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Abstract

Si anode suffers an inherent volume expansion pneblThe general consensus is that
hydrogen bonds are preferentially constructed betweginder and Si powder for enhanced
adhesion and thus improved cycling performanceleathiere are few cases in understanding
the contribution of binder's mechanical propertigderein we propose a simple but effective
strategy,combined hard/soft polymer systemis, exploit a robust binder with three-
dimensional interpenetrating binding network (3DNIBvia anin-situ polymerization. The
3D-IBN structure is constructed by interweavingacdhpoly(furfuryl alcohol) (PFA) as the
skeleton with a soft polyvinyl alcohol (PVA) as tfikker, buffering dramatic volume change

of the Si anode. The resulting Si anode deliversa@al capacity of >10 mAh cfnand
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enables an energy density of >300 Wh'kip a full LIB cell. The component of the
interweaving binder can be switched to other pokgnesuch as replacing PVA by
thermoplastic polyurethane (TPU) and styrene bataglistyrene (SBSHuch a strategy is
also effective for other high-capacity electroaetimaterials, e.g. E®s and Sn. This finding
offers an alternative approach in designing higkabkcapacity electrodes through combined

hard and soft polymer binders for high-energy-dgridiBs.

Introduction

The energy density of over 300 Whkis considered as a benchmarking milestone for-next
generation lithium-ion batteries (LIBs) for electivehicled!! To pursue such high energy
density, considerable efforts have been devotdédaaevelopment of high-capacity electrode
materiald?l Si, with a theoretical specific capacity 10 tinmégher than that of graphite (4200
vs. 372 mAh @), is the most promising anode material for higlergy-density LIBg35]
However, Si suffers from extremely large volume rdes, i.e. 300-400%, during
charge/discharge, resulting in the disintegratioh tbe anode and the failure of
electrochemical cyclin§! This situation becomes more serious when the ioasing of the

Si anode is further increased for the areal capabise to or even beyond commercialized
3.0-3.5 mAh cnt.l’l High mass loading trends to result in the cracking delamination of
the anode from current collect8r.This has been a major challenge for the fabrioatibSi
anodes with high areal capacities and long cydlfedor high-energy-density LIBs.

In a typical Si anode, binder is essential to bantive material and conductive additive
together and keep the electrode film integratedndurepeated operatiof®.Recent studies
show that the cycle life of the Si anode with hagkal capacities can be greatly improved by
the design of robust binders (Table S1, Suppoitifigrmation)9-151 Establishing hydrogen
bonds between the carboxylic groups of the polymbmder and hydroxyl groups on the

silicon surface has been a priority since the irtgrare of adhesion strength is clearly verified
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for the longevity of the Si anod¥:1° With the increasing mass loading, the binder only
based on hydrogen bonds is unable to resist agtdiastracking of high-areal-capacity Si
anodée! Tuning mechanical properties of binder is an inguatrapproach for addressing the
above problem. Polyrotaxanes/P®A and PVA/PAAX binders have enabled high areal
capacities of Si anodes without compromising thgale life. However, these approaches still
benefit from the contribution of hydrogen bonds dhere is little knowledge to aid in the
understanding and control of mechanical propemiebinders. Therefore, it is desirable to
develop an alternative method that doesn’t depenaydrogen bonds much.

To accomplish this goal, it is important to undanst and control the mechanical
properties of binder in the Si anode. This is ergly crucial to achieving high reversible
capacity of the Si anode with high mass loading.dde hand, binder with high elasticity
makes pulverized Si particles coalesced togethenglycling and stabilizes the formation
of solid electrolyte interface (SEI) film, resulginn an improved cycling performance of Si
anode?M 19l Yet, due to the lack of mechanical stiffness, tedasinders alone cannot address
the problems of Si anode swelli4.221 On the other hand, binders with high stiffnesghsu
as phenolic resl#?l, polyanilind?*#, and sodium carboxymethyl cellulé®¥é can effectively
constrain the volume variation of Si particles #imas achieve controllable electrode swelling,
but high stiffness is more susceptible to fractumder a critical stred¥, especially for high
mass loading. Since the merits of stiff and eldsiticlers are complementary to each other, it
is naturally desirable to integrate them into cositgobinders.

Inspired by this, herein we propose a simple bfgctive strategy, combining
hard/soft polymer systems for building 3D netwoikder, that enables high areal
capacities of Si anodes with longcling life. In the proposed strategy, we intentionally
weavehard/soft polymeinto 3D network cases wheeach ingredient in the composite
binder has its own mechanical properties. We intcedthe plastic and elastomer

components from the traditional polymer syst&nt/lin which the “hard” refers to
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high stiffness of the plastic and the “soft” refeéoshigh elasticity of the elastomer.
Two ingredients in the composite binder are indisadle and synergistic—the hard
ingredient is the framework, bearing the swellimgl anaintaining the integrity of Si

anodée?8l which coordinates with the soft ingredient as béfer to tolerate the large

volume expansion of Si particl&8!

