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Mesoporous conjugated polymer based on high free radical
density polytriphenylamine derivative: its preparation and
electrochemical performance as cathode material for Li-ion
batteries

Chang Su,”*" Huihui He, Lihuan Xu, ® Kai Zhao, © Chuncui Zheng © and Cheng Zhang "

A novel mesoporous conjugated polymer-Poly(4,4',4"-tris(N,N-diphenyl-amino) triphenylamine) (PTDATA), which was one
of polytriphenylamine derivatives with high free radical density, has firstly been prepared by chemical oxidative
polymerization. Compared to polytriphenylamine (PTPA) with aggregated morphology and relatively low surface area (5.6
mz/g), PTDATA exhibited a nanofibers-packed mesoporous structure with obviously improved surface area of 560.58 mz/g.
When explored as the cathode material for organic free radical batteries, PTDATA showed a well-defined multistage
discharge voltage plateau and an improved capacity of 133.1 mAh/g, which was equal to 92.8 % of its theoretical capacity
(143.5 mAh/g). Also, PTDATA exhibited an enhanced rate performance of 125.4, 114.1, 97.5 and 90.9 mAh/g with a 10
times increase of the current density from 50 to 500 mAh/g, respectively. The excellent electrochemical performances of
the PTDATA electrode were due to its special chemical structure of high free radical density and its high specific surface

caused by the nanofibers-packed mesoporous morphology, which made PTDATA be a good potential candidate as the

organic cathode materials for high-performance organic lithium secondary batteries.

Introduction

Nowadays, lithium ion batteries as a promising power source
have been widely used in electronic devices such as cell
phones and laptop computers. 13 However, the commonly
used cathode materials in state-of-the-art lithium ion batteries
are generally inorganic materials (e.g., LiCoO,), which suffer
involving the limited theoretical
capacities, the limited mineral resources and the large energy
consumption during synthesis. a8 Furthermore, the demands
for high capacity also limit their large scale applications for

from some drawbacks

upcoming electric vehicles (EVs) and renewable power stations.

4,9 . . .
To meet increasing demands of green and sustainable

electric power storage, organic electrode materials have
recently attracted considerable attention because of their
potential high redox capacity, resource abundance,
environmental friendliness and structural diversion. > A
number of organic compounds have been investigated as
novel energy storage materials for the positive electrode of
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lithium batteries, which mainly include organic conductive
. . - 12, 13
polymers (polyaniline, polythiophene and polyimide),
organosulfur compounds, 4 carbonyl-based compounds
and stable radical polymers, 1819 et al.
Among them, polytriphenylamine (PTPA) as well as its
derivatives, as a kind of radical polymer, has been explored

recently as the electrode materials in the energy storage field,

15-17

such as lithium ion batteries and super capacitors,
their excellent charge transport, thermal and morphological
> PTPA,
composed of a p-conjugated triphenylamine substructure,

stabilities, and electroluminescence. As reported,

showed good electrochemical performance and well-defined
voltage plateaus (~3.6 V) as the cathode of lithium ion
batteries, which could contribute to the reversible redox
radicals nature of PTPA. However, the limited theoretical
capacity of PTPA (109 mAh/g), which is lower than that of the
commercial LiCoO, (about 140 mAh/g), hinder its further
research in the future. According to the formula of the
theoretical specific capacity: C;(mAh/g) = nxF/M,,, in which C,
n, F and Mw respectively mean the theoretical specific
capacity, the transferred electron number in each structural
unit, the Faraday constant and the molecular weight of the
structural unit, there are two ways to improve the theoretical
capacity of an organic electrode material: one is adopting
multi-electron reactions and another is reducing the molecular
weight of the structural unit. In our previous works, %27 \we
have firstly prepared the polytriphenylamine derivative-Poly
[N,N,N, N-tetraphenylphenylenediamine] (PDDP) and poly(1-
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N,1-N,4-N-triphenyl-4-N-[4-(N-[4-(N-
phenylanilino)phenyl]lanilineo) phenyllbenzene-1,4-diamine)
(PFTP) with high free radical density structure. Specially for
PDDP, it demonstrated two electron redox process with a
quite high capacity of 129.1 mAh/g, as applied for the cathode
material. Inspired by this, it is a promising way to further
design polytriphenylamine-based derivatives for obtaining the
advanced organic free radical-based cathode with high specific
capacity.

