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Revisiting and improving the preparation of
silicon-based electrodes for lithium-ion batteries:
ball milling impact on poly(acrylic acid) polymer
binderst

Thibaut Chartrel,*** Mariama Ndour,™ Veronigue Bonnet, ©°
Sébastien Cavalaglio,™ Luc Aymard,™ Franck Dolhem, & Laure Monconduit @
and Jean-Fierre Bonnet+*

This study revisits and optimizes siicon/carbonfpolylacndic acid) - [PAA] composite anode preparation
for Ithium -ion battenes. The objective & to analyze the specific impact of the high energy ball milling
step on the PAA polymer binder and on the composite ancde electrochemical behavior in order to
improve cycling performance. For this purpose, three commercial PAAs with 15, 450 and 3000 kg mai ™"
average molar masses are considered. PAA structural alterations induced by ball milling are investigated
by SEC, IRTF, *H NMR and TGA. It appears that PAA 15k & slightly degraded while higher miolar mass
FAAs are significantly deteriorated. An innovatve optimzed forrmulation, combining 11 ball milling of
carbon and 5 only followed by (2] magnetc stiming of this mxture with PAA and a dispersant s
proposed and compared to an all ball miling formulation. The first step = essential to get good
electrochemical performance and the second enables the maintenance of polymer integrity. The highest
electrochemnical capacity retention after 20 cycles = obtained for the PAA 450k-based electrode [Bak)
compared with those of PAA 15k and PAA 3000k of 62K and 29% respectively. Imterestingly, this
capacity retention is also significantly improved compared with that of the comesponding PAA a50k
all ball milling formulation electrode [65%).



1. Introduction

Development of new electrochemical technologies for nomadic
power storage as well as the optimizaton of the existing ones is
currently a crudal issue. Lithium-ion batteries [LiBs) constitute
a largely widespread and advanced power source technology for
the actual electrochemicl cell market.”™ Carbon graphite, the
most common negative electrode material (intercalaton-type],
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is characterized by its great electrochemical stability, and a
working potential of 0,09 V vs Li"/Li" but a moderate sped fic
capacity of 372 mA h g, Some other active materials, espedally
alloy4ype materials such as silicon (Si) or dn ($n) but also
conversion-type materials like metal oxddes or hydrides, are
under thorough investigation and may be used as substitutes
in the near future® ™ 8i is especially promising becanse of its
high availability, working potential of about 0.40 V . Li"/Li®
and impressive specific capacity of 3579 mA b g'." This high
capacity is related to the Li;sSi, phase obtained during the
lithiation process (reaction of 375 Li per Si atom]® while
graphite gives LiCs [insertion of only 1 Li for 6 C atoms). This
difference is also assodated with a huge volume expansion
observed in Si (about 280%™) to be compared with about 10% only
for graphite.’? This Si ecpansion is unfortunately responsible for
detrimental effects: particle pulverization, electrode particle dis-
connections and loss of elecirical contact resulting in premature
apacity fading.™ " Another Si expansion side effet is continuous
cracks into the solid electrolyte interphase (SEI), resulting in
continuous SEI formation and also fast capacity decay.™ " Asa
conscquence, studies aim at increasing the Si electrochemical
reversi bility 1a several ways incduding, on one side, alloving



Si alloys or plaving with particle shape (use of Sitased alloys™ ™ 5
nanoparticles, ™ ™ nanotubes,” nanowirs™ and thin byers™) and,
on the other side, the use of seveml kinds of polymer binders. ™~
Moreover, because Sioelectronic conductivity is not suffident,
electrodes are formulated with conducting carbon for electron
tmnsport. Severl crbons were thus stdied™ like ' Ketjmblack"
or “super P carbons. The Si negative eledrode i consequently a
COMPTOMISE composite structure made of Si, conducting carbon
and a polymer binder. Regarding binders, polyjvinylidene fluoride)
{PVDF), one of the first investigated LiB anode polymer binders,
is not conwenient because it only interacts with Si by weak
van der Waals forces. This kind of interaction is not strong
enough to maintain electrode cohesion and prevent particle
disconnections™ ™ It seems that stronger interactions between
8i particles and polymers, like hdmgen bonding or maybe
covalent bonding are actually required. Poly electrolytes) bearing
carbowylic acid functions (COOH/CO0) like carboogymmethyl
cellulose (CMC) and polWaoylic acid) (PAA) were consequently
imvestgated especially for Sibased anodes, allowing substant al
elecrode performance enhancement compared to that of PYDF.
These conchsions are dewn by many gmups such as Koo et ol
who highlighted capadty retention values of about 1300mAh g7,
900 mA hg™" and 100 mA h g for, mspectively, CMC, PAA and
PVDF binder-based silicon electrodes after 100 greles.™ Moreover,
polrmer binder molecular average mass also oonstitutes an impor-
tant parameter which was already studied by several gmoups ™
Erefly, it seems that CMC's molecular weight influences elecem-
chemical performancoes, with an optimum value, estimated at
700 kg mol™ by Eridel et al™ Besides, it is important to note
that in several boratooy-scale studies from the bteratune the usual
Sipolymer/mrbon shirry formulation contains a high-energy ball
milling step i the process, using a “Fritsch Pubrerisette” or * SPEX"
appamtus.” ™ In complement, in other publications the desoip-
tion of the shumy form ulation procss wmains undear™ ™ with no
predsion about pobrmer ball milling or not Finaly, while the offect
of miling was aleady imestigated for Si alone,™ there is no
specific study reported for the polymer binder.

