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TOC sentence: The SEI on Si-anodes reduces the decomposition of the organic solvents, whereas the 
LiPF6 salt continues to decompose upon cycling

Abstract
In this contribution, we combined electrochemical cycling and X-Ray Photoelectron Spectroscopy

(XPS) to understand the non-passivating behavior of the Solid Electrolyte Interphase (SEI) on the

Si  anode  during  the  first  cycles.  Based  on  galvanostatic  measurements,  we  show  that  the

irreversible capacity loss is reduced after the first cycle, and it stays almost constant from the

second cycle onwards. XPS was used to determine the root causes of the coulombic inefficiency,

showing that the rate of decomposition of the organic solvents strongly decreased after the first

cycle whereas the rate of salt decomposition is almost unchanged between cycles. We determine
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that the inhibition of the decomposition reaction of the organic solvent is responsible for the lower

coulombic loss during the second electrochemical cycle in comparison to the first, whereas the

non-passivating behavior towards the salt decomposition is one of the main causes of capacity loss

upon cycling. We further revisit the role of cracking in contributing to the capacity loss. Whereas

high  volumetric  expansion  remains  an  issue  plaguing  the  performance  of  Si-anodes,  our

chronoamperometry studies reveals that the SEI formed on Si anode does not passivate even when

the  electrode  is  fully  expanded,  and  no  additional  surface  is  exposed.  Overall,  our  work

establishes the need to address the chemical and electrochemical instability of the SEI on Si anode

in addition to the more notorious issue of cracking.

Introduction 
The development of portable electronic devices and the electrical vehicle market has generated an

increasing  demand  for  high  energy  density  battery  materials,  with  enhanced  volumetric  and

gravimetric capacity1-6. Silicon is widely considered as one of the most promising anode materials,

due to the 10-fold higher capacity than graphite (4200 mAhg-1 for Li4.4Si; 3579 mAhg-1 for Li3.75Si

versus 372 mAhg-1 of LiC6)1, 3, 6-7, its natural abundance and low cost, which make it amenable for

scaling  up1-3,  6.  Despite  tremendous  efforts  by  the  scientific  community,  battery  and  car

manufacturers,  pure  silicon  anodes are  still  far  from a  market  reality.  Increasing  amounts  of

silicon have been introduced in composites anodes, which are still primarily made of graphite.

Tesla,  Varta,  Sila  Nanotechnologies,  Enovix  corporation,  Gotion  High-Techhave  all  reported

improvement in the battery performance by introducing Si in composite anodes8. More recently

Solid Power has announced commercialization of Si-reached anode (50% by weight) in an all-

solid-state battery, with 80% capacity retention over hundreds of cycles9. Amprius claims to use

100%-Si for its anode material10. However, these anodes are made of silicon nanowires, a highly

engineered, expensive material, whose costs are hardly sustainable for vehicles11. Whereas these

improvements are notwithstanding, pure silicon anodes are still far from being commercialized in

large scale. This is because pure Si-anodes are afflicted by rapid capacity fade and limited cycle

lifetime when LiPF6 in carbonate-based electrolytes is used1-3, the extent of which is preventing its

commercialization. Interestingly, the electrolyte composition used for Si anodes comprise of the

same  chemicals  commonly  used  for  graphite  anodes  12-23 and  the  composition  of  the  Solid

Electrolyte Interphase (SEI) found on Si, is very similar to that reported for graphite anodes 24-26.

However, contrary to graphite anodes, the Si anodes never fully passivate,  and the electrolyte

continuously decomposes upon cycling12, 16-17. Notably, the high irreversible capacity loss during
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the first cycle27-28 29 is substantially reduced in the following cycles albeit never reaching the level

of passivation required for commercial applications27-28. 

Two reasons are responsible for this non-passivating behavior: (i) the high volumetric changes

upon  lithium  insertion  and  extraction,  and  (ii)  the  inherent  electrochemical  and  chemical

instability of the SEI. 

