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Abstract: We introduced polyethyleneimine (PEI) as a new binder for silicon (Si)-carbon nanotube (CNT) anode
materials in lithium ion batteries (LIBs). The PEI binder was chosen to enhance the binding of electrode material contain-
ing Si-CNT nanocomposites through the formation of a PEI thin layer on the surfaces of CNTs. It was expected that
the spontaneous electrostatic interactions between weakly charged PEI molecules with CNT surfaces could promote
the binding performance. In other words, the formation of solid-electrolyte interface (SEI) could be suppressed
owing to the effect of dominant electrostatic interactions between PEIs and CNTs. Zeta potential analyses demon-
strated the real presence of electrostatic interactions between PEIs and CNTs. Accordingly, lithium battery half-cell
tests showed that improved capacity retention behavior was observed in the sample with PEI than that with poly-
vinyldifluoride (PVDF) binder. Remarkably, for the case of Si-CNT anode materials prepared without or with rela-
tively less amount of CNT, a higher reduction in capacity was observed with PEI binder than with PVDF. An addi-
tional advantage of the incorporation of PEI binder is an increase of initial coulombic efficiency approximately
5%~10%. Consequently, all these findings support that PEI is highly desirable as an alternative binder for electrode

materials containing CNT.
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Introduction

There have been several issues in rechargeable battery
technology, such as high energy density, high power, safety,
and cost. Among them, the demand for high energy density
materials is rapidly increasing to keep pace with the fast
developing speed of high performance mobile devices. To
date, a lot of researchers have invested efforts to develop
electrode materials which retain those advantages. Silicon
(Si) as an anode material in lithium ion battery (LIB) has
been extensively studied due to its high specific capacity
(4,200 mAh/g)"* compared with that of graphite (372 mAh/g).’
However, Si or Si-based composite materials have not yet
reached at a reliable state for commercialization. One of the
reasons is the deterioration of capacity originated from the
volume expansion (~400% for Li,,Sis) and contraction upon
Li insertion and extraction. Repeated volume change upon
cycling causes the pulverization of active materials leading
to the loss of electric conduction pathway and finally capac-
ity fade.® In addition, inherent low electrical conductivity
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of Si tends to degrade overall battery performance due to
high impedance of electron flow during electrochemical pro-
cess. Therefore, numerous ideas have been suggested to
minimize the volume change and to increase the electrical
conductivity.”!® Several remarkable approaches are the use
of nanometer sized silicon'' and preparation of composites
with carbon materials such as amorphous carbon,'>" aero-
gel,' and carbon nanotubes.'>"

Among promising methods, the introduction of CNTs for
composites formation with Si has been attractive owing to
the excellent electrical conductivity, dimensional stability
and flexibility, and chemical inertness of CNTs. However,
Si-CNT composites have not yet been developed success-
fully because of some practical difficulties. One of the most criti-
cal issue is the high specific surface area of CNTs (100~1,000
m*/g depending on types), which results in a low initial cou-
lombic efficiency through the formation of solid-electrolyte
interface (SEI) on large surface of CNTs. Generally, an ini-
tial efficiency of higher than 85% in a half cell is accepted
as a prerequisite for design of full cell batteries. The other
issue is the uniform dispersion of CNTs in resultant com-
posites. Several popular processes for composite prepara-
tion are direct growth of CNTs, use of surfactants, and ball

&) Springer



A New Polymeric Binder for Silicon-Carbon Nanotube Composites in Lithium Ion Battery

and roll milling methods. In the previous work, it was revealed
that a wet-type milling is a powerful tool for CNT disper-
sion in silicon, where even a small amount of CNTs can
effectively network the simultaneously pulverized silicon
nanograins.” But, a substantially stronger linkage such as a
covalent bond between them is necessary not only for an
efficient electrical conduction in the composites but also for
the maintenance of structural durability under a severe
mechanical stress by an excessive volume change. So a cal-
cination process was employed to attain a stronger bond for-
mation. Based on these facts, we reported the successful
preparation and application of Si-CNT nanocomposites as
anode, and characteristics of Li charge/discharge behavior.’

