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ABSTRACT: A conceptually new approach to the fabrication of
polypyrrole (PPy)-coated multiwalled carbon nanotubes (MWCNT)
for application in electrodes of electrochemical supercapacitors (ES) is
proposed. Cetrimonium persulfate (CTA),S,05 in the form of
nanocrystals is used as an oxidant for the chemical polymerization of
PPy. Ponceau S (PS) dye is investigated as a new anionic dopant. Testing
results show that PS allows reduced PPy particle size and improved
electrochemical performance, whereas (CTA),S,0g nanocrystals pro-
mote the formation of PPy nanofibers. We demonstrate for the first time
that MWCNT can be efficiently dispersed using (CTA),S,05 nano-
crystals. The analysis of the dispersion mechanism indicates that
(CTA),S,0; dissociation is catalyzed by MWCNT. This new finding
opens a new and promising strategy in MWCNT dispersion for colloidal
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processing of nanomaterials and electrophoretic nanotechnology.

Uniformly coated MWCNT are obtained using (CTA),S,05 as a dispersant for MWCNT and oxidant for PPy polymerization
and utilizing advantages of PS as an efficient dopant and nanostructure controlling agent. The analysis of the testing results
provides an insight into the influence of PS molecular structure on PPy nanostructure and electrochemical properties. The PPy-
coated MWCNT show superior electrochemical performance compared to PPy nanoparticles. The proof-of-principle is
demonstrated by the fabrication of ES electrodes with excellent electrochemical performance at high active material loadings,

good capacitance retention at high charge—discharge rates, and excellent cycling stability.
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1. INTRODUCTION

Polypyrrole (PPy) is advanced material for various applications
in nanotechnology' ™ because of its high conductivity, chemical
stability, biocompatibility, redox and film forming properties.
PPy is under intensive investigation for energy storage in
electrochemical supercapacitors (ES). The high specific
capacitance (SC) of PPy (theoretical value of 620 F g') is
attributed to redox reactions, which allow charge storage in the
bulk of the electrode.’ Charge-discharge reactions of PPy
require good electrolyte access to the material surface, which
can be achieved in porous nanostructured electrodes. A
problem, limiting the use of PPy in ES is poor cycling
stability.%” It was found that the anion exchange between PPy
and electrolyte, variations in the dopant content in the PPy and
material swelling during cycling have detrimental effects on SC
and cycling stability.>®”

The development of efficient anionic dopants and new
doping mechanisms can address the cycling stability problem.
Previous investigations have generated significant interest in the
development of efficient dopants for chemical and electro-
chemical polymerization of PPy. Improved cyclic stability, large
voltage window and high electrical conductivity of PPy films

-4 ACS Publications  © 2013 American Chemical Society

. . . 10,11
were achieved using aromatic dopants. The large

polyaromatic molecules provided improved cycling stability of
the ES electrodes.'’ It was shown that with the variation of the
dopant anion, the electrical conductivity of the PPy thin films
can differ by three orders of magnitude.'”” In another
investigation it was found that the aromatic dopants promoted
preferred orientation of pyrrole ring,'® resulting in anisotropic
film growth and enhanced conductivity. The comparison of the
experimental data for different aromatic molecules, containing
anionic sulfonic groups, showed that conductivity increased
with increasing charge/volume ratio of the molecules.'?
Anionic dopants showed significant influence on the size and
shape of particles and electrochemical performance of PPy,
prepared by chemical polymerization methods.>"*~"°

Many investigations were focused on the fabrication of PPy
nanocomposites, containing carbon nanotubes (CNT) and
graphene.'”~*' Such nanocomposites showed high electrical
conductivity, improved mechanical and electrochemical proper-
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ties. It was found that the nanocomposite structure is an
important factor controlling electrochemical, electrical and
mechanical properties. The percolating CNT network allowed
reduced volumetric changes of PPy during cycling and
improved cycling behavior of the composite materials. The
advantages of PPy-CNT composites and PPy-coated CNT have
generated significant interest in the development of new
methods of their fabrication.'”">° The major difficulties in the
fabrication of PPy-coated CNT are efficient dispersion of CNT
during polymerization and control of coating uniformity.

Recent studies highlighted the importance of high materials
loading and electrode microstructure for the fabrication of ES
devices.”>*® However, the increase in material loading usually
results in increased resistance, limited electrolyte access to the
bulk of active material and reduced SC. Thick PPy films
showed poor capacitance retention at high charge—discharge
rates and poor cycling stability.”* It was shown that high mass
normalized SC (C,) doesn’t necessarily indicate good
capacitive behavior.”* The analysis of area normalized SC
(C,) showed® that limited electrolyte access to the bulk of a
thick dense film resulted in poor capacitive behavior. Such bulk
layer behaved as a capacitor with low capacitance, connected in
series with capacitive surface PPy layer, and reduced the total
capacitance of the film.

