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Abstract

This work focuses on the mechanisms of interfacial processes at the surface of amorphous 

silicon thin-film electrodes in organic carbonate electrolytes to unveil the origins of the inherent 

non-passivating behavior of silicon anodes in Li-ion batteries. Attenuated total reflection Fourier-

transform infrared spectroscopy (ATR-FTIR), X-ray absorption spectroscopy (XAS), and  infrared 

near-field scanning optical microscopy (IR aNSOM) were used to investigate the formation, 

evolution and chemical composition of the surface layer formed on Si upon cycling. We found that 

the chemical composition and thickness of the solid/electrolyte interphase layer (SEI) continuously 

change during the charging/discharging cycles. This SEI layer “breathing” effect is directly related 
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to the formation of lithium ethylene dicarbonate (LiEDC) and LiPF6 salt decomposition products 

during silicon lithiation and their subsequent disappearance upon de-lithiation. The detected 

appearance and disappearance of LiEDC and LiPF6 decomposition compounds in the SEI layer is 

directly linked with the observed interfacial instability and poor passivating behavior of the silicon 

anode. 

1. Introduction

High-energy lithium-ion batteries (LIBs) employing carbonate-based electrolytes are 

thermodynamically unstable. The intrinsic limitations come from the reductive decomposition of 

the electrolyte at the negative electrode, typically operating below the electrochemical stability 

limit of the electrolyte.1,2 However, commercial LIBs can operate stably due to the formation of 

the so called solid electrolyte interphase (SEI), which passivates the surface of the anode and 

almost completely suppresses the electrolyte decomposition while still allowing lithium ions 

transport.3–5 According to the common SEI layer functional model, the solid electrolyte film acts 

as an interphase between the electrode and the liquid electrolyte solution. The SEI model, proposed 

by E. Peled in 1979, is generally accepted today for all alkali, alkaline earths metals and anode 

materials used in non-aqueous-battery systems.3

The SEI formation on a graphite electrode, which still represents the anode of choice for 

LIBs, occurs mostly during the first cycle and it remains reasonably stable upon cycling, ensuring 

relatively high (>99.9%) charge/discharge coulombic efficiency. Despite almost 5-10% of 

irreversible capacity loss associated with the SEI formation during the initial charge-discharge 

cycles, a properly engineered graphite anode-based LIBs can provide excellent energy density at 

adequate cycle and calendar life.6,7
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To increase energy density of LIBs, new type of non-carbonaceous anode materials have 

been proposed and studied as promising alternatives.8 Among them, lithium alloying anodes, and 

silicon in particular have attracted much interest because of their relatively low operating voltage 

and high theoretical gravimetric and volumetric capacity.9–12 Despite these encouraging 

parameters, alloying anodes present several challenges which still need to be addressed before a 

successful commercialization.13 The electrode failure mechanism is typically linked with a huge 

volume variation (280%) of silicon upon cycling.8,14,15 Such large volumetric changes induce a 

tremendous mechanical stress in the active material and results in particle cracking and mechanical 

disintegration of the composite Si electrode leading to gradual loss of electronic contact between 

Si particles and the electrode conductive matrix, electrode delamination from the Cu current 

collector and ultimately cell failure. These issues have been addressed successfully to some extent 

by smart active material and electrode design e.g., downsizing of Si particles, Si nano-

architectures, advanced carbon matrixes and binders capable of containing the volumetric 

changes.14,16–19

However, regardless of the mechanical degradation of the active material, the intrinsic 

instability of the SEI layer on silicon is the main challenge to be addressed for the successful 

implementation of the silicon anode in high performance LIBs.20–24 In fact, silicon exhibits a non-

passivating behavior in the most commonly employed organic carbonate-based electrolytes. 

Contrary to graphite, Si anodes never fully passivate, with consequent continuous electrolyte 

decomposition20,25 responsible for charge/discharge coulombic inefficiency and rapid cell 

degradation during long-term cycling of Li-ion cells.26 The unique electrochemical reactivity of 

silicon toward the electrolyte leads to large irreversible capacity loss, poor passivating behavior 
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with consequent gradual electrolyte consumption, lithium inventory shift in full cell configuration 

and cell impedance increase due to surface film accumulation upon cycling.27

 A cyclic variation (breathing effect) of the SEI thickness has been observed upon lithiation 

and de-lithiation, indicating the instability of this passivating layer and its continuous change as a 

function of state of charge.28 

Veith et al.29 revealed through neutron reflectometry that the breathing behavior of the SEI 

is associated with a change in the chemistry of the compounds constituting the SEI. Indeed, the 

SEI formation is strongly influenced by the electrolyte composition and the use of additives.30 By 

using an FEC-added electrolyte, the SEI thickens upon lithiation and becomes more organic-like, 

while upon de-lithiation it becomes thinner and richer in inorganic compounds.24 Interestingly, the 

direction of the changes observed in thickness is the opposite when using an FEC-free electrolyte.24 

Toney et al.31 detected through X-Ray reflectivity measurements and high precision coulombic 

efficiency measurements that the SEI grows more with increased time spent at low voltage value 

and that the growing rate is described by a parabolic function. 

