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ABSTRACT: We developed high-performance lithium ion
batteries (LIBs) based on submicron-sized recycled silicon
and conjugated polymer binders. The polymer binders were
synthesized by palladium-catalyzed direct arylation of 3-(2-
ethylhexhyl)thiophene or 3,3′-di(2-ethylhexyl)bithiophene
and dimethyl-2,5-dibromoterephthalate, followed by saponifi-
cation. The LIBs were fabricated using composites of
submicron-sized silicon and the polymer binders without
conductive carbon additives. They exhibit a high capacity of
up to 2700 mA h g−1 at a high rate of 1.0C, and 52% of this
capacity is maintained even after 1000 cycles.
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■ INTRODUCTION
Rechargeable energy storage devices such as lithium ion
batteries (LIBs) have been developed intensively in response
to increasing demand for their application in portable
electronic devices and electric vehicles.1−3 Current commercial
LIBs consist of graphite as the anode material and achieve
specific capacities up to 372 mA h g−1 with stability in the
range of thousands of cycles.4 However, their low capacity has
limited their applications. To improve this capacity, various
materials such as phosphorus, sulfur, and silicon have been
used to substitute graphene.5−9 In particular, silicon-based
anode materials have high theoretical capacity, up to 4200 mA
h g−1, but three to four times volume expansion during cycling,
leading to silicon cracking and eventually capacity fading.10−12

To solve this issue, the components inside the battery
configuration have been improved using porous silicon,
nanosized silicon, and polymer binders.13 In addition, the
batteries’ fabrication costs must be considered. Improving LIBs
by involving nanosized silicon in the battery electrode
increases their cost. Recently, the use of submicron-sized
recycled silicon from the photovoltaic industry, the so-called
kerf loss silicon, has been proposed as a solution to reduce the
cost of the Si source for LiBs.14−18 However, submicron-sized
silicon is still prone to mechanical fracture upon cycling, which
generally causes unstable LIB performances.19

Polymer binders are generally considered to maintain the
connection between the active materials and the current
collector.20 Commercial polymer binders, such as poly(acrylic
acid) (PAA), carboxymethyl cellulose (CMC), and poly-

(vinylidene difluoride) (PVDF), have been used for adhesion
purposes.21,22 However, due to their electric insulating
properties, these polymers require conductive additives such
as carbon materials, which reduce the overall volumetric
capacity.23 Utilization of conductive polymer binders allows
simplification of the battery configuration because they can
both facilitate charge transport and improve elastic proper-
ties.2,24,25 Liu and Yang et al. reported the combination of a
conductive polyfluorene derivative and nanosized silicon for
developing an anode electrode in LIBs, which gave a high
capacity of 2000 mA h g−1 over 650 cycles at 0.1C.26 After
their report, various conductive binders such as a polymer
matrix with PEDOT:PSS and polyaniline derivative for silicon
anode LIBs have been reported.27−32 Recently, water-soluble
polyfluorenes with the −COONa group were reported for use
in silicon-based LIBs, giving a stable capacity of 1000 mA h g−1

for 1000 cycles at 1.0C.33,34

The synthesis of typical conjugated copolymers has been
achieved by cross-coupling polycondensations, such as Suzuki
and Stille couplings, which require functionalization of
monomers with boronic acid or toxic organostannyls.35−38

To simplify these synthesis procedures, the use of direct
arylation polymerization39−41 is a possible solution because
this method can directly provide conjugated polymers without
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complicated functional groups, potentially leading to environ-
mentally friendly and scalable polymers for electronic
applications at a low cost.42−44 Recently, we reported
synthesizing alternating copolymers comprising cyclopentadi-
thiophene and benzoic acid or terephthalic acid through direct
arylation polymerization for use as polymer binders for silicon
nanoparticles as anode electrode materials in LIBs.45,46 To
further improve the cycling life of silicon-based LIBs, it is
essential to introduce hydrophilic side chains, such as the
−COONa group, into conductive polymer binders, thus
increasing the binding ability of polymers to silicon
particles.14−18,47,48

Here, we report the synthesis of conjugated polymers
comprising thiophene or bithiophene and terephthalic acid
units by direct arylation polymerization followed by
saponification. These polymers were used as conductive
polymer binders with submicron-sized recycled silicon as the
anode for LIBs. Figure 1 shows the transmission electron

microscopic (TEM) image of the silicon−polymer composite
and a summary of the advantages of this composite system.
These highly covered silicon−polymer composites exhibit high
capacity and stability at a high charge−discharge rate in LIBs.

