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ABSTRACT 

Different models of compact, porous, composite, and stratified 

surface layers have been investigated for the interpretation of 

impedance measurements of lithium electrodes in organic electrolytes. 

The surface layers are assumed to consist of organic and inorganic 

compounds with the properties of solid and polymer electrolytes. 

Comparison of predicted impedance spectra with those measured for 

surface layers formed in a molar solution of lithium perchlorate in 

propylene carbonate shows that two interphase models can be used to 

derive from the impedance measurements the thickness of surface layers 

in agreement with previous ellipsometric measurements. In a 

compact-stratified layer (CSL) model, the surface layer is assumed to 

consist of two sublayers of solid electrolyte with different 

conductivities; in a solid-polymer interphase (SPI) model, the surface 

layer is assumed to consist of a mixture of solid and polymer 

electrolytes. 

I .. 
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INTRODUCTION 

The thermodynamic instability of lithium in contact with most 

nonaqueous battery electrolytes leads to the formation of layers on 

electrode surfaces that can result in an unexpected electrochemical 

behavior of the lithium electrode. 1' 2 

Propylene carbonate-based electrolytes have been studied 

extensively. The morphological characteristics of the surface layer 

h b t d . d b . 1 . 3, 4 t . . ave een s u 1e y scann1ng e ectron m1croscopy, ransm1ss1on 

electron microscopy, 5 Auger spectroscopy, 6 photoelectron spectroscopy, 7 

ellipsometry,8 and x-ray diffraction. 9 The kinetic properties of the 

surface layer have been studied by means of stationary 

polarization, 10,ll cyclic voltammetry, 12 potentiostatic and 

galvanostatic pulse techniques, 13 and electrode-impedance 

spectroscopy. 14 Two principal results of these studies are: (1) The 

surface layer, which contains the products of reactions between lithium 

and the solvent, the salt, and their impurities, is composed of various 

organic and inorganic compounds. (2) The surface layer can be an 

ionic conductor and an electronic insulator, and it acts as an 

interphase between the lithium electrode and the organic electrolyte. 

The properties of such a surface layer can be those of a solid 

electrolyte13 and/or a porous insulating membrane14 depending on the 

purification procedure used for the o~gani~ electrolyte. Even in the 

well-known propylene carbonate-based electrolytes, 15- 24 the composition 
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and structure of the surface layer fs not well understood. The presence 

of successive sublayers made of different organic and inorganic 

compounds has been assumed. 24 Use of the models presented in the 

literature13 •14 can lead to misinterpretations of such systems. 

In the present work, electrode-impedance spectroscopy has been 

used to study the electrochemical properties of surface layers on 

lithium electrodes. Different models of compact, porous composite, and 

stratified interphases with the properties of solid and polymer 

electrolytes have been investigated to derive the thickness .of surface 

layers from the impedance measurements. 

THEORETICAL 

Impedance Behavior for Different Interphase Models 

The metal/surface-layer/solution system involved in the impedance 

behavior of the lithium electrode covered by a surface layer formed in 

an organic electrolyte can be studied under some simplifying 

assumptions. The surface layer is assumed to be an ionic conductor and 

an electronic insulator. The impedance of this completely nonblocking 

system25 is represented by the equivalent circuit of the surface layer 

independent of the solution resistance. Many different equivalent 

.circuits can be defined for various compositions and structures, but 

only a few simple circuits can be used in practice for the analysis of 

the impedance measurements. The interphase models have been developed 

for compositions which result in surface layers with properties of a solid 
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or a polymer electrolyte. These surface layers may have a compact, 

porous, composite, or a stratified structure. The following interphase 

models have been studied by their equivalent circuits, and their 

~ impedance behaviors have been analyzed. 

