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Abstract 

Mastering electrodes’ formulations is a complex and tedious task, because for each composition of 

electroactive material(s) it is necessary to adjust the inactive additives nature and content to optimize 

battery performance. In this direction, we propose to adjust the amount of binder to the surface 

developed by all of the powders involved in the composition of the electrode, i.e. the electroactive 

materials and electronic conductive additives; this in order to guarantee or approach for different 

electrode compositions the same level of mechanical toughness. This concept, introduced here as 

binder-to-powders coverage ratio, relies upon the micromechanical models developed in the field of 

polymer-based composite materials. The validity of this new electrode formulation parameter is 

shown here for two different SiOx/Graphite blends, which differ in the type of graphite, and for blends 

of two different binders, polyacrylic acid and styrene−butadiene rubber. At the optimal coverage ratio, 

a satisfactory capacity retention is obtained in full cell with an ethylene carbonate free and 

fluoroethylene carbonate rich electrolyte. 

 

1. Introduction 

In an effort to increase the energy density of lithium-ion batteries, silicon suboxide (SiOx, x ~ 1) is being 

considered as a high capacity negative electrode material (1250-1750 mA h g-1) because the volume 

change of SiO is less than that of pure Si and thus exhibits higher reversibility than the latter.1,2,3 1,2,3 

However, the volume change of SiO during lithiation/delithiation (1.6-2 times) is still significantly 

higher than that of graphite (1.1 times) and thus a careful binder optimization is required to stabilize 

the composite electrode structure upon an extended cycling.  
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The most suitable binders for SiOx-based electrodes are generally the same as those for silicon-based 

electrodes, since these two types of electrodes must be resilient to repeated volume variations of the 

electroactive material. To be effective, it is generally observed that the binder must have adhesive 

functional groups towards the surface of the electroactive particles and have a high rigidity and 

therefore a high resistance to deformation in the presence of the liquid electrolyte, in order to 

maintain the contacts between the electroactive particles and thereby the cohesion of the electrode 

film.4 4 For silicon, the sodium salt of carboxymethyl cellulose (CMC), sodium alginate, and polyacrylic 

acid (PAA) are three widely used simple commercial binders.5,6 5,6 Their -COOH and/or COONa 

functions, depending on their neutralization ratio x, in COOH1-xNax, make it possible to form strong and 

numerous hydrogen and/or covalent bonds with surfaces of the SiOx or SiO2 type, common to Si and 

to the SiOx electroactive materials, as well as equally strong and numerous intra and interchain bonds 

which greatly limit their stretchability, and their affinity with the solvents of the electrolyte and 

consequently their plasticization by the latter. The better retention of the microstructure of the 

electrode film also enables minimization the continuous formation and growth of the SEI, because the 

latter is less destabilized by the slightest relative displacements and frictions of the electroactive 

particles.7,8 7,8 The COOH or COONa functions and the non- or low penetration of electrolyte solvents 

in these polymers also give them artificial SEI/passivation layer properties. Indeed, the layers formed 

by these binders on the surface of the electroactive particles constitute a non-permeable boundary 

between the latter and the electrolyte that therefore prevents electrons transfer and electrochemical 

reduction of the electrolyte.5,9,10  5,9,10 In addition, the transport of lithium through these binder layers 

would be possible thanks to the COOH or COONa functions, once transformed into COOLi, after the 

initial reduction step.11.11  

Many works have proposed optimizations of these binders, by playing on: (i) the neutralization ratio 

(and therefore the pH of the electrode slurry) and the molar mass, to play on the rheology of the slurry 

and the morphology of the electrodes; (ii) their chemical or physical cross-linking (by coordination with 

multivalent cations),12,13,12,13 to increase their rigidity; (iii) the modulation of their chemical structure 

by using copolymers or by mixing them with other polymers to, on the contrary, increase their 

flexibility.14.14 Finally, advanced macromolecular structures are also developed so as to present self-

healing properties, and thus ideally form a glue capable of repairing, cycle after cycle, the mechanical 

damage that occurs in the electrode film.15.15 

Even if the most effective polymer binders make it possible to properly maintain the microstructure of 

the electrode film and thus ensure satisfactory cyclability in a laboratory half-cell against lithium metal, 

the lack of stability of the SEI generates a loss of lithium cycle after cycle still too large to consider the 

integration of electrodes solely based on Si or SiOx in full lithium-ion commercial cells. Moreover, the 
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confinement imposed by the casing of commercial cells generates, in response to the very large volume 

variations of these electrodes, mechanical stresses so high that they cause damage to the other 

components of the cell (current collectors, separators), accelerating the end of life.16,17,18.16,17,18 The 

initial coulombic efficiency (ICE) of SiOx electrodes is also very low due to the irreversible formation of 

lithium silicates, in addition to electrolyte degradation and solid electrolyte interphase (SEI) 

formation.2,3.2,3 

For all these reasons, current research has focused on the integration of negative electrodes containing 

mixtures of Si or SiOx and graphite. The dilution of the former in the latter makes it possible to 

significantly reduce the variations in volume of the electrodes as well as the destabilization of the SEI 

and the loss of lithium. The binders used in electrodes based on Si/Gr or SiOx/Gr mixtures are identical 

to those of graphite electrodes, i.e. the mixture of CMC and SBR,19,19 or identical to those evaluated 

for Si or SiOx electrodes, or derivative formulations. For example, Komaba and co-workers reported 

the use of a partially neutralized poly(acrylic acid-co-hydroxymethyl acrylate) (PAA-co-HEMA) binder, 

chemically cross-linked by a diallyl ether cross-linker for a SiO@C/Acetylene Black(AB)/binder 

composition of 80:10:10.8,20. 8,20 The electrochemical performance of the electrode was further 

improved by employing ‘‘maturation’’ treatment subsequently to the fabrication of the electrode film, 

and in which pre-dried electrode films on Cu foil are stored in 80 to 90% relative humidity for several 

days before the final drying step. Such ‘‘maturation’’ treatment greatly improves the mechanical 

strength of the electrode film.21,22.21,22 Jolley et al, reported the use of a poly(acrylic acid)-grafted 

styrene-butadiene rubber (PAA-g-SBR 1:5) with 80% partially neutralized Na-PAA as the 1:1 binder 

system for Si/Gr-based electrode. The PAA-g-SBR graft copolymer was synthesized by grafting ter-butyl 

acrylate onto SBR. The PAA-g-SBR/Na-PAA binder system was found to provide superior 

electrochemical performances to that of a Na-PAA/SBR system.23.23 

In general, it is difficult to rationalize the work in the literature on the formulation of negative 

electrodes based on Si/Gr or SiOx/Gr because many parameters vary from one study to another, such 

as: the Si/Gr or SiOx/Gr ratio, the nature of the graphite which may even consist of a mixture of 

different graphites, the size and shape of the various electroactive particles, the nature and quantity 

of conductive additive, the formulation of the electrolyte, the loading and porosity of the electrodes, 

the solvent content in the slurries, the drying conditions. The multiplicity of these parameters also 

makes the formulation work tedious, because for each composition of electroactive material(s) it is 

necessary to adjust the formulation of its electrode to optimize battery performance. The search for 

simple relationships making it possible to adjust a priori the formulation of the electrodes, on the basis 

for example of the characteristics of the electroactive materials, is highly desirable. In this direction, 

we have in the past proposed to adjust the amount of binder to the surface developed by all of the 
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powders involved in the composition of the electrode, i.e. the electroactive material and electronic 

conductive additive; this in order to guarantee or approach the same level of mechanical properties 

for different electrode compositions.24.24 This concept, rationalized here as binder-to-powders 

coverage ratio, Γ, will be developed later. Its pertinence is for example observable in the study by 