The purpose of this stody is to determine the effect of high
energy ball milling on poby acrvic acid) (PAA) and, from there
the Si composite electrode's electrochemical properties. The
effect of high energy ball milling on the Si particle size was also
investigated in complement. It must hawe indeed a beneficial
effect on electrochemical capacity retention.™ It is here worth
noting that many dedmde fomulstion studies from the Berature
were malized fom milled polymer bindes without considering
eventual binder degradation. For the first time, herein, we take
into account the polymer structure evolution impact during the
formulstion process and thus the molecular mass changes.

2. Experimental section
2.1  Materials

Poly(acrylic acid] sodium salt (PAA-Na) {average molecular
weight = 15 000) [PAA 15k) was provided by Sigma Aldrich
{USA) and then protonated with an acidic ion exchange resin.

Pmtonation was confirmed by "H NME and pH value measurement
[not shown here). Polaoylic acid) (PAA)] (avwmge moleolar
weight = 450000) (PAA 450k and (#cmgr moleculr weight =
3000 000) {PAA 3000k were provided by Sigma Aldrich (USA] and
used as receved, Silioon powder (5i) was provided by Umicore, Tt
consists of spherical particles with median estimated at about
34 nm, Silicon has an initial Si0s content evaliated at 5%.
Conducting additive Super C65 carbon (Ce65) was purchased from
Timcal, Tribon X-100 (Txea) was purchased from Sgrma Aldrich and
used as received. Fluoro ethylemne crbonate (FEC) was provided by
Sigma Aldrich and vsed as meeived. LIP30 commercial electrobie
(1M LiFFs in 1:1 w:w ethylene carbonate/dimethyl carbonate,
EC/DMC] was purchased from Merck and used as recenved,

32, Characterization technigques

Size eeclusion chromatography (SEC) was pefformed with LB-G 68,
LE-£03 and LB-805 columns (Shodex, Germany) using a MALS
detector (DAWN &' HELEOS 11, Wyatt Technology), an RI detector
[RIT»104, Shimadzu) and a UVVIS detector [SPD-204, Shimadz).
The elumt was a MaMOwNaM; solntion (18 g of MaMNO and 0.6 gof
MaM; in 1 L of water). Electrode porosity measuremiemts were
alcubated from a theoretical calenlation takdng into account the
clectrode thiclness and the different material percentages by
wright. Pymometric densitics were performed on an AcouPye
1330 yas pronometer using helium gas. Runs were performed
5 times wsing a 3.5 am” cell. Fourier tmnsformed infrared (FTIR)
analyses were done with attenuated total reflection [ATR) mode on
a Shimadzu IRAfinit-15 with 4 em™" resolution, from 400 o
4000 cm Thomogmvimetric anayses (TGA) were peformed
under argon flow (50 mL min™")at a 5 °C min™ " temperature mmp
on 8 STAM49C Netsch appamnis coupled to a quadropole-mass
spectrometer ((MS 403 Acolos). Proon-nuclear megmetic resonanoe
("H MME) spectm were moomded at 298 K on a Bruker 400 MHz
Avance TITHD. PAA samples were placed in D00 solution in 5 mm
MME mubes. Slioon particle size distribotions before (pristine] and
after ball milling were estimated with a laser difftaction particle
analzer Mastesier 3000 (Mabern Instruments, Mabern, UE)
equipped with a Hydm EV (Mabern Instruments, Malvem, UE)
dispersion system. This technique permits the determination of
particle sizes from 107" 0 3 > 107 pm. The particles wee dispersed
in a mixture of water and Triton X-100 as dispersing agent (500 pL of
1 wih of TX-100 in 500 mL of distillated water). The particles were
dispersed with an ultrasonic time ratio of 0.1 5 pulse0. s rest and
with an energy of 96 W and during S0 mn prior to MeEs Urememnt.
The Mastersizer 3000 analyzer uses two light sources (red and bhoe
with respective wavelengths of 633 nm and 470 nm) and setered
lght ntensity amgular variation sfter passing through the wet
sample is measured, The obsouration mnge is 3.02% for Si pristine
and 1269% for ball milled Si.

