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High performance based on
quinoxalin-thiophene conjugated polymer
composite carbon powder electrode
material for Li-organic battery

Xin Yue1, Jinsheng Zhao2 and Lingqian Kong1

Abstract
In this work, thiophene derivatives were selected as donor units and pyrazine derivatives as receptor units to synthesize
two composite materials consisting of supercapacitor carbon (SC) loaded with poly [2,3-bis (2-pyridinyl)-5,8-bis (2-
thiophenyl) quinoxaline] (PPTQ) or poly [2,3-bis (2-pyridinyl)-5,8-bis (2-(3,4-ethylenedioxythiophene) quinoxaline]
(PPETQ) by cationic radical polymerization. First, chemical bonds structure, surface morphology, and element valence
states of these materials were characterized by infrared (IR), scanning electron microscopy (SEM) and XPS in turn. CV
curves were used to determine their initial oxygen reduction potentials and to calculate their HOMO and LUMO values,
both polymers have a narrow band gap, with Eg values lower than 2 eV. The polymer composite materials were tested as
anodes in lithium-ion batteries, with a lithium sheet used as the counter electrode. Then the constant current charge-
discharge and electrochemical impedance spectroscopy (EIS) impedance were measured. The first discharge specific
capacities of PPTQ@SC and PPETQ@SC were 895.9 mAh/g and 913.0 mAh/g at a current density of 100 mA/g, the
formation of a SEI film occurred in the second cycle, and their coulomb efficiencies can reach more than 90% from the third
cycle, and the discharge platform appeared at about 1.0 V. In contrast, due to its stronger electron-donating ability, the
PPETQ polymer containing the 3,4-ethylenedioxythiophene (EDOT) group have better electrical conductivity and its
honeycomb structure provides more active sites for the lithiation/delithiation redox process. Therefore, the specific
capacity of PPETQ@SC are all higher than that of PPTQ@SC at different current densities.
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Introduction

Lithium-ion batteries are green energy storage devices with
great development potential. Only just a few decades, they
have rapidly replaced other types of batteries in the market
and are widely used in electronic products and electric
vehicles.1,2 In recent years, the mature inorganic3,4 materials
have been widely used in commercial lithium-ion batteries,
but these materials have inherent shortcomings such as low
theoretical specific capacity and stable structure that are
difficult to improve.5,6 At present, organic polymer elec-
trode materials7 with large theoretical capacities and flexible
and designable structures have attracted an increasing amount
of attention, many researchers have designed and prepared
various conductive polymers8–12 with good properties. To
further enhance the electrochemical performance of lithium-
ion batteries, the combination of conductive polymers and
carbon materials13,14 can be applied to form composite
electrode materials. These materials can avoid the

decomposition of active substances in the electrolyte and
provide an excellent conductive network for the polymer.

Pyrazin-based polymers15,16 have a strong electron de-
ficient ability that can reduce their HOMO energy level,
improving the electrochemical characteristics. Therefore,
they are widely used as electron receptor units for the
construction of efficient polymer electrode active materials.
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Thiophene and its derivatives, as excellent electron donor
units,17,18 are widely used in the synthesis of various or-
ganic semiconductor materials. In this work, we combine
receptor and donor units to build two new conjugated
polymers with low band gaps, and the composites between
the polymers and carbon are formed through the in situ
polymerization of the polymers on the supercapacitor
carbon powder. This strategy improves the specific capacity
and cycle stability of lithium-ion batteries. Moreover, the
alternating distribution of donor and acceptor units along
the backbone chain of the polymer enhances the π electron
delocalization19 and facilitates the storage of lithium ions.

Herein, two narrow-band-gap alternating conjugated
polymers were synthesized by a coupling reaction with
thiophene derivatives as donor units and pyrazine deriv-
atives as receptor units: poly [2,3-bis (2-pyridinyl)-5,8-bis
(2-thiophenyl) quinoxaline] (PPTQ) and poly [2,3-bis (2-
pyridinyl)-5,8-bis (2-(3,4-ethylenedioxythiophene) qui-
noxaline] (PPETQ). This work is expected to provide in-
spiration and assistance for the rational design of lithium-
ion battery materials through an investigation of the rela-
tionship between the chemical structure and electrochemical
properties of the synthesized polymer materials.

