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Novel n-conjugated poly(1,5-diaminoanthraquinone) (PDAA) is successfully synthesized using Ce(SO,),
with suitable redox potential through controlling polymerization temperature. The as-prepared PDAA
under optimal condition displays homogeneous submicron particles, excellent n-conjugated structure as
well as high conductivity (1.15x107 S cm™). Such unique features make the PDAA an ideal electrode
material for electrochemical energy storage. As a supercapacitor electrode, the PDAA exhibits a high
specific capacitance (406.3 F g, desirable rate performance as well as superior cycle life (9.3%
capacitance loss after 20000 cycles). This simple and cost-effective method without any external
additives and stabilizers may provide valuable guidance for the rational preparation of other novel micro-

nanostructure n-conjugated conducting polymers.

1 Introduction

Nowadays, with a fast-growing market for portable electronic
devices and electric vehicles, the development of high energy
storage systems has become a global concern. Supercapacitors
have attracted great scientific and technological attention for
energy storage devices due to their high specific power and long
cycle life over lithium ion batteries.'> However, supercapacitors
suffer from unsatisfactory energy density. To improve their
energy performance, considerable efforts have been devoted to
the development of electrode materials, which are mainly =-
conjugated conducting polymers (CPs) and transition-metal
oxides based on faradic redox charge storage."'° CPs, such as
polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh) and
their derivatives, have been extensively explored due to their ease
of synthesis, controllable electrical conductivity and high energy
storage capacity.'"""* Unfortunately, these conventional CPs
exhibit poor cycling stability derived from the volumetric
changes during the doping/dedoping process, which restricts their
practical applications.'™"” Considering the ever-increasing
demands for high-efficiency supercapacitors in the modern
society, there is an urgent need to develop new-generation CPs
with high-performance.

Recently, a novel wholly aromatic polymer called poly(1,5-
diaminoanthraquinone) (PDAA) has roused research interests.'®*!
Through the hybridization of polyaniline backbones with 1,4-
benzoquinone moiety, PDAA possesses enhanced
electroactivity and broadened potential window® compared
with PANI and PPy. Moreover, PDAA with “supramolecular”
structure exhibits better cycling stability than other reported CPs
due to strong n-n stacking interaction among anthracene rings and
hydrogen bonds between N-H and C=O groups.**?® So the
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PDAA can be anticipated as a promising candidate for
supercapacitor electrodes. Up to now, some efforts have been
devoted to the synthesis of PDAAs.***>?” For instance, Naoi ef al.
adopted electropolymerization method to prepare the PDAA film
with excellent electrochemical performance but it is not amenable
to large-quantity production’® And Li et al. successfully
synthesized the PDAA nanoparticles by chemically oxidative
polymerization.”? However, due to the low polymerization degree
and imperfect n-conjugated structure, the PDAAs by chemical
methods exhibit lower conductivity, which is unfavourable for
potential applications. So achieving chemically rational synthesis
of high-performance PDAA is the paramount challenge.

To improve the physicochemical properties of CPs, the
morphology and chain structure should be controlled.”®** For
chemically oxidative polymerization, the redox potential (RP) of
oxidants and polymerization temperature are two key factors,
which is largely in control of the performances of CPs.*'*? Li ez
al. found that the oxidants with various RPs significantly affect
the polymerization yield and macromolecular structure of
PDAAs.* So the matching of RP between the oxidant and
monomer is greatly key for the polymerization of CPs.
Furthermore, it is known that the polymerization temperature can
dominate the microstructure of CPs. However, the optimal
oxidant for DAA monomer and perfect reaction temperature have
not been achieved up to now, resulting in an unsatisfactory
performance of PDAA.

Herein, we firstly report a simple strategy to synthesize novel
n-conjugated PDAA with high performances through optimizing
the RP of oxidant and controlling polymerization temperature.
And a novel oxidant of Ce(SO,4), with suitable redox potential
was developed to prepare submicron-scale PDAA particles.
Besides, the formation mechanism for PDAA particles under
different temperatures was revealed. The as-prepared PDAA
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using Ce(SOy), under appropriate temperature of 20°C delivers
excellent conductivity (1.15x10? S ¢cm™, markedly higher than
previous reported PDAAs) as well as high specific capacitance of
406.3 F g'. More importantly, the prototype cell supercapacitor
based on two symmetrical PDAA electrodes exhibits outstanding
cycle life with only 9.3% capacitance loss after 20000 cycles,
which is significantly superior to other reported CPs.