1. Compact Layers 

Two main compositions of the surface layer can be defined 

according to morphological studies presented in the literature. The 

first composition corresponds to compact inorganic compounds with the 

properties of a solid electrolyte20 , 25 (the SEI model). The second 

composition corresponds to a compact mixture of organic and inorganic 

compounds with the properties of a polymer electrolyte27 , 28 (the PEI 

model). These two models are analyzed in greater detail below. 

la. The Solid-Electrolyte Interphase (SEI) Model 

The equivalent circuit and impedance diagram of the SEI layer are 

shown in Fig. 1. This circuit consists of the bulk resistance Rb and 

the geometric capacitance C both of which are related to the 
g 

conduction process in the solid electrolyte. The corresponding 

impedance diagram in the complex plane consists of a semicircle due to 

the Rb/Cg coupling over the whole frequency range. By analyzing this 

diagram one can determine the thickness of the surface layer for a 

known permittivity or conductivity of the solid electrolyte. (see 

~ Appendix I). 

lb. The Polymer-Electrolyte Interphase (PEI) Model 

The equivalent circuit and tmpedance diagram related to the PEI 



4 

layer are given in Fig. 2. The equivalent circuit is determined by 

three types of impedances: (1) The conduction impedance defined by 

the bulk resistance Rb and the geometric capacitance Cg; (2) The 

charge transfer impedance represented by the charge transfer resistance 

Ret and the double-layer capacitance Cdl; (3) The diffusion impedance 

Zd corresponding to a finite thickness of the diffusion layer. 29 The 

impedance diagram in the complex plane exhibits three features: (1) A 

semicircle in the high-frequency range, due to the Rb/Cg coupling; (2) 

A semicircle in the intermediate-frequency range, due to the Rct/Cdl 

coupling; and (3) A characteristic loop in the low-frequency range due 

to zd. By analyzing this diagram, especially the conduction loop, one 

can determine the thickness of the surface layer provided that either 

the conductivity or the permittivity is known. (see Appendix II). 

2. Porous Layers 

The porosity of the surface layer results from its formation by 

the decomposition of the organic solvent and dissolved electrolyte in 

presence of lithium. The impedance behavior of the surface layer can 

be represented by a transmission-line model for which the finite 

thickness of the porous system is recognized. 30 In general, the total 
. 

impedance depends on the relative importance of the impedances of the 

solid and liquid phases (the PLI model). A limiting case is obtained 

h th f 1 . f d b . 1 . b 31,32 w en e sur ace ayer lS orme y a porous 1nsu at1ng mem rane 

(the PIM model). The two models are analyzed in greater detail below. 

i 
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2a. The Porous-Layer Interphase (PLI) Model 

As the usual simplifying assumptions for a transmission-line 

model, 30 the surface layer is assumed to have straight parallel and 

cylindrical pores of uniform diameter and constant composition, as 

shown in Fig. 3. Four distinct impedances are involved in the total 

w impedance: (1) The liquid-phase impedance per unit pore length z1, 

related to the properties of the organic electrolyte filling the pores. 

(2) The solid-phase impedance per unit pore length Zs, determined by 

the properties of the surface layer. {3) The impedance occurring on 

the pore base zb independent of the pore length representing the 

impedance of the electrode/liquid-phase interface. (4) The admittance 

occurring on the pore wall per· unit pore length 1/Zp, representing the 

admittance of the solid-phase/liquid-phase interface. All the 

information can be derived by fitting the curve of the measured 

impedance diagram to the general equation of the total impedance. In 

practice, however, because of the large number of parameters involved 

in the equation, the curve fitting technique is not accurate enough or 

unique for the determination of the thickness of the surface layer even 

when the different impedances zl' zs, zb and zp for a planar system are 

known. 