On the other hand, the mechanism and kinetics of electrochemical reduction of the 

electrolyte can be altered by the electrode surface structure and composition.32,33 

A fundamental understanding of electrochemical and chemical processes occurring at the 

Si/electrolyte interface is essential for the development of the next generation of high-energy anode 

materials.

Our approach toward that challenge consists of the use of model 50 nm amorphous thin-

film Si electrodes acting as standard platforms for the investigation of the interfacial properties. 

Such Si model electrodes offer a consistent and well-defined electrode/electrolyte interface, which 

is free of any possible interference from other passive and active components such as conductive 
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carbon additives and binders. Moreover, silicon thin-film electrodes with a thickness < 100 nm do 

not crack upon cycling34 so, the intrinsic behavior of Si determines the electrochemical response 

of the electrode whereas the secondary degradation processes caused by the Si volume changes, 

cracking and fresh surface exposure are diminished. 

2. Experimental 

2.1. a-Si thin-film model electrode preparation 

Amorphous silicon thin-film (a-Si-TF) electrodes were deposited by magnetron sputtering on a 

battery grade copper foil in an in-house (Oak Ridge National Laboratory) sputtering system. The 

Si thin-film were deposited for 5 minutes at 90 W power and 7.0 mtorr Ar pressure (99.9995%, 

Air Liquide), using a commercially available Si target (99.99% - Kurt J. Lesker) and a r.f. power 

supply. The silicon film was 50 nm ±5 nm thick with ca. 3 nm native SiO2 layer and overall density 

of about 2.1 g cm-3 (based on neutron reflectometry measurements). The a-Si-TF samples were cut 

into disc electrodes of 12 mm diameter with ca. 1.2-1.3·10-5 g of Si such that electrodes from the 

same vapor deposition were used throughout the experiments.

2.2. Electrochemical characterization

Three electrode Swagelok® T-type cells were assembled using glass fiber (Whatman 

GF/D) separator, and Li-foil reference and counter electrodes (Alfa Aesar), and filled with battery 

grade electrolyte, i.e. 1.2 M LiPF6 in EC (ethylene carbonate): EMC (ethyl methyl carbonate) 3:7 

wt.% (Tomiyama Chemicals, Japan) in an argon filled glove box with a H2O and O2 content lower 

than 1 ppm (VAC Nexus one).

The cyclic voltammetry (CV) measurements were performed at a scan rate of 0.1 mV s-1 

within the 0.05-1.5 V vs. Li+/Li potential range. Cells were cycled galvanostatically at 5 µA cm-2, 
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which corresponds to ~C/10 charge/discharge rate based on the theoretical capacity of the a-Si-TF 

electrodes (Li4.4Si fully lithiated phase). Electrochemical tests were recorded with a multi-channel 

potentiostat-galvanostat (VMP3, Biologic Science Instruments, France). All potentials are referred 

to the Li+/Li reference electrode. 

2.3. Surface analysis

Post-mortem analysis was performed on cycled electrodes recovered at different potential values 

during lithiation and de-lithiation. Electrodes were extracted from cycled cells inside an argon 

filled glove box and dried at room temperature. When specifically mentioned in the text, electrodes 

were rinsed with 200 µL of diethyl carbonate (DEC, anhydrous, ≥99% Sigma Aldrich)  for 10 

seconds to remove residual electrolyte and dried at room temperature inside the glove box. 

Ex situ attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy 

measurements were performed inside an N2-filled environmental chamber (818GBB/Plaslabs). A 

Shimadzu IRTracer-100 spectrophotometer outfitted with the single reflection PIKE technologies 

MIRacle™ ATR sampling accessory equipped with Ge crystal was used to record ATR-FTIR 

spectra. The FTIR spectra were averaged over 200 scans with spectral resolution of 4 cm−1.

For comparative purpose, the data were processed and analyzed using the Originlab 

software after proper baseline correction and normalization. To eliminate the electrolyte 

contribution in the spectra of the unwashed cycled electrodes,  the subtractively normalized 

interfacial Fourier transform infrared spectroscopy (SNIFTIRS) method was used with a correct 

subtraction factor. Spectral subtraction has been performed between the “dried electrolyte” and the 

not washed cycled electrodes using the LiPF6 absorption band at 780 cm-1 to determine the correct 

subtraction parameter. Despite LiPF6 undergoes decomposition, it is assumed that a consistent 
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percentage of the salt (1.2M LiPF6 solution) will be unchanged and its residual amount in the dried 

electrolyte and the cycled electrode’s surface will be comparable.

The topography measurement was conducted using a MFP3D atomic force microscope 

(Asylum Research, Oxford Instrument Company, USA) with the non-contact mode. A Pt-Ir coated 

AFM tip (BudgetSensors, ElectriMulti75-G) with a nominal spring constant of 3 N/m was used.

Near-edge X-ray absorption fine structure (NEXAFS) measurements were performed on 

beamline 8.0.1 at the Advanced Light Source (ALS) in Lawrence Berkeley National Laboratory. 

The NEXAFS spectra were recorded in total-electron-yield (TEY) mode by monitoring the sample 

drain current. The energy resolution was set to 0.2 and 0.1 eV for the fluorine K-edge and Si L-

edge, respectively. Samples were prepared inside a glove box and transferred for analysis using an 

in-house built airtight sample loader.