Experimental

A pyridine group is introduced into the pyrazine unit of
quinoxaline20 to increase the electron-attracting ability of
the receptor unit and the lithium storage performance of the
polymer. The synthesis of composite materials is mainly
divided into three steps, including the synthesis of 2,3-
double pyridine-5,8-dibromoquinoxaline, the synthesis of
monomers PTQ and PETQ, and the synthesis of the
composite between the polymer (PPTQ or PPETQ) with
supercapacitor carbon powder (SC) in a situ manner.

Synthesis of receptor

4,7-dibromo-2,1,3-benzothiadiazole (5.75 g) and anhydrous
ethanol were added to a round-bottomed flask, NaBH4

(16.5 g) was added to the flask in three additions during a 48
h stirring reaction in ice water, and white solid 3,6-dibromo-
1,2-phenylenediamine (PDA) (3.38 g, 65%) was obtained
by filtration. 1.03 g of PDAwas thenmixed with 2-bipyridine
(0.806 g), 6 mL of p-toluenesulfonic acid, 25 mL of ethanol
in a 100 mL round bottom flask, this mixture was heated and

refluxed for 3 h, after cooled down to room temperature, 1.16 g
of yellow 2,3-double pyridine-5,8-dibromoquinoxaline was
obtained by filtration, and the product was washed with
deionized water and ethanol. The main synthesis steps for
obtaining this receptor unit are shown in Scheme 1.

Synthesis of [2,3-bis (2-pyridinyl)-5,8-bis
(2-thiophenyl) quinoxaline] and [2,3-bis
(2-pyridinyl)-5,8-bis
(2-(3,4-ethylenedioxythiophene)
quinoxaline] monomers

Scheme 2 shows the cross-coupling reaction synthesis
routes of the PTQ and PETQ monomers. The synthesized
receptor unit as described in Synthesis of receptor (1.768 g)
and an excess of two different tributyltin-thiophene com-
pounds were dissolved in the tetrahydrofuran, using diphenyl
phosphine palladium chloride (0.28 g) as the catalyst, the
solution was refluxed under a nitrogen atmosphere for 24 h,
then transferred the mixture to a rotary evaporator to obtain
the corresponding raw product. Finally, the raw products
were purified on a silica gel column with a mixed solvent of
n-hexane and dichloromethane (2:1 v/v) to get the PTQ and
PETQ monomers with yellow color for both of them.

PTQ : 1H NMR (CDCl3, 400 MHz, ppm): d = 8.46 (d,
2H, ArH), 8.30 (d, 2H, ArH), 8.20 (s, 2H, ArH), 7.96 (t, 2H,
ArH), 7.88 (d, 2H), 7.55 (d, 2H), 7.26(t, 2ArH), 7.21 (t, 2H).
13C NMR (CDCl3, 101 MHz, ppm): d = 157.65, 151.39,
148.31, 143.08, 138.92, 137.36, 136.94, 131.781, 129.03,
127.85, 126.89, 124.79, 123.20 HRMS (m/z, EI+) calcd for
C26H16N4S2, 448.56, found 448.23.

PETQ : 1H NMR (CDCl3, 400 MHz, ppm): d = 8.67 (s,
2H, ArH), 8.48 (d, 2H, ArH), 8.28 (d, 2H, ArH), 7.94 (t, 2H,
ArH), 6.57 (s, 2H), 4.36 (dd, 8H). 13C NMR (CDCl3,
101 MHz, ppm): d = 157.54, 150.31, 148.23, 141.58,
140.62, 137.15, 136.96, 129.09, 128.78, 124.97, 123.03,
113.43, 103.37, 65.15, 64.53 HRMS (m/z, EI+) calcd for
C30H20N4O4S2, 564.63, found 564.56.