3. Electrochemical studics and electrode preparations

Electrodes were prepared with Si/CeR5/PAA weight® formuls-
ton: 70/15/15% In all cases, the total SUCoRS PAA total mass was
fised at 600 my. The three formulations are:

(1) Formulation 1 - usual ball milling formulation: i, Cea5
and PAA were placed with an adapted quantity of deionized



water in a stainless steel ball mill jar (volume = 50 mlL) with
3 stminless steel balls (10 mm of diameter] and subsequently ball
milled in a highenergy [SPEX ball mill] milling for 30 mintes ata
frequenoy of 50 Hz The resulting shury was then coated on a 15 pm
thick structured copper foil The films wene dried at room tempera-
ture ovemight. Electmde pomsity & estimated to be around 60% for
450k and 3000k PAAs and amund 65% for 15k PAA

[2) Formulation 2 - ball milling-free formulation: Si, Oces, PAA
and T (7 mg) were placed in a pill and magnetically stirred
with an adapted quantity of deionized water for 120 mnuotes. The
resulting slurry was then coated on a 15 pm thick structured
copper foil. The films were dried st room tempemture overnight
The electrode porosity was estimated to be around 70%.

(3) Formulation 3 - optimized formulation: Si and CegS werne
placed in a stainless steel ball mill jar (volume = 50 mL) with
3 stainless steel balls (10 mm of diameter). The jar was shaken
in a high-energy SPEX ball mill for 30 minutes at a frequency of
50 Hz. PAA, Triton X-100/TX-100 (7 mg) and an adapted quantity
of deionized water were then added to the obtained composite
powder and magnetically stirred in a pill for 120 mimetes. The
resulting slurry was then oated on a 15 pm thick stmctured
copper foil. The films were dried at room temperature overnight,
Electmde porosity is estimated to be around 70% for both 15k
and 450k PAAs and around 60% for 3000k PAA. In all cases,
1 cm” disk electrodes were cut and put in an argonfilled glove-
box to be assembled into a 2035 coin cell. One glass fiber disk
[Whatman GF'T) was placed between the positive [SiiCo65PAA
electrode) and negative (Li foil] electrodes. The used electrolyte
was ommerdal LF30 (1M LiPFs in 1:1 wiw ethylene carbonate/
dimethyl carbonate, EG/DMC) with 10 wt% added FEC., Cycling
was performed with a Mac-Pile [Claix, France) in galva nostatic
mode. The cells were cyeled between 0.0 and 2.5 V ve Li'/Li°
{20 “C) with C/10 (1 Li in 10 h) cyeling rate,

3. Results and discussion

3.1 Investigation of polymer binder and silicon partide ball
milling impact

SEC-MALS results of pristine and 30 mn ball milled PAA
samples are presented in Fig. 1 and the cormesponding average
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molar masses M, and M., and polypdispemsity index I, are summar-
ized in Table 1. The highest molar mass commercial PAA, indicated
a5 8 3000 kg mol~* PAA could not be anablvzed because of solubility
issues (incomplete solubilization). Prisine 15 kg mol— PAA pme-
sents molar masses in the range of the commemial product
staternent M, = 13 by mol™ and M, = 27 by mol™" measured,
giving a polydispersity of 7 = 2.03. The pristine 450 kg mol™
PAA molar mass is ako close to the expected one but with a
higher polydispersity value of I = 2.59 (M, = 191 kg mol ™ and
My = 495 kg mol™"). We then investigated the impact of SPEX
ball milling on the PAA samples. The three PAA samples were
ball milled under the same conditions wsed during the formuls-
tion process with ball milling for 30 minutes in deionized water.
The samples were then lyophilized to obtain a dry powder and
anabezed by "H NMR, FTIR, TGA and SEC-MALS. From Fig. 1 and
Table 1 it can be noted that 450 kg mol™" PAA undergoes a huge
avemge molar mass decrease, from M, = 191 to 65 kg mol™ and
My =495 to 115 kg mol™ after the ball milling step while the
15 kgmol ™" PAA molar mass is not significantly i mpacted by ball
milling with a very small variation from M. =13 to 10 kg mol ™
and My = 27 0 23 ky mal ™. & is interesting to note here that
for the 450 kg maol™ PAA sample the polydispersity decreases
from [, = 2.59 to 1.77, meaning that a more homogeneous size
distribution is obtained. Om the contrary, for 15k PAA, the
polydispersity increases from f, = 2.08 to 2.30 with ball milling.
These apparently contradictory results are in fact in acoordance
with the work of Smith et 2l on high-energy mechanical mil ling
of PMMA.* These authors demonstrated that, firstly, the ball
milling i nduces adecrease in the PMMA samples' sverage molar
mass and that it follows a kinetics correlated with the molecular
mass (the higher the prstine sample's svemge molar mass,
the faster the degradation kinetics). They also show, secondly a
polvmer sample poldispersity evolution in two steps with an
initial broadening followed by a narrowing with the increase of