Near-field infrared imaging was conducted with a Neaspec NeaSNOM near-field imaging 

system, using Pt-Ir coated AFM tips (NanoWorld, ARROW-NCPt), with a set of Daylight 

Solutions quantum cascade tunable IR lasers (tuning range 1320-1420 cm−1) as the excitation 

source. Detection was performed with a liquid nitrogen-cooled HgCdTe photodetector (Kolmar 

Technologies). The near-field IR setup was enclosed in a custom-built continuous-flow dry 

nitrogen-purged glove box, allowing characterization of air- and water-sensitive compounds on 

the sample surface.

3. Result and discussion

The electrochemical reduction of the electrolyte and SEI formation processes occurring 

upon lithiation/de-lithiation of the a-Si-TF electrodes were first investigated by cyclic voltammetry 

and galvanostatic charge-discharge tests.
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Figure 1

The CV profile (Fig.1a) shows a small feature at 0.4 V, which is most likely related to an 

early stage lithiation of silicon23 or a partial reduction of the native oxide layer and formation of 

silicate species.35,36 At low potentials two main cathodic peaks associated with the lithiation of 

amorphous silicon are observed at 0.2 V and 0.08 V. The two corresponding de-lithiation peaks 

are observed during the anodic scan at 0.26 V and 0.48 V. The charge-discharge efficiency of the 

lithiation/de-lithiation process has been calculated by integrating the cathodic current at potentials 

<0.5 V vs. the total charge consumed during the anodic scan. The charge/discharge efficiency of 

the 1st cycle was only ~78%. Upon further cycling a more stable electrochemical behavior is 

observed characterized by a decrease of the electrolyte reduction current, a reshaping of the 

lithiation peaks at potentials between 0.12-0.5 V and steady de-lithiation charge and current 

profile. While it is generally reported that the magnitude of the cathodic and anodic charge for Si 

anodes increases upon cycling due to particle cracking and electrochemical reactivity of freshly 

exposed silicon surface,23,37 this behavior is not observed here due to the structural and mechanical 

integrity of the a-Si-TF electrode. 

During the first cathodic scan the onset of the cathodic current is observed at ca. 2.0 V, 

which is generally ascribed to the early-stage formation of the SEI layer (Fig. 1b). The reduction 

of the electrolyte cathodic peaks at 1.4 and 0.8 V are attributable to the decomposition of EMC 

and EC, respectively. A non-negligible cathodic current contribution arises also from the copper 

current collector through the pores of the Si thin film or the backside of the electrode. As reported 

by El Kazzi et al.,38 we confirm that the electrolyte reduction within the 2.0-0.5 V voltage range 

is observed also by cycling the bare copper current collector. In fact, the corresponding cathodic 

CV profiles of the Cu and a-Si-TF electrode, shown in Fig. 1b, overlap almost entirely at potential 
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> 0.3V with only a small extra current attributable to the  first stage lithiation of silicon at 0.4 V. 

Fig. 1c presents potential profiles of the first and second galvanostatic lithiation/de-lithiation 

between 0.05 V- 1.5 V at 5 µA cm-2. The potential profiles match well the CV plots i.e., all the 

redox peaks observed at the CVs are also visible as plateaus in the galvanostatic curves and the 

charge reversibility of the lithiation/de-lithiation process (77%) is also comparable. 

3.1. Solvent decomposition species at the silicon/electrolyte interphase 

The interfacial properties of the a-Si-TF model electrodes have been investigated by ex situ 

ATR-FTIR spectroscopy at different potentials during the first lithiation/de-lithiation process. 

Figure 2

Figure 2 (a-c) shows selected spectral regions of the ATR-FTIR spectra collected at 1.5 V, 

0.5 V, 0.3 V, and 0.05 V during lithiation and at 1.0 V and 1.5 V during the following de-lithiation 

process (see the green dots in Figure 1c). The electrodes have been analyzed as recovered from 

cells i.e., without any rinsing process to remove residual electrolyte allowing residual EMC 

evaporation. For the sake of  reference, Fig. 2 displays the spectrum of the residual electrolyte on 

a Cu-foil herein defined as “dried” electrolyte, which is a more representative reference spectra 

for the ex-situ ATR-FTIR analysis performed on the recovered dried electrodes. The ATR-FTIR 

reference spectra of the pristine liquid (“wet”), the “dried” electrolyte and EMC solvent are 

reported in Fig. S1 in the Supplementary Information section. The main difference between the 

spectra of the two electrolytes (“wet” vs “dried”) is related to the absence of the peaks associated 

with the most volatile39 solvent (EMC)  indicated by green dotted lines.

The IR absorption peaks observed at 1.5, 0.5 and 0.3 V in Fig. 2 (a-c) belong to electrolyte 

residue as shown in the spectrum of the dried electrolyte. However, close examination of the 
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spectrum of the a-Si-TF electrode in the fully lithiated state, i.e., at 0.05 V reveals some notable 

changes. Three new spectral features appear at 1652 cm-1, 1460 cm-1 and 1325 cm-, and broadening 

of the electrolyte peaks at 1409 cm-1 , 1230 cm-1,  1116 cm-1 and 1060 cm-1 is observed. These new 

contributes are attributed to the presence of lithium ethylene dicarbonate (LiEDC, (CH2OCO2Li)2) 

on the electrode’s surface 40–45. Table S1 in the Supplementary Information section reports a 

comparative assignment of the peaks associated to the detection of LiEDC in the present work 

with other reported studies.