The high-volume expansion and contractions with consequent mechanical fracture of electrode1-3,

30 lead  to  electrode  pulverization,  exposing  fresh  Si  surface  at  every  crack,  which  causes

electrolyte  reduction1-3.  Nano-engineering  has  helped  mitigating  the  capacity  fade  due  to

mechanical problems, by tuning the Si particles size (below 150 nm)27, 31 and their morphology27, 31-

38.  However,  cycling performance and coulombic  efficiency are  still  poor even for electrodes

where  nanostructuring  and  cycling  conditions  39-42 were  optimized  to  counteract  the  volume

expansion.  This is because the intrinsic (electro)chemical instability of the SEI is the key limiting

factor. One indication of this instability is the “breathing effect”, i.e., the increase and subsequent

decrease of the SEI thickness upon lithiation and delithiation with every cycle 14, 16-17,  19, 43-44.   As

further confirmation of this issue, we recently showed that the SEI is not stable even prior to

lithiation – hence prior to cracking45. Indeed, in a recent prospective, Cunningham and co-authors,

highlighted that the chemistry of silicon exacerbates the calendar aging issues46 in comparison to

graphite. Assessing and mitigating this shortcoming is needed to fully enable pure silicon anodes,

which in turn requires to identify the causes of the inherent (electro) chemical instability of the

SEI layer. 

In  this  contribution  we  performed  electrochemical  tests  coupled  with  post-mortem  X-ray

Photoelectron Spectroscopy (XPS) analysis to understand the chemical instability of the SEI. For

these  studies,  we  used  50  nm  Si  thin  films  to  minimize  the  mechanical  fracturing.

Chronoamperometry tests  show that  the fully  lithiated electrodes continuously decompose the

electrolyte, at ~1mA/cm2, when polarized at 50 mV. We hence performed X-ray Photoelectron

Spectroscopy analysis to gain an understanding of what parasitic reaction are responsible for the

continuous electrolyte decomposition. We determine that the decomposition rate of the solvents

(EC and EMC) drastically reduces after the first cycle whereas the decomposition of the LiPF6 salt

continues. We attribute the strong reduction in the decomposition rate of the solvents as the main

reason for the improvement in capacity retention after the first cycle, and the lack of inhibition of

the salt decomposition pathways as a key-factor in the poor passivating behavior of Si-anode. 
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Experimental methods

Thin films of amorphous Si (50 nm) with a layer of native SiOx (a-Si/n-SiOx) were deposited by

r.f. magnetron sputtering of intrinsic silicon (Kurt J. Lesker, 99.999%) on Cu current collector

foils under argon gas at an applied power of 90 W and a throw distance of 7 cm. Electrochemical

cycling was performed in a three-electrode Swagelok® cell, using 1.2M LiPF6 in EC:EMC 3:7 wt.

% (GEN2) as electrolyte, glass fiber (Whatman GF/D) as separator and lithium metal (Alfa Aesar,

6 mm wide,  0.75 mm thick) as counter and pseudo-reference electrode. Galvanostatic cycling

were  carried  out  on  a  multi-channel  potentiostatic–galvanostatic  (VMP3,  Biologic  Science

Instruments, France) between 0.05 V- 1.5 V vs. Li/ Li+ at a C/10 rate with respect to Li4.4Si’s

theoretical  capacity  (nominal  current  density  of  ~5  A/cm2)  for  the  first  3  formation  cycles,

followed by 10 cycles at a C/3 rate (~16.3 A/cm2). Cycled electrodes were rinsed by submersion

in DEC for 5 seconds prior to analysis. Thus, all data presented here are relative to the insoluble

portion of the SEI. In addition, we performed chronoamperometry at the end of the 3 rd lithiation

and at the end of the 14th lithiation step, by holding the potential at 50 mV and recording the

cathodic current.

Scanning  electron  microscopy  (SEM)  images  were  acquired  using  a  JEOL JSM-6700F field

emission  scanning  electron  microscope  with  5  kV  accelerating  voltage.  X-ray  Photoelectron

Spectroscopy (XPS) measurements were performed using a Thermo Scientific XPS instrument

operated at a base pressure better than 2×10−8 Torr, using an Al k-alpha source (l = 1487 eV). In

addition, extra sample reported in the supporting information were analyzed using a Kratos AXIS

Nova XPS (Al k-alpha source) and PHI system (Mg k-alpha source). Curve fitting was performed

using Igor Pro software with a program coded as described in Ref 47. Phase assignment was based

on the characteristic binding energy separation that chemical species presents as described in Ref
48 and Ref45.  All data are presented as acquired, without any rescaling with respect to binding

energy (BE) axis to enable analysis of possible space charge regions present at the interfaces49-50.