Tablel SEC-MALS analysis of pricting and ball milled 1%% and 450k PAAS

Pristine Ball milled
M, M, E M, M, I
PAA 15 kg mwal ! 27 13 208 23 10 230
PAA 450 ky ol 495 1m 59 115 65 177
b)
T A 4l SFEN
T
§
[
[ | 3 L] W m »
Violuma jmL)

Fig. 1 SEC chromatograms of pristine {blue Bne) and 30 mn SPEC ball milled jred Bne] PAA 15% {a] and PAA 450k {b).



millimgr time duration. From these results itcan be concluded in our
case, for the same ball milling con ditions, that the 450 kg mol ™
PAA sample is highly impacted while the 15 kg mol™ Paa
sample is less so,

To evaluate mare precisely the chemical stability and degra-
dation process of the 3 PAA binders after SPEX ball milling,
FTIR, 'H MMR and thermogravimetric analysis (TGA) of the
polymers were also performed before and after the 30 minutes
ball milling. The FTIR spectra of the pristine and ball milled
samples are similar, meaning o notceable chemical groop
structure evolution difference in the polymers. All the peaks at
1704 em™" [C=0 stretching), 1455 cm™" [CH: deformation],
and 1418, 1230 and 1160 cm™" [C-0 stretching coupled with
O-H)™ are preserved [Fig. 51, ESIT). "H NMR specira of pristine
and ball milled PAA samples in D0 are shown in Fig. 2. All the
pristine samples present two groups of peaks, s pseudo-singlet
at around 2.42 ppm, attributed to the methine group [-CH)
linked to a COOH function and a pseudo-riplet around 1.63,
1.76 and 1.93 ppm atiributed to the methylene group (-CHa)" ™
These signals cannot actually be gualified as singlet and triplet
because of the non-equivalency of the protons. The carbon of
methine groups —CH corresponds in fact to a psendochiml
center —-C*H and the steric arrangement of these psendoasym-
metric centers along the polymer chain is called tacticity and is
very wellknown for vinylic polymers™ In our PAA sample,
for the methylene region, the low-field and high-field bands at
1.93 ppm and L63 ppm, respectively, are attributed to non-
equivalent protons in “m" disds and the middle band at
1.76 ppmi corresponds to the *r" disd.™ The percent of each diad
“m" amd “r'* can be simply mleolated her from their cormes-
ponding relative intensites. It is very similar in cach pristine PAA
sample, giving avale of “m" and “r" close to0.5, ie probabilities
of “r" and “m" configurations of approdmately 50% and 50%
[Fm e couples of 0.530.47; 0.58/0.42; 0.52/0.48 for PAA 15k, 450k
and 3000k wem, mspectidy, measumed). This result establishes
thatall 3 commercial samples are atactic, withowt preferential
stereochemical sequences for pseudochiral centers -C*H,
ie. totlly random polymer chains according to Bernoulian
statistics. This result was also established previously for other
commercial PAA samples by Chen Chang et al, but with lower
molar mass polymers.™ "H NMR spectra of ball milled PAA
samples are presented in Fig, 2 15k ball milled PAA NMR
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shows an unmodified response with respect to the pristine one
[Fig. 2a). Concerning 450k and 3000k PAAs, a sigmificant signal
enlargement can be observed at the same tme for methine -CH
and methylene -CH, protons [Fig. 2b and ¢, This growth is due
to an increase of the chemical environment diversity caused by
some polvmer backbone breaks leading to smaller fragments.
These observations can be quantified by an increase of signal
wid th at half height valoes. Taking the methine -CH group as a
reference, the 15k PAA width at half height increases by 0.83 Hz
while those of PAA 450k and 3000k PAAs increase, by 179 Hz
