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Abstract 

Si anode suffers an inherent volume expansion problem. The general consensus is that 

hydrogen bonds are preferentially constructed between binder and Si powder for enhanced 

adhesion and thus improved cycling performance, while there are few cases in understanding 

the contribution of binder’s mechanical properties. Herein we propose a simple but effective 

strategy, combined hard/soft polymer systems, to exploit a robust binder with three-

dimensional interpenetrating binding network (3D-IBN) via an in-situ polymerization. The 

3D-IBN structure is constructed by interweaving a hard poly(furfuryl alcohol) (PFA) as the 

skeleton with a soft polyvinyl alcohol (PVA) as the filler, buffering dramatic volume change 

of the Si anode. The resulting Si anode delivers an areal capacity of >10 mAh cm-2 and 
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enables an energy density of >300 Wh kg-1 in a full LIB cell. The component of the 

interweaving binder can be switched to other polymers, such as replacing PVA by 

thermoplastic polyurethane (TPU) and styrene butadiene styrene (SBS). Such a strategy is 

also effective for other high-capacity electroactive materials, e.g. Fe2O3 and Sn. This finding 

offers an alternative approach in designing high-areal-capacity electrodes through combined 

hard and soft polymer binders for high-energy-density LIBs. 

Introduction 

The energy density of over 300 Wh kg-1 is considered as a benchmarking milestone for next-

generation lithium-ion batteries (LIBs) for electric vehicles.[1] To pursue such high energy 

density, considerable efforts have been devoted to the development of high-capacity electrode 

materials.[2] Si, with a theoretical specific capacity 10 times higher than that of graphite (4200 

vs. 372 mAh g-1), is the most promising anode material for high-energy-density LIBs.[3-5] 

However, Si suffers from extremely large volume changes, i.e. 300-400%, during 

charge/discharge, resulting in the disintegration of the anode and the failure of 

electrochemical cycling.[6] This situation becomes more serious when the mass loading of the 

Si anode is further increased for the areal capacity close to or even beyond commercialized 

3.0-3.5 mAh cm-2.[7] High mass loading trends to result in the cracking and delamination of 

the anode from current collector.[8] This has been a major challenge for the fabrication of Si 

anodes with high areal capacities and long cycling life for high-energy-density LIBs. 

In a typical Si anode, binder is essential to bond active material and conductive additive 

together and keep the electrode film integrated during repeated operations.[9] Recent studies 

show that the cycle life of the Si anode with high areal capacities can be greatly improved by 

the design of robust binders (Table S1, Supporting information).[10-15] Establishing hydrogen 

bonds between the carboxylic groups of the polymeric binder and hydroxyl groups on the 

silicon surface has been a priority since the importance of adhesion strength is clearly verified 
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for the longevity of the Si anode.[16-19] With the increasing mass loading, the binder only 

based on hydrogen bonds is unable to resist against the cracking of high-areal-capacity Si 

anode.[11] Tuning mechanical properties of binder is an important approach for addressing the 

above problem. Polyrotaxanes/PAA[11] and PVA/PAA[20] binders have enabled high areal 

capacities of Si anodes without compromising their cycle life. However, these approaches still 

benefit from the contribution of hydrogen bonds and there is little knowledge to aid in the 

understanding and control of mechanical properties of binders. Therefore, it is desirable to 

develop an alternative method that doesn’t depend on hydrogen bonds much. 

To accomplish this goal, it is important to understand and control the mechanical 

properties of binder in the Si anode. This is extremely crucial to achieving high reversible 

capacity of the Si anode with high mass loading. On one hand, binder with high elasticity 

makes pulverized Si particles coalesced together during cycling and stabilizes the formation 

of solid electrolyte interface (SEI) film, resulting in an improved cycling performance of Si 

anode.[7],[19] Yet, due to the lack of mechanical stiffness, elastic binders alone cannot address 

the problems of Si anode swelling.[21, 22] On the other hand, binders with high stiffness, such 

as phenolic resin[23], polyaniline[24], and sodium carboxymethyl cellulose[25], can effectively 

constrain the volume variation of Si particles and thus achieve controllable electrode swelling, 

but high stiffness is more susceptible to fracture under a critical stress,[8] especially for high 

mass loading. Since the merits of stiff and elastic binders are complementary to each other, it 

is naturally desirable to integrate them into composite binders.  

Inspired by this, herein we propose a simple but effective strategy, combining 

hard/soft polymer systems for building 3D network binder, that enables high areal 

capacities of Si anodes with long cycling life. In the proposed strategy, we intentionally 

weave hard/soft polymer into 3D network cases where each ingredient in the composite 

binder has its own mechanical properties. We introduce the plastic and elastomer 

components from the traditional polymer system,[26, 27] in which the “hard” refers to 
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high stiffness of the plastic and the “soft” refers to high elasticity of the elastomer. 