Results and discussion

Electrochemical tests on the Si-anodes thin films are reported in Figure 1. First, we conducted

galvanostatic cycles to determine the irreversible capacity loss during the initial formation cycles

(C/10 rate) and for prolonged cycling (10 cycles at C/3 rate). The areal capacities were calculated

as the mean value averaged over 4 cells. Error bars were calculated as the standard deviation of

the data sets. For each cell, the irreversible capacity loss was calculated as the difference between
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the lithiation and delithiation areal capacities, and the mean value was reported in Figure 1B. The

error bars for the irreversible capacity loss data were calculated as the standard deviation of the

data sets. 

Figure 1. (A) Galvanostatic cycles, consisting of 3 initial formation cycles at a C/10 rate, followed by 10 additional
cycles  at  C/3  rate.  (B)  Lithiation  and  Delithiation  areal  capacity.  The  difference  between  them represents  the
irreversible capacity. (C) chronoamperometry (CA) performed at the end of the 3rd lithiation step and at the end of
the 14th lithiation step. Both equilibrate at ~1mA/cm2

Figure  S1  reports  the  discharge  capacity  (delithiation)  for  each  cycle,  calculated  based  on

thickness of these films (~50nm) and the theoretical density of silicon (2.33g/cm3). The initial

capacity is ~ 4000mAhg-1, very close to the theoretical value for pure silicon (4200 mAhg -1 for

Li4.4Si). This value decreases steadily to ~ 3500mAhg-1 at the end of the 13th cycle, noticing that

these  measurements  were  taken  in  a  half-cell  configuration,  which  uses  lithium  as  counter

electrode.  As it can be seen, after  the first cycle, the irreversible capacity decreases and stays
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almost constant from the second cycle onwards. This means that electrolyte is getting consumed at

a steady rate starting from the second cycle onwards. We note that the irreversible loss is virtually

the same for both C/10 and C/3 cycling rates. This is an important result which indicates that the

kinetics and mechanical issues of these films become negligible after the first cycle. Often time,

particle disconnection and cracking with consequent exposure of new Si surfaces, are attributed as

the root cause of this continuous electrolyte decomposition. We performed this study on 50 nm Si

thin films to minimize this effect.  To further prove the point,  we performed SEM analysis to

determine the morphology of the films upon lithiation and delithiation. The Si thin films have a

granular structure already in the pristine state which does not evolve during cycling (Figure 2).

We would like to emphasize that particularly at the end of the first delithiation and at the end of

the second lithiation step, the SEI is extremely thin, as it can be inferred from the fact that the Si

core-levels are clearly visible in Figure 3. Therefore, the SEM imagines presented in Figure 2

provide valuable information on the morphology of the underlying Si electrodes. 
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Figure  2. SEM imagines acquired after the first 2 cycles, both lithiation and delithiation steps, compared to the
pristine sample. 

Both the low magnification SEM imagines, and high magnification SEM imagines clearly show

that there is no formation of new or additional cracks upon cycling and the granular morphology

is constantly seeing throughout cycling, often defined as “dried mud” morphology. The grains

become better defined upon cycling as a result of the expansion and contraction, which means

they start approaching the behavior of agglomerated particles, without losing contact with the Cu

counter collector. This finding seems contradictory to the general belief that capacity fading of the

Si electrode is caused by the cracks. The fact that the morphology does not evolve over cycling is

indicative of the fact that the Si islands generated in thin films remain attached to the Cu substrate
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enabling  the  anode  material  to  remain  electrochemically  active  and  withstand  numerous

expansion/contraction events,  which is  consistent  with the results  from other researchers.  51-53.

Dahn and co-authors have explained the process in detail for alloying anodes such as Si. For an

alloy  film  deposited  on  rigid  substrates,  the  lithiation  process  causes  the  films  to  expand

perpendicular to the substrate. During the delithiation step, the films shrink both perpendicular and

parallel  to  the substrates,  forming a  crack pattern similar  to  that  found in dried mud. During

subsequent cycles, the formed particles keep contracting and expand reversibly without further

cracking. To further prove the point that the electrolyte consumption is not due to new surface

being exposed, we performed chronoamperometry studies on these films. At the end of the 3 rd and

14th lithiation,  we perform a potentiostatic  hold.  We set  the  voltage  at  50 mV, which  is  the

lithiation cut off potential, and recorded the cathodic current for the following 40 hrs (Figure 1c).

Under these conditions,  the thin films are fully  expanded, the surface,  including any possible

cracking is exposed to the electrolyte, and hence the SEI has been formed on all exposed surfaces.

