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Abstract Sulfonated carbon nanotubes (sCNTs) were pre-
pared by reacting concentrated sulfuric acid with carbon nano-
tubes (CNTs) on the defect sites. Fourier transform infrared
(FTIR) spectroscopy and transmission electron microscopy
(TEM) were used to characterize the morphology and struc-
ture of sCNTs, respectively. Subsequently, polyaniline
(PANI)/nickel hexacyanoferrate (NIHCF)/sCNT interconnect-
ed composite films were electrodeposited on the platinum
electrode by the one-step co-polymerization using cyclic volt-
ammetry in an aqueous dispersion containing sCNTs. The
effect of concentration of NiSO4 and K3Fe(CN)g in the pre-
pared solution on the morphology and structure of
PANI/NiHCF/sCNTs composite films was studied by scan-
ning electron microscopy (SEM), FTIR spectroscopy, and
X-ray diffraction (XRD), respectively. The effect of concen-
tration of NiSO,4 and K5Fe(CN)g in the prepared solution on
polymerization and electrochemical performance was investi-
gated by cyclic voltammetry (CV), galvanostatic charge/
discharge tests, and electrochemical impedance spectroscopy
(EIS). One-step electrodeposition mechanism was discussed
deeply. It was found that sulfonic acid groups had been at-
tached to surface of CNTs, and sCNTs had higher
dispersibility than CNTs in an aqueous dispersion. The mor-
phology of PANI/NiHCF/sCNTs interconnected composite
films was remarkably influenced by the concentration of
NiSO,4 and K3Fe(CN)g. The tubular packing structure ap-
peared with the low concentration of NiSO, and K3Fe(CN)g
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in prepared solution, while the beautiful coral-like intercon-
nected structure exhibited with 0.04 mol L™ NiSO, and
0.04 mol L™ K3Fe(CN)s, which was mainly attributed to
the —7t* electron stacking effect among sCNTs, NiHCF,
and PANI. The specific capacitance and electroactivity of
PANI/NiHCF/sCNTs composite films increased markedly
with the increase of concentration of NiSO4 and K3Fe(CN)g
in prepared solution. The specific capacitance of
PANI/NiHCF/sCNTs composite film was 430.77 F g ' with
0.04 mol L™ NiSO, and 0.04 mol L' K5Fe(CN)g due to self-
doping effect of SCNT in composite films. The cycle stability
of PANI/NiHCF/sCNTs composite films was enhanced with
the increase of NiSO,4 and K5;Fe(CN)g in prepared solution.

Keywords Carbon nanotubes - Polyaniline - Composite
films - One-step electrodeposition - Supercapacitive
performance

Introduction

Supercapacitor is thought as one of potential storage energy
device due to its wide range of potential applications, such as
hybrid power sources for electric vehicles, digital telecommu-
nication systems, and pulse laser technique, especially for
environment-friendly car [1-4]. They possess higher power
density, longer cycle life and higher energy density than sec-
ondary batteries. According to the mechanism of energy stor-
age, supercapacitor can be divided into two types [5]: the
electrochemical double-layer capacitor [6] can store energy
through the separation of electronic and ionic charges at the
interface between electrode and electrolyte solution; the other
is pseudocapacitor [7], which has Faradic reactions on the
electrode as a result of redox reaction of electroactive mate-
rials. The electrode materials of supercapacitors are mainly
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made from high-surface carbons, transition metal oxides, and
conducting polymers [8].

Carbon materials present electric double-layer capacitor
mainly derived from positive and negative charge accumula-
tion on the electrode surface, which has smaller distance and
larger specific area than conventional capacitor [9]. However,
the energy density of carbon materials was low in comparison
with pseudocapacitor. The energy density of pseudocapacitor
made from conducting polymers and transition metal ox-
ides is 10—100 times as high as that of electric double-layer
capacitor, but this kind of electrode materials possesses
low conductivity and cyclic life [10]. In order to enhance
the electrochemical properties and create synergistic effect
by combining the advantages of electric double-layer ca-
pacitor with faradaic pseudocapacitor [11], carbon/
conducting polymers/transition metal oxide composite ma-
terials have been paid much attention [12].