2b. The Porous-Insulating Membrane (PIM) Model 

A limiting case of a porous system is obtained when the surface 

layer is assumed to be formed by an insulating material such as a 

polymeric membrane.31,32 Thus, the impedances Zs and ZP are several 

order of magnitude larger than the impedances z1 and zb. Under these 
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conditions, the equivalent circuit and impedance diagram related to the 

PIM model can be defined as shown in Fig. 4. The equivalent circuit of 

the active surface area (1-0} is represented by the Randles circuit, 

while the equivalent circuit of the passive surface area (e) is 

represented by Rm and em determined by the resistive and dielectric 

properties of the membrane. The corresponding impedance diagram in the 

complex plane consists of two parts: (1) a semicircle in the 

high-frequency range, resulting from the coupling Rct/Cdl related to 

the charge-transfer process on the active surface, and (2) a 

characteristic loop in the low-frequency range resulting from the 

impedance Zd due to the diffusion of the species through the pores. By 

analyzing this diagram o·ne can determine the thickness of the surface 

layer provided that the double-layer capacitance on the free metal 

surface is known. 

The present terminology of Porous-Insulating Membrane (PIM) Model 

for this kind of surface layer32 replaces the earlier used term of 

Polymer-Electrolyte Interphase (PEl) Model because it is not referring 

to a surface layer with the general properties of a compact polymer 

electrolyte. 

3. Composite and Stratified Layers 

The presence of organic and inorganic compounds in th~ surface 

layer suggests a complex composition, which may be represented by a composite 

material. A limiting case is to consider that the surface layer has 

the average properties of both solid and polymer electrolytes which are 

I • 
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mixed to form a compact solid-polymer layer (the SPI Model). Other 

models are based on the assumption that the surface layer consists of 

two different compact or porous sublayers. A stratified structure can 

be due to the presence of a solid electrolyte on the electrode surface 

and a solid or a polymer electrolyte facing the organic electrolyte 

(the CSL Model). Another stratified structure can be defined by a 

compact solid electrolyte on the electrode surface and a porous 

insulating membrane facing the organic electrolyte (the PSL Model). All 

three of these models are analyzed in greater detail below. 

3a. The Solid-Polymer Interphase (SPI) Model 

In this model, the surface layer is assumed to consist of solid 

compounds dispersed in a polymeric matrix. As shown in Fig. 5~ the 

equivalent circuit of the lithium covered by such a solid-polymer 

interphase can be similar to that of the PEl Model. In the SPI case, 

the different time constants of the conduction, charge transfer, and 

diffusion processes may not be well separated. The three loops mix to 

form a distorted loop, which can only suggest the existence of the 

different processes. Nevertheless, the impedance data can be analyzed 

with sufficient accuracy by using the Cole-Cole and Bode plots for 

depressed and overlapped semicircles (see Appendix II). Assuming that 

the conduction process can be separated from the other processes by a 

geometric fitting between the experimental and computer-generated 

impedance diagrams, the main parameters of the surface layer can be 

evaluated, provided that either the permittivity or the conductivity is 
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known. 

3b. The Compact-Stratified Layer (CSL) Model 

In this model, the surface layer is assumed to be made of two 

sublayers as shown in Fig. 6. The first sublayer is a solid 

electrolyte on the electrode surface, and the second sublayer is either 

a solid or a polymer electrolyte in contact with the solution. For 

this model, the equivalent circuit can be represented by a unique R.c. 
1 1 

circuit by taking into account the integral values of the bulk 

resistance and geometrical capacitance of the surface layer (see 

Appendix I). The corresponding impedance diagram in the complex plane 

is a semicircle over the whole frequency range. By analyzing this 

diagram one can determine the total thickness of the surface layer as 

well as the thickness of each sublayer provided that either the two 

permittivities or the two conductivities are known. 

3c. The Porous-Stratified Layer (PSL) Model 

In this model, the surface layer is assumed to be made up of two 

sublayers, as shown in Fig. 7. The first sublayer is a compact solid 

electrolyte on the electrode surface, and the second sublayer is a 

porous insulating membrane in contact with the solution. For this 

model the equivalent circuit can be represented by the circuit of the 

SEI layer placed in series with the circuit of the PIM layer. The 

corresponding impedance diagram in the complex plane consists of three 

loops but o.nly when the time constants of the processes are well 

separated. The first loop in the high-frequency range can be 

attributed to the conduction process. The second loop in the 
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intermediate-frequency range is due to the charge-transfer process. The 

third loop in the low-frequency range is related to the diffusion of 

the species through the pores of the membrane. By analyzing this 

impedance diagram one can determine the thickness of the compact solid 

electrolyte and of the porous insulating membrane, using the SEI and 

PIM models previously discussed. 