The sample is at its maximum volume expansion and in a steady-state conditions (no additional

volume  change  or  formation  of  additional  cracking  is  possible).  Under  these  conditions,  a

passivating surface would show a reduction of the cathodic current as the SEI should preclude or

severely  reduce  any  additional  electrolyte  decomposition.  Instead,  as  shown  in  Figure  1c,  a

parasitic current of ~1A/cm2 is persistent on both cycling conditions for several hours. This is

conducive of the fact that this current is consumed in parasitic reactions which are unrelated to

cracking  and  exposure  of  fresh  surfaces.  This  is  the  root-cause  of  the  chemical  and

electrochemical non-passivating behavior of Si anodes, even for morphologies that mitigate the

cracking issue through nano-engineering. 

To unravel the source of these parasitic reactions, we performed qualitative and quantitative XPS

analysis for the first three lithiation cycles. The high-resolution Si2p and C1s, F1s core levels are

reported in Figure 3 and Figure 4 as a function of state of charges. The remaining core-levels are

reported in the Supporting Information together with the tabulated peak position and quantitative

analysis.  Alongside  information  about  the  reactivity  of  the  SiO2 and  Si  upon  lithiation,  the

analysis of the Si core-level provides insights into the variation of the SEI thickness upon state of

charge and number of cycles (Figure 3). In an XPS experiment, the top surface is the plane of

focus,  thus as the SEI grows,  the Si  electrode is  buried underneath a layer  of decomposition

products (SEI) and pushed outside the probing depths (~5-6 nm in the configuration adopted for

this measurements).  Using the intensity of the reacted silicon (silicon dioxide and silicon sub-

oxides) and Si0 peak (elemental silicon), it is possible to monitor the average thickness of the SEI,
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bearing in mind that the SEI is not a perfectly smooth and homogenous layer, and thus local spots

with thicker or thinner SEI can be present. The probing area of these XPS experiments (~ 400 m

diameter) is much larger than the local inhomogeneity (nm scale), which ensure that these local

inhomogeneities do not alter the conclusion of the analysis, as the signal is averaged out over a

much larger area than the characteristic size of the inhomogeneity. Further we verified the validity

of the results by statistical analysis over a number of samples for any given state of charge and

cycle number (at least 2 samples for each state of charge of each formation cycle). The results are

presented below and both qualitative and quantitative analysis confirmed the “breathing effect”,

i.e., a variation in thickness and composition of the SEI over state of charges. 

Figure 3. Growth and decrease of the SEI thickness as a function of cycle number and state of charge. The SEI 
grows during the lithiation stages but then it becomes thinner during the delithiation stage.

At the end of the first lithiation step, the SEI thickness exceeds the probing depth and thus the Si

peak is  not  detectable  (Figure  3).  The SEI  formed during  the  first  lithiation  comprises  large

amounts of the solvent decomposition products, most of which are carbonates12-14, 17,  19, 54. These

can be identified unambiguously by the characteristic components on both the C (peaks labeled

CO3 and C-O-C, C-O in Figure 4). The ratio between the C-O-C, C-O and CO3 bonds is indicative

of  the  fact  that  this  is  a  mixture  of  organic  and  inorganic  carbonates.  The  correspondent  O

components (peaks labeled C=O and C-O in Figure S2) in O1s core-level, agree with the expected

fingerprint for carbonate reported in literature13-14, 17, 19, 55. 
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In terms of the  decomposition products  of  the  salts,  LiF is  again clearly and unambiguously

identifiable on the F1s component (Figure 4b) and the Li1s core level at the characteristic BE

separation of 629.2eV.

Figure 4 A) C 1s core levels as a function of the state of charge and cycle number. B) F1s core level as a function of 
state of charge and cycle number. Please note that all core levels have been normalized using their respective 
sensitivity factors for the C1s and F1s. Further peaks have been normalized to the intensity of the aliphatic carbon 
signal.

The F1s core-level presents (Figure 4) and P 2p (Figure S3)  core levels show two additional

components. These species are often attributed to LiPF6 salt and LiPxFyOz in the literature19, 55. The

quantitative analysis shows that the SEI is rich in the decomposition product of the solvents, with

about 12.6 at.% due to C1s and 32.7% due to O1s signal of carbonate species (Figure 4 and Table

S1). The salt-derived decomposition products are far less, about 3.4 at.% based on the F1s core

level, of which ~2 at.% is due to LiF. This is similar to previous samples cycled in binder-free

electrodes, whereas the opposite has been reported when a binder is used 28, 44. 