Significant achievements were attained by the fabrication of
composites by electrochemical polymerization of polyaniline on
a CNT fabric.”® Pulsed electropolymerization allowed the
fabrication of efficient electrodes and cells, which showed
excellent electrochemical performance. In our investigation we
present an alternative approach to the fabrication of conducting
polymer-CNT composites, which is based on colloidal
processing and chemical polymerization of PPy.

The goal of this investigation was the fabrication of PPy-
multiwalled carbon nanotube (MWCNT) electrodes for ES.
New approach is based on the use of (CTA),S,05 (Scheme
1A), prepared from solutions of cetrimonium bromide (CTAB)

Scheme 1. Chemical Structures of (A) (CTA),S,05 and (B)
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and ammonium persulfate ((NH,),S,05), as a multifunctional
oxidant for chemical polymerization of PPy. The nanocrystals
of (CTA),S,04 allowed excellent dispersion of MWCNT and
fabrication of uniformly coated MWCNT. The use of Ponceau
S (Scheme 1B) as a new dopant allowed the fabrication of
nanostructured PPy with improved electrochemical perform-
ance. The porous Ni foam current collectors and MWCNT
network allowed good electronic conductivity, improved
electrolyte access to the PPy surface and adapted PPy

volumetric changes during cycling, resulting in high capaci-
tance, promising cycling life and rate capability for electrodes
with high materials loading,

2. EXPERIMENTAL PROCEDURES

2.1. Materials. Ponceau S (PS), cetrimonium bromide (CTAB),
ammonium persulfate ((NH,),S,05), and pyrrole (Py) were obtained
from Sigma-Aldrich company. Py was stored in a refrigerator at 4 °C
before the use. MWCNT were obtained from Arkema company. Ni
foam (95% porosity) was supplied by Vale company.

For the fabrication of (CTA),S,0; nanocrystals, 3.64 g (0.01 mol)
of CTAB was dissolved in 120 mL of 1 mol L™ HCI solution at 4°C.
After being magnetically stirred for 30 min, 1.14 g (0.005 mol)
(NH,),S,05 was added to the solution and white (CTA),S,04
precipitate was formed. The reaction was carried out at 4 °C for 20
h. The obtained (CTA),S,04 precipitate was washed with deionized
water using vacuum filtration process and dried in air.

PPy powders were prepared by a chemical polymerization method
from the 100 mL solutions, containing 0.05 mol L™! Py monomer and
0—0.025 mol L™ PS dopant, using 0.06 mol L™ of (NH,),S,0; or
(CTA),S,0;4 oxidants for the polymerization reactions. The reactions
were carried out at 4 °C for 20 h. The PPy powders were washed with
deionized water using vacuum filtration process and dried in air at
70°C.

For the fabrication of PPy-coated MWCNT, the MWCNT were
dispersed in water using (CTA),S,0; as a dispersant. In a typical
procedure a 200 mL suspension, containing MWCNT and 0.03 mol
L' (CTA),S,0;4 was ultrasonicated for 1 h, cooled down to 4 °C and
then a 200 mL solution, containing 0.05 mol L™" of Py and 0.015 mol
L™! PS was added. The mass ratio of MWCNT to pyrrole monomer
was in the range of 0.11-0.67. The reaction was performed at 4 °C
during 20 h. Obtained material was washed with deionized water dried
at 70 °C in air.

2.2. Characterization Methods. The adsorption of (CTA),S,04
on MWCNT was investigated by analyzing the sedimentation test
results, electrokinetic properties and Fourier transform infrared
spectroscopy(FTIR) data. The limitations of zeta potential concept
for the analysis of electrokinetic properties of nanoparticles, containing
adsorbed long chain organic molecules, were described in the
literature.”®?” Therefore, the electrokinetic behavior of dispersed
MWCNT, containing adsorbed (CTA),S,0g, were investigated by the
analysis of electrophoretic deposition (EPD) yield data. EPD was
performed from aqueous 1 g L' MWCNT suspensions, containing
0.1-1 g L' (CTA),S,05 or 1 g L™ suspensions of PPy-coated
MWCNT without additives. The suspensions were ultrasonicated for
10 min before the EPD. The EPD cell included two Pt electrodes, the
distance between the electrodes was 15 mm. The deposition voltage
was 20 V. The mass of the deposits was measured after drying in air
during 72 h. The deposits were removed from the substrates for the
FTIR studies, which were performed using Bio-Rad FTS-40
instrument.