In addition, the utilization ratio of the active materials in the
composite electrode is another factor of affecting the specific
capacity and the electrochemical performances of the
electrode material. During the practical applications of the
polymer-based cathode, the dense packed active materials
generally hinder the contact between active sites within the
organic materials and electrolyte and slow down the diffusion
of Li' in the polymer matrix during the charge/discharge
process, resulting in the low utilization ratio and practical
specific capacity of active materials and the decreased rate
performance of lithium ion battery. 829 g presented in our
experiment, % the as designed polytriphenylamine derivative-
PFTP with high free radical density structure possessed a
higher theoretical specific capacity of 143.7 mAh/g, but the
only 74.2 mAh/g of the actual specific capacity was exhibited
due to the serious aggregated morphology which decreased
the utilization rate of the active material during the
charge/discharge process. As an alternative, to prepare the
active materials with high specific surface area will in favor of
the improved contact surface of the active material with the
electrolyte, allowing the more short Li* diffusion pathways
during the charge/discharge reaction and the more surface
sites available for the electrochemical reaction, all of which
will in turn lead to the enhanced specific capacity and kinetics.
2932 Microporous conjugated polymers (MCPs), as a kind of
advanced porous materials, show recently some features such
as large specific surface area, high chemical and thermal
stability, insolubility in most solvents, and synthetic diversity.
These advantages make MCPs broad potentials in a variety of
applications, such as gas adsorption, light emitting, energy
storage and heterogeneous catalysis. However, there are only
a few reports on applying MCPs as electrode materials of
lithium ion batteries. Recently, some novel microporous
organic polymers have been synthesized, such as porous
polyimides, 3 microporous conjugated polymers based on
carbazole and benzothiadiazole, 34 microporous conjugated
polymers based on hexaazatrinaphthalene, 3 microporous
organic polymers with triphenylamine segments % and bipolar
porous polymeric frameworks with triazine structure, 3 et al.
As employed for Li-/Na-based energy storage devices, it
exhibited an unusually high specific energy and specific power.
These results indicate that the high specific capacity organic
electrode materials with microporous morphology have
enormous potential as green sustainable and flexible electrode
materials for next generation energy storage devices.

Recently, the studies have demonstrated that 4,4',4"-
tris(N,N-diphenyl-amino) triphenylamine (TDATA) and its
derivatives generally show excellent charge transport, and
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have been applied as organic electroluminescent devices and
organic solar cells materials. 38 However, to the best of our
knowledge, there are no relative reports of the corresponding
polymer-PTDATA and its applications as an electro-active
material in lithium ion batteries. In this study, a novel
polytriphenylamine derivative (Poly(4,4',4"-tris(N,N-diphenyl-
amino) triphenylamine) (PTDATA)), with a similar
triphenylamine structure but an even higher free radical
density than PTPA and PDDP, was prepared firstly. And then,
by controlling the polymerization conditions, a novel organic
mesoporous material based on the PTDATA was successfully
obtained, which demonstrated a higher specific surface of
560.58 mz/g than that of 5.62 mz/g for PTPA. Furthermore, the
charge/discharge
mechanism of the prepared polymer as the cathode during the

electrochemical properties and the

charge/discharge process were systematically investigated.

Experimental
Material synthesis

Materials Diphenylamine (98%), tris(4-iodophenyl)amine
(99%), o-xylene (99%), triphenylamine (98%), tri-tert-
butylphosphine (PtBus, 1.0 M), Potassium tert-butoxide (KOBu,
98%), and palladium acetate (Pd(OAc),, AR) were purchased
from Energy Chemical Reagent Co. All other reagents were
received as analytical grade and used without further
purification.