Synthesis of the composites between polymers and
carbon powder

The composite materials, denoted PPTQ@SC and PPETQ@
SC, were prepared by adding supercapacitor carbon in the
electrophilic substitution polymerization process of the

Scheme 1. The main synthetic steps of 2,3-double pyridine-5,8-dibromoquinoxaline.
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monomers with cationic radicals involved as shown in Scheme
3.21 Using PPTQ@SC as an example, PTQ (100 mg), su-
percapacitor toner (233.33 mg) and ferric chloride catalyst
(194 mg) were added to a round-bottomed flask and reacted
for 48 h in 150 mL chloroform. The solid product obtained
from the reaction was obtained by filtering away the solvent,
and then purified in a soxhlet extraction tube with n-hexane,
methanol and acetone solvents in order to remove the re-
sidual catalyst and soluble small molecule oligomers. The
PPETQ@SC preparation method is the same as that of
PPTQ@SC.

Material characterizations

Surface morphology were observed by scanning electron
microscopy (SEM) using a JSM6380LV instrument (Jap-
anese electronics) under 30 kV voltage, and the samples are
treated with vacuum gold plating in advance. The chemical
bond information of the materials was investigated using a
SPECTRUM 2000 infrared (IR) spectrometer (Perkin El-
mer, America) in the wave numbers range of 4000 cm�1 to
400 cm�1. An Autosorb-1-C instrument (Quantachrome,
America) was used to measure adsorption and desorption
isotherms of the samples, and their specific surface areas were
calculated by the Barrett-Joyner-Halenda (BJH) method. The
elements and their valence states of the polymer are analyzed
on an Escalab 250 photoelectron spectrometer (Thermo
Scientific, America).

Electrochemical measurements

The composite powder, acetylene black and PVDF were
mixed at the mass ratio of 70:20:10 with N-methylpyrrolidone
as the solvent. The resulting slurry was evenly coated onto

copper foil, which was vacuum dried at 90°C for 24 h and
the coated copper foil was cut into 12 mm diameter elec-
trode plates. CR2032-type cells were assembled in a high-
purity Ar gas glove box (water and oxygen are below
0.1 ppm) with above prepared electrode as the anode,
lithium metal as the counter electrode, polypropylene (PP,
Celgard 2400) film was used as the separator, and 1M LiPF6
in a mixed solvent of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1 v/v) purchased fromMerck was used
as the electrolyte.

The cyclic voltammograms of the polymers were mea-
sured in tetrabutylammonium hexafluorophosphate aceto-
nitrile solution at a scan rate of 0.1 mV/s with pseudo-Ag
wire as the reference electrode. Charge and discharge curves
were obtained by a LAND CT2001A battery test system
(Wuhan, China) in the voltage range of 0.05–3.0 V. Elec-
trochemical impedance spectroscopy (EIS) were carried out
before and after 300 charge-discharge cycles on a Gamry
electrochemical station (Reference 3000, America) with a
frequency range of 0.01 Hz to 0.1 MHz and an alternating
signal amplitude of 3 mV.

Characterization results and discussion

Scanning electron microscopy analysis

Figure 1 show the SEM images of the PPTQ polymer (Figure
1(a)), PPTQ@SC (Figure 1(b)), PPETQ polymer (Figure
1(c)), and PPETQ@SC (Figure 1(d)). PPTQ is composed of
many disordered rod-like structures, with nanorods that are
not tightly arranged and many narrow gaps in the polymer.
This morphology is expected to enhance the dynamic per-
formance of the battery to a certain extent. The surface of the
PPTQ@SC material is relatively rough and some rods are

Scheme 2. The main synthesis steps of PTQ and PETQ monomers.
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clearly visible on the surface, indicating that the PPTQ
polymer is successfully loaded on the supercapacitor carbon
through polymerization. The PPETQ polymer is shows a
coral cluster structure with many nano-sized micropores.
This type of pore structure can supply a better path for the
diffusion and transmission of lithium ions, improving
lithium-ion battery capacity. In the PPETQ@SC composite,
the morphology of the PPETQ polymer changes to a

honeycomb structure, and the polymer attaches to the carbon
powder to form the composite successfully.