2 Experimental
2.1 Synthesis of poly(1,5-diaminoanthraquinone)

The poly(1,5-diaminoanthraquinone) (PDAA) was synthesized
using an chemically oxidative polymerization method. Typical
procedure was as follows: 5 mmol diaminoanthraquinone
monomer (DAA) was dissolved in 200 mL 1 M H,SO4; DMAc
solution, and then the mixture was poured into glass flask and
stirred vigorously for half an hour. Meanwhile, the oxidant
solution was prepared by dissolving Ce(SOy), (10 mmol) into 100
mL 1 M H,SO, DMACc solution under sonication for 1 h. Then,
the Ce(S0O,), solution was added into the above DAA solution by
dropwise at the rate of 1 drop per 3 s, and the reaction was carried
out under stirring for 48 h at various polymerization temperatures
(0, 20, 40 and 60°C). The mole reaction concentration of DAA
(Cpaa) was controlled by 0.017 M. Finally, the resulting
precipitates were filtered and washed with DMAc, ethanol and
excess distilled water for several times to remove the remaining
monomer, oxidant and oligomers. For comparison, the PDAAs
with various oxidants were synthesized through the similar
procedure above. In order to avoid misunderstanding, it is stated
that the mentioned PDAA-X refers to the PDAA prepared with
the oxidant of Ce(SO,), at X°C. The synthesis conditions and
yields of PDAA with various oxidants and polymerization
temperatures were listed in Table S1 and Table S2, respectively.

2.2 Characterization

The Fourier transform infrared spectroscopy (FTIR) spectra were
recorded at a Nicolet 5700 spectrometer from KBr pellets. The
UV-Vis spectra were obtained using a Shimadzu UV-2102PC
spectrophotometer. X-ray diffraction (XRD) patterns were
obtained by using a Rigaku D/Max 2550 VB/PC X-ray
diffractometer with Cu Ko radiation. The morphologies of the
samples were characterized by the field-emission scanning
electron microscopy (FE-SEM, Hitachi S-4800) with an energy
dispersive spectrometer (EDS, QUANTAX 400-30) and the
transmission electron microscope (TEM, JEOL JEM-1400, 100
kV). X-ray photoelectron spectroscopy (XPS) analysis was
performed in a thermo scientific ESCALAB 250Xi X-ray
photoelectron spectrometer equipped with amonochromatic Al
Ka X-ray source (1486.6 eV). The specific surface area (SSA)
was measured on Molecular Devices SpectraMax M2 using the
methylene blue adsorption method (ESIT). The conductivity of
the samples was determined by PC40B digital resistance tester.

2.3 Electrochemical measurements

The working electrodes were prepared by mixing and grinding 75
wt.% of active material, 20 wt.% of acetylene black and 5 wt.%
of poly(tetrafluoroethylene) (PTFE) binder in deionized
water/ethanol mixed solution (1/9, v/v) to form a homogeneous
slurry. The slurry was rolled and then pressed onto the titanium
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mesh. The mass of active material was about 2 mg. The prototype
cell supercapacitors were composed of two symmetrical working
electrodes sandwiched by a polypropylene (PP) separator in 1 M
aqueous H,SO, electrolyte.

Cyclic voltammetry (CV), galvanostatic charge/discharge and
electrochemical impedance spectroscopy (EIS) were carried out
in 1 M H,SO, using a three-electrode mode on a CHI 660D
electrochemical workstation. Platinum foil and Ag/AgCl
electrode were used as counter electrode and reference electrode,
respectively. The potential range for CV and charge/discharge
tests was 0.2-0.9 V. The Nyquist diagrams were ran in the
frequency range from 10° to 107 Hz with 5 mV amplitude.
Cycling  stability performed by  galvanostatic
charge/discharge test with a program testing system (LAND
CT2001A) using prototype cell supercapacitors.