The structure of (CTA),S,05 was studied by X-ray diffraction
(XRD) using powder diffractometer (Nicolet 12, monochromatized
CuK, radiation) at a scanning speed of 0.5° min~'. Electron
microscopy studies were performed using a JEOL JSM-7000F
scanning electron microscope (SEM) and JEOL 2010F field emission
transmission electron microscope (TEM/STEM), equipped with
Gatan imaging filter. Element distribution analysis was performed by
a combination of high angle annular dark field (HAADF) imaging and
electron energy loss spectroscopy (EELS) analysis.

Electrochemical studies were performed using a potentiostat
(PARSTAT 2273, Princeton Applied Research). Working electrodes
with area of 1 cm® were prepared by impregnation of Ni foam with
active materials. The counter electrode was a platinum gauze, and the
reference electrode was a standard calomel electrode (SCE).
Capacitive behavior and electrochemical impedance of the electrodes
were investigated in 0.5 M Na,SO, aqueous solutions. Cyclic
voltammetry (CV) studies were performed within a potential range
of —0.5 to +0.4 V versus SCE at scan rates of 2—200 mV s™*. The
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capacitance C = Q/AV was calculated using half the integrated area of
the CV curve to obtain the charge (Q), and subsequently dividing the
charge by the width of the potential window (AV). The specific
capacitance C,, = C/m (m = sample mass) and C; = C/S (S = sample
area) were analyzed. The alternating current (AC) complex impedance
Z* =7’ — iZ” was analyzed in the frequency range of 10 mHz-100
kHz at the amplitude of the AC signal of S mV. The complex
capacitance C* = C' — iC” was calculated from the impedance data®
as C' = Z"/wlZP and C" = Z'/wl|ZP, where = 2xf, f = frequency.
Two electrodes, containing PPy-coated MWCNT, separated by a
porous polyethylene membrane (mean pore size 0.4 um, Vale,
Canada) were used for the fabrication of coin cells (CR2032 type,
MTI corporation, U.S.A.), which were sealed using a hydraulic
crimping machine (MSK-110, MTI Corporation, U.S.A.). Charge-
discharge behaviour of the coin cells was investigated using a battery
analyzer (BSTS8, MTTI corporation, U.S.A.).

3. RESULTS AND DISCUSSION

Figure 1 compares the SEM images of PPy powders, prepared
using (NH,),5,05 and (CTA),S,0s oxidants. The PPy

100nm | LRaseel S Bagaey  100nm |

Figure 1. SEM images of PPy powders, prepared from 0.05 mol L™"
Py solutions, using (A, B) 0.06 mol L™" (NH,),S,0; or (C, D) 0.06
mol L™! (CTA),S,0; oxidants; (A, C) without PS and (B, D) with
0.015 mol L' PS.

powder, prepared using (NH,),S,0s, contained agglomerates
of PPy particles with primary particle size of about 100 nm. It is
known that PPy, synthesized without dopants, exhibits
relatively low conductivity.”® The use of efficient dopants is
important for the development of advanced PPy electrodes for
ES. As pointed out above, polyaromatic dopants with high
charge to mass ratio are beneficial for the fabrication of PPy
with high capacitance, improved cycling stability and high
conductivity.

Scheme 1B indicates that PS is a polyaromatic molecule,
containing four anionic SO; groups. Therefore, PS is a
promising material for application as a new dopant for PPy
polymerization. The PPy powder, prepared in the presence of
PS (Figure 1B), showed reduced agglomeration and smaller
particle size, compared to the PPy powder, prepared without PS
(Figure 1A). Significant reduction in particle size was observed
with increasing PS concentrations in the range of 0—0.015 mol
(Supporting Information Figure S1). It is suggested that
anionic PS provided electrostatic repulsion of PPy particles
during polymerization, resulting in reduced agglomeration and
lower particle size.

SEM studies (Figure 1C) of PPy, prepared using
(CTA),S,0;, revealed fibrous morphology of PPy particles.
The fabrication of fibrous PPy was reported in other
investigations.30 However, in the previous investigations, Py
was added to the CTAB solution® before the addition of
(NH,),S,04 and the CTAB/(NH,),S,05 molar ratio of 1:3
was different from that, corresponding to the (CTA),S,0s
stoichiometry. It was suggested®® that hydrophobic Py
molecules were located at the interior of CTAB micelles in
aqueous solutions. The addition of (NH,),S,0; led to the
formation of a CTA*-Py-S,04>" template, with Py monomers
located inside it. The polymerization®® resulted in the
degradation of the template and formation of fibrous PPy. In
contrast, in our investigation (CTA),S,04 was prepared in the
form of nanocrystals (Supporting Information Figure S2)
before the polymerization. The X-ray diffraction data
(Supporting Information FigureS2) showed well-defined
diffraction peaks, indicating the formation of a periodic
structure, containing CTA" and S,04>” bilayers. The typical
size of the (CTA),S,0; nanocrystals was in the range of 5—10
nm (Supporting Information Figure S2). It is important to note
that the PPy fibers, shown in Figure 1C, have typical diameters
of 25—30 nm and lengths of about 200—500 nm. Therefore, the
mechanism, involving the templates, containing Py’ or other
monomers®" inside or between the CTA layers cannot explain
the formation of fibrous PPy, shown in Figure 1C. Note, that in
previous investigations®>> the dimensions of fibrous PPy
corresponded to the dimensions of the templates used.
However, the results of our investigation indicated that fibrous
PPy can be formed using small nanocrystals of the (CTA),S,054
oxidant for PPy polymerization.