Polyaniline (PANI) is a popular candidate for practical ap-
plications in supercapacitors due to its good processability,
environmental stability, low cost, and reversible control of
electrical properties by both charge-transfer doping and pro-
tonation [13, 14]. Carbon nanotubes (CNTs) have been
regarded as excellent filler for polymer in improving the elec-
tric conductivity as well as the mechanical properties for ap-
plication in supercapacitors [15, 16]. Nickel hexacyanoferrate
(NiHCF) is an inorganic coordination compound with an
open, zeolite-like structure and redox-active Fe(II/IIT) centers
bound to Ni(Il) cations via cyanide bridges, which possesses
high supercapacitive performances and cycling stability
[17, 18]. PANI composites with CNTs and NiHCF have
been received much more attention of researchers due to
high electrocatalytic, ion-exchange, and supercapacitive
properties. Also, it has been demonstrated that the obtain-
ed composites possess the properties of each of the con-
stituents with a synergistic effect.

Many groups had contributed to preparation of
PANI/NiHCF/CNTs composite films and achieved the out-
standing results. Lin et al. [19] synthesized the
PANI/NiHCF/CNTs composite films by step-by-step electro-
deposition on glassy carbon electrodes with CNTs. It was
found that the nanocomposite films had good ion exchange
capacity, high stability, and selectivity for caesium ions. Our
group [20-22] also synthesized PANI/NiHCF/CNTs compos-
ite films on platinum substrates with CNTs using cyclic volt-
ammetry and pulse potentiostatic method. The specific capac-
itance of composite films was 262.28 F g ' with a specific
energy of 29.51 Wh kg™ at a current density of 2 mA cm 2.
The sensitivity of composites films for hydrogen peroxide
detection is 3119 mA M ' ¢cm 2, and the detection concentra-
tion range is from 1.25x107° to 2.95x 10> M. The results
showed that composites films have outstanding power perfor-
mance, fast dynamics of charge transport, electrocatalytic
property, and were excellent materials for use in
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supercapacitors and biosensors. However, the electrodeposi-
tion method of PANI/NiHCF/CNTs composite films was very
complex, in which CNTs need to be coated on working elec-
trode before electrodeposition. Also, CNTs could not be dis-
persed in the matrix uniformly due to insolubility, poor
dispersibility, and bad compatibility, so CNTs had not signif-
icant effects to improve the electrochemical properties of com-
posite films. To our knowledge, few reports have been
discussed in the literature about PANI/NiHCF/sulfonated car-
bon nanotubes (sCNTs) composite films, which were electro-
deposited in the three homogeneous compositions by one step
directly.

The goal of our work is to make CNTs dispersed in
PANI/NiHCF/CNTs composite films uniformly and achieve
high supercapacitive properties. PANI/NiHCF/sCNTs com-
posite films were deposited on the platinum electrode by
one-step co-polymerization using cyclic voltammetry in the
solution of sSCNTs, NiSOy4, K;Fe(CN)g, and aniline. The effect
of concentration of NiSO,4 and K3Fe(CN)e on the polymeriza-
tion, morphology, structure, and electrochemical performance
of PANI/NiHCF/sCNTs composite films was investigated by
cyclic voltammetry (CV), scanning electron microscopy
(SEM), Fourier transform infrared (FTIR) spectroscopy, X-
ray diffraction (XRD), galvanostatic charge/discharge tests,
and electrochemical impedance spectroscopy (EIS), respec-
tively. One-step co-polymerization mechanism was discussed
in detail.

Experimental
Materials

Carbon nanotubes (CNTs) were obtained from Institute Pro-
cess of Engineering, Chinese Academy of Science (Beijing,
China). Aniline, nitric acid (70 wt.%) and sulfuric acid (98
wt.%) were supplied by Shanghai Chemical Reagent Co.
(Shanghai, China). Aniline was distilled under vacuum prior
to use and stored under high purified nitrogen, and other re-
agents were used as received without further treatment.

Preparation of sCNTs

Sulfonated carbon nanotubes with a high density of sulfonic
acid groups were prepared by reacting sulfuric acid with car-
bon nanotubes on the defect sites. The typical procedures of
sulfonation modification to CNTs was as follows [23-25]: 5 g
of CNTs were suspended by a mixture of concentrated sulfuric
acid (120 ml, 98 wt.%) and nitric acid (40 ml, 70 wt.%) solu-
tion and then ultrasonicated for a period of 2 h. The suspen-
sion was reacted in reflux condensers at 134 °C for 1 h, and
then was cooled to room temperature. Subsequently, the
resulting suspension was filtered, washed thoroughly with
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deionized water for several times until no residual acid was
present (pH >6). Finally, the filter sample was dried in a vac-
uum oven at 60 °C. The sample was abbreviated as SCNTs.

