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ABSTRACT Si-based Li-ion battery anodes offer specific capacity an order of magnitude beyond that of conventional graphite. However,
the formation of stable Si anodes is a challenge because of significant volume changes occuring during their electrochemical alloying
and dealloying with Li. Binder selection and optimization may allow significant improvements in the stability of Si-based anodes.
Most studies of Si anodes have involved the use of carboxymethylcellulose (CMC) and poly(vinylidene fluoride) (PVDF) binders. Herein,
we show for the first time that pure poly(acrylic acid) (PAA), possessing certain mechanical properties comparable to those of CMC
but containing a higher concentration of carboxylic functional groups, may offer superior performance as a binder for Si anodes. We
further show the positive impact of carbon coating on the stability of the anode. The carbon-coated Si nanopowder anodes, tested
between 0.01 and 1 V vs Li/Li+ and containing as little as 15 wt % of PAA, showed excellent stability during the first hundred cycles.
The results obtained open new avenues to explore a novel series of binders from the polyvinyl acids (PVA) family.
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INTRODUCTION
i-based Li-ion battery anodes have recently attracted

noteworthy attention, as they offer specific capacity

an order of magnitude beyond that of conventionally

used graphite (1—5). However, high-capacity Si particles
exhibit large volume changes during Li insertion and extrac-
tion. This expansion and contraction during the operation
causes significant challenges in selecting the binder, which
holds the active material together in the anode of a Li-ion
battery. The most conventional binder (poly(vinylidene
fluoride), PVDF) used for the batteries is attached to Si
particles via weak van der Waals forces only, and fails to
accommodate large changes in spacing between the par-
ticles. It rapidly becomes inefficient in holding the particles
together and maintaining electrical conductivity within the
anode, which is required for battery operation (6—9). De-
velopment of more efficient binders is therefore an impor-
tant task for the realization of stable high capacity anodes.
Until now, most studies were focused on the modification
and use of PVDF or carboxymethylcellulose (CMC)-based
binders (10—17). For example, heat treatment of PVDEF-
based Si anodes in argon at 300—350 °C (16) or cross-linking
a PVDF-based Si—Sn anodes (17) was found to increase the
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binder elastic modulus and strength and simultaneously
improve anode stability.

Significant amounts of data have been gathered for CMC
binders, which typically demonstrate a better performance
and can be considered to be the state of the art in this field.
For example, Chen et al. proposed to use a commercial
adhesive and its mixture with sodium carboxymethylcellu-
lose (Na-CMC) (2:1) for C/nano-Si anodes (10)]. A capacity
of 500 mA h/g with less than 20 % degradation was achieved
for 50 cycles. The addition of Na-CMC was found to favorably
affect the performance of the binder. Liu et al. studied a
mixture of commercial butadiene block copolymer (SBR)
latex and Na-CMC (1:1) as a binder for C/Si anodes, with high
Si (62 wt. %) and moderate binder (8 wt %) content (11).
The Si particles were milled to 1 —3 um and coated with a
thick C layer (30 wt %). They observed major improvements
in electrode capacity and stability when SBR was used.
Under constant lithiation to 1000 mA h/g, the electrodes
demonstrated very stable performance for 50 cycles. Buga
et al. also investigated Na-CMC and SBR mixture (1:1) as
binders for C/nano-Si composite anodes prepared by direct
mixing (Si:C ~ 1:9) (12). They observed reasonably stable
performance of electrodes for up to 150 cycles, with the
discharge capacity decreasing from 700 to 550 mA h/g. The
binder content was only 5 and 2 wt % in the case of the Na-
CMC and SBR/Na-CMC mixtures, respectively. The effects of
larger binder content were not studied, because of the
expectation that it might hinder diffusion of Li+ ions.

