RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 12

Journal Name

ARTICLE

Cite this: DOI: 10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

RSC Advances

RSCPublishing

Polymeric Cathode Materials of Electroactive
Conducting Poly(triphenylamine) with Optimized
Structures for Potential Organic Pseudo-capacitors
with Higher Cut-off Voltage and Energy Densityf

Wei Ni,*® Jianli Cheng,™ Xiaodong Li,"® Guifang Gu,” Ling Huang,"> Qun
Guan,” Demao Yuan® and Bin Wang*™®

For the electrochemical capacitors or supercapacitors, pseudo-capacitors, via the fast surface
reactions, are able to storage/harvest more electrical energy compared with electrochemical
double layer capacitors (EDLCs) by the ion adsorption route. Combination of pseudo-
capacitive materials including oxides, nitrides and polymers, as well as the understanding
charge storage mechanisms and the development of advanced nanostructures, with the latest
generation of nanostructured lithium electrodes has brought the energy density of
electrochemcial capacitors closer to that of batteries. Electroactive polymeric cathodes with
designed structures, via the electrospinning (without polymeric additives) and surfactant-
free precipitation polymerization routes, were herein fabricated for the abovementioned
goals. The as-prepared polymeric active materials showed an electrochemical capacitance of
around 200 F g~!, with a higher cut-off voltage up to 4.2 V and an energy density up to 370

Wh kg™' and power density up to 34 kW kg ' in an organic electrolyte system.

Introduction

Nanoscale design of the structure and chemistry of electrode
materials may enable us to develop a new generation of devices
that approach the theoretical limit for electrochemical storage
and deliver electrical energy rapid and efficiently.” 2
Electrochemical capacitors, also named supercapacitors, store
energy using either ion adsorption or fast surface redox reaction
(i.e., pseudo-capacitors), which may complement or replace
batteries when higher power delivery or undertake is needed in
electrical energy storage and harvesting applications. The
combination of pseudo-capacitive nanomaterials, including
oxides, nitrides and polymers, with the latest generation of
nanostructures lithium electrodes has been one of the notable
improvements via further understanding charge storage
mechanisms as well as superior electrode architecture design,
which has brought the energy density of electrochemical
capacitors closer to that of batteries.>*

Electroactive conducting polymers (ECPs) are a large family
of organic flexible materials capable of high-rate storage and
deliver of electric energy because of their high electronic
conductivity and feasible rapid electrochemical kinetics,> °
which may be one of the ideal electrical energy storage
candidate materials to overcome one of the highly challenging
issues due to the kinetic limitations of the pseudo-capacitive
electrodes in high energy density asymmetric supercapacitors.’
Supercapacitors electrodes and devices that utilize conducting
polymers are envisaged to bridge the gap between existing
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carbon-based supercapacitors and batteries to from unites of
intermediate specific energy.® Conducting polymers are
pseudo-capacitive materials, which undergo a fast redox
reaction to provide the capacitive response. In the past two
decades, various conducting polymers, such as polyaniline,’
polythiophene,'® poly(p-phenylene) and their derivatives, have
been studied as electrode materials for electrochemical energy
storage and harvesting applications. Compared with other
supercapacitors materials such as carbon or inorganic ones, the
bulk of the ECPs materials undergo a fast redox reaction to
provide the pseudo-capacitive response and exhibit superior
specific energy to the carbon-based double-layer capacitors and
more conductive than the inorganic battery materials and
consequently possess greater power capability.® Amongst the
electroactive conductive polymers, polytriphenylamines (PTPA)
seem to be a kind of ideal polymers as required to have a highly
conductive polyphenylene backbone combined with high
energy density of electroactive polyaniline,'' which may be
synthesized by a facile chemical or electrochemical oxidation
of their monomers. Compared with an electrochemical route,
the chemical oxidation route generally offers a higher degree of
polymerization and structural homogeneity for the PTPA
production through an excessive oxidant addition.'" '* Their
hole-transporting abilities are based on the fact that they can be
easily oxidized to form stable radical cation, which may be
further developed as a kind of cathode material in polymer
supercapacitors. Since that the low molecular weight
compounds from TPA derivatives (i.e., oligomers), as well as
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most electroactive conducting polymers,'” '* have some
problems such as the lack of thermal stability and/or
mechanical strength or difficulty for fabricating such
conjugated polymers into required structures due to their rigid
molecular skeletons. In order to solve these problems, it is
proposed to fabricate flexible materials or highly crosslinked

materials to enhance the structural and electrochemical stability.

