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Silicon is one of the most promising anode materials for high energy density lithium ion batteries (LIBs) due to its high theoret-
ical capacity and natural abundance. Unfortunately, significant challenges arise due to the large volume change of silicon upon
lithiation/delithiation which inhibit its broad commercialization. An advanced binder can, in principle, reversibly buffer the volume
change, and maintain strong adhesion toward various components as well as the current collector. In this work, we present the
first report on the applicability of polyvinyl butyral (PVB) polymer as a binder component for silicon nanoparticles-based LIBs.
Characteristic binder properties of commercial PVB and polyacrylic acid (PAA) polymers are compared. The work focuses on
polymer mixtures of PVB polymers with PAA, for an improved binder composition which incorporates their individual advantages.
Different ratios of polymers are systematically studied to understand the effect of particular polymer chains, functional groups and
mass fractions, on the electrochemical performance. We demonstrate a high-performance polymer mixture which exhibits good
binder-particle interaction and strong adhesion to Cu-foil. PAA/PVB-based electrode with a Si loading of ~1 mg/cm? tested between
0.01 and 1.2 V vs. Li/Li* demonstrate specific capacities as high as 2170 mAh/g after the first hundred cycles.
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Lithium ion batteries (LIBs) have found prominence as the most
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a consequence, increase of the internal resistance, which contributes

promising energy storage systems for almost all portable electronic
devices, electric vehicles (EVs) and stationary energy storage due to
their high energy density and high operating voltage as compared
to other secondary batteries.!? Since their introduction in 1991, the
energy densities of commercialized LIBs have steadily increased up
to four times.> However, the extractable capacity in the conventional
systems based on a graphite anode and phosphate or lithium oxide
cathodes is close to the theoretical limit,* for example, in graphitic
anodes, six carbon atoms can store only one lithium ion (LiCg) corre-
sponding to a theoretical gravimetric capacity of 372 mAh/g.

In order to surpass that limit, there are ongoing efforts to ex-
plore higher capacity anode materials. Silicon is one of the most
attractive ones since it has an extremely high theoretical capacity of
3579 mAh/g (as per lithiation to Li;sSiy at room temperature) and a
low discharge/lithiation voltage around 0.4 V vs. Li/Li*, in addition
to being naturally abundant and environmentally benign.>~” Unfortu-
nately, during the lithiation process of Si, an immense undesirable
volume change of about 300% takes place. The large volume change
during each cycle is the primary reason for the chronic capacity fading
during cycling which represents the main obstacle in silicon’s practical
implementation.>® The large volume expansion (during lithiation) and
contraction (during delithiation) results in pulverization and cracking
of the electrode, which also causes the loss of the electrical contact
between Si particles and the conducting framework. Furthermore, this
repeated volume change promotes side reactions of the Si surface with
the electrolyte leading to an unstable and thick solid electrolyte in-
terphase (SEI) layer. Over multiple cycles this results in a continuous
loss of the active material, irreversible consumption of Li ions and, as
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strongly toward a quick failure.

A large body of work exists toward addressing these problems
of silicon, and nanostructuring of Si has been found to considerably
buffer the large volume change,? thereby minimizing the mechanical
degradation both at the particle and electrode level and substantially
improving the battery performance. Significant progress has been
made to develop various Si nanoarchitectures such as nanoparticles
(Si-NPs), nanowires, nanotubes, thin films, and nanoporous silicon,
to name a few.%'%12 Additionally, novel active materials involving
carbon-coating, core-shell frameworks and hierarchical structures in-
volving Si have been reported to show further enhanced electrochem-
ical behavior.!%!1

However, despite the various elegant approaches and their bril-
liant performances, most of these nanomaterials are synthesized
by complex and multistep processes to achieve specific structures,
resulting in high costs and lower scalability for potential indus-
trial applications. Moreover, the low electrical conductivity of sili-
con means that a relatively large amount (15-30 wt%) of conduc-
tive carbon is needed to make sufficient electric contacts across
the electrode. Therefore, it becomes clear that in order to hold to-
gether these nanostructured materials and the conductive additives,
a backbone of polymer binder becomes an inevitable and a pivotal
component. 31

An ideal polymer binder acts as a glue to homogeneously bind all
parts of the electrode slurry together as well as strongly adheres to
the current collector, and thus, it serves to maintain the integrity of
electrodes. In the specific case of silicon, a good binder should pos-
sess mechanical robustness to reversibly buffer the significant volume
fluctuations continuously over long term cycling such that it can also
be used with a wide range of silicon morphologies, especially com-
mercially viable ones. Also, the binder should not only be flexible and
have low swelling with the electrolyte but at the same time should
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support electrical and Li-ion conductivity. Moreover, with regards
to the technical requirements, it should be easily producible in large
quantities, inexpensive and compatible with a standard manufacturing
method (i.e. slurry casting).

Conventional polyvinylidene difluoride (PVdF) binders, com-
monly used in graphite electrodes, have been proven to be not suit-
able for Si-based electrodes due to their highly non-polar structure
which leads to weak Van der Waals interactions with the electrode
components, as well as low elastic modulus.'* Synthetic'®'® and nat-
ural polymers'® such as carboxymethyl cellulose (CMC) and its mix-
ture with styrene-butadiene rubber (SBR),? polyimide,?' alginates?
etc. are also actively studied as potential binders but their lack
of optimal solvents for slurry preparation is a drawback. Various
new polymer binders have been reported, e.g., cross-linked poly-
mers, catechol-conjugated polymer, “host-guest”, conductive poly-
mers, etc.!*?3 However, here as well many of them require compli-
cated in-house synthesis** for which commercial viability of their
production is unknown.

To date, polyacrylic acid (PAA) is the most broadly used binder for
Si anodes.? In addition to being soluble in ethanol for facile electrode
preparation, PAA has many advantages such as mechanical stiffness
and minimal swelling in the electrolyte solvent, thus preserving suf-
ficient mechanical properties in the presence of the electrolyte. The
COOH functional groups can interact well with the native oxide layer
of silicon via H-bonding but cannot fully accommodate the sustained
large volume changes in the case of silicon, leading to cracking of the
coating with cycling.?® Moreover, it does not adhere strongly to the
current collector due to its highly polar structure and an increase in
the mass loading results in an easy delamination from the commonly
used Cu foil.?’

Herein we present the first report on the use of polyvinyl bu-
tyral (PVB) as a binder for lithium battery electrodes. A copolymer
poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) is known for its
strong binding, adhesion, toughness and flexibility.”®? It is already
used in many industrial coatings and membranes, especially as the
main component of polymer films on laminated safety glass for var-
ious applications.?®3" The underlying reason for the aforementioned
use is the presence of alcohol groups which leads to a formation of a
reversible but dense network of weak hydrogen bonds with the silanol
groups of the glass. Thus the chemical structure of the PVB copoly-
mer shows potential advantages toward application for silicon anodes:
OH-groups for adhesion to the native oxide layer (SiOy), non-polar
butyral groups for good adhesion to conductive carbon additives as
well as for electrolyte uptake leading to a better Li-ion conductivity.?!

However, since acetal (butyral) groups prevail by the weight per-
centage in the PVB it is likely that the polymer may soften in the
electrolyte and thus lose its mechanical stiffness.’! Nonetheless, the
advantages offered by PVB nicely complement the advantages of
PAA. Therefore, the present study at first assesses PVB polymers as
individual binders for Si-NPs’-based electrodes for LIBs and then fo-
cuses on PAA/PVB mixtures as two-polymer binder systems. In the
present work, two commercial PVB polymers with different molecu-
lar weights were chosen. We studied the individual polymer properties
of both PVBs as well as commercial PAA. Such PAA/PVB systems
should allow good interaction between the binder and the native oxide
layer of silicon, while maintaining sufficient mechanical robustness.
The composition of the polymer mixtures was chosen with regard
to polymer chemical parameters as molar ratio and ratio of COOH
and OH groups with the aim to get insights into rational material and
component design in the field of batteries. The electrochemical per-
formance of the electrodes is discussed taking into account material
scientific issues of the used binder systems.

