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ne crosslinked poly(acrylic acid
sodium) as a polymeric binder for high
performance silicon anodes in lithium ion
batteries†

Xiangyu Zeng, Yongji Shi, Yu Zhang, Ruixian Tang and Liangming Wei *

In order to effectively relieve the large volume changes of silicon anodes during the cycling process in

lithium ion batteries (LIBs), we developed a vinyltriethoxysilane crosslinked poly(acrylic acid sodium)

polymeric binder (PVTES-NaPAA) for the Si anodes. The PVTES-NaPAA binder was synthesized by using

a free radical co-polymerization method with VTES and NaPAA as precursors. In this binder, NaPAA with

carboxyl groups can provide strong adhesion between Si particles and the current collector.

Furthermore, VTES can be hydrolyzed and condense with each other to form a three-dimensional

crosslinked network; the special network makes it possible to improve the Si electrode stability, resulting

in an excellent cycling performance (78.2% capacity retention after 100 cycles) and high coulombic

efficiency (99.9% after 100 cycles).
1. Introduction

Nowadays, lithium-ion batteries are applied in various aspects
in our life.1 As with the anode materials concerned, materials
with high storage capacities have attracted tremendous interest
in research.2–5 Among these materials, silicon (Si) materials
process high theoretical capacity (4200 mA h g�1), which is 11
times larger than that of the commercial graphite
(372 mA h g�1).6–8 Therefore, silicon has great potential to be the
candidate of lithium-ion battery anode materials. However, the
huge volume changes (�300%) of Si materials during the
cycling process usually lead to electrical deactivation and fast
capacity fading.9–12 To solve the problem, great efforts have been
made including synthesising Si-based composites, preparing
novel Si nanomaterials, designing Si crystal materials with
special shapes, etc.13–16 As a part of the lithium battery material
composition, the binder also has great inuence on the cycle
performance. Many researchers have prepared polymeric
binders that can improve the cycle performance of electrode
materials.17–20

Polymeric binders are usually used to bond the active
material of the electrode with the conductive agent and the
metal current collector. The properties of polymeric binders can
brication of the Ministry of Education,
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36
directly affect the cycle stability and capacity of the lithium-ion
batteries. With respect to Si anodes of the lithium-ion batteries,
the polymeric binders should effectively accommodate the
expansion of the silicon material during the charge–discharge
process.21–23 Nowadays, poly(vinylidene uoride) (PVDF) is one
of the most widely used polymeric binders for Si anodes in the
industry, but its poor adhesion with Si particles usually leads to
bad cycle performance.24 In comparison of binders, a large
number of studies shows that carboxymethyl cellulose (CMC)25

and poly(acrylic acid) (PAA)20 are more effective binders to
improve the capacity retention due to their carboxyl and
hydroxyl groups. The ester bonding and hydrogen bonding can
enhance the bond between the polymeric binders and the active
materials, and further improve the cycling stability of the
battery.25–27 However, the demerits of these binders include
weak mechanical properties and electrode cracking during
cycling. Considering the defects of those binders, functional-
izing these common binders by graing, crosslinking or blend
can make it possible to improve the interaction between poly-
meric binders and silicon particles. For example, the cross-
linked PAA functionalized with benzophenone group,
crosslinked PAA and PVA, PAA-graed CMC all signicantly
enhanced the electrochemical performance of Si-based
LIBs.28–32 However, the synthesize process of the polymeric
binders is intricate and complex, a simple and effective poly-
meric binder system is required in LIBs.