Li et al. compared the performance of Na-CMC and SBR/
Na-CMC (1:1) binders for macroscopic (8 um, 325 mesh) Si
powders with conductive additives (Si:C:binder = 80:12:8)
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(13). In order to minimize anode degradation, they limited
the lower potential to 170 mV (vs Li/Li+). The pure CMC
binder demonstrated better performance, with electrode
deintercalation capacity decreasing from 1600 to 700 mA
h/g (~56 %) after 80 cycles. Interestingly, one of the CMC
electrodes showed oscillating behavior, with the specific
capacity changing between 1300 and 1100 mA h/g during
70 cycles. Key et al. suggested an improved long-term
stability of electrolyte against continuous decomposition on
the Si surface upon cycling, when Si particles are protected
with CMC (18). Beattie et al. suggested using considerably
higher Na-CMC binder content (up to 70%) in order to
provide space for Si to expand during Li insertion (14).
Anodes containing 20 wt % Si and 70 wt % Na-CMC
exhibited only 25% capacity fading between the third and
200th cycle. However, the overall anode capacity was below
400 mA h/g because of the low content of active material.
Anodes with higher Si and C and lower binder content (33
wt % Si, 33 wt % C, and 33 wt % binder) showed signifi-
cantly higher initial capacity (1200 mAh/g), but faster capac-
ity fading (25 % in 25 cycles). A follow-up study of the same
group showed further improved stability of the anode with
this optimum composition (Si:C:binder = 1:1:1) and pro-
posed that hydrogen bonding between carboxy groups in
CMC and hydroxyl groups on Si surface exhibits self-healing
behavior that allows for the long-term cycling stability (19).
In recent studies Mazouzi et al. achieved a very impressive
700 cycles when they optimized the pH of the Na-CMC
binder solution to enhance the strength of Si-binder interac-
tion and minimized the stresses and volume changes in Si
by employing Li insertion capacity limited to 960 mAh/g,
about one-third of the full Si capacity (15).

Whereas Na-CMC shows reasonable performance with Si
anodes, it suffers from several limitations. First, Na-CMC is
not soluble in organic solvents. While the use of water as a
solvent is advantageous for the environment, it causes the
surface oxidation of Si and may affect the Columbic ef-
ficiency and long-term stability of Si-based anodes. Second,
while CMC-Si anodes can be improved (15, 20), the mechan-
ical properties of CMC are fixed, and therefore cannot be
optimized for Si anodes. This may potentially explain why
good Si/Na-CMC anode stability is commonly achievable
only when Si volume changes are minimized via a limited
Li insertion capacity (12, 15). Finally, the molecular weight
of Na-CMC derived from natural cellulose is impossible to
regulate. Surprisingly, other binder chemistries have re-
ceived relatively little attention.

In this manuscript, we report on the use of poly(acrylic
acid) (PAA) as an advanced binder for Si-based anodes,
which offers improved anode stability, tunable properties
and other attractive attributes. Although PAA (PAA salt)
binders have been used for C (21) and Sn—Co—C anodes
(22), successful application of PAA for Si anodes has never
been reported. Similar to other members of the polyvinyl
acids (PVA) family (23), PAA is soluble not only in water but
also in a variety of ecologically friendly organic solvents,
such as ethanol. PAA (or PVA) binders offer a much higher
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concentration of functional groups and allow one to control
the effective spacing between them via copolymerization
with other monomers. The copolymerization also allows for
varying binder mechanical properties as well as swelling and
solubility in an electrolyte solvent. It is also possible to obtain
acrylic acid containing polymers with block and graft co-
polymer architecture. This flexibility in solvent selection,
precise control over the distribution of functional groups and
the tunable mechanical properties of such binders provide
new degrees of freedom for the electrode preparation and
optimization processes. In addition, PAA (or PVA)-based
binders may serve as a good model system for performing
systematic studies of the effects of binder properties (elastic
modulus, maximum elongation, swelling in electrolyte, surface
chemistry, the binder-Si or binder-C bond, the strength of the
adhesion between the electrode components and others) on
the performance of the Si anode. In the present paper, we
report the results obtained using pure PAA as an anode binder.
The performance of other PVA binders, including the copoly-
merized ones, will be reported separately.

EXPERIMENTAL SECTION

Si nanopowder was purchased from Hefei Kaier Nanotech-
nology Development Co., China. The sample had a very high
content of SiO, (up to 70 wt % according to energy dispersive
spectroscopy (EDS) studies). To remove the majority of the SiO,,
all powders were purified using a 50 % HF solution. Selected
HF-cleaned Si powder samples were then coated with carbon.
For this purpose, Si nanoparticles were first dispersed in tet-
rahydrofuran (THF) using an ultrasonic bath (Branson, USA) and
thoroughly mixed with polycarbonate (PC) (M,, = 64,000 g/mol,
Sigma-Aldrich, USA) solution in THF under continuous flask
rotation (100 rpm). The THF solvent was then slowly replaced
with ethanol, causing the formation of a uniform PC coating on
the powder surface. The PC-coated Si was then separated from
the solvent using a high speed centrifuge (5000 rpm, Fischer
Scientific, USA) and annealed under Ar flow (50 sccm) for 2 h
at 800 °C to induce the graphitization of the PC.