On the other hand, strong cohesion between active species
in electrode materials is also important to keep the electrical
conduction path during Li insertion and extraction pro-
cesses. One plausible approach to circumvent the large for-
mation of SEI is the surface modification of CNTs in order
to prevent the electrochemical reduction of electrolyte on
CNT surface. If the resistive layer has a capability to bind
electrode materials, the problem of low initial efficiency
arising from CNTs’ high surface area could be solved. Sur-
face functionalization of graphite by polymer coating was
tried to decrease irreversible capacity.”’ Therefore, a new
binder system for Si-CNT composite has been introduced to
improve the binding performace between Si and CNT.
Occasionally, carboxymethyl cellulose (CMC) binder was
reported to show excellent performance in capacity reten-
tion for Si based anode materials compared with poly-
vinyldifluoride (PVDF) binder.”>** The main function of
CMC is the maintenance of crosslinked structure through
chemical bond formation between hydroxyl group of Si sur-
face and carboxylic group of CMC binder. That is, a pursuit
for better binder might motivate researchers for a faster real-
ization of batteries with high energy density.

As a context of consistent research, the application of a
new binder, polyethyleneimine (PEI) for Si-CNT nanocom-
posite is studied in this article. PEI was selected to enhance
the binding of electrode material through the potential elec-
trostatic interaction of weakly charged PEI molecules with
CNTs. It is known that electron donating groups such as
imine in PEI interact spontaneously with sidewalls of CNTs
via charge-transferred physisorption.”’”* The effectiveness
of PEI was compared with that of PVDF as a function of
CNT composition in composites.

Experimental

Materials. Silicon nanoparticle with an average diameter
of 4 um was purchased from High Purity Chemical Co. (Japan).
Single walled carbon nanotube was purchased from Carbon
Nanotechnologies Inc. (USA). A binder polyethyleneimine
(PEI) and polyvinyldifluoride (PVDF) were purchased from
Sigma-Aldrich (Wisconsin, US). All solvents were used as
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received without further purification.

Preparation of Si-CNT Nanocomposites. Si-CNT nano-
composites were prepared by a wet type beads milling method.
The mixture of Si nanopowder and CNT in a weight of 9:1
was crushed in an alcoholic liquid such as ethanol or
octanol by beadsmill treatment (Ultra Apex Mill UAM-015,
Kotobuki Ind. Co. Ltd., Japan). Fine slurry was obtained in
the condition of 55 Hz for one or two hours using 0.1 mm
sized zircornia beads. Then, Si-CNT nanocomposite was
obtained by drying at 120 °C in air convection oven over-
night.

Electrode Preparation and Half Cell Test. Si-CNT nano-
composites (55 wt%) and graphite (SFG-6, Timcal, Switzer-
land) used as a conducting additive (30 wt%) were mixed in
a mortar, then a binder (PEI, 15 wt%) or polyvinyldifluoride
(PVDF, 15 wt%) was added and agitated. The solvents for
PEI and PVDF were deionized water and N-methylpyrroli-
done (NMP), respectively. For the case of electrode without
graphite, Si-CNT nanocomposite (80 wt%) were mixed with
binder (20 wt%). Then each paste was coated onto a 15 um-
thick copper foil and dried at 120 °C in a vacuum oven for 2 h.
For half cell test, the electrode was pressed and punched in
12 mm diameter circle, then assembled in a coin-type cell
(CR2016) with lithium metal counter electrode, polytet-
rafluoroethylene (PTFE) separator, and electrolyte (1.3 M
LiPF, in EC/DEC 3:7 volume ratio, Cheil Industries Inc.,
Korea). Electrochemical measurements were performed at a
rate of 0.2 C in a voltage range of 0~1.5 V vs. Li/Li".

Characterizations. The morphology of Si-CNT nano-
composite was observed using a JEOL 6700 field emission
scanning electron microscope (FE-SEM). The nitrogen adsorp-
tion-desorption isotherms and surface areas were obtained
with a Micromeritics ASAP 2000 instrument at 77 K. X-Ray
diffraction patterns were recorded on a Rigaku Geigerflex
diffractometer. Nuclear magnetic resonance spectra were
recorded on a Bruker AVANCE III (600 MHz) spectrometer.
Zeta potential was measured with a ESA9800 Zeta potential
Analyzer (Matec Applied Science) with a standard 633 nm
laser in water solvents.