Guided by this strategy, we attempted to constamceffective 3D network with
high strength by interweaving the “hard” and “sgblymer chains in the composite
binder for Si anodes, as shownRigure 1la. We utilizedn-situ polymerization to a
hard polymer to weave into the other soft polymetswork to construct the targeted 3D
interpenetrating network (3D-IBN) for high-arealpe&ity Si anodes. The hard
poly(furfuryl alcohol) (PFA) and the soft polyvingicohol (PVA) were selected to
form the composite binder with a 3D-IBN structuidter the optimization of the ratio
between hard PFA and soft PVA, such a compositeebirnabled an initial areal
capacity of >10 mAh crawith stable cyclability for Si anode. When sucBiaanode
was paired with the lithium-rich manganese-basadi¢h) cathode, the full LIB in
soft pack exhibited a gravimetric energy density>800 Wh kg'. Furthermore, the
interweaving hard and soft polymers strategy wa® aéconfirmed exploring other
polymers such athermoplastic polyurethane (TPU) and styrene batalistyrene (SBS),
and electrode materials with high volume changas, €e0O3 and Sn. The resultant
anodes displayed high areal capacities and lonkg d§espans. Therefore, we believe
that this proposed strategy can arouse the newgrdesi robust binders for large-
volume-variation electrode materials for high-eyedgnsity LIBs.

Structural design and electrode fabrication
A polymer is commonly synthesized by polymerizingg imonomer under certain
conditionst3®! From this point of view, the composite binder witl3D-IBN structure can be

constructed byn-situ polymerization of one monomer in the frame workstber polymeis!
4



WILEY-VCH

Meanwhile, the synthesis of the 3D-IBN compositeder can be integrated with the
fabrication of the electrode, simplifying existirdectrode manufacturing in LIB¥! To
elucidate the effect of the proposed strategy @bilsting the Si anode with high areal
capacity, we intentionally chose hard and soft p&lys without carboxyl groups to minimize
the contribution of hydrogen bonds to improving leyg performance. In addition, the hard
and soft polymers were also required to be low-aastabundant for scaling up.

Based on this structural design for the binder elettrode, a suitable monomer is a
priority. FA is a soluble industrial derivative Wiexcellent wettability for Si powder (Figure
S1, Supporting Information). Under the catalysisogélic acid, liquid FA monomer easily
undergoes a self-polymerization reaction to foriff &FA resin (Figure 1834, When FA
was swollen in an elastic hydrogel, such as PVAYFé 1b), the composite glue was readily
obtained. Withn-situ polymerization of FA in composite glue, a compediinder with a 3D-
IBN structure is formed on the surface of Si p&8cas shown in Figure 1la. Both the PFA
and PVA materials have no carboxyl groups (Figu& Supporting Information). The
resultant PFA only has inert ketone groups, whichs wonfirmed by XPS examination
(Figure S3, Supporting Information). PVA with hyayb groups forms a lower molecular
force between hydroxyl groups of PVA and Si paetclcompared with the PAA with
carboxylic group$®®! The resultant PFA and PVA have no chemical bomisehhanced
affinity in each other. Therefore, chemical bonésween the binder and Si particles as well
as between binders are maximally avoided, aimirgjuatidating the mechanical influences of
the composite binder on the longevity of the Sidmoln addition, PFA and PVA have
excellent electrochemical stabilities from 0.012t06 V (Figure S4, Supporting Information),
suggesting that their combinations are also sutabbe applied for the Si anode.

The Si particles with 100 nm (Figure S5, Supportmgrmation) were used to fabricate
the Si anode with high areal capacity. The arepaciies of all Si anodes were fixed at over

3.0 mA cn?. The content of binder in the Si anode was fis¢da. 20 wt.%, which was
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identified by TGA analysis (Figure S6, Supportingformation). Scanning electron
microscopy (SEM) and transmission electron micrpgcdTEM) are suitable tools to
characterize microstructure and morphology forsgémples. The Si anode with highly porous
structure is clearly observed in Figure 1c. Highbrous microstructure not only allows the
infiltration of organic electrolyte in the Si angd® especially for high mass loading, but also
offer a buffer to relieve the volume expansion. rehes no phase separation between the
composite binder and Si particlehe TEM image (Figure S7, Supporting Information)
confirms a conformal composite binder coating fboe tSi particle due to the in-situ
polymerization discussed abqveuggesting their excellent compatibility between add
binder34 Such an intimate coating of the PFA/PVA matrix &irparticles is favorable to
isolate direct contact between Si particles andmig electrolyte as well as enable the Si
particles even if cracked during repeated cyclesetmain connected to the conductive
matrix [31]
Electrochemicaltests of the Si anode using PFA/PVA composite biad

The effectiveness of the PFA/PVA composite bindethe electrochemical performance
of Si anodes was examined with half-cell measureésneising Li metal as the counter
electrode at the voltage range from 0.01 to 1 \fe&€lcomposite binders with different ratios
of PFA and PVA were investigated for Si anodesufdg2a shows initial charge/discharge
curves of Si anodes using different composite bimag a current density of 100 mA' g
(normalized to the weight of the electrode). Th8sanodes have similar discharge platforms
at 0.1 V, corresponding to massive insertions obhis[*! and charge sloping plateaus from
0.1 to 0.6 V for delithiation reactidt?! which are consistent with the curves of CV
measurement (Figure S8, Supporting Informati@ijarge specific capacities of the Si anodes
using 1F3V, 2F2V, and 3F1V binder are 2692.6, 282&nd 2916.5 mAh ¥, corresponding
to the coulombic efficiency (CE) of 67.3%, 78.5%da79.9%, respectively, as shown in