Experimental

Materials.—Silicon nanoparticles (Silicon, 98+%, mean diame-
ter: 30-50 nm, laser synthesized) were obtained as a powder from
US Research Nanomaterials (USA). Conductive carbon black (CB)
powder (TIMCAL Super C65) and copper foil (9 mm thick) were
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Table I. Composition of PVB polymer samples given by the
supplier.

PVB specification PVB60 PVB210
wt% of vinyl alcohol 24-27 17.5-20
wt% of vinyl butyral 72 80

wt% of acetate 1-4 0-2.5

purchased from MTI Corporation (USA). The low molecular weight
poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) sample with
M,, = 60 000 g/mole (PVB60) was received from Kuraray Europe
(Germany) under the specification Mowital B60T. The high molec-
ular PVB sample with M,, ~ 170 000-240 000 g/mole (PVB210),
poly(acrylic acid) with M, ~ 450 000 g/mole (PAA450), the elec-
trolyte mixture composed of 1.0 M lithium hexafluorophosphate
(LiPFg) salt in ethylene carbonate (EC) and dimethyl carbonate
(DMC), EC/DMC = 1:1 (v/v), battery grade, were all purchased from
Sigma Aldrich (Germany). Electrolyte solvents (EC and DMC) were
purchased from Acros Organics (Germany). Analytical data on PVB
polymers is given in Table I.

Silicon nanoparticle characterization.—Shape and crystallinity
of the Si-NPs were examined with a transmission electron microscope
(TEM, Libra200, Carl Zeiss Microscopy GmbH, Germany) operated
at 200 kV. Figure Sla-c of the Supplementary Material shows that
the average size of Si-NPs is in the range of 30-50 nm as indicated
by the producer, with a small fraction of smaller (~10 nm) and big-
ger (~75 nm) particles. The high magnification TEM-micrograph in
Figure S1b indicates that the particles are crystalline with a distin-
guishable oxide layer with thickness between 2 nm and 5 nm. The
selected area electron diffraction image in Figure Slc fits well to the
crystal structure of Si (Fd-3m, space group no. 227).

The crystalline purity of the as-received Si-NPs was analyzed by
X-ray diffraction (XRD) experiments. Measurements were executed at
room temperature by means of the 2-circle diffractometer XRD 3003
T/T (GE Sensing & Inspection Technologies/Seifert-FPM, Germany).
The X-ray diffraction pattern (Figure S2) and details on data evaluation
are given in the Supplementary Material.

X-ray photoemission spectroscopy (XPS) measurements were con-
ducted to study the silicon surface. The XPS study on Si-NPs was
carried out by means of an Axis Ultra photoelectron spectrometer
(Kratos Analytical, Manchester, UK). The spectrometer was equipped
with a monochromatic Al Ka (h-v = 1486.6 eV) X-ray source of
300 W at 15 kV. Quantitative elemental compositions were deter-
mined from peak areas using experimentally determined sensitivity
factors and the spectrometer transmission function. The spectrum
background was subtracted according to Shirley.>> After subtraction
of the Shirley background, the Si 2p core-level spectra were fitted with
Gaussian—Lorentzian line shapes using Kratos spectra deconvolution
software. The Si-NPs exhibit a major component at a binding energy
of 99.6 eV, which is associated with elemental silicon. An additional
component at approximately 103 eV indicates that roughly 14 wt%
of the Si atoms are oxidized. The details on data evaluation and XPS
spectra (Figure S3) are given in the Supplementary Material.

Preparation of thin PAA and PVB films.—For the swelling exper-
iments and determination of mechanical properties by atomic force
microscopy (AFM), PAA and PVB thin films were prepared by spin-
coating technique from 0.5 wt% polymer solutions. Absolute ethanol
was used as the solvent for PAA450 and absolute THF for PVB60
and PVB210. For spin-coating the Si (100) wafers, purchased from
Si-Mat (Germany), were cut into 1 x 2 cm pieces, treated with abso-
lute ethanol in an ultrasonic bath three times for 10 minutes each and
activated in an oxygen plasma chamber for 1 min at 100 W. Directly
after activation of the Si-wafers, polymer solutions were filtered us-
ing a syringe filter (PTFE, pore size 0.2 wm) and deposited by spin
coating (n = 2500 rpm, a = 1000 rpm s~!, V = 150 pL, tspin = 10°8).
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Table II. Summary of prepared PAA/PVB mixtures.

Composition PAA450/PVB60 PAA450/PVB210
prefix* Mass ratio Molar ratio N(COOH):N(OH) Mass ratio Molar ratio N(COOH):N(OH)
blue- 8:1 1:1 19:1 2:1 1:1 6.5:1
orange- 1:2.4 1:18 1:3.3 1:7 1:1
black- 2:1 1:4 8:1 4:1 26:1

*prefix indicates the corresponding color in the electrochemical data for ease of understanding (see Figures 2-5).

Polymer films had thickness in the range of 27—47 nm. As-prepared
polymer films were dried under vacuum at 80°C for 2 hours.

Determination of the Young’s modulus and swelling ratio of PAA
and PVB thin films by atomic force microscope (AFM).—Nanoin-
dentation studies were done with AFM by tip indentation techniques>?
on the thin polymer films prepared by spin-coating. Studies were per-
formed on a Dimension FastScan AFM (Bruker-Nano, USA). Force-
distance data were collected using FastScan-B cantilevers (Bruker-
Nano, USA). The spring constant in the range of 1 N/m to 3 N/m was
estimated by the thermal noise method, the tip radius was 5 nm nomi-
nally. Force-volume measurements in a 2 x 2 array with a distance of
200 nm between the points were analyzed by the NanoScope Analysis
software (Bruker-Nano, USA) to obtain Young’s modulus using the
Hertz model.

In order to determine the thickness of the PAA and PVB films,
a deep scratch by a razor blade on the polymer film reaching the
substrate, i.e. Si-wafer, was done at first. The mean step height of
three scratches at different locations was measured by AFM. The
same measuring procedure was used to define the thickness of the
polymer film in the “wet” state in order to define the swelling ratio.

Both nanoindentation measurements and determination of the
film thickness were performed on samples in both “dry” and “wet”
state, where the latter one refers to the one achieved by immers-
ing the spin-coated polymer film into 2 mL of electrolyte mixture
EC/DMC = 1:1 (v/v) for at least 5 minutes and then taken out.

Determination of the adhesion force of PAA and PVB to the Si-
surface by AFM.—The Si wafers were cut into 1 x 1 cm pieces and
treated with absolute ethanol in an ultrasonic bath three times for 10
minutes each before use. After cleaning, the Si wafers were incubated
in a highly diluted polymer solution overnight, i.e. 0.5 mg mL~! of
PAA450, PVB60 or PVB210 ethanol solutions. Next day the pre-
treated Si wafers were taken out of the polymer solutions, rinsed with
ethanol and left to dry at room temperature. Such washing procedure
guarantees to wash off all the polymer which is not adhered to the
surface of the Si wafer and enables to perform the following AFM
pulling experiment on a single-molecular level.**

Pulling measurements were carried out using a Dimension [CON
AFM (Bruker-Nano, USA). Sharpened triangular silicon nitride can-
tilevers OTR-8 (Bruker-Nano, USA) were used throughout the study,
with a nominal spring constant of 0.57 N/m. All AFM force exper-
iments were conducted in ethanol at room temperature with a tip
velocity of 1 wm sec™!' without delay of a tip on the Si surface. The
force curves were taken at three different locations on the Si wafer,
at each location 9 curves were measured in a 3 x 3 array with dis-
tances of 200 nm between the points. Force curves were analyzed
by the NanoScope Analysis software v1.9 (Bruker-Nano, USA). The
adhesion force was measured after baseline correction.