EXPERIMENTAL 

1. Organic Electrolyte 

The electrolyte studied was the molar solution of lithium 

perchlorate in propylene carbonate with a residual Wqter content of a 

few ppm. Propyl~ne carbonate (Burdick and Jackson Lab.) was dehydrated 

on molecular sieves of 3-A mesh for about 2 weeks. Lithium perchlorate 

(Smith Chern. Co.) was dessicated at 240°C for one day under a vacuum 

created by a mechanical pump. The molar solution was prepared in an 

inert atmosphere with the dehydrated solvent and the dessicated solute, 

and treated by lithium amalgam for 7 hours (50 cm3 of ~olution for 1 

cm3 of lithium amalgam). The gray Li(Hg) powder was formed by 

immersing 1.5 wt% or more of 1 ithium in mercury. 

2. Electrolytic Cell 

The electrolytic cell, made of polypropylene, had two openings for 

inserting the working and counter electrodes, and a compartment for 

extruding the lithium reference electrode. The working electrode was 

.. ·;: .. ·r~f 

1···· ··,<'· 
.. 1t:~::'if· ·,~.\(~.: 
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the cross section of a lithium cylinder of 0.2 em diameter extruded 

from a polypropylene holder. The counterelectrode was a lithium disc 

of 2 em diameter and 0.1 em thickness, which was inserted into a 

polypropylene holder. The reference electrode was the cross section of 

a lithium cylinder of 0.2 em diameter. The reference and working 

lithium electrodes-were cut with a blade under inert atmosphere just 

before immersion into the electrolyte. The reference electrode was cut 

frequently during the experiment to avoid any artefacts due to its 

impedance. 

3. Impedance Measurements 

The electrode impedance was determined using the lock-in amplifier 

technique in the high-frequency range (5 x 104 to 5Hz) and the· 

Lissajous-figure technique in the low-frequency range (5 to 5 x 10-3 

Hz). The system was used in the galvanostatic mode near the 

open-circuit potential of the lithium electrode. The 

alternating-current density was about 0.05 mA/cm2, which provided a 

linear response, as required for valid electrode-impedance 

measurements. The equipment included an oscillator (Hewlett Packard 

Model 3310A), which drove a potentiostat-galvanostat (Princeton Applied 

Research Model 173). The oscillating current and voltage were measured 

by a differential preamplifier (Princeton Applied Research Model 113). 

The in-phase and out-of-phase components of the current and voltage 

were determined with two lock-in amplifiers (Princeton Applied Research 

Model 5101). Current ~ersus voltage was displayed on a storage 
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oscilloscope (Tektronix Model 5111). 

RESULTS AND DISCUSSION 

1. Layer Composition 

Many different compounds can result from the reaction between 

lithium and the solution of lithium perchlorate in propylene carbonate. 

The chemical decomposition of propylene carbonate in the presence of 

lithium has been reported to result in the formation of propylene and 

Li 2co3 .~ 7 , 18 The occurrence of this reaction is supported by the 

evolution of gas and the formation of a solid precipitate during the 

immersion of lithium amalgam in the organic solvent. But a 

polymerization of propylene carbonate can also be observed at times. 