Figure 2aGenerally, for the initial charge/discharge of 8ieanode, the formation of the SEI
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layer occurs with the decomposition of organic tdgte on the surface of electrode, leading
to irreversible capacity loss and low &E.The initial CEs of all three Si anodes are lower
than that of reported cases (Table S1, Suppontifagrhation). It may be attributed to the lack
of hydrogen bonds between Si and composite binghich have been demonstrated for
enhancing the initial CE® In addition, all Si anodes using different comp®diinders are
expected to deliver the areal capacities of >3.0am& (Figure S9, Supporting Information).
The abilities of binder in stabilizing cycling perfnance of Si anode are importance
when involved with practical applications. As shownFigure 2b, all the Si anodes using
different binder combinations continues to be chdrgnd discharged at the current density of
100 mA g The Si anode using 3F1V binder shows the bedingyperformance among
three samples. Furthermore, using hard or softdsiatbne for high-mass-loading Si anode is
barely to make a satisfactory cycling performarkigyre S10, Supporting Informatiorijate
capability of the Si anodes with different bindentbinations was also investigated, as shown
in Figure 2c. Among these Si anodes, the 3F1V biatlk exhibits a better ability to maintain
the rate capacity of the Si anode, compared witierobinder combinations. At the current
density of 100 mA g, the Si anode using the 3F1V binder can chargeifgpeapacity ofca.
1500 mAh ¢. With return to the current density of 200 mA, ghe charge specific capacity is
recovered to ca. 2128.5 mAht.gOur results have demonstrated this balance fff asti
elastic components in binder combination is of giegortance to achieve high strength
bonding for the Si anode. The optimized binder cimatiion of 3F1V can enable high areal
capacity of Si anodedNoting that CE is obtaineda. 99.3% in corresponding cycles,
indicating stable formation of the SEI layer on theface of Si anode. Although such CE is
not satisfactory based on the industrial lore (8:4849.5%), the CE of the Si-based anode
can possibly be increased to 99.96% when combinéid aarbon coating for Si particles,
enabling the 80% retaining capacity of full celieaf500 cycles (0.999%=81.9%). However,

this is not the focus of this work. In contrast, ateempted to emphasize the tuning ratios of
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hard PFA and soft PVA for stable cycling of the &ode, where elastic modules
accommodate the volume variation of Si particled stiff modules strengthen the electrode
structure., of which the main reason has been sedlin the above introduction.

Normally, two electrodes of a battery are the Hostcarrying charges. High energy
density of a battery requires the electrode willrge number of charges. Therefore, the areal
capacity is an important index to determine thaltoapacity per electrode and consequently
the energy density of a battery. Developing highdiag electrodes is an effective way to
increase areal capacity. Relying on high areal @gpdhe electrode can store more energy in
unit area, which is beneficial to increase the gyelensity of a batteryfThe mass loading of
Si anode was continuously increased (Figure 2d)lewhe effect of the 3F1V binder on the
Si anode with high areal capacity was further itigased. When the mass loading of the Si
anode is increased up to 3.8 mg &nthe Si anode delivers an areal capacity of overAh
cm t at the current density of 100 mAlgAs initial areal capacity of the Si anode incesas
to 10 mAh cm?, the Si anode still exhibits a stable cycling parfance of 50 cycles. Such
high areal capacity far exceeds that of today'®hibatteries.

In a prolonged cycling characterization with a eatrdensity of 300 mA §, the Si
anode delivers an areal capacity of 1.9 mAhIcat the beginning and maintains an areal
capacity of 1.4 mAh cm after 300 cycles, corresponding to the capacigntéon of 73.6%
(Figure 2c). High CE ofa. 99.3% indicates that the SEI layer is stable, teaesnfirming the
role of 3F1V binder with cooperative mechanicalligbifor long-term cycling stability in
high mass loading, despite no contribution of hgero bonds between Si and binder. The
replacement of the Li metal counter electrode tsemsary due to its degradation at high areal
capacity, leading to decay in cycling performah&elThe achievement of high-energy-density
LIBs is enabled by the Si anode using the 3F1V dind herefore, tuning mechanical
properties of binders is proved to effectively dtab cycling performance of the Si anode

with high areal capacity.
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The Si anode for LIBs over 300 Wh kgt

We have demonstrated that a binder combinationFaV3 which is designed based on the
hard and soft polymers strategy, effectively staéd the cycling performance of the Si anode
with high areal capacity. Such high areal capawitth sufficient cycling performance is
essential for robust operation of high-energy-dgrdiBs. In this aspect, we assembled a full
battery consisting of a Li-rich cathode and a Side The Li-rich cathode was fabricated by
using traditional PVdF binder, while the Si anodedirobust 3F1V binder. The soft pack of
the LIB has a weight ota. 5.69 g, including cathode materials, anode mdserzurrent
collector, electrolyte, separator, plate lugs amdhanum-plastic film (Figure S11, Supporting
Information). The activated process of the softkpaas performed by the galvanostatic test
with charge/discharge curves (see Figure S12 inSingporting Information). The full cell
still undergoes an irreversible process in theiahitycle for the growth of SEI film,
corresponding to the initial CE of 47.9%. This GBbviously lower than that in the half cell,
which is due to the design of 10 wt.% excess c@ypatithe Si anode over the Li-rich cathode
to avoid overdischarge for battery safety. Aftetivation, the soft pack was charged and
discharged with constant current density at 0.5t& charge/discharge profiles are displayed
in Figure 3a. The soft pack exhibits excellent eggbility in terms of charge/discharge curves
and delivers a reversible capacitycaf 500 mAh with an average CE of ca. 92% (Figure 3b)
The full cell has an average discharge voltageaoB.5 V (Figure 3c) and therefore yields an
energy density of 308 Wh Keat the first cycle. After 35 cycles, the energynsity is still 284
Wh kg! (Figure 3d). Both decelerating voltage dé&and reducing reversible capacity are
responsible for this decline in energy densitywf EIBs in soft pack. With cycle increases,
the soft pack suffered serious flatulence (Figufie3,SSupporting Information)The gas
evolution is attributed to the utilization of Lieh cathod&®! and electrolyte additives of
fluoroethylene carbonate (FE&)38] and thereforeand therefore, we stopped the test for