Jeschull et al.9.9 Along the same lines, the study by Ambrock et al. suggest that the total surface 

developed by the electronic conductive additive could be adjusted to the surface developed by the 

electroactive material; this in order to tune similar electrical properties for different electrode 

compositions.25.25 Systematically adjusting the solvent content in the electrode slurry so as to give it 

equal rheological properties has been proposed by Xiong et al.; this in order to reach the same quality 

of distribution of the constituents in the electrode film for different electrode compositions.26.26 

Finally, comparison of long-term electrochemical performance of Si/Gr or SiOx/Gr electrodes needs to 

be always collected by using the same mass-loading with the constant electrolyte and additive.1,27.1,27 

Theoretical background for the binder-to-powders coverage ratio  

Standing on the micromechanical models developed in the field of polymer-based materials,28,29,28,29 

it can be assumed that the cohesion and the adhesion of composite electrodes are controlled by the 

strength of the binder bridges, σint, at the interfaces between neighboring particles and with the 

current collector24,30 21,24 and ref therein 

σint = aΣf       (1) 

where Σ is the areal density of polymer strands that are anchored on both sides of the interface. A 

polymer strand is a portion of a chain, each end of which is in contact with a point on the surface of a 

particle or of the collector and adhering to it. Thus, the same chain folded at an interface creates a 

multi-stranded bridge. The second parameter, f, is the strength of the anchoring bonds or the force to 

break a covalent bond in the polymer chain if the latter is weaker than the former. It depends on the 

strength of the interfacial interaction (van der waals, hydrogen) or bond (ionic, covalent) between the 

polymer moieties (lateral functional groups or monomeric unit of the chain skeleton) and the chemical 

groups or atoms present at the contact point with the electroactive and conductive additive particles, 

and the current collector. The parameter a reflects the intrinsic toughness of the polymer, depending 

on its molecular structure (see below).  

In the case of Si and SiOx materials, the electrochemical (de)lithiation reaction involves volume 

variations of the electroactive particles, and consequently mechanical stresses on the binder bridges 

between the particles and with the current collector in the electrodes. If the rupture of the binder 

bridges is synonymous with loss of electrical contact and therefore of electroactivity of the particles 

concerned, then it is expected that the cyclability of the electrodes depends on the mechanical 
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strength of the binder bridges. This hypothesis is supported by experimental relationships observed 

between cyclability of Si-based electrodes and the expected toughness of polymer binder bridges, 

based on the binder amount, localization in the electrode, molecular architecture and intrinsic 

mechanical properties.6,13,21,22. 6,13,21,22 Visualization of polymer bridges and the direct measurement of 

their toughness is experimentally very difficult due to their nanometric size and because they are 

buried at interfaces. Müller et al. employed X-ray nano-tomography and backscattered scanning 

electron microscopy with sufficient resolution and contrast to segment the carbon black-binder 

domain and quantified their delamination from the active material surface as a function of cycle 

number in real electrode.30.30 Maver et al. used the atomic force microscopy (AFM) to probe the 

interaction between silicon and CMC, depending on pH condition preparation on a model system 

(silicon wafer).31.31 Their measurements show a force an order of magnitude bigger as well as longer 

interaction distances for a CMC/citric acid binder compared to CMC. Other work by Tranchot et al. 

showed superior mechanical properties and cyclability of Si-based electrodes prepared with the 

CMC/citric acid binder compared to CMC.32.32 

Parameters or factors that can typically contribute to the increase in σint and therefore in cyclability 

improvement are: increase in amount of binder at constant particle size ( increase in Σ);6,33;6,33 

increase in particle size at constant binder level ( increase in Σ);9,34; 9,34 increase in the length of the 

polymeric chains of the binder (because longer chains can fold more times thus multiplying Σ and f);35; 
35 increase of the strength of the interactions or bonds between the binder and the surface of the 

particles or the current collector (increase in f);36; 36 increase of the intrinsic toughness of the polymer, 

for example through cross-linking or enhanced crystallization (increase in a).13,37. 13,37 

All these considerations show that this problem is complex and system dependent. However, it is 

crucial for optimizing the mechanical and electrochemical properties of the electrodes. Rationalization 

is therefore eminently necessary, which the approach developed here allows. For a given polymer 

binder, the parameter f can be documented through spectroscopic characterizations probing the 

nature and thus revealing the strength of the anchoring bonds.4,37,38. 4,36,37 The experimental 

determination of Σ in a real composite electrode is hardly possible. However, and in a first 

approximation, it can be rationalized as the ratio of the binder mass to the sum of the geometrical 

surface area of the electroactive and conductive particles, assuming that the binder homogeneously 

and equally distributes at the surface of all particles.  

 

Σ ∝ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑔𝑔)
𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚 𝑚𝑚𝑠𝑠𝑏𝑏𝑠𝑠𝑚𝑚𝑠𝑠𝑏𝑏 𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚 (𝑚𝑚2) = Γ     (2) 
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where Γ (mg m-2) is the binder-to-powders coverage ratio. Γ(m) also corresponds to the theoretical 

thickness of the binder layer covering the particles in the electrode, which can be realized converting 

the binder mass into a volume (through its density). The assumption behind eq. 2 is crude because the 

binder does not adsorb to the surface of the electroactive particles (AM) in the same way as the 

particles of conductive additive (C), because the strength of the binder/AM and binder/C interactions 

is different,38,38 and because binder segregation phenomena can be observed during the mixing and 

drying of the electrode inks. Indeed, a fraction of the binder can migrate to the surface of the 

electrode,39,39 and another can be concentrated in the smallest pores and in particular at the location 

of the contacts between particles.40.40 In addition, insufficient mixing of the ink can result in a 

heterogeneous distribution of the binder in the bulk of the electrode.41.41 Nevertheless, if it is possible 

to minimize the segregation phenomena, which depend on the manufacturing conditions of the 

electrodes, the use of the parameter Γ appears to be a convenient way to compare the effectiveness 

of a binder in different formulations of electrode and compare different binders with each other. 

Finally, the identification of a critical value of Γ for which the optimization of the mechanical properties 

of an electrode would be carried out would facilitate the extrapolation of new electrodes formulations. 

Here, the relevance of Γ is shown for SiOx/Gr electrodes prepared with two different graphites, 

GHDR 15-4 and SFG6L, in different proportions, 60:40 and 90:10, and made with different content of 

a binder blend, PAA and SBR, also varied in different proportions. The physical properties of these 

electrodes and their cycling behaviour, in half cells and in full cells for selected formulations, was 

studied as a function of Γ. 

Table 1: Weight percentage composition of the electrodes and their critical ratio. 