and 14 Hz, respectively, after ball milling. These results indi-
cate that the different PAAs are not equally degraded, with a
higher degradation ratio for 450k PAA than for 3000k PAA. 15k
PAA appears to be less affected. This is coherent with our
previous SEC study, showing that the PAA 15k is less degraded
by ball milling com pared with PAA 450k, TGA thermograms at a
5 °C min™" rate under argon for both pristine and ball milled
PAA samples are shown in Fig. 3. PAA samples actually decom-
pose in 3 successive steps, according to the literature” " The
first weight loss corresponds to absorbed water emission and
occurs until 95 “C. This loss mepresents between 4 and 9% of the
total mass. The second loss of mass is atributed toa detydraton
step. Reported with a starting temperature (7). 2) between
141 C* and 170 “C* and with a maximum at about 250 C; it
cormsponds to water loss from carboeylic acids, leading o
anhydnde group formation. This mass loss corresponds o
around 23% weight, The last step (51% of mass loss), stas from
300 “C (T3 and is associsted with decarbolation and
polymer chain sdssions.™ The msulting mass is finally reported
to be dose to 17% at 500 “C.* All our pristine and ball milled
samples are following this degradation process. More precisely, in
our PAA samples (Fig. 3a-c), all the ball milled ones systematicalby
present lower 7.2 and T .3 compared to the pristine
samples. For PAA 15k T 2 = 164 “C before and 117 “C after
ball milling, for PAA 450k 7°,__ 2 = 155 °C before and 148 °C
after and for PAA 3000k T, 2 = 145 *C before and 141 °C after.
For T).., 3 itdecreases from 264 “C to 235 °C for PAA 15k, from
301 °C to 296 °C for PAA 450k and from 316 °C to 293 °C for
PAA 3000k This T decrease means sctually that ball milling
leads to some polymer structure alterstions and therefore
fadlitates decomposition. This observation is in accord ance
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with work of Castricum e aL** and also in accordance with our
SEC and NMR results. TGA analyses show then that ball milling
drastically reduces the properties of 450k PAA while 15k and
3000k PAAS seem to be less damaged by this milling step.
Besides, silicon particle degmdation by ball milling is smdied
by a laser diffraction analyeer and the results are presented in
Fig. 4. A multimodal distribution with three Si particle popula-
tions around 30 nm, 380 nm and 3.34 pm and respectve
percentages of 47.00%, 43.55% and 9.45% are found for postne
silicon. After ball milling, these populations are conserved
[respectively, 30 nm, 340 nm and 431 pm) but the particles’
respective pereentages are quite modified (14.44%, 23.61 % and
35.50%, respectively). Moreover, a dth population at 3320 pm,
corresponding to 26.45%, appears. This morphology change
[global awrage particle size increase after ball milling) corre-
sponds to a clustering of silicon particles, with agglomerates
constimted of sub-micrometric particles welded together. This
phenomenon was previously observed by Gauthier et al™ for
Si particles of 1 to 5 pm after 20 h of SPEX ball milling. Tt must
be noted that this Si particde ball milling is beneficial for
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Fig. 4 Parliche size distibuBon analyses of pristine sioon blue line) and
30 non SPEX ball miled slicon jred line] powders

electrochemistry with better capacity retention attributed to a
nanostructuration phenomenon, creating grain boundaries
where faster Li diffusion may happen. ™