safety concerns.
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In order to find out the reason, we dissembledftitlecell to observe the Li-rich cathode
and Si anode, as shown in Figure S14. There igasiure and delaminate from the current
collector, indicating that this 3F1V binder is d&an scale Si anode. The Li-rich cathode is
replaced by the NMC(532) material, which is a conuiadized cathode materials with good
cycling performance. The cycling performances ofl fecells based on NMC/Si and
NMC/Graphite are shown in Figure S15. The NMC/SI @ell has a satisfactory cycling
performance over 100 times, which is much closéhad of the NMC/Graphite full cell. It
demonstrates that the 3F1V binder in scale Si aedfit@ently improves cycling life. Given
the fact that the specific capacity of NMC cath¢t@0 mAh g?') is lower than that of Li-rich
cathode, the energy density of the NMC/Si full ¢elbnly ca. 220 Wh kg?. Therefore, the
flatulence should be due to side reactions, he.oixygen evolution of Li-rich cathode at high
potentialP® and the decomposition of organic electrolyte at mltage for the Si anoéf@ 47l
These problems for high-energy-density LIBs neeldet@ddressed in the near future.
Understanding the hard and soft polymer strategy irbinder design for the Si anode
The Si active material is well known for high Lesage performance with large volume
expansion The cumulative volume expansion of Si particlesdito the swelling of the
electrode, which is significantly exacerbated bgréased mass loading of the Si anode. To
conquer these problems, we propose the hard ahgagmer strategy for the binder design,
where hard and soft polymers are interlocked tstant a 3D network binder which not only
accommodates volume variation of Si particles ety the elastic module, but also
strengthens the electrode structure based on tifiensidule as the skeleton to control
swelling[” 19. 411

To understand the effectiveness of this strategy fivgt used the nanoindentation with
scanning probe microscopy (SPM) to evaluate thehar@cal properties of the resultant Si
anodes. Displacement control mode was adoptedmgtigim 100 to 1200 nm. The measured

hardness and reduced modulus were the averagedtrdeast 10 indentations. The average
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reduced modulus and hardness for different PFA/Bifiler combinations for Si anodes are
shown in Figures 4a and 4b, respectively. The ®idanusing PFA binder exhibits high
reduced modulus and hardness in contrast to otketr@des, which tend to be brittle and
fracture under high stress. In contrast, the PVAdér exhibits a relatively low reduced
modulus, indicating a large deformation at low ssré/Nith the combination of hard PFA and
soft PVA, the 3F1V binder exhibits a moderate redumodulus and hardness, demonstrating
that there is a trade-off between the stiffnesssarfithess in the design binder the Si anode.
When implementing Si anodes into full cells, eled& swelling is a key challenge. To
elucidate the effect of the composite binder oftriag the swelling of the Si anode, change
in the thickness of the Si anode was investigate8BM [ All the Si anodes are tested with
similar initial charge capacities of ~3.0 mAHR gnd without calendaring. The thickness of the
Si anodes using different binder combinations at first cycle was measured at different
states, such as the origin state, the lithiatet@ $tély discharged to 0.01 V, and the delithiated
state fully charged to 1.0 V. The pristine Si anodeng 3F1V has an average thickness of
18.7 um (Figure 4c). The thickness of the lithiaBdanode using 3F1V is 40.6 um (Figure
4d), and decreases to 21.7 um (Figure 4e) in thehidéed state. Figure S16 in the
Supporting Information shows the cross-section SHlsiges of Si anodes using other binder
combinations. The swelling rates at initial liti@edtand delithiated state are shown in Table S2.
The lithiated and delithiated swelling rates of 8ieanode using 3F1V binder are 117% and
16%, which are superior to those of other PFA/PMAdbr combinations, suggesting the
most stable SEI formation for the Si anode is \8if1V binder.Even after the 20 cycles, the
swelling rate of the Si anode using 3F1V bindehe smallest among all the samples (Figure
S17 and Table S3, Supporting Information). As f@ pure PFA binder, the crack of the Si
anode fractures at initial charge/discharge proee@kigure S18, Supporting Information).
Our results have demonstrated this balance of atitf elastic components in binder

combination is of great importance to achieve tsghngth bonding for the Si anode. Lacking
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of the mechanical stiffness in the samples of 488\ and 2F2V leads to the inferior cycling
lifespan due to the increasingly serious electmaelling. In contrast, The Si anode using 4F
binder easily cracks within several cycling. Suclpreenomenon is mainly resulted from
lacking of the mechanical flexibility. Therefordiet optimized binder combination of 3F1V
can enable high areal capacity of Si anodes. Intiadd TEM also confirms that the Si
particles appear to be broken after 100 cyclestduepeated large volume charge. However,
as we designed, these broken Si particles arecstiffined inside the binder matrix without
losing electrical contact (Figure S19, Supportimgotmation). On one hand, the stiff
framework of poly(furfuryl alcohol) can constrainet volume variation of Si particles, as the
previous demonstration using phenolic resin. Ondtier hand, elastic PVA component in
binder combination plays a critical role on relimyithe internal stress from particle volume
change as well as making pulverized Si particledeszed together during cycling.