The specific capacitance (Cs) of the electrode material could be
calculated according to the following equation:

Cs = C/m = I/m(dV/dr)

where Cs is the specific capacitance, / is the discharge current,
m is the mass of active electrode material and d}/d¢ denotes the
slope of discharge curve (V-f).

was

3 Results and discussion

To select the optimum oxidant, the polymerization of DAA
monomer was attempted with (NH,),S,0g (RP=2.05 V), H,0,
(1.77 V), KMnOy (1.51 V), Ce(SOy), (1.44 V), CrOs (1.35 V) and
FeCl; (0.77 V) under the same conditions. As shown in Fig. la,
the color of the solution with (NH,4),S,05, H,O, and FeCl; as
oxidants is similar to that of DAA monomer while the resultant
solution using KMnQ,, Ce(SO,), and CrO; turns brown or black,
which indicates that too high or too low RP values are
unfavorable for the polymerization of DAA. This is probably
related to the coexistence of the oxidizable NH, and reducible
C=0 groups in DAA monomer. Furthermore, the highest
polymerization yield (25.5%) is obtained by the oxidant of
Ce(SOy); used (Table S1t).
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Fig. 1 (a) Photograph showing ethanol dispersions of raw DAA and
PDAAS prepared with various oxidants at 20°C. (b) FTIR spectra, (c)
UV-Vis spectra and (d) XRD patterns of DAA monomer and PDAAs

prepared with various oxidants: Ce(SO4),, CrO; and KMnOs.

FTIR spectra of the PDAAs using KMnO,, Ce(SO,), and CrO;
all exhibit the main bands at 1605, 1493 and 1259 cm’
corresponding to the C=C stretching vibrations of N=Q=N and N-
Q-N rings and the C-N stretching vibration, respectively, which is
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completely distinguished from DAA monomer (Fig. 1b). This
indicates that m-conjugated polymers are synthesized by KMnO,,
Ce(SOy), and CrOs;. For PDAA-KMnO,, there still exist some
extra bands similar to DAA monomer, suggesting the formation
of oligomers along with PDAA polymers, thereby leading to the
brown color of polymerization solution (Fig. 1a).

As seen from UV-Vis spectra, the PDAA-KMnO, presents
similar bands compared with DAA monomer, which further
indicates that there exist some DAA oligomers in PDAA-
KMnO,. However, both PDAA-Ce(SO,;), and PDAA-CrO;
display two obvious bands at ca 290-320 and 700-800 nm,
corresponding to w-n* transition in quinonediimine-like units and
polaron transition in polyaniline-like units, respectively,”
further verifying the formation of m-conjugated polymers (Fig.
Ic). Moreover, the band of polaron transition of PDAA-Ce(SO,),
red-shifts compared with that of PDAA-CrO; (from 740 nm to
793 nm). This indicates higher m-conjugated degree of the
PDAA-Ce(SO,),. The XRD patterns of the three PDAAs all
display a broad diffraction peak at about 26=25°, which implies
the amorphous structure rather than highly crystalline structure of
DAA monomer (Fig. 1d). In addition, an exceptional sharp peak
at approximately 11.7° appears in PDAA-KMnO, pattern, which
may be associated with DAA oligomer.

Fig. 2 FE-SEM images of PDAAs prepared with various oxidants: (a)
Ce(S0y4)s, (b) CrO; and (¢) KMnO,.

Interestingly, the oxidants with different RPs can make an
enormous difference to the morphology of PDAAs (Fig. 2).
PDAA-Ce(SO,), displays homogeneous submicron particles with
the diameter of 200-300 nm while 100 nm nanoparticles for
PDAA-KMnO,. However, the PDAA-CrO; shows aggregated
morphology.
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Fig. 3 The electrochemical performances of the PDAAs with various
oxidants: Ce(SO4),, CrO; and KMnOy. (a) CV curves at a scan rate of 10
mV s, (b) Galvanostatic charge/discharge curves at a current density of

0.2 A g, (c) The specific capacitance as a function of various current

densities. (d) Nyquist plots in the frequency range of 10°>-107 Hz.

Due to excellent t-conjugated structure for electron conduction
and homogeneous submicron size, the conductivity of PDAA-
Ce(S0y), reaches up to 1.15x107 S cm™ (Table S1%). It is three
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orders of magnitude higher than that of PDAA-CrO; and PDAA-
KMnO, as well as markedly superior to the prepared PDAAs by
Li et al.?