Results and Discussion

Figure 1 shows the SEM images of Si-CNT nanocompos-
ite prepared by a wet-milling method. Figure 1(a) indicates
that the dominant shape of Si particles is thin sub-micron
platelet with average thickness of tens of nanometer while
CNTs are dispersed homogeneously in the nanocomposite.
The significant shear forces induced by the random move-
ments of zircornia beads lead to the unavoidable breakage
of Si powders. At the same time, mixing of resulting Si nanopar-
ticles with CNTs could also be promoted with the aid of same
driving force. A closer look at the Si-CNT nanocomposite
in Figure 1(b) shows the absence of remarkable aggregations
of CNTs. This fact is critical for the performance retention
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Figure 1. SEM images of Si-CNT nanocomposites prepared with
a wet-type milling method taken at relatively (a) low and (b) high
magnifications. Scale bar 200 nm.
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Figure 2. Typical XRD diffraction pattern of Si-CNT nanocom-
posites prepared with a wet beadsmilling method.

of the final nanocomposite as anode in LIBs because the
local aggregations of CNTs inside nanocomposites cause
deterioration in initial efficiency, capacity, and lifetime. In a
word, it was revealed that the milling process using 0.1 mm
zircornia beads in a liquid medium achieved the crushing of
silicon powder into nanoparticles and the effective disper-
sion of CNTs, simultaneously. The randomly distributed voids
can accommodate the volume expansion/shrinkage during
charge/discharge processes.

The formation of Si-CNT was further confirmed by X-ray
diffraction as shown in Figure 2. The appearances of char-
acteristic diffraction peaks demonstrated the successful
preparation of nanocomposites. In order to obtain quantita-
tive data, Scherrer equation was introduced. The Scherrer
equation relates the width of a power diffraction peak to the
average (by volume) dimensions of crystallites in an poly-
crystalline powder.

KA

B2 O = 7= o
where £, is the crystallite size contribution to the peak width
(integral of full width at half maximum) in radians, K is
constant near unity, and 7 is the average thickness of the
crystal in a direction normal to the diffracting plane 4kl. In
interpreting the Scherrer equation, it is important not to con-
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Figure 3. Nitrogen adsorption/desorption isotherms at 77 K of
Si-CNT nanocomposites prepared with a wet beadsmilling method.

fuse the crystallite size with the size of the polycrystalline
aggregate. In general, a “crystal” or “crystallite” refers to a
discrete diffracting domain that coherently scatters X-rays.*
Based on these facts, the average size range of silicon crys-
tals/crystallites obtained by this equation was in the range of
14 to 30 nm depending on the liquid medium. Specifically,
use of ethanol produces smaller silicon particles than n-octanol
under the same milling condition (data not shown). As we
can see with SEM images in Figure 1, this size range corre-
sponds to the thickness of Si platelet. Compared with the
original size of Si powder (4 um), the effective mixing of
wet type milling process was clearly demonstrated.

Before taking a look at electrochemical behavior, it is
worthwhile to obtain specific surface area of Si-CNT nano-
composite with a nitrogen adsorption/desorption isotherms
at 77 K. In general, high surface is undesirable for the pre-
vention of SEI formation. The typical surface area of Si-CNT
nanocomposite was approximately 100 m%g as revealed in
Figure 3. This value is consistent with the typical surface
area of commercial CNTs. The pore size distribution is unim-
portant in this case because there are only micropores on the
surfaces of both Si nanoparticles and CNTs. Because the
size of Si particles looked much larger than CNTs as seen in
Figure 1, it is clear that CNTs contributed dominantly to the
surface area. Therefore, the introduction of polymeric binder
for the control of surface property of CNTs is a challenging
and meaningful research task.

Figure 4 presents the solid state nuclear magnetic reso-
nance spectra of pristine CNT and PEI/CNT mixture. Zeta
potential values indicated on each spectrum are -8 and 19 mV,
respectively. The characteristic peaks in the two NMR spectra
are exactly identical. This fact supports that there are no
structural changes for both PEI and CNTs.

