)†
PVP), roses (Fig. S4(c)† PEG), layered owers (Fig. S4(e)† CTAC),
and columns (Fig. S4(f)† SDBS), display one redox transition C1/
A1 from leucoemeraldine to emeraldine at 0.199/0.128, 0.278/
0.134, 0.227/0.138, 0.203/0.172, and 0.217/0.152 V, respec-
tively. And the peaks of layered owers and the columns are
weak. The reason for only a pair of peaks is that these samples
have large sizes which don't favor the effective contact between
the samples and the electrolyte. However, for the blocks
(Fig. S4(g)† SLS) and the dendrites (Fig. S4(h)† SDS), apart from
peaks C1/A1 from leucoemeraldine to emeraldine at 0.176/0.114
and 0.203/0.172 V, the other peaks C2/A2 at 0.528/0.504 and
0.566/0.504 V can be separately, easily found, which is attrib-
uted to the faradaic transformation from emeraldine to perni-
graniline.50 The emergence of C2/A2 is caused by the
morphologies of the blocks and the dendrites. Because the
blocks are made up of PANI nanobrous networks and the
dendrites consist of branches with a diameter of 430–880 nm,
these nanostructures are more benecial for contact with the
electrolyte, resulting in better electrochemical activity.

The CV curves of MD PANI nanostructures are shown at
different scan rates ranging from 10 to 100 mV s�1 in Fig. S5.†
Even at a high scan rate of 100 mV s�1, the CV curves of all
samples maintain well-dened redox peaks with very small
polarization, which certify remarkable electrode kinetics and
high rate capability. The C1/A1 redox peaks are attributed to the
transformation between the leucoemeraldine and emeraldine
states of PANI, and the C2/A2 redox peaks correspond to the
redox couple of emeraldine–pernigraniline states.49

In order to investigate the internal resistance, charge trans-
fer kinetics, and ion diffusion process of these MD samples,
their electrochemical impedance spectra (EIS) were measured.
In Fig. S6,† the EIS data are analyzed by using Nyquist plots. For
PANI rhombic plates (Fig. S6(d)† CTAB), layered owers
(Fig. S6(e)† CTAC), and columns (Fig. S6(f)† SDBS), their plots
This journal is © The Royal Society of Chemistry 2017
compose of a semicircle in the high frequency region and
a straight line in the low frequency region (the semicircle can be
better observed from their corresponding inset images). These
two segments correspond to the charge transfer resistance (Rct)
and the equivalent series resistances (ESRs).51 The Rct of these
three samples, which originates from the radius of the high
frequency arc on the real axis, is 1.04, 3.39, and 3.13 U. Due to
the poor contact with the electrolyte, the semicircle of PANI
rhombic plates is larger than that of other samples, in agree-
ment with the worst CV curve. For the rest of the samples (sole-
like plates Fig. S6(a)† no surfactants), spheres (Fig. S6(b)† PVP),
roses (Fig. S6(c)† PEG), blocks (Fig. S6(g)† SLS), dendrites
(Fig. S6(h)† SDS), the plots do not show an apparent semicircle
owing to the extremely low interfacial Rct.52 The ESRs of all the
samples are successively 0.0020, 0.012, 0.020, 0.014, 0.015,
0.015, 0.015, and 0.016 U, meaning that all of them have high
conductivity. The value of sole-like plates is nearly one-tenth
that of the other samples, since the other samples are synthe-
sized in the presence of surfactants which have an adverse effect
on the electronic transportation. The sloped lines with vertical
part is indicative of an excellent capacitive behavior with fast
ion diffusion,53 which means that these samples have potential
application in supercapacitor electrodes and energy storage. On
the basis of CV and EIS, we can come to a conclusion that the
electrochemical behaviors of the prepared PANI samples are
closely determined by their morphologies and dimensions.

It is considered that the galvanostatic charge–discharge
(GCD) measurement is the most appropriate technique espe-
cially for supercapacitors. MD PANI nanostructures were further
veried by GCD tests performed in a potential window from 0.0
to 0.80 V at a current density of 2.0 A g�1. Fig. S7† exhibits the
GCD curves of MD PANI nanostructures. The specic capaci-
tance values (F g�1) are calculated according to the following
equation:54

Cs ¼ I � Dt

DV �m
(1)

where Cs (F g�1), I (A), Dt (s), DV (V), and m (g) denote the
specic capacitance, charge–discharge current, discharge
time, mass of active materials, and voltage interval of the
discharge process, respectively. The specic capacitance of MD
PANI nanostructures is 59 (sole-like plates, Fig. S7(a)† no
surfactants), 136 (spheres, Fig. S7(b)† PVP), 79 (roses,
Fig. S7(c)† PEG), 67 (rhombic plates, Fig. S7(d)† CTAB), 244
layered owers, Fig. S7(e)† CTAC), 192 (columns, Fig. S7(f)†
SDBS), 55 (blocks, Fig. S7(g)† SLS), 64 (dendrites (Fig. S7(h)†
SDS) F g�1, as shown in Fig. 8. As we know, the larger the
integrated area of the CV curve is, the stronger the capacitance
of the sample is.21 The obtained specic capacitance values are
in accordance with the above displayed CV curves. And these
values are not worse than that the PANI nanotubes,51 therefore,
these MD nanostructures are deemed to sever as additives,
carriers or skeletons for electrode material composites.