■ RESULTS AND DISCUSSION
Scheme 1 and Table 1 (also Tables S1 and S2) summarize the
synthesis of the polymers. 3-(2-Ethylhexhyl)thiophene or 3,3′-
di(2-ethylhexyl)bithiophene and dimethyl-2,5-dibromotereph-
thalate were copolymerized by palladium-catalyzed direct
arylation polymerization in the presence of Pd(OAc)2,
K2CO3, and neodecanoic acid to provide poly[3-(2-

ethylhexyl)thiophene-alt-dimethyl-2,5-terephthalic acid]
(PT1M) and poly[3,3′-bis(2-ethylhexyl)-2,2′-bithiophene-alt-
dimethyl-2,5-terephthalic acid] (PT2M). The yield and the
molecular weight of PT1M increased with the reaction
temperature and time (Table S1); however, the insoluble
residue also increased. As shown in Table 1, PT1M-1 (Mn =
3200, yield 23%) was prepared at 70 °C for 24 h, whereas
PT2M-1 (Mn = 6500, yield 71%) was obtained at 70 °C for
only 1 h. The lower yield of PT1M-1 than PT2M-1 is due to
the lower reactivity of thiophene monomer than bithiophene
monomer in direct arylation, and low molecular weight
oligomers were washed off during precipitation and washing
processes. It was reported that the bithiophene monomer was
more reactive than the thiophene monomer in direct arylation
polymerization due to the larger conjugated structure.49

On the other hand, direct arylation polymerization
potentially provides branched structures caused by the reaction
on 4-position of thiophene. It was reported that carboxylic acid
additives reduced such side reactions.50 Therefore, we selected
neodecanoic acid as an additive for the direct arylation
polymerization. As shown in Figure S3, 1H NMR of PT2M-1
showed singlet peaks at 7.80 and 6.93 ppm, which correspond
to aromatic protons of dimethyltelephthalic acid and
bithiophene, respectively. Other signals in the aromatic region
were insignificant, suggesting that the branched structures were
suppressed. In contrast, 1H NMR of PT1M-1 (Figure S1)
showed multiple peaks in the aromatic region, possibly due to
the presence of regiorandom, branched, and partially
saponified structures.
PT1M-1 and PT2M-1 were used for characterization and

comparison of the reactivity between thiophene and
bithiophene in direct arylation at 70 °C. On the other hand,
PT1M-2 and PT2M-2, which were synthesized at a high
temperature of 120 °C, were used for further treatment
because they were obtained in a high reaction yield (99%),
though the yield was decreased after Soxhlet extraction due to
the production of the insoluble residue. After Soxhlet
extraction, PT1M-2 and PT2M-2 were saponified by treatment
with a NaOH aqueous solution to provide poly[3-(2-
ethylhexyl)thiophene-alt-2,5-terephthalic acid sodium salt]
(PT1T) and poly[3,3′-bis(2-ethylhexyl)-2,2′-bithiophene-alt-
2,5-terephthalic acid sodium salt] (PT2T). The polymers were
characterized by 1H NMR (Figures S2 and S4) and FTIR
spectroscopies (Figure S5). However, after saponification,
GPC analysis of PT1T and PT2T was inherently difficult using
methanol and water eluents, probably because of their strong

Figure 1. TEM image and advantages of the composite of poly[3-(2-
ethylhexyl)thiophene-alt-2,5-terephthalic acid sodium salt] (PT1T)
and submicron-sized recycled silicon.