For example, the immersion of a small amount (0.1 cm3) of lithium 

amalgam in a large volume (50 cm3) of solution can result in the 

conversion of the entire liquid volume to a colorless polymer that 

contains bubbles after one day. Thus it is possible that polypropylene 

oxide·P(PO) and carbon dioxide is formed. Since lithium perchlorate 

can form a polymer electrolyte with polypropylene oxide, 27 , 28 one can 

expect the formation of P(PO)x LiCl04, where x is the lithium/oxygen 

ratio. Thus the surface layer resulting from a dry solution can be a 

mixture of a solid electrolyte Li 2co3 and a polymer electrolyte P(PO)x 

LiCl04• Since a reactive impurity in propylene carbonate is water, the 

formation of Li20 and LiOH is also expected. Li 2o has been assumed t6 

be· on the lithium surface, while LiOH may b~ located between the oxide 
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and the wet solution. 33 Other compounds such as LiCl can result from 

the decomposition of LiC104 in the presence of lithium. 5' 7 All these 

decomposition reactions may be the cause of the formation of complex 

solids and polymers on the surface of the lithium electrode. 

2. Impedance Data 

The study of the electrochemical properties of surface layers was 

carried out for two weeks at the open-circuit potential in the molar 

solution of lithium perchlorate in propylene carbonate treated with 

lithium amalgam. The impedance diagrams, plotted in the complex plane, 

for different storage times are detailed in Figs. 8 through 11. 

During the first day of growth of the surface layer, as shown in 

Fig. 8, the impedance diagram in the complex plane exhibits two 

features: (1) in the high-frequency range, a semicircle, which can be 

related to a charge transfer process, and (2) in the low-frequency 

range, a straight line which is characteristic of a diffusion process. 

The increase of ~he semicircle with the decrease of the straight line 

as a function of the storage time indicates a fast change of the 

processes involved in the formation of the surface layer. This change 

is certainly related to an important modification in composition and 

structure of the surface layer. 

During the next days, as shown in Figs. 9 through 11, the 

impedance diagrams exhibit only one depressed loop over the whole 

frequency range. This loop can be defined by the apparent resistance 

Ra and capacitance Ca, which are functions of the storage time, as 
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shown in Fig. 12. Because the product RaCa, which is the apparent time 

constant of the system, has an increasing value as a function of the 

storage time, it seems too simple to attribute the loop to a simple 

conduction process in a solid electrolyte according to the 

Solid-Electrolyte Interphase (SEI) model. Nevertheless, it is 

interesting to use this model for a rough estimation of the thickness 

of the surface layer during the storage. Taking into account the 

apparent capacitance Ca• as shown in Fig. 13, the layer thickness Y 

increases as an exponential function of the storage time from 15 or 30 

A to 25 or 50 A for a· relative permittivity r equal to 5 or 10, 

corresponding to a solid electrolyte such as Li 2co3 or Li 20, 

respectively. 13•20 As shown in Fig. 14, by taking into account the 

apparent resistance Ra, the layer thickness increases as an other 

exponential function of the storage time from 5 or 10 A to 100 or 200 A 

for a conductivity equal to 1 or 2 x 10-9 - 1cm-1• These values 

derived from impedance measurements are much lower than the values (up 

to 1500 A) determined by ellipsometric measurements performed by 

Schwager, Gcronov and Muller, 6•8 using similar experimental conditions. 

According to these authors, the discrepancy between the optical and 

electrochemical thicknesses can be attributed to the sensitivity of the 

respective methods in detecting the different parts of the surface 

1 ayer. 
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3. Interpretation 

The surface layer can be considered to be made of two sublayers 

with different permittivities and conductivities, according to the 

Compact-Stratified Layer (CSL) Model. The use of this model (see 

Appendix I) leads to a new evaluation of the total thickness of the 

surface layer, as shown in Fig. A1. In this study, it is assumed that 

the first sublayer has the properties of a solid electrolyte Li 2co3 (€ 1 

= 5€ a1 = 1 x 10-9 n-1cm-1), and the second sublayer has the -o' 