Scanning electron microscopy (SEM) and EDS studies were
performed using a LEO 1530 SEM microscope (LEO, Japan, now
Nano Technology Systems Division of Carl Zeiss SMT, USA). An
in-lens secondary electron detector was used for the imaging.
Most of the micrographs were recorded at an accelerating
voltage of 6 kV and a working distance of 5 mm.

PAA (M,, = 2000, 5000, and 100 000 g/mol) was purchased
from Sigma-Aldrich, USA. PAA with M,, = 100 000 g/mol
dissolved in ethanol was used as a binder. PVDF in N-Methyl-
2-pyrrolidone (NMP) (9305, Kureha, Japan) and Na-CMC (M,, =
500 000 g/mol, substitution degree =0.9, Alfa Aesar, USA) in
H,O with the addition of ethanol (5 wt %) were used as
alternative binders, for comparison. For consistency, all elec-
trodes contained approximately 15 wt % of the binder, 43 wt
% of Si and 42 wt % of C, either as conductive additives (high
temperature annealed carbon black, PureBlack, produced and
supplied by Superior Graphite, USA) or as a combination of a
surface coating (17 wt %) and additives (25 wt %). The electrode
slurries were thoroughly mixed using an ultrasonic bath and a
laboratory stirrer (600 rpm) for atleast 1 h, castona 18 um Cu
foil (Fukuda, Japan) using a 150 um doctor-blade, dried in air
first at room temperature and then at 60 °C for at least 4 h,
degassed in vacuum at 70 °C for at least 2 h inside an Ar-filled
glovebox (<1 ppm of oxygen and water, Innovative Technology,
Inc., USA) and were not exposed to air prior to their assembly
into the cells. The commercial electrolyte was composed of 1
M LiPF, salt in ethylene carbonate-diethyl carbonate-dimethyl
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FIGURE 1. SEM micrographs and EDS spectra of HF-cleaned Si nanopowder (a, c) before and (b, d) after carbon coating.

carbonate mixture (EC:DEC:DMC = 1:1:1 vol %) (Novolyte
Technologies, USA). For long-term cycling tests we have added
five wt % vinylene carbonate (VC) (Alfa Aesar, USA) into the
electrolyte solution. Lithium metal foil (0.9 mm thick, Alfa Aesar,
USA) was used as a counter electrode. 2016 stainless steel coin
cells were used for electrochemical measurements. The Cu
current collector of the working electrode was spot-welded to
the coin cell for improved electrical contact. Charge and dis-
charge rates were calculated assuming the experimentally
determined capacity for C and the maximum theoretical capac-
ity for Si (4200 mA h/g), given the composition of the active
material (either C or C—Si mixture). Long-term cycling was
performed in the range of 0.01—1 V vs Li/Li". Coulombic
efficiency was calculated as100% - ((C43oY)/(C3Y)), where C31oY
and cialoy are the capacity of the anodes for Li insertion and
extraction. Arbin SB2000 (Arbin Instruments, USA) and Solar-
tron 1480 (Solartron Analytical, USA) multichannel potentiostats
were used for electrochemical measurements. The capacity of
each type of C used in the Si—C anodes was determined in
separate tests where anode was made with the C and a binder
only. In order to demonstrate the effect of the binder on Si
anode performance, the specific capacity is reported for Si
contribution only (the contribution of C was subtracted from
the reported results because different types of C exhibit different
capacitance values). The specific capacity for the actual elec-
trodes is roughly ~50% lower because of the weight of the
binder and low specific capacity of C.