Upon delithiation the SEI evolves significantly (Figure 3 and Figure 4). First, the thickness of the

SEI strongly decreases as demonstrated by the presence of a very strong Si elemental peak. Such

peaks are clearly visible also in unwashed samples, indicating that the act of delithation changes
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the SEI making it weakly bound and leading to its detachment or dissolution. Specifically, the SEI

thickness decreased from more than 5-6 nm at the end of the first lithiation stage, to ~2-3 nm in

the delithiation stage. The latter value is determined counting SixOyFz and the silica as part of the

SEI. It is worth noting that the binding energy separation of the Si and O components for the

fluorinated  silica  phase  (SixOyFz)  in  this  sample  (BE(O1s-Si2p)  ~  428.2  eV)  is  lower  than  the

characteristic value for SiO2 (~ 429.5 eV) and the ratio between the two element is ~ 1:1 (instead

of the 1:2 as in stoichiometric SiO2). Furthermore, the F 1s signal shows a really intense peak at

689.1 eV, which corresponds to a mixture of fluorinated silica (SixOyFz) and fluorophosphates

species. This is indicative that SiO2 is not a passive spectator in the electrochemical process but, in

agreement  with  previous  reports16,  56-57,  it  participates  in  the  SEI formation and evolution.  In

addition, the composition of the SEI changes drastically. All carbonate species (Li2CO3, LiEDC

etc.) are no longer present on the surface. LiF does not vary by much in comparison to the 1 st

lithiation stage and a small amount of lithium oxide, presumably, Li2O2, is present. Noticeably, the

phosphorous  peak  undergoes  a  substantial  transformation:  a  number  of  low  binding  energy

components  were  reproducibly  observed  (Figure  S3).  In  addition  to  LiPF6 decomposition

products,  lower  binding  energies  components  appears.  In  line with  a  previous report 20,  these

components are due to phosphate species. A trace component (0.1 at.%) at binding energies ~131

eV remains unassigned.

During the second lithiation (Figure 3 and Figure 4), the thickness of the SEI grows again but to a

much  lower  extent  than  the  1st lithiation.  The  silicon  peaks  are  visible  again  for  all  sample

measured and, for several samples, even the elemental Si(0) peak is visible. The SiO2 continues to

evolve and less fluorinated SixFyOx is detected. Noticeably the composition of the SEI formed

during the second lithiation is very different than the one formed during the first lithiation. A

striking  difference  is  visible  in  the  C  core  level:  carbonates  are  present  in  a  much  lower

concentration if at all, with only a small number of carbon-oxygen bonds being identified in these

samples. This means that the surface has been largely passivated towards the organic solvents’

decomposition reactions. Conversely, the number of salt-decomposition products are present in a

considerable amount. LiF is the major SEI component formed during the 2nd lithiation, with a

relative at. % up to 4 times the previous samples (1 st lithiation and 1st delithiation). This means

that, whereas the rate of degradation of the organic solvent was strongly reduced, the rate at which

the salts decompose is the same or even slightly increases during the 2nd lithiation, with LiF being

one of the main decomposition products.  The breathing effect continues with cycling: during the

second delithiation the thickness of the SEI reduces but to a much lower extent than in the 1 st
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delithiation. The Si peaks are indeed far less visible in comparison to the first delithiation, because

the SEI is thicker at the end of the second cycle. The composition of the SEI shows a mixture of

both carbonate and fluorinated components. It is surprising to see that the carbonate components

are present in quantities comparable or higher than those observed during the second lithiation

step. This means that the surface has gained some level of stabilization, and possibly some of the

carbonates lost during the first cycle have redeposited on the surface. The F1s signal continues to

evolve  accounting  for  most  of  thickness  variation  (breathing  effect).  The  Si  core-levels  are

evolving too and no signals of silica or its fluorinated version being present, only a small amount

of silicon sub-oxide and elemental silicon are present. Interestingly, during the 2nd delithiation, the

SEI is slightly thicker than at the of the 2nd lithiation. This is also confirmed by the reappearance

of the carbonate species. Although surprising, this has been observed reproducibly, therefore over

the 4 cells measured for these two states of charge, therefore washing is excluded as the source of

the discrepancy. The only alternative explanation is that some species, such as the carbonate, have

reach their solubility limit and they precipitate out of the solution. At the moment, this is only a

hypothesis which would require further studies for confirmation.
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Figure 5 A) Quantification of the newly formed reaction product – D(Reaction Product) – at every lithiation step. 
Data has been normalized by the amount formed during the first lithiation step and the respective sensitivity factors. 
B) Quantification of the reaction product formed at every state of charge (lithiation and delithiation) for the first 13 
cycles. Data has been normalized by the amount formed during the first lithiation step and the respective sensitivity 
factors. 