  
Coverage 

ratio Γ *  

(mg m-²) 

SiOx/Graphite 

balance 
SFG6L/GHDR 

balance 

Binder (wt%) Active materials (wt%) C45 

(wt%) 
Name PAA SBR LiOH SiOx SFG6L GHDR 

10
SF

G-
xP

AA
 

10SFG-2PAA-2SBR 8.3 

23:77 10:90 

2.2 2.5 < 0.0 21.0 7.1 63.6 

3.6 

10SFG-5PAA-2SBR 14.6 5.5 2.5 0.6 20.1 6.8 60.9 

10SFG-7PAA-2SBR 17.2 6.9 2.5 0.1 19.9 6.7 60.4 

10SFG-8PAA-2SBR 20.4 8.3 2.7 0.1 19.5 6.6 59.2 

10SFG-11PAA-

2SBR 24.9 10.6 2.5 

0.1 

19.0 6.4 57.7 

40
SF

G-
xP

AA
 

40SFG-4PAA-2SBR 8.3 

23:77 40:60 

4.0 2.5 < 0.0 20.9 28.1 42.1 

2.4 

40SFG-6PAA-2SBR 11.2 6.0 2.5 0.1 20.4 27.5 41.1 

40SFG-8PAA-2SBR 14.9 8.0 2.9 0.1 20.4 24.9 41.3 

40SFG-10PAA-

2SBR 16.3 9.6 2.5 0.1 19.5 26.4 39.5 
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40SFG-12PAA-

2SBR 20.1 12.0 2.5 0.2 19.0 25.6 38.4 

40SFG-15PAA-

2SBR 24.9 14.9 2.5 0.2 18.3 24.6 37.0 

40
SF

G-
xS

BR
 

40SFG-4PAA-2SBR 8.3 

23:77 40:60 

4.0 2.5 < 0.0 20.9 28.1 42.1 

2.4 

40SFG-4PAA-4SBR 11.0 4.0 4.5 < 0.0 20.4 27.5 41.2 

40SFG-4PAA-6SBR 13.9 3.9 6.5 < 0.0 19.9 26.9 40.3 

40SFG-4PAA-

10SBR 20.2 4.0 10.5 

< 0.0 

19.0 25.6 38.5 

* In equation 2, the “Binder mass” is the whole binder mass in the electrode (PAA + SBR) and the “Powder surface 

area” corresponds to the entire surface area of the electrode powders (SiOx + GHDR 15-4 + SFG6L + C45) 

estimated from their BET surface area and their respective mass in the electrode.  

 

Results and discussion 

Electrochemical measurements – Half cells 

Cycling behaviour has thus been investigated for various coverage ratios for two graphite active 

materials GHDR 15-4/SFG6L balances, 90:10 and 60:40, with varying PAA amounts while keeping the 

SBR one constant (see 40SFG-xPAA & 10SFG-xPAA series in Table 1). Figure 1a & b display specific 

capacities versus cycle number for 40SFG-xPAA & 10SFG-xPAA electrodes. Every electrode 

composition provides 777 ± 7 mA h g-1
AM specific capacity for the first lithiation and 622 ± 3 mA h g-1

AM 

during the second one. The latter corresponds to a reversible specific capacity for 

SiO@C ≈ 1645 mA h g-1
SiOx, taking into account the 20:80 SiO@C/Gr mass ratio in the composition of 

the electrode and a specific capacity of 370 mA h g-1
Gr for graphite. The irreversible capacity at the first 

cycle is ≈ 150 mA h g-1
AM. Again, taking into account the composition of the electrode and a typical 

irreversible capacity of 30-40 mA h g-1
Gr for the graphites42 42, it gives an irreversible capacity of 

≈ 540-595 mA h g-1
SiOx for our SiOx, which is consistent with previous reports and is attributable to the 

irreversible lithiation reaction of the silica from the SiOx component in addition to the SEI 

formation43,44,45,46 43,44,45,46. This very low ICE is identified as a barrier to the practical use of SiOx in full 

cells in which the lithium source is limited.  
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(a)  (b)  

(c)  (d)  

Figure1. Cyclability of a SiOx/Graphite electrode with GHDR 15-4/SFG6L ratio of 90:10 or 60:40 for 
different binder amounts: (a) 10SFG-xPAA, (b) 40SFG-xPAA, (c) 40SFG-xSBR. (d) Lithiation specific 
capacity vs. binder-to-powders coverage ratio for the three electrode series at cycle 2 and 60. 

 

Although all electrodes, whatever their composition, deliver the same nominal specific capacity at the 

early stage of cycling, they then gradually diverge from each other. For the 40SFG-xPAA series, the 

higher the binder amount is, the higher the specific capacity after 60 cycles is, while for the 10SFG-xPAA 

series the specific capacity increases and then levels at binder amount of 6.9%. These observations are 

made for both GHDR 15-4/SFG6L balances. To better assess the effect of particles coverage, specific 

lithiation capacities are plotted as a function of the coverage ratio for cycles 2 and 60 for the two 

investigated GHDR 15-4/SFG6L balances Figure 1d. The coverage ratio naturally increases as the PAA 

amount increases (Table 1). The retained capacity after 60 cycles clearly increases with the coverage 

ratio. For the 10SFG-xPAA electrodes, we note a specific capacity increase of 19.6% from 8 mg m-² 

(2.2% PAA) to 17 mg m-² (6.9% PAA). The trend is overall similar for 40SFG-xPAA electrodes. The 

specific capacity increases by 15.6% from 8 mg m-² (4% PAA) to 20 mg m-² (12% PAA) after 60 cycles. 

Interestingly, in both cases, the specific capacity plateaus for coverage ratio above 17-20 mg cm-2, 

although the proportions of binder are very different between GHDR 15-4/SFG6L balances. It suggests 

this coverage ratio value is optimal with respect to specific capacity retention, as the further addition 
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of binder does not lead to a performance increase. However, it could be possible that a binder excess 

may penalize the alloying reaction by hindering charges (electrons and lithium ions) transfer due to an 

excessive particles coverage33 33. To check this hypothesis, we estimated the average polarization (See 

Equation S1)47 47 for each cycle at C/5 rate i.e. from cycle 4 to 60 (Figure S1). We observed that this 

average polarization does not vary much with the coverage ratio (Figure S1a-b), indicating minimal 

charge transfer limitations at high PAA content. 

The influence of the coverage ratio was then studied for various SBR amounts while keeping the PAA 

one constant (see 40SFG-xSBR series in Table 1). Indeed, many batteries in the industry are cylindrical 

cells in which the electrodes are rolled around a mandrel. This type of assembly requires flexible 

electrodes in order to prevent their cracking and delamination from the current collector due to the 

curvature imposed by this type of cell configuration. SBR is a binder that improves the flexibility of the 

electrode and its adhesion to the current collector. Unfortunately, it does not provide the necessary 

viscosity properties for the coating of electrode slurry on the current collector. This is why it is used in 

complement to PAA or CMC, where PAA or CMC provides part of the mechanical properties of the 

electrode as well as the viscosity necessary for good rheology of the slurry during coating. Figure 1c 

shows the lithiation capacity as a function of the cycle number for these electrodes. For the first three 

cycles at C/20-rate the analysis is the same than previously for 10SFG-xPAA and 40SFG-xPAA studies. 

A first lithiation capacity of 766 ± 13 mA h g-1
AM and a second 615 ± 4 mA h g-1

AM with initial coulombic 

efficiency of 77 ± 1%. 