Swelling ellipsometry studies on thin binder films (PAA, Na-
CMC, and PVDF) deposited on Si wafers were performed with
a COMPEL automatic ellipsometer (InOmTech, Inc., USA) at an
angle of incidence of 70°. Original Si wafers from the same
batch with a native oxide layer were tested independently and
used as reference samples for the swelling analysis of polymer
binders in carbonates. The polymer binders were deposited on
Si using a dip-coating method (dip coater, Mayer Fientechnik
D-3400) to an initial thickness of 30—70 nm and were placed
in a closed chamber with an open container filled with carbon-
ate. We have selected pure DEC as a model carbonate for these
experiments, since it is a liquid (EC is a solid) and has lower
volatility compared to DMC. Film thickness measurements were
performed until the changes in ellipsometric parameters leveled
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off due to equilibration of the polymer film thickness upon DEC
vapor infiltration. The thickness of the polymer binder was
obtained by fitting the ellipsometric data, assuming the refrac-
tive index of the binder and carbonate to be 1.5.

The mechanical properties of the binders (PAA, Na-CMC, and
PVDF) were measured with atomic force microscopy (AFM) by
the tip indentation technique (24). Studies were performed on
a Dimension 3100 (Digital Instruments Inc., USA) microscope.
Polymer films with the thickness of 1—2 um were tested. The
thicker films were needed to avoid influence of underlying
substrate on the measurements. Force—distance data were
collected using silicone cantilevers with a spring constant of 40
N/m with approaching-retracting probing frequency of 1 —2 Hz.
Force-volume measurements were used to obtain the stiffness
distribution over the surface of the sample. Measurements were
performed on samples in both a dry state and a “wet” state after
the film was immersed into DEC. PVDF in a dry state was used
as the reference and the stiffness data were normalized
accordingly.

RESULTS AND DISCUSSION

Si Powder. SEM shows a rather broad particle size
distribution in the Si nanopowder, with some particles as
small as 20 nm and others in excess of 1 um. However, most
of the Si nanoparticles (by volume) were in the range of
100—400 nm after the HF cleaning (Figure 1a). Carbon
coating was highly conformal (Figure 1b) and reasonably
uniform within the powder. The amount of the deposited C
was close to 25—30 wt %, according to EDS measurements
(Figures 1 ¢, d) and estimations from the mass changes
during PC deposition on the Si powder surface and its
graphitization. Assuming a uniform coating formation, a
perfect spherical shape of Si nanoparticles, the density of C
coating to be 2.2 g/cm?®, and the density of Si nanoparticles
to be 2.3 glcm?, we estimated the thickness of C coating to
be 10—30 nm. The oxygen detected by EDS (Figure 1c, d)
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FIGURE 2. Swelling of (a) PAA with different M,, and Na-CMC, and (b) PVDF in diethylcarbonate vapor. The data were obtained by ellipsometric

measurements and normalized to the thickness of an initial “dry” film.

was assumed to come from the remaining oxide layer and
the physisorbed water.

Binders. The performance of a polymer binder in an
anode is expected to depend on at least four parameters: (i)
adhesion strength between the electrode and the current
collector foil, (ii) the interface between the polymer and
the active particles, (iii) interaction of the binder with the
electrolyte, and (iv) binder mechanical properties. The first
parameter is well-understood, because strong adhesion is
definitely needed to ensure integrity of the anode. From this
point of view, Na-CMC and PAA polymers are superior to
PVDF, because carboxy functional groups present in the
binders interact strongly with SiO, (present on Si particle
surface) via hydrogen bonding. The polymers also can
interact with copper surface via hydrogen bonding (with Cu
oxide) and/or Cu salt formation. However, the optimal
interface structure, the effect of interaction with electrolyte
and the influence of mechanical properties are still to be
determined. Where mechanical properties of the binders are
concerned, PAA has the highest reported stress at break, oy:
PAA oy is about 90 MPa (25), Na-CMC oy, is reported to be
30 MPa (26), and PVDF oy, is close to 37 MPa (27). In terms
of elongation, PVDF demonstrates elongation at break above
50% (27), whereas the elongation for Na-CMC is only 6 %
(26). PAA is reported to demonstrate brittle fracture behav-
ior, which indicates a low percentage of elongation.