During  the  3rd lithiation  additional  decomposition  of  the  electrolyte  happens.  Newly  formed

products accumulate on top of the decomposition products already present at the end of the second

lithiation cycle, increasing the thickness of the SEI beyond the 6 nm probing depth. As a result,

the Si core-levels are no longer detectable. Both carbonate or and fluorinated products are formed

upon the third lithiation, with the SEI getting enriched in fluorinated products (Figure 4). This yo-

yo effect continues beyond the 3rd cycle as shown in Figure 5A and B. Whereas the carbon core

levels are very similar, both qualitative and quantitative for 9 th lithiation and delithiation sample

and the 13th delithiation sample, the composition of the F 1s core level is constantly evolving, with

higher quantity of LiF for lithiated state of charges and lower quantities for delithiated state of

charges (Figure 5B and supporting information Figures S5, S6 and S7). 

As  mentioned  above,  after  the  first  lithiation  step,  the  surface  becomes  partially  passivated

towards further electrolyte reduction. This means that either or both the decomposition reactions

of  solvent  and  salts  must  have  slowed  down,  decreasing  the  rate  at  which  their  respective

chemicals (EC, EMC and LiPF6) decompose. To assess how the rate of decomposition of solvents

and salt varies upon cycling, we monitor the quantity of decomposition product of the solvents

and salt formed at every lithiation step and plot them as a function of lithiation number (1st, 2nd and

3rd and  10th lithiation)  in  Figure  5.  To  ensure  a  reliable  quantification,  we  used  atomic

concentration of the CO3, CO2 and C-O species on the C1s core level to monitor the concentration

of formed solvent decomposition product on the surface (Table S1). To determine the amount of

salt decomposition product, we used the signal of the LiF on the F1s core level. There are several

reasons  why these  species  were  chosen  as  probes  of  the  decomposition  reactions.  Firstly,  as

illustrate above, the thickness of the SEI varies during the lithiation and delithiation steps, thus the

species under examination needs to be present in the same probing depth in order for the reactions

to be evaluated fairly. The SEI on both Si and graphite anodes, has been reported to be stratified,

with the insoluble components (Li2CO3 and LiF) closer to the electrode surface and the lighter

organics products accumulating in the outer parts of the SEI, closer to the bulk of electrolyte

solution16, 45, 58. By using the CO3, CO2 and C-O we are considering all organic product formed.

Secondly, the spectroscopic signals of these two species are clearly identifiable and they are not

superimposed with the signal coming from other species (such as trace of salts such as LiPF 6 and
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fluorophosphate), thus enabling a reliable quantification. Figure 5B shows these two quantities

plotted as a function of the state of charge (lithiation and delithiation) for each cycle. Data has

been normalized by the amount formed during the first lithiation step and the respective sensitivity

factors. After the first cycle, decomposition products formed during any of the following lithiation

steps are going to add to the SEI already present at the end of the previous delithiation step. Thus,

it is important to quantify only the newly formed decomposition products at each lithiation step,

here  indicated  as  D(Reaction  Products),  to  evaluate  which  of  the  decomposition  reactions  is

responsible for the thickening of the SEI and the electrolyte consumption. The newly formed

products,  D(Reaction  Products),  have  to  be  calculated  as  the  difference  between  the  amount

present at a given lithiation step minus the amount present at the end of the previous delithiation

step. Mathematically, this is done by subtracting the area of the relevant components at the end of

the of the delithiation step, from the area of the same components at a given lithiation step. For

example,  the  data  points  for  the  2nd lithiation  step  in  Figure  5A has  been  calculated  as  the

normalized area of the 2nd lithiation minus the normalized area of the 1st delithiation (see Table S1

and  Figure  5B).  This  calculation  quantifies  the  amount  of  newly  formed  species  at  the  2nd

lithiation  step.  Same  calculation  was  performed  on  the  3 rd lithiation  with  respect  to  the  2nd

delithiation and on the 10th lithiation with respect to the 9th delithiation. 