The detection of LiEDC in the SEI layer does not represent itself a new finding. LiEDC 

was firstly identified by Aurbach et al.46,47 as the primary decomposition product of EC containing 

electrolytes on noble metals and lithium electrodes’ surface. It has been reported that LiEDC is the 

result of a single electron reduction process of EC according to the reaction Scheme 140:

Scheme 1

Later studies revealed the presence of LiEDC on nickel40, carbonaceous48 and silicon based 

electrodes,26 suggesting that LiEDC is the main component of the SEI film formed in EC-

containing electrolytes. However, Figure 2 (a-c) shows that LiEDC completely disappear from the 

IR spectra during de-lithiation both at 1.0 V and 1.5 V. This behavior constitutes an important 

observation that is directly related to the instability of the passive film on silicon electrodes during 

cycling and the related charge/discharge coulombic inefficiency. 

Interestingly, nothing other than the electrolyte and LiEDC IR absorption features are 

observed in the three spectral regions at all potentials. This might be related to the lack of sufficient 

FTIR sensitivity and selectivity, especially in the presence of large amount of the electrolyte 

residue. To detect possible hidden components in the surface layer and evaluate the solubility of 

the electrolyte decomposition products, two different approaches were undertaken. The first one 
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involved a rinsing step in  DEC  of the cycled electrodes (see experimental section), while the 

second one consisted on the application of the a subtraction of the electrolyte peaks from the 

experimental spectra obtained at different potentials (see experimental).

Figure 3

The ATR-FTIR spectra of the rinsed a-Si-TF electrode at different potentials are reported in Figure 

3. The washing process leads to the disappearance of the electrolyte signal as well as other soluble 

electrolyte decomposition products from the silicon surface, revealing the native SiO2 layer at 1.5, 

0.5 and 0.3V. A comparison of the FTIR spectra of the pristine uncycled electrode, the washed 

electrode cycled up to 1.5 V and two reference spectra of amorphous SiO2 is reported in Figure S2 

in the Supplementary information section. It is shown that the spectral features between 1000 cm-1 

and 1300 cm-1 can be indeed attributed to the Si-O vibrations of amorphous silicon oxide. 

Figure 3 shows that the signal from SiO2 tends to diminish and change its spectral shape as the 

potential gets more negative, which suggests a participation of the oxide in the electrochemical 

process as already previously proposed 25,35,49,50. The role of the oxide in the interfacial stability of 

silicon electrode is still highly discussed and will be specific object of study of a following report. 

 Interestingly, the IR absorption features of LiEDC are still visible at 0.05 V as confirmed by the 

IR absorption features at about 1651 cm-1, 1402 cm-1 and 1313 cm-1 and 1089 cm-1 (see Fig. 3 and 

Table S1), indicating that LiEDC is not removed by rinsing the electrode in DEC. 

 Tasaky et al.51 has reported on the solubility of different lithium salts in organic solvents. 

The molecular dynamic simulations demonstrated that the dissolution of organic salts is 

exothermic as compared to endothermic dissolution of inorganic salts. Indeed, the enthalpy of 

LiEDC dissolution in DMC (-21.65 kcal mol-1) is negative with regard to positive values for 

lithium oxalate (30.37 kcal mol-1) or lithium  carbonate (31.61 kcal mol-1). The simulations were 
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in agreement with solubility values determined experimentally,52 indicating that LiEDC should be 

readily soluble in organic polar solvents. However, LiEDC is still detected on the surface of the 

lithiated electrode at 0.05 V even after a rinsing in DEC. 

It is likely that EC decomposition and formation of LiEDC begins at higher potentials ca. 

0.8 V. However, LiEDC is not observed at 0.5 V and 0.3 V, suggesting that LiEDC does not 

precipitate on the electrode surface but instead dissolves in the electrolyte. The rate of formation 

of LiEDC at lower potentials may increase to saturate the electrolyte and/or surface film and trigger 

precipitation and agglomeration of LiEDC on the surface. Dissolution of LiEDC can involve 

multiple steps, each with its own rate, and require a protracted amount of time to arrive at the 

equilibrium. The parameters that can inhibit the dissolution of LiEDC in the electrolyte include 

local viscosity of the solvents, surface tension, interfacial free energy, diffusion rate, and 

adsorption to the lithiated silicon surface.26 

The electrode rinsing by organic carbonate solvents such as DEC to eliminate electrolyte 

residue is often seen as a necessary step in ex situ studies of the film structure and composition. 

On the other hand, the rinsing process may deeply affect and modify the film composition and 

morphology, especially at high state of charge, when the electrode is more prone to react with the 

rinsing agent to form products, which can also solubilize other film components. 

To enable the detection of hidden compounds in the SEI layer, while avoiding the possible 

side effects induced by the rinsing step, we adopted an alternative approach, consisting of 

mathematical subtraction of the electrolyte reference spectrum from the experimental spectra 

obtained at different potentials. Such an analysis is depicted in Fig. S3 in the Supplementary 

Information section. 
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Again, new spectral features appear only at the FTIR spectra of the fully lithiated sample 

(0.05 V) at 1654 cm-1, 1326 cm-1, 1110 cm-1 and 1062 cm-1, which are attributed to LiEDC. Some 

additional peaks that appear at ca. 800-900 cm-1 can be attributed either to LiEDC, polyethylene 

glycol, P-F and/or P-O-F containing compounds.