Two ingredients in the composite binder are indispensable and synergistic—the hard 

ingredient is the framework, bearing the swelling and maintaining the integrity of Si 

anode,[28] which coordinates with the soft ingredient as the buffer to tolerate the large 

volume expansion of Si particles.[29] 

Guided by this strategy, we attempted to construct an effective 3D network with 

high strength by interweaving the “hard” and “soft” polymer chains in the composite 

binder for Si anodes, as shown in Figure 1a. We utilized in-situ polymerization to a 

hard polymer to weave into the other soft polymer network to construct the targeted 3D 

interpenetrating network (3D-IBN) for high-areal-capacity Si anodes. The hard 

poly(furfuryl alcohol) (PFA) and the soft polyvinyl alcohol (PVA) were selected to 

form the composite binder with a 3D-IBN structure. After the optimization of the ratio 

between hard PFA and soft PVA, such a composite binder enabled an initial areal 

capacity of >10 mAh cm-2 with stable cyclability for Si anode. When such a Si anode 

was paired with the lithium-rich manganese-based (Li-rich) cathode, the full LIB in 

soft pack exhibited a gravimetric energy density of >300 Wh kg-1. Furthermore, the 

interweaving hard and soft polymers strategy was also reconfirmed exploring other 

polymers such as thermoplastic polyurethane (TPU) and styrene butadiene styrene (SBS), 

and electrode materials with high volume changes, e.g., Fe2O3 and Sn. The resultant 

anodes displayed high areal capacities and long cycle lifespans. Therefore, we believe 

that this proposed strategy can arouse the new design of robust binders for large-

volume-variation electrode materials for high-energy-density LIBs. 

Structural design and electrode fabrication 

A polymer is commonly synthesized by polymerizing its monomer under certain 

conditions.[30] From this point of view, the composite binder with a 3D-IBN  structure can be 

constructed by in-situ polymerization of one monomer in the frame works of other polymer.[31] 
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Meanwhile, the synthesis of the 3D-IBN composite binder can be integrated with the 

fabrication of the electrode, simplifying existing electrode manufacturing in LIBs.[19] To 

elucidate the effect of the proposed strategy on stabilizing the Si anode with high areal 

capacity, we intentionally chose hard and soft polymers without carboxyl groups to minimize 

the contribution of hydrogen bonds to improving cycling performance. In addition, the hard 

and soft polymers were also required to be low-cost and abundant for scaling up. 

Based on this structural design for the binder and electrode, a suitable monomer is a 

priority. FA is a soluble industrial derivative with excellent wettability for Si powder (Figure 

S1, Supporting Information). Under the catalysis of oxalic acid, liquid FA monomer easily 

undergoes a self-polymerization reaction to form stiff PFA resin (Figure 1b)[32]. When FA 

was swollen in an elastic hydrogel, such as PVA (Figure 1b), the composite glue was readily 

obtained. With in-situ polymerization of FA in composite glue, a composite binder with a 3D-

IBN structure is formed on the surface of Si particles, as shown in Figure 1a. Both the PFA 

and PVA materials have no carboxyl groups (Figure S2, Supporting Information). The 

resultant PFA only has inert ketone groups, which was confirmed by XPS examination 

(Figure S3, Supporting Information). PVA with hydroxyl groups forms a lower molecular 

force between hydroxyl groups of PVA and Si particles, compared with the PAA with 

carboxylic groups.[33] The resultant PFA and PVA have no chemical bonds for enhanced 

affinity in each other. Therefore, chemical bonds between the binder and Si particles as well 

as between binders are maximally avoided, aiming at elucidating the mechanical influences of 

the composite binder on the longevity of the Si anode. In addition, PFA and PVA have 

excellent electrochemical stabilities from 0.01 to 2.0 V (Figure S4, Supporting Information), 

suggesting that their combinations are also suitable to be applied for the Si anode. 

The Si particles with 100 nm (Figure S5, Supporting Information) were used to fabricate 

the Si anode with high areal capacity. The areal capacities of all Si anodes were fixed at over 

3.0 mA cm�2 . The content of binder in the Si anode was fixed at ca. 20 wt.%, which was 
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identified by TGA analysis (Figure S6, Supporting Information). Scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) are suitable tools to 

characterize microstructure and morphology for the samples. The Si anode with highly porous 

structure is clearly observed in Figure 1c. Highly porous microstructure not only allows the 

infiltration of organic electrolyte in the Si anode,[31] especially for high mass loading, but also 

offer a buffer to relieve the volume expansion. There is no phase separation between the 

composite binder and Si particles. The TEM image (Figure S7, Supporting Information) 

confirms a conformal composite binder coating for the Si particle due to the in-situ 

polymerization discussed above, suggesting their excellent compatibility between Si and 

binder.[34] Such an intimate coating of the PFA/PVA matrix for Si particles is favorable to 

isolate direct contact between Si particles and organic electrolyte as well as enable the Si 

particles even if cracked during repeated cycles to remain connected to the conductive 

matrix.[31] 

Electrochemical tests of the Si anode using PFA/PVA composite binder 

The effectiveness of the PFA/PVA composite binder on the electrochemical performance 

of Si anodes was examined with half-cell measurements using Li metal as the counter 

electrode at the voltage range from 0.01 to 1 V. Three composite binders with different ratios 

of PFA and PVA were investigated for Si anodes. Figure 2a shows initial charge/discharge 

curves of Si anodes using different composite binders at a current density of 100 mA g�1  

(normalized to the weight of the electrode). These Si anodes have similar discharge platforms 

at 0.1 V, corresponding to massive insertions of Li ions,[35] and charge sloping plateaus from 

0.1 to 0.6 V for delithiation reaction,[19] which are consistent with the curves of CV 

measurement (Figure S8, Supporting Information). Charge specific capacities of the Si anodes 

using 1F3V, 2F2V, and 3F1V binder are 2692.6, 2822.3, and 2916.5 mAh g�1 , corresponding 

to the coulombic efficiency (CE) of 67.3%, 78.5%, and 79.9%, respectively, as shown in 

Figure 2a. Generally, for the initial charge/discharge of the Si anode, the formation of the SEI 
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layer occurs with the decomposition of organic electrolyte on the surface of electrode, leading 

to irreversible capacity loss and low CE.[11] The initial CEs of all three Si anodes are lower 

than that of reported cases (Table S1, Supporting Information). It may be attributed to the lack 

of hydrogen bonds between Si and composite binder, which have been demonstrated for 

enhancing the initial CE.[18] In addition, all Si anodes using different composite binders are 

expected to deliver the areal capacities of >3.0 mA cm�2  (Figure S9, Supporting Information). 