Electrode fabrication.—Typically, 180 mg of Si-NPs’ powder,
60 mg of CB powder and 3 mL of polymer solution in ethanol with
a concentration of 20 mg/mL were ball-milled in a 10 mL stainless
steel beaker with 15 stainless steel balls (J: 3 mm) using a mixer
mill MM 400 (Retsch, Germany) at 25 Hz for 2 hours. Thus, the
composition of all electrode slurries was 60 wt% of Si-NPs, 20 wt%

of CB and 20 wt% of the polymer binder. Despite three electrodes
with PAA450, PVB210, and PVB60 polymers used as mono-polymer
binders, six additional electrodes with PAA/PVB binder mixtures had
been prepared. The composition of PAA/PVB mixtures defines the
electrode name using three prefixes: blue-, orange- and black-. The
mass ratio and the molar ratio of two polymers in each mixture, as well
as the ratio of COOH groups of PAA to OH groups of PVB, are given in
Table II. In the discussion part Polymer blends as electrode binders,
classification is discussed in detail. The following example should
shed light on the preparation of PAA/PVB mixtures for the slurry:
In order to prepare the blue-PAA450/PVB60 electrode, 2.67 mL of
PAA450 polymer solution with a concentration of 20 mg/mL had
been mixed with 0.33 mL of PVB60 polymer solution of the same
concentration, i.e. 20 mg/mL and added to the ball milling beaker.
After the slurry was homogenized in the ball-mill it was immediately
casted on Cu foil using a Zehntner doctor blade (ZUA 2000, Zehntner,
Switzerland) with a clearance of 250 jum, dried in the air for 30 minutes
and under vacuum at 100°C for 4 hours and subsequently at 150°C
for 1 hour. Thermal gravimetric analysis (TGA) of PAA450, PVB60
and PVB210 confirmed that the polymers are stable within the drying
temperature range (See Supplemental Material, Table S1).

Electrode characterization.—The electrode density was defined
by first taking a number of circular discs with a diameter of 10 mm
from the main electrode film with an area of ~65 cm?. Mass and
thickness of each disc were determined using a microbalance (MTS5,
Mettler Toledo GmbH, Switzerland) and micrometer (MDC-25MX,
Mitutoyo Corporation, Japan). The averaged mass and thickness of Cu
foil were determined in the same manner. Although the thickness of the
Cu-foil is given by the supplier as 9 jum, from numerous measurements
and SEM-micrographs its thickness was determined to be 10.3 pm.
The areal loading of the electrode coatings was determined to be in
the range of 1.5-1.8 mg/cm? and densities were calculated to be in the
range of 0.59-0.65 g/cm® depending on the exact binder composition
(Table III). The slight difference in the porosity originates from the
viscosity of the electrode slurry, which is in turn dependent on the
polymer binder composition.

Table III. Characteristics of electrodes prepared with different
polymers/polymer-mixtures used as the binder.

Avg. mass Avg. Avg.
Electrode loading, thickness density
name (mg/cm?) (pm) (g/lem?)
PAA450 1.56 25.6 0.609
PVB210 1.49 23.1 0.645
PVB60 1.58 24.2 0.653
blue-PAA450/PVB210 1.52 25.05 0.607
black-PAA450/PVB210 1.56 26.2 0.595
orange-PAA450/PVB210 1.64 26.6 0.616
blue-PAA450/PVB60 1.65 26.8 0.615
black-PAA450/PVB60 1.76 30.1 0.585
orange-PAA450/PVB60 1.51 24.4 0.619



A5278

Scanning electron microscopy (SEM).—Morphology and mi-
crostructure of the electrodes were examined using a scanning electron
microscope (SEM, NEON40, Carl Zeiss Microscopy GmbH, Ger-
many), operated at the accelerating voltage of 3 kV. Figures S4-S12
give an overview on SEM-micrographs of each electrode’s surface
and cross-section. The names of electrodes are given as in Table III.
Before the post-mortem analysis of the electrodes, a sputtering with
3.5 nm of platinum (Sputter Coater SCD500, Leica Microsystems
GmbH, Germany) was applied to reduce the charging.

Ultramicrotome.—The electrode cross sections were prepared at
room temperature using an ultramicrotome EM UC6/FC6 (Leica, Aus-
tria) fitted with a diamond knife (Diatome, Switzerland). The cutting
speed was 2 mm/s.

Electrochemical testing.—The electrochemical properties of elec-
trodes were investigated using Swagelok cells (Swagelok, Germany).
A lithium metal disc with a diameter of 10 mm was used as the
counter and reference electrode and 1 M LiPFg in EC/DMC = 1:1
(v/v) with 10 wt% of fluoroethylene carbonate (FEC) was used as
the electrolyte. The volume of the electrolyte per Swagelok cell was
250 L. Each working Si-electrode was punched from the main film
into circular chips with a diameter of 10 mm. Two chips of Whatman
membranes (Fiberglass, Grade GF/D, Whatman, USA) with a diame-
ter of 10.5 mm were used as separators. The cells were assembled in a
glove box filled with argon (H,O < 1 ppm, O, < 1 ppm). Galvanostatic
charge-discharge cycling was performed with the BST8-MA Multi-
channel Battery Analyser (MTI Corporation, USA) within a voltage
range of 1.2—0.01 V using the constant current mode.

Sample preparation for post-mortem analysis by SEM.— At first
4 electrode chips of the same electrode composition were assembled
in a glove box using Swagelok cells and set to cycle galvanostatically
within a voltage range of 1.2—0.01 V using a constant current of
0.25 A/gsi). The use of Swagelok cells is particularly suitable for the
post mortem analysis of the electrodes. The advantage compared to
coin cells is that there is no need to use a high pressure during de-
crimping. Swagelok cells can be easily opened, i.e. unscrewed, and
thus cause less damages to the cycled material. After the desired num-
ber of cycles were finished, the cells were disassembled within next
10 hours in a glove box. The withdrawn electrode chips were subse-
quently washed by the electrolyte solvent EC/DMC = 1:1 (v/v) three
times and at the end rinsed by DMC. The final washing with DMC is
done in order to avoid the EC left on the electrode surface since EC is
solid at room temperature. The electrodes were left to dry in a glove
box overnight after washing. Due to strong delamination from the
Cu-foil of certain electrode chips, they were required to be embedded
in an instant adhesive (Superflex Gel, UHU GmbH, Germany) before
performing the cutting procedure with the ultramicrotome.

The information about precise electrode mass loading is extremely
important for this experiment in order to determine the electrode ex-
pansion as realistic as possible. The aim is to compare the electrode
thickness considering a defined cycling history with its pristine thick-
ness, i.e. the state before cycling. It means that after defining the
thickness of the cycled electrode from SEM images, the degree of
its expansion has to be calculated not using the averaged thickness
of the electrode given in Table III but rather calculating the thick-
ness from the actual mass loading and the density of the particular
electrode chip used. The following example should shed light on this
issue more clearly. In the case of the blue-PAA450/PVB60 system, the
electrode chip used for 10 cycles had a mass loading of 1.56 g/cm?.
Its initial thickness, calculated based on its density of 0.615 g/cm?, is
25.3 pm instead of 26.8 wm given in Table III as an averaged value.
The thickness of the electrode after 10 cycles defined from SEM is
35.88 wm. For defining the degree of expansion, we divide 35.88 pm
over 25.34 wm and get ~142% expansion. Without this correction the
averaged value would be ~134%.
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Determination of PAA-PVB interactions by attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-FTIR).—
The prepared electrode coatings are not suitable for the FTIR anal-
ysis with respect to PAA/PVB interactions because of high concen-
trations of carbon black in the system under consideration, which
results either in a striking decrease of the spectrum quality or in an
inability to obtain a reliable spectrum even when using a germanium-
ATR-crystal. Therefore in order to determine whether PAA and PVB
undergo a chemical reaction (e.g. esterification), or whether any inter-
molecular interactions occur (e.g. hydrogen bonding), polymer films
were prepared via a simple blend membrane preparation method.
The PAA/PVB polymer solutions in ethanol with the mass ratios of
PAA450 to PVB60 or to PVB210 (Table II) with a total polymer con-
centration of 30 mg/mL were first stirred overnight. Next day, 10 mL
of the polymer solution was casted onto a glass Petri dish, and was
allowed to evaporate at room temperature. It was dried next day under
vacuum at 100°C for 4 hours and subsequently at 150°C for 1 hour.
The drying conditions were exactly the same as for the slurry casted
electrodes. The as-prepared polymer films (Figure S13) were used for
FTIR characterization.