For example, one-dimensional (1D) structures with smaller
scale properties may satisfy the related demands for the
conjugated conducting polymers, of which the electrospinning
is an effective approach to fabricate long polymer fibers with
controllable diameters by using strong electrostatic forces.
Compared with other synthetic approaches, the electrospinning
process seems to be the only method that can mass-produce
continuous long thin-fibers and the free-standing networks
thereof. '* '+ 13

We here present a kind of ECPs, i.e., poly(triphenylamine)
microfibers, and particulates comprised of nanofibrils for high-
rate and light-weight electrochemical pseudo-capacitors with
widened operating voltage widows. Compared with the higher-
potential supercapacitors with inorganic electrode materials and
organic electrolytes,” ''® this approach may provide another
general strategy for the fabrication of polymer-based
supercapacitors with organic or gel polymer electrolytes, i.e.,
all-organic supercapacitors.'

Results and discussion

A representative electrospinning process and the scanning
electron microscopy (SEM) images of the PTPA fibers, which
were electrospun from its good solvent chloroform (Figure 1).
The fibers showed an average diameter of ca. 10 pm and
possessed a large aspect ratio. And at the macro level, the
electrospun microfibers exhibited a pale yellow appearance, the
fibers were somewhat rigid and no distinct intertwined
networks were noticed as that for most one-dimensional
polymer nanostructures.’?> For the PTPA sample with
excessive oxidation reaction, it can be observed from the SEM
that the particulates obtained from the precipitation
polymerization process revealed a hierarchically porous
structure constructed by intertwined nanofibrils (ca. 100-200
nm) (Figure 2), and the presence of larger pores between the
particulates enables rapid electrolyte transport while the smaller
pores inside the particulates effectively increase the surface
area available for electrochemical reactions between solid-
liquid interfaces.” The tiny nanofiber and nanoparticle
dimensions will allow effective electrolyte anion (e.g. PFg)
diffusion. Since the highly-crosslinked PTPA were insoluble in
any typical solvents such as DMF (V,N-Dimethylformamide),
NMP (1-Methyl-2-pyrrolidone), chloroform, and electrolyte
solvents such as EC (ethylene carbonate), DEC (diethyl
carbonate), DMC (dimethyl carbonate) etc., it may perform a
better stability for the electrochemical device applications
thereof (for the solubility in chloroform as an example, see
Figure S1 in ESIY).

The Fourier transform infrared (FTIR) spectra of two kinds
of PTPA, with their monomer TPA as comparison, obtained
using compressed KBr pellet technique are shown in Figure 3,
and the main characteristic IR vibration peaks are marked. The
band at 1273 cm ! is assigned to C—N stretching, from tertiary
amines, and the band at 817 cm ™! is assigned to a C-H out-of-
plane vibration from para-disubstituted benzene rings,” thus
the significant bands present at 1273 and 817 cm ' indicate
coupling of the starting material, i.e. that C—C bonding between
the benzene rings of the triphenylamine units or the chemical
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polymerization has taken place.”* The vibrations from C-C
stretching at 1489 cm ! and from C—H bending at 1319 can also
be observed in the spectrum, which corresponds to the main
vibration bands characteristic of the TPA moieties."! The
quinoid structures associated with the vibrations from C=C
stretching (i.e. C—C stretching in quinoid) at 1592 c¢cm™' and
from C—H bending at 1109 cm ' revealed in the spectrum
indicate that the polymer is not yet charged, or the separation
status between the charge carriers and the highly crosslinked
structure of the polymer (i.e. fully discharged).”* The proposed
assignments of infrared vibrations are all corresponded to the
pristine PTPA, since that upon charging of these kind of
conjugated materials, new bands will appear in the IR spectra
from 1500 to 700 cm ™', typically named the IR-active vibration
bands (IRAV), which are usually 20-30 times stronger in
intensity and grow linearly with an increasing concentration of
charge carriers.”® Besides, the PTPA in a particulate
morphology almost showed the similar characteristic peaks and
peak intensity, which revealed that there had been no precursor,
i.e. TPA, remained as residual in the as-prepared two kinds of
PTPA and reached a favorable degree of polymerization.