Electrode pretreatment

Platinum sheets (effective surface area, 0.5 cm?) were
polished carefully with alumina powder on a soft polishing
cloth. Prior to the electrodeposition, they were treated with
cyclic scanning in the potential range of —0.675 to 1.675 V
ata scan rate of 100 mV s ! for 50 times in 1.0 mol L' H,SO,
solution until the cyclic voltammogram characteristic for a
clean platinum electrode was obtained, followed by rinsing
thoroughly with deionized water, and then drying in a vacuum
oven.

Electrodeposition of PANI/NiHCF/sCNTs composite films

The electrochemical synthesis of PANI/NiHCF/sCNT com-
posite films was carried out in a three-electrode system (plat-
inum sheets electrode as working electrode, platinum wire as
counter electrode, and standard saturated calomel electrode as
reference electrode) with VMP3 electrochemical workstation
(Princeton, USA) controlled with EC-Lab software at room
temperature. Thirty milligrams of sCNTs was suspended by
the solution of 0.5 mol L™" H,SO4; 0.25 mol L™ Na,SOy;
0.005, 0.01, 0.02, and 0.04 mol L™ NiSO,; 0.005, 0.01,
0.02, and 0.04 mol L' K5Fe(CN)g; and 0.01 mol L™ aniline,
respectively. The electrochemical deposition experiments
were carried out in the fresh suspension under quiescent con-
ditions by CV method. The PANI/NiHCF/sCNT composite
films were also fabricated by cycling the potential from —0.2
to 0.85 Vat 0.05 V s ' for 30 cycles. The composite films
were washing with deionized water for several times until the
films became acid free, and finally dried in vacuum oven at
60 °C for 12 h.

Characterization

The morphology of sCNTs was characterized by transmission
electron microscopy (TEM, JEOL JEM-2010). The morphol-
ogy of PANI/NiHCF/sCNTs composite films was investigated
by scanning electron microscopy (SEM, JEOL JSM-6700F).
FTIR spectroscopic measurements of the samples were re-
corded on a Japanese SHIMADZU FTIR-8400 spectropho-
tometer. The scanning wavenumber range of the experiment
was 500-4000 cm ' on transmittance mode with 30 scans at a
resolution of 8.0 cm™'. For each sample, three scans were
taken to identify the peaks. The XRD spectra of composite
films were taken in 5°-60° range at a scan rate of 8° min '
using a Rigaku Miniflex II diffractometer (Japan) employing
Cu-K, radiation, operating at 30 kV and 15 mA.

Electrochemical performance of composite films was per-
formed by cyclic voltammeter (CV) from —0.2 to 0.85 V in
0.5 mol L' H,SO,4 and 0.5 mol L™! KNO; mixed solution.
EIS was carried out with frequencies varying from 100 kHz to
0.1 Hz, using AC amplitude of 10 mV at open circuit poten-
tials. Charge/discharge cycle tests were performed at different
constant current densities, with cutoff voltage of 0 to 0.7 V. All
electrochemical experiments were carried out with a conven-
tional three-electrode system using VMP3 electrochemical
workstation (Princeton, USA). The composite films were used
as the working electrode. Platinum wire and standard saturat-
ed calomel electrode (SCE) were used as the counter electrode
and the reference electrode, respectively. The mass of com-
posite films was measured by a CPA225D electronic balance
with a precision of +0.01 mg (Sartorius, Germany).