Organofunctional silanes are important processing agents to
improve the adhesive strength, mainly used as polymer
composite additives.33 Vinyltriethoxysilane (VTES) is one of the
most well-known organofunctional silanes, which possess
This journal is © The Royal Society of Chemistry 2018
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excellent exibility and adhesive properties.34–36 Herein, we
develop a VTES crosslinked NaPAA polymer (PVTES-NaPAA) as
the polymeric binder for silicon anodes in lithium ion batteries.
The synthesis of the polymer is through free radical co-
polymerization method with VTES and acrylic acid monomer
as the precursor. The PVTES-NaPAA polymeric binder can
effectively improve the cycle stability of Si anodes and exhibit
a high coulombic efficiency. Furthermore, the Si anodes with
PVTES-NaPAA as the binder can also form a stable SEI lm on
the electrode surface during cycling.
2. Experimental
2.1 Materials

The Si nanoparticles (50–100 nm) and the vinyltriethoxysilane
(VTES) were obtained from Alfa Aesar. The lithium-foil and
electrolyte were obtained from Shanghai Xiaoyuan Co. The
initiator (ammonium peroxydisulfate) and other chemicals
were purchased from Sinopharm Reagent Co.
2.2 PVTES-NaPAA preparation

Firstly, 0.2 g VTES and 4 mL acrylic acid monomer were dis-
solved in 80 mL distilled water. Secondly, the solution was
moved into a 250 mL three-necked ask and the nitrogen was
used to remove the oxygen in the solution for 6 h. Thirdly, 0.1 g
of the initiator was added into the solution. Then the solution
was mechanical stirred for 4 h at 60 �C to prepare the PVTES-
NaPAA polymeric binder. The entire process keep nitrogen gas
environment. Finally, the sodium hydroxide was used to
neutralize the PVTES-NaPAA to pH 6.
2.3 Electrochemical experiments

The electrochemical performance was tested by using CR2016
type half coin cells. The composition of the working electrodes
includes Si nanoparticles, conductive carbon (Super P) and
polymeric binders with 6 : 2 : 2 weight ratio. The mass loading
on the electrodes is about 0.5–1.3 mg cm�2. The lithium metal
foil and the glass microbre lter polymer were used as the
Scheme 1 The synthetic process of the PVTES-NaPAA binder.

This journal is © The Royal Society of Chemistry 2018
counter electrode and the separator, respectively. The ethylene
carbonate (EC) and dimethyl carbonate (DMC) (volume ratio
1 : 1) with 10 wt% uoroethylene carbonate (FEC) were mixed
together as the Si-based anode electrolyte with LiPF6 (1 M)
dissolved in it. The cyclic voltammetry (CV) curve was tested by
CHI 760E electrochemical workstation (Chenhua Instruments
Co., Shanghai, China). The testing voltage ranged from 0.01 V to
1.2 V. The cycling performance and rate capability were tested
using the battery test system (LAND, Wuhan, China).
2.4 Characterization methods

The morphologies of the electrodes with binders were analyzed
by using eld-emission scanning electron microscopy (FE-SEM,
Carl Zeiss Ultra 55). The crosslinked process was measured by
using Fourier transform infrared (FTIR, Perkin-Elmer 70)
spectroscopy with KBr pieces. The 180� peel experiments and
the tensile tests were carried out using the high-precision
material mechanics test instrument (Hengyi Testing Machine
Co., Shanghai, China).
3. Results and discussion

The PVTES-NaPAA binder was synthesized by using VTES and
acrylic acid monomer as the precursor and ammonium per-
sulfate as the initiator via a free radical co-polymerization
process. The synthetic process of the PVTES-NaPAA polymeric
binder is shown in Scheme 1. Aer heating, the initiator
(ammonium peroxydisulfate) decomposed to generate anionic
radical, which initiated co-polymerization of VTES and acrylic
acid monomer. To conrm the copolymerization of the VTES
and NaPAA, FT-IR spectra of PVTES-NaPAA, VTES and NaPAA
were tested as shown in Fig. 1a. Aer polymerization, the
absorption bands at 1160–1100 cm�1 (correspond to Si–O from
VTES)35 and 1571, 1452 cm�1 (correspond to C]O in NaPAA)37