Synthesis of TDATA monomer 4,4',4"-tris(N,N-diphenyl-amino)
triphenylamine (TDATA)was prepared by the Ullmann coupling
reaction similarly as reported in literature. 3990 2 mmol of
tris(4-iodophenyl)amine and 8 mmol of diphenylamine were
dissolved in 50 ml o-xylene in a 100 ml three-necked flask, to
which 0.17 g Pd(OAc),, 1.12 g KOBu and 2.4 ml PtBus as the
catalysts were added. The mixture was stirred in a nitrogen
atmosphere at 120 °C for 12 h. The final solution was extracted
with CHCl; and water. Then, CHCIl; was removed by rotary
evaporation to afford the crude product. TDATA was isolated
by recrystallization with THF/MeOH (1:1 v/v) mixed solvent in
a 67.1 % vyield as pale yellow needles. 'H NMR (500
MHz,DMSO-dg), 6=7.32-7.25 (m, 12 H), 7.07-6.96 (m, 30 H) (Fig.
S1 of the Supporting Information). MS (ESI): calculated
Cs4sHaioNy, m/z: 746.4, found m/z: 746.4 (Fig. S2 of the
Supporting Information).
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Scheme 1 Synthetic route of TDATA monomer and porous
polymer PTDATA.
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Preparation of PTPA and meso-porous PTDATA The polymer
of poly(4,4’,4"-tris(N,N-diphenyl-amino) triphenylamine)
(PTDATA) and the reference polymer of poly(triphenylamine)
(PTPA) were prepared by chemical oxidative polymerization in
50 mL of chloroform using ferric chloride as the oxidant. The
reaction solution was stirred overnight at room temperature
under N,. After completion of the solution polymerization
reaction, the reaction mixture was poured into methanol to
deposit the polymer product, which was then filtered and
washed with methanol several times. Finally, the polymer
product was filtered and dried in vacuum at 60 °C for 12 h. The
colors of the PTPA and PTDATA were yellow and emerald,
respectively. Synthetic routes of TDATA monomer and porous
polymer PTDATA were shown in Scheme 1.

Material characterization

Pyrolysis-gas chromatography-mass spectrometry (PGC-MS)
was carried out on a vertical microfurnace pyrolyzer (PY2020iD,
Frontier Lab Ltd, Fukushima, Japan), which was directly
attached to a gas chromatograph (CP-3800, Varian, USA)
equipped with a flame ionization detector (FID). FT-IR spectra
were carried out on a Nicolet 6700 spectrometer (Thermo
Fisher Nicolet, USA) with KBr pellets. UV-Vis spectra were
recorded on a UV-1800 spectrophotometer (Shimadzu, Japan).
Raman spectra were recorded on a Lab RAM HR UV800 (JOBIN
YVON, France) with 632.81 nm. BET was carried out on a
Surface Area and Porosity Analyzer (JinWei, JW-BK122F). The
electron spin resonance (ESR) spectra were recorded on
BRUKER A300 spectrometer (Switzerland). Thermogravimetric
analyses (TGA) were preformed on a QS5000IR (Ra, USA)
thermogravimetric analyzer running from room temperature
to 800 °C at a heating rate of 10 °C/min in nitrogen. Scanning
electron microscopy (SEM) measurements were taken using a
Hitachi S-4800 scanning electron microscope (Hitachi, Japan).
Electrochemical measurements

For cathode characterization, CR2032 coin-type cell was used
and assembled in an argon-filled glove box. The cathodic
electrodes were prepared by coating a mixture containing
50 % as prepared polymers, 40 % acetylene black, 10 % PVDF
binder on circular Al current collector foils, following dried at
60 °C for 10 h, and the load mass of the composite on the
current collector was about 2 mg. After that, the cells were
assembled with the prepared electrodes as cathode, lithium
foil as the anode and 1 M LiPF¢ dissolved in ethylene carbonate
(EC) and dimethyl carbonate (DMC) (EC/DMC = 1:1 v/v) as the
electrolyte. The charge-discharge measurements were carried
out on a LAND CT2001A in the voltage range of 2.5-4.2 V
versus Li/Li", using a constant current density at room
temperature. Electrochemical Impedance Spectroscopy (EIS)
experiments were carried out using the assembled stimulant
CR2032-type coin cells of the before and after 50
charge/discharge cycles at a charge stage. And the
measurements were performed with CHI 660E electrochemical
working station over the frequency ranges from 0.1 Hz tol
MHz, with the applied amplitude of 5 mV. The cyclic
voltammograms (CV) tests were carried out using a CHI 660E
electrochemical working station. And the testing was
performed in the two-electrode electrochemical cell
assembled above with the scanning potential range from 2.5 V

This journal is © The Royal Society of Chemistry 20xx
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to 4.5V and a scanning rate of 1 mV/s.

Results and discussion

Material characterization

(— T
(a)PTDATA
—— (b)PTPA

PTDATA

Transmittance(a.u.)

T T T T T T
2000 1800 1600 1400 1200 1000 800

Wave Number(cm'*)
Fig. 1 FTIR spectrum of the (a) PTDATA, (b) PTPA samples.