Results and discussion
Structural characterization of SCNTs

Figure 1 shows the FTIR spectra of sCNTs and pristine CNTs,
respectively. As shown in Fig. 1, the absorption peaks at
3442 cm ! are assigned to —OH stretching vibration. The ab-
sorption peak at 1630 cm ! is attributed to the C=C stretching
vibration [26]. The absorption peak at 1374 cm ' is
corresponded to stretching vibration of the C—O—C, and the
band at 1074 cm™ ' is assigned to stretching vibration of the C—
O [27]. The peak at 595 cm™ " is attributed to the deformation
of C-H out of plane of aromatic ring. Compared to the pristine
CNTs, some new absorption peaks appeared in the FTIR spec-
tra of SCNTs. The strong band at 1720 cm™' and the weak
bands at 1460 and 1220 cm ' are attributed to the stretching
modes of sulfate groups [28, 29], which indicates the exis-
tence of the —SO3H groups after sulfonation reaction. The
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Fig. 1 FTIR spectra of sSCNTs and pristine CNTs
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intensity of absorption peak at 3442 cm ! corresponding to —
OH stretching vibration became strong after sulfonation reac-
tion. It further illustrated that CNTs was sulfonated success-
fully by concentrated sulfuric acid and obtained SCNTs. In the
surface treatment process, the sulfate groups of concentrated
sulfuric acid reacted with the unstable carbon atoms on the
defect sites to generate —SOs;H groups on the surface of CNTs
[30]. Figure 2 shows the TEM image of sulfonated CNTs. It
could be observed that CNTs exhibited the homogeneous net-
work structure. The string of CNTs had same diameter. The
silk-like CNTs arranged together regularly, but they did not
appear entanglement. It indicated that CNTs did not present
self-aggregation due to the introduction of the hydrophilic —
SOsH groups onto surface of CNTs, and the sCNTs had more
solubility than pristine CNTs as a result of the increase of
surface polarity of CNTs.

Fabrication of PANI/NiHCF/sCNTs composite films

Figure 3 shows the cyclic voltammograms of PANI/NiHCF/
sCNTs composite films during the electrodeposition at differ-
ent concentration of NiSO,4 and K3Fe(CN)g. As shown in
Fig. 3a, b, three pairs of redox characteristic peaks were ob-
tained during the potential cycling scan. The first pair of peaks
(around 0.24 and —0.004 V vs. SCE) is attributed to the redox
reaction of PANI, namely to the reversible oxidation of
leucoemarldine to emeraldine form. The second pair of peaks
(around 0.44 and 0.27 V vs. SCE) is assigned to the redox
reaction of NiHCF as the result of the change between Fe*" to
Fe** alternately. The third pair of peaks (around 0.74 and
0.59 V vs. SCE) is ascribed to the transformation from
emeraldine to fully oxidized states for PANI. The peak current
increased with the increase of the potential cycles apparently.
As shown in Fig. 3c, d, only a pair of redox characteristic
peaks existed during the electrodeposition. It is attributed

Fig.2 TEM of sCNTs

@ Springer

to the redox reaction of NiHCF, because electrodeposition of
NiHCF played an important role with the increase of the con-
centration of NiSO,4 and K3Fe(CN)g in the solution, whereas
the electrodeposition of PANI decreased. In addition, it could
be observed that the peak current of composite films increased
with the increase of concentration of NiSO4 and K3Fe(CN)g in
the prepared solution and the peak position shifted to positive.
That demonstrated that the thickness of composite films in-
creased linearly and the films had high electroactivity with
increasing concentration of NiSO4 and K3Fe(CN)g. This was
because that the increase of electrodeposition amounts of
NiHCEF resulted in the increase of electrostatic attraction
among the negatively charged metal hexacyanoferrate, nega-
tively charged sCNTs and positively charge polyaniline (par-
tially oxidized), leading to robust composite films. In addition,
the degree of electron delocalization was accelerated by the
7t—7t* electron interaction, which facilitated formation of elec-
tron transfer composites and improved conductivity [31].

Morphology of PANI/NiHCF/sCNT composite films

Figure 4 shows SEM images of PANI/NiHCF/sCNT compos-
ite films grown from various concentration of NiSO,4 and
K3Fe(CN)g in prepared solution. Distinct film structures were
obtained as a result of the change of concentration of NiSO,4
and K3Fe(CN)g. As shown in Fig. 4a, the packing structure of
short nanotubes with the diameter in the range from 0.23 to
0.30 um was obtained in the prepared solution, which in-
volved in 0.005 mol L™! NiSO, and 0.005 mol L}
K53Fe(CN)g, respectively. As presented in Fig. 4b, the short
nanotubes changed into microparticles with the diameter in
range from 0.30 to 0.40 um with the concentration of
0.01 mol L' NiSO, and 0.01 mol L™! K3Fe(CN)s. As shown
in Fig. 4c, when the concentration of NiSO4 and K;Fe(CN)g
increased to 0.02 mol L' NiSO4 and 0.02 mol L!
K3Fe(CN)g, respectively, the composite films formed the cu-
bic particle structure, which were packed together, and the
diameter of cubic particle was about 0.4-0.50 wm. As present-
ed in Fig. 4d, the beautiful coral-like structure appeared as the
concentration increased to 0.04 mol L™! NiSO, and
0.04 mol L' K5Fe(CN)s, respectively, and the diameter of
cubic particle in the coral-like structure was about 0.55—
0.60 pm. It was noteworthy that the size of microparticles
increased with the increase of concentration of NiSO,4 and
K5Fe(CN)g. This indicated that electrodeposition rate of
PANI/NiHCF/sCNT composite films increased and thickness
increased obviously with the increase of concentration of so-
lutions. The reason was that sCNTs in solution not only sup-
plied high surface area and facilitated the charge transfer but
also donated a large amount of proton to aniline polymeriza-
tion and doping reaction to form more charge transfer com-
posites. Therefore, the thickness and size of PANI/NiHCF/
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Fig. 3 The cyclic voltammograms of PANI/NiHCF/sCNT composite