The abilities of binder in stabilizing cycling performance of Si anode are importance 

when involved with practical applications. As shown in Figure 2b, all the Si anodes using 

different binder combinations continues to be charged and discharged at the current density of 

100 mA g-1. The Si anode using 3F1V binder shows the best cycling performance among 

three samples. Furthermore, using hard or soft binder alone for high-mass-loading Si anode is 

barely to make a satisfactory cycling performance (Figure S10, Supporting Information). Rate 

capability of the Si anodes with different binder combinations was also investigated, as shown 

in Figure 2c. Among these Si anodes, the 3F1V binder still exhibits a better ability to maintain 

the rate capacity of the Si anode, compared with other binder combinations. At the current 

density of 100 mA g-1, the Si anode using the 3F1V binder can charge specific capacity of ca. 

1500 mAh g-1. With return to the current density of 200 mA g-1, the charge specific capacity is 

recovered to ca. 2128.5 mAh g-1. Our results have demonstrated this balance of stiff and 

elastic components in binder combination is of great importance to achieve high strength 

bonding for the Si anode. The optimized binder combination of 3F1V can enable high areal 

capacity of Si anodes. Noting that CE is obtained ca. 99.3% in corresponding cycles, 

indicating stable formation of the SEI layer on the surface of Si anode. Although such CE is 

not satisfactory based on the industrial lore (0.993100=49.5%), the CE of the Si-based anode 

can possibly be increased to 99.96% when combined with carbon coating for Si particles, 

enabling the 80% retaining capacity of full cell after 500 cycles (0.9996500=81.9%). However, 

this is not the focus of this work. In contrast, we attempted to emphasize the tuning ratios of 
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hard PFA and soft PVA for stable cycling of the Si anode, where elastic modules 

accommodate the volume variation of Si particles and stiff modules strengthen the electrode 

structure., of which the main reason has been analysed in the above introduction. 

Normally, two electrodes of a battery are the host for carrying charges. High energy 

density of a battery requires the electrode with a large number of charges. Therefore, the areal 

capacity is an important index to determine the total capacity per electrode and consequently 

the energy density of a battery. Developing high-loading electrodes is an effective way to 

increase areal capacity. Relying on high areal capacity, the electrode can store more energy in 

unit area, which is beneficial to increase the energy density of a battery. The mass loading of 

Si anode was continuously increased (Figure 2d), while the effect of the 3F1V binder on the 

Si anode with high areal capacity was further investigated. When the mass loading of the Si 

anode is increased up to 3.8 mg cm� 2, the Si anode delivers an areal capacity of over 6 mAh 

cm� 1 at the current density of 100 mA g� 1. As initial areal capacity of the Si anode increases 

to 10 mAh cm� 2, the Si anode still exhibits a stable cycling performance of 50 cycles. Such 

high areal capacity far exceeds that of today’s Li-ion batteries.  

In a prolonged cycling characterization with a current density of 300 mA g� 1, the Si 

anode delivers an areal capacity of 1.9 mAh cm� 1 at the beginning and maintains an areal 

capacity of 1.4 mAh cm� 1 after 300 cycles, corresponding to the capacity retention of 73.6% 

(Figure 2c). High CE of ca. 99.3% indicates that the SEI layer is stable, thus reconfirming the 

role of 3F1V binder with cooperative mechanical ability for long-term cycling stability in 

high mass loading, despite no contribution of hydrogen bonds between Si and binder. The 

replacement of the Li metal counter electrode is necessary due to its degradation at high areal 

capacity, leading to decay in cycling performance.[11] The achievement of high-energy-density 

LIBs is enabled by the Si anode using the 3F1V binder. Therefore, tuning mechanical 

properties of binders is proved to effectively stabilize cycling performance of the Si anode 

with high areal capacity. 
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The Si anode for LIBs over 300 Wh kg� 1 

We have demonstrated that a binder combination of 3F1V, which is designed based on the 

hard and soft polymers strategy, effectively stabilizes the cycling performance of the Si anode 

with high areal capacity. Such high areal capacity with sufficient cycling performance is 

essential for robust operation of high-energy-density LIBs. In this aspect, we assembled a full 

battery consisting of a Li-rich cathode and a Si anode. The Li-rich cathode was fabricated by 

using traditional PVdF binder, while the Si anode used robust 3F1V binder. The soft pack of 

the LIB has a weight of ca. 5.69 g, including cathode materials, anode materials, current 

collector, electrolyte, separator, plate lugs and aluminum-plastic film (Figure S11, Supporting 

Information). The activated process of the soft pack was performed by the galvanostatic test 

with charge/discharge curves (see Figure S12 in the Supporting Information). The full cell 

still undergoes an irreversible process in the initial cycle for the growth of SEI film, 

corresponding to the initial CE of 47.9%. This CE is obviously lower than that in the half cell, 

which is due to the design of 10 wt.% excess capacity of the Si anode over the Li-rich cathode 

to avoid overdischarge for battery safety. After activation, the soft pack was charged and 

discharged with constant current density at 0.5 C. The charge/discharge profiles are displayed 

in Figure 3a. The soft pack exhibits excellent repeatability in terms of charge/discharge curves 

and delivers a reversible capacity of ca. 500 mAh with an average CE of ca. 92% (Figure 3b). 