Fig. 1 shows the FTIR spectra of the as-prepared polymers of
PTDATA and PTPA, respectively. As can be seen, the main
characteristic peaks of TPA can be found in Fig. 1(a) and Fig.
1(b), involving stretching vibration peak of C=C bond in
benzene ring at 1594 ecm™, the c-C stretching vibration in
benzene ring at 1490 cm™, the C-H bending vibration in
benzene ring at 1328 ecm™* and the C-N stretching vibration in
tertiary amine at 1276 cm™, respectively. The C-H out-of-plane
vibration from 1,4-disubstituted benzene rings are also shown
clearly at the wavenumbers of 820 cm™. And the presented
absorption peaks at 751 and 695 cm™ are due to the C-H
deformation vibration peak in substituted benzene. It is
difficult to find the difference of PTDATA and PTPA on the
infrared spectrum because of the similarities of the polymer
structures, in which TDATA unit can be considered to be
connected by three TPA molecules through the middle N atom.
In order to further verify the molecular structure of the
polymer, Resonance Raman spectroscopy of the as-prepared
PTPA and PTDATA has also been analyzed (as shown in Fig. S3).
Besides the main characteristic peaks of TPA structure in the
two samples, 4143 the some new bands at 1327 and 1349 cm™
appear in the spectrum of PTDATA compared to the PTPA,
which are attributed to the symmetric N-Ar-Ar-N stretching
and N-Ar-N stretching respectively, indicating the N-Ar-Ar-N
and N-Ar-N moieties have been contained in the PTDATA
polymer and the PTDATA polymer has been prepared
successfully. Furthermore, the existence of radical in the
products of PTPA and PTDATA is confirmed by the electron
Spin resonance (ESR) (Fig. 2), in which the nearly 2 of g values
for PTDATA (2.00562) and PTPA (2.00932) indicate the
existence of the free radical in both polymers, respectively.
Comparatively, the spectral intensity (g value: 2.00562) for
PTDATA becomes more broad and strong than that of PTPA,
indicative of the high free radical density in the PTDATA
molecular, which is in accord with the highly free radial density
structure of PTDATA molecular. The thermal stability of the
PTPA and PTDATA is also investigated by thermogravimetric

J. Name., 2013, 00, 1-3 | 3
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analysic (TGA). And the resulted PTDATA exhibits a high
thermal stability without decomposing up to 560 °C (Fig. S4 of
the Supporting Information), which is crucial to the safety of
rechargeable batteries.

Intensity

T T T T T T T T T T T T
330 332 334 336 338 340 342
Magnetic Field (mT)

Fig. 2 ESR of PTPA and PTDATA measured in the power state.

In order to exploring the electron-structure of materials, UV-
Vis spectra is further measured in DMF (10’3 g/L) to explore the
characteristics of the monomers (TPA and TDATA) and the
corresponding polymers (PTPA and PTDATA). As shown in Fig.
3(c), the TPA monomer exhibits an absorption peak at 305 nm,
which are assigned to the m-nt* electron transition in the TPA
units. In comparison, the m-t* electron transition of TDATA
monomer red-shifts to 330 nm, due to the extense m-m*
conjugated structure of TDATA. After the chemical
polymerization, it can be seen that the corresponding
absorption peaks of the m-m* electron transition for the
obtained PTPA and PTDATA become further red-shifted in
comparison with that of the TPA and TDATA monomers, which
can be attributed to the expansion of the m-conjugated
structure by the produced conjugated polymer system. a4
Still, the absorption peak of PTDATA shifts to 374 nm, which is
obviously red-shift compared to PDPA (354 nm). This result
indicates, due to the higher radical density structure in the
repeating unit of PTDATA, that the charge carrier
transportation alone in the polymer main chain of PTDATA is
even smoother than that of PDPA, which is crucial for high-
performance lithium battery.