films’ electrodeposition on platinum electrode in the solution of sCNTs,
NiSOy, Na,S04, K3Fe(CN)g, and aniline at different concentration of

sCNT composite films increased with the increase of concen-
tration of NiSO4 and K3Fe(CN)g.

Figure 5 depicts the electrodeposition mechanism of
PANI/NiHCF/sCNT composite films. A mixture of sCNTs,
NiSOy4, Na,SO4, K3Fe(CN)g, and aniline formed stable aque-
ous dispersion as a result of introducing —SOsH groups on the
surface of sCNTs, which obtained good hydrophilicity. As
shown in Fig. 5a, when the positive potential was applied
during the initial cyclic voltametric scans, the negatively
charged sCNTs were absorbed on the working electrode. A
large amount of aniline molecules was adsorbed on the surface
of sSCNTs due to the —7t* electron interaction between aniline
monomers and CNTs and hydrogen bonding interaction be-
tween the amino groups of aniline monomers and the —SO;H
groups of sSCNTs [31-33]. Aniline monomers were polymer-
ized to form oligomer and then formed long chain macromol-
ecule on the surface of SCNTs and gaps between sCNTs, when
the positive potential increased generally. The interconnected
structure of PANI and sCNTs was formed, where PANI films
coated on the surface of SCNTs and PANI molecular chains
connected with sCNTs. Meanwhile, a large quantity of the
negatively charged Fe(CN)¢>~ was adsorbed on surface of
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NiSO,4 and K3Fe(CN)g. The concentration of NiSO4 and K3Fe(CN)g in

the solution was as follows: a 0.005 mol L', b 0.01 mol L™, ¢
0.02 mol L ™!, and d 0.04 mol L™". Scan rate 50 mV s~

PANI coating sCNTs and PANI molecular chains in gaps be-
tween sCNTs due to the electrostatic attraction of the positive-
ly charged interconnected structure films and emeraldine state.
As shown in Fig. 5b, when the negative potential was applied
on the electrode, the Fe(CN)s>~ was reduced to Fe(CN)¢*~ and
instantaneously reacted with Ni** to yield NiHCF deposited
on the surface of PANI coating sCNTs and PANI molecular
chains, and then the cubic PANI/NiHCF microparticles were
formed and piled on the PANI and sCNTs. More and more
cubic PANI/NiHCF microparticles were distributed on the
surface of electrode with increasing negative potential. There-
fore, the cubic packing structure of PANI/NiHCF/sCNTs com-
posite films was obtained with so many times cyclic
voltammeric scans, which was agreement with the results of
SEM image. Kulesza et al. [34] also reported that the
PANI/NiHCF composite films were not a simple mixture of
NiHCF and PANI as a result of the existence of electrostatic
attraction between the negatively charged metal
hexacyanoferrate and the positively charge polyaniline (par-
tially oxidized). During electrodeposition by potential cycling
scans alternate layers of PANI and NiHCF were produced. In
our study, sulfonated carbon nanotubes are anionic, which
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Fig. 4 SEM images of PANI/NiHCF/sCNT composite films grown on
platinum substrate from various concentration of NiSO,4 and K3Fe(CN)g
in the prepared solutions. The concentration of NiSO4 and K3Fe(CN)g in

have the electrostatic attraction with positively charge PANI
and could be absorbed on surface of electrode during positive
potential scans.