1.2, Electrochemical characterization

The three different PAA chain length samples in their acidic
form were first used as binders in silicon-based composite
electrodes following a formulation including polvmer ball
milling (formulaton 1, see Experimental part). A silicons
carbon/polymer mintume (Si/Co65 PAA) (7071515 wt %) was electmo-
chemically tested against lithium metal [(half cell) using liquid
electrokre LP30 with 10 wt¥h added FEC (see Experimental part).
The corrsponding electrochemical results (potential (V) versus
specific capacity curves [mA h g of 5i]) are shown in Fig. 5
The active mass loadings (in mg cm™) are, respectively, 1.19 for
PAA 15k and 450k and 1.05 for PAA 3000k electrodes and the
electrode porosities are estimated to be about 60% for PAA 450k
and 3000k electrodes (65% for PAA 15k) (Table 51, ESH). In
complement, Table 2 summarizes some elecrochemical char-
acteristics (1st charge capacity (mA h g™'), 15t cycle coulombic
effidency [CE) (%), 20th charge capacity (mA h g7), 20th
charge capacity/1st charge capacity (%), and polarization 1st
eyclef2oth cyde (V]). First, the 450 kg mol™ PAA-based cell
presents a better CE at the first ovele compared to 3000k and
15k PAA cells [85% for 450k PAA versus 79% and 68%, respec-
tvely for 3000k and 15k PAA). Better capacity retention at the
twenticth cyceis also observed for the 450 kg mol™ PAA-based
cell, with a charge capacity of 2126 mA h g™, to be compared
with 960 and 384 for 3000k and 15k PAA cells, respectively
[Fig. 5b). Polarization curves, which correspond to the differ-
ence between the potential of the (n + 1) charge and of the (1)
discharge, were also estimated for all cases. Both 15k and 3000k
PAA galvanostatic curves undergo a polarization increase from
0.34 V at the first cyele to L.05 and 0.86 V at the twentieth cycle
while 450k PAA's polarization decreases from 0.34 0 030 V
under the same conditions [Fig. 5¢). These observations are in
accordance with a study of Hu et ol ™ on graphite rich silicon/
graphite composite anodes for lithium ion batteries using PAA
as a binder. These authors show that silicon/graphite-based
electrodes with PAAs with an average molecular mass number
My = 150 ky mol™ present better performances compared
to that using smaller PAA, with higher capacities of 343 and
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Table 2 Cell charactencBos of 15% 450k and 3000k PAA-Daied slecrodes wiing formulstion 1 and the 450k PAA silicon-based slactrods wsing

tommulation 2

Faorm ulation 1 PAA 15k PAA 450k PaA 3000k Formulation 2 PAA 450k
1st charge (ma hg™) 1665 el 1} 2554 3456

1st eycle CE (%) BE fist 0 76

20th charge (ma b g~ ") 384 26 Gl 170

20th charge/1st charge (%) 23 [ a7 5

Paolarization 1st cvele/20th avele (V) 0357105 340,30 034086 028151

322 mA h g™ after 100 cydes for M, = 147 and 167 kg maol™’
PAAs respectively and of 278 and 224 mA h g7 for M, <
24 kg mol™" PAAs, The given explanation is that PAA smaller
than 150 kg mol™ may not be able to maintain the ester
bonding between the binder and sileyl groups, leading to
some oohesion loss and cracks. It can otherwise be thought,
based on the PAA pelot conformation®” that a high molar mass
PAA will more isolate electronically Si and additive crbon.
Starting from the ohservation of polymer binder degradation
during ball milling and in order to investigate the ball milling
impact on cycling perfomance, 8 fommulation without ball milling
was considered (formulation 2 - SPEXSmee). Therefore, Si, arbon,
pobmer binder, and Teo dispersant were magnetically stirred in
deionized water for 2 hours and then cast on a copper foil before
drying, a&s previously described. The resulting electrodes were
cycled in a coin cell versus Li'/Li® and the active mass loading (in
my o) is 1.47 [Table 31, ESH). This highly porous electrode
[porosity is esimated amund 70% - Table 81, ESK, slightly
higher than that with formulation 1) shows a 1st cycle CE of

T6%, and a cpacity of 3456 mA h g7 and 170 mA b g for 1st
and 20th changes, respectively. The observed polarization was 028
and 151 V at the 15t oycle and 20th ovcle, respectively (Fig. 6).
Here, fast capacity fading is observed and can be attributed to the
absence of encrgetic silicon ball miling and good mizing with
carhon and PAA binder. Several masons could be ewoked for
these low performances without silicon/carbon ball milling. First,
encrgetic ball milling creates micm or nanc-oacks and defects,
Le. reactive sites, and modifies the surface encrggy. All these
phenomema enhance the electmchemical reactivit.™ Secondly,
the absence of reducton of the oxidized Si surface, which can be
induced by the additve carbon during energetic ball milling,
could also be suggested to be the odgin of these low perfor-
mances. The low cyclability is correlated with an important
polarization increase (from 028 V oat the 1st opcde to 1.51 V oat
the 20th). Moreover, a5 previously undedined, a silicon planetany
ball milling induces acually a siicon nano-stuchration thanks
to grain boundary creation with, consequently, a better electro-
chemical cyclability for micometer silicon™ This nano-
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structuration phenomen on, missing in our formulaton 2 could
finally also explain these weak performances.