To evaluate the level of interaction between PAA/Na-CMC/
PVDF and carbonates, we measured the swellability of the
polymer films in DEC vapor. Figure 2 shows changes in the
ellipsometric thickness for PAA (M,, = 2000, 5000, and
100 000 g/mol), Na-CMC, and PVDF films upon exposure to
carbonate vapors. Because the solubility (and swellability)
of the polymer in a solvent depends on polymer molecular
weight, we studied several PAA samples, including those
with M,, substantially lower than the ones used in the binder.
Interestingly, the swellability of all the PAA samples did not
show a strong dependence on the M, and was minute,
~1%. The negligibly small swellability of the PAA in the
carbonate vapors indicates a low level of polymer/electrolyte
interaction. Na-CMC film also demonstrated very low swell-
ing in DEC. Therefore, we envision the absence of any
substantial decrease in glass-transition temperature of the
PAA and Na-CMC binders upon soaking in the battery
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FIGURE 3. Results of AFM stiffness measurements for films made
from PAA (100 000 g/mol), CMC, and PVDF. Results are normalized
to stiffness of PVDF in dry state.

electrolyte. In other words, the changes in the PAA and Na-
CMC resiliency or other mechanical properties upon elec-
trolyte infiltration should be modest, if any. Conversely,
PVDF films attract significant amounts of carbonate from the
vapor, demonstrating changes in thicknesses of up to 20 % .
Therefore, a significant change in mechanical properties is
expected for PVDF material in contract with electrolyte.
To confirm that the electrolyte solvent does not have a
significant influence on mechanical properties of the binder
under consideration, we have studied the stiffness of PAA
in a dry state as well as in contact with DEC liquid using AFM
tip indentation measurements. The studies were performed
with PVDF and Na-CMC binders for comparison. In a dry
state, PAA is significantly stiffer that PVDF (Figure 3). This
result is in accord with published data on stiffness of the
polymers. Specifically, Young’s moduli of polymers were
reported to be on the level of 4000 and 650 MPa for PAA
and PVDF, respectively (25, 27). Na-CMC film demonstrated
stiffness close to the one of PAA. In agreement with ellip-
sometry measurements, for all intents and purposes the
moduli of PAA and Na-CMC do not change when exposed
to DEC. In contrast, the stiffness of PVDF was significantly
decreased by contact with DEC. Such experiments suggest
that PVDF binder in electrolyte solution should behave as
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an easily deformable material with small resistance to both
elastic and plastic deformations. While PVDF binder is
known to provide stable performance to the electrodes
which do not change volume upon Li insertion/extraction,
the PVDF’s weak resistance to deformations may explain its
reported poor performance in Si anodes, which undergo
large volume changes. Once deformed, PVDF largely be-
comes incapable of keeping Si particles in contact during
their subsequent contraction.

Anode Characterization. Figure 4 shows the profiles
for the first two cycles of charge and discharge of the Si
anodes. The performance of the PAA binder is compared to
that of Na-CMC and PVDEF. Since we were primarily inter-
ested not in a long-term anode stability, but rather in an
assessment of a binder performance under extreme condi-
tions, we performed charge—discharge cycling to nearly
100 % depth-of-discharge (DoD) (to 0.01 mV vs L/Li+) and
did not limit the insertion capacity or the lower potential
range. We also used a relatively small binder content (15 wt
%) for all the tests. All anode samples show a flat plateau at
low potential values during the first Li insertion. At this stage,
crystalline Si nanoparticles gradually transform into an
amorphous Li,Si phase with no abrupt structural changes
visible, as indicated by the absence of multiple voltage
plateaus.

At about 50 % capacity and about 0.4 V, the curvature of
the Li extraction curve changes from negative to positive
(Figure 4). The second and subsequent insertion curves also
exhibit gradual voltage change with no clear plateaus.
Interestingly, in contrast to micrometer-sized Si powder (28),
Li insertion curves for nanoSi cover a larger potential range
andreach 0.2 V or lower potentials not immediately but after
~30% Li insertion. This behavior may be related to the
absence of crystalline regions in nanoSi after the first cycle
(29), and results in slightly lower terminal voltage of Li-ion
batteries with nanoparticle anodes. The shape of the Li
insertion and extraction profiles discussed above are rather
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similar for all of the investigated anodes (compare Figure 4a-
f) as well as curves reported in literature (14, 15, 29). The
maximum reversible Li deintercalation capacity of our
anodes was typically lower than 4200 mAh/g (theoretical for
Li»»Sis phase). Several groups (30, 31) suggested that such a
high degree of silicon lithiation is not possible at room
temperature. However, these conclusions may be premature
for nano-Si, because the relatively low extraction capacity
may be related to the loss of electrical contact in a small
portion of active particles upon Li,Si contraction or to the
blockage of the Li* ions by the binder or (in the case of
nanosSi) to the presence of SiO,.