ATR-FTIR spectra of the polymer powders (PAA450, PVB60 and
PVB210) and free standing PAA/PVB film mixtures were measured
using the FTIR spectrometer Vertex 80v (Bruker, Germany) equipped
with both a mercury—cadmium—telluride (MCT)-detector (InfraRed
Associates Inc., USA) and single reflection diamond Golden Gate
ATR-unit (Specac, UK). The spectral range was 4000-600 cm™! with
aspectral resolution of 4 cm~!. 100 scans were co-added to every ATR-
spectrum. As part of the post-processing of ATR-spectra, a spectral
baseline correction was performed in addition to a normalization of
the mixture spectra using the stretching vibration band of methylene
group (at 2937 cm~')* as an internal Reference 36.

Bulk scale peeling experiments.—In order to determine the peel
strength of the electrode specimens, 7 mm wide and 25 mm long
electrode strips were punched out of the main electrode coating and
a 7 x 7 mm electrode area was attached to a Scotch Transparent
Tape. The samples were measured by means of high-precision Digital
Force Gauge (FH2, Sauter GmbH, Germany) in the 180° setup. The
measurements were conducted with a constant displacement rate of
50 pm/s, the applied load was continuously monitored and force-
displacement plots were generated.

Results and Discussion

Although PAA, and to some extent PVB, as a polymer has been
studied in detail with regard to various mechanical and physical prop-
erties, there are differences in polymer production and suppliers, char-
acterization techniques and measuring conditions, which makes it
rather difficult to compare one sample to the other.

Therefore, we first performed an extensive characterization of pris-
tine PAA and PVB polymers under similar conditions. This allowed us
to easily compare their mechanical and physical properties, as well as
to establish a baseline for the polymer mixtures. In order to minimize
variance, commercially available individual polymers from the same
batch were chosen. For the purpose of this study, in addition to PAA,
we have taken two PVB polymers with different molecular weights
and fractions of various functional groups. The details are summarized
in Table I. Polymer films were prepared on Si (100) substrate using
spin-coating, which were then used for measurements of swellability,
Young’s modulus and adhesion force.

Swellability of PAA- and PVB-films in the electrolyte solvent.—
The polymer-electrolyte interaction was characterized by the swelling
behavior of the polymers using AFM in a mixture of EC/DMC = 1:1
(v/v), which is the most common solvent system used for silicon an-
odes. The swellability of a polymer film is defined as the ratio of the
thickness of the film immersed in electrolyte solvent to the thickness
of the pristine dry film. Figure 1a shows the swelling behavior of the
three polymers. PAA450 has a lower swelling ratio than the two PVB
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Figure 1. Characterization of PAA- and PVB polymers: (a) Swelling ratios (normalized thickness) of PAA- and PVB-films in EC/DMC = 1:1 (v/v), as measured
by AFM; (b) Young’s modulus of PAA- and PVB-films measured by AFM. Hatched bars and empty bars correspond to measurements made in EC/DMC = 1:1
(v/v) and in air, respectively; (c) Interaction forces of PAA and PVB polymers with silicon substrate as obtained from AFM pulling experiments.

polymers, which qualitatively indicates a lower polymer-solvent inter-
molecular interaction of polar PAA polymer with non-polar electrolyte
solvents. It has been reported!” that thin PAA-films showed negligibly
small swellability of ~1% in contrast to ~15% found in our measure-
ments. The preparation method of the polymer films (spin-coating in
our case vs. dip-coating by Magasinski et al.'”) influences the pack-
ing of polymer chains on the silicon substrate and its final thickness
(>50 nm vs. few microns, respectively). Moreover, the used analytical
techniques (AFM vs. ellipsometry, respectively) and the compositions
of the electrolyte solvent (1:1 (v/v) mixture of EC:DMC vs. DMC,
respectively) also have an impact on the results of the swelling be-
havior. As mentioned earlier, the difference in the experimental setup
and measurement conditions among various studies makes it difficult
to easily compare results.

The interaction of PVB with the electrolyte solvent mixture is
higher than the one of PAA due to the predominant presence of non-
polar butyral functional groups in the PVB structure. Comparing the
two PVB polymers, the swellability of PVB60 sample is slightly
stronger than that of PVB210, which can be attributed to a lower
packing density of shorter PVB60 polymer chains on the Si wafer and
in turn a higher penetration by the carbonate molecules of the solvents.
The stronger swelling of PVB implies that during electrochemical
cycling of the Li-Si cells, PVB may be more strongly involved into
the SEI formation process than PAA since many works have shown
that a polymer binder influences the SEI composition and also that
there is a strong effect of a larger polymer-electrolyte intermolecular
interaction.’”* On the other hand, a stronger electrolyte uptake of
PVB may improve the electrolyte wettability of the electrode. For
example, in the work by Lian et al., PVB had been used as the main
component of the gel polymer electrolyte®! and in the study by Sun et
al., it was proposed that the presence of O-heteroatoms in the binder for
Si-anodes, similar as in the PVB structure, can improve the lithium-
ion transfer within the binder molecules.”® Thus, we presume that
PVB may also contribute to a better Lit conductivity at the interface
between PVB and Si-NPs.

Mechanical stiffness of PAA- and PVB-films.—Nano-
indentation measurements were performed by AFM to characterize
the mechanical properties of the polymers (Young’s modulus). The
stiftness of PAA and PVB in the dry state indicates that PAA450 is
a much stiffer polymer than PVB (Figure 1b). Specifically, Young’s
moduli of three polymers were measured to be 920 MPa for PAA450,
237 MPa for PVB210 and 335 MPa for PVB60, which is consistent
with published data.***'7 Mechanical properties of both PVB poly-
mers change significantly when exposed to a carbonate-based solvent,
which is in accordance with the swellability measurements. Young’s
modulus decreases by ~90%, i.e. to 13 MPa and 3 MPa for PVB60 and
PVB210, respectively, whereas in the case of PAA450, it changes only
by ~5%, i.e. from 920 MPa in the air to 8§74 MPa in the electrolyte
solvent (Figure 1b).

These results suggest that PVB should behave as an easily de-
formable binder in the electrolyte solution, with small resistance to
elastic deformation. Since Si undergoes a significantly large volume
expansion during lithiation (up to ~300%) the binder may become

incapable of keeping Si particles in contact during subsequent vol-
ume contraction. Such characteristics of the binder are not desirable
as they may lead to a capacity fade during cycling due to contact
loss.*>!13 The results are similar to PVdF, a binder known to provide
an unstable performance to Si electrodes, which was reported to have
its stiffness decreased by ~98% from a value of ~600 MPa after im-
mersion in the electrolyte solvent.?!” However, unlike PVdF, which is
only capable of weak Van der Waals interactions with all constituents
of the electrode (Si-NPs, CB and Cu-foil), OH-functional groups of
PVB should allow a better adhesion toward the surface of Si parti-
cles via hydrogen bonding and also via Van der Waals interactions of
butyral moieties to the conductive carbon additive.

Adhesion of PAA and PVB to Si.—In order to evaluate the poly-
mer/Si interaction, AFM pulling tests were conducted on Si substrates
(Figure 1c). The average peeling force values obtained are 550 pN for
PAA450, 370 pN for PVB210 and 260 pN for PVB60. The better
adhesion of PAA to Si is due to the COOH functional groups which
can interact well with the oxidized Si surfaces via H-bonding. On the
other hand, the lower adhesion forces in case of PVB are explained
by the predominant presence of butyral groups (Table I). It should
be noted that the observed force magnitude for PAA/Si peeling test is
higher than the one reported earlier.**** Therefore, we use these results
primarily to understand a qualitative trend of adhesion forces toward
silicon for the PAA and PVB polymers, and, as will be discussed later,
utilize it to better interpret the electrochemical performance.