The electrochemical performance of the PDAAs with various
oxidants is shown in Fig. 3. The CV curves display two pairs of
redox peaks at ca 0.4-0.5 and 0.8 V for PDAA-Ce(SO,), and
PDAA-CrO; (Fig. 3a), corresponding to the transitions of
quinine/hydroquinone (Q/HQ) and emelardine/quinine diimine,
respectively,”? which indicates good pseudocapacitive behavior
for PDAAs. By contrast, the PDAA-KMnO, exhibits no obvious
redox peak and a much smaller curve area. The charge/discharge
curves of PDAAs exhibit symmetrical and mirror-like images,
indicating the redox reaction of PDAAs is reversible (Fig. 3b).

And the specific capacitance of PDAA-Ce(SQOy), is as high as
4063 F g' at 0.2 A g'. Moreover, it retains about 63%
capacitance with the growth of current density from 0.2 to 50 A
g while only 55.7% retention for PDAA-CrO; and even lower
for PDAA-KMnOy,, which implies that PDAA-Ce(SOy), exhibits
superior rate capability (Fig. 3c).

Generally, EIS is a powerful tool to understand the
fundamental behaviors of electrode materials, as displayed in Fig.
3d. In high frequency region, the semicircle corresponds to the
charge transfer resistance (Rcr) at the electrode/electrolyte
interface. It is found that PDAA-Ce(SQO,), exhibits the smallest
Rer (125 Q), indicating its excellent ability of charge
conduction. Besides, PDAA-Ce(SO,4), shows a more nearly
vertical line in low frequency region, revealing the ideal
capacitive behavior. As a summary, Ce(SOy), is elected as the
most appropriate oxidant to prepare high-performance PDAA,
which is of great potential and value as a novel supercapacitor
electrode.

Polymerization temperature is another vital factor to control
the structure and morphology of CPs. So the influence of the
temperature on the chemical structure, morphology and
electrochemical  performance for PDAA-Ce(SOy,), is
systematically investigated. As seen in Fig. 4a, three PDAAs at
higher temperatures (>20°C) exhibit similar FTIR absorption
bands. The intensity of bands for N=Q=N ring at ca 1605 cm
strengthens as the temperature increases, which indicates high
degree of oxidation for the PDAAs under higher temperatures.
However, a strong and wide band at around 1130 cm™ derived
from the Ce(SO,), is displayed in PDAA-0 (Fig. 4a and Fig.
Slat). Besides, the UV-Vis spectrum of PDAA-0 (Fig. 4b)
presents a strong band at 345 nm and a shoulder band at 556 nm
similar to DAA monomer (Fig. 1c), suggesting the existence of
DAA oligomers for PDAA-0. Thus it can be inferred that the
complex of Ce(SO4), and DAA oligomer is formed at low
temperature (0°C). But at higher polymerization temperatures
(>20°C), the as-prepared PDAAs display two obvious absorption
bands at ca 290-320 and 600-800 nm similar to polyaniline. This
indicates that low temperature is unfavorable for the formation of
n-conjugated PDAAs. Furthermore, a red-shift of the band for
polaron transition from 688 to 793 nm is observed as the
temperature decreases from 60 to 20°C, which implies the highest
n-conjugated degree for PDAA-20.

To investigate the chemical component and structure of PDAA,
X-ray photoelectron spectroscopy (XPS) is employed. It can be
seen from Fig. 4c that PDAA-20 displays primary C 1s, N 1s and

This journal is © The Royal Society of Chemistry [year]
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O Is peaks. However, except for the above peaks, unique Ce 3d
peaks at 880-930 eV are observed in PDAA-0 similar to Ce(SO,),.
And approximately 27 wt.% of Ce element is observed from the
XPS, which is consistent with the EDS result of PDAA-0 (Fig.
s S2at). Besides, the EDS mapping image shows that red bright
dots are X-ray radial signals radiated from Ce element, which is
homogenously distributed in PDAA-0 (Fig. S2b7). The detailed
analysis of Ce 3d spectrum reveals the presence of two sets of
spin-orbital multiplets (v and u), corresponding to the 3d;, and
10 3ds), core holes (Fig. S1b¥).** Moreover, Ce 3d peaks of PDAA-0
shift to lower binding energy compared with Ce(SO,),, which
may be ascribed to the complexation between DAA oligomer and
Ce(S0Oy), at 0°C. As shown in Fig. 4d, the signals of N 1s for
PDAA-20 are fitted with peaks of quinonoid imine (=N—, 398.9
15 €V), benzenoid amine (-NH—, 399.5 eV) and protonated N*
(400.7 eV), which further verifies that PDAA-20 is n-conjugated
polymer like polyaniline. And for the N 1s spectrum of PDAA-0,
an extra perdominant peak centered at 400.1 eV is observed due
to the complexation of —NH, Ce. This is in good accordance
20 with our FTIR and UV-Vis results above.
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Fig. 4 (a) FTIR spectra and (b) UV-Vis spectra of PDAA-Ce(SO4), with
various polymerization temperature, XPS spectra for (¢) survey scan and
(d) N 1s region of PDAA-0, PDAA-20, DAA monomer and Ce(SOs4),.

