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A Highly Cross-Linked Polymeric Binder for High-Performance
Silicon Negative Electrodes in Lithium Ion Batteries™*

Bonjae Koo, Hyunjung Kim, Younghyun Cho, Kyu Tae Lee, Nam-Soon Choi,* and Jaephil Cho*

Electrode designs, which can accommodate severe volume
changes (ca. 400 %) of silicon anode materials upon lithium
insertion, are the main prerequisite for high-performance
lithium ion batteries. Among various techniques investigated
for this purpose, a robust polymeric binder is a promising
means to inhibit mechanical fracture of silicon negative
electrodes during cycling.

Lithium ion batteries (LIBs) are one of the most promis-
ing energy storage devices owing to their high power and
energy densities.l'! For LIBs, silicon is a promising candidate
anode material owing to its high theoretical specific capacity
of 4200 mAhg™' for Li,,Si, low electrochemical potential
between 0 and 0.4 V versus Li/Li*, and small initial irrever-
sible capacity compared with other metal- or alloy-based
anode materials.”) Nevertheless, the practical application of
silicon to LIBs is still quite challenging because silicon suffers
from severe volume changes (ca. 400 %) during Li* insertion
and extraction processes, which breaks electrical contact
between the silicon particles and results in degradation of
electrodes and rapid capacity loss.’! To alleviate volume
change, silicon nanoparticles and porous silicon materials
have been extensively studied because the smaller particles
undergo smaller absolute volume change.! The aggregation
of silicon particles upon cycling, however, accelerates the
degradation of electrodes. Thus, many efforts have focused on
the synthesis of silicon-carbon composites to prevent the
agglomeration of silicon, resulting in a highly improved cycle
performance.”) Although remarkable improvements in the
electrochemical performance of silicon-based anodes have
been achieved, electrode deformation and external cell
expansion still occur because of the inherent volume change
of silicon. This large cell volume change is the main factor
limiting the commercialization of silicon-based anode mate-
rials.
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From a practical point of view, an acceptable degree of
volume expansion for the electrodes is about 10 %, which is
comparable with that of carbonaceous negative electrodes
used in current commercial LIBs. To achieve this in a com-
mercially viable silicon-based negative electrode, various
approaches have been taken, including the control of
electrode porosity!” and effective distribution of silicon.®! In
particular, attention has been devoted to the development of
functional binders that can inhibit the severe volume
change.”’ For example, it was reported that good electro-
chemical performance can be achieved using a polymeric
binder in composite electrodes.'”! Recent results have shown
that sodium carboxymethyl cellulose (CMC) and poly(acrylic
acid) (PAA) binders perform better than poly(vinylidene
fluoride) (PVDF) binders in silicon-based electrodes.!""
Beattie etal. reported that silicon-based electrodes with
a relatively low silicon content (< 33 wt %) and high binder
content (33-56 wt % ) can maintain large capacities of about
660 mAhg™' for hundreds of cycles.”! However, the use of
such a large amount of binder and conductive additive leads
to a significant reduction in absolute anode capacity. In these
composites, the covalent chemical bonds formed by conden-
sation between the free carboxylic acids of the CMC binder
and the partially hydrolyzed SiO, layer covering the silicon
particles prevent the anode from disintegration, which
explains the improved cycling stability of silicon—graphite
composite anodes.[''

Recently, a binder that has a significant positive impact on
the electrochemical performance of silicon-based electrodes
was reported.'? Specifically, a high-modulus natural polysac-
charide extracted from brown algae was found to yield
a remarkably stable battery anode compared with polymers
such as PVDF, PAA, and CMC. However, even though this
sodium alginate binder assists in building a stable solid
electrolyte interphase (SET)," the hydroxy groups remaining
after vacuum annealing at 105°C are a critical problem: they
react with PFs produced from LiPFg salt at elevated temper-
atures,"™™ and the resulting phosphorous oxyfluoride (OPF;)
will lead to the decomposition of carbonate solvents, which
will in turn lead to rapid degradation of the Si anodes and
increased cell impedance.