3.5 Electrochemical characterization of PANI layered owers

It is well known that, PANI in nanostructures can reduce the
diffusion route, enhance the active area, and improve the ion
J. Mater. Chem. A, 2017, 5, 14041–14052 | 14049
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Fig. 8 Specific capacitances of MD PANI nanostructures prepared in
the presence of different surfactants: (a) no surfactant, (b) PVP, (c) PEG,
(d) CTAB (0.50 g), (e) CTAC, (f) SDBS, (g) SLS, and (h) SDS at a current
density of 2.0 A g�1.
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kinetics, which are very necessary for the electron transport at
the electrolyte/electrode interface.51 In order to fully understand
the electrochemical characterization of MD PANI nano-
structures, PANI layered owers obtained in the presence of
CTAC as an example are presented. Fig. 9(a) exhibits the GCD
curves of layered owers at a current density ranging from 1.0 to
5.0 A g�1. The resultant curves display a straight line and
symmetric charge and discharge curves. For comparison, on the
basis of these discharge curves, the specic capacitance as
a function of the current density is summarized in Fig. 9(b). The
Fig. 9 Layered flowers prepared in the presence of CTAC: (a) GCD curve
and 5.0 A g�1, and energy density as a function of (c) power density and

14050 | J. Mater. Chem. A, 2017, 5, 14041–14052
specic capacitance is 272, 226, 148, and 92 F g�1 at different
current densities. It can be found that with increasing the
current density the specic capacitance of the sample
decreases. This result corresponds to the fact that high current
density keeps ions away from accessing the sheets within
layered owers, and therefore the transport of ions is limited
and only the outer surface can be used for the storage of
charge.49 There are some other conducting polymer based
electrodes in acidic electrolytes such as polypyrrole (PPy)55–57

and poly(3,4-ethylenedioxythiophene) (PEDOT).58,59 It is obvious
that the present PANI layered owers display competitive
specic capacitance, which is apparently ascribed to their
specic structure. Layered owers have spaces among different
sheets, which favors the entry and transmission of ions.

The energy density (E) and power density (P) of the capacitors
are calculated from the following equations:54

E ¼ 1

2
CsðDVÞ2 (2)

P ¼ E

t
(3)

where Cs is the specic capacitance in F g�1, DV is the potential
drop during discharge in V, E is the energy of the electrode in
W h kg�1, and t is the discharge time in h. The E as a function of
P and current density is exhibited in Fig. 9(c) and (d). The
decrease of E is seen with the increase of P and current density.
The E of PANI layered owers is in the range of 0.030–0.090 W h
kg�1. The curves show a tremendous energy drop at high power
density and current density, suggesting their relatively unstable
s at 1.0, 2.0, 3.0, and 5.0 A g�1, (b) specific capacitance at 1.0, 2.0, 3.0,
(d) current density.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Cycle stability of layered flowers obtained in the presence of
CTAC for 1500 cycles at 3.0 A g�1.
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rate performance.60 The power density is related to the kinetic
reaction between the sample and electrolyte, which arises from
the sheets of layered owers that permit a fast diffusion of the
electrolyte to reach the active areas and provide a short distance
to accelerate the reaction.

The long-term stability of the electrode materials is a very
crucial element in determining supercapacitor electrodes for
practical applications. The cycling stability of PANI layered
owers is shown at 3.0 A g�1 for 1500 cycle numbers in Fig. 10. It
can be seen that the retention ratio of layered owers decreases
sharply in the rst 500 cycles (67% retention) and then followed
by a slight decrease (50% retention). There are three possible
causes for the capacitance decrease: (1) dissolution of PANI into
the 1.0 MH2SO4 electrolyte; (2) mechanical expansion under the
effect of harsh and frequent ion insertion; (3) delamination of
layered owers from the glassy carbon electrode.52 Compared to
the PANI nanotubes,51 PANI layered owers have comparative
electrochemical stability. The reason is that PANI layered
owers have space between different sheets which allows them
to reduce damage during a long-term charge–discharge process.
Therefore, layered owers have potential as supercapacitor
electrode materials for long cycle lifetimes.
4 Conclusions

Powerful control of PANI morphologies and dimensions in
a low acid environment was realized by the addition of surfac-
tants to a static reaction system at room temperature. In
0.010 M HCl solution, MD PANI nanostructures including
spheres, roses, cloud-like and rhombic plates, layered owers,
columns, blocks, and dendrites were prepared by respectively
using PVP, PEG, CTAB, CTAC, SDBS, SLS, and SDS. The syner-
gistic effect of the so templates and the self-assembly process
was regarded as the driving force for the production of these
morphologies. The capacitance of these MD nanostructures is
researched and described, and PANI layered owers possessed
the highest specic capacitance of 272 F g�1 at the current
density of 1.0 A g�1. The effects of surfactant dosage and HCl
concentration on the PANI morphologies were also thoroughly
investigated, and irregular sheets, rhombic plates decorated
This journal is © The Royal Society of Chemistry 2017
with debris, chunks, nanorods, nanobelts, and nanospheres
were prepared in specic systems. The ease of fabrication, with
the combination of good appearance, uniform dimension and
electrochemical properties, shows the promising potential of
these MD PANI nanostructures for multifunctional applications
in supercapacitor electrodes,61 energy storage units,62 and
electromagnetic interference (EMI) shielding63 and sensing.64–67
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