The full cell has an average discharge voltage of ca. 3.5 V (Figure 3c) and therefore yields an 

energy density of 308 Wh kg-1 at the first cycle. After 35 cycles, the energy density is still 284 

Wh kg-1 (Figure 3d). Both decelerating voltage decay[36] and reducing reversible capacity are 

responsible for this decline in energy density of full LIBs in soft pack. With cycle increases, 

the soft pack suffered serious flatulence (Figure S13, Supporting Information). The gas 

evolution is attributed to the utilization of Li-rich cathode[36] and electrolyte additives of 

fluoroethylene carbonate (FEC)[37, 38], and therefore, and therefore, we stopped the test for 

safety concerns.  
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In order to find out the reason, we dissembled the full cell to observe the Li-rich cathode 

and Si anode, as shown in Figure S14. There is no fracture and delaminate from the current 

collector, indicating that this 3F1V binder is stable in scale Si anode. The Li-rich cathode is 

replaced by the NMC(532) material, which is a commercialized cathode materials with good 

cycling performance. The cycling performances of full cells based on NMC/Si and 

NMC/Graphite are shown in Figure S15. The NMC/Si full cell has a satisfactory cycling 

performance over 100 times, which is much close to that of the NMC/Graphite full cell. It 

demonstrates that the 3F1V binder in scale Si anode efficiently improves cycling life. Given 

the fact that the specific capacity of NMC cathode (160 mAh g� 1) is lower than that of Li-rich 

cathode, the energy density of the NMC/Si full cell is only ca. 220 Wh kg� 1. Therefore, the 

flatulence should be due to side reactions, i.e., the oxygen evolution of Li-rich cathode at high 

potential[36] and the decomposition of organic electrolyte at low voltage for the Si anode[39, 40]. 

These problems for high-energy-density LIBs need to be addressed in the near future. 

Understanding the hard and soft polymer strategy in binder design for the Si anode 

The Si active material is well known for high Li-storage performance with large volume 

expansion.[4] The cumulative volume expansion of Si particles leads to the swelling of the 

electrode, which is significantly exacerbated by increased mass loading of the Si anode. To 

conquer these problems, we propose the hard and soft polymer strategy for the binder design, 

where hard and soft polymers are interlocked to construct a 3D network binder which not only 

accommodates volume variation of Si particles enabled by the elastic module, but also 

strengthens the electrode structure based on the stiff module as the skeleton to control 

swelling.[7, 19, 41] 

To understand the effectiveness of this strategy, we first used the nanoindentation with 

scanning probe microscopy (SPM) to evaluate the mechanical properties of the resultant Si 

anodes. Displacement control mode was adopted ranging from 100 to 1200 nm. The measured 

hardness and reduced modulus were the average from at least 10 indentations. The average 
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reduced modulus and hardness for different PFA/PVA binder combinations for Si anodes are 

shown in Figures 4a and 4b, respectively. The Si anode using PFA binder exhibits high 

reduced modulus and hardness in contrast to other electrodes, which tend to be brittle and 

fracture under high stress. In contrast, the PVA binder exhibits a relatively low reduced 

modulus, indicating a large deformation at low stress. With the combination of hard PFA and 

soft PVA, the 3F1V binder exhibits a moderate reduced modulus and hardness, demonstrating 

that there is a trade-off between the stiffness and softness in the design binder the Si anode. 

When implementing Si anodes into full cells, electrode swelling is a key challenge. To 

elucidate the effect of the composite binder on restricting the swelling of the Si anode, change 

in the thickness of the Si anode was investigated by SEM.[19] All the Si anodes are tested with 

similar initial charge capacities of ~3.0 mAh g-1 and without calendaring. The thickness of the 

Si anodes using different binder combinations at the first cycle was measured at different 

states, such as the origin state, the lithiated state fully discharged to 0.01 V, and the delithiated 

state fully charged to 1.0 V. The pristine Si anode using 3F1V has an average thickness of 

18.7 µm (Figure 4c). The thickness of the lithiated Si anode using 3F1V is 40.6 µm (Figure 

4d), and decreases to 21.7 µm (Figure 4e) in the delithiated state. Figure S16 in the 

Supporting Information shows the cross-section SEM images of Si anodes using other binder 

combinations. The swelling rates at initial lithiated and delithiated state are shown in Table S2. 

The lithiated and delithiated swelling rates of the Si anode using 3F1V binder are 117% and 

16%, which are superior to those of other PFA/PVA binder combinations, suggesting the 

most stable SEI formation for the Si anode is with 3F1V binder. Even after the 20 cycles, the 

swelling rate of the Si anode using 3F1V binder is the smallest among all the samples (Figure 

S17 and Table S3, Supporting Information). As for the pure PFA binder, the crack of the Si 

anode fractures at initial charge/discharge procedure (Figure S18, Supporting Information).  

Our results have demonstrated this balance of stiff and elastic components in binder 

combination is of great importance to achieve high strength bonding for the Si anode. Lacking 
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of the mechanical stiffness in the samples of 4V, 1F3V and 2F2V leads to the inferior cycling 

lifespan due to the increasingly serious electrode swelling. In contrast, The Si anode using 4F 

binder easily cracks within several cycling. Such a phenomenon is mainly resulted from 

lacking of the mechanical flexibility. Therefore, the optimized binder combination of 3F1V 

can enable high areal capacity of Si anodes. In addition, TEM also confirms that the Si 

particles appear to be broken after 100 cycles due to repeated large volume charge. However, 

as we designed, these broken Si particles are still confined inside the binder matrix without 

losing electrical contact (Figure S19, Supporting Information). On one hand, the stiff 

framework of poly(furfuryl alcohol) can constrain the volume variation of Si particles, as the 

previous demonstration using phenolic resin. On the other hand, elastic PVA component in 

binder combination plays a critical role on relieving the internal stress from particle volume 

change as well as making pulverized Si particles coalesced together during cycling. 