Herein, we present an innovative thermally cured poly-
meric binder as a technological solution for lithium ion
batteries with silicon-based electrodes. Nanosized silicon
powder with a three-dimensionally interconnected network
of poly(acrylic acid) and sodium carboxymethyl cellulose as
binder exhibits a high reversible capacity of over
2000 mAhg™" after 100 cycles at 30°C and maintains superior
capacity of 1500 mAhg™! for the high current density of
30 Ag™' at 60°C. The cross-linked polymers exhibit high
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mechanical resistance to strain, and particularly non-recov-  structure through the condensation reaction with CMC. The
erable deformation, because the polymer chains are three- condensation reaction between the carboxylic acid groups of
dimensionally linked. To the best of our knowledge, thisisthe =~ PAA and the hydroxy moieties of CMC occurs at 150°C
first report that shows chemical cross-linking between two  under vacuum to afford ester groups by interchain cross-
different polymers for silicon anodes. This mechanically linking. It should be noted that the anhydride can be
robust binder showing no swelling in commercialized electro-  generated in PAA chains by the dimerization of carboxlic
lytes can be expected to prevent any large movement and  acid (Figure 1b).1 Additionally, the free carboxylic acid of
effectively maintain the silicon-binder bond strength.['? PAA and the hydroxy groups of the SiO, layer on the silicon

The three-dimensionally cross-linked polymeric binder is  surface undergo a condensation reaction to form covalent
prepared by a condensation reaction (dehydration) of PAA  ester bonds between the binder and the silicon particles. If an
and CMC (Figure 1). PAA effectively forms the cross-linked  interaction occurs in a material, a peak corresponding to
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Figure 1. a) Poly(acrylic acid) (PAA) and sodium carboxymethyl cellulose (CMC) before heating. b) Cross-linked binder (c-PAA-CMC) formed by
condensation between PAA and CMC. c) Chemical binding between silicon nanoparticles and c-PAA-CMC. The OH moieties of a SiO, native layer
on the Si surface react with the COOH groups of PAA in cross-linked binder. d),e) Spectroscopic characterization of CMC-PAA heated at 80°C
under atmospheric pressure and of c-CMC-PAA thermally annealed at 150°C for 2 h under vacuum. The region specific to the carbonyl moieties
of the polymers and hydroxy groups of CMC is shown in (d).
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a specific functional group in the FTIR spectrum shifts toward
either a higher or lower wavenumber or a new peak (or
shoulder) appears in the spectrum. The FTIR spectra of
polymer films prepared without silicon active materials
showed a shift in the position of the C=O stretching band of
COOH in PAA from 1703 cm ™" to 1722 cm ™ that is due to the
ester groups (COO) formed by the interchain cross-linking
(Figure 1e). It is clearly seen that the broad peak assigned to
hydroxy groups at around 3340 cm™' apparently disappears
through the condensation reaction between the COOH
groups of PAA and the OH groups of CMC (Figure 1d).
The characteristic band of the anhydride is located at
1805 cm™ (Figure 1¢). Transmission electron microscopy
(TEM) showed that the crystalline silicon nanoparticles
used in our work had an amorphous SiO, layer with a thick-
ness of 5 nm (Supporting Information, Figure S1). In the Si
magic angle spinning (MAS) NMR spectrum for a silicon
composite electrode and silicon nanopowder, the peak
corresponding to the OH groups at 6 = —102 ppm!™ on the
surface of the SiO, layer on silicon nanopowder disappeared
after heating at 150°C under vacuum for 2 h. This is because
a covalent ester bond forms between the free carboxylic acid
groups of PAA-CMC and the OH groups of the silicon
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nanoparticles by a condensation reaction (Supporting Infor-
mation, Figure S2). This covalent bond between the c-PAA-
CMC binder and silicon nanopowder will effectually restrain
any large movement of the silicon nanoparticles. Thus, this
could prevent destruction of the electrical network under the
large volume change experienced by a silicon composite
electrode during cycling. The formation of an efficient
network by covalent bonds between binder and nanoparticles
has been previously identified as one of the strongest factors
governing the electrochemical performances of silicon-based
electrodes." Silicon composite anodes with the three-dimen-
sionally interconnected binder (c-PAA-CMC) were found to
exhibit a significantly enhanced reversible capacity and a high
initial coulombic efficiency (ICE) of 88.2% when compared
with anodes incorporating PVDF binder (ICE=37.9%)
during the first cycle (Figure 2a). The low ICE of the silicon
anode with PVDF binder is difficult to explain solely by the
SEI formation because there is no discernable difference
between binders in the potential range between 0.5 to 0.8 V
versus Li/Li* (Figure 2a). It is known that PVDF binder
undergoes plastic deformation in the silicon anodes showing
large volume change upon lithium insertion and extrac-
tion."? Mechanical disintegration of the silicon electrode
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Figure 2. a) Initial charge—discharge profiles of silicon composite electrodes with thermally cured PAA-CMC (c-PAA-CMC), CMC, PAA, and PVDF
binder at 175 mAg™' between 0.005 and 2.0 V versus Li/Li*. b) Li extraction capacity versus cycle number for the silicon composite electrodes at
a current density of 300 mAg™"'. ¢ Lithium extraction capacity of silicon anodes with c-PAA-CMC for various high current densities at room
temperature and 60°C. d) Specific capacity retention (green circle) of silicon composite anodes with c-PAA-CMC binder (electrode