XRD patterns of the product and precursor were obtained by
a powder X-ray diffraction and shown in Figure 4. As expected,
the PTPA samples whether in a fibrous or particulate
morphology displayed a non-ordered, amorphous structure
determined by the XRD measurements which showed only one
main broad peak around 26 = 20°, compared to that of the
precursor TPA monomer with strong crystal diffraction peaks.
And no indication of w-stacking was evident at 26 = ~26° from
the related investigations.”> Besides, the PTPA sample of
particulate morphology with higher degree of polymerization
(DP) even revealed a weaker diffraction peak compared to that
of the fibrous one with lower DP. The as-synthesized materials
were thermally stable in nitrogen atmosphere up to 500 °C, as
revealed by thermal gravimetric analysis (TGA), and the
particulate PTPA sample showed a better thermal stability and
might be basically attributed to the nature of the much higher
cross-linked networks for the molecular skeletons (Figure 5).°
Furthermore, the '"H NMR data (6.96-7.46 ppm) of the as-
synthesized soluble polymer PTPA showed a decreased content
of H atoms as compared to the '"H NMR data (6.98—7.43 ppm)
of its monomer TPA, which further confirmed the
dehydrogenation polymerization process during the oxidation
reaction (Figure S2 in ESIY).

Generally, the redox cycles of electroactive conducting
polymers (ECPs) perform upon an anion insertion/extraction
process, i.e., the oxidation via an insertion of electrolyte anions
(A") into the cathode materials, which compensates positive
charges in the electrochemically oxidized cathode ECPs,
followed by expulsion of the inserted anions to the electrolyte
solution upon reduction and the cations return from the counter
electrode to restore the electrolyte.®® These processes are
somewhat different from the mechanism of traditional lithium-
ion batteries but quite similar to that of supercapacitors, as
illustrated in Scheme 1 (taking PTPA as an example). The
electrochemical performances of the PTPA samples were
further investigated using two-electrode cells, in which the
lithium foil was used as both the counter and reference
electrodes. Charge and discharge behaviors were characterized
by cyclic voltammetry (CV) and galvanostatic methods. In a
charging cycle, the faradaic current starts to increase during p-
doping. The electrochemical anion PFg insertion process from
the organic electrolyte, occurring at cathode PTPA electrodes
(for the molecular-level doping mechanism, see Figure S3 and

This journal is © The Royal Society of Chemistry 2012

Page 2 of 12



Page 3 of 12

S4 in ESIt), can be expressed by the Equation 1, where # is the
mole fraction of inserted PF4 anions.

PTPA + nA~ < (PTPA)" nA™ +ne” (Equation 1)

Since the energy density (£) of a capacitor is governed by E =
1/2 CV?, where C is the capacitance and V is the cell potential,
increasing the potential or capacitance will lead to a higher
energy density.” Because of the large electrochemical window
of the organic electrolytes, a larger cell voltage of 4.2 V,
compared with the aqueous supercapacitors,*® >’ was observed
for the PTPA capacitors. As can be seen in Figure 6A, the
current density of PTPA fiber capacitor increased with a scan
rate from 1 to 10 mV s', and the peak height was basically
proportional to the scan rate, and the integral area or the
capacitance calculated kept basically stable, which indicated a
fast and effective diffusion of ions for the PTPA electrode. Up
on galvanostatic charging/discharging, the PTPA pseudo-
capacitor showed an excellent charge storage and delivery
performance (Figure 6B). The capacitance was calculated by
an equation followed,

C,=INAt/mAU (Equation 2)