Generally, the formation of stable SEI film can improve cycling performance of the Si 

anode. XPS is an effective tool to gain an insight into tiny changes on the surface of the Si 

anode.[9] Figure S20 shows the XPS results of Si anodes with different PFA/PVA binder 

combinations. The 3F1V binder has less carbonate salt formed on the surface of the Si anode 

compared with other PFA/PVA combinations. This indicates reversible cycling with less 

pulverization of Si particles during repeated cycling, resulting in a less growth of SEI film. 

The newly exposed surfaces of pulverized Si particles consume more electrolyte for the SEI 

formation. Given that cracks are unavoidable during cycling, the 3F1V with 3D-IBN structure 

can maximally reduce successive growth of the SEI film on the surface of Si particles, thus 

improving long-term cycling performance. 

Electrochemical Impedance Spectroscopy (EIS) is also an effective tool to characterize 

changes in the SEI film through the impedance variation before and after cycling (Figure S21, 

Supporting Information). After the activation process, the Si anodes with different binder 

combinations exhibit a similar semicircle diameter. After 50 cycles, all the Si anodes have an 
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increase in semicircle diameter, indicating the growth of the SEI film. The Si anode with 

3F1V binder exhibits a smaller increase, compared with those using other PFA/PVA binder 

combinations. Generally, the electrode with a larger semicircle diameter represents a higher 

interfacial resistance,[17] which indicates sustained electrode destruction, severe pulverization, 

and conducting degradation, as in the case of the formation of new phase. These results 

illustrate that 3F1V binder with suitable mechanical properties of the composite binder can 

stabilize SEI formation with improved longevity for the Si anode.  

Generalization to other polymers and electrode materials 

To further reveal the universality of the proposed strategy in this work, other polymers were 

also selected for binder combinations. Thermoplastic polyurethane (TPU), for example, is a 

common elastomer with highly stretchable and elastic behavior. The combination of hard PFA 

and soft TPU was implemented for Si anode (Figure 5a). The composite binder with an 

optimized ratio of 75 wt.% PFA and 25 wt.% TPU exhibits a remarkable ability to stabilize 

the Si anode with high areal capacity of 6.5 mAh cm-2 over 50 cycles. The CE is maintained 

at ~99.1%. Similarly, styrene butadiene styrene (SBS) is also an elastomer, and combined 

with hard PFA for the composite binder. The Si anode using the composite binder containing 

50 wt.% PFA and 50 wt.% SBS (2F2S) delivers a high areal capacity of >3.5 mAh cm-2 over 

50 cycles (Figure 5b). 

As for other electroactive materials with high specific capacities and large volume 

expansions, such as Sn and Fe2O3, the composite binders based on the hard and soft polymers 

strategy also effectively stabilize their electrochemical cycling. For example, Figure 5c shows 

electrochemical cycling of commercialized Sn powder (Figure S22, Supporting Information) 

using 3F1T binder. The areal capacity of Sn anode achieved over 1.0 mAh cm-2 after 100 

cycles. The average CE is ca. 99.5%. In addition, the Fe2O3 anode was fabricated using 

commercialized Fe2O3 with bulk particles (Figure S23, Supporting Information) and 3F1T 

binder. The areal capacity of the Fe2O3 anode also achieved over 2 mAh cm-2, as shown in 
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Figure 5d. The Fe2O3 anode was examined over 100 cycles and capacity retention rate is 

almost 100%. In fact, commercialized anode powders with bulk particles are more susceptible 

to pulverization during the cycling process compared with their nanoparticle counterparts, 

indicating a robust ability of these composite binders in stabilizing large volume changes. 

Moreover, we also attempted to decrease the binder content in the electrode. For example, 

we reduced the binder content to 15 wt.%, 10 wt.% and 5 wt.% in Si anode, of which results 

are shown in Figures S24-S26. The 3F1V binder is effective to bond the Si anode. Even the 

binder content reduced to 10 wt.% in Si anodes, the cycling performance is maintained over 

40 cycles. The areal capacity is readily achieved >10 mAh cm� 2. The specific capacity of 

whole Si anode is ca. 1500 mAh g� 2, which is four times therotical capacity of graphite. 

However, when the binder content is reduced to 5 wt.%, the Si anode exhibits a quick decline 

in cycling performance. This binder content of 5 wt.% in the Si anode cannot maintain its 

cycling lifespan. Through the above examples, the generalization of this strategy is confirmed 

based on commonly used hard and soft polymers and resins. This strategy offers a new route 

for low-cost fabrication of electrode materials with high areal capacities to advance high-

energy-density LIBs. 

Conclusions 

In conclusion, high-loading Si anodes with high-areal-capacity are achieved through 

interweaving hard PFA and soft PVA for a composite binder. The utilization of a 

polymerizable monomer in the gel of the other polymer enables the establishment of a 3D-

IBN structure for the composite binder. The combination of PFA and PVA binder with an 

optimized ratio enables the highest areal capacity of 10 mAh cm-2 and long cycling 

performance of over 300 cycles, assisting the energy density of LIBs with over 300 Wh kg-1. 