Scheme 1. Synthesis of Polymers

Table 1. Polymer Molecular Weight and Yield

polymer temp. (°C)a Mn
b Mw/Mn

b yield (%)

PT1M-1c 70 3200 1.33 23
PT1M-2 120 2600 1.18 38f

PT1T 60 NAe NAe 87
PT2M-1d 70 6500 1.96 71
PT2M-2 120 NAe NAe 8f

PT2T 60 NAe NAe 77
aReaction temperature for direct arylation or saponification. bPolymer
molecular weight was estimated by gel permeation chromatography
(GPC) using tetrahydrofuran (THF) eluent and polystyrene
standards. cReaction was carried out at 70 °C for 24 h. dReaction
was carried out at 70 °C for 1 h. eGPC measurement was inherently
difficult due to the high polarity of the polymers. PT2M-2 was
partially saponified by the high-temperature reaction in the presence
of K2CO3.

fYield after Soxhlet extraction.
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hydrophilicity and polarity. The model reaction of the
saponification was conducted for dimethyl-2,5-dibromotereph-
thalate under similar reaction conditions with the polymers.
The resulting product was analyzed by 1H NMR spectroscopy,
exhibiting 93% conversion from the −COOMe to −COONa
group (Figures S6 and S7).
The electric conductivity (σEC) and ionic conductivity (σIC)

of the polymers were estimated by the direct current 4-probe
method and complex impedance analysis, respectively. These
values are compared and summarized in Figure 2 and Table 2.

PT1T and PT2T showed σEC = 5 × 10−6 and 3 × 10−6 S cm−1,
respectively, which were 2−5 orders higher than those of
conventional polymers, CMC (Mw = 90 000, σEC = 3.3 × 10−8

S cm−1) and PAA (Mw = 3 000 000, σEC = 3.0 × 10−11 S cm−1).
Such high σEC values for PT1T and PT2T are probably due to
their conjugated structures compared with nonconjugated
polymers.26,51 PT1T and PT2T exhibited σIC in the order of
10−5 S cm−1, which is 1 order higher than CMC, but in a
similar order to PAA. Since σIC was measured in the presence
of organic electrolytes, the polymer film should be swollen by
the organic electrolytes for the ion migration to afford high σIC.
PT1T and PT2T possess both hydrophobic 2-ethylhexyl and
hydrophilic COONa groups; therefore, these polymers have an
appropriate affinity with the organic electrolytes. CMC does
not have such hydrophobic groups. PT1T showed slightly
higher σIC than PT2T, probably because it contains a smaller
number of hydrophobic 2-ethylhexyle side chains than PT2T.
In addition, PT1T has a higher density of the −COONa group
than PT2T, leading to higher ion migration. Consequently,
PT1T is expected to be a good candidate for a conductive
polymer binder in LIBs.
The battery performance was tested using half-coin cells

fabricated using PT1T, PT2T, and CMC with submicron-sized
silicon anode. Figure 3a shows the charging−discharging
cycling performance of the LIBs for 100 cycles at the rate of
0.1C. Figure S9 shows their performance based on Coulomb
efficiency. The LIB fabricated using PT1T exhibited the

highest specific capacity of 2077 mA h g−1 in the second cycle.
After 100 cycles, the LIB still maintained a high specific
capacity of 1677 mA h g−1, which was 80% of the second cycle
capacity. The LIB composed of PT2T exhibited slightly lower
capacity compared to that of PT1T in the second cycle.
However, this device retained 55% capacity after 100 cycles.
LIB composed of CMC without carbon additives did not show
any specific capacity.
As the LIB of PT1T exhibited the best specific capacity and

stability, PT1T was selected for further optimization. Figures
3b and S11 show the cycling performance of LIBs at rates of
1.0C and 0.1C, respectively, with various loading weights of
the composite material on the electrode. At 1.0C, the best
device was obtained from the lowest loading (0.22 mg),
exhibiting a specific capacity up to 2700 mA h g−1 with steady
performance with 47% retention capacity after 1000 cycles.
Meanwhile, the highest loading (1.73 mg) provided the lowest
specific capacity and retained only 22% of the capacity after
1000 cycles. The best battery performance at 1.0C based on
the Coulomb efficiency is shown in Figure S12. Due to the use
of the fixed size of the coin cell, the mass loading of the active
composite material directly affects the thickness of the
electrode. The higher mass loading of the composite afforded
thicker electrodes. It was reported that a thinner film showed
better battery performance because less loading reduced total
volume change during cycling, providing enhanced adhesion
force on the current collector.9 In contrast, a thicker film leads
to the formation of cracks during cycling. Because the cracked
parts were removed from the current collector, the trans-
portation of electrons was inhibited, leading to declined battery
performance.
Figure 3c shows the stage capacity of the LIB of PT1T with

0.21 mg of the composite loading at various rates. The LIB

Figure 2. (a) Electric and ionic conductivities of PT1T, PT2T, CMC,
and PAA. (b) Cole−Cole plot of the polymers.