Then, a marked capacity drop appears from cycle 4 onwards when the cycling rate is increased from 

C/20 to C/5. The capacity drop is proportional to the SBR content in the electrode, 

e.g. -0.5%, -6.7%, -9.0% and -13.7% between cycles 3 and 4 for 2.5%, 4.5%, 6.5% and 10.5% SBR-based 

electrodes, respectively. This loss of capacity is directly correlated to the increase in polarization with 

the SBR amount as shown in Figure S1c. This increase in polarization implies that the cell voltage 

reaches the 10 mV cut-off voltage earlier and then starts the constant voltage step (CV) at the end of 

lithiation. Since the two hours’ limitation of the CV step is reached before the full lithiation of the 

electrodes, a decrease in capacity proportionally to the polarization is observed. 

During the next few cycles, the polarization decreases allowing the total capacity of the active 

materials to be fully utilised for all the electrodes except the 10.5% SBR one. The polarization of the 

latter is so severe that the electrode never reaches a fully lithiated state leading to a low but stable 

capacity, likely due to a lower mechanical stress in the electrode. After 60 cycles ageing, the 

performance reach 480 ± 6 mA h g-1
AM, 493 ± 2 mA h g-1

AM, 514 ± 4 mA h g-1
AM and 479 ± 11 mA h g-1

AM 

for 2.5%, 4.5%, 6.5% and 10.5% SBR-based electrodes, respectively. An increase in performance is seen 

with increasing SBR amount in the electrode with the exception of the electrode with 10.5% SBR.  
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When these capacities are plotted as a function of the coverage ratio (Figure 1d), it appears that the 

40SFG-xSBR electrodes show similar capacity retention than the 40SFG-xPAA ones up to the coverage 

ratio of 14 mg cm-2. This result suggests that SBR and PAA are equivalent binders to maintain electrode 

functioning during cycling. However, when we plot the mean value of polarization from cycle 4 to 60 

(Figure S1d), we note a polarization increase of 0.6 mV per coverage ratio unit due to PAA increase 

against 4.8 mV per coverage ratio unit due to SBR increase. The addition of SBR seems to improve the 

mechanical structure of the electrode in the same manner as PAA, but also leads to a significant 

increase in electrode polarization, making it less attractive than PAA in terms of binder and electrode 

component. 

Finally, since the binder is an inactive constituent, it is important to check that if the increase in its 

concentration in the formulation improves the cyclability of the electrode, this is not at the expense of 

the gravimetric capacity of the latter. This is explored in Figure S2. As a conclusion, after 60 cycles the 

best performance are achieved for the optimal coverage ratio of 18-20 mg m-². 

 

Mechanical and electrical characterizations 

To shed some light on the electrochemical behaviour of these electrodes, characterizations of their 

mechanical and electrical properties were undertaken. For all series, an increase in peel strength is 

observed with increasing polymer content (coverage ratio) (Figure 2a). All compositions with coverage 

ratio of 8 mg m-2 show an adhesive force of 43 ± 8 N m-1. For the coverage ratio of ~ 14-15 mg m-2, the 

two formulations rich in PAA (10SFG-xPAA and 40SFG-xPAA) show the same peel strength, ≈ 65 N m-1, 

while that rich in SBR (40SFG-xSBR) is much higher, with ≈ 140 N m-1. For the coverage ratio of 

≈ 20 mg m-2, a distinction is made between the two formulations rich in PAA, the one containing the 

highest amount of SFG6L (40SFG-xPAA) showing a resistance of 64 ± 3 N m-1, the one containing the 

lowest amount of SFG6L (10SFG-xPAA) showing a resistance of 120 ± 12 N m-1, while the formulation 

rich in SBR (40SFG-xSBR) is even more superior, with 182 ± 4 N m-1. SBR provides thus a clear 

strengthening of the electrode in terms of mechanical properties in comparison with PAA. In all cases, 

observation of the specimens after peeling shows that the rupture is of the cohesive type (Figure S3), 

and measurements, only carried out for the 40SFG-xPAA series, show that the quantity of electrode 

material which remains attached to the current collector decreases with the increase in peel force, 

confirming that the latter is a measure of electrode cohesion (Figure S3).  
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(a)  (b)  

Figure2. (a) Peel force vs. binder-to-powders coverage ratio for the three electrode series. (b) Width 
and % of cracks observed at the electrode films surface after the winding test 40SFG-xPAA and 
40SFG-xSBR. 

 

To evaluate the influence of the binder composition on electrode flexibility, we carried out winding 

tests on electrode pieces rolled around mandrels of 3 mm diameter for 40SFG-xPAA and 40SFG-xSBR 

series (Figure S4a-b). Please note that in the first one the SBR content is kept constant at 2.5 wt% and 

the PAA content varies from 4 to 12 wt%, while in the second it is the reverse, the PAA content is kept 

constant at 4 wt% and the SBR one varies from 2.5 to 10.5 wt%. An images processing of the SEM 

pictures allowed to measure the crack widths (local thickness method48 48) and the crack density 

(Figure S4c), which are plotted according to the coverage ratio Figure 2b. Whatever the amount of 

PAA, i.e. at constant SBR content (40SFG-xPAA series), cracks density and widths are similar, between 

0.9 and 2.5% and between 11.2 and 15.8 µm, respectively. On the opposite, increasing the amount of 

SBR (40SFG-xSBR series) drastically decreases cracks density from 2.3% to 0.4% for 8.3 and 

11.0 mg cm-2 and reach no measurable crack for 20.2 mg cm-2. At the same time the crack width 

decreases from 14 ± 4 µm to 3 ± 1 µm and 0 (no crack). These observations confirm the benefit of the 

SBR binder for cylindrical battery type. 

The comparison of Figures 1d, 2a, and 2b permits to affirm a relationship between the mechanical 

cohesion of the electrodes, which strengthens with the increase in the coverage ratio, and the 

electrochemical cyclability. This relationship is however not a direct one because, for example up to a 

coverage ratio of about 16 mg m-2, the cohesion of the electrodes of the 40SFG-xSBR series is much 

higher than that of the 40SFG-xPAA series, but their cyclability are equal. This can be explained by the 

fact that the mechanical deformation, imposed on the electrodes during the peeling and winding tests, 

is higher than that imposed by the volume variations induced by the (de)insertion reactions of lithium 

in electroactive particles. Thus, although SBR is much more extensible than PAA, this property is 

apparently not required under cycling conditions. On the other hand, it appears essential to ensure 
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the mechanical integrity of the electrodes during battery assembly operations. At high coverage ratio, 

the 40SFG-xSBR series shows a drop in performance due to very high polarization of the electrodes 

(Figure S1).  

To elucidate the origin of the latter, the electrical resistivity of the electrodes was measured. Before 

coming to this, it can be noted that the cyclability of the electrodes of the 10SFG-xPAA series is inferior 

to that of the 40SFG-xPAA series, although their mechanical properties are equivalent. Figure 3 clearly 

indicates a low resistivity around 2.0 ± 0.4 ×10-5 Ohm cm whatever the coverage ratio for the 

40SFG-xSBR series. On the other hand, the 40SFG-xPAA one displays an increase from 2.4 ×10-5 to 

1.4 ×10-2 Ohm cm for 8.3 and 14.9 mg m-2 respectively, and a plateau around 10-2 Ohm cm for higher 

coverage ratio. This result indicates that the higher polarization induced by the SBR binder does not 

come from an increase in the electrical resistivity but rather from ionic conductivity limitations, as 

proposed in other works49,50 49,50. Interestingly, a smaller increase of the resistivity is noticeable for 

10SFG-xPAA series from ≈ 10-5 to ≈ 10-4 Ohm cm by increasing the coverage ratio, compared to 

40SFG-xPAA. Here, the electrons transfer in the electrode is surely affected by the different graphite 

balances between GHDR 15-4 and SFG6L. The increase in the quantity of SFG6L leads to an increase in 

the number of interparticle contacts, which constitute barriers to the transfer of electrons, all the more 

so as the binder is concentrated there52,53 51,52. However, as shown by the superior cyclability of this 

40SFG-xPAA series compared to the 10SFG-xPAA one, more numerous interparticle contacts favours 

the cyclability of the SiOx/Gr electrodes. 