Generally, the formation of stable SEI film can noye cycling performance of the Si
anode. XPS is an effective tool to gain an insighad tiny changes on the surface of the Si
anodée?! Figure S20 shows the XPS results of Si anodes different PFA/PVA binder
combinations. The 3F1V binder has less carbondttéosened on the surface of the Si anode
compared with other PFA/PVA combinations. This aadés reversible cycling with less
pulverization of Si particles during repeated aygliresulting in a less growth of SEI film.
The newly exposed surfaces of pulverized Si padicdonsume more electrolyte for the SEI
formation. Given that cracks are unavoidable duaygjing, the 3F1V with 3D-IBN structure
can maximally reduce successive growth of the 3Bl én the surface of Si particles, thus
improving long-term cycling performance.

Electrochemical Impedance Spectroscopy (EIS) is afs effective tool to characterize
changes in the SEI film through the impedance tiaricbefore and after cycling (Figure S21,
Supporting Information). After the activation prese the Si anodes with different binder

combinations exhibit a similar semicircle diametsiter 50 cycles, all the Si anodes have an
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increase in semicircle diameter, indicating thewghoof the SEI film. The Si anode with
3F1V binder exhibits a smaller increase, comparét those using other PFA/PVA binder
combinations. Generally, the electrode with a laggmicircle diameter represents a higher
interfacial resistanc@?! which indicates sustained electrode destructiever® pulverization,
and conducting degradation, as in the case of dmdtion of new phase. These results
illustrate that 3F1V binder with suitable mechahigeperties of the composite binder can
stabilize SEI formation with improved longevity ftire Si anode.

Generalization to other polymers and electrode matéals

To further reveal the universality of the propost@tegy in this work, other polymers were
also selected for binder combinations. Thermoplgstilyurethane (TPU), for example, is a
common elastomer with highly stretchable and eldsthavior. The combination of hard PFA
and soft TPU was implemented for Si anode (Figuag Fhe composite binder with an
optimized ratio of 75 wt.% PFA and 25 wt.% TPU dits a remarkable ability to stabilize
the Si anode with high areal capacity of 6.5 mAh?amer 50 cycles. The CE is maintained
at ~99.1%. Similarly, styrene butadiene styreneSBB also an elastomer, and combined
with hard PFA for the composite binder. The Si anading the composite binder containing
50 wt.% PFA and 50 wt.% SBS (2F2S) delivers a higtal capacity of >3.5 mAh cfrover

50 cycles (Figure 5b).

As for other electroactive materials with high sfieccapacities and large volume
expansions, such as Sn and®= the composite binders based on the hard angsbftners
strategy also effectively stabilize their electrectical cycling. For example, Figure 5¢ shows
electrochemical cycling of commercialized Sn pow(fégure S22, Supporting Information)
using 3F1T binder. The areal capacity of Sn anadeesed over 1.0 mAh crhafter 100
cycles. The average CE t&. 99.5%. In addition, the E®; anode was fabricated using
commercialized F©s with bulk particles (Figure S23, Supporting Infation) and 3F1T

binder. The areal capacity of the-Be anode also achieved over 2 mAh-€nas shown in
13
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Figure 5d. The E©®s; anode was examined over 100 cycles and capadintien rate is
almost 100%. In fact, commercialized anode powdétts bulk particles are more susceptible
to pulverization during the cycling process compavéth their nanoparticle counterparts,
indicating a robust ability of these composite leirgdin stabilizing large volume changes.
Moreover, we also attempted to decrease the bouwigent in the electrode. For example,
we reduced the binder content to 15 wt.%, 10 wifb B wt.% in Si anode, of which results
are shown in Figures S24-S26. The 3F1V binderfecg¥e to bond the Si anode. Even the
binder content reduced to 10 wt.% in Si anodesgcileéing performance is maintained over
40 cycles. The areal capacity is readily achiev&@ mAh cm? The specific capacity of
whole Si anode is ca. 1500 mAh%gwhich is four times therotical capacity of graghi
However, when the binder content is reduced to.%wthe Si anode exhibits a quick decline
in cycling performance. This binder content of 5%tin the Si anode cannot maintain its
cycling lifespan.Through the above examples, the generalizatiohisfstrategy is confirmed
based on commonly used hard and soft polymersesids: This strategy offers a new route
for low-cost fabrication of electrode materials tlwitigh areal capacities to advance high-
energy-density LIBs.
Conclusions
In conclusion, high-loading Si anodes with highadwreapacity are achieved through
interweaving hard PFA and soft PVA for a compositmder. The utilization of a
polymerizable monomer in the gel of the other payranables the establishment of a 3D-
IBN structure for the composite binder. The comboraof PFA and PVA binder with an
optimized ratio enables the highest areal capaoftyl0 mAh cn? and long cycling
performance of over 300 cycles, assisting the gneegsity of LIBs with over 300 Wh Kg
Meanwhile, other hard and soft polymer combinatiaiso effectively stabilized the high
specific capacity with large volume changes. Theseilts demonstrate that the strategy of