NanoSi anodes with both PAA (Figure 4a,b) and Na-CMC
(Figure 4c,d) binders commonly showed capacities close to
3300—3700 mA h/g, whereas the capacity of PVDF-based
anodes was significantly lower (Figure 4e,f). The stability of
the anodes during the first two cycles showed the major
influence of the binder used. The capacity of both Si and
C-coated Si anodes with PAA binder increased after the first
cycle, suggesting that not all of the Si nanoparticles were
initially active and the path of Li ions to Si was partially
blocked. The volume changes likely exposed previously
inactive Si to electrolyte at the second cycle. In comparison,
the degradation of the anodes was moderate but clearly
observed when Na-CMC binder was used, particularly when
Si particles were not coated with carbon (Figure 4c). We
noticed a slightly higher initial anode capacity with Na-CMC
binder, particularly when bare Si powder was used (Figure
4c). This might be related to fewer carboxylic functional
groups being available in Na-CMC and therefore incomplete
particle coating, which allowed more nanoSi particles to be
accessible for electrochemical reaction with Li. The more
common PVDF binder showed the worst performance, with
low capacity and rapid capacity fading, particularly when Si
particles were not coated with C. We speculate that C coating
may have bridged many Si particles and provided electrical
connectivity within the anode for several cycles, even when
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FIGURE 5. Reversible Li deintercalation capacity and Coulombic
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CMC, and (c) PVDFE. All measurements were performed at room
temperature in two-electrode 2016 coin-type half-cells. Si:C = 1:1.
Capacity reported for Si part of the anode only. Square symbols
correspond to anodes with Si particles coated by C.

the binder started to fail. We also speculate that the PVDF
did not coat all the particles uniformly and likely blocked Li
ion access to a significant portion of Si, leading to low
capacity even at the first cycle.

The Li insertion and extraction capacities for the first
twenty cycles are shown in Figure 5. The performance of
PAA compares very favorably to the more common Na-CMC
and PVDF binders. Both C-coated and bare Si anodes
showed outstanding stability for the first 6—8 cycles (Figure
5a). However, longer cycles lead to the decrease in the
Coulombic efficiency (CE) and, in the case of bare Si, to
relatively fast degradation, suggesting the formation and
propagation of microdefects and electrically isolated areas
within the anode. Decrease in CE after the 6—8 cycles for
both CMC and PAA-based electrodes was largely linked to
the electrode degradation. We suggest that the yet unopti-
mized mechanical properties of the pure PAA binder and
unoptimized bonding between PAA and Si are at least
partially responsible for the eventual anode failure. Interest-
ingly, carbon coating of Si nanoparticles significantly im-
proved the anode stability, leading to a capacity retention
of 94 % after 20 cycles (Figure 5a). Furthermore, the small
capacity fade might be partially related to the degradation
of Li surface resistance during cycling.

In comparison, Si anodes with either Na-CMC (Figure 5b)
or PVDF (Figure 5¢) binders showed immediate degradation
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FIGURE 6. Reversible Li deintercalation capacity and Coulombic
efficiency of the Si-based anodes with a PAA binder using: (a) as-
received Si nanopowder and (b) carbon-coated Si nanopowder. The
measurements were performed at room temperature in two-
electrode 2016 coin-type half-cells. Si:C = 1:1. Capacity reported
for Si part of the anode only.

and not even a few stable cycles in similar experiments.
Carbon coatings somewhat improved their stability as well,
although the overall anode degradation rates were signifi-
cantly higher: 42 and 58 % capacity retention after 20 cycles
in the case of Na-CMC binder (bare Si and C-coated Si); 13 %
and 16% capacity retention after 20 cycles in the case of
PVDF binder (bare Si and C-coated Si). In spite of the small
Si particle size, the CE for Si anodes with PAA and Na-CMC
binders at the first cycle was in excess of 90 % (Figure 5).
Even though the irreversible capacity losses could be as high
as 340 mA h/g, the high Si capacity minimized the relative
value of these losses. The average value of the CE over the
first 20 cycles was the highest for C-coated Si with PAA
binder, ~ 97% (Figure 5a). A more efficient electrode
dehumidification procedure should be employed to further
reduce the irreversible capacity losses.