Polymer blends as electrode binders.—Subsequent to characteri-
zation of the individual polymers, pure PAA and both PVBs as well
as polymer mixtures of PAA/PVB were prepared and used as binders
for electrode preparation with commercial Si-NPs. Specific care was
taken in choosing the ratio of PAA/PVB polymers in the mixtures
especially since we have two different types of PVB polymers with
different fractions of functional groups.

There are two main scenarios when a mixture of PAA/PVB poly-
mer chains can form an efficient network and have an optimal impact
on the electrode performance: (i) with the equal amount of PAA and
PVB chains, i.e. equal molar ratio of polymers; or (ii) with the equal
amount of functional groups, i.e. the number of carboxylic groups
ncoony of PAA is equal to the number of hydroxyl groups non) of
PVB, which can interact with each other either via H-bonding or
forming an ester covalent bond. Therefore, one set of mixtures was
prepared with equal mole ratio of PAA/PVB (prefix: blue) and one
with equal functional groups (ncoon):hony = 1:1; prefix: orange).
Considering the averaged M,, of each polymer and corresponding
weight percent of OH groups in the PVB samples (Table I), we cal-
culated corresponding mass ratios for each PAA/PVB composition
which are summarized in Table II. An additional set of mixtures
was prepared with the same mass ratio of PAA/PVB mixtures (pre-
fix: black) for better comparison, since mechanical properties may
be determined by the more prominent polymer by mass. For clar-
ity, the black-PAA450/PVB60 mixture has the same mass ratio as
the blue-PAA450/PVB210, and the black-PAA450/PVB210 has the
same mass ratio as the blue-PAA450/PVB60 (Table II). The prefix
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Figure 2. (a) Lithiation/delithiation profiles of the 1% and (b) of the 2" cycle and (c) specific lithiation capacity and Coulombic efficiency of electrodes cycled
at a current density of 0.25 A/gs;) within 0.01 and 1.2 V vs. Li/Li™ with following binders: (red symbols) PAA450, (green symbols) PVB60, (blue symbols)
blue-PAA450/PVB60, (orange symbols) orange-PAA450/PVB60, (black symbols) black-PAA450/PVB60 binder compositions (Table II).
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Figure 3. (a) Lithiation/delithiation profiles of the 1% and (b) of the 2" cycle and (c) specific lithiation capacity and Coulombic efficiency of electrodes cycled
at a current density of 0.25 A/gs;j) within 0.01 and 1.2 V vs. Li/Li* with following binders: (red symbols) PAA450, (green symbols) PVB210, (blue symbols)
blue-PAA450/PVB210, (orange symbols) orange-PAA450/PVB210, (black symbols) black-PAA450/PVB210 binder compositions (Table II).

indicates the corresponding color in the electrochemical data for ease
of understanding (see Figures 2-5). Therefore a total of six PAA/PVB
polymer mixtures were strategically considered.

Correspondingly, nine sets of electrodes were prepared using
PAA450, PVB210, PVB60 or one of six PAA/PVB polymer mixtures
as binder. The electrodes were prepared by slurry casting contain-
ing 60 wt% Si-NPs, 20 wt% binder and 20 wt% CB with ethanol as
solvent. The measured average thickness of the electrode sheet and
the corresponding average mass loading were used to define the elec-
trode densities. The density values for all nine electrode sheets lay
in the narrow range of 0.59-0.65 g/cm® as shown in Table III (see
Experimental Section).

Detailed characterization of the electrodes was done in order to
study the electrode morphology. SEM images of all nine electrode
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surfaces and cross-sections show a uniform structure and smooth
surface with small pores (<100 nm) visible between Si-nanoparticles
(Figures S4-S12). SEM images at high magnifications of 10 kX and
40 kX show that the porosity of all electrodes is visually comparable,
although it was not measured separately. Given the theoretical density
of CB (160 g/cm?), Si (2.3 g/cm?) and used polymers (~1 g/cm?), we
can understand that the remaining pore volume in each electrode is at
least three times the volume of Si-NPs?? indicating sufficient space in
the electrodes for the volume change of Siunder lithiation/delithiation.

In order to examine the homogeneity of mixed components in the
electrodes, scanning electron microscopy (SEM) images using back-
scattered electron detector (BSE) images were taken. The overview on
SEM micrographs are presented in Figures S14-S15 (see Supplemen-
tary Material) and representative examples at a higher magnification
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Figure 4. (a) Comparison of the initial specific lithiation capacities, (b) of the initial Coulombic efficiency and (c) of number of cycles till 80 % of the 4™ Jithiation
capacity for electrodes with (red) PAA450-, (green) PVB and (blue, orange, green) PAA/PVB mixtures. Hatched bars correspond to the respective PVB210 and
PAA450/PVB210 mixtures; solid filled bars correspond to PVB60 and PAA450/PVB60 mixtures (Table II).
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Figure 5. Specific lithiation capacity (black symbols) and Coulombic effi-
ciency (blue symbols) of electrodes cycled at different current density within
0.01 and 1.2 V vs. Li/Li* with blue-PAA450/PVB210 (full symbols) and
blue-PAA450/PVB60 (empty symbols) compositions.

in Figure S16. Both PVB-based electrodes show an excellent mixing
of Si-NPs and conductive additives, whereas the PA A-based electrode
displays micron-scale non-uniformity, with regions of predominately
CB (dark component) interspersed within regions of predominately
Si-NPs (light component) (Figure S16). A bad homogeneity of PAA-
based electrodes was reported earlier by Higgins et al.** The pres-
ence of segregations in the electrode, which is undesirable, means
that Si-NPs may not be in close proximity to the conductive addi-
tive. Thus the electrochemical reaction with electrons and the lithium
ion transfer may not be complete, which may in turn lead to lower
capacity.

We believe that such a difference in mixing is closely related to
the chemical structure of the polymer backbone. PVB has non-polar
butyral moieties that are compatible with the non-polar surface of CB.
In contrast, due to the highly polar nature of PAA, it mixes worse
with CB additives and tends to form segregations of Si-NPs, due to a
stronger adhesion of PAA to the Si-NP surface (Figure 1c). Therefore,
it is understandable that for those PAA/PVB electrodes, where PAA
is predominant by weight in the PAA/PVB mixtures (Table II), the
segregation of components is more severe (Figures S14-S15).

Electrochemical performance.—FElectrochemical characteriza-
tion was performed to assess the individual PVB polymers as binders
in comparison to PAA, and also study the influence of PAA/PVB com-
positions on the resulting electrochemical performance. Testing was
carried out using a Swagelok cell setup in a half-cell configuration
with lithium foil as both a reference and a counter electrode. Gal-
vanostatic cycling was performed to nearly 100% depth-of-discharge
(to 0.01 V=12V vs. Li/Li") and neither the insertion capacity nor the
lower potential threshold was limited. Also, the current density was
set to 0.25 A/gs;), i.e ~0.07 C-rate or ~0.25 mA/cm?, without initial
formation cycles.

The resulting voltage profiles of the first lithiation/delithiation cy-
cle are shown in Figure 2a and Figure 3a. In general, all Si-based
electrodes show a long plateau at <0.10 V vs. Li/Li* during the first
lithiation. At this stage, crystalline Si nanoparticles gradually trans-
form into an amorphous Li,Si phase (x = 3.440.2) with no abrupt
structural changes visible, as indicated by the absence of multiple
voltage plateaus.> At about 0.4 V vs. Li/Li* the curvature of the Li
extraction curve changes from negative to positive, which indicates
formation of an a-Li,Si phase and eventual formation of a-Si. The
second and subsequent Li-insertion curves also exhibit a gradual volt-
age change (Figures 2b, 3b) with no clear plateaus which is related to
the absence of crystalline Si after the first lithiation.*¢

The specific lithiation/delithiation capacities of each electrode
were calculated based on the mass of the active material, i.e. mass
of Si. The effect of the binder composition on the initial lithiation
capacity is displayed in Figure 2a and in Figure 3a and summarized in
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Figure 4a: comparing both PAA/PVB series, the electrode with PAA
binder exhibits the lowest initial lithiation capacity (see Table S2). The
low initial lithiation capacity is attributed to the poor homogeneity of
PAA-based electrodes as demonstrated by the distribution of Si and
CB particles in the electrodes by SEM imaging (Figures S14-S16).
The segregation of Si leads to a lack of effective electron pathways
causing lower activation of Si. However, once PVB is present as a part
of the binder blend, it facilitates the mixing of Si and CB particles
and eventually more efficient lithiation of the active material. Thus, Si
anodes with either PVB or with a mixture of PAA/PVB demonstrate
higher initial capacities.