But it is important to reveal the surface interaction between
PEI and CNT. For zeta potential measurement, water was
used as solvent. Thus, it is natural that there might be some
solvent effect. However, the surface polyelectrolyte layer
(such as poly(diallyl dimethyl ammonium chloride), poly
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Figure 4. Solid state NMR spectra and zeta potentials of (a) pris-
tine CNT and (b) PEI/CNT.

(ethyleneimine), poly(styrenesulfonate)) is known to remain
intact after washing with water several times because the
substantial surface interaction between polyeletrolyte and
substrate is electrostatic.’

On the other hand, in this experiment, we tried to reveal
only the possibility for the modification of surface interac-
tion by introduction of PEI binder. In general, the surface is
considered to be neutral if zeta potential falls in the range of
-10 ~+10 mV. A surface is highly cationic or anionic if zeta
potential is higher than +10 mV or lower than -10 mV, respec-
tively. By measuring zeta potentials of CNT and CNT/PEI,
we could see if the surface interaction is modified by the
introduction of PEI binder. Judging from the significant zeta
potential value change, it is clear that the surface properties
can be modified by the introduction of PEI. That is, the pos-
sible interaction between PEI molecules and CNTs are one
of those specific interactions accompanying no structural
changes such as weak electrostatic interaction between par-
tially induced electric charges, and hydrogen bonding. These
interactions are spontaneous and stable under conventional
experimental conditions employed in this work. It can also
be inferred that the strong interaction is not influenced by
the introduction of additional salt during lithium battery test.
Therefore, it is inferred that the charged character of PEI can
provide a potential effect on the performance as binder for
LIB electrode. Based on these preliminary reasoning, the effect
of PEI binder on electrochemical process is discussed in the
following sections.

Figure 5 describes how PEI binder affects the electro-
chemical behavior of lithium half cell under conventional
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testing conditions. When the PEI binder is mixed with pre-
pared Si-CNT composites, the side branches of PEI molecules
tend to wrap the surface of CNTs through the electrostatic
interaction between amine derivative groups in PEI mole-
cules and the weakly charged CNT surfaces. If this interaction
is sufficiently strong to sustain the cohesion of electrode
material during charge/discharge process, PEI can be con-
sidered as an applicable binder. An important requirement
for reliable cycle life performance is maintaining the electri-
cal conducting pathways between active materials in electrode
during charge/discharge process. As addressed in previous
paragraphs, PVDF binder for graphite and functionalized
cellulose for Si based anodes can effectively keep the active
electrode materials cohered. By analogy, PEI in Si-CNT
nanocomposites can be expected to play a synergistic role to
keep the active electrode materials as effective charge carri-
ers in LIBs. Before the practical application of PEI as a binder,
the electrochemical activity of pristine PEI was measured
using the same charge/discharge conditions. An obtained
capacity of the pristine PEI tested with lithium counter elec-
trode was negligibly small (2 mAh/g).

The effectiveness of PEI binder was compared to the elec-
trode prepared with conventional PVDF binder. Figure 5
exhibits the cyclic performances of Si-CNT nanocomposite
electrodes made without graphite (a, b) and with graphite (c, d).
Regardless of the addition of graphite conducting medium
to the Si-CNT nanocomposites, PEI binder demonstrates a
better cyclic performances than PVDF binder. A slight increase
in the initial coulombic efficiency is associated with the
addition of graphite with inherently high electrical conduc-
tivity. To verify the presence of possible interaction between
PEI binder molecules and CNT surfaces, an additional experiment
has been done using pure Si nanoparticle electrode (data not
shown). This electrode was composed of Si nanoparticles
and graphite, in which the Si nanoparticles were produced
by the same wet-milling processing conditions as used for
Si-CNT nanocomposite. When the CNTs were not combined
with Si particles, fast degradation in capacity was observed
whatever binder was used for electrode preparations. This
might be attributed to the aggregation of Si nanoparticles
without CNT networks, where electrical conducting path-
ways dramatically decreased thus a buffering space for vol-
ume change was not sufficiently ensured.