Structural characterization of PANI/NiHCF/sCNT
composite films

FTIR spectra

Figure 6 shows the FTIR spectra of PANI/NiHCF/sCNT com-
posite films prepared from different concentration of NiSO,
and K3Fe(CN)s. As shown in Fig. 6, the peaks at 3407 cm !
are attributed to the NH stretching vibration in polyaniline.
The absorption peaks at 2140 cm ™' are assigned to the CN
stretching vibration in the Fe*'-CN—Fe’" of NiHCF. Com-
pared with the peaks at 2090 cm ' in NiHCF [35], there was
a blue shift of the absorption of -CN— stretching vibrations,
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the solution was as follows: a 0.005 mol L', b 0.01 mol L', ¢
0.02 mol L™", and d 0.04 mol L™

indicating the existence of electrostatic attraction among
PANI, NiHCF, and sCNTs. The bands at 1693 cm™ ' are due
to the C=C stretching vibration of benzene rings, while the
absorption peaks at 1492 cm™ ' are attributed to the C=C
stretching vibration of the nitrogen quinine [36], and the peaks
at 1292 and 1143 cm ™' are assigned to asymmetric and sym-
metric stretching of —SO3;H groups, which had slight increase
in comparison with the absorption at 1460 and 1220 cm ' in
sCNTs, indicating a red shift of the absorption of —SO;H
groups occurred. This also demonstrated that the electrostatic
attraction taken place during electrodeposition [26]. The
bands at 994 cm™' are assigned to SO4>~ doped PANI [37].
The intensity of peaks at 2140 cm ™' increased with increasing
concentration of NiSO4 and K3Fe(CN)g, while the intensity of
peaks at 3407 cm ™' decreased. This revealed that the amount
of NiHCF deposited in composite films increased with in-
crease of concentration of NiSO4 and K3;Fe(CN)g, but the
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Fig. 5 Schematic illustration of
the formation mechanism of
PANI/NiHCF/sCNT composite
films
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Fig. 6 FTIR spectra of PANI/NiIHCF/sCNT composite films prepared
from different concentration of NiSO4 and K;3Fe(CN)g. The
concentration of NiSO4 and K3Fe(CN)g in the solution was as follows:
a,0.005 mol L™'; 5,0.01 mol L™'; ¢, 0.02 mol L™'; and  0.04 mol L'
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amount of PANI deposited decreased. Based on FTIR results,
PANIL, NiHCF, and sCNTs were deposited on the platinum
electrode by potential cycling alternate and the electrostatic
attraction existed among PANI, NiHCF, and sCNTs.

XRD analysis

Figure 7 shows XRD patterns of PANI/NiHCF/sCNT com-
posite films prepared from different concentration of NiSOy4
and K;Fe(CN)g. As shown in Fig. 7, the crystalline peaks
appear at 20=25.6° and 29.7°, corresponding to the (200)
and (022) crystal planes of PANI in its emeraldine salt form
[38], respectively. The peaks around 40° are attributed to the
(100) graphitic planes inside the walls of the sSCNTs [39]. The
peaks around 43.5° and 46.5° are due to the (422) and (200)
crystal planes of nickel and platinum [40, 41], respectively. As
an increase of concentration of NiSO,4 and K3Fe(CN)g, the
intensity of characteristic bands of PANI decreased, while
intensity of characteristic peaks of nickel increased. This dem-
onstrated that PANI, NiHCF, and sCNTs are electrodeposited
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Fig. 7 Typical XRD patterns of PANI/NiHCF/sCNT composite films
prepared from different concentration of NiSO4 and K3;Fe(CN)s. The
concentration of NiSO4 and K3Fe(CN)g in the solution was as follows:
a,0.005mol L™"; b, 0.0l mol L% ¢,0.02mol L™ 4, 0.04 mol L'

on the platinum electrode by the one-step co-polymerization
using cyclic voltammetry.

Electrochemical characterization
Electroactivity

Figure 8 shows the voltammetric responses of PANI/NiHCF/
SsCNT composite films recorded in 0.5 mol L' H,SO, and
0.5 mol L™' KNO; mixed solution. Composite films were pre-
pared in solutions, which contained various concentration of
NiSO,4 and K3Fe(CN)g, namely 0.005, 0.01, 0.02, and
0.04 mol L', respectively. As shown in Fig. 8, the general
features of composite films cyclic voltammetric peaks were

90

——0.005mol L

60 b——0.01 mo1 L™!
——002mol L
30 F——0.04 mol L™!