It is known>" that (CTA),S,04 has low solubility in water (1
X 1075 M). However, the consumption of S,04” species in the
redox reactions with Py monomers resulted in the gradual
decomposition of the nanocrystals, containing weakly bonded
CTA" layers. It is in this regard that the size of CTA" is about 2
nm.>>*¢ Therefore, the (CTA),S,04 nanocrystals with typical
size of 4-10 nm (Supporting Information Figure S2) contained
only 1-2 weakly bonded CTA" bilayers. It is not surprising that
such small nanocrystals can easily be decomposed in the redox
reactions with Py. It is suggested that CTA", released from the
decomposed (CTA),S,0q structure, adsorbed on the PPy
particles and influenced the PPy particle growth. From the
available literature it is known that CTAB is an important
shape-controlling surfactant, for the synthesis of nanowires and
nanorods.”” 7> Tt is suggested that layered structure of
(CTA),S,05, containing the layers of $,04>" species, involved
in the redox reactions, and CTA" layers, promoted the
anisotropic nucleation and growth of PPy. The formation of
fibers can result from agglomeration of individual PPy
nanoparticles, similar to CTAB directed agglomeration of
inorganic nanoparticles.””

The PPy powders, prepared in the presence of PS and
(CTA),S,04, contained PPy particles of nearly spherical shape
(Figure 1D). The size of the particles was about 20-30 nm.
However, the powders, prepared in the presence of PS and
(CTA),S,05 also included fibrous particles. Figure 1D indicates
that such fibrous particles contained individual spherical
particles. This observation supports our suggestion that the
mechanism of PPy fibers formation in the presence of
(CTA),S,0;4 nanoparticles involved the formation of individual
PPy nanoparticles and their 1-D agglomeration. The compar-
ison of SEM images shown in Figure 1 and Supporting
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Figure 2. (A) CVs at 2 mV s™', (B) C, and C,, versus scan rate, (C) C, and C,,, (D) C! and C[, versus frequency for 20 mg cm™> PPy electrodes;
symbols a, b, ¢, and d present data for powders, shown in panels A, B, C, and D, respectively, of Figure 1.

Information Figure S1 indicated that PS allowed reduced
particle size, however (CTA),S,0; nanocrystals promoted PPy
fiber formation.

The PPy powders were used for the fabrication of ES
electrodes. Figure 2A(a—d) presents CV data for the electrodes,
prepared from the powders, shown in Figure 1A-D, by
chemical polymerization (Scheme 2 and Supporting Informa-
tion Figure S3 and Scheme S1). The comparison of the CV
data revealed the beneficial effect of PS, which allowed nearly
box shapes of CVs, indicating improved capacitive behavior
(Figure 2A(b,d)). For powders, prepared using (NH,),S,054

Scheme 2. (A) Chemical Structure of PS-Doped PPy and (B)
Fabrication of PPy-Coated MWCNT
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oxidant, the addition of PS resulted in higher capacitance,
especially at high scan rates (Figure 2B(a,b)). The Supporting
Information indicates that the increase in the PS concentration
in the solutions resulted in the increasing capacitance
(Supporting Information Figure S4) and improved capacitance
retention at high scan rates. The undoped PPy, prepared using
(CTA),S,04 (Figure 2B(c)), showed higher capacitance,
compared to undoped PPy, prepared in the presence of
(NH,),S,05 oxidant (Figure 2B(a)). Further improvement in
the capacitive behavior was achieved by adding PS (Figure
2B(d)). The PPy electrodes (Figure 2B(d)) showed highest C,,
and C, of 159 F g™" and 3.21 F cm?, respectively at a scan rate
of 2 mV s™. However, the capacitance retention at 200 mV s
was only 12%.