interweaving hard and soft polymer for building BMding network is simple, effective, and
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universal. Compared with traditional strategiesngdiydrogen bonds, this new strategy can
potentially reduce manufacturing costs and simghidiyrication processes, as well as provide
more possibilities for identifying new binders tdvance the practical application of high-
energy-density rechargeable batteries. The perfocsmametrics of the Si-based anode
including electrode density, volumetric capacitycling lifespan, and CE in each cycle are
expected to be further improved when combined Wwiitirogen bonds and carbon coating for

the Si anode, thus significantly advancing highrgneensity of LIBs in the near future.
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Figure 1 Electrode design and fabrication: (a) Schematisitation of the Si anode using the
hard and soft composite binder. The 3D network th@sehard and soft polymers conformally
coats Si particles for stable cycling performantarmde. The big balls represent Si particles
with different state: (1-2) initial state, (3) lithed state, (4) delithiated state; The small ball
represent condutive additives; Red and blue linegresent hard and soft polymers,
respectively. Blue lines relieves the volume chaofy8i particles and red lines stabilize the
anode swelling. (b) Tensile test of PFA and PVAn§l (c) SEM images of the surface of the
Si anode using PFA/PVA composite binder. The sbates 200 nm.
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Figure 2 Electrochemical performance of the Si anode usig/PVA binders with different

combinations: (a) Initial charge/discharge profifes the Si anode using 3F1V, 2F2V, and
1F3V binders; (b) Cycling performance the Si anodieg 3F1V, 2F2V, and 1F3V binders at
current density of 100 mAg (c) Rate capability of the Si anode using 3F1%¥2¥2, and

1F3V binders; (d) Cycling performance of the Si@dmasing 3F1V binder at different mass
loadings at current density of 100 mA;de) Long-term cycling of the Si anode using 3F1V
binder at current density of 300 mA.g
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Figure 3 Electrochemical performance of the full LIB usinget Si anode: (a) The
charge/discharge profiles at the C/2 rate. (b) @ggberformance at the C/2 rate. (c) Average
discharge voltage. (d) Energy density based onviight.
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Figure 4 Structural characterization of Si anodes usingedsfit binder combinations: (a)
Hardness and (b) reduced modulus of Si anodes different binders obtained from
nanoindentation tests. (c-e) SEM characterizatfonshe electrode swelling of the Si anode
with the 3F1V binder: c, fresh electrode beforeliogg d, fully lithiated electrode after thé'l
discharge; and e, fully delithiated electrode aifter Bt charge.
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Figure 5 Electrochemical behaviour of other binder combvaifor Si, Sn, and E@z; anode
at 100 mAh d¢. a, Optimized 3F1T binder combination for the 8ode. b, Optimized 2F2S
binder combination for the Si anode. ¢, Optimiz€d B binder combination for the Sn anode.
d, Optimized 3F1T binder combination for the®Geanode.
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A universal strategy, i.e. interweaving hard and golymers to construct 3D network binder,
is proposed to enable high areal capacities oh8des with excellent cyclability in lithium-
ion batteries. The soft elastic modules accommati@t&olume variation of Si particles while
stiff modules offer mechanically strong electrodanieworks. This strategy can provide a
new route for the design of robust high-energy-derishium-ion batteries.

Keywords: 3D network binder, hard and soft polym@&isanode, high areal capacity, lithium
ion batteries

Interweaving 3D network binder for high-areal-capadty Si anode through combined
hard and soft polymers
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Interweaving 3D network binder for high-areal-capacdty Si anode through
combined hard and soft polymers

Tiefeng Liu, Qiaoling Chu, Cheng Yan, Shanqging ghaian Liri and Jun LU

Experimental
Syntheses of the Si anode

Si powder with particle size of 100 nm, super Pduanive carbon, and composite glue
containing PVA and FA with a mass ratio of 6:2:2revenixed in deionized water to form a
homogeneous slurry. An appropriate amount of oxadid was added to the above slurry with
further stirring for 5 mins. The function of oxabeid is to catalyse the in-situ polymerization
of FAL 2 The slurry was coated onto the current colleciara common doctor-blade coating
method. The Si anode was prepared heating at 146r°Chour for in-situ polymerization of
liquid FA monomers to form solid PFA resin. To opize the ratio between the hard PFA
and the soft PVA in composite binder, different gaments were designed including 75 wt.%
PFA/25 wt.% PVA, 50 wt.% PFA/50 wt.% PVA, 25 wt.9%/&R75 wt.% PVA, which were
denoted as 3F1V, 2F2V, and 1F3V, respectively. Mdgle, the pure PFA and PVA binders
were prepared, which were denoted as 4F and 4yecésely.

Similar to the synthesis of PFA/PVA composite bindboth TPU and SBS were
dissolved in organic solvents to form host polynget. Subsequently, FA monomer was
infused into the host polymer gel and polymerized form PFA/TPU and PFA/SBS
composite binders. The best ratio of 75 wt.% PFA 36 wt.% TPU was used for the Si
anode, which was denoted as 3F1T. The best ratiDoft.% PFA and 50 wt.% SBS was
used for the Si anode, which was denoted as 2FR#HeASi anodes were prepared at 140 °C

for 1 hour. As for the Sn and & electroactive materials, the 3F1T binder was used
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stabilize their cycling performance. The fabricataf the Sn and E©&z;anodes was similar to
that of Si anode. The as-prepared Sn an@fanodes were heated at 100 °C for 1 hour.
Assembly of half-cells and full cells

To assemble coin-type half cells, the working etab¢s without calendaring were fabricated
by cutting out round disks with a 12 mm diameted &mther dried overnight (9 hours) to
remove moisture. The coin-type cells were assembladglove box filled with pure Ar. A Li
foil and a polypropylene micro-porous film (Celg&4i00) were used as the counter electrode
and the separator, respectively. EC/DEC/FEC-baskd:0(25 by volume) electrolyte
containing 1 M LiPE was used.