Infrared analysis

Figure 2 shows the infrared spectra of two polymer ma-
terials. Because 3,4-ethylenedioxythiophene (EDOT) has a
stronger electron-donating ability than thiophene, the wave

Scheme 3. The polymerization mechanism of the synthesis of PPTQ.
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numbers of the peaks of PPTQ are lower than those of
PPETQ. For PPTQ, the peaks at 1508 cm�1, 1396.4 cm�1,
and 1251 cm�1 correspond to the vibration of the conjugated
skeleton caused by the benzene, quinoxaline, and pyridine
rings, respectively. The peaks for PPTQ at 1141.5 cm�1 and
1041.57 cm�1 are ascribed to the C–H in-plane bending
vibration, the peak at 795 cm�1 can be ascribed to the C-H
out-plane bending vibration, and the peak at 1315.27 cm�1

can be ascribed to the C-S stretching vibration of thiophene.
The skeleton vibration peaks of PPETQ appear at
1632.7 cm�1, 1469.05 cm�1 and 1391.56 cm�1, while the C-
H in-plane bending vibration peak is located at 1053 cm�1

and the C-S and C-O vibrations of the EDOT ring are located
at 1306.35 cm�1 and 1254 cm�1.

Brunauer-Emmett-Teller test

Figure 3 show the nitrogen adsorption and desorption
curves of PPTQ@SC (Figure 3(a)) and PPETQ@SC
(Figure 3(b)). According to IUPAC classification,22 these
curves display the shape of typical Ⅳ isotherm, demon-
strating that the composite materials retain the microporous
structure of carbon powder. The specific surface areas of
PPTQ@SC and PPETQ@SC are 584.3 m2/g and 744.0 m2/
g by curve-fitting calculation. The higher specific surface

area of PPETQ@SC is related to the existence of a higher
number of nanopores in this material, and this is consistent
with the presence of honeycomb structure in the composite.
Higher specific surface area increases the contact area be-
tween the electrode and lithium ions during the lithiation/
delithiation process, providing more active sites for the
redox reaction.

Figure 1. SEM images of PPTQ (a), PPTQ@SC (b) and PPETQ (c), PPETQ@SC (d).

Figure 2. Infrared spectra of PPTQ and PPETQ.
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Figure 3. BET curves of PPTQ@SC (a) and PPETQ@SC (b).

Figure 4. High-resolution XPS spectrum C1s (a), N1s (b) and S2p (c) of PPTQ@SC
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X-ray photoelectron spectroscopy analysis

Figure 4 and Figure 5 show the high-resolution XPS spectra
of the corresponding elements of two composites. For the
C1s spectra of PPTQ composite (Figure 4(a)), the peak at
284.6 eV corresponds to the C=C in the aromatic and
thiophene rings, the peak at 286.6 eV corresponds to the C-S
in the thiophene ring,23 and the peak at 285.5 eV corresponds
to the C=N bond24 of sp2 hybridization in pyrazine. The two
fitted peaks in the N1s spectra are found at 398.6 eV for N=C
in pyridine ring and at 399.6 eV for the N-C in pyrazine
ring,25,26 as given in Figure 4(b). The S2p spectra for PPTQ
are divided into two parts, with the peak at 163.4 eVassigned
to S2p3/2 and the peak at 164.5 eV assigned to S2p1/2, as
shown in Figure 4(c).27 For PPETQ composite (Figure 5),
because both polymers do not significantly differ in structure,
the locations of C1s, N1s and S2p are similar to that of PPTQ.
There is only one absorption peak in the O1s spectrum at
531.7 eV (Figure 5(d)), corresponding to the O-C bond of
EDOT.28 These results further demonstrate that the PPTQ
and PPETQ composite materials were successfully prepared.