Interestingly, Ross et al. 48 reported on the evolution of the passivation film formed on graphite 

electrodes by using the same electrolyte employed in this work. It was revealed that the reductive 

decomposition of EC leads to the formation of LiEDC. However, FTIR analysis conducted on the 

cycled anode suggested further decomposition of LiEDC through a secondary two electron 

reduction process leading to the formation of lithium oxalate and lithium ethane-1,2-bis(olate) (or 

more generic polyethers like polyethylene glycol (PEG) also known as polyethylene oxide (PEO) 

or polyoxyethylene (POE) species)48 as summarized in Scheme 2.

Scheme 2

To investigate the occurrence of the secondary reduction process of LiEDC on silicon and 

highlight possible differences with graphite anodes,  FTIR analysis on reference compounds has 

been performed and compared with the spectra of the cycled a-Si-TF electrode. Figure 4 shows ex 

situ FTIR spectrum of the rinsed a-Si-TF electrode lithiated at 0.05 V, and reference spectra of 

LiEDC,40 polyethylene glycol (PEG), lithium oxalate, lithium carbonate and lithium ethoxide.

Figure 4

In fact, the FTIR spectrum of the a-Si-TF electrode at 0.05 V may appear as a superposition 

of the main peaks of lithium oxalate (1654 cm-1, 1327 cm-1) and polyethylene glycol (1050 cm-1-

1150 cm-1) but the dominant spectral features of the a-Si-TF electrode match those of LiEDC much 

better than lithium oxalate. As a matter of fact, the spectral feature at ~1402 cm-1 observed for the 
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cycled electrode is not observed for lithium oxalate as well as the broad peaks centered at ~1100 

cm-1 and 830 cm-1, which can be associated instead to LiEDC (see also peak assignment for LiEDC 

in Table S1) and a merged contribute arising from oligomeric polyethylene glycol species. 

It is worth mentioning that other alkyl carbonates can be formed upon solvents 

decomposition such as dilithium butylene dicarbonate (Li2BDC), LiO(CH2)2CO2(CH2)2OCO2Li 

and Li(CH2)2OCO2Li,  which have been recently detected by solid-state NMR.53 Given the similar 

functional groups and the lack of reliable reference compounds, the assignment of the peaks to the 

mentioned chemical species is rather difficult, thus we cannot completely exclude their presence 

on the silicon surface. It is believed that for EC reduction, Li2CO3 is likely to form at low 

concentration of EC, while LiEDC is more likely to form at high concentration, highlighting the 

importance of the kinetic barriers of these reactions compared to thermodynamics.6 

From the results reported in Fig. 4, the presence of Li2CO3 can also be excluded since the 

main characteristic spectral features are not observed in the spectrum of the washed electrode. 

Overall, from the comparison of the FTIR spectrum with those of the available reference 

compounds,  the formation of lithium oxalate and lithium carbonate can be excluded, indicating 

LiEDC as the final single electron reduction product of EC with additional contributes arising from 

polyethylene glycol-like oligomeric as reported by Nanda et al.54 Compared to previously reported 

data on graphite electrodes, 48  this is a clear distinction between the passivation film formed on 

graphite and silicon-based anodes in EC containing electrolytes. In addition, it should be noted 

that the chemical species observed after decomposition of LiEDC on graphite are clearly present 

both in lithiation and after de-lithiation, highlighting a remarkable difference between the stability 

of the passivation layer formed on graphite and silicon, with the latter one being more unstable.
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To gain more insight in to LiEDC distribution in the surface layer on the lithiated a-Si-TF 

electrode, apertureless near-field IR scanning optical microscopy (IR aNSOM) imaging has been 

carried out. IR aNSOM uses a metallized AFM tip in contact with the sample surface as an optical 

probe for nanometer-resolution IR spectroscopy and imaging measurements.55 The AFM tip is 

illuminated by a focused IR light beam, which produces a strong electromagnetic field at the tip 

apex due to the lightning rod effect.56 Image contrast in IR aNSOM is obtained by the relative 

local absorption of chemical compounds present at the tip location as it is raster-scanned along the 

surface. IR aNSOM is one of few optical methods, which can provide subwavelength resolution 

of the functional composition and structure of the SEI layer. The ability of IR aNSOM to identify 

the SEI’s chemical constituents at their natural length scale has already been successfully 

demonstrated for model highly oriented pyrolytic graphite (HOPG) and Sn electrodes.57,58

Figure 5

Figure  5 depicts IR aNSOM 1 μm x 1 μm images collected at 1360, 1330, and 1410 cm-1 

for the lithiated a-Si-TF electrode at 0.05 V. The AFM topography map of the surface film shows 

a complex surface morphology with particles of various sizes, agglomeration, distribution and 

roughness. For comparative purpose, the AFM images of the copper current collector and the 

uncycled pristine a-Si-TF are reported in the Figure S4 (Supplementary Information section). The 

observed variation in chemical contrast as a function of IR  wavelength, indicates significant 

variation in surface structure and chemical composition. The images at 1330 and 1410 cm-1 

excitation wavelength (Fig. 5c, 5d), which correspond to the υC=O and δC-H absorption bands of 

LiEDC, respectively, show strong absorption of two large agglomerates sitting on top of a non-

absorbing, densely packed inner layer. Interestingly, the IR aNSOM image at 1360 cm-1 revealed 

no significant absorbance at any location on the surface. The IR absorbing behavior of the large 
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aggregates at 1330 and 1410 cm-1 match FTIR spectral characteristics of LiEDC and indicate 

random distribution of LiEDC particles on the electrode surface. 