The components of complex AC capacitance C* = C' — iC’,
obtained from the impedance Z* = Z’' — iZ" data are plotted in
the Figure 2(CD) versus frequency. The addition of PS
resulted in significant increase in C, (Figure 2C(a,b)) and
reduction in resistance R = Z' (Supporting Information
FigureSS(a)b)) for the PPy, prepared using (NH,),S,04
oxidant. The C; decreased with increasing frequency, indicating
relaxation behavior. The C’; data showed improved capacitance
retention at higher frequencies for PS-doped samples,
compared to the undoped samples (Figure 2C and Supporting
Information FigureS6). The iC, versus frequency plot for PS-
doped sample showed a typical relaxation maximum (Figure
2D(b)). The relaxation frequency increased and resistance R =
Z' decreased with increasing dopant concentration in the
solutions, used for the chemical polymerization (Supporting
Information FigureS6 and Table S1). The undoped PPy
electrodes, prepared using (CTA),S,0; showed higher C|,
improved capacitance retention at higher frequencies and
reduced R, compared to the electrodes prepared using
(NH,),S,0; oxidant (Figure 2C(c), Supporting Information
FigureSS). Further improvement in the capacitive behavior was
achieved using PS dopant (Figure 2C(d),D(d) and Supporting
Information Figures SS and S6). Scheme 2A shows a structure
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of PPy, doped with PS. It is known that PPy chain has a
positive charge every 3—4 units."*** The charge is counter-
balanced by an anionic dopant.** It is important to note that PS
has four SO;~ groups, which can compensate four positive
charges of different units of one chain or different chains
(Supporting Information Figure S3A). It is known that dopants
with multiple negative charges, compensating positive charges
of different units, can improve conductivity and other
properties of PPy.41 The polymerization reaction for PPy in
the presence of (NH,),S,0; oxidant was described in the
literature.” A similar reaction can be suggested for PPy
polymerization in the presence of (CTA),S,0s oxidant
(Supporting Information Figure S3B).

It is important to note that the development of efficient ES
for high power applications requires good capacitive behavior at
high scan rates and high AC frequencies. The improved
capacitance retention of electrodes at high charge—discharge
rates can be achieved by the use of PPy-coated MWCNT. Our
new strategy was based on the use of (CTA),S,05 nanocrystals
for the dispersion of MWCNT and fabrication of PPy-coated
MWCNT (Scheme 2). Difficulties in the formation of PPy
coatings on MWCNT are attributed to poor dispersibility of
MWCNT in water and low suspension stability. However,
sedimentation tests showed that the MWCNT suspensions,
containing (CTA),S,05 were stable for more than one month.
The dispersion mechanism was also analyzed using EPD
method. It was not possible to deposit films by EPD from 0.5—
1 g L' MWCNT or 0.5—-1 g L™ (CTA),S,05 suspensions.
However, cathodic deposits were obtained from 1 g L'
MWCNT suspensions, containing (CTA),S,0s. The deposi-
tion yield increased with increasing (CTA),S,05 concentration
in the suspensions and deposition time (Figure 3A,B). The
method resulted in the formation of continuous films (Figure
3A, inset). The decrease in the deposition rate with increasing
deposition time (Figure 3B) can be attributed to the decreasing
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Figure 3. (A, B) Deposit mass for 1 g L™' MWCNT suspension versus
(A) (CTA),S,04 concentration at a deposition time of S min (inset
shows a MWCNT film on stainless steel) and (B) deposition time at
(CTA),S,04 concentration of 0.5 g L™"; (C) deposition current versus
deposition time for (a) 1 g L™' MWCNT, (b) 0.5 g L™! (CTA),S,05,
(c) 1 g L' (CTA),S,05 (d) 1 g L™" MWCNT and 0.5 g L™
(CTA),S,04 and (e) 1 g L™' MWCNT and 1 g L™ (CTA),S,04
suspensions; (D) SEM image of a film obtained from 1 g L'
MWCNT and 1 g L' (CTA),S,05 suspension.

electric field in the suspension due to increasing voltage drop in
the growing deposit.”” The formation of cathodic deposits
indicated that MWCNT were positively charged in the
suspensions. The results of electric current measurements
during EPD at a constant voltage provided important
information related to the charging and dispersion mechanism.
Electric current in the 1 g L™' MWCNT, 0.5 g L™! (CTA),S,04
and 1 g L' (CTA),S,04 suspensions was very low (Figure
3C). As pointed out above, no deposit formation was achieved
from such suspensions. However, the addition of 1 g L™
MWCNT to 0.5 g L' (CTA),S,05 or 1 g L' (CTA),S,0;
suspensions resulted in significant increase in electric current
(Figure 3C). The starting current in the mixed 1 g L'
MWCNT and 1 g L™ (CTA),S,0; suspensions was at least
20 times higher compared to the currents in the suspensions of
individual components. The decrease in current with time
(Figure 3C(d,e)) is related to the decreasing electric field in the
suspensions due to increasing voltage drop in the growing films.
SEM images of the films showed a continuous network of
MWCNT (Figure 3D).