Energy level structure analysis

Pure polymer samples were coated on glass electrodes and
CV curves were scanned from 2.0 V to �2.0 V in 0.2 M
TBABF6/ACN solution to determine the initial oxygen re-
duction potentials of these two polymers PPTQ and PPETQ
(Figure 6). The frontier molecular orbital diagrams were
obtained by using density functional theory (DFT) with the
Gaussian 03 program and the B3LYP/6-31G(d) parameters,
as shown in Figure 7. From the HOMO and LUMO picture
we can see, there are almost no electrons in the pyridine ring,
with most of the electron clouds distributed on the pyrazine
unit of quinoxaline and the substituted thiophene rings, and
they should be the main reactive center. In combination
with the formula (1, 2, 3), we calculated the HOMO,
LUMO, and Eg band gap values,29 as listed in Table 1.
Both polymers synthesized in the experiment have rel-
atively narrow band gaps, with Eg values lower than 2 eV,
and which reflect their excellent lithium storage perfor-
mances. PPETQ, the polymer containing the EDOT unit,
has a smaller band gap due to its better electron-donating

Figure 5. High-resolution XPS spectrum C1s (a), N1s (b), S2p (c) and O1s (d) of PPETQ@SC
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ability, resulting in higher electrical conductivity and a
higher HOMO levels (�5.07 eV). Therefore, PPETQ is
expected to demonstrate superior reduction properties30

as the anode material

Eg ¼ ELUMO � EHOMO (1)

EHOMO ¼ � ½4:8þ ðEonset,ox � 0:54Þ�eV (2)

ELUMO ¼ �½4:8þ ðEonset,re � 0:54Þ�eV (3)

Electrochemical performance test

Constant current charge and discharge test

Figure 8 show the lithiation/delithiation curves of the
batteries using PPTQ@SC (Figure 8(a)) and PPETQ@SC
(Figure 8(b)) as the anode materials at 100 mA/g, in the
potential range of 0.05–3.0 V. The voltages of both composite
materials experienced a rapid drop in the first turn, with the
discharge platform of PPETQ composite slightly lower than
that of PPTQ composite. The main discharge potential ap-
pears at about 1 V, illustrating that these new donor-receptor

Figure 6. The CV curves of PPTQ and PPETQ electrodes at a sweep speed of0.1 mV/s.

Figure 7. The molecular orbital surfaces of the HOMOs and LUMOs for two monomers.

Table 1. The parameter values of PPTQ and PPETQ.

Eon,ox, V Eon,re, V EHOMO, eV ELUMO, eV Eg, eV

PPTQ 1.01 �0.65 �5.27 �3.61 1.66
PPETQ 0.81 �0.74 �5.07 �3.52 1.55
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type polymer anodes are conducive to be reduced, in good
agreement with the low band gap of the polymers,31,32 there
are no clearly discharge platforms corresponding to the
exactly functional groups in the polymer, that is also at-
tributed to the high extended π-π conjugation backbone
system. In the first cycle, PPTQ@SC and PPETQ@SC have
maximum discharge specific capacities of 895.9 mAh/g and
913.0 mAh/g, respectively. In the second cycle, the specific
capacity decline greatly with reversible specific capacity of
363.5 mAh/g and 402.8 mAh/g, this reveals the formation of
SEI film on the surface of the composite electrode materials.
In the subsequent cycles, with the disappearance of the
discharge platform, the coulomb efficiency of the composite
cells can reach more than 90% from the third cycle.

To study the stability of the composite materials at a high
current density, the performance of the batteries was as-
sessed over 550 cycles at a current density of 500 mA/g, as
shown in Figure 9. During this lithiation and delithiation
process, the specific capacities of two kinds of batteries
decline first, then increase slowly, and tend to be stable
gradually, which is consistent with the trend seen for the
current density of 100 mA/g. With the imbedding of lithium
ions into the micropores, defects and the formation of SEI
film,33,34 the capacities of the composites then go up, this
might due to the enhancement in the conductivity of the
composites, which make the deintercalation of lithium ions
be easier, and then the electrode materials are activated. The
performance of the supercapacitor carbon (SC) was also
evaluated under the same conditions (the mass ratio of 70:20:
10 for carbon powder, acetylene black, and PVDF), the
cycling property of SC has a stable capacity of about
105 mAh/g over a long period of 550 cycles, indicating that
the activation of the composites mainly occur on the poly-
mers. At the current density of 500 mA/g, PPTQ@SC and
PPETQ@SC can still maintain specific capacities of
203.7 mAh/g and 240.2 mAh/g after 550 cycles, with

relatively flat charge-discharge capacities and coulomb ef-
ficiencies (CE) close to 100%. These results demonstrate that
the composite materials have excellent cyclic stability, and
confirm that the composite strategy based on in-situ poly-
merization can enhance the conductivity of the polymers and
maintain the specific capacity of lithium-ion batteries. In
addition, the specific capacity of PPETQ@SC is higher than
that of PPTQ@SC, proving that the PPETQ with stronger
electron donor group (EDOT) enhances the electrochemical
performance of the resultant composite.