—v— (a)TDATA
—e— (b)PTDATA
—4— (c)TPA
—=— (d)PTPA

Absorbance

T T T T T
300 350 400 450 500 550 600
Wavelength(nm)

Fig. 3 UV-Vis spectra of (a) TDATA, (b) PTDATA, (c) TPA, and (d) PTPA (10'3g/L)
in DMF.
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The morphologies of the as-obtained polymers PTPA and
PTDATA have also been investigated by SEM. As can be seen in
Fig. 4(a) and (c), PTPA exhibits a serious aggregated and
platelike morphology with the size of several micrometers.
Comparatively, the morphology of PTDATA is obviously
different from that of PTPA under the same experimental
conditions. As shown in Fig. 4(b) and (d), PTDATA exhibits a
tangle fibrous structure with average diameter of about 20-50
nm, which forms a dense packing structure with much porous
morphology in the matrix. The different morphologies can be
attributed to the different molecular structures of PTDATA and
PDPA, which have an effect on the molecular aggregation.
Interestingly, the polytriphenylamine derivative-PFTP with the
same monomer molecular formula to PTDATA shows a serious
aggregated morphology, as reported in our group. 7t s
supposed that the differential molecular isomerism
(constitutional, configurational and conformational isomers) of
monomers is a possible reason for the distinct morphologies of
both PTDATA and PFTP, in which the rigid molecular
constitution of TDATA isomers, with less conformational
isomerism, is in favour of the molecular structure stability and
the obtained porous morphology of the polymer (Fig. S5 of the
Supporting Information). And the much porous morphology is
in favor of both electrolyte and Li* to diffuse into the active
polymer matrix, benefiting to the improvement of utilization
and electrochemical properties for active materials during the
charge-discharge process.

Fig. 4 SEM images (5K) of samples (a) PTPA, (b) PTDATA, (c) and (d) partially
enlarged SEM images (20K) in (a) and (b), respectively.

In addition, Nitrogen adsorption/desorption isotherms and
pore size distribution curves of the two polymers are shown in
Fig. 5 and its inset. Two polytriphenylamine-based derivatives
produced from the same polymerizations exhibits the obvious
different specific surface areas (5.62 mz/g for PTPA and 560.58
mz/g for PTDATA) and pore size distribution (~10.95 nm for
PTPA and ~3.24 nm for PTDATA), in which PTDATA shows the
obviously improved structure characteristics. The rapid uptake
of nitrogen of PTDATA at low relative pressures (P/P, < 0.001)
indicates substantial microporous structure in the polymer
networks. As a sharp contrast, PTPA shows low nitrogen
adsorption, which is in line with its low surface area and pore
volume. A steep rise in the nitrogen adsorption isotherms for

This journal is © The Royal Society of Chemistry 20xx
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PTDATA is also observed at high relative pressures (P/Py > 0.9),
indicating the presence of some mesopores and/or
macropores in the polymer, which are probably due to inter-
particle porosity or void. The inherent micro-/mesopore are
accessible to Li* transport and its high surface area endows
PTDATA with abundant active sites for Li storage.

300 |—=— (a)PTPA
{ |—e— (b)PTDATA f
)
250 P g |
—~ el
o o o*°
“c 200 s ad
o Mp{"
o 0087 3 [
& 150 " sl |
? e &
kol S o
< 100 3 |t
() 002{ ¢
£ 4
% 50 000] e o
> 0 20 40 60 80 100 120 140
DD(nm)
0d feemm===ss - ——a
T T T T T T
0.0 0.2 0.4 06 08 1.0
Relative Pressure (P/P°)
Fig. 5 N, adsorption-desorption isotherm and pore-size distribution of both

PTPA and PTDATA (the inset part).

Electrochemical performance
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Fig. 6 Cyclic voltammograms (CV) of (a) PTPA, (b) PTDATA in the two-
electrode electrochemical cell at the scan rate of 1 mV/s.

Fig. 6 shows the cyclic voltammetry (CV) profiles of the PTPA
and PTDATA, which is measured using 2032 coin-type half cell
at the scan rate of 1 mV/s. As shown in cyclic voltammogram
(CV) profiles, the electrode of PTPA shows a pair of anodic and
cathodic peaks at about 4.195 and 3.202 V respectively,
according to the doping-dedoping reaction of Li* from the
polymer chains. The potential separation between the
oxidation and reduction peaks is about 0.993 V, and the
approximately = symmetrical peaks suggest a good
insertion/extraction reversibility of the produced PTPA.
Comparatively, the CV curves of the PTDATA displays four pairs
of oxidation and reduction peaks at 3.400 V/3.275 V, 3.636
V/3.452 V, 4.047 V/3.885 V and 4.231 V/4.059 V, respectively.
The multiple peaks characteristics of PTDATA indicate the four