To assemble full cells in soft pack, lithium-richanganese-based cathode, which was
synthesized referring to the previous wérkhe electrode size of Li-rich cathode and Si
anode were fabricated with length of 50 cm and vft 5 cm. The areal mass capacities of
cathode and anode were designed over 3.5 mAh @rganic electrolyte of full cells in soft
pack was the same as that of coin-type half cells.

Materials characterization

Scanning electron microscopy (SEM) images were ieedjwsing a field emission scanning
electron microscopy. Transmission electron micrpscflrEM, Hitachi H-9500) was used to
investigate the morphology and structure of the gasat 300 kV. XRD patterns were
recorded on a Rigaku D/MAX-2550-PC X-ray diffracteter with Cu K radiation ( = 0.154
nm). TGA was performed on a Pyris 1 TGA (Perkin &mSystem under air flow (50—
800 °C, 10 °C min). X-ray photoelectron spectroscopy (XPS) was aeguiusing an
ESCALAB-250Xi X-ray photoelectron spectrometer (ftheFisher, UK) operating at an Al
K radiation source, with an energy resolution of \1 fer the survey and 0.6 eV for
individual characteristic peaks. In nano-scratshstea conical probe with 5 um tip radius was
used to scratch over the sample surface to obt&iioh coefficient information. During the

scratch process, the load was kept constant as R08Ad scratch length was 10 m. The
26
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indentation test was done using the same prober wadérolled load with maximum force of
500 N. Tensile test of PFA and PVA films carried atia strain rate of 1.5 mm minhrough
Universal material testing machine (Zwick/Roell 2)2

Electrochemical test

To evaluate electrochemical performance, a galvatioscharge-discharge cycling test was
carried out using LAND battery cycler (China) beéned.01 and 1.0 V. Cyclic voltammetry
(CV) measurement of the electrode was recordededacirochemical work station (Solartron
1470E) between 0.01 and 2.0 V at a scan rate ofn/1s'. Electrochemical impedance
spectroscopy (EIS) of the electrode was recordea GYHI660E electrochemical work station
with amplitude of 5 mV in the frequency range 00D.Hz-100 kHz. All the potentials
presented in this study were quoted versus thei*Lgtale. All the tests were performed at
room temperature (25~3C).

As for the full cell in soft pack, the constant @t charging process was first performed
until the cut-off voltage of 4.6 V and following stant voltage charging state for 0.5 hour,
enabling maximum de-insertion of lithium from therlch cathode, and the constant current
discharging process was performed until the cutwafitage of 2.0 V. Subsequently, a
galvanostatic charge-discharge cycling test wasethout between 2.5V and 4.6 V.
Calculation of swelling rates:

Swelling rates at lithiated states were calcul&@i@sed on the following equation (S1):

(S1)

Swelling rates at delithiated states were calcdldtased on the following equation

(S2):

(S2)
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(a) (b)
e

FA liquid

Si powder

Figure S1(a) Optical image of FA liquid and (b) the contangle of FA liquid on Si powder.

Tiny contact angle suggests full wettability of F&k Si powder.
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Furfuryl alcohol Poly ( furfuryl alcohol )

o
OH

Polyvinyl alcohol

Figure S2(a) Chemical structures of FA and PFA. In-situ polyrmation of the FA monomer

occurs under the oxalic acid at 140 (b) Chemical structure of PVA.
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Figure S3XPS survey of pure PFA binder: (a) XPS spectrum (@pdhigh resolution of C 1s

XPS spectra. The hydroxyl groups come from tinydwess of oxalic acid. The oxalic acid
gradually decomposed during a subsequent dryincess
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Figure S4 CV curves of (a) PFA and (b) PVA films with neghig currents in the voltage
range of 0-2.0 V, suggesting good electrochemiediikty without capacity contribution.
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Figure S5 Characterizations of commercialized Si powder.XBD spectrum and (b) SEM
image. The scale bar is 200 nm.
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Figure S6 The TG curves of the Si-3F1V anode from 50-8G0with 10°C mint! in the air.
The weight loss from the binder and conductive @k was identified asa. 40 wt.%.
Therefore, the Si content in the Si anodes ea$0 wt.%. According to the weight ratio of
Si and Super P conductive additives (6:2), the drirntent in Si anode was 20 wt.%, which

is consistent with the experiment.
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Figure S7 TEM image of the Si anode: The 3F1V composite hincenformally coats

spherical Si particles.
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Figure S8CV curves of the Si anode using 3F1V binder invbkage range of 0-1.0 V.
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Figure S9Areal capacity of the Si anode using PFA/PVA bisdeith different combinations.
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Figure S10Electrochemical cycling of the Si anode using so(a) PFA or (b) PVA binder.
Under solely PFA or PVA binder, the Si anode wiighhareal capacity shows a serious
capacity loss with cycling, suggesting that soRBA or PVA binder is unable to stabilize the

Si anode with high areal capacity.
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Figure S11The weight of the soft pack assembled with theitlircathode and the Si anode.
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Figure S12The initial charge/discharge curves of the fulll @elsoft pack assembled by the

Li-rich cathode and the Si anode at 0.05 C, whiak wormalized to the Li-rich cathode.
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Figure S13 Optical image of the full cell after 35 cycles. Thdl cell shows a serious

inflation phenomenon, potentially leading to thedtimg of the battery with associated safety
concerns. The flatulence of the full cell is caubgdnany factors, such as the decomposition
of electrolyte salt, the by-produced reaction ajamic solvent, and the oxygen evolution of

the Li-rich cathode at high potential.
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Figure S14The disassbly of cycled full cell: (a) the Li-richthode and (b) the Si anode. The

bar is 5 cm.
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Figure S15The cycling performance of the full cells based\WC/Si and NMC/Graphite.
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Figure S16SEM images of the Si anodes using different birmdenbinations. (a-c) 4V, (d-f)
1F3V and (h-k) 2F2V. The bar is 10 pm.