On the other hand, thermal annealing of Si-CNT nano-
composites almost dismissed the effect of different binder
PEI and PVDF. Figure 6 displays the cyclic performance of
Si-CNT with PEI and PVDF thermally treated for 2 h at 800 °C
under nitrogen atmosphere. Both PVDF and PEI exhibited
conspicuously good cyclic performance keeping high capacities.
Microscopically, PVDF shows a slightly better result but
this fact delivers insignificant meaning. In general, polymer
binders are very susceptible to the thermal annealing and
thus a fair amount of polymer binder naturally degrades by
the thermal treatment. Accordingly, surface interactions between
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Figure 5. Cyclic performances of two different binders, PEI and PVDF, in charge/discharge capacities and coulombic efficienciess. (a),

(b) Si-CNT and (c), (d) Si-CNT with graphite additive.

1600
1N [—— PV/DF Discharge
b N +— PVDF Charge
+— PEI Discharge
1200 |
_ RS - PEICharge |
%, 3
> | fay
G 604 0 T 225 TN
g PR
S 4004
200
0 T T T T T T T T T )
0 5 10 15 20 25 30 35 40 45 50

Cycle Number
Figure 6. Cyclic performances of two different binders, PEI and

PVDF, in charge/discharge capacities for Si-CNT thermally annealed
at 800 °C for 2 h.

binder and other components should be relatively weaker.
Therefore, those interactions such as Si-binder and CNT-
binder would be less dominant after thermal annealing.
Consequently, the cyclic performance of electrode is mainly
determined by the performance of pristine Si and CNT. This
experiment is also an indirect evidence for the presence of
interactions between binder and other components.

In previous sections, we emphasize an approach to mod-
ify the surface of CNTs with a new binder interlayer acting
as an electrical potential barrier to minimize the irreversible
electrochemical reaction leading to SEI formation. In order

830

to validate the effect of PEI on CNT containing composites,
the formation of SEI layer for each binder case was identi-
fied with differential capacity profiles. In the inset of Figure
7(a) (same sample as for Figure 5(a)), the peak of the PVDF
sample at 0.6 V vs. Li/Li" in the first cycle is assigned to the
formation of SEI, whereas the peak of the PEI sample is
located at 0.45 V and relatively weak. This observation could
be understood as the prevention of SEI formation on the PEI
coated CNTs. On the other side, the first cycle in the inset of
Figure 7(b) (same sample as for Figure 6) presents a similar
peak height for SEI formation except -0.1 V shift in the PEI
case. This fact indicates that the effect of PEI preventing the
formation of SEI is insiginificant for the thermally annealed
Si-CNT nanocomposites.

In addition, the peaks of shoulders at lower voltages than
the SEI formation on the first cycle for each sample, i.e. 0.3 V
(PED), 0.4 V (PVDF) in the inset of Figure 7(a) and 0.25 V
(PEI), 0.32 V (PVDF) in the inset of Figure 7(b), are assigned to
the decomposition of SiO, to Si and Li,0.** For both of Fig-
ure 7(a) and (b), the sharp and strong peaks at 0.07 V vs. Li/
Li" in the first cycle are associated with the conversion of
crystalline Si to amorphous state of Li,Si alloy." Once the
amorphous state is created, the peaks of lithiation process
appear in the broad range of 0.05 to 0.35 V vs. Li/Li" from
the second cycle. The differential capacities of the 10" cycle
in Figure 7(b) represent almost same profiles for both binders,
indicating no specific effect of PEI with respect to PVDF in
the heat-treated Si-CNT nanocomposite due to loss of poly-
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Figure 7. Differential capacity plots for two different binders,
PEI and PVDF. Comparison of the 1% and 10™ cycles of (a) Si-CNT
(same sample as for Figure 5(a)) and (b) Si-CNT thermally treated at
800 °C for 2 h (same sample as for Figure 6). Insets are the com-
parison of the 1* and 2™ cycle plots of each sample).

meric binder and CNTs. This result is consistent with the
reasoning addressed for the explanation of Figure 6.

Conclusions

An outstanding advantage of PEI binder for Si-CNT
nanocomposite can be substantiated. The binding effect
maintaining the cohesion of electrode material improves
electrochemical cycle life performance, while the coating
effect of PEI over CNTs increases initial and overall cou-
lombic efficiencies. The negative effect of CNTs for electrode
arising from high surface area could be avoided effectively
by the use of PEI binder. The positive results presented in
this study may stimulate further investigation of Si-CNT
anode and binder system for practical commercialization.
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