Table 2. Electric and Ionic Conductivities of Polymers

materials electric conductivitya (S cm−1) ionic conductivityb (S cm−1)

PT1T 5.0 × 10−6 6.5 × 10−5

PT2T 3.4 × 10−6 3.5 × 10−5

CMC 3.3 × 10−8 9.6 × 10−7

PAA 3.0 × 10−11 6.5 × 10−5

aThe electric conductivity was estimated by equation σEC = (1/R) ×
(d/A), where R is Ohmic resistance, d is the distance between
electrodes, and A is the effective area for electron migration. bThe ion
conductivity was estimated by equation σIC = (1/R) × (d/S), where R
is the charge transfer resistance, d is the thickness of the electrode,
and S is the surface area of the electrode.

Figure 3. Cycling performance of LIBs composed of (a) PT1T,
PT2T, and CMC at 0.1C (0.2 A g−1) and (b) PT1T at 1.0C. (c)
Stage cycling of LIB composed of PT1T from 0.2C to 10C. The
electrode surface area: 1.13 cm−2. 1.0C corresponds to 2000 mA h g−1

in this work.
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properly worked during charging and discharging at 0.2C,
0.5C, 1.0C, 1.5C, 2.0C, and 3.0C with ca. 100% efficiency.
However, this LIB did not recover at 5.0C or 10.0C. After that,
the capacity was recovered at 3.0C. At 0.2C, the retention
capacity was 89% of the initial capacity.
Cyclic voltammetry (CV) measurements were performed at

a scan rate of 0.1 mV s−1 in the potential window between 0
and 1.5 V versus Li/Li+ (Figure S16). The PT1T-based silicon
electrode showed two reduction peaks at 0.01 and 0.17 V,
which reflects the lithiation process forming LiXSi. The two
oxidation peaks at 0.35 and 0.46 V are referred to as the
delithiation process of lithium silicide. Also, electrochemical
stability of the binder is required because it has to tolerate
reductive reaction around 0−1.5 V.31 The CV profiles of the
electrode without Si exhibited lower current density than the
electrode with Si, indicating that the binder has good
electrochemical stability.
The surface morphologies of the electrodes were observed

by scanning electron microscopy (SEM) and TEM (Figure 4).

Figure 4a,c,e shows the SEM images of the PT1T, PT2T, and
CMC composites with submicron-sized silicon on the
electrode before cycling. The electrode surface comprising
PT1T showed a smooth and uniform morphology, whereas
PT2T showed tiny clusters, possibly due to the lower
compatibility of PT2T with silicon than PT1T. In contrast,
the composite of CMC and silicon exhibited large clusters and
aggregations.
These surface morphologies were compared with those after

cycling. As shown in Figure 4b, the composite of PT1T

contained a smooth region after 1000 cycles at 1.0C, though it
showed some cracks. The observed smooth region could be
due to the formation of a stable solid electrolyte interphase
(SEI) layer, where the charge transfer resistance was
maintained for ion migration and contributed to maintaining
the capacity steady during the long-term cycling.10,11 As shown
in the inset cross-sectional images in Figure 4a,b, the
composite retained good adhesion ability on the electrode
even after 1000 cycles. On the other hand, the PT2T
composite had severe cracks after 100 cycles (Figure 4d).
The composite of CMC still had numerous clusters and
aggregations after 100 cycles (Figure 4e).
Figures 1 and 4g show TEM images of the PT1T composite

with silicon before and after 1000 cycles, respectively. Before
cycling, the random shapes with black color correspond to
submicron-sized silicon particles, which were well covered by
the PT1T polymer binder. Even after 1000 cycles, these silicon
particles were still well covered, though the submicron-sized
silicon particles were partially decomposed into nanosized
fragments. These well-covered nanosized silicon particles are
still active for charging/discharging and ion transportation
through the polymer embedded electrode surface. Such well-
covered Si is probably supported by strong adhesive property
and high σEC and σIC of PT1T, causing efficient charge and ion
transport during the 1000 cycles.