It is known that electrode reactions are not involved in the
EPD process.”> As pointed out above, the solubility of
(CTA),S,04 in water is very low. It is suggested that
(CTA),S,0;4 nanocrystals were adsorbed on the MWCNT
and dissociation of (CTA),S,0g nanoparticles was catalyzed by
MWCNT. The MWCNT catalyzed dissociation of
(CTA),S,04 nanoparticles resulted in increasing ionic strength
of the suspensions, as indicated by high starting current and
high current during EPD (Figure 3C(d,e)). It is suggested that
CTA" species were adsorbed on MWCNT, providing
electrosteric stabilization and positive charge for cathodic
EPD. The CTA* and S,04*" species formed an electrical
double layer (Scheme 2B). The CTA* adsorption on MWCNT
was confirmed by FTIR studies (Supporting Information Figure
S7).

The addition of Py to the suspensions, stabilized with CTA*
and S,04>" species, resulted in the oxidation of Py by the
S,04>” in the double layer, polymerization and formation of
PPy coatings. The suspensions of coated MWCNT, prepared
using (CTA),S,0; nanoparticles in the presence of PS, were
stable for more than one month after fabrication(Supporting
Information Figure S8). The PPy-coated MWCNT were
positively charged in the suspensions and formed cathodic
films by EPD (Supporting Information Figure S9) without any
additives. In contrast, the suspensions prepared using
(NH,),S,04 instead of (CTA),S,04 showed precipitation
after 12 h (Supporting Information Figure S8). The good
dispersion of PPy-coated MWCNT is not related to PPy
coating, because PPy particles, prepared without MWCNT
using (CTA),S,0g, showed precipitation after 48 h (Support-
ing Information Figure S8). It is suggested that colloidal
stability of PPy-coated MWCNT, prepared using (CTA),S,0s,
is related to adsorbed CTAY, which provided electrosteric
dispersion.

The use of (CTA),S,03 nanoparticles offered many
advantages for MWCNT dispersion and fabrication of PPy
coatings on MWCNT. A critical property of a dispersant is its
adsorption on a particle surface. Adsorbed dispersant provides
particle disgersion, however non-adsorbed dispersant acts as an
electrolyte.”® The non-adsorbed ionic dispersant increases the
ionic strength of the suspensions and promotes particle
flocculation in agreement with the DLVO theory.”® Therefore,
a dispersant must be adsorbed on the particles and the
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concentration of non-adsorbed dispersant must be minimized.
Because of the low solubility of (CTA),S,0, the ionic
concentration of (CTA),S,0; solutions was low. The
interaction of (CTA),S,04 nanocrystals with MWCNT
resulted in adsorption of CTA" on the MWCNT surface. As
a result, efficient dispersion and EPD of MWCNT was achieved
at (CTA),S,03/MWCNT mass ratio of 0.5. It is in this regard
that relatively high concentrations of CTAB were used for the
dispersion of CNT.**~* It was found that optimum CTAB
concentration for the dispersion of CNT is slightly higher than
critical micelle concentration and the optimum CTAB/CNT
ratio was found to be about 7 at such CTAB concentration.** It
is known*® that the formation of micelles reduces suspension
stability, because osmotic pressure of the surfactant micelles
promotes CNT agglomeration.

The results of electron microscopy investigations, presented
below, indicated that use of (CTA),S,0, in the form of
nanocrystals as a dispersant for MWCNT and oxidant for Py
polymerization allowed the fabrication of PPy-coated
MWCNT. Moreover, the results indicated that the use of
nanocrystals, containing CTA" species, for the dispersion and
deposition of pristine or coated MWCNT opens new and
promising strategies in colloidal processing of nanomaterials,
including EPD nanotechnology of thin films. It should be noted
that the fabrication of PPy-coated MWCNT by other methods,
involved functionalization of MWCNT in hot concentrated
acids (HNO; at 80°C"” or H,SO,/ HNO; mixture at 90 °C'®)
in order to achieve dispersion. However, for applications based
on conductive properties of MWCNT, the oxidation of
MWCNT in acids must be avoided. In our strategy, pristine
MWCNT were well dispersed before and after polymerization.
The S,04”" species in the double layer at the MWCNT surface
provided a template for the uniform coating.

The PPy-coated MWCNT were investigated by electron
microscopy. It was found that the formation of PPy-coated
MWCNT is influenced by (CTA),S,04 and PS. The SEM and
TEM images of powders, prepared without PS are shown in
Figure 4(A,B) and Figure S(A,B). The powders, prepared using
(CTA),S,05 contained PPy-coated MWCNT and PPy fibers

100nm 50 nm |

Figure 4. SEM images of PPy-MWCNT powders prepared using (A)
(CTA),S,04 (arrows show PPy fibers), (B) PS and (NH,),S,0;, (C,
D) PS and (CTA),S,05 at different magnifications. Concentrations of
Py, PS, (NH,),5,04 and (CTA),S,0 were the same as in Figure 1,
mass ratio MWCNT/Py = 3.7.