 
Figure 3. Electrical resistivity vs. binder-to-powders coverage ratio for the three electrode series. 

 

Complementary understanding of the source of capacity loss during cycling was addressed by two 

methods. First, by studying whether the capacity loss is global or preferentially distributed over one of 

the two active materials, through a quantitative analysis of incremental capacity curves, and then by 

performing SEM-EDX characterizations of cycled electrodes cross sections. 
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Analysis of incremental capacity curves 

The incremental capacity curves allow to clearly pinpoint and identify the potentials of the various 

electrochemical processes occurring within the SiOx/Graphite electrodes53 53. Each active material has 

its own signature depending on its reaction mechanism (See Figure S5). During delithiation, a marked 

transition appears between the part of the curve reflecting the electrochemical activity of graphite 

(below 270 – 290 mV at C/5) and that reflecting the activity of SiOx (above 270 – 290 mV), suggesting 

a clear two-step delithiation, first graphite then SiOx. We then considered that the capacity between 

10 and 280 mV is attributable to graphite, while the capacity between 280 mV and 1 V is attributable 

to SiOx only. This attribution is approximate in the graphite area, which contain a part of SiOx 

contribution, but is correct in the SiOx one. The comparison of SiOx/Graphite incremental capacities at 

cycle 2 and 62 (Figure S5b), shows only a weak capacity loss within the graphite region whereas a 

significant capacity loss is observed in the SiOx region. To prove this observation, we have written a 

code using Python to identify automatically the potential limit around 270 – 290 mV at C/5 which is 

sensitive to the current value and electrode resistivity evolution. We then integrated incremental 

capacity curves to calculate the capacity in both regions and results are shown in Figure 4a for 

10SFG-xPAA and Figure 4b for 40SFG-xPAA series. In both cases, the capacity fading is clearly different 

between the graphite region and the SiOx one. It appears that the capacity loss in the graphite region 

is moderate or even negligible, while the capacity loss mainly occurs in the SiOx potential region and 

thus reflects the overall capacity fading observed for the whole electrode. The percentage of overall 

capacity loss attributed to graphite or to SiOx at the 60th cycle is plotted as a function of the coverage 

ratio in Figure 4c. It shows that every formulation displays a low and similar capacity loss of ≈ 14-2% 

after 60 cycles in the graphite potential region. On the opposite, capacity losses occurring within the 

SiOx potential region are between 49-31% for 10SFG-xPAA and 34-10% for 40SFG-xPAA. In addition, 

we certainly over-evaluate the capacity of graphite because ≈ 21% of the SiOx capacity come from this 

potential range of 10-260 mVvs Li+/Li. Therefore, the small loss of capacity in graphite area could be 

totally or partly due to the loss of SiOx capacity, meaning that the capacity loss of graphite is surely 

lower than the 14-2% measured after 60 cycles. This result is not consistent with a scenario in which 

entire parts of the electrode are disconnected. In that case, the graphite contribution would decrease 

in the same proportion as that of SiOx, which is not what is observed here. On the contrary, this result 

clearly indicates that the capacity fading mainly comes from the SiOx particles disconnection from the 

percolating network. 
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(a) (b)  

(c)  

Figure 4. Delithiation specific capacity in the graphite and SiOx potential windows for (a) 10SFG-xPAA 
and (b) 40SFG-xPAA series vs. cycle number. (c) Percentage of capacity loss in the graphite and SiOx 
potential windows at the 60th cycle vs. coverage ratio for both series. 

 

SEM-EDX characterizations 

The 10SFG-11PAA-2SBR pristine electrode is observed in backscattered electrons mode at different 

magnifications (Figure 5a and b (× 3,000) and c (× 10,000)). The same images but in secondary 

electrons mode are given in Figure S6. One can very clearly distinguish: (i) in white the SiOx particles, 

dense and angular, and the copper current collector, (ii) in grey with a spherical tendency the GHDR 

particles, displaying a lamellar and porous internal structure, and the SFG6L platelets. C45 carbon black 

also appears in grey in the form of agglomerates of variable dimensions, some of which can go up to 

almost 10 µm. Porosity filled with resin appears darker grey than the graphitic species and the 

conducting additive. The binder is indistinguishable. It can be noted that the internal porosity of the 

GHDR particles is for the most part filled with resin, which means that it is open, and therefore in 

battery probably wetted by the electrolyte. A fraction of this porosity, in black, generally in the center 

of the particles, has not been impregnated by the resin. It can also be seen that the distribution of the 

SiOx particles is not homogeneous and that they are often gathered in bundles. The observation of 

non-calendered electrode cross-sections (not shown) suggests that there is very little fragmentation 
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of the SiOx particles during the calendering step. SiOx/Graphite contacts appear numerous, in some 

cases via C45 aggregates. 

 

(a) 

 

(d) 

 
(b)

 

(e)

 
(c)

 

(f)

 
Figure 5. Cross section SEM observations (backscattered electrons) of (a-c) pristine and (d-f) cycled 
10SFG-11PAA-2SBR electrode. 
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A 10SFG-11PAA-2SBR electrode was observed after 60 cycles. The general view (Figure 5d (× 3,000)) 

shows clearly the increase in thickness of the electrode film. On the same zone imaged in secondary 

electron mode (Figure S6d), the resin which impregnates the porosity of this electrode has in places a 

different appearance from that on the pristine electrode, in particular in the vicinity of the clusters of 

SiOx particles, which may indicate that products present in the SEI may have dissolved in the resin 

before it polymerized or reacted with the resin. The SiOx particles are still dense and do not appear to 

have been fractured by cycling. On the other hand, views at higher magnifications (Figure 5e 

(× 10,000), f (× 15,000), and Figure S7 (× 150,000)) show a modification of their surface which has 

become rough with the presence of a granular phase on this surface. These views also suggest that 

SiOx/Graphite and SiOx/C65 interparticle contacts are less frequent than in the electrode before 

cycling.  

Chemical maps (elements C, O, F, P) were carried out by EDX, but this time on electrode sections 

carried out with FIB-SEM, without exposure to air of the sample between cutting and analyses. A view 

of the cross-section is presented in Figure S8a with the maps for the elements C, Si, and O in Figure S8b. 

Contrary to previous observations, the porosity of the sample is not filled with resin. This is the reason 

why the porosity seems lower than on the previous observations because the morphology is observed 

in the depth of the cut. The maps make it easy to identify GHDR (intense red) and SiOx (intense purple 

and green) particles. The presence of C45 agglomerates and possibly PAA is detectable (pale red and 

green). In particular, disperse areas in green (O) with no counterparts in purple (Si) may correspond to 

binder agglomerates and/or electrolyte degradation species.  