where C,, (F g") indicates the specific capacitance, I (A) is the
discharge current density, Az (s) is the discharge time, AU (V)
represents the potential change during discharge, and m (g) the
mass of the active materials in cathode, respectively.” ** And
the capacity calculated by the galvanostatic method showed that
the PTPA electroactive material possessed a relative high
capacity of around 200 F g™', based on a potential window of
4.2-2.5 V. While for the particulate sample, the capacity
decreased with the increasing current density, the cathode
active materials showed a discharge capacity in the range of ca.
180-100 F g ' with the discharge current density increased
from 0.5 mA g ' to 10 mA g ' (Figure 6C). The capacity
retention ratio for the PTPA fibers were 89.2% after 1000
cycles and 83.5% after 2000 cycles, respectively, with a
charge/discharge current density of 2 A g~' (Figure 6D).
ECPs-based redox supercapacitors will provide enhanced
performance with respect to that of commercial double-layer
devices if thick electrodes can be doped without many kinetic
problems.”® To further explore the electrochemical properties
and the electroactive transformation, a complete kinetic
characterization of the doping process of PTPA, i.e., the
electrochemical impedance spectroscopy (EIS) measurements
of electrode potentiostatically charged at several potentials
were carried out (Figure 6E). The impedances at high
frequency (100 kHz) reflect the equivalent series resistance
(ESR) in the electrode/electrolyte system, which is contributed
from both the electrolyte resistance and electronic resistance of
the hybrid electrode.’® For the capacitor made from the PTPA
fiber, as the cycling proceeding the electronic resistance of the
hybrid electrode decreased from 17.1 to 13.3 Ohm, while the
same trend happened with the higher charging potential (e.g.,
4.2 V; decreasing to 9.6 Ohm), which could both be attributed
to the increasing electric conductance due to the activation or
doping effect. The charge-transfer resistance (R.), which is
believed to be one of the important factors in electrochemical
reactions and reflected in the diameter of the semicircle along
the Z' axis, revealed a similar decreasing trend (from 254 Ohm
to 56, 30 Ohm). On the whole, the capacitive characteristic was
observed as a vertical line when the frequency is lower that 100
mHz, and a depressed semi-circle was observed at relatively
high frequencies, which might represent a parallel combination
of resistive and capacitive components.>' The EIS data are
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fitted according to the equivalent in Figure 6E (inset), which
contains Rq (electrolyte resistance), R, (charge transfer
resistance), Ry (resistance roughly representing the dissipative
part of the finite diffusion process of the counterions in the
polymers), and Z, (the Warburg impedance), Cy (the electric
double layer capacitance), and Cy (the limit capacitance).” The
EIS features of ECPs-based pseudocapacitors are somewhat
similar to that of transition metals-based pseudocapacitors.*?

And for demonstrating the operational characteristics, the
average power density (P,,) may be calculated at different scan
rates according to the following Equation,

P,,=E/it (Equation 3)

where ¢ is indicating the discharge time (s).*> The Ragone plot
of energy density (E£) versus power density (P) for the PTPA
hybrid electrodes are listed in Figure 6F. The £ and P values
were calculated from galvanostatic discharge curves
considering the mass of active material in the cathode (or
positive electrode). The maximum energy density of 365 Wh
kg' and the highest power density of 33.6 kW kg ' were
achieved for the hybrid electrochemical capacitor based on
PTPA microfibers at an operation voltage of 4.2 V, while that
of PTPA particulate hybrid electrode showed a bit lower £ & P
values with an obvious downtrend for energy density with
increasing power density (i.e., showing an energy density
decline from 314 to 250 Wh kg ' with the power density in the
range of 1.83-29.0 kW kg "). Compared to the traditional Li-
ion batteries, this kind of electrochemical capacitor showed a
substantially higher power density, and a greatly improved
energy density compared to that of the traditional electric
double layer capacitors (EDLCs).

Conclusions

In summary, we here described a facile and scalable
electrospinning-based approach for the preparation of thin-
fibers of the electroactive conducting polymer and the
fabrication of high-performance hybrid electrodes for
electrochemical capacitors. The polymer-based hybrid electrode
structures allow an efficient use of pseudo-capacitive ECPs for
charge storage with facilitated transport of both electrolyte ions
and electrons, thus rendering the electrode materials with high
specific capacitance, superior rate capability and remarkable
cycling performance, which are believed to offer great promise
in electric vehicle or grid-scale energy storage applications.

Experimental

Materials. Triphenylamine (Aladdin Chemical Reagent Co.,
China), chloroform (AR, Chengdu Kelong Chemical Reagent
Co., China), and FeCl; (anhydrous, AR, 98.0 %, Shanghai
Shanpu Chemical Co., Ltd., China) were used directly with
further purification.

Preparation and Structural Characterization of
polytriphenylamine. Polytriphenylamine (PTPA) was prepared
in a modified chemical oxidative method as reported in
literature.'? As a typical one for highly crosslinked PTPA, 0.25
m (6.13 g) triphenylamine monomer dissolved in 100 mL
chloroform was first prepared and 0.025 mol (4.05 g) FeCl; was
added under a nitrogen atmosphere, followed by intense
magnetic stirring. The remaining FeCl; oxidant was
subsequently added into the reaction solution at an interval of 1
h, with total amount of FeCl; used four times of TPA. The
oxidative polymerization of TPA usually takes two more hours
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in the solution under nitrogen atmosphere. After the solution
polymerization reaction completed, the reaction mixture was
poured into methanol to deposit the polymer product, which
was filtered and washed with methanol and chloroform several
times for purification. Finally, the polymer product was dried in
vacuum at 50 °C overnight. As another typical one for lower
molecular weight PTPA, the FeCl; oxidant was only added
twice, i.e. the total amount used was two times of TPA, and the
oxidative polymerization process took about two hours. The
other conditions and procedures were kept the same as above
mentioned.