3.2. Salt decomposition species at the silicon/electrolyte interphase

Ex situ ATR-FTIR spectra of the unwashed and washed a-Si-TFs electrodes in the 1000-

700 cm-1 spectral region are reported in Figure 6.

Figure 6

The spectra recorded at different potentials clearly indicate accumulation of LiPF6  decomposition 

compounds.59 The sharp peak observed at ~ 840 cm-1 for the sample scanned to 1.5 V (Fig. 6a) is 

associated with the P-F vibrations in PF-
6 from the salt residue. This peak progressively broadens 

and increases in intensity from side-bands contributions at 887, 810 and 745 cm-1 during cathodic 

scan to reach maximum at 0.05 V. Similarly to LiEDC spectral behavior, this broad maximum 

decreases significantly upon de-lithiation.  

LiPF6 can precipitate and dissociate at the electrode’s surface to give rise to secondary reactions 

with trace amounts of H2O in the electrolyte to give raise to F-, -P-F and -P-O-F IR bands from 

LiPF6 decomposition compounds according to the reaction scheme:60–62 

LiPF6 ⇌ LiF  + PF5 III

PF5 + H2O → 2HF + POF3 

LiPF6 + H2O → LiF + POF3 + 2HF

The HF generated by LiPF6 hydrolysis61,63,64 can attack the thin native SiO2 passivating layer 

typically covering the silicon surface  leading to the formation of  SiOxFy.38,63 It has been proposed 

that the etching of SiO2 by HF evolves through four steps, each of them based on a coordinated 
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attack of the Si-O bond by an HF molecule generating a Si-F bond. Further theoretical calculations 

indicate that the reaction path may consists of a coordinated attack of the Si-O bond by H+ and 

HF2
−.65 The Si-F vibrations can be typically detected at ca. 930 cm-1 e.g.,  SiOxFy exhibits an IR 

band near 936 cm-1 from SiF2 units.66,67 

Ex situ FTIR spectra of the unwashed a-Si-TF  sample (Fig. 6a) show no trace of IR bands 

in this region. However, for the washed electrodes (Fig. 6b) a small maximum at slightly higher 

frequencies appears at 0.3 V and turns into a distinct peak at 0.05 V to disappear upon de-lithiation. 

So, we may reasonably assume that the native SiO2 layer is reactive toward the electrolyte. Indeed, 

the feature attributed to the Si-O vibrations undergoes changes as indicated by the reshaping of the 

peaks with increasing negative potential. Interestingly, these features are not completely recovered  

after de-lithiation at 1.5 V, further suggesting irreversible reaction(s) of the native SiO2 layer (Fig. 

6b) most likely converted to silicate species as previously reported.25,38,63

The POF3 species formed upon reduction of LiPF6 can react further with trace amounts of 

H2O according to the reaction scheme:

POF3 + n e- + n Li+ → LiF + LixPOFy 
45,68,69

                                                                      (IV)

POF3  + H2O → HF  + H+[PO2F2]- 61

POF3  + H2O → HF  + POF2(OH)

POF2(OH) + H2O → HF  + POF(OH) 2 
70,71

It has been reported that the precipitation on the anode’s surface of solid products such as 

LiF, POF3, POF2(OH), and POF(OH)2 as constituents of SEI layer, leads to increased cell 

impedance in view of their ionically and electronically insulating nature. 70,71 The F:P atomic ratio 
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in the SEI layer is generally higher than the otherwise expected 6:1 for LiPF6. 44 This is most likely 

explained by considering the formation of soluble P containing species such as F2PO2Li, 

phosphates and fluorophosphates, i.e. OP(OCH3)3, OPF(OCH3)2, and OPF2(OCH3) as previously 

detected in solution by nuclear magnetic resonance (NMR) spectroscopy and gas chromatography 

with mass selective detection (GC-MS) by Lucht et al.44 All the above-mentioned species 

containing P-F and P-O-F bonds can be associated with the IR peaks observed within the 800-900 

cm-1 spectral region. Interestingly, after washing the a-Si-TF electrodes, most of those features 

disappear and only contributions from the native SiO2 film are detected at 1.5 and 0.5 V. This 

suggest that the majority of the formed compounds are easily soluble in organic carbonate solvents, 

except for a small fraction, which is tightly bonded to the lithiated silicon surface, as observed for 

the electrode cycled at 0.05 V. A P-O-F containing compounds can be formed upon chemical 

reaction of Li2CO3 with LiPF6 according to the scheme:

 LiPF6 + 2Li2CO3  → 2CO2 + 4LiF + F2PO2Li 44                                                   (V)

However, we were unable to detect Li2CO3 on the passive layer of the a-Si-TF electrodes. 