Analyzes with different electron beam acceleration voltages (4 and 10 kV) were performed. The higher 

the acceleration voltage, the deeper the sample is probed. Selected observations are shown in 

Figure S9. The comparison of the silicon and oxygen maps points clearly towards the presence of an 

oxygen-rich layer on the surface of the SiOx particles (Figure S9c-f). The comparison of the carbon and 

oxygen maps makes it possible to identify the presence of a thinner layer, containing oxygen, on the 

surface of the graphite particles (Figure S9b-d). The Fluorine is present in the form of discrete deposits 

in a few places (Figure S9e). This is in agreement with previous observations by our group, in which 

species coming from the degradation of the electrolyte, such as LiF, appear as discrete patches on the 

surface of the silicon oxide particles54 54. In the fluorine-rich spots, notably in the internal porosity of 

the GHDR particles, phosphorus (not shown), is also detected, indicating the presence of the usual 

degradation products containing those elements, such as LiF and LiPxOyFz
54,55 54,55. The additional 

presence of residues of the LiPF6 salt not eliminated by rinsing the electrode with DMC cannot be ruled 

out, especially within the porosities which are more difficult to rinse properly. 
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(a)  

(b)  

(c)  

Figure 6. Elemental profiles obtained at 4 kV (a) in the surface region of a SiOx particle, (b) in the surface 
region of a graphite particle, and (c) in the interface region between a SiOx and a graphite particle. 

 

To complete these observations, a quantification (4 kV) of the elements Si, O, C, F, and P was carried 

out at different locations on the electrode sample cut with FIB (identified in Figure S9a), on the surface 
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of a SiOx particle (Figure 6a), at the surface of a GHDR graphite particle (Figure 6b), and at the interface 

between SiOx and graphite particles (Figure 6c). For the first two, the element detection intensity 

profiles are reported over a depth of about 1 µm, along a line starting from the porosity, crossing the 

SEI, and ending inside the particles, and are averaged over a width of about 1 μm. Although the 

interaction pear of the electron beam with the electrode material reaches a maximum of 0.2 µm at 

4 kV (and 0.8 at 10 kV), these intensity profiles highlight the presence of an oxygen-rich SEI on the 

surface of the SiOx particles (in the 0.2-0.6 µm length region of Figure 6a), also containing carbon, and 

to a lesser extent fluorine, and then phosphorus. The SEI appears thinner on the surface of the graphite 

(region 0.5-0.75 µm length of Figure 6b). These SEIs are also observed at the interface between a 

particle of SiOx and graphite (regions 0.5-0.7 and 0.9-1.25 µm length of Figure 6c). 

The morphology of the electrodes therefore changes significantly during cycling. There is a dilation of 

the electrode (thickness increase), which likely results in a mechanical loss of the electrical contacts 

between the SiOx and graphite particles. There is a growth of an SEI, more particularly on the surface 

of the SiOx particles, which likely increases the resistance to the lithium insertion and can also lead to 

a loss of electrical contacts. All these observations are consistent with the analysis of the incremental 

capacity curves which shows that the loss of capacity is mainly attributable to SiOx. However, we do 

not notice a clear increase of the estimated polarization between cycle 5 to 60, especially for high 

coverage ratio (Figure S1a-b-c), whereas we would expect such a rise if the SEI growth was the SiOx 

particles insulation source. We are therefore more convinced by the mechanical isolation of the SiOx 

particles than a passivation by the SEI. The influence of the coverage ratio on the cyclability of the 

electrodes is probably attributable to the role of the binder in maintaining the mechanical contacts. As 

a matter of fact, Table 2 reports comparisons of the electrodes thickness (as measured with a 

micrometre) and porosity (calculated from the components mass fractions and densities) before and 

after cycling of several electrodes of the 10SFG-xPAA series. It can be seen that with the increase in 

the coverage ratio from 8 to 17 mg m-2, the thickness and the porosity of the electrode increases less. 

Interestingly, the electrode dilation does not vary for an increase in the coverage ratio from 17 to 

25 mg m-2, which is in good agreement with the levelling of the capacity loss above the coverage ratio 

of 17 mg m-2. It has also been reported that the binder can act as an artificial passivation layer, 

minimizing the direct contact between the surface of the active materials and the electrolyte, thus 

reducing the degradation of the latter. We did not conduct an analysis that would allow us to study 

the influence of the recovery rate on the quantity of SEI formed in the electrodes, which could have 

supported this hypothesis. 
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Table 2: Electrode thickness and porosity evolution between pristine state and after 60 cycles for 

different electrode composition from 10SFG-xPAA study. 

 Coverage 

ratio Γ *  

(mg m-²) 

Pristine state 60 cycles ageing 
∆Thickness 

(%)  
Thickness 

(µm) 

Porosity 

(%) 

Thickness 

(µm) 

Porosity 

(%) 

10SFG-2PAA-2SBR 8.3 74.8 34.5 110.0 57.1 47.2% 

10SFG-7PAA-2SBR 17.2 79.7 36.5 99.7 50.4 25.1% 

10SFG-11PAA-2SBR 24.9 86.0 36.3 110.7 51.6 28.7% 

 

 
Figure 7. Cyclability of a SiOx/Gr || NMC811 full cell, made with 10SFG-xPAA and half-cell 
Li || NMC811 with 1M LiPF6 in FEC/DMC (3:7) electrolyte: capacity expressed in mA h per g of 
NMC811. 

 

Electrochemical measurements – Full cells 

Finally, we have assembled full cells with positive electrodes based on NMC 811 versus SiOx/Gr 

electrodes (10SFG-xPAA series) to look at the influence of the coverage ratio in such configuration. So 

far, we put the problem of irreversible lithium consumption aside to focus on negative electrode 

mechanical limitations. Indeed, in half-cell configuration Li || SiOx/Gr, the capacity of the metallic 

lithium electrode was at least 20 time greater than the SiOx/Gr one. This huge excess of lithium, 

considered as infinite, compensates the irreversible consumption of lithium and electron (Li+/e-) 

caused by the initial silica reaction from SiO2 to Li4SiO4
43,44,45,46,43,44,45,46 and the continuous creation of 

SEI caused by SiOx swelling. On the opposite, in full cell configuration SiOx/Gr || NMC, the capacity 

balance between the negative and the positive electrode is close to one meaning that the irreversible 

consumption of Li+/e- become a major issue. Therefore, we did a preliminary study in full cell 

configuration about the electrolyte effect on our SiOx/Gr electrode cyclability. The first two 
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electrolytes correspond to the first generation of electrolytes envisioned for silicon-based electrodes, 

namely a conventional formulation (of the LP30 and LP40 type) based on ethylene carbonate (EC) with 

10% additives of ethylene fluorocarbonate (FEC) or a mixture 10% FEC and 2% vinylidene carbonate 

(VC). The third electrolyte, which belongs to a second generation, does not contain EC, but a mixture 

of FEC and dimethyl carbonate (DMC)10.10 With such type of electrolyte, for example, Yang et al.56 56, 

showed a significantly improved cyclability of SiOx||LiFePO4 cells compared with that of routine 

EC-based electrolyte. They have observed after cycling a better retention of the electrode 

microstructure and the formation of a low impedance LiF-rich SEI in this electrolyte compared to a high 

impedance Li2CO3-rich SEI in the routine electrolyte. The results obtained with a 10SFG-7PAA-2SBR 

electrode and the three electrolytes are represented in Figure S10a, establishing without question the 

superiority of the electrolyte without EC. Subsequently, only this EC-free electrolyte was kept, and full 

cells were assembled with 10SFG-xPAA series SiOx/Gr electrodes from the optimum ratio to lower 

ratio. 