can be observed in PVTES-NaPAA. Furthermore, the absorption
bands at 3064 cm�1 (correspond to C]C–H from VTES) dis-
appeared.38 These results evidenced the successful formation of
PVTES-NaPAA polymer. The 1H NMR spectrum of PVTES-NaPAA
RSC Adv., 2018, 8, 29230–29236 | 29231
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Fig. 1 (a) The FT-IR spectra of PVTES-NaPAA, VTES and NaPAA. (b) The PVTES-NaPAA polymer dissolved in water (left), polymeric binder PVTES-
NaPAA (right). (c) The robust gel after PVTES-NaPAA was dried and then immerged in water. (d) The 1H NMR spectrum of PVTES-NaPAA.
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(Fig. 1d) shows alkane (–CH2–CH–) in PVTES and NaPAA (1.25–
2.5 ppm), methyl group (1.08 ppm) and methylene group (3.55
ppm) in VTES. These results are consistent with the FT-IR
spectra, which evidence successful copolymerization of VTES
and NaPAA.

The PVTES-NaPAA polymer dissolved in water (Fig. 1b) and
formed a clear solution, but a robust gel formed aer PVTES-
NaPAA was dried and then immerged in water (Fig. 1c). Such
gel formation was due to hydrolysis and then condensation of
the ethyl silicate groups to form a crosslinked network for
PVTES-NaPAA.

The electrochemical performance was evaluated with half
coin cells. The working voltage of the cells ranged from 0.01 V to
1.2 V and the current density was 0.2C (840 mA h g�1). Fig. 2a
exhibits the galvanostatic voltage prole of Si anodes in the rst
cycle with PVTES-NaPAA as the binder. The discharge curve
shows a slope during 1.0–0.30 V, which corresponds to the
formation of solid electrolyte interface (SEI) lm. The discharge
curve also displays a long platform during 0.30–0.01 V, which
means the lithium alloying process of crystalline silicon.39

Fig. 2b shows the cyclic voltammetry (CV) of the silicon elec-
trode for the 1st, 3rd and 5th cycle. The two peaks at 0.33 V and
0.50 V can be attributed to the low-voltage delithiation and the
high-voltage delithiation of amorphous Li–Si alloys.40,41 Also, as
shown in Fig. 2b, extra peaks can be observed at 0.21 V and
0.09 V aer the rst cycle, which indicate the crystal-to-
29232 | RSC Adv., 2018, 8, 29230–29236
amorphous transition.42 The weak peak at 0.09 V is invisible
in the rst few cycles, it can be ascribe to the overlap of strong
cathodic peak in 0.01 V.29

To exhibit the effect of different binders on the cycling
stability, the PVTES-NaPAA was compared with common poly-
meric binders CMC, PVDF, NaPAA (denoted as SiPVTES-NaPAA,
SiCMC, SiPVDF, SiNaPAA), as shown in Fig. 2c. The Si loading is
about 0.54 mg cm�2 and the thickness of the electrode is about
15 mm, as shown in Fig. S1 (the ESI†). In the rst cycle, the
electrode with PVTES-NaPAA as the binder exhibited the high
capacity of 2654 mA h g�1. Furthermore, the capacity aer 100
cycles can still remain 2077 mA h g�1, about 78.2% capacity
retention compared to the rst cycle. In contrast, the electrodes
with CMC and NaPAA binders only remain 57.9%, 37.5% aer
100 cycles, respectively. The electrodes with PVDF binder even
decayed to zero aer 20 cycles. Obviously, the electrode using
PVTES-NaPAA as the binder shows better cycle stability. Table
S1† also compares the cycling performance with different
polymers as binders for silicon-based anodes for lithium ion
batteries in the literature. The cycling performance in our work
is good compared to the results in the table. Moreover, the
coulombic efficiency (CE) of the electrode with PVTES-NaPAA
binder was 89.0% at the rst cycle, and it increased to 99.9%
aer 100 cycles. The high coulombic efficiency might suggest
a relatively stable SEI lm formation on the silicon electrode
surface during cycling. Furthermore, even when the loading of
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) The voltage profile of the Si anodewith PVTES-NaPAA binder during the first charge/discharge process. (b) The cyclic voltammetry (CV)
of Si anodes with PVTES-NaPAA binder for the 1st, 3rd and 5th cycle. (c) The cycling performance of Si anodes with CMC, PVDF, NaPAA and
PVTES-NaPAA binders. (d) The rate performance of the SiPVTES-NaPAA with different current density from 0.1C to 3.2C.