-2

Current density / mA cm
[}
1

1 1 1 1 1 1

-0.2 0.0 0.2 0.4 0.6 0.8

Potential / V(vs. SCE)

Fig. 8 The voltammetric responses of PANI/NiHCF/sCNT composite
films prepared from different concentration of NiSO,4 and K;3Fe(CN)g
recorded in 0.5 mol L™ H,SO, and 0.5 mol L™! KNO; mixed solution.
Scan rate 50 mV s~ !
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agreement with previous report for PANI/NiHCF electrodes
and have been discussed in detail [20-22, 42]. The anodic and
cathodic redox peaks (ca. 0.20 and —0.005 V vs. SCE) are
attributed to transformation from leucoemeraldine to
emeraldine for PANI. The characteristic peaks (ca. 0.78 and
0.6 V vs. SCE) are assigned to transformation from
emeraldine to pernigraniline. The peaks at ca. 0.45 and
0.29 V vs. SCE are due to redox state of NiHCF, which can
absorb and release potassium cations during cycle potential
[43], respectively. It was seen from Fig. 8 that peak current
increased with the increase of concentration of NiSO, and
K3Fe(CN)g in the solution. Furthermore, the anodic and ca-
thodic redox peaks shifted toward positive and negative, re-
spectively. The results implied that composite films became
highly robust and electroactive, which were prepared in high
concentration. In addition, it can be demonstrated that
PANI/NiHCF/sCNT composite films have the good
pseudocapacitance characteristics except for double-layer ca-
pacitance performance originated from sCNTs.

EIS analysis

Figure 9 shows the EIS spectra of PANI/NiHCF/sCNT com-
posite films prepared by different concentration of NiSO,4 and
K;Fe(CN)g recorded in 0.5 mol L™ H,SO,4 and 0.5 mol Lt
KNO; mixed solution. It can be seen that EIS spectra are
almost similar, which include a distorted semicircle in the
high-frequency region due to instinct characteristic of the elec-
trode and a linear part at the low frequency end due to a
diffusion-controlled doping and undoping of anions that re-
sults from Warburg behavior [44]. The diameter of semicircle
is equal to the electron transfer resistance (R.), which controls
the electron transfer kinetics of the redox process at the elec-
trode interface. R, of composite films decreased with the in-
crease of concentration of NiSO4 and K3Fe(CN)g. As shown
in Fig. 9a, the R, was estimated to be about 360 and 223 €2,
when concentration of NiSO,4 and K;Fe(CN)g was 0.005 and
0.01 mol L™, respectively. As shown in Fig. 9b, after concen-
tration of NiSO,4 and K3Fe(CN)g increased to 0.02 and
0.04 mol L™, respectively, the R, decreases dramatically to
about 9.9 and 5.9 (2. This implied that more and more the large
size of microparticles were distributed in PANI matrix and
absorbed on surface of CNTs with increasing concentration
of NiSO,4 and K5Fe(CN)g, the distance between NiHCF redox
sites was reduced in the PANI matrix so that charge and elec-
tron were easy to be fast transferred in the interconnected
network structure.

Galvanostatic charge/discharge characteristics
Figure 10 shows constant current charging/discharging curves

of PANI/NiHCF/sCNT composite films prepared by different
concentration of NiSO4 and K5Fe(CN)g recorded in 1 mol L™
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to the internal resistance of the composites films. But, this did
not affect supercapacitive and energy storage properties [45].
The discharging course of composite films electrode was not
ideal straight line and exhibits two voltage stages in the po-
tential ranges 0f 0.70 to 0.40 Vand 0.40 to 0 V (vs. SCE). The
first stage was only contributed by ions separation in the elec-
tric double-layer region at both electrode interfaces [45],
whereas the second stage was attributed to the combination
of electric double-layer capacitance of sCNTs and
pseudocapacitance of PANI and NiHCF [38]. On the basis
of the galvanostatic charge/discharge curves, the specific
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Fig. 12 Variation of the specific capacitance of PANI/NiHCF/sCNT
composite films prepared from different concentration of NiSO4 and
K;3Fe(CN)g as a function of cycle number measured at a current density
of 2 mA cm 2
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capacitance of PANI/NiHCF/sCNT composite films was cal-
culated according to the following formula [46]:

JPAY;
T mAV (1)

where C is the specific capacitance, A¢ is discharged time, m is
the mass of the electrochemical materials on the current col-
lector, AVis voltage range, and [ is the charge/discharge cur-
rent. Figure 11 shows the specific capacitance of
PANI/NiHCF/sCNT composite films prepared by different
concentration of NiSO, and K;Fe(CN)g. The specific capaci-
tance of composite films increased linearly with increasing
concentration of NiSO,4 and K5Fe(CN)e, and the highest spe-
cific capacitance of PANI/NiHCF/sCNT composite film being
prepared in solution containing 0.04 mol L' NiSO, and
0.04 mol L™" K5Fe(CN)s was 430.77 F g '. This indicated
that the capacitance performance was improved by synergistic
effect of SCNTs and PANI. The reason was that sCNTs and
NiHCF interacted strongly with the PANI via 7—7t* electron
stacking, which may facilitate more charge transfer and in-
creased electron delocalization degree of the composites
[31]. On the other hand, PANI could form the interconnected
packing structure via NiHCF connection, which could transfer
proton from one PANI phase to another PANI. As a result, the
more concentration of NiSOy4 and K3Fe(CN)g was, the higher
capacitance performance was obtained. It was surprised that
specific capacitance of composite films decreased sharply,
when the concentration of NiSO4 and K3Fe(CN)g was more
than 0.04 mol L' K3Fe(CN),. This demonstrated that too
much NiHCF were formed, resulting in stability decrease of
the composite films. Furthermore, it was not beneficial to
synergetic effect of composite films.

Cycle stability

Figure 12 shows the charge/discharge stability of
PANI/NiHCF/sCNT composite films prepared from different
concentration of NiSO, and K3Fe(CN)g in 1 mol L' KNO;
electrolyte at a current density of 2 mA cm ~ in the range of 0—
0.7 V. As shown in Fig. 12, the capacitance retention of the
composite films decreased with the cycle, whereas the capac-
itance retention obviously increased with the increase of con-
centration of NiSO,4 and K5Fe(CN)g during 1000 cycles
charge/discharge. When the concentration of NiSO,4 and
K3Fe(CN)g was 0.005, 0.01, 0.02, and 0.04 mol L, the re-
tention of the composite films was 69.43, 70.46, 72.57, and
74.33 % after 1000 cycles, respectively. These results revealed
that the more NiHCF were produced, the more cycle stability
of composite films was. The enhanced cycle stability of the
composite films was attributed to existence of a large sum of —
SOsH groups in sSCNTs, which can function as a large molec-
ular dopant which was integrated and essentially locked to the

@ Springer

PANI chains that ensured stability of the desired electrochem-
ical properties. This prevented PANI molecular chains from
swelling and shrinking during the long-term charge/discharge
process. On the other hand, as the increase of the concentra-
tion of NiSO4 and K3Fe(CN)g, more and more electron trans-
fer composites with high stability were formed due to strong
electrostatic interaction among sCNTs, PANI, and NiHCF.

Conclusions

PANI/NiHCF/sCNT interconnected composite films was fab-
ricated successfully by the one step co-polymerization using
cyclic voltammetry in the solution of sSCNTs, NiSOy4, Na,SOy,
K3Fe(CN)g, and aniline. The morphology, constant current
charging/discharging, and electrochemical impedance of com-
posite films were influenced by the concentration of NiSOy4
and K5Fe(CN)g when other condition did not change. The
sCNTs had uniform dispersibility due to the presence of sul-
fonic acid groups, which can supply the proton for PANI to
perform doping/undoping reaction. With increasing concen-
tration of NiSO4 and K;Fe(CN)g, morphology of
PANI/NiHCF/sCNTs composite film changed from the short
nanotubes to microparticle and coral-like structure as a result
of the —7mt* electron, and hydrogen bonding interaction
among sCNTs, NiHCF, and PANI. The supercapacitive per-
formance increased with the increase of concentration of
NiSO,4 and K3Fe(CN)e. The electron transfer resistance re-
duced to 5.9 €2 from 360 €2, and specific capacitance increased
t0 430.77 F g ! from 25 F g, when concentration of NiSOy4
and K3Fe(CN)g changed from 0.005 mol L™" to 0.04 mol L™".
The cycle stability of the composite films increased with the
increase of concentration of NiSO,4 and K;Fe(CN)g, which
was ascribed to existence of a large sum of —SO;H groups in
sCNTs and strong electrostatic interaction sSCNTs, PANI, and
NiHCF.
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