properties of a polymer electrolyte P(PO)xLiCl04 (€2 = 50€
0

, a2 = 50 

X 10-9 '"'-1cm-1). . ~' As shown 1n Fig. 13, for a ratiO€ 1k 2 equal to 10, 
..P 

the total thickness L ranges only ~rom 75 to 125 A. Thus, this 

assumption concerning the variation of the permittivity appears not 

valid to obtain an agreement between the optical and electric 

measurements. But the other possible assumption concerning the 

variation of the conductivity seems to be more appropriate. As shown 

in Fig. 14, for a ratio a
1
;a2 equal to 50, the total thickness L ranges 

0 

from 100 to 1500 A during two weeks of storage. For this example, the 
0 

thickness d of the first sublayer ranges from 10 to 100 A, while the 
0 

thickness (L-d) of the second sublayer· ranges from 90 to 1400 A. These 

values of the thickness of the surface layer deduced from the impedance 

data, according to the CSL model for the case of a variation of the 

conductivity, appears in good agreement with those deduced from the 

ellipsometric data. 8 
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The surface layer can also be considered as a solid-polymer 

electrolyte to be made of Li 2co3 and P(PO)xliC104, .the properties of 

which are analyzed in the Solid-Polymer Interphase (SPI) Model. For 

this model, the depressed semicircle in the complex plane is assumed to 

be made of three semicircles due to the conduction, charge transfer, 

and diffusion processes with similar time constants. The use of this 

model (see Appendix II) needs the identification of the conduction 

process for the determination of the parameters of its equivalent 

circuit. The analysis of the Figs. 9 through 11 demonstrates that the 

impedance diagrams are progressively distorted by the occurrence of 

more than one time constant after the 7th day of storage. Considering 

successive resistance/capacitance circuits with a same depression 

parameter, an approximate geometrical fitting between the experimental 

and theoretical Cole-Cole and Bode plots can be obtained for example, 

for three time constants after 11 days of storage, as shown in Fig. A2. 

The study of the apparent resistance Ra (capacitance Ca) in order to 

define its different components R1, R2 and R3 (C1, c2 and c3) is shown 

in Fig. 15 between the 7th and 15th day of storage. Assuming that the 

first loop in the high-frequency range (coupling R1;c1) is related to 

the conduction process in the surface layer, the thickness of the 

surface layer can be determined for either a given permittivity or 

conductivity. As shown in Fig. 16, the thickness of the surface layer 
0 

increases exponentially from 500 to 1000 A for a permittivity equal to 
0 -9 1">-1 50, and from 175 to 1125 A for a conductivity equal to 50 x 10 ~~-

cm-l These last values of the thickness of the surface layer appear 
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also in agreement with those deduced from ellipsometric measurements. 8 

CONCLUSION 

The study of the impedance behavior of the 

metal/surface-layer/solution system has shown that several interphase 

models of the surface layer can be defined if one knows its composition 

and structure. But the determination of the thickness of the surface 

layer is only possible when the conduction process is well separated 

from the other processes involved in the system, and when the 

permittivity or the conductivty of the surface layer is known by 

another method. For the case of good ionic conductors, different 

interphase models have been discussed for surface layers having the 

general properties of either a solid or a polymer e~ectrolyte. The 

equivalent circuit and the corresponding impedance diagram have been 

analyzed for compact, porous, composite, and stratified surface layers. 

The study of the impedance behavior of the lithium electrode in a 

lithium perchlorate/propylene carbonate solution has shown that the 

surface layer can be considered as either a compact-stratified layer 

(CSL) or a solid-polymer interphase (SPL). Compounds such as Li 20, 

Li 2co3, and P(PO)xliCl04 have been considered according to the main 

decomposition products of the organic electrolyte studied. The fact 

that the thicknesses of the surface layer deduced from the impedance 

measurements are in good agreement with those deduced from 

ellipsometric measurements suggests that the CSL and SPI models may be 
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useful for understanding the main properties of the surface layers 

formed on the lithium electrode in organic electrolytes. 