Fig. 3 The cycling performance of the Si anode with PVTES-NaPAA as
the binder with the mass loading of 1.3 mg cm�2.

Fig. 4 (a) The 180� peel experiment between the Si active material and th
The tensile tests of PVTES-NaPAA, CMC and NaPAA.

This journal is © The Royal Society of Chemistry 2018
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electrode material increased to 1.3 mg cm�2, the capacity can
also retain 80% aer 50 cycles and the coulombic efficiency (CE)
rose from 94% at the rst cycle to 99%, shown in Fig. 3. Also, the
cycling performance with the mass loading of 1.92 mg cm�2 is
shown in Fig. S2.† The capacity aer 50 cycles can still remain
about 75.1% capacity compared to the rst cycle.

Fig. 2d shows the rate performance of the SiPVTES-NaPAA with
the current density increasing from 0.1C to 3.2C. The reversible
capacity of �500 mA h g�1 at the current density of 0.8C can be
observed in Fig. 2d. In addition, when the current density
changes back to 0.2C and 0.1C, discharge capacity basically
rebounds to initial value, which conrms that the SiPVTES-NaPAA
has excellent reversibility.

Many studies have shown that binders play the role of
bonding Si nanoparticles as well as the current collector and the
e current collector with PVTES-NaPAA, CMC and NaPAA as binders. (b)

RSC Adv., 2018, 8, 29230–29236 | 29233
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Fig. 5 SEM images of Si anodes with PVTES-NaPAA (a and c) and NaPAA (b and d) as binders before (a and b) and after (c and d) 100 cycles.

Fig. 6 (a) The Nyquist plots of the SiPVTES-NaPAA electrode at the 10th

cycle and the 100th cycle. (b) The equivalent circuit for the Nyquist
plots of the SiPVTES-NaPAA electrode.
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active material.43,44 The adhesion strength of binders is
extremely important to maintain the stability of Si anodes
electronic network. Herein, the 180� peel experiment was used
to evaluate the adhesion strength of different binders in Si
anodes, as shown in Fig. 4a. The force–displacement curves in
Fig. 4a show the adhesion between the Si active material and
the current collector with PVTES-NaPAA, CMC and NaPAA as
binders. The average peel force of the PVTES-NaPAA is 3.9 N,
which is much higher compared to CMC (3.4 N) and NaPAA
(1.4 N). This higher peel force means that the PVTES-NaPAA
might be more effective to make the Si electrode structure
stable during cycling.43,44 The enhanced adhesion of the
PVTES-NaPAA might be attributed to the multi-point contact
of three-dimensional network structure, which compares to
the linear structure of the CMC and NaPAA.28 Also, the adhe-
sion test with the high loading of 0.9 mg cm�2 was carried out,
as shown in Fig. S3.† From the gure, the average peel force is
about 3.7 N, which changes little compared to the low loading
level of 3.9 N.

Moreover, the mechanical property of binders is also a key
factor for Si anodes.32 Binders which have higher Young's
modulus can be more benecial to maintain the electrode
stability.43 The tensile test results in Fig. 4b displays the PVTES-
NaPAA possesses the highest Young's modulus of 5.0 GPa,
which is about 2 times than that of NaPAA (2.6 GPa) and CMC
(2.0 GPa). This result suggests that the PVTES-NaPAA binder
could effectively resist the deformation caused by volume
expansion of Si anodes during cycling.43 The PVTES-NaPAA with
excellent tensile strength could make the electrode be more
stable during the cycling process of Si anodes.31