■ CONCLUSIONS
We developed high-performance LIBs with high specific
capacity and stability at a high charging/discharging rate,
using submicron-sized silicon and conjugated polymer binders.
The battery performance was significantly improved compared
to previously reported LIBs fabricated using nanosized Si with
c o n j u g a t e d p o l ym e r b i n d e r s s u c h a s p o l y -
(cyc lopentadi th iophene-benzoic ac id) and poly-
(cyclopentadithiophene-terephthalic acid) (Table S3).46 The
LIBs’ preparation procedure is simple, low cost, and environ-
mentally friendly because it is based on using recycled silicon
and direct arylated polymer binders. We expect such strategies
to become very popular in the production of LIBs, organic
electronics, and energy storage in the coming years.

■ EXPERIMENTAL SECTION
Synthesis of PT1M via Direct Arylation Polymerization. 3-

(2-Ethylhexyl)thiophene (223 mg, 1.13 mmol), dimethyl-2,5-
dibromoterephthalate (400 mg, 1.13 mmol), and potassium carbonate
(465 mg, 3.36 mmol) were dissolved in anhydrous N-methyl-2-
pyrrolidone (NMP) (1.1 mL) in a 25 mL Schlenk tube under
nitrogen atmosphere. Palladium(II) acetate (36 mg, 0.14 equiv) and
neodacanoic acid (90 mg) were subsequently added to the mixture,
and the reaction mixture was stirred at room temperature for 10 min.
This was then heated at 70 °C for 24 h. After cooling to room
temperature, the reaction mixture was poured into cold methanol and
washed with cold methanol five times. The residue was collected by
centrifugation and dried in vacuum to obtain PT1M-1 (yield: 101 mg,
23%). 1H NMR (500 MHz, CDCl3): δ 8.01−6.87 (m, 2H, Ar-H),
3.82−3.744 (m, 3H, OCH3), 2.71−2.35 (m, 2H, CH2), 1.55−0.72
(m, 15H, 2-EH).

Similarly, 3-(2-ethylhexyl)thiophene (223 mg, 1.13 mmol),
dimethyl-2,5-dibromoterephthalate (400 mg, 1.13 mmol), and
potassium carbonate (465 mg, 3.36 mmol) were dissolved in
anhydrous NMP (1.1 mL) in a 25 mL Schlenk tube under nitrogen
atmosphere. Palladium(II) acetate (36 mg, 0.14 equiv) and
neodacanoic acid (90 mg) were subsequently added to the mixture,
and the reaction mixture was stirred at room temperature for 10 min.
This was then heated at 120 °C for 24 h. After cooling to room

Figure 4. Electrode surface morphology of composite materials. SEM
images of silicon−polymer composite composed of PT1T (a) before
and (b) after cycling, PT2T (c) before and (d) after cycling, and
CMC (e) before and (f) after cycling on the electrode. (g) TEM
images of silicon−PT1T composite after 1000 cycles.
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temperature, the reaction mixture was poured into 200 mL of
methylethyl ketone. The precipitated product was washed by Soxhlet
extraction with methylethyl ketone (24 h), hexane (12 h), chloroform
(12 h), and tetrahydrofuran (12 h) and extracted with ethanol (24 h).
After being dried in vacuum, the residue was washed with 150 mL of
methylethyl ketone, followed by washing with 5 mL of water. The
residue was collected by centrifugation and dried in vacuum to obtain
PT1M-2 (Yield: 165 mg, 38%). Other reaction conditions and results
are summarized in Table S1.
Synthesis of PT1T via Saponification. PT1M-2 (165 mg, 0.42

mmol) was dissolved in methanol (85 mL) and 0.1 M sodium
hydroxide aqueous solution (8.5 mL) in a 250 mL round-bottom
flask. After stirring at 60 °C for 24 h under nitrogen atmosphere, the
solution was dried at 50 °C in vacuum to obtain a green powder
(yield: 150 mg, 88%). 1H NMR (500 MHz, D2O): δ 7.82−7.17 (m,
2H, Ar-H), 3.65−3.29 (m, remaining OCH3), 2.44 (br, 2H, CH2),
1.48 (s, 1H, CH), 1.13 (m, 8H, CH2), 0.74 (m, 6H, CH3).
Synthesis of PT2M via Direct Arylation Polymerization. A