Based on the two previous formulation results, we developed
here an innovative formulation combining both cnergetic
silicon milling and PAA stirring (formulation 3). This new
process consists, first of SPEX dry ball milling of silicon and
additive carbon, followed by an addition of PAA binder stirred
with deionized water and dispersant to homogenize the slurry.
The resulting 70/15/15 wt% slurry (Si/Cc65/PAA) was ¢lectro-
chemically characterized versus Li'Li as previously descri bed.
The results are presented in Fig. 7 and summarized in Table 3.
This new optimized formulation induwoes an electrochemical
cyclability improvement for 15k and 450k PAAs. Indeed, a
significant increase of the charge capacity retention from
23% to 62% is observed at the 20th cycle for 15k PAA and from
62% to B4% for 450k PAA with formulaton 3 compared with
that of the previous “ball milling” formulaton 1. These cells
exhibit charge capacities at the 20th cyde of 2023 mA h g7,
2057 mA h g and 853 mA h g7, respectively, for PAA 15k,
450k and 3000k, Besides, electrode porosities are estimated at
about 70% for PAA 450k and 3000k electrodes [65% for PAA
15k] against 60% in the usual SPEX formulation for PAA 450k
and 3000k clectrodes (65% for PAA 15k]) - (Table 51, ESIT). The
active mass loading values (in mg cm™) are, respectively,
1.12 for PAA 15k and 450k and 1.26 for PAA 3000k electrodes
[Table 51, ESIT). Moreover, the 15k and 450k PAA electrode
polarization values remain almost constant along the first
20 cyeles with a respective limited inerease of 002 amd 0,03 V,

whereas an increase from 0.34 00,52V is observed for the 3000k
PAA. The later clearly shows lower performances. Fig. 7 also
shows that the coulombic effidency (CE) is improved for the
450k PAA-based electrode in this formulation 3, compared to
the 15k and 3000k-based electrodes. A value of about 95% is
then reached at the 2nd orele, higher than the 15k (84.5%) and
3000k (73%)-based clectrodes values, at the same cycle.

SEM pictures of 450k PAA Si pristine electrodes of formulation 1
and 3 are presented n Fig 82 and c A signifieant morphological
differmee @n be noticed here between the two formulations. The
omposite electrode formed of the 450k ball milling formulation
presents a homogeneous surface with some noticeable cracks.
In contrast, the optimized com posite electrode presents a more
complex morphology, without noticeable cracks and with a
higher apparent porosity. These feamres would likely lead o
better lithiumyelectron diffusion and consequently better electro
chemical behavior. Formulation 1 and 3 washed postmortcm
electrodes after 20 cycles (Fig. 8b and d) exhibit a more compact
surface with a global apparent pomsity decrease. This obsenation
is particularly true for the formulation 1 electrode which appears
mom impervious while the optimized elecrode stll presents
some porosity, Such phenomena may be attributed to the SEls
which fill the pores of the electrode (formulation 1) and increase
the resistivity to ions and electmns and decrease the peformance
while the optimized clecoode (formulation 3) benefits from a
beetter SEI structume allowing better performance. For comparison
for both 450k- and 15k-based electmdes, the polarization is quite
constant during the first 20 cyeles (0.30 ¥V for formuolation 1
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Table 3 Cell characteristics of 15, 450k and 3000k PAA-based electrodes
uEng fommlation 3

Formulation 3 PAA 15K PAA 450k PAA 3000k
1st charge (ma hg ') 1263 3520 2941

ist cycle CE (%) 66 B6 44

2ieth charge {ma h g ") 2023 2957 853

2ith chargeiist charpe (%) 62 LE) 29
Polarlzathon 1st cycle/20th crele (V] 027029 024027 034/052

against 0.27 V for formulaton 3). The retention of binder
integrity can be therefore evoled as mesponsible for this improve-
mmit. The absence of binder degradation involves a higher pobrmer
avemge molar masscompared to that of its milled counterpart and
induces, a5 & consequence, better interactions between electmde
components, especially silicon. In this sense, this average
molecular mass retention is favorable for 15 and 450 kg mol ™
PAA. On the contrary, in the case of the 3000 kg mol™ PAA-
based cell, the composite clectrode suffers from the polymer
critical molar mass and restricted electrochemical performances
are observed, regardless of whether formulation 1 or 3 is used. B
must be highlighted here that a relatively comparable PAA (5, =
167 kg mol™" and M. =94 kg mol™") gave also the best results
in a vioy recent study of Hu et al™ on graphite rich silicon
composite electrodes for Lision batteries. The higher initial
specific capacity and higher average mpacity over 100 cycles is
indeed obtained for an electrode based on this polymer, com-
pared o lower mass PAA-based electrodes. More widely, these
authors suggest that a 8, range of 24 to 150 kg mol™ permits