Meanwhile, other hard and soft polymer combinations also effectively stabilized the high 

specific capacity with large volume changes. These results demonstrate that the strategy of 

interweaving hard and soft polymer for building 3D binding network is simple, effective, and 
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universal. Compared with traditional strategies using hydrogen bonds, this new strategy can 

potentially reduce manufacturing costs and simplify fabrication processes, as well as provide 

more possibilities for identifying new binders to advance the practical application of high-

energy-density rechargeable batteries. The performance metrics of the Si-based anode 

including electrode density, volumetric capacity, cycling lifespan, and CE in each cycle are 

expected to be further improved when combined with hydrogen bonds and carbon coating for 

the Si anode, thus significantly advancing high energy density of LIBs in the near future. 
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Figure 1 Electrode design and fabrication: (a) Schematic illustration of the Si anode using the 
hard and soft composite binder. The 3D network based on hard and soft polymers conformally 
coats Si particles for stable cycling performance of anode. The big balls represent Si particles 
with different state: (1-2) initial state, (3) lithiated state, (4) delithiated state; The small ball 
represent condutive additives; Red and blue lines represent hard and soft polymers, 
respectively. Blue lines relieves the volume change of Si particles and red lines stabilize the 
anode swelling. (b) Tensile test of PFA and PVA films. (c) SEM images of the surface of the 
Si anode using PFA/PVA composite binder. The scale bar is 200 nm. 
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Figure 2 Electrochemical performance of the Si anode using PFA/PVA binders with different 
combinations: (a) Initial charge/discharge profiles for the Si anode using 3F1V, 2F2V, and 
1F3V binders; (b) Cycling performance the Si anode using 3F1V, 2F2V, and 1F3V binders at 
current density of 100 mA g-1; (c) Rate capability of the Si anode using 3F1V, 2F2V, and 
1F3V binders; (d) Cycling performance of the Si anode using 3F1V binder at different mass 
loadings at current density of 100 mA g-1; (e) Long-term cycling of the Si anode using 3F1V 
binder at current density of 300 mA g-1. 
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Figure 3 Electrochemical performance of the full LIB using the Si anode: (a) The 
charge/discharge profiles at the C/2 rate. (b) Cycling performance at the C/2 rate. (c) Average 
discharge voltage. (d) Energy density based on the weight. 
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Figure 4 Structural characterization of Si anodes using different binder combinations: (a) 
Hardness and (b) reduced modulus of Si anodes with different binders obtained from 
nanoindentation tests. (c-e) SEM characterizations for the electrode swelling of the Si anode 
with the 3F1V binder: c, fresh electrode before cycling; d, fully lithiated electrode after the 1st 
discharge; and e, fully delithiated electrode after the 1st charge. 
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Figure 5 Electrochemical behaviour of other binder combinations for Si, Sn, and Fe2O3 anode 
at 100 mAh g-1. a, Optimized 3F1T binder combination for the Si anode. b, Optimized 2F2S 
binder combination for the Si anode. c, Optimized 3F1T binder combination for the Sn anode. 
d, Optimized 3F1T binder combination for the Fe2O3 anode. 
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A universal strategy, i.e. interweaving hard and soft polymers to construct 3D network binder, 
is proposed to enable high areal capacities of Si anodes with excellent cyclability in lithium-
ion batteries. The soft elastic modules accommodate the volume variation of Si particles while 
stiff modules offer mechanically strong electrode frameworks. This strategy can provide a 
new route for the design of robust high-energy-density lithium-ion batteries. 
 
 
 
Keywords: 3D network binder, hard and soft polymers, Si anode, high areal capacity, lithium 
ion batteries 
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Experimental  

Syntheses of the Si anode  

Si powder with particle size of 100 nm, super P conductive carbon, and composite glue 

containing PVA and FA with a mass ratio of 6:2:2 were mixed in deionized water to form a 

homogeneous slurry. An appropriate amount of oxalic acid was added to the above slurry with 

further stirring for 5 mins. The function of oxalic acid is to catalyse the in-situ polymerization 

of FA1, 2. The slurry was coated onto the current collector via a common doctor-blade coating 

method. The Si anode was prepared heating at 140 °C for 1 hour for in-situ polymerization of 

liquid FA monomers to form solid PFA resin. To optimize the ratio between the hard PFA 

and the soft PVA in composite binder, different components were designed including 75 wt.% 

PFA/25 wt.% PVA, 50 wt.% PFA/50 wt.% PVA, 25 wt.% PFA/75 wt.% PVA, which were 

denoted as 3F1V, 2F2V, and 1F3V, respectively. Meanwhile, the pure PFA and PVA binders 

were prepared, which were denoted as 4F and 4V, respectively.  

Similar to the synthesis of PFA/PVA composite binder, both TPU and SBS were 

dissolved in organic solvents to form host polymer gel. Subsequently, FA monomer was 

infused into the host polymer gel and polymerized to form PFA/TPU and PFA/SBS 

composite binders. The best ratio of 75 wt.% PFA and 25 wt.% TPU was used for the Si 

anode, which was denoted as 3F1T. The best ratio of 50 wt.% PFA and 50 wt.% SBS was 

used for the Si anode, which was denoted as 2F2S. All the Si anodes were prepared at 140 °C 

for 1 hour. As for the Sn and Fe2O3 electroactive materials, the 3F1T binder was used to 
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stabilize their cycling performance. The fabrication of the Sn and Fe2O3 anodes was similar to 

that of Si anode. The as-prepared Sn and Fe2O3 anodes were heated at 100 °C for 1 hour. 