In the lithiation steps (Figure 5A), the quantity of solvent decomposition products that are newly

formed upon lithiation decreased substantially from the second lithiation onwards, whereas the

amount of salt decomposition products is equal or higher than those initially formed during the 1 st

lithiation. This is conducive of the fact that the decomposition reaction of the solvent significantly

decreases upon the second lithiation, whereas the decomposition of the salt continues unabated.

This phenomenon is primarily responsible for the continues consumption of the lithium inventory.

In  addition,  the  breathing  effect  observed  for  both  solvent  and  salts  decomposition  products

exacerbate instability of the SEI on Si-anode surfaces.

Finally, it is worth noting that a systematic trend is visible in the peak positions as function of

carbonate present on the surface (Figure S8). This shift has already been reported for the SEI

formed on top of graphite-based anode materials  and attributed to  the possible presence of  a

dipole at  the interface between the bulk electrode and the SEI itself  50,  59.  Our data  show an

analogous behavior to the one reported in Ref 50. Additionally, we note that the shift is dependent

on the amount of carbonates present on the surface52. The physical origin of this shift is still under

debate but recently it has been attributed to the orientation of the carbonate molecules 52, which if
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confirmed, could explaine the observed trend with amount of carbonates species present on the

surface. 

Conclusions

The qualitative and quantitative analysis of the SEI formed during the first charge and discharge

cycles reveal that the SEI formed on Si anodes is continuously evolving. Our study confirms the

existence of a breathing process as a function of state of charge. This is visible both in terms of the

thickness of the SEI and its compositions. Specifically, the thickness of the SEI grows during the

lithiation steps and decreases during the delithiation steps. The most noticeable chemical species

(LiF, carbonates etc.) tend to form during the lithiation process and they detach/dissolve during

the delithiation process. The SiO2 is involved in the reduction processes, giving rise to additional

species such as fluorinated SiOx, and it keeps evolving during the lithiation/delithiation steps. The

use of 50 nm Si electrode minimizes the possible influence of cracking effect, leaving the origin of

this effect largely to the chemical and electrochemical instability of the SEI on Si. This is further

confirmed by the chronoamperometry measurements: the residual cathodic current measured at

the end of the 3rd and 14th lithiation step show that the electrolyte is continuously broken down

when the electrode is polarized at 50 mV. Under these experimental conditions, the SEI is fully

formed, and the electrode is fully expanded, hence no cracks can be formed anymore. A well-

passivating SEI would lead to a reduction of the cathodic current to negligible values, which does

not happen in Si-anode. Instead, electrolyte keeps being reduced, giving rise to a parasitic current

of ~1mAh/cm2.

The salts decompositions reactions are a major contribution to the non-complete passivation effect

observed after the first cycle, as they are not suppressed to the required extent. Whereas the rate of

decomposition of the solvents is drastically reduced by about an order of magnitude after the first

cycle, the decomposition of the salt continues. As a result, a carbonate-rich SEI is formed during

the first  lithiation,  which  later  becomes enriched in  fluorinated products during the following

cycles.

Overall, our work calls for the redesign of the electrolyte for Si-anodes materials as it appears

clear that traditional electrolytes used for graphite anodes lead to an unstable SEI when used on

Si-anodes. One avenue could be to design larger salt than LiPF6, where steric effects could limit

the transport to the electrode. Alternatively, salts whose decomposition product have very limited

solubility in the electrolyte itself, could be designed, to use Le Chatelier's principle to alleviate the

15



breathing effect plaguing the performance of Si-anodes.  Recently, it was demonstrated that the

addition  of  bulkier  salts  to  the  electrolyte  composition  improves  the  capacity retention  of  Si

anodes60-61. However, the improvement is limited and not sufficient to enable commercialization of

high content  Si  anodes.  Whereas this is  a promising avenue,  it  is  these authors’  opinion that

additional research efforts are needed to improve the electrolyte formulation. An alternative path

is to modify the electrode composition by including elements known to promote the formation of

a stable SEI. As a proof of concept, we reported on the synthesis of an Al-Mn-Si based amorphous

glasses62, which shows a more stable SEI and lower parasitic currents than those observed on pure

Si anodes.
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