Observed first lithiation capacities are higher than the theoretical
capacity of 3579 mAh/g for Si.’ This is not unusual and has been
reported in many previous works.?247#* Since in general the measured
capacity is calculated as a multiplication of time and current used for
the galvanostatic cycling, a large amount of SEI formation takes place
during the first lithiation which also consumes Li-ions in side reactions
and on the surface of Si, thus leading to a higher initial capacity than
the theoretical one. However, the initial Coulombic efficiency (CE)
of 85.5% for the PAA-based electrode is much higher than those for
electrodes with pure PVB60 or PVB210 (Figure 4b, Table S2), where
only ~65 % of Li ions return to the reference electrode. In turn, CE is
significantly improved once PVB is mixed with PAA and, increases
with the increasing mass fraction of PAA in the PAA/PVB blends
(Table II). This indicates a larger irreversible consumption of Li-ions
with higher mass fractions of PVB in the polymer mixtures. Due to
the soft nature of PVB, unlike PAA, it is unable to accommodate well
the volume expansion of Si during lithiation/delithiation and thus can
promote this undesirable process. On one hand, these effects can be
explained by a stronger interaction of PVB with the electrolyte solvent
(discussed in the previous subchapter, Figure 1) which may lead to a
stronger SEI formation and side reactions. On the other hand, these
results may imply that once PAA is present, less SEI is formed due to
its lower polymer/electrolyte solvent interaction (Figures la and 1b)
and a higher adhesion strength toward the surface of Si-NPs (Figure
1c). A detailed study about the influence of PVB on SEI formation
and related issues, such as changes in the internal resistance, will be
a focus of our future work.

The specific lithiation capacity from the cycling data given in
Figures 2c and 3c shows that for both PAA/PVB series, the electrodes
with equal molar ratios of PAA to PVB polymers (blue-PAA/PVB
compositions) show the best performance and the highest specific
capacity. Although the improvement in comparison to the second best
performing electrodes, which is either the electrode with PAA450 or
with the black-PAA/PVB compositions, is only ~260-320 mAh/g
which may not seem substantial with respect to the overall specific
capacity, it is comparable to the theoretical capacity of graphite anodes
(372 mAh/g).

The strategy for different mixtures of PAA and two PVB polymers
was based on the same molar ratio of PAA and PVB chains (blue-
PAA/PVB compositions), same ratio of functional groups (orange-
PAA/PVB compositions) and comparable mass ratio between the mix-
tures of PVB polymers (black-PAA/PVB compositions). Both blends
with the blue composition show the best performance among all com-
positions. It is to be noted that although the molar ratio of PAA and
PVB are equal in both blue mixtures, the mass ratio (PAA:PVB)
in blue-PAA450/PVB60 is 8:1, whereas in blue-PAA450/PVB210
composition it is 2:1. For the orange compositions (with equal ra-
tio of COOH- and OH-groups), the orange-PAA450/PVB210 elec-
trode has a capacity twice as high after 100 cycles as the orange-
PAA450/PVB60 electrode (Figures 2c and 3c). The two compositions
are rather similar with respect to mass ratio (1:2.4 vs. 1:3.3) but the
molar ratios between PAA and PVB polymers are remarkably different
for the two: 1:18 for PAA450/PVB60 and 1:7 for PAA450/PVB210
(Table II).

These observations indicate that both (i) the molar ratio of PAA and
PVB polymer chains and (ii) the ratio of COOH and OH groups closer
to equal are important for the improvement of the capacity fade. Thus
formation of a denser polymer net, to what these two conditions can
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contribute, is the most beneficial feature toward improved electrode
performance.

‘We have also tried to compare the capacity fade among the elec-
trodes by looking at its cycling life. A cell is considered to be at the
end of its cycle life when its discharge capacity sinks below a critical
threshold, which is usually 80 % of its initial lithiation capacity.*4°
Therefore, for a better comparison of the electrodes’ ability for ca-
pacity retention we defined such a state of a capacity fade as the num-
ber of cycles with a capacity higher than 80% of the forth lithiation
capacity.**** Among the two compositions with equal molar ratios
showing the best performance, for the blue-PAA450/PVB210 elec-
trode, the state of capacity fade is reached after 58 full cycles whereas
for the blue-PAA450/PVB60 it is 29 cycles (Figure 4c). The state of
capacity fade for pure PAA is 38 cycles, which is slightly higher than
for both black compositions (33 cycles for black-PAA/PVB210 and
35 cycles for black-PAA/PVB60).

These results arise two important questions: (a) Why does the
electrode with the blue-PAA450/PVB210 composition show signifi-
cantly better performance than the blue-PAA450/PVB60? What else
is important in the composition of the PAA/PVB polymer blend for
the improved performance of the Si electrode? (b) Why does a well-
known and a broadly used PAA polymer as a binder for Si-based
electrodes perform worse than its equimolar mixture with PVB?

In order to better address these questions, the best performing
blue compositions were chosen, and additional electrochemical and
physical characterization were performed.

It can been seen in Figures 2c and 3c that the specific capacity
values after 100 cycles for the blue compositions are almost the same,
i.e. 2167 mAh/g for blue-PAA450/PVB210 and 2121 mAh/g for blue-
PAA450/PVB60. However, as shown clearly in Figure 4c, they have
principally different capacity fading behavior. To understand these re-
sults additional electrochemical measurements on capacity retention
under different currents was performed. Figure 5 shows specific lithi-
ation capacities and CE with different current rates after every 12—-15
cycles. The capacities are higher for the blue-PAA450/PVB210 at ev-
ery current rate, and in the case of the blue-PAA450/PVB60 electrode
the capacity drops faster with increasing current without stabiliza-
tion at the end of changed current. Although both electrodes cannot
withstand 4 mAh/gs;,, under which the capacity is almost zero, the
capacities of two electrodes have more than 500 mAh difference after
completing 100 cycles. For the blue-PAA450/PVB210 binder elec-
trode, the capacity recovery, when the current is reduced stepwise, is
significantly better than for the blue-PAA450/PVB60, and after 100
cycles it is around 2000 mAh/g;, the same as after cycling at a
constant current (Figure 3c).

Poor capacity retention results from many factors, where the total
resistance of the electrode reflected in the kinetics being a big part. Bad
homogeneity of the electrode, i.e. isolated Si, can certainly aggravate
that issue. As has been discussed above, the homogeneity of the elec-
trode improves with a higher mass fraction of PVB in the PAA/PVB
mixture (Table II, Figures S14-S16). Since there is a higher fraction
of PVB210 in the blue-PAA450/PVB210 composition (33 wt%) vs.
10 wt% of PVB60 in blue-PAA450/PVB60, a better electrode homo-
geneity is expected for the blue-PAA450/PVB210 composition and
this may have helped toward a better capacity retention capability of
the electrode. High current used in the capacity retention test can also
be considered as a test for the mechanical stress on the electrode.
Therefore, to shed further light on these results a bulk peeling test was
performed on the two electrodes, in order to understand the adhesion
to the current collector.