This journal is © The Royal Society of Chemistry 20xx
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free radical center structure in TDATA unit of PTDATA, which
undergoes the four electrons and Li* gain/loss reaction during
the charge/discharge process. And the possible reaction

process for PTPA and PTDATA is shown in Scheme 2. Moreover,

the potential separations for four redox pairs of PTDATA are
0.125, 0.184, 0.162 and 0.172 V, respectively, which are
obviously smaller than that of PTPA, implying that the
electrode polarization is small during the electrochemical
oxidation/reduction process and the electrode reactivity is
improved by the multi-electron reaction behaviors. It is
speculated that the compact triphenylamine structure in
PTDATA molecular results in higher free radical density, which
will benefit the migration of the free radical electron located at
the central nitrogen atom of triphenylamine moieties, as a
result leading to the smaller potential separation. The result
has further confirmed the obtained UV-vis spectra’s results, in
which the facile electron migration in the polymer is in favor of
the obviously red-shifts of absorption peaks of PTDATA.

Charge
-nLi’, -ne”
Li" —_— N
N +nLi', tne o+
Lt n Discharge PF¢ il

PF,
7@@
N

Charge

Li
- [ @
o N r “+4n Li*, +dne” PF, \ﬂr 5
PFg PRl _|PFe T Dische ot PFg - n
SN ischarge N N

2 8

Scheme 2 The possible charge-discharge process of PTDATA,
(b) PTPA samples

Charge-discharge performance of PTDATA for Li storage

Voltage(V vs.Li/Li")

T T T
120 140 160

100
Capacity(mAh/g)

180

Fig. 7 Initial charge-discharge profiles of the (a) PTDATA, (b) PTPA at a
constant current of 20 mA/g between 2.5 and 4.2 V inLiPFg EC/DMC (v/v, 1:1
electrolyte versus Li/Li".

The charge-discharge performance in terms of lithium storage
is evaluated using 2032 coin-type half cells. The initial charge-
discharge profiles of two polymers at 20 mA/g between 2.5
and 4.2 V are shown in Fig. 7. As shown in Figure, PTPA shows
a discharge capacity of 82.5 mAh/g at the initial cycle, with a
gradually decline voltage plateau in the voltage range of 3.5-
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4.1 V. In comparison, under the same conditions, the PTDATA
electrode exhibits an initial discharge capacity of up to 133.1
mAh/g, which is higher than that of the measured and
reported PTPA. The improved discharge capacity for PTDATA
electrode can be ascribed to high theoretical capacities of
PTDATA resulted by higher free radical density of TDATA unit.
Furthermore, the inherent homogeneous mesoporous
structure and the high specific surface area of PTDATA endow
PTDATA with abundant active sites, which facilitate the
contact between active sites within the organic materials and
electrolyte, resulting in high utilization ratio of active materials
and sequentially high practical specific capacity. Also, there
exhibit four obvious voltage platforms at about 3.8, 3.4, 3.2
and 2.5 V in the discharge curve, in accord with the four redox
couples observed in the CV analysis (Fig. 6). Four discharge
voltage platforms contribute severally the specific capacities of
33.7 mAh/g, 35.3 mAh/g, 33.0 mAh/g and 31.1 mAh/g, and the
almost equal specific capacity for the four stages indicates that
equivalent status for four redox electrochemical centers during
the charge/discharge process.

Scheme 3 Schematic diagram of the possible electron donating/
withdrawing effect during the four charge-discharge stages.

It is reasonable to consider that the multi-stage discharge
curve characteristics of PTDATA can be attributed to the
devised four-free radicals structure in the TDATA moieties of
PTDATA, which exhibits a one-by-one multi-stage redox
reaction process in the TDATA units during the
charge/dishcharge process. At the first stage discharge process,
three peripheral free radical cations act as the electron-
withdrawing groups to the center free radical cation, which
will affect the HOMO (highest occupied molecular orbital)
energy level of the center radical cation and the redox
potential of the active material. “As a result, PTDATA exhibits
a higher discharge potential platform than that of PTPA in the
initial stage of the discharge profiles of PTDATA. After the first
stage discharge process, the center free radical cation in the
TDATA units accepts one electron to become an electron pair,
which inversely acts as an electron donating group to the
remaining peripheral free radical cations, leading to that the
SOMO (single occupied molecular orbital) energy level of the
remaining radical cations, as well as the corresponding
discharge potential plateau, decrease in the following
reduction process (the second stage of the free radical
discharge). And the third and the fourth discharge voltage
plateaus related to the remained two free radicals are also in
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the case. And the related mechanism has been illustrated in
Scheme 3.