ACKNOWLEDGMENTS 

This work was supported by the Assistant Secretary for 

Conservation and Renewable Energy 9 Office of Advanced Conservation 

Technologies 9 Electrochemical Research Division of the U.S. Department 

of Energy under Contract No. DE-AC03-76SF00098. 



Fig. 1. 

Fig. 2. 

Fig. 3. 

18 

FIGURE CAPT! ONS 

The Solid-Electrolyte Interphase (SEI) Model. Schematic 

view, equivalent circuit, and corresponding impedance 

diagram. 

The Polymer-Electrolyte Interphase (PEl) Model. 

Schematic view, equivalent circuit, and corresponding 

impedance diagram. 

The Porous-Layer Interphase (PLI) Model. Schematic view 

equivalent circuit, and corresponding impedance diagram. 

Fig. 4. The Porous-Insulating Membrane (PIM) Model. Schematic 

view, equivalent circuit, and corresponding impedance 

diagram. 

Fig. 5. The Solid-Polymer Interphase·(SPI) Model. Schematic 

view, equivalent circuit, and corresponding impedance 

diagram. 

Fig. 6. The Compact-Stratified Layer (CSL) Model. Schematic 

view, equivalent circuit, and corresponding impedance 

diagram. 

Fig. 7. The Porous-Stratified Layer (PSL) Model. Schematic 

view, equivalent circuit, and corresponding impedance 

diagram. 

Fig. 8. Impedance diagram in the complex plane obtained with a 

lithium electrode immersed in the molar solution of 

lithium perchlorate in propylene carbonate" a) after 30 

min., b) after· 2 hours, c) after 6 hours. 

• 
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Fig. 9. 

Fig. 10. 
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Impedance diagram in the complex plane obtained with a 

lithium electrode immersed in the molar solution of 

lithium perchlorate in propylene carbonate. a) after 

day, b) after 3 days, c) after 4 days. 

Impedance diagram in the complex plane obtained with a 

lithium electrode immersed in the molar solution of 

lithium perchlorate in propylene carbonate. a) after 7 

days, b) after 8 days, c) after 10 days. 

Fig. 11. Impedance diagram in the complex plane obtained with 

Fig. 12. 

a lithium electrode immersed in the molar solution of 

lithium perchlorate in propylene carbonate. a) after 

11 days, b) after 14 days, c) after 15 days. 

a) Apparent resistance R [o] and apparent 
a. 

capacitance C [~] as a function of the storage a 

time. b) Product RaCa as a function 

of the storage time. 

Fig. 13. Thickness of the surface layer as a function of the 

storage time according to the apparent capacitance for 

different interphase models. [o] Y, SEI model (E = 5 

E 0) • [o] Y, SEI model (E = 10 E
0

). [~] L, CSL 

model (E1 = 5 Eo' E2 = 50E
0

). [a] d, CSL 

model ( E 1 = 5E , E2 = 50E ). 
0 . 0 
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Fig. 14. Thickness of the surface layer as a function of the 

storage time according to the apparent resistance for 

different interphase models. [o] Y, SEI 

mode 1 ( a = 1 x 10-9 .,Q - 1 c~ -1 ) • [ •] 

Y, SEI model, (a= 2 x l0-9n -1cm-1). 

[6] L, CSL model (a
1 

= 50 x lo-9n- 1cm-1). 

-9 = 1 X 10 , a2 

[D] d, 

CSL model (a1 = 1 x 10-9, a
2 

=50 

x lo- 9n- 1cm-1) •. 

Fig. 15. Resistances Ri and capacitances Ci as functions of 

the storage time, according to the SPI model. R1;c1, 

conduction process, R1;c1 charge transfer process. 

R3;c3 diffusion process. 