Capacity results in Figure 7a are expressed in mA h per g of NMC (mA h g-1
NMC). For each of the three 

coverage ratios they are about 219 ± 2 mA h g-1
NMC and 171 ± 1 mA h g-1

NMC for cycle 1 and 2 

respectively. These capacities are clearly lower than the 227 ± 0.3 mA h g-1
NMC and 

204 ± 0.4 mA h g-1
NMC of NMC half-cell reference versus metallic lithium. Such difference observed at 

cycle 1 could be explained by the N/P ratio lower than 1 (≈0.97) meaning that a part of lithium is still 

in the cathode after the first charge of the system. We assumed to overload the capacity of the positive 

electrode to offset the low initial efficiency of SiOx material. Many studies aim to prelithiate the 

negative electrode by different technics but that is not our objective in this work. After the first 

discharge, the irreversible reactions of the cathode (ICE ≈ 89%) lead to an estimate N/P ratio of ≈1.1. 

However, the gap of capacity of 32 mA h g-1
NMC between half-cell and full cell at cycle 2 is the first sign 

of the irreversible consumption of Li+/e-. Although the NMC half-cells capacity decreases to 

195 ± 0.2 mA h g-1
NMC at the 5th cycle because of the C-rate increase (C/20 to C/5), this capacity remains 

stable and high equal to 192 ± 0.2 mA h g-1
NMC after 60 cycles. On the opposite, capacities of 

SiOx/Gr || NMC full cells decrease cycle after cycle to reach 124 ± 2 mA h g-1
NMC for 10SFG-2PAA-2SBR 

electrode, 134 ± 2 mA h g-1
NMC for 10SFG-5PAA-2SBR and 141 ± N/A mA h g-1

NMC for 10SFG-7PAA-2SBR. 

The best performance is thus obtained at the optimal coverage ratio of ≈18 mg cm-2. This result 

confirms that this parameter of the electrode formulation is a pertinent one.  
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Conclusion 

The capacity fading upon cycling of SiOx/Gr electrodes is the consequence of their expansion, following 

the volume variations of the SiOx and the growth of the SEI on its surface. This results in a loss of the 

electrical connection of the SiOx particles which then become inactive. The increase in the content of 

binder, which attaches the particles together, can counteract this expansion to a certain extent and 

minimize the degradation of the electrodes. For mixtures of SiOx/Gr varying by the nature of the 

graphite, an optimal content of the binder, a mixture of PAA and SBR, has been identified and 

rationalized in terms of coverage ratio. The value of 18-20 mg of binder per m² of BET surface deployed 

by the SiOx and carbon powders makes it possible to minimize fading, without affecting the kinetics 

(polarization) of the electrodes if the SBR content is kept below 8.7 mgSBR m-². This binder, essential to 

ensure the necessary flexibility of the electrodes for their battery assembly, slows down the transport 

of ions within the electrode. The nature of the electrolyte influences the cycling of SiOx/Gr electrodes. 

Interesting results were obtained in full cell vs. NMC 811 with an EC-free and FEC-rich electrolyte. The 

fading of the electrodes is minimized at the optimal coverage ratio. This coverage ratio therefore 

appears as an essential and convenient parameter of the formulation of electrodes to facilitate their 

optimization. Indeed, the optimal coverage ratio being known from a previous work, it can be then 

used to design a priori the formulation of an electrode made for a new electrode material, but keeping 

the same binder system. The only preliminary work required being the measurement (if unknown) of 

the specific surface area. This approach should therefore fasten the comparison of different grades 

(e.g. different granulometry) of a given active material, of different compositions of blends of active 

materials, or the optimization of conducting additive content. However, the optimal coverage ratio is 

likely to change depending on the binder characteristics, such as chemical formula and 

macromolecular architecture, and in the case of electrode material showing volume variations, with 

its content in the electrode as the mechanical stress sustained by the polymer bridges will depend on 

the extent of dilation/contraction of the electrode.  
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Experimental 

Materials 

All electrode components are industrial grades. The silicon-based material is a silicon oxide covered by 

graphene sheets (SiOx, x ≈ 1) from a graphene supplier (D50 ≈ 10 µm, specific surface area ≈ 1.4 m² g-1, 

specific capacity ≈ 1400 mA h g-1). Graphite active materials used are GHDR 15-4 (D90 = 23 µm, 

specific surface area ≈ 4 m² g-1 – Imerys) and SFG6L (D90 = 5.3 - 7.3 µm, specific surface 

area ≈ 17 m² g-1 – Imerys) with a theoretical capacity of 372 mA h g-1. C-NERGY™ SUPER C45 was used 

as conductive carbon additive (grit 20 µm = 12 ppm, specific surface area ≈ 45 m² g-1 – Imerys). 

PolyAcrylic acid (PAA, Mw = 450 000 g mol-1 - Sigma-Aldrich) neutralized with a LiOH.H2O salt (Sigma-

Aldrich, white crystal) was used as binder. In addition, the Styrene-Butadiene Rubber (SBR – BM-451B) 

from Zeon Corporation was used to complete PAA. NMC cathodes were prepared with NMC 811 

(T81R – Shanshan) conductive carbon C-NERGY™ SUPER C65 (Imerys) and PVdF binder 

(Solef® 5130 - Solvay) in N-methyl-2-pyrrolidone (NMP – Alfa Aesar) as binder solution. 

Electrodes preparation 

Details of anodes composition are gathered in Table 1. Binder solutions for SiOx/Graphite anode were 

prepared by mixing PAA and water with a magnetic stirrer. As shown in Table 1, the binder amount 

has been varied from a slurry to another. However, the higher the binder amount, the more viscous 

the slurry is. Therefore, in order to prepare slurries with similar viscosity, the binder concentration was 

adapted, varying between 2.4 and 7.4 wt%. Finally, the pH of PAA solutions was adjusted at 4.0 ± 0.1 

with the LiOH.H2O salt, estimated at less than 0.1 wt% of the binder solution and of the final electrodes.  

SiOx/Graphite electrode slurries were prepared by mixing the binder solution with other electrode 

components thanks to a planetary blender (Thinky mixer ARE 250). This equipment does not contain 

grinding balls in contrary to a ball-miller, which may break silicon particles or binder chains41 41. 