As a proof-of-concept for the applicability of PAA binders
for the long-term charge discharge cycling, we have pro-
duced similar anodes but added VC into the electrolyte
solution in order to minimize surface polarization on the Li
foil counter electrode in our two-electrode tests and improve
the solid electrolyte interphase (SEI) layer on the Si anode.
The content of the PAA binder was kept low at 15
wt %. The cycling protocol was slightly different for as-
received nanoSi (Figure 6a) and C-coated nanoSi (Figure 6b).
In the former case, the first ten cycles were performed at
the current rate of C/20 and the next 90 cycles at the current
rate of C/2. In the later case, we only performed two cycles
at C/20 and the next 98 cycles at the current rate of C/2.
Figure 6a shows that even without carbon coating, Si anodes
with PAA binder demonstrate quite stable performance for
100 cycles with less than 0.2 % degradation per cycle at a
rather fast rate of C/2. The average value of the CE was 96.5
for cycles 2—10 (C/20) and 99.1 for cycles 11—100 (C/2).
Higher CE value observed in these tests (compare Figures
5a and 6a) could be related to both the addition of VC into
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the electrolyte and lowering the volume expansion due to
lower specific capacitance achieved at a faster rate. The
formation of C coating on the Si surface decreased the
electrode kinetics. Indeed, increasing the current rate by 10
times lowered the specific capacitance by about 1/4 (Figure
6b). Interestingly, after the fifth cycle, the specific capaci-
tance of C-coated Si started to steadily increase and reach
2400 mA h/g after 100 cycles (Figure 6b), suggesting that
the Kinetics of Li insertion/extraction in to the anode was
improving with cycling. Overall, the long-term testing results
show very promising potential for the use of PAA binders in
Sianodes. We are unfamiliar with any reports on any binder
that permitted similar performance of Si anodes when
present in comparable quantities (15%) and tested under
100% DoD.

When compared to poorly performing PVDF, the superior
performance of both PAA and CMC binders correlates very
well with their little-to-no interaction with electrolyte solvent
(Figure 2) and their high elastic modulus when immersed in
electrolyte (Figure 3). We therefore propose that the rigid
structure of a binder and the lack of its interaction with
solvent molecules are required for good performance of Si
anodes. The lack of PAA and CMC expandability does not
constitute an obvious drawback when used in Si anodes.
Future work with PAA-based binders having the same
surface groups but having different elastic properties will be
conducted in order to systematically investigate the impact
of the binder elasticity.

Because the mechanical properties and active functional
groups of PAA and Na-CMC are similar, we conclude that the
high concentration of functional (carboxylic) groups in PVA
(PAA) is probably a major cause for its superior performance.
We suppose that a certain fraction of the COOH groups in PAA
form strong hydrogen bonds with OH groups on the Si (or C)
surface. The remaining carboxy groups form ionically conduc-
tive COOLI groups and, together with the solid electrolyte
interphase (SEI) formed during the first Li insertion, protect the
Si—C interface and thus the anode electrical connectivity from
degradation upon solvent intercalation.

Further improvements in the Si/PVA-based binder anode
should be aimed to (a) allow the formation of a stable yet
deformable SEI on the elastic binder-coated Si surface (the
elasticity of a polymer matrix may prevent cracking in SEI
upon the volume changes) and (b) sustain repeated cycling
without failure while maintaining electrical conductivity
within the anode.

CONCLUSION
In conclusion, we have demonstrated for the first time

that pure PAA may serve as an effective binder for Si-based
Li-ion battery anodes. Similarly to Na-CMC, this binder
shows low swellability in carbonates and a high elastic
modulus. However, PAA’s higher concentration of carboxylic
groups is suggested to affect its performance favorably.
Carbon coatings on the surface of Si nanoparticles have been
found to improve the stability for all the binders studied. At
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the C/2 current rate, the C-coated Si anodes with PAA binders
demonstrated stable performance for more than 100 cycles
and Coulombic efficiency in excess of 99%. Further im-
provements in the binder properties may allow further
enhancements in the SEI stability.
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