»s  Fig. 5a-d presents the FE-SEM images of PDAA-Ce(SO,),
under various polymerization temperatures. At low temperature
of 0°C, PDAA-0 exhibits the aggregated structure consisting of
numerous nanoparticles of 80-120 nm (Fig. 5a). Interestingly, the
morphology occurs distinct change when the temperature rises to

30 20°C. As seen in Fig. 5b, the PDAA-20 displays homogeneous
submicron particles with the diameter of 200-300 nm, which is
further verified by TEM images (Fig. Se-f). The image with
higher magnification clearly reveals the internal structure of
single PDAA particle like an “snowball”. Based on DAA

35 oligomers as central nucleation sites, the PDAA
nanoparticles gradually grow similar to the “snowball rolling”
process, which well confirms the self-nucleation of PDAAs.
However, at higher polymerization temperature (40 or 60°C), the
aggregated morphology is formed again, which is composed of

40 100-200 nm submicron particles (Fig. 5¢-d).

Based on above analysis, the possible formation mechanism of
PDAAs is illustrated in scheme 1. At low temperature (0°C), the
complexation reaction between Ce(SO4), and DAA oligomer
dominates due to the slow initiation rate of Ce(SQOy,),, and the

ss resultant complex further aggregates through n-n interaction and

initial

hydrogen bonds. As the polymerization temperature increases to
20°C, the initiation rate and chain propagation rate are moderate.
So DAA oligomers with proper concentration are generated,
acting as the active self-nucleation sites for the growth of PDAA-
s0 20, which is well proved by TEM image (Fig. 5f). Moreover,
submicron-scale PDAA-20 particles can stay self-stable rather
than conglomerated, which is ascribed to the static repulsion
between negative charges of PDAA-20 (C-O7, Zeta potential: -
17.1 mV).** However, at higher temperatures (40 or 60°C), a
ss large number of PDAA initial nanoparticles are generated,
ascribed to fast initiation and propagation rate. Furthermore, due
to high temperature and dense concentration of nanoparticles,
brownian motion is accelerated, which makes the PDAA
nanoparticles prefer to aggregate beyond the static repulsion.

il

Fig. 5 FE-SEM images of (a) PDAA-0, (b) PDAA-20, (c) PDAA-40 and
(d) PDAA-60 using the oxidant of Ce(SOs),, (e, f) TEM images of
PDAA-20 with low and high magnifications.

60

M H,SO, in DMAc solution
%
o,
O 60 o,
e

o

+: DAA monomer : Ce(SOg); @i DAA oligomers @ : PDAA initial particles

. : PDAA particles

65 Scheme. 1 Schematic illustration for the formation of PDAA-Ce(SOs),
with various polymerization temperatures.

Fig. 6 presents the electrochemical performance of PDAAs
with various polymerization temperatures. At higher temperatures
(>20°C), the PDAAs exhibit similar CV and charge/discharge

70 curves except for PDAA-0O (Fig. 6a-b). Due to the complex of
Ce(SO4), and DAA oligomer formed at 0°C, PDAA-0 shows no
obvious redox peak compared with three other PDAAs. Besides,
PDAA-O0 also displays a much smaller CV curve area and shorter
discharge duration, indicating low specific capacitance.
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Fig. 6 The electrochemical performances of PDAA-Ce(SO,), with various
polymerization temperatures. (a) CV curves at a scan rate of 10 mV s™. (b)
Galvanostatic charge/discharge curves at a current density of 0.2 A g, (c)
The specific capacitance as a function of various current densities (d)
Nyquist plots in the frequency range of 10°-107 Hz.