Assembly of half-cells and full cells 

To assemble coin-type half cells, the working electrodes without calendaring were fabricated 

by cutting out round disks with a 12 mm diameter and further dried overnight (9 hours) to 

remove moisture. The coin-type cells were assembled in a glove box filled with pure Ar. A Li 

foil and a polypropylene micro-porous film (Celgard 2400) were used as the counter electrode 

and the separator, respectively. EC/DEC/FEC-based (1:1:0.25 by volume) electrolyte 

containing 1 M LiPF6 was used.  

To assemble full cells in soft pack, lithium-rich manganese-based cathode, which was 

synthesized referring to the previous work.3 The electrode size of Li-rich cathode and Si 

anode were fabricated with length of 50 cm and width of 5 cm. The areal mass capacities of 

cathode and anode were designed over 3.5 mAh cm-2. Organic 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 acquired using a field emission scanning 

electron microscopy. Transmission electron microscope (TEM, Hitachi H-9500) was used to 

investigate the morphology and structure of the samples at 300 kV. XRD patterns were 

recorded on a Rigaku D/MAX-2550-PC X-ray diffractometer with Cu K�  radiation (�  = 0.154 

nm). TGA was performed on a Pyris 1 TGA (Perkin Elmer) System under air flow (50–

800 °C, 10 °C min-1). X-ray photoelectron spectroscopy (XPS) was acquired using an 

ESCALAB-250Xi X-ray photoelectron spectrometer (ThermoFisher, UK) operating at an Al 

K�  radiation source, with an energy resolution of 1 eV for the survey and 0.6 eV for 

individual characteristic peaks. In nano-scratch tests, a conical probe with 5 µm tip radius was 

used to scratch over the sample surface to obtain friction coefficient information. During the 

scratch process, the load was kept constant as 2000 N and scratch length was 10 m. The 
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indentation test was done using the same probe under controlled load with maximum force of 

500 N. Tensile test of PFA and PVA films carried out at a strain rate of 1.5 mm min-1 through 

Universal material testing machine (Zwick/Roell Z020). 

Electrochemical test 

To evaluate electrochemical performance, a galvanostatic charge-discharge cycling test was 

carried out using LAND battery cycler (China) between 0.01 and 1.0 V. Cyclic voltammetry 

(CV) measurement of the electrode was recorded on a electrochemical work station (Solartron 

1470E) between 0.01 and 2.0 V at a scan rate of 0.1 mV s-1. Electrochemical impedance 

spectroscopy (EIS) of the electrode was recorded by a CHI660E electrochemical work station 

with amplitude of 5 mV in the frequency range of 0.01 Hz-100 kHz. All the potentials 

presented in this study were quoted versus the Li/Li+ scale. All the tests were performed at 

room temperature (25~30 oC). 

As for the full cell in soft pack, the constant current charging process was first performed 

until the cut-off voltage of 4.6 V and following constant voltage charging state for 0.5 hour, 

enabling maximum de-insertion of lithium from the Li-rich cathode, and the constant current 

discharging process was performed until the cut-off voltage of 2.0 V. Subsequently, a 

galvanostatic charge-discharge cycling test was carried out between 2.5 V and 4.6 V. 

Calculation of swelling rates:  

Swelling rates at lithiated states were calculated based on the following equation (S1): 

����� � � � 	

 ��
���
�� �� ������

� ������
� ���                (S1) 

Swelling rates at delithiated states were calculated based on the following equation 

(S2):  

����� � � � 	

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

Tiny contact angle suggests full wettability of FA for Si powder. 
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Figure S2 (a) Chemical structures of FA and PFA. In-situ polymerization of the FA monomer 

occurs under the oxalic acid at 140 oC. (b) Chemical structure of PVA. 
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Figure S3 XPS survey of pure PFA binder: (a) XPS spectrum and (b) high resolution of C 1s 

XPS spectra. The hydroxyl groups come from tiny residuals of oxalic acid. The oxalic acid 

gradually decomposed during a subsequent drying process. 
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Figure S4 CV curves of (a) PFA and (b) PVA films with negligible currents in the voltage 

range of 0-2.0 V, suggesting good electrochemical stability without capacity contribution. 
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Figure S5 Characterizations of commercialized Si powder. (a) XRD 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 50-800 oC with 10 oC min-1 in the air. 

The weight loss from the binder and conductive additives was identified as ca. 40 wt.%. 

Therefore, the Si content in the Si anodes was ca. 60 wt.%. According to the weight ratio of 

Si and Super P conductive additives (6:2), the binder content 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 binder conformally coats 

spherical Si particles. 
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Figure S8 CV curves of the Si anode using 3F1V binder in the voltage range of 0-1.0 V. 
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Figure S9 Areal capacity of the Si anode using PFA/PVA binders with different combinations. 
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Figure S10 Electrochemical cycling of the Si anode using solely (a) PFA or (b) PVA binder. 

Under solely PFA or PVA binder, the Si anode with high areal capacity shows a serious 

capacity loss with cycling, suggesting that solely PFA or PVA binder is unable to stabilize the 

Si anode with high areal capacity. 
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Figure S11 The weight of the soft pack assembled with the Li-rich cathode and the Si anode. 
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Figure S12 The initial charge/discharge curves of the full cell in soft pack assembled by the 

Li-rich cathode and the Si anode at 0.05 C, which was normalized to the Li-rich cathode. 