optimized performance to be achieved. Here, this assertion can
be confirmed in our case, with dear evidence that a PAA of M, =
13 by mol ™" and M, =27 kg mol ™ gives lower performances,
Interestingly, in complement to the stody of Hu et al, we
demonstrated  here that a higher swerage molar mass PAA
(3000 kg mol™") also gives lower performance. This effect is
probably linked to the limited solubility of this high molar mass
PAA, limiting its dispersion in solution/electrolyte and, there-
fore, limiting its possibility to create covalent links to SiIOH
groups on the surface of Si. Furthermore, it must be highlighted
here that in the study of Hu et al the electrode i ntrinsic capacity
is much lower than in our case due to the low % of Si in the
composite. There, 15% of Si gives a madmum theoretical indtial
capacity of 54 mA h g™ for the composite electmde. This value
has to be compamed to our madmum theoretical initial capacity
of 3589 mA h g~ for a composite electrode using only silicon as
the active material. Here, in our best result (formulation 3 with
PAA 450k the initial charge caparity of 3520 mA h g " is decresed
tn 2857 mA h g~ for the 20th charge. Besides, another consequence
of this low 5i% in the study of Ho et al_ is that the electrode vo hime
expansion during eledroc hemical cyoling [breathing) & much lower
than in our case, giving 8 much easier manageable dectrode,
espedally with intrinsic better reversibility, Owerall, 8 question can
be asked here on the pobmer binder impact in regard o the
inherent active material apacity. In our opinion, this effect s casier
to highlight if the clectmactive material capacity is high, Le with a Si
rich clectrode rather than with a carbon rich dectrode, Nevertheloss
in the latter case discrepancies are higher.



Fig. B SEM micrographs of the pristine 450k PAA-Dased fomulalon 1 electrode (a) and the samse alier the 200h charge ) and Uhe pristine 4 50k PAA-

based fommulalion 3 electnode ] and the same after the 20th change {d].

4. Conclusions

The detrimental effect of the energetic ball milling step on PAA
binders used for Si-based clectrode preparation and its stromng
impact on performance was demonstrated here for the first
time. Several characterizations realized on pre- and post-bal |
milled PAA of three different commercial samples [PAA 15k,
450k, 3000k) support this statement (SEC study, "H NMR, TGA
analysis). SEC-MALS analysis proved that the average molecular
masses decrease for PAA 15k and 450k, especially for PAA
450k; "H NMR demonstrates a resolution loss for all samples
attributed to an increase of the different chemical environ-
ments and linked to chain degradation, especially for PAA 450k
FTIR study does not show any difference between all pristine
and ball milled polymers, meaning that there are no clearly
noticeable chemical fundion changes. Finally, TGA study
demonstrates a lower thermal stability for all PAA samples after
ball milling. More precisely, the small polymer sample [PAA
15k] is not affected by energetic ball milling while higher molar
mass PAAS [PAA 450k and 3000k) suffer from this energetic
milling step. Degradation seems to be maximum for PAA 450k
Here, we also introduce an optimized formulation, with a wet

ball milling of on ly carbon and Si, this last step being necessary
to get a homogeneous electrode able to give satisfactory per-
formance. Increases of capacity retenton at the 20th orcle were
observed with this optimized formulation, going from 65 to
B4% and from 23 to 62%, respectively, for 450k and 15k PAA-based
mmposite anodes. PAA 3000k possesses imited solubility n sol-
vents, which mits i) its dispersion in the shomy and (i) therefore its
possibiity to bond SI0H groups of Si partide surfaces and (i) the
performance in the battery. In addition, we confirm that pobmer
binder average moleular mass consttues an iMpOrtan: perameter
regarding the Sibased clecemde owelability. There is no doubt that
this conchision may be edmded to other pblodk element-based
clectrodes™ ™ Here, we sugpest that the PAA opimal avwmge
molecular mass for a nch siicon-based anode (70%) is close to
M= 191 kg mol ™ and 8 = 495 kg mol ™ (PAA 450k), since lower
performances have been obtained with lower or higher PAA avemge
molar masses [PAA 15k and 3000k). These results can be compansd
to the study of Hu et al™ who estimated the optimum PAA with
average masses of My, = 167 kg mol ™" and §. = 964 kg mol .
Mevertheless, itmust be highlighted that this last study was realized
with a graphite rich silicon composite dectrode [15% of Si)
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