Polytriphenylamine solution with a concentration of ca. 20
wt.% in chloroform was used for electrospinning process. A
piece of grounded aluminum foil was placed 20 cm below the
single-nozzle spinneret to collect the fibers. A high voltage of
20 kV was supplied at the spinneret by a direct-current power
supply, and the typical feeding rate was set at ca. 100 uL min”'.
The electrospun PTPA microfibers were collected at room
temperature in air atmosphere and dried in vacuum for further
use.

The morphology was investigated using a scanning electron

microscope (SEM, TESCAN VEGA3) operating at 15 kV after
Pt coating. The crystal structure of the samples was obtained by
X-ray diffraction analysis (XRD, PANalytical X’Pert Pro, Cu
Ka radiation, A = 1.5418 A) over a 26 range of 5-80°. The
thermal decomposition process and thermal analysis were
conducted on a thermogravimetric analyzer (TGA/DSC 1,
Mettler Toledo) with a heating rate of 10 °C min ' between 50
and 1000 °C. FTIR spectra were taken on a Nicolet Magna IR-
560 spectrometer. 'H NMR and "“C NMR spectra were
recorded on Bruker AVANCE II 400 MHz spectrometer, with
tetramethylsilane (TMS) as internal standard and CDCIl; as
solvent.
Electrode Fabrication and Electrochemical Measurements. The
PTPA fibers, or highly crosslinked porous particulates were
assembled onto copper foil current collectors. Briefly, 70% of
the electrochemically active material PTPA, 20% carbon black,
and 10% poly(vinylidene fluoride) (PVDF) dispersed in N-
methylpyrrolidinone (NMP) were mixed and magnetically
stirred to form slurries. The homogenous slurry was coated on a
copper foil substrate and dried at 80 °C over night under
vacuum. Electrodes of 12 mm in diameter were assembled into
coin-type cells (CR2032) in an argon-filled glove box. The
electrolyte solution was 1 m LiPFs in EC/DEC (ethylene
carbonate/diethyl carbonate, v/v = 1/1) solution and lithium
foils were used as both the counter and reference electrodes.
The separator is constituted by glass fiber (GF/D) membrane
(Whatman) soaked with electrolyte. Cyclic voltammetry (CV)
measurements were made with a Bio-Logic VSP
Electrochemical Workstation (BioLogic Science Instruments,
France), using cut-off voltages of 4.2-2.5 V versus Li/Li*. The
galvanostatic charge-discharge experiments were carried out on
a LAND CT2001A testing system (Wuhan LAND Electronics
Co., Ltd., China) at varied current densities.
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Figure 1. a) Illustration of the direct electrospinning process for PTPA fibers, and b,c) SEM images of the representative

electrospun PTPA microfibers.
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Figure 2. a) Illustration of the oxidation polymerization and collection process for the crosslinked PTPA particulates, and b,c)

SEM images of the typical structure of the porous PTPA particulates comprised of nanofibrils, which is insoluble in solvents.
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Figure 6. Pseudo-capacitive performances based on PTPA samples. a) CV curves of different scanning rates and b) galvanostatic

discharge curves at different current densities with cut-off voltages of 4.2/2.5 V for the PTPA microfibers. ¢) Specific capacitance

at various current rates for the PTPA microfibers and particulates. d) Cycling performance and Coulombic efficiency at a current

density of 2 A g! for the PTPA microfiber electrode, and the inset shows voltage profiles of the typical charge/discharge cycles. ¢)

Nyquist plots of the PTPA microfiber-based electrode. Z' is real impedance and Z” is imaginary impedance. Inset: a modified

Randles circuit. f) Ragone plots of PTPA capacitor based on microfibers and particulates morphology. Performances of the

capacitors are based on the mass of the active electrode materials.
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Scheme 1. The illustration of electroactive conducting polymers (ECPs) as cathode (positive electrode) materials for organic-
electrolyte-type supercapacitor with LiPF¢ as an example. The Faradaic current starts to increase during p-doping, i.e., charging

process, together with the PF, ions transporting to the cathode and Li" to the anode, and followed by a combination of the +/—
ions into the electrolyte during a discharging process to complete an electrochemical reaction cycling.
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Graphical Abstract

Electroactive conducting polymers (ECPs) with designed structures, via the fast surface reactions, are able to
storage/harvest more electrical energy, which may serve as potential cathode materials of organic pseudo-capacitors with
higher voltages.
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