Ratio performance test

Figure 10 shows the ratio performance of PPTQ@SC and
PPETQ@SC, with the cells charged and discharged for 10
cycles each at 100 mA/g, 300 mA/g, 500 mA/g, 700 mA/g,
1000 mA/g and 2000 mA/g, respectively, and finally go
back to 100 mA/g. For both composites, the specific ca-
pacity recovers to its original level, this means that the two
materials maintain a relatively stable capacity at various
current amplitude, which is related to the narrow band gap
and high electrical conductivity of two polymers. Besides,
the reversible capacities of PPETQ@SC are significantly
higher than that of PPTQ@SC under the tested current
densities. The higher microporosity of the PPETQ polymer,
as the binding ability of nucleus to electron is reduced, the
de-intercalation process of lithium ion be easier, thus im-
proving the kinetic parameters of the reaction.

Electrochemical impedance spectroscopy
impedance analysis

Figure 11 shows the impedance diagrams of two composite
batteries at an open circuit voltage (Figure 11(a)) and after 300
cycles at a current density of 100 mA/g (Figure 11(b)). Before
cycling, the charge transfer resistance (Rct) values of PPTQ

Figure 8. The lithiation/delithiation curves of PPTQ@SC and PPETQ@SC at a current density of 100 mA/g.
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Figure 10. The cycling capacities of PPTQ@SC and PPETQ@SC at different currents.

Figure 9. The lithiation-delithiation cycling performance and efficiency of two composite materials and pure supercapacitor carbon
(SC) within 550 cycles at a current density of 500 mA/g.
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composite and PPETQ composite are 250 V and 202V, after
300 cycles, the impedance values decline to 116V and 86V,
respectively, showing that the electrode materials are grad-
ually activated along with the charge-discharge reactions, this
is consistentwith the gradual increase in the specific capacities
reported in Constant current charge and discharge test. In
contrast, PPETQ@SC shows a lower Rct value and a higher
slope curve35 than PPTQ@SC, indicating that the PPETQ
polymer with a low band gap possesses superior electro-
chemical properties when used as an electrode material.

Conclusion

Two different composites polymer@SC were synthesized
by in-situ polymerization method and were used as anode
materials for lithium-ion batteries. SEM, IR, and XPS
analysis confirm that PPTQ@SC and PPETQ@SC were
successfully prepared. Due to the high nanoporosity of
PPETQ@SC, BET test shows that it has a higher specific
surface area of 744.0 m2/g. In combination with CV
curves, theEg band gaps of PPTQandPPETQwere 1.66 eVand
1.55 eV, respectively. With the embedding of lithium ions into
the micropores and the formation of an SEI film, the specific
capacities of both batteries initially decline, however, due to the
enhancement of intrinsicmaterial conductivity, whichmakes the
disembedding of lithium ions easier, the electrode materials are
activated, and their specific capacities then go up and tend
to be stable gradually. At a current of 500 mA/g, PPTQ@
SC and PPETQ@SC can still maintain specific capac-
ities of 203.7 mAh/g and 240.2 mAh/g after 550 cycles.
They also express good ratio stability under high current
densities. In contrast, PPETQ@SC shows a lower Rct value, a
higher slope curve, and a narrower band gap than PPTQ@
SC, indicating that the superior electron donor 3,4-ethyl-
enedioxythiophene provides PPETQ with better electro-
chemical properties. Overall, these results reveal that the
carbon-loaded polymer composite materials can be adjusted

by changing their donor and acceptor units to achieve ex-
cellent performance in lithium-ion batteries.
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