(Figures 4A and SA). The use of (NH,),S,0; as an oxidant
resulted in the formation of highly agglomerated particles,
containing MWCNT and PPy (Figure 4B and Figure SB).
Uniformly coated MWCNT were obtained when Py and PS
were added to the MWCNT suspensions, containing
(CTA),S,04 (Figures 4C, D and SC, D). This result indicated
that PS prevented the formation of fibrous PPy in the bulk of
the suspensions. The formation of PPy-coated MWCNT was
confirmed by the analysis of high magnification TEM images
(Figure SD). Figure SD shows typical TEM image of PPy-
coated MWCNT and inset shows the PPy-MWCNT interface.
The SEM images (Figure 4C, D) and TEM images (Figure SC,
D) indicated the formation of nonagglomerated and uniformly
coated MWCNT with coating thickness of about 5 nm. The
results of EELS studies were presented in Figure SE, F. Line
scans were performed by rastering the electron beam in a line
perpendicular to the PPy-coated MWCNT in 0.5 nm steps,
measuring the spectrum for each step (Figure SE).

The spectra in the energy range of 250—500 eV showed both
the C—K and N-K edges at about 285 and 401 eV,
respectively. The elemental distribution profile for nitrogen
has a saddle shape with two maxima on both sides of the
MWCNT, related to PPy coating(Figure SF). The carbon
dominates in the middle of the profile with two small maxima
from the both sides due to the hollow structure of MWCNT
and PPy coating (Figure SF). The results of SEM, TEM and
EELS data, coupled with the results of FTIR studies
(Supporting Information Figure S10) indicated the formation
of PPy-coated MWCNT. The interaction of PPY and MWCNT
is mainly related to 7— interaction mechanism. The important
factor, controlling the formation of PPy coatings was the
MWCNT:Py ratio in solutions (Figure 6 and Supporting
Information FigureS11). When MWCNT /Py ratio was 1:9 the
coatings were non-uniform(Figure 6). The uniformity
improved when the ratio was 2:8. Uniformly coated
MWCNT were obtained at MWCNT/Py ratio of 3:7 (Figure
6). Further increase in the MWCNT content in the solutions
resulted in reduced coating thickness and formation of
uncoated areas of MWCNT (Supporting Information Figure
S11).

The use of PPy-coated MWCNT allowed significant
improvement in capacitance retention at high scan rates.
Figure 7A, B, C presents CVs for the electrodes, prepared using
powders shown in Figure SA, B, C. The larger CV area for the
PPy electrodes, prepared using (CTA),S,05 and PS, indicates
higher capacitance. The investigation of the capacitance,
calculated from the CV data, showed capacitance retention of
63% at a scan rate of 200 mV s™'. Moreover, relatively high
capacitance of 1.4 F cm™ (72 F g™') was achieved at a scan rate
of 200 mV s~". The capacitance, calculated from the impedance
data (Supporting Information Figure S12) was plotted versus
AC frequency in Figure 7E, F. The C; data showed relaxation
behavior (Figure 7E), as indicated by the rapid decrease in the
C, above relaxation frequencies, which correspond to the
frequencies of C! maxima (Figure 7F). The comparison of the
data presented in Figures 2C, D and 7E, F showed that the use
of PPy-coated MWCNT allowed significant improvement in
capacitance retention at high AC frequencies.

Moreover, the electrodes, containing PPy-coated MWCNT
showed reduced resistance R (Supporting Information Figure
S12).The PPy-coated MWCNT, prepared in the presence of
(CTA),S,05 and PS, showed significantly higher C in the
frequency range below 1 Hz, compared to PPy powders (Figure
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Figure 5. TEM images of PPy-MWCNT powders prepared using (A) (CTA),S,05 (arrows show PPy fibers), (B) PS and (NH,),S,0s, and (C, D)
PS and (CTA),S,05 at different magnifications. Arrow in the inset of panel D shows HRTEM image of PPy-MWCNT interface. (E) Set of resolved
EELS spectra measured along a line across PPy-coated MWCNT. (F) Element distribution obtained from the EELS data. Inset shows HAADF
image of a region for analysis. concentrations of Py, PS, (NH,),S,0g, and (CTA),S,0; were the same as in Figure 1, mass ratio MWCNT /Py = 3:7.

20 nm |

Figure 6. TEM images of PPy-coated MWCNT, prepared from 0.05 mol L™' Py solutions, using 0.06 mol L™ (CTA),S,0¢ and 0.015 mol L™" PS,

mass ratio MWCNT/Py (A) 1:9, (B) 2:8, and (C) 3:7.

2C, D) and the relaxation maximum shifted to 293 mHz
(Figure 7E(c), F(c)).