Electrode adhesion to the current collector.—A bulk-scale peel-
ing tests were performed on the electrodes containing pure PAA or
PVB polymers and both blue compositions. The results of the tests
are plotted in Figure 6. The averaged adhesion to Cu foil of the elec-
trode consisting of pure PAA450 binder was found to be the least
(~0.1 N) while the electrodes with both pure PVB60 and PVB210
polymers sustained the maximum force of our experimental setup, i.e.
2.4 N. These results can be expected, since PAA has a highly polar
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Figure 6. Bulk-scale peeling tests for the electrodes with PAA450 (blue line),
PVBG60 (black line), PVB210 (red line), blue-PAA450/PVB60 (pink line) and
blue-PAA450/PVB210 (green line) compositions.

nature compared to PVB. The averaged peeling force of the electrode
coating with the blue-PAA450/PVB210 composition is 0.5 N, which
is higher than that for the blue-PAA450/PVB60 electrode. For the
blue-PAA450/PVB60 electrode a large variation of peeling force was
observed during measurements which appeared as sharp and discrete
peaks. This is likely a reflection of the local inhomogeneity of the
electrode coating. As there is a lower mass fraction of PVB in blue-
PAA450/PVB60, there is more segregation of Si-NPs as it is expected
in PAA-rich regions which may lead to large changes in the peeling
force as observed, such that the lower end of the force range is in the
range of pure PAA. Thus, the peeling force with blue-PAA/PVB com-
positions lies in between the pristine PAA and PVB electrodes and
depends on the weight ratio of less adhesive PAA to more adhesive
PVB (Table II).

These results contribute to the answer of the first issue (a) raised
after analysis of the electrochemical performance. In addition to
the inappropriate ratio between the functional groups in the blue-
PAA450/PVB60 composition, which may hinder the formation of a
dense polymer network, low adhesion and thus potential loss of con-
tact with Cu-foil are the reasons for its worse performance.

We believe that these measurements also help in answering ques-
tion (b): due to a significantly better adhesion to the Cu-foil, the
electrode with blue-PAA450/PVB210 shows a better performance
than the electrode containing pure PAA. The bad homogeneity of the
PAA-electrode (Figure S14-S16) can facilitate the delamination pro-
cess. Moreover, due to local inhomogeneities, the capacity fade in
blue-PAA450/PVB60 is similar to that observed in PAA, even though
the blue-PAA450/PVB60 electrode shows better specific capacity over
cycling. Since our electrodes have a mass loading of 1.5-1.8 mg/cm?,
for designing pouch-cells (where the electrode adhesion has much
higher priority in comparison to coin or Swagelok cells) and for elec-
trodes with a loading of 5 mg/cm? (where the capacity fade due to
delamination can be more pronounced) it could be even more crucial
to choose an optimal PAA/PVB mixture instead of pure PAA.

Characterization of PAA/PVB polymer mixtures.—The PAA and
PVB polymers contain COOH and OH groups, respectively, and there
is a possibility of an esterification reaction at elevated temperatures.
This in turn may have an effect on the binder performance. The drying
conditions used in this work (see Experimental) do not imply an ester-
ification reaction. They are used to get rid of remnant moisture which
may affect the battery performance. However, earlier reports, where
the same drying conditions have been used for PAA and polyvinyl
alcohol (PVA), which contain the carboxylic and hydroxyl functional
groups similar to the PAA/PVB system, state that the final PAA/PVA
binder possesses covalent ester bonds.*” Therefore, in order to verify
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Figure 7. ATR-FTIR spectra of single components (bottom): PAA450 (blue
line), PVB60 (black line), PVB210 (red line) and of film polymer mixtures
(top): blue-PAA450/PVB60 (pink line) and PAA450/PVB210 (green line)
compositions.

the chemical structure, FTIR was conducted on pure PAA and PVB
polymers as well as blue-PAA/PVB mixtures. The spectra for all mea-
surements are plotted in Figure 7. In the spectra of the mixtures after
drying a weak band at 1802 cm™! is observed which indicates the pres-
ence of anhydride (asymmetrical stretching vibration of C=0 group;
two bands at 1050 and 998 cm™! are corresponding to stretching vibra-
tions of C-O-C and C-O groups in PVB).* In the case of esterification,
one would expect a shift of the stretching vibration band of C=0 group
of PAA (from 1697 to ~1730 cm~')*® to higher wavenumbers or an
appearance of a new band at ~1730 cm™!, whereas we observe only
a slight shift of the aforementioned band. The ester band may also be
disguised by the strong and broad stretching vibration band of C=0
group in PAA, and since PVB contains a few wt% of acetate groups
(1737 cm™") initially (Table I) the fact of covalent bonding between
PAA and PVB cannot be confirmed by FTIR unambiguously. How-
ever, the stretching vibration band of the O-H-bond in PAA is red
shifted (from 3041 cm~! for a single component to 3033 cm™~! in the
mixture; stretching vibration bands of O-H bonds of PVB at ~3450
(PVB 210)/3432 (PVB 60) cm™' are overlapped by the OH-band of
PAA) which is a sign of H-bonds existing between PAA and PVB.
Hereby, it is assumed that in our electrodes mixed PAA and PVB
chains are not “fixed” in their position and should adapt to the volume
change of Si-nanoparticles under lithiation/delithiation processes via
accommodative H-bonds.

Post mortem SEM analysis.—In order to connect the electrode
performance with macroscopic electrode characteristics, we carried
out detailed post mortem SEM analysis, where the main goal was to
analyze the evolution of electrode thickness and surface morphology
after a certain cycling history and relate it to binder properties. For this
experiment we took both blue-PAA/PVB composition electrodes as
well as the electrodes where PAA450, PVB210 or PVB60 were used
as individual binders. In the focus of this analysis were four cycling
histories: (i) after the first lithiation; (ii) after the first delithiation, i.e.
one complete cycle; (iii) after 10 cycles; (iv) after 30 cycles. As a ref-
erence the properties of the pristine electrode with the corresponding
binder were considered.

SEM micrographs made from electrode surfaces with low mag-
nification are shown in Figure 8. All five electrodes do not undergo
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any morphological change after the 1 lithiation, which should be
related to the similar density of all electrodes (Table III) and thus
similar free space provided by the porosity, necessary for the volume
expansion of Si-NPs. It is rather remarkable that after full cycles,
i.e. cases (ii), (v) and (iv), the electrodes with pure PVB binders do
not show structural disruptions, while the surfaces of electrodes with
PAA450 binder and blue-PAA/PVB compositions demonstrate mul-
tiple cracks. For the blue-PAA450/PVB210-based electrode, where
the distribution of Si and C is slightly better due to a higher wt% of
PVB210 (Figures S14-S16), cracking after the first cycle is less pro-
nounced. However, after 30 cycles the morphology of this electrode
is similar to that of blue-PAA450/PVB60 and PAA450 electrodes.

A smooth surface of PVB-based electrodes was not caused by
a thick SEI layer which may clamp possible clefts. This was con-
firmed by high magnification SEM images where individual Si-NPs
are well recognized for all cases (Figure S17). Similar micro-cracks
have been reported for alginate-based electrodes and considered to
be a symptom of the stress built in the electrode films.’! The large
volume change of Si is not efficiently compensated due to the stiff-
ness of the alginate binder.’! Since PAA and alginate have similar
mechanical properties,'”?>#! such a pattern has a similar reason in the
case of PAA-based electrodes. We suggest that cracking of PAA- or
PAA/PVB-based electrodes is additionally strongly effected by inho-
mogeneous distributions of Si and CB components as seen in BSE
images (Figures S14-S16). Due to these inhomogeneities, the volume
decrease during the delithiation process can lead to a stronger elec-
trode disintegration and final cracking. If the electrode coating in the
pristine state has a low adhesion to Cu-foil, this rupture promotes the
failure of the electrode. The higher the number of cracks (formation
of small islands between those cracks), the easier the delamination of
the electrode coating from the current collector.