To deeply understand the effect of PVTES-NaPAA on the
improvement of cycling performance, typical SEM images of Si
29234 | RSC Adv., 2018, 8, 29230–29236
electrodes with PVTES-NaPAA and NaPAA as polymeric binders
were shown in Fig. 5. Fig. 5a and b show the uniformly porous
structure of Si electrodes with PVTES-NaPAA and NaPAA as
binders before cycling. However, obvious morphology changes
were exhibited in these two samples aer 100 cycles, shown in
Fig. 5c and d. It can be observed that a thick SEI layer was on
some areas of the electrode with NaPAA as the binder, as shown
in Fig. 5d. This thick SEI lm is considered to be the result of Si
particles volume change and pulverization during cycling with
new SEI lm growing on them.45,46 In contrast, individual Si
This journal is © The Royal Society of Chemistry 2018
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Scheme 2 The possible working mechanism of PVTES-NaPAA binder.
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particle and porous structure was found for the electrode with
PVTES-NaPAA as the binder aer cycling, as shown in Fig. 5c.
Thus, the uniform SEI lm is believed to be formed in the
PVTES-NaPAA sample. The formation of the thinner SEI lm
could be attributed to the PVTES-NaPAA crosslinked network
which effectively accommodates the expansion of silicon
materials during cycling.47

To further demonstrate the improved cycle stability, elec-
trochemical impedance spectroscopy (EIS) measurements of
the SiPVTES-NaPAA electrode at the 10th cycle and the 100th cycle
were performed in Fig. 6. As Fig. 6a shows, the Nyquist plots are
composed by two approximate semicircles at high and middle
frequency ranges as well as a Warburg tail at low frequency
range. The general explanation of the Nyquist plots is that
semicircles at high frequency range are ascribed to the SEI layer
formation and the interphase electronic contact resistance
between the anode material and the current collector (RSEI+int).48

The semicircle at middle frequency range is due to the resis-
tance of the charge transfer (Rct). The Warburg tail corresponds
to the Li+ diffusion resistance (Wdif).48 According to the EIS
spectra, the equivalent circuit for Nyquist plot of the SiPVTES-
NaPAA electrode (Fig. 6b) is provided. The equivalent circuit is
constituted with four resistors, three constant phase elements
in parallel and one Warburg diffusion element. It can be seen
the tting data of the 10th and 100th Nyquist plots (the solid
lines in Fig. 6a) are consistent with the actual impedance data.
According to the equivalent circuit, RSEI, Rint and Rct were
calculated. The SEI lm resistance of the SiPVTES-NaPAA electrode
is about 27 U at the 10th cycle, and about 24 U at 100th cycle.
Such relatively stable RSEI suggests the stable SEI lm formation
for the SiPVTES-NaPAA electrode during cycling, which expected
a consistent result with the SEM results. The electrode also
shows the decrease of the interphase electronic contact resis-
tance from 10th cycle (21 U) to 100th cycle (8 U), suggesting the
easily transformation of electrons from the Si electrode to the
current collector during the cycling process.49

The better cycle performance of SiPVTES-NaPAA could be
interpreted by the special binding mechanism, which is
different from CMC and PAA. The one-dimensional molecular
structure of the CMC and PAA binders might only present one
point contact with the Si particles. As a result, these linear
structure binders could not bear the expansion and shrink of
the Si particles during cycling. In comparison, the PVTES-
NaPAA binder with van der Waals interaction and hydrogen
bonding could form a three-dimensional crosslinked network
This journal is © The Royal Society of Chemistry 2018
structure around the silicon particles, thus provide multi-point
contacts with Si particles (Scheme 2). This forceful 3D polymer
network with multi-point contact is benecial to improve the
electrode stability during the lithiation–delithiation cycling.
4. Conclusions

In summary, we have developed a polymeric binder PVTES-
NaPAA for high performance Si anodes by using free radical
gra co-polymerization technique. The binder can effectively
form a stable SEI lm on the silicon anode surface, and
accommodate volume changes of Si anodes, which resulting in
good cycle performance (78.2% capacity retention aer 100
cycles) and high coulombic efficiency (99.9% aer 100 cycles).
The PVTES-NaPAA binder has a great potential for Si anodes
LIBs according to its excellent cycle stability, easy to synthesis
and environmentally friendly.
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