For the lithium ion battery application, the other challenging
problems are the cycling stability and the rate capabilities at
high charge/discharge rates. The measurement of cycling
stability indicates that both the PTDATA and PTPA electrodes
show a similar cycling performance (shown in Fig. 8A), namely,
there is some fluctuation of capacity during the cycling process
due to the nature of the organic-based material electrode. In
particular, PTDATA exhibits the relatively serious capacity
degradation in the initial cycles compared to PTPA, while in the
following cycles its capacities maintain stable relatively,
although still with some fluctuation. And after 100 cycles at a
constant density of 20 mA/g, a capacity of 98.2 mAh/g can be
maintained for the assembled lithium ion batteries with
PTDATA as the cathode. And the relatively accepted cycling
stability for the cathode materials can be attributed to the
stable molecular structure of polytriophenylamine derivatives,
as well as their poor solubility in electrolyte. While, the
degenerative cycling stability during the initial several charge-
discharge processes can be caused by the re-aggregation
behavior of the stacking mesoporous morphology of the
PTDATA nanofibers, which results in the unstable cycling
stability and the decreased capacity.
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Fig. 8 (A) Cycling stability of the (a) PTDATA, (b) PTPA at a constant current

of 20 mAh/g between 2.5 and 4.2 V inLiPFg EC/DMC (v/v, 1:1) electrolyte

versus Li/Li"; (B) Coulombic Efficiencies of (a) PTDATA and (b) PTPA during
the 100 cycles; (C) Rate performances of the polymer electrodes (a) PTDATA
and (b) PTPA in the voltage range from 2.5-4.2 V at various current rates of

50, 100, 300 and 500 mAh/g.

Correspondingly, Coulombic Efficiencies(CE), which can be
defined as the ratio of the discharge capacity to the charge
capacity during the charging and discharging process has also
been shown correspondingly in the Fig. 8B. As can be seen,
both PTDATA and PTPA present the related low CE (the about
75 %) at the initial charge/discharge cycles. With the increase
of the cycling process, the CE improves gradually for PTPA and
PTDATA, and after the 45 cycles, the CE for PTPA reaches
above 95 %. Comparatively, PTDATA demonstrates a lower CE
than that of PTPA. In generally, the CE can be decided by many
factors, such as the formation of SEI membrane during the
charge/discharge process, the specific surface and the particle

This journal is © The Royal Society of Chemistry 20xx
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size of the active materials, and the aggregated morphology of
the active materials, the types of the corresponding anode, the
electrode composites, et al. In this paper, the lower CE in the
initial cycles for PTPA and PTDATA can be attributed to the
gradual formation of the SEI membrane on the lithium anode;
furthermore, the inferior wettability of the active materials by
the electrolyte is also a possible factor for low CE in the initial
cycles. And with the cycling, the most active materials are
wetted through the permeation of electrolyte and the SEI
membrane is gradually formed on the surface of anode, all of
which results in the improved CE in the following cycling. For
the lower CE of PTDATA than that of PTPA, it is considered that
the high porous morphology with high specific surface can
result in the unstable volume change during the repeated
charge/discharge process, which may lead to the inferior CE
performance of PTDATA to PTPA.

The rate capabilities of PTDATA and PTPA electrodes were
further performed at various charging rates (C) of 50, 100, 300
and 500 mAh/g, respectively. Comparatively, the PTDATA
electrodes show higher rate capability than that of PTPA
(shown in the Fig. 8C), and with an enhanced current density
at 50, 100, 300 and 500 mAh/g, PTDATA exhibits the reversible
specific capacities of 125.4, 114.1, 97.5 and 90.9 mAh/g,
respectively. Although the decay rate of capacity is
comparatively high at high current rate, its capacity is still
higher than that of PTPA, indicating the improved rate
capability. In addition, PTPA and PTDATA present the ability of
quickly recovered capacity, and with the further recovering the
current rate to 50 mAh/g, the 74.2 and 114.4 mAh/g of specific
capacity can be obtained for PTPA and PTDATA, which
correspond to ~95 % and 92 % of capacity retention,
respectively. The possible reasons for the improved high rate
capability of PTDATA can be partly ascribed to the higher
radical density structure in the repeating unit of PTDATA,
which leads to that the charge carrier transportation alone in
the polymer main chain of PTDATA more smooth than that of
PDPA. In addition, the porous structures have been
demonstrated to be beneficial for improving the rate
capabilities of lithium ion batteries, and the unique structure
of PTDATA with mesopores and high specific surface area is
helpful for Li ion diffusion in the polymer chains, thus making
PTDATA suitable as a Li storage material even at high
charge/discharge rates. Thus, the PTDATA polymer might be a
good potential candidate as the cathode materials for Li-based
energy storage devices.