Similarly, it  has been proposed that also LiEDC can react with LiPF6 with the consequent 

formation of oligo-ethylene oxide substituted phosphates, such as F2PO3Li (soluble) and 

oligoethylene oxide ethers.44

In all the reactions schemes mentioned above LiF appears to be an omnipresent byproduct. 

LiF is IR active at frequencies below 600 cm-1, which is beyond the spectral region limits dictated 

by the ATR-FTIR instrument used. Thus, to detect LiF presence in the passive layer on Si, ex situ 

F K-edge TEY XAS analysis was performed (Fig. 7).

Figure 7 
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As expected, F- containing compounds are not detected for the pristine a-Si-TF electrode. 

However, when the electrode is scanned to 1.5 V, the spectrum starts showing a broad feature that 

resembles the spectrum of LiPF6. Interestingly, at more cathodic electrode potentials <0.5 V the 

XAS spectra matches the reference spectra of LiF, which is still present on the electrode’s surface 

at the end of the anodic scan.72 

It appears that LiF, contrary to soluble P-O-F and P-F species, forms early on the silicon 

surface and it stays there permanently. The effect of LiF on the SEI stability is not the subject of 

this work, however since LiF is a poor Li ionic conductor, the continuous formation of large 

amounts of LiF is expected to lead to an increased cell impedance. However, its functionality 

might also depend on its morphology and distribution in the film.43,73 On the other hand, LiF is 

also a poor electronic conductor that can hinder further charge transfer across the interface and 

inhibit the electrolyte decomposition. 

3.3. The “breathing effect” of the silicon/electrolyte interphase

The peculiar behavior of the carbon-, fluorine- and phosphorus-containing species in the 

surface film during cycling suggest a gradual reformation of the passive layer during the first 

charge/discharge cycle. Figure 8 shows ex situ Si L-edge XAS TEY spectra of the SEI layer at the 

washed a-Si-TF electrode formed during the 1st cycle at different potentials.

Figure 8

Due to the shallow detection depth (about 5 nm), the double feature of SiO2 detected between 106-

109 eV energy range, gradually decreases in intensity and finally disappears in the lithiated state 

at 0.05 V, suggesting the formation and thickening of the SEI layer which hinders the signal from 

the SiO2 underneath. Upon de-lithiation, the SiO2 feature reappears again indicating a considerable 
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reduction of the SEI layer thickness. The XAS results confirm the dynamic behavior of the SEI 

layer during cycling induced by the appearance and disappearance of LiEDC and P-F and P-O-F-

containing compounds.

To evaluate the impact of this behavior of the electrochemical performance of the a-Si-TFs 

electrode we extended our investigations into the second galvanostatic charge-discharge cycle. Ex 

situ ATR FTIR spectra of the a-Si-TFs electrode at 0.05 and 1.5 V during 1st and 2nd galvanostatic 

cycles are shown in Figure 9.

Figure 9 

Consistently, the peaks associated with the formation of LiEDC appear at 0.05 V and disappear 

during the following de-lithiation at the end of the first and second cycle. A similar trend is 

observed for the P-O-F and P-F containing compounds observed at lower frequencies and for the 

oligomeric polyethylene glycol species (see also reference spectra PEG species in Fig. 4) as 

indicated by the broad peaks at 1000-1100cm-1 observed only in discharge. The peak centered at 

ca. 850 cm-1 constantly broadens and shrinks upon charging and discharging, respectively. 

However, contrary to the behavior of LiEDC, intensity of these low frequency bands tends to 

increase with cycling suggesting a non-complete dissolution during the first de-lithiation and 

gradual accumulation during cycling.

This constant reformation of the SEI layer has been previously observed and it is 

commonly referred as the “breathing effect”.24,28,29,74

LiEDC, polyethylene glycol oligomers, LiF and P-F and P-O-F containing compounds 

detected in the surface film at the lithiated Si disappear partially or completely during de-lithiation, 

except for LiF, which remains intact. There is no evidence of electrochemical oxidation of these 

species during the anodic scan. Thus, this behavior can only be explained by a slow dissolution of 
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these species in the electrolyte, which to some extent may be associated with the mechanical 

detachment from the surface of the electrode. 

Dissolution rate generally refers to a kinetic process and expresses the net rate of reaction with 

respect to the final equilibrium state described by solubility.75 A solute can be very soluble but still 

require a considerable amount of time to dissolve in the solvent, and conversely, a solute may have 

poor solubility in a solvent, yet its dissolution rate can be fast.76 The dissolution process is closely 

linked with disintegration, deaggregation and dissolution itself and each of these steps occurs at 

its own rate. On the other hand, intermolecular interactions between solute particles and solvents 

mixture depends on the available effective interfacial contact area and local interfacial energetics.76 

Therefore the observed differences in the rate of dissolution of LiEDC, organic and inorganic 

compounds in the SEI layer on Si may be associated with the constantly shifting chemical 

equilibria between the solid residues in the film, and soluble and likely viscous electrolyte 

decomposition products, which are constantly replenished at low potentials but eventually 

dissipate slowly in the electrolyte at higher potentials. Finally, various diffusion rates of different 

molecules into the electrolyte bulk can alter the dissolution process of the film. This also explains 

why rinsing tend to remove some compounds faster whereas it has a little or no effect on other SEI 

layer constituents. This effect can be amplified by the varying affinity of LiEDC and other 

compounds to LixSi surface as composition of the electrode varies during cycling.26

4. Conclusions

The results of this study indicate a dynamic growth and dissolution of the SEI layer on silicon 

during lithiation/de-lithiation, respectively. The SEI layer “breathing effect” is directly related to 

the formation of LiEDC (solvent decomposition product) and  P-F and P-O-F containing 

compounds (salt decomposition products) and their disappearance upon de-lithiation. The 
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observed “breathing effect” of the SEI layer on silicon is a clear manifestation of the intrinsic 

interfacial instability and poor passivating behavior of the silicon anode in organic carbonate 

electrolyte and is explained by considering a slow dissolution of the species in the electrolyte.