SiOx/Graphite balance is kept to 23:77 for all studied compositions. The powder of each electrode 

component was incorporated successively, and binder solution was then progressively added to form 

the electrode slurry (mix steps in Table S1). The slurry was coated onto an 8 µm copper foil and dried 

according to the following process: 10 min. at 30°C, a subsequent temperature ramp to reach 110°C in 

≈ 35 min. and finally 30 min. at 110°C. This drying process has been selected to remain as close as 

possible to what is done in the industry where the drying step is done directly after the electrode 

coating and as fast as possible to increase production performance. The wet thickness was adapted for 

each slurry to obtain a surface capacity of 5.1 ± 0.3 mA h cm-², which is typical for an industrial negative 

electrode. A graphite anode is usually ≈ 14 mgAM cm-² to reach 5.1 mA h cm-², which is ≈ 67% heavier 

than the ≈ 8.4 mgAM cm-² needed for our SiOx-based electrodes. After the drying step, electrodes were 
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then calendered at 1.5 t cm-² with a rolling press (Medlab P – Ingecal) at 50°C to reach a porosity 

between 30 and 40% as requested in the industry1 1. Porosity was calculated from the components 

mass fractions and densities thanks to a thickness measurement of each electrode by a micrometer 

(Mitutoyo). 

NMC cathode slurries were prepared by mixing PVdF binder solution, carbon black and NMC active 

material during 90 min. in a stirring machine (ultra turrax® - IKA) following steps detailed in Table S2. 

Electrodes were coated onto a 15 µm aluminium foil and dried from 65°C to 130°C during 75 min. and 

then 60 min. at 130°C under vacuum. Electrodes were then calendered at 0.5 t cm-2 to reach a porosity 

between 30 and 40%.  

Finally, 15 mm diameter circular electrodes were punched out and dried 3-4 hours at 100°C under 

vacuum in a Büchi before entering the glove box and coin cell assembling. 

Electrochemical measurements – Half cells 

SiOx/Graphite electrodes were first tested in coin cell versus metallic lithium. They were assembled in 

glove box under argon atmosphere. A glass-fibre Whatman GF/D and a trilayer microporous 

membrane (PP/PE/PP) Celgard H2021 were used as separators. They were soaked with 200 µL 

electrolytic solution of 1 M LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) 1:1 

+ 10 wt% fluoroethylene carbonate (FEC). SiOx/Graphite electrodes were employed as the working 

electrodes with lithium foil as both counter and reference electrodes. The cycling tests were performed 

in galvanostatic mode at 23°C within the potential window of 1 – 0.01 V versus Li+/Li. The theoretical 

C-rate based on the theoretical capacity of 607 mA h g-1 (according to SiOx/Graphite weight ratio of 

23:77) was fixed at C/20 for the first three cycles (full capacity in 20h). The third cycle was then used 

to define the experimental capacity of the SiOx/Graphite electrode in order to apply a real C/5 rate for 

the next 57 cycles. For all cycles, a constant current (CC) followed by a constant voltage (CV) step at 

the end of the SiOx/Graphite electrode lithiation are applied. This floating step at 10 mV was 

maintained until the measured current reached an equivalent of a C/50 value or a duration of more 

than two hours. For the sake of reproducibility, two to three cells were tested for each SiOx/Graphite 

electrode formulation, and the results were averaged. 

Electrochemical measurements – Full cells 

Some SiOx/Graphite electrodes were tested in coin cell versus NMC cathode. The electrolytic solution 

could be 1 M LiPF6 in EC:DMC 1:1 + 10 wt% FEC or 1 M LiPF6 in EC:EMC 3:7 + 2 wt% VC + 10 wt% FEC 

or 1 M LiPF6 in FEC:DMC 3:7. The same cycling sequence was used within a 2.5 – 4.2 V potential 

window. A CV step at 4.2 V was also used to reach complete lithiation of the SiOx/Graphite anode until 

the measured current reached an equivalent of a C/50 value or a duration of more than two hours. 
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Usually, the capacities ratio between the negative and positive electrode (N/P) is close to 1.1. However, 

this ratio is common for Graphite/NMC battery in which each active material exhibits usually a low 

initial irreversible capacity. On the opposite, the typical irreversible capacity of SiOx for the first 

electrochemical cycle corresponds to approx. 50%43 43 of the first discharge capacity against 15% for 

the graphite. This is not a problem in half cell versus metallic lithium because the lithium/electron 

source is regarded as infinite. The cyclability is not impacted by the lithium consumption corresponding 

to the irreversible capacity contrary to the full cell case where lithium ion source is finite (here in the 

NMC electrode). To overcome such limitation a pre lithiation of the SiOx material can be done and 

would be applicable for an industrial approach46 46. Nevertheless, in our case, we decided to increase 

the mass loading, and thus the capacity, of the NMC cathode to take into account the lithium lost in 

the initial SEI formation during the first lithiation of the SiOx/Graphite anode. In the present study, we 

targeted a N/P ratio ≈ 1,1 on the second cycle when the main part of the irreversible capacities is over. 

This choice lead to a N/P ratio lower than 1 (≈ 0,96) which is uncommon in the industry because of the 

lithium dendrite growing risk. NMC cathode mass loading was 28-31 mgAM cm-2. 

Mechanical measurements - The peel strength 

The electrode samples were cropped to strips of 15 × 100 mm². For 180° peeling tests set-up, a double-

sided adhesive 3M-468MP tape was stuck on a metal vertical plate where the electrode coating was 

pasted on. On the other electrode side, current collector was attached to another similar tape. The 

peeling force was carried out with 180° peeling tests (Zwick Roell Z010) by pulling that later tape at a 

speed of 100 mm min-1 during 80 mm length. We peeled 2 or 3 samples per composition and averaged 

adhesive force. 

Mechanical measurements - Winding test 

Pieces of electrode were rolled and taped around a metal bar with a diameter of three millimetres in 

order to simulate the radius of curvature of a cylindrical type lithium-ion battery. Bars were directly 

observed by SEM to see damages caused by the winding. Some post-processing was done to evaluate 

crack widths and crack surface density. We used the local thickness method of Fiji software (ImageJ) 

which evaluate for each point of the crack the largest sphere diameter that fits inside the crack and 

contains the point48 48. 

Electrical measurements – 4 probes test 

The electronic resistivity of the SiOx/Graphite electrodes was measured by using four-point probe 

mapping system (model 280SI-Microword) with computer controlled stepping motors to move the 

four-point probe. The spacing between each probe is 1 mm. Each probe has a contact area radius of 
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100 mm and the load applied on each probe is 60 g. ≈ 3×3 - 4×4 cm² electrode sqares were measured 

at 30-50 spots. 

Scanning electron microscopy (SEM) & Cross section achievement 

To observe the morphology of the electrodes before and after cycling, they were rinsed by immersion 

in DMC then included in a polymerizable resin (Struers CaldoFix-2 polymerized two days at ambient 

temperature). Cuts were then made using a cross section polisher (JEOL SM-09010). This method 

makes it possible to minimize the exposure and evolution of the samples to air. Then a scanning 

electron microscope (SEM – JEOL JSM 7600F, Hitachi TM3000, FIB/SEM ZEISS Cross Beam 550 FIB) was 

used to visualize the electrode morphology. For the X-ray spectroscopy (EDX) analysis, we used Aztec 

Advanced Software and Oxford SDD detector. First, a cross section of a cycled electrode without resin 

was generated by using the FIB/SEM to create the sample and then scanning by EDX. We obtained 

elemental mappings of Si, C, O, F and P, an electron energy of 4 and 10 kV was selected.  

Analysis of incremental capacity curves 

Derivative of the capacity with respect to the voltage data were calculated using the EC-Lab® software 

(BioLogic). A post-processing of these data was done with a home-made routine written using 

PythonTM. The aim of the routine was to treat a significant data quantity to discriminate the capacity 

contributions of each active material. 
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