Previous investigations showed that specific capacitances
of conductive polymers, calculated from the AC impedance
data are significantly lower, compared to the capacitances,
calculated from the CV data. Such data analysis is usually
performed at the same time scale, because the voltammetric
capacitance depends on a scan rate, whereas AC capacitance

49,50

depends on frequency.* It was suggested that some “deeply
trapped” dopant counterions can be immobile at low AC
voltages.*® Such ions can be released at higher voltages in CV
experiments and contribute to higher capacitance. In other
investigations the discrepancy between the AC and voltam-
metric capacitances was attributed to chemical and physical
heterogeneity and existence of sites with wide range of redox
potentials.*>"** However, the comparison of our experimental
data at the same time scale showed that C, = 1.50 F cm™ at
110 mHz was close to the C, = 1.45 F cm™ measured at a scan
rate of 200 mV/s for the full scan in a voltage window of 0.9 V
(Figure 7D(c) and 7E(c)).

The advantages of PPy-coated MWCNT are also evident
from the capacitance versus electrode mass dependencies,
presented in Figure 8 and additional detailed information
presented in Supporting Information Figures S13 and S14 for
electrodes of different mass and with different MWCNT
content. The specific capacitance Cy(2) and C,(100), measured
at scan rates of 2 and 100 mV s~/ respectively increased with
increasing materials loading, indicating good utilization of the
electrode material. In contrast, the electrodes, prepared without
PS or with (NH,),S,04 oxidant showed lower capacitance, and
no increase in C; was observed with increasing material loading
above 20 mg cm™ The highest C(2), of 4.1 F cm™ was
obtained for active material loading of 35 mg cm ™ for electrode
density of 1.3 g cm™>. Moreover, remarkably high C(100), of
2.8 F cm™? was obtained. The electrodes, containing PPy-
coated MWCNT, showed capacitance retention of 94.4% after
1000 cycles (Figure 9A). The shape of the CV(Figure 9A,
inset) and resistance value R = Z' (Figure 9B) remained
practically unchanged during cycling. The 6% decrease in the
C| after 1000 cycles (Figure 9C) correlated with corresponding
reduction in C, obtained from the CV data (Figure 9A).
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(B) 100 mV s™". Symbols a, b, and ¢ present data for powders shown
in panels A, B, and C of Figure 5, respectively.

However, no changes in the relaxation frequency were observed
during cycling (Figure 9D). The results indicated that the use
of PPy-coated MWCNT, prepared using (CTA),S,05 nano-
crystals, which served as a dispersant and oxidant, and PS as a
new anionic dopant, allowed the fabrication of electrodes with
high capacitance, high material loading, good capacitance
retention at high scan rates and good cycling stability. The
electrodes were used for the fabrication of coin cell modules,
which showed good electrochemical performance (Supporting
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Information Figure S15—S17) and powered 20 mA light
emitting devices (Supporting Information Figure S15). The
comparison of the testing results with the literature data® for
the polyaniline-CNT fabric composites, prepared by electro-
polymerization, and tested in H,SO, electrolyte, indicated that
the alternative colloidal method based on the chemical
polymerization of PPy, allowed comparable electrochemical
performance and good cycling stability using Na,SO, electro-
lyte at high materials loadings.

4. CONCLUSIONS

PS was used as a new anionic dopant and (CTA),S,04
nanocrystals were used as an oxidant for PPy polymerization.
Testing results demonstrated that PS allowed reduced PPy
particle size and improved electrochemical performance,
whereas (CTA),S,0; nanocrystals promoted the formation of
PPy nanofibers. The PPy powders prepared using PS and
(CTA),S,04 nanocrystals showed improved electrochemical
performance for application in ES, however the PPy-coated
MWCNT showed superior electrochemical performance
compared to PPy nanoparticles. It was found that
(CTA),S,04 nanocrystals can be used for efficient dispersion
and EPD of MWCNT. The (CTA),S,0Og dissociation was
catalyzed by MWCNT. In this approach eflicient dispersion
was achieved at low CTA" concentration. The use of
(CTA),S,04 nanocrystals as a dispersant for MWCNT and
oxidant for PPy and the use of PS as an anionic dopant and PPy
structure controlling agent allowed the fabrication of uniformly
coated MWCNT. The PPy-coated MWCNT showed excellent
dispersibility. The method allowed the fabrication of ES
electrodes with high materials loading, excellent capacitance
retention at high charge—discharge rates and excellent cycling
stability. The highest C, of 4.1 F cm™ was obtained at a scan
rate of 2 mV s~ for material loading of 35 mg cm™ The PPy-
coated MWCNT is a promising material for ES application.
The method developed in this investigation can be used for the
surface modification of MWCNT with other functional
materials and fabrication of nanomaterials by colloidal methods
and thin films by EPD.
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Figure 9. (A) Capacitance retention versus cycle number; inset shows corresponding CVs at 50 mV s™". (B) Nyquist plot of complex impedance;
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