density=0.4 gcm ™) versus cycle number at a current density of 1500 mAg™' (corresponding to 0.5C). A very high coulombic efficiency (black
circles) of over 99.5%, which is vital for practical applications, was obtained during 100 cycles.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2012, 51, 8762-8767


http://www.angewandte.org

during cycling leads to degradation of the electrical con-
duction network, isolation of silicon nanoparticles, and finally
capacity loss. Therefore, the difference in ICE stems from the
mechanical properties of the binders. The silicon anode with
PAA binder showed reduced capacities of 2705 and
2147 mAh g’1 for the first insertion and extraction of lithium,
respectively (Figure 2a). This result indicates that bridges
between the PAA binder and silicon nanoparticles are
insufficient for preserving the electrical conductive network
and hinder the electrochemical reaction of lithium with silicon
nanoparticles during the insertion and extraction of lith-
ium."™ In contrast, a significantly reduced irreversible
capacity in the first cycle and improved long-term cycling
performance were clearly observed for the silicon anodes with
c-PAA-CMC binder (Figure 2a,b). The high value of the
coulombic efficiency (88 % ) in the first cycle can be explained
by several reasons.

First, the formation of covalent bonds between the silicon
nanoparticles and c-PAA-CMC binder inhibits irreversible
movement of silicon particles and keeps electrical contact
between silicon and carbon black during the lithiation/
delithiation process (Supporting Information, Figure S2).
Second, the elimination of hydroxy (silanol and germinal
groups of the SiO, layer on the silicon nanoparticles alleviates
capacity loss by electrochemical reaction with lithium and
contributes to the high coulombic efficiency (Supporting
Information, Figure S2). Third,
the cross-linked architecture of
the binder allows the silicon nano-
particles to effectually utilize
internal pores within the electrode

Angewandte
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maintain the stable SEI during cycling."? However, c-PAA-
CMC binder significantly improved lithium extraction
capacity retention during cycling (Figure 2b,d). This is
probably because the ester (COO) and ether (C-O-C)
groups of c-PAA-CMC binder anchored on silicon nano-
particles can assist ion transport to the silicon surface, and c-
PAA-CMC binder can endure the stress caused by the
expansion of silicon nanoparticles."? The XPS peak corre-
sponding to COONa and COO of c-PAA-CMC binder at
289 eV was clearly shown even after the precycle and was
hardly detected after 30 cycles owing to the presence of SEI
on the silicon surface (Figure 3). The peaks attributed to the
SEI did not discernibly change between 30 and 100 cycles,
supporting good capacity retention of silicon anodes with c-
PAA-CMC binder. This is in good agreement with high
coulmobic efficiency of over 99.5% indicating no lithium
consumption by the electrolyte and binder decomposition
(Supporting Information, Figure S4). Furthermore, impe-
dance measurements showed that the interfacial resistance
of the silicon composite anode with c-PAA-CMC binder was
not substantially increased after 100 cycles (Supporting
Information, Figure SS5). This indicates that c-PAA-CMC
binder preserves efficient electronic and ionic transport
pathways at the silicon—electrolyte interface by the assistance
of c-PAA-CMC binder for stable SEI during cycling and
thereby realizes very good capacity retention.
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of the electrode during lithium
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tion, Figure S3). The first lithium
extraction capacity obtained in
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CMC binder decreased slightly to
2955 mAhg™!, giving an initial
coulombic efficiency of 87.5% 96 98 100 102
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binder. This is because the rigidity
of CMC binder helps to mitigate
volume expansion of the silicon
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reversible capacity in the first
cycle, the capacity gradually
fades in subsequent cycles (Fig-
ure 2b). This result is in good
agreement with the previous
report that CMC binder cannot
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Figure 3. XPS spectra on the silicon anode surface with c-PAA-CMC binder before and after cycling
between 0.005 and 2.0 V versus Li/Li*. No peak corresponding to silicon indicates that the SEI formed
by the electrolyte decomposition mostly covers the silicon nanoparticles after 30 cycles. The Si-O-Si
peak at 103.8 eV is originated from an amorphous SiO, layer on the silicon nanoparticles.
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To confirm that the c-PAA-CMC binder is robust enough
for mechanical and electrical support, lithium extraction
capacities were investigated for high current density (Fig-
ure 2¢; Supporting Information, Figure S6a). We found that
c-PAA-CMC binder retained high lithium extraction capaci-
ties of 850 mAh g ™! at room temperature and 1600 mAhg' at
60°C for a very high current density of 30 Ag™' (correspond-
ing to 10C). However, sodium alginate binder with reactive
hydroxy groups exhibited considerable capacity fading for the
current density of 30 Ag™" at 60°C (Supporting Information,
Figure S6b). This is attributed to the formation of a resistive
layer and the reduction of charge carrier concentration by the
reaction between hydroxy groups and PFs from LiPF;
(LiPF¢—LiF 4 PFs). The lithium extraction capacity of the
anode with sodium alginate binder 3037 mAhg~' was com-
parable with that of to the anode with c-PAA-CMC binder
(3063 mAhg'). However, the former had a lower initial
coulombic efficiency (ICE) of 81 % compared with the latter
(ICE=88%; Figure2a; Supporting Information, Fig-
ure S6¢). The lower ICE reflects the undesirable decompo-
sition of hydroxy groups in the sodium alginate binder, which
contributes to the irreversible capacity during first charge—
discharge processes. Elimination of functional moieties, such
as hydroxy and carboxylic acid, from polymeric binders is
strictly required to assure good electrochemical performances
of electrodes in LIB. Typical loading curves for the binder
films without silicon nanoparticles and carbon black were
obtained to compare the resistance of polymeric binders
(PAA, CMC, c-PAA-CMC, and sodium alginate) to distort
under mechanical load (Supporting Information, Figure S7).
Even though c-PAA-CMC contains PAA with the lowest
resistance to mechanical load, c-PAA-CMC binder showed
relatively higher applied force for the same indentation depth
compared to other linear polymers. CMC presented analo-
gous resistance to mechanical load compared to c-PAA-CMC.
This is closely linked to similar charge and discharge
capacities during the precycle (Figure 2a). However, from
the result of the capacity fading of silicon anode with CMC
binder, it was confirmed that CMC is insufficient to endure
repeated mechanical stress produced by the volume expan-
sion of silicon nanoparticles during cycling (Figure 2b).