LiPF6 decomposition products including P-O-F and P-F containing compounds undergo a non-

complete dissolution during the first de-lithiation suggesting an accumulation of these species on 

the electrode’s surface. LiF instead, forms early on the silicon surface and it stays there 

permanently, representing a stable component of the SEI layer.

 LiEDC is a soluble salt in carbonate solvents, and its formation from EC decomposition begins at 

ca. 0.8 V. However, LiEDC is not observed until 0.05 V, suggesting that LiEDC does not 

precipitate on the electrode surface but instead dissolves in the electrolyte. The rate of formation 

of LiEDC at lower potentials increases to saturate the electrolyte and/or surface film and trigger 

precipitation and agglomeration of LiEDC on the surface. This effect is amplified by the affinity 

of LiEDC and other compounds to the LixSi surface as the composition of the electrode changes 

upon cycling.  The disappearance of LiEDC upon de-lithiation can be explained considering 

LiEDC deaggregation from the lithiated silicon surface by the removal of lithium from silicon and 

consequent solubilization back into the electrolyte.

The origin of this phenomenon is linked directly with the overall composition and/or morphology 

of the film and its interactions with the LixSi electrode and the electrolyte, which appear to be 

strongly dependent on the electrode potential. 

The precise identification of chemical species, their exact  distribution and function in the 

electrode and electrolyte interphase with regard to its passivating properties still remains as the 

key barrier for the development of practical silicon-based anodes for high-energy Li-ion cells, 

highlighting the importance of  further studies in this direction. 
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Comparison of the ATR-FTIR spectra of Generation 2 electrolyte (1.2M LiPF6 in EC:EMC 3:7 
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solvent. ATR-FTIR spectra obtained by subtracting the reference spectra of the “dried” electrolyte 

to all the spectra of the cycled electrodes.
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Figure 1. (a) Cyclic voltammetry of 50 nm a-Si-TF electrodes in Gen 2 electrolyte (1.2 M LiPF6 

in EC:EMC 3:7 wt.%). (b) Comparison of the 1st cycle voltammetric profile of the a-Si-TF and the 

bare copper current collector. (c) 1st and 2nd galvanostatic cycle of a-Si-TF cycled at 5 µA cm-2 

within the 0.05 V-1.5 V vs Li+/Li potential range. Green dots represent the potentials at which ex 

situ surface analysis of a-Si-TF electrodes has been performed.
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Figure 2. (a-c) Selected spectral regions of ex situ ATR-FTIR spectra of cycled a-Si-TFs at various 

potentials during the first lithiation/de-lithiation process. The electrodes have not been washed 

prior analysis. 
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Scheme 1. Single electron reduction of EC to LiEDC and ethylene.40
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Figure 3. Ex situ ATR-FTIR analysis of cycled a-Si-TF electrode at different potentials during the 

first lithiation/de-lithiation process. The electrodes have been washed in DEC for 10s prior to 

analysis.
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Scheme 2. Two electron reduction of LiEDC to lithium oxalate and lithium ethane-1,2-bis(olate). 

48
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Figure 4. ATR-FTIR spectrum of (a) lithiated (0.05 V) washed a-Si-TF electrode compared with 

reference spectrum of  (b) lithium ethylene decarbonate (LiEDC),40 (c) polyethylene glycol, (d) 

lithium oxalate, (e) lithium carbonate and (f) lithium ethoxide.
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Figure 5. Ex situ IR aNSOM 1 x 1μm images of the lithiated a-Si-TF electrode at 0.05 V; (a) AFM 

topography, and corresponding near-field IR absorption images  at 1 (b) 1360 cm-1, (c) 1330 cm-1, 

and (d) 1410 cm-1.
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Figure 6. Ex situ ATR-FTIR analysis of not washed (a) and washed (b) cycled a-Si-TF electrodes 

at different potentials during the first lithiation/de-lithiation process.
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Figure 7. Ex situ F K-edge XAS TEY spectra of the SEI layer formed during the 1st cycle on the 

a-Si-TF electrodes (washed) at different potentials. The LiF and LiPF6 spectra are shown as 

reference.
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Figure 8. Si L-edge XAS TEY spectra of the SEI layer formed on the a-Si-TF electrodes during 

the 1st cycle at different potentials. Electrodes were washed in DEC prior to XAS measurements. 
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Figure 9. Ex situ ATR-FTIR spectra of the a-Si-TF electrodes at 0.05 and 1.5 V during 1st and 2nd 

galvanostatic cycles. The electrodes have not been washed in DEC prior analysis.



45

For Table of Contents Only