Fig. 16. Thickness of the surface layer as a function 

of the storage time according to the SPI model. [o] for 

a = 50 X lO_g Q -lcm-1• [e] for£ = 50r::
0

• 
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APPENDIX I: Analysis of the SEI and CSL Models 

For the case of the Solid-Electrolyte Interphase (SEI) Model, the 

resistive and dielectric properties of the solid electrolyte are 

represented by the bulk resistance Rb and the geometrical capacitance 

c
9

• These parameters are related to the conductivity a and the 

relative permittivity £r in the planar system unit surface area as 

follows: 

[1] 

[2] 

where Y is the thickness of the solid electrolyte, and E is the 
0 

permittivity of the vacuum. 

For the case of the Compact-Stratified Layer (CSL) Model, the 

surface layer is assumed to consist of two successive sublayers of 

different limiting permittivities (£ 1, £2) and conductivities (cr1, 

o2). The equivalent circuit of this system consists a priori of two 

Rb/Cg circuits placed in series. When the time constants of these 

circuits are not well separated, the impedance diagram in the complex 

plane exhibits over the whole frequency range only one loop which can 

be characterized by the apparent resistance Ra and capacitance Ca. 

_, Accordingly, a mathematical model of the resistive and dielectric 

properties of the surface layer can be developed by considering the 

integral values of the resistance and capacitance for the case where 
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the permittivity and conductivity are functions of the thickness of the 

surface layer. For this purpose, as shown in Fig. Al, two main regions 

can be defined in the surface layer of total thickness L: the 

thickness d of the first sublayer, and the thickness (L-d) of the 

second sublayer. In an attempt to understand the properties of this 

kind of surface layer, an inverse function of second order f(z) has 

been used for the inverse of the conductivity 1/ (z) and of the 

permittivity 1/ (z) with the following boundary conditions for f(z): 

l+(Z/L) 2 for 0 ~ z < (L-d) [3] 

for (L-d) < z ~ L [4] 

where z is the distance from the top to the bottom of the surface 

layer. When d << L, the thicknesses d and L are related to the ratio 

[5] 

according to the condition f2(L-d) = f1(L-d), where f 1 and _f2 are the 

limiting values of each parameter for the second and first sublayers, 

respectively. 
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Thus, the equation of the integral of f(z) for the total thickness 

L is expressed by: 

L-d 

F = j f 2 ( z .) dz + 

0 
/

L 

L-d 

f 
1 

( z) dz [6] 

[7] 

Taking into account either the conductivity or the permittivity of a 

thin first sublayer and a thick second sublayer, the int~gral values of 

the resistance and capacitance of the surface layer deduced from Eqs. 5 

and 7 are given by: 

Rb = (L/2a2) [1 + l.og(4a2/a1)] 

c
9 

= (2E 2/L) [1 + log(4E2!E1)J-1 

These Eqs. 8 and 9 deduced from the CSL model can be compared to 

[8] 

[9] 

Eqs. 1 and 2 deduced from the SEI model. Taking the same values of the 

resistance or capacitance, it is possible to evaluate the ratio L/Y as 

a function of the ratio f2;f1 when considering that the first 

sublayer of the CSL layer has the properties of a SEI layer: 
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Under these assumptions, for example for a ratio f2/f1 equal to 10 

(50), the total thickness L of the CSL layer is 4.25 (15.5) times 

larger than the thickness Y of the SEI layer. Besides, the thickness d 

of the first sublayer is nearly 0.05. (0.01) times lower than the total 

thickness. 

APPENDIX II: Analysis of the PEl and SPI Models. 

For the case of a Polymer-Electrolyte Interphase (PEl) model, the 

properties of the surface layer can be defined according to the 

conduction, charge transfer, and diffusion processes. The bulk 

resistance Rb and the geometric capacitance Cg are related to the 

conduction proc-ess. The charge-transfer resistance Ret and the 

double-layer capacitance Cdl are coupled for the charge-transfer 

process. The diffusion impedance Zd for a finite thickness of tne 

diffusion layer is characteristic of the diffusion process. 29 In 

general, when the time constants of the processes are well separated, 

the impedance diagram in the complex plane contains three distinct 

loops