The thickness variation of silicon composite electrodes
was measured to evaluate the ability of the binder to
accommodate the large volume changes upon lithium inser-
tion and extraction. The use of PVDF binder led to consid-
erable volume expansion of about 130% (Figure 4b; Sup-
porting Information, Figure S8), whereas c-PAA-CMC binder
better accommodated the expansional strain of silicon and
thereby a drastically reduced thickness change of 35% was
obtained in the fully lithiated state (Figure 4a). The contri-
bution of carbon black to the overall thickness change of
silicon electrodes is negligible.”? The anode with PVDF
binder did not reduce in thickness even after lithium
extraction. During the discharging process, the expanded
silicon nanoparticles shrink as lithium is extracted, but the
final thickness of the electrode is still greater than original.
This indicates that PVDF polymer cannot endure the internal
stress and undergoes plastic deformation during lithium
insertion. In contrast, the anode with c-PAA-CMC binder
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Figure 4. Charge—discharge profiles of a) c-PAA-CMC binder (red line)
and b) PVDF binder (blue line). 2016 coin-type half cells were cycled
for the current density of 175 mAg™' at 30°C in the potential range of
0.005 to 2.0 V versus Li/Li". The black lines represent the electrode
volume changes during Li insertion and extraction processes. The use
of c-PAA-CMC binder better accommodated the expansional strain of
silicon in the fully lithiated state compared to PVDF binder.

almost fully recovered its initial thickness after lithium
extraction (Supporting Information, Figure S9). This is
because c-PAA-CMC binder has a high mechanical strength
representing resistance to permanent deformation. This
provides evidence that c-PAA-CMC binder significantly
tolerates the internal mechanical stresses generated by the
volume expansion of silicon nanoparticles and alleviates the
volume expansion during lithiation. It is thus strongly
believed that the combination of well-developed nanostruc-
tured silicon anode materials and our binder system will
achieve a practically acceptable volume change of about
10%. Moreover, after winding silicon electrode with c-PAA-
CMC, there was no discernible physical fracture (Supporting
Information, Figure S10). It should be noted that c-PAA-
CMC can be used as an appropriate binder for commercial-
ized graphite anodes (Supporting Information, Figure S11).

In conclusion, we have demonstrated that a cross-linked
binder comprising cyclic and linear polymers can be utilized
to improve the cycling performance and mitigate the large
volume expansion of silicon anodes upon lithium insertion.
This innovative binder will provide a practical solution for
silicon-based anodes, which are otherwise a very promising
candidate electrode material. Furthermore, the cross-linked
binder can be applied to silicon—graphite composite, silicon
dioxide, and tin-based anodes for lithium ion batteries with
high energy density.
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