Cracking and delamination turn out to be the main obstacles of
getting reliable results from the analysis of the electrode thickness
evolution with different cycling histories. Figure 9 shows two repre-
sentative examples of samples where the surface morphology shows
completely different degrees of integrities: SEM-images of PVB60-
and PAA450-electrode cross-sections after 30 cycles are compared.
In the case of PVB60-electrode, the preserved integrated surface mor-
phology is easily visible in Figure 8 and it enables us to make ~300 pm
long cut with an uniform electrode coating, such that the thickness
can be determined with a small deviation. On the other hand, the
PAA450-electrode is the most problematic in its handling because of
the multiple cracking and ease of delamination which is traced back to
its low adhesion to Cu (Figure 6). After just 1 cycle, only a small elec-
trode area of ~140 wm could be cut without embedding into epoxy
resin (Figure S18). Moreover, as the obtainable uniform cut area gets
smaller, estimation of the electrode thickness becomes less reliable.

The PAA450-electrode sample was then fixed in epoxy glue and
cut. The SEM examination reveals a non-uniform thickness of the
coating with thinner (39 wm) and thicker areas (50 wm) which can
be an indication of different degree of lithiation/delithiation due to
delamination (Figure 9). An absence of an abrupt capacity drop while
cycling the PAA450-electrode (Figures 2¢ and 3c) indicates that the
fully peeled electrode areas on SEM-image of Figure 9b are a result of
sample preparation. This means that the averaged electrode thickness
derived from a particular areal cut would not necessarily coincide with
the one derived from a cut made a few mm aside. In order to define the
desired characteristic a serial study has to be done, where a dozen of
cross-sections should be analyzed using statistical tools. In our study
we demonstrate the problematic issue of such analysis and emphasize
the challenges thereof.

Changes of electrode thicknesses after different cycling histories
are summarized in Table IV. Due to reliability of the thickness mea-
surements outlined above, the values are considered only qualita-
tively. Each number is an averaged value calculated from one or two
140-550 wm long cross-sections similar to those shown in Figure 9
and Figure S18. The SEM-micrographs given in Figure S19 rep-
resent the cross sections of all electrodes at a higher magnifica-
tion. The delamination from Cu-foil is a common feature of cycled
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Figure 8. Surface morphology of silicon electrodes before and after cycling using different binders. All SEM micrographs (InLens detector) are made at the same
magnification. Green and red frame indicate samples for which SEM of cross sections are given in Figure 9.

electrodes and only for PVB-containing electrodes it is less frequently
observed, which is related to the higher adhesion of the pristine elec-
trodes with PVB-binders to Cu (Figure 6). As one would expect from
the binder mechanical properties (Figure 1), the electrodes with pure
soft PVB binders expand stronger, i.e. to ~160 %, after the first lithi-
ation, compared to the PAA450- and PAA/PVB- electrodes (Table
IV). The expansion of both blue-PAA/PVB electrodes is less than the

33 um

one of the pure PAA electrode. We suggest that this is related to the
synergetic effect of PAA and PVB polymer chains that can preserve
the electrode integrity under volume expansion, thus forming a poly-
mer network. PAA makes a mechanically stiff polymer “scaffold”
which adheres stronger to the native oxide layer of Si-NPs but has
a lower adhesion to CB particles due to its polar nature, leading to
segregation of Si-NPs. Addition of PVB forms an additional network,

Figure 9. SEM-images (InLens detector) of cross-sections after 30 cycles (a) PVB60-electrode and (b) PAA450-electrode embedded in epoxy resin. Both SEM

micrographs (InLens detector) are made at the same magnification.



Journal of The Electrochemical Society, 166 (3) A5275-A5286 (2019)

A5285

Table IV. Summary of the change of electrode thicknesses after cycling using different binders as obtained from the post mortem SEM analysis.

Electrode expansion (%)

Binder composition After 1% lithiation After 1 cycle After 10 cycles After 30 cycles
blu-PAA450/PVB210 135 (£20) 117 (£18) 134 (£18) 187 (£22)
blue-PAA450/PVB60 134 (£18) 122 (£28) 142 (£23) 174 (£19)

PVB210 163 (£15) 114 (£16) 124 (£15) 138 (£17)
PVB60 161 (£16) 112 (£14) 134 (£16) 143 (£13)
PAA450 146 (£18) 108 (£24) 131 (£25) 179 (£23)

with a good adhesion to Si-NPs and PAA via H-bonding and to CB
via Van der Waals forces, as well as to Cu-foil. The optimal PAA/PVB
blend thus has good adhesion as well as good mechanical properties.
The H-bonding between polymers and Si-NPs was confirmed through
ATR-FTIR measurement of one of the PAA/PVB mixtures and pure
Si-NPs (see Figure S21).

After 1 and 10 cycles the electrode expansion values are scattered at
around 115% and 133%, respectively. A qualitative difference can be
seen after 30 cycles, where both electrodes containing pure PVB have
the lowest expansion of ~138-143% versus ~174-187% of PAA450
and both PAA/PVB electrodes (Table IV). As observed in the elec-
trochemical cycling data, the capacity fading for the electrodes with
PVB210 or PVB60 is most significant and there is over 75% ca-
pacity loss after 30 cycles (Figures 2¢ and 3c). The best performing
blue-PAA450/PVB210-electrode expands the most after 30 cycles, i.e.
~187%, however its value does not differ significantly from the pure
PAA450 electrode and blue-PAA450/PVB60 electrode, where the av-
eraged expansion values are ~174% and ~179%, respectively. We
suppose that repeated expansion of Si-particles alters the binder prop-
erties and its ability to preserve the integrity weakens during cycling,
which is reflected in similar expansion values (Table IV). Accord-
ingly to this assumption, the low expansion of ~138% and ~143% of
PVB-electrodes can be explained by faster altering of PVB.

Conclusions

In summary, we have characterized PVB for the first time as a
binder for Si nanoparticle-based electrodes for application in LIBs.
The binder properties such as swelling behavior, Young’s modulus and
adhesion strength were determined by AFM and compared to the same
characteristics of PAA. Since PVB contains non-polar butyral groups
and polar hydroxy groups, the prepared Si-electrodes demonstrate a
much better homogeneity of Si and CB components. However, the
non-polar nature of PVB leads to undesired swelling in the electrolyte
solvent which decreases the Young’s Modulus. Thus, the study of PVB
polymers as individual binders demonstrated worse performance as
compared to pure PAA as a binder, which is understood to be a result
of impaired mechanical properties in the electrolyte solvent.

Since COOH groups of PAA and OH groups of PVB can form
H-bonds, PAA/PVB mixtures have been analyzed as two component
binders to form a polymer network where the properties of both shall
be combined. A systematic investigation of six PAA/PVB mixtures re-
vealed that one of the key criteria for an improved electrochemical per-
formance of Si-electrodes is an equal molar ratio of polymers as well
as a close to equal ratio of COOH to OH groups. The mass percentage
of the PVB component (10 wt% vs. 33 wt%) in PAA/PVB mixture
also plays an important role with respect to an adhesion improvement
of the electrode coating on Cu-foil and a better mixing of Si with CB
particles. After 100 cycles specific capacities as high as 2170 mAh/g
of electrodes with a Si loading of ~1 mg/cm? were achieved for the
PAA/PVB-based electrodes. Post mortem SEM analysis of both the
electrode surface and the cross-sections revealed a reduced disintegra-
tion of PAA/PVB-based electrodes, which is assigned to the presence
of PVB, which forms a flexible polymer network additional to the stiff
PAA net present in the electrode structure.

These results are important because of the necessity of novel
binders for Si-based electrodes which should enable a preparation
of electrodes with high mass loading e.g. 5 mg/cm? combined with
a non-toxic solvent and a simple preparation technique. The present
work is the first complex study on PAA/PVB binders. In order to fully
understand the potential of this system to improve capacity retention
additional PAA/PVB combinations have to be studied. However, the
presented results allow to derive algorithms for polymer composi-
tions that are promising to improve the electrode performance further,
thus reducing the sampling in future experiments. For example, the
combination of high molecular PVB with PAA of the same M,, may
lead to both an efficient PAA/PVB polymer network and an improved
adhesion to Cu. Because PAA and PVB are commercially available
and cost-efficient they fulfil the basic requirements of an industrial
application. The advantages of this new binder will become apparent
especially in pouch cells where no pressure is applied on the elec-
trode stack during cycling whereby the adhesion to Cu-foil is of much
higher concern.
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