Fig. 9 shows electrochemical impedance spectra of pristine
PTPA and PTDATA before and after 50 charge/discharge cycles.
In these impedance plots, the initial intercept of the spectrum
at the Z,. axis in high frequency corresponds to the resistance
of the electrolyte (R.). The semicircle at low impedance
frequencies represents the charge-transfer reaction resistance
(R), while the straight line at low frequencies indicates the
Warburg impedance (Z,), which displays the ion diffusion-
controlled process. It can be seen in the Figure, that the R, for
the cells with both different cathode materials is almost same
before or after 50 cycles, respectively, indicating that no
significant change in ionic conductivity of the electrolyte or
mobility of ions with the different cathode-based cell.
However, it is found that R, for the cells after 50 cycles is

This journal is © The Royal Society of Chemistry 20xx

slightly larger than that of the cell before 50 cycles,
demonstrating an increased resistance of the electrolyte (as
shown in the inset of Fig. 9). It is possible due to the formation
of the SEI membrane during the charge/discharge process,
which consumes the LiFPg in the electrolyte solution, leading
to the changed resistance in electrolyte after the cycling. For
the charge transfer resistance (R), it varies with different
cathodes, in which the R, for PTDATA electrode before and
after 50 cycles are ~441.0 and 500 Q and the R for PTPA
electrode before and after 50 cycles are ~1225.0 and 1400 Q,
respectively. For the each electrode material, the R becomes
large after 50 cycles, due to the intercalation of ionic species
during long term cycling process 47 and the gradually formed
SEl membrane on the surface of the electrode. While, for the
different electrode materials, the small R, for PTDATA
compared to PTPA indicates the fast charge transfer within
PTDATA, which is of great benefit to the improved electrode
kinetics. And the reduced charge transfer resistance of PTDATA
may be ascribed to the delicate molecular structures and high
free radical density, which led to the charge migration
smoothly along polymer chain. This result is in accord with the
measurement of UV-vis spectra (as displayed in the Fig. 3), in
which the charge carrier transportation alone in the polymer
main chain of PTDATA is even smoother than that of PDPA. In
addition, the slopes of the straight lines in Nyquist plots of
PTDATA is lower than that of PTPA, demonstrating that
PTDATA has lower Warburg impedance and faster ion diffusion
process than PTPA. These results can be attributed to the
created porous morphology and the resulted high surface area,
which makes the electrolyte penetration easily during the
redox reaction, leading to the decrease of the charge-transfer
reaction resistance.
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Fig. 9 EIS of PTPA and PTDATA samples before and after 50 charge/discharge
cycles in the Li/electrolyte/sample configuration.( inset: shows the partial
enlarged drawing for the initial intercept of the spectrum at the Z.. axis in

high frequency corresponds)

Conclusions

A novel triphenylamine derivative (TDATA) with a high free
radical density structure had been successfully synthesized by
the Ullmann coupling reaction and the corresponding polymer
(PTDATA) was then prepared by chemical oxidation
polymerization, which had been demonstrated by MS, FTIR
and Raman. UV-Vis spectra and EIS tests illustrated the
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smoother charge migration in the PTDATA polymer than in
PTPA, which was attributed to the intensive free radical
density structure and the improved morphology of PTDATA.
PTDATA had also been firstly explored as a cathode material, in
which it presented four well-defined plateaus and a quite high
capacity of 133.1 mAh/g. Moreover, PTDATA exhibited an
enhanced rate performance of 125.4, 114.1, 97.5 and 90.9
mAh/g with a 10 times increase of the current density from 50
to 500 mAh/g, respectively. The excellent electrochemical
performances for PTDATA indicated that, for obtaining the
advanced organic cathode, it was a promising way to design
polytriphenylamine-based derivatives with high specific
capacity and microporous structure.
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