43



Figure S17SEM images of the Si anodes using different birdenbinations after 20 cycles.
(a-b) 4V, (c-d) 1F3V, (e-f) 2F2V and (h-g). The @d0 pm.
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Figure S180pticalimages of the Si anode using pure PFA binder. Hnasbl cm.
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Figure S19 TEM image of the Si anode after 100 cycles: Th&\BFcomposite binder
conformally coats cracked Si particles.
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Figure S20XPS spectra of Si anodes using different binder contlwna in in Cl1s, O1ls, and
F1s branches after the "l@elithiation cycle at 0.2 C. In the C1s brancle #pectra of the
3F1V exhibit a lower peak at around 290 eV corresipny to ROCGLI and Li2CGOs. The
distinct results of other samples indicate morenifitant decomposition of ethylene
carbonate and diethyl carbonate, leading to thendtion of a SEI layer with a relatively
larger amount of organic components. In Ols anddrdisches, the spectra of the 3F1V show
more pronounced peaks corresponding to LiF an@ lafter the 19 delithiation, which are
known to be formed near the surface of Si activeensd. The SEI layer bearing a larger

amount of these components is suggested to be aroase and thinner.
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Figure S21EIS spectra of the Si anodes with different bincanbinations. (a) before and (b)
after the 50 cycles. The semicircles of the diffédginders indicate the SEI formation on the

surface of Si particles. The 3F1V binder enablestimimum semicircle.

48



Figure S22 Characterizations of commercialized Sn. (a) XRDcspen and (b) SEM image.

The scale bar is 10 pm.

49



Figure S23 Characterizations of commercialized,Be (a) XRD spectrum and (b) SEM

image. The scale bar is 1 pm.
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Figure S24 The electrochemical performances of Si anode uktngt.% binder: (a) Cycling
performance and (b) Areal capacity curves.
Noting: Si powder, super P and binder were mixambeting to three mass ratios of 70:15:15.
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Figure S25The electrochemical performances of Si anode uBingt.% binder: (a) Cycling
performance and (b) Areal capacity curves.
Noting: Si powder, super P and binder were mixembating to three mass ratios of 80:10:10

52



Figure S26.The cycling performance of Si anode using 5 wtifalér.

Noting: Si powder, super P and binder were mixemeting to three mass ratios of 90:5:5.
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Table S1.Comparison of Si anodes with areal capacities >3 2.

Electrode Areal Specific capacity ~ Specific capacity  Highest
Types of composition mass mAh g1 mAh g1 Areal
Binders P loading (normalized to (normalized to Capacity
and ICE ) . . 2
mg cnt active materials) total electrode) mAh cm
Si:CB:binder
2200 iti
This work =60:20:20 2~5 @ LOAG, 60" 1320 1% ((Ig(ljt%al)
ICE: 78.9% ' ’
PEDOT:PSS' Sl: 8B(I)n§§r 0.4~1.5 1927 @ 2A g, 100 1547 3
. - . s e B _ h
ICE-78 % 2186 @ 0.5 Ag,100 1749
Si: CB:
Binder
-g- 5 -
PVDF-g-PIBA®  _c0.50.50 2 1635 @ 5C, 30 981 3.2
ICE:
DAAPUAS ngg :Zb(;'_";; ' » 2283 @ 1C, 100 1370 i3
- - . . . N h .
ICE: 83.9% 1800 @ 4 A ¢, 50 1080
SiO: Binder:
Cal':; ﬁg"e;n . =90:10  1.32-3.39 1000 @ 0.1C, 150 900 35
9 IcE62%
SiO: Binder:
PEDOT:PSS —90:10 1660 @ 0.84 A, 1500
+HVAA 8 =90 2 200" 5.13
ICE:~80%
_ Si: Binder
iEggIFf’SgS = 80: 20 ] 1840@ 1.0A g, 60" 1472 4.0
ICE:~82%
PAA-P(HEA- ngg ;b(;hfg r 26 2394@1A ¢, 200" 2156 4
_ - . . - R h
co-DMA) ICE: 89.3% 1855@5 A ¢, 200
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Table S2.Calculations of swelling rates at initial lithiatathd delithiated states for different

binder combinations.

Samples 4V 3VIF 2F2V 3F1V 4F
Swelling rate 0 o o i
at lithiated state 213% 178% 155 117%
Swelling rate 30% 49% 26% 16% i

at delithiated state
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Table S3.Calculations of swelling rates at ®(ithiated and delithiated states for different

binder combinations.

Samples 4V 3V1F 2F2V 3F1V 4F

Swelling rate 0 o 0 N )
at lithiated state 231% 213% 170% 119%

Swelling rate 94% 85% 93% 81% :

at delithiated state
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