mixture of methyl 3,3′-di(2-ethylhexyl)bithiophene (222 mg, 0.56
mmol), dimethyl-2,5-dibromoterephthalate (200 mg, 0.56 mmol),
and potassium carbonate (232 mg, 1.68 mmol) was dissolved in
anhydrous NMP (0.56 mL) in a 10 mL Schlenk tube under nitrogen
atmosphere. Palladium(II) acetate (18 mg, 0.14 equiv) and
neodacanoic acid (45 mg) were subsequently added to the mixture,
and the reaction mixture was stirred at room temperature for 10 min.
This was then heated at 70 °C for 1 h. After cooling to room
temperature, the reaction mixture was poured into cold methanol and
washed with cold methanol five times. The residue was collected by
centrifugation and dried in vacuum to obtain PT2M-1 (yield: 235 mg,
71%). 1H NMR (500 MHz, CDCl3): δ 7.80 (s, 1H, Ar-H), 6.93 (s,
1H, Ar-H), 3.78 (s, 3H, OCH3), 2.47 (d, 2H, CH2), 1.23 (m, 8H,
CH2), 0.82 (m, 6H, CH3). GPC (eluent: THF, polystyrene
standards): Mn = 6500, Mw/Mn = 1.96.
Similarly, a mixture of methyl 3,3′-di(2-ethylhexyl)bithiophene

(444 mg, 1.13 mmol), dimethyl-2,5-dibromoterephthalate (400 mg,
1.13 mmol), and potassium carbonate (465 mg, 3.36 mmol) was
dissolved in anhydrous NMP (1.1 mL) in a 25 mL Schlenk tube
under nitrogen atmosphere. Palladium(II) acetate (36 mg, 0.14
equiv) and neodacanoic acid (90 mg) were subsequently added to the
mixture, and the reaction mixture was stirred at room temperature for
10 min. This was then heated at 120 °C for 24 h. After cooling to
room temperature, the reaction mixture was poured into 200 mL of
methylethyl ketone. The precipitated product was washed by Soxhlet
extraction with methylethyl ketone (24 h), hexane (12 h), chloroform
(12 h), and tetrahydrofuran (12 h) and extracted with ethanol (24 h).
The ethanol fraction was dried in vacuum, washed with 150 mL of
methylethyl ketone, collected by centrifugation, and dried in vacuum
to obtain PT2M-2 (yield: 55 mg, 8%). Other reaction conditions and
results are summarized in Table S2.
Synthesis of PT2T via Saponification. PT2M-2 (50 mg, 0.086

mmol) was dissolved in 17 mL of methanol in a 100 mL round-
bottom flask. After the addition of 0.1 M sodium hydroxide aqueous
solution (1.7 mL), the reaction mixture was heated at 60 °C for 24 h
under nitrogen atmosphere. The mixture was dried in vacuum to
provide a green powder of PT2T (yield: 40 mg, 77%). 1H NMR (500
MHz, D2O): δ 7.7 (s, 2H, Ar-H), 7.3−7.2 (m, 2H, Ar-H), 2.5 (s, 4H,
CH2), 1.52-0.74 (m, 30H, 2-EH).
Fabrication of Half-Cell. The half-cells of lithium ion batteries

were prepared in Galvanostatic cycling of coin cells system (CR2032).
The establishment was prepared by the silicon−polymer composite as
the working electrode and the lithium metal as the counter electrode.
The polymer composites were simply prepared from the mixture of
Kerf Loss silicon and conductive polymer at 1:1 weight ratio in
ethanol solvent (20:20 mg in 450 μL ethanol). After 24 h of vigorous
stirring, the homogeneous slurry part was blade cast on the Cu foil
and then gradually dried at 100 °C under argon atmosphere for
another day. After cutting by the pressed rolling machine, the coin-
type half-cells were assembled in the sequence of polymer−silicon
composite, microporous polyethylene, and lithium metal foil in an
argon-filled glove box. The electrolyte was prepared by 1.0 M LiPF6 in

fluoroethylene carbonate and diethyl carbonate at a 1:1 volume ratio.
The battery performance data were estimated using Maccor Series
4000 machine in the voltage range from 0.01−1.50 V (vs Li/Li+).
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