  



     

40 
 

 

Figure S13 Optical image of the full cell after 35 cycles. The full cell shows a serious 

inflation phenomenon, potentially leading to the bursting of the battery with associated safety 

concerns. The flatulence of the full cell is caused by many factors, such as the decomposition 

of electrolyte salt, the by-produced reaction of organic solvent, and the oxygen evolution of 

the Li-rich cathode at high potential.  
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Figure S14 The disassbly of cycled full cell: (a) the Li-rich cathode and (b) the Si anode. The 

bar is 5 cm. 
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Figure S15 The cycling performance of the full cells based on NMC/Si and NMC/Graphite. 
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Figure S16 SEM images of the Si anodes using different binder combinations. (a-c) 4V, (d-f) 

1F3V and (h-k) 2F2V. The bar is 10 µm. 
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Figure S17 SEM images of the Si anodes using different binder combinations after 20 cycles. 

(a-b) 4V, (c-d) 1F3V, (e-f) 2F2V and (h-g). The bar is 10 µm.  
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Figure S18 Optical images of the Si anode using pure PFA binder. The bar is 1 cm. 
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Figure S19 TEM image of the Si anode after 100 cycles: The 3F1V  composite binder 
conformally coats cracked Si particles. 
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Figure S20 XPS spectra of Si anodes using different binder combinations in in C1s, O1s, and 

F1s branches after the 10th delithiation cycle at 0.2 C. In the C1s branch, the spectra of the 

3F1V exhibit a lower peak at around 290 eV corresponding to ROCO2Li and Li2CO3. The 

distinct results of other samples indicate more significant decomposition of ethylene 

carbonate and diethyl carbonate, leading to the formation of a SEI layer with a relatively 

larger amount of organic components. In O1s and F1s branches, the spectra of the 3F1V show 

more pronounced peaks corresponding to LiF and Li2O after the 10th delithiation, which are 

known to be formed near the surface of Si active material. The SEI layer bearing a larger 

amount of these components is suggested to be more dense and thinner. 
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Figure S21 EIS spectra of the Si anodes with different binder combinations. (a) before and (b) 

after the 50 cycles. The semicircles of the different binders indicate the SEI formation on the 

surface of Si particles. The 3F1V binder enables the minimum semicircle. 
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Figure S22 Characterizations of commercialized Sn. (a) XRD spectrum and (b) SEM image. 

The scale bar is 10 µm. 
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Figure S23 Characterizations of commercialized Fe2O3. (a) XRD spectrum and (b) SEM 

image. The scale bar is 1 µm. 

  



     

51 
 

 

Figure S24  The electrochemical performances of Si anode using 15 wt.% binder: (a) Cycling 
performance and (b) Areal capacity curves. 

Noting: Si powder, super P and binder were mixed according to three mass ratios of 70:15:15. 
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Figure S25 The electrochemical performances of Si anode using 10 wt.% binder: (a) Cycling 
performance and (b) Areal capacity curves. 

Noting: Si powder, super P and binder were mixed according to three mass ratios of  80:10:10 
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Figure S26. The cycling performance of Si anode using 5 wt.% binder.  

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

Types of 
Binders 

Electrode 
composition 

and ICE 

Areal 
mass 

loading 
mg cm-2 

Specific capacity 
mAh g-1 

(normalized to  
active materials) 

Specific capacity 
mAh g-1 

(normalized to 
total electrode) 

Highest 
Areal 

Capacity 
mAh cm-2 

This work 
Si:CB:binder 

=60:20:20 
ICE: 78.9% 

2~5 
2200  

@ 1.0 A g-1, 60th 
1320 10 (Initial) 

6 (50th) 

PEDOT:PSS4 
Si: Binder  
= 80:20 

ICE:78 % 
0.4~1.5 

1927 @ 2 A g-1, 100th 
2186 @ 0.5 A g-1,100th 

1547 
1749 3 

PVDF-g-PtBA5 

Si: CB: 
Binder 

=60:20:20 
ICE: 

2 1635 @ 5C, 30th 981 ~3.2 

PAA-PVA6 
Si:CB:binder 

=60:20:20 
ICE: 83.9% 

2.4 
2283 @ 1C, 100th 

1800 @ 4 A g-1, 50th 
1370 
1080 

4.3 

PFM + 
Calendering7 

SiO: Binder: 
=90:10 

ICE:62 % 
1.32~3.39 1000 @ 0.1C, 150th 900 3.5 

PEDOT:PSS 
+VAA 8 

SiO: Binder: 
=90:10 

ICE:~80% 
2 

1660 @ 0.84 A g-1, 
700th 

1500 5.13 

PEDOT:PSS 
+PEO+PEI9 

Si: Binder  
= 80: 20 

ICE:~82% 
- 1840@ 1.0 A g-1, 60th 1472 4.0 

PAA-P(HEA-
co-DMA) 

Si:CB:binder 
=80:10:10 

ICE: 89.3% 
2-6 

2394@1 A g-1, 200th 
1855@5 A g-1, 200th 

2155 4 
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Table S2. Calculations of swelling rates at initial lithiated and delithiated states for different 

binder combinations. 

Samples 4V 3V1F 2F2V 3F1V 4F 

Swelling rate  
at lithiated state 

213% 178% 155 117% - 

Swelling rate  
at delithiated state 

30% 49% 26% 16% - 
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Table S3. Calculations of swelling rates at 20th lithiated and delithiated states for different 

binder combinations. 

Samples 4V 3V1F 2F2V 3F1V 4F 

Swelling rate 
at lithiated state 

231% 213% 170% 119% - 

Swelling rate 
at delithiated state 

94% 85% 93% 81% - 
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