Furthermore, PDAA-0 shows poor rate capability, which is
ascribed to inferior conductivity of the complex. Conversely, at
higher temperatures (>20°C), the PDAAs exhibit excellent rate
capability due to higher conductivity (Table S21). And PDAA-20
possesses optimal 63% retention of initial specific capacitance
(406.3 F g'") as the current density increases from 0.2 to 50 A g
(Fig. 6¢), which is superior to other reported CPs.

It is found from Nyquist plots (Fig. 6d) that PDAA-0 exhibits
the biggest Rer and quite inclined curve in low frequency.
However, under higher temperatures (>20°C), the Rcr of PDAAS
obviously decreases and the nearly vertical line is displayed. And
the smallest Rep is observed for PDAA-20. The performance
difference of above PDAAs is mainly ascribed to their chemical
structure, m-conjugated degree, morphology as well as specific
surface area. The PDAA-20 possesses the highest m-conjugated
degree, homogeneous submicron particles and the highest
specific surface area (SSA) of 86.3 m” g”'. As the polymerization
temperature rises, PDAAs display aggregated morphology and
the SSA gradually decreases (Table S27). For the PDAA-0,
though it possesses higher SSA of 71.8 m* g due to numerous
oligomer nanoparticles, PDAA-0 has very low polymerization
degree and m-conjugated degree, which results in inferior
electrochemical performance. Therefore, based on above analysis,

the PDAA-20 is verified to possess optimal intriguing
electrochemical performances.
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Fig. 7 (a) Cycling stability of prototype supercapacitor based on PDAA-
20 at a current density of 1 A g'. The data were obtained from the two-
electrode supercapacitor measured using galvanostatic charge/discharge
technique, as seen from the inset. (b) Nyquist plots of the prototype
supercapacitor based on PDAA-20 in the frequency range of 10°-107 Hz
before and after 20000 cycles.

More importantly, the prototype supercapacitor based on
PDAA-20 possesses outstanding cycling stability with only 9.3%

4
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capacitance loss over 20000 cycles (Fig. 7a), which is
significantly superior to other previous reported CPs.'®!7**5 The
exceptional cycle life can be ascribed to less mechanical
degradation by isotropic lattice expansion and shrinkage of
peculiar -stacked “supramolecule”.'®*>?® Furthermore, the stable
intermediate “charge-transfer” complex between aniline moiety
and benzoquinone molecule through the hydrogen bonds can
largely enhance the chemical stabilization and prevent the
migration of the benzoquinone, which is also beneficial to
electrochemical cycling stability.?®

In order to verify the cycling stability, EIS test was conducted
before and after 20000 cycles (Fig. 7b). It is apparent that PDAA-
20 maintains the same Rcr and displays only little inclined
tendency for the line in low frequency region after cycles,
revealing excellent ability of charge conduction. In addition, the
FE-SEM images show no obvious change for the microstructure
of PDAA-20 electrode wafer, as seen from Fig. S3F. So the above
analysis further supports the conclusion of superior cycling
stability for PDAA-20.

4 Conclusions

In summary, a facile and scalable strategy has been developed to
prepare the submicron-scale PDAA particles using novel oxidant
of Ce(SOy),. The optimization of PDAAs is carried out through
selecting RP of oxidant and controlling polymerization
temperature. The formation mechanism of PDAAs indicates that
the complex of Ce(SO,), and DAA oligomer is formed at 0°C,
but real m-conjugated polymer obtained at higher temperature
(>20°C). Moreover, the as-prepared PDAA-20 possesses high
specific capacitance of 406.3 F g, desirable rate performance
and superior cycling stability (90.7% capacitance retention after
20000 cycles). The intriguing supercapacitive performance is
attributed to excellent m-conjugated degree, homogeneous
submicron size and unique n-stacked supramolecular structure of
PDAAs. In addition, the simple synthesis technique without any
external additives and stabilizers is readily scalable to industrial
levels. Therefore, this rational design may provide valuable
guidance for the productive preparation of other m-conjugated
CPs with novel micro-nano structure, and which can be
commendably applied in energy storage devices, lithium ion
batteries, chemical sensors, catalyst supports and so on.
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Text
A novel n-conjugated poly(1,5-diaminoanthraquinone) with high performance was developed

through optimizing redox potential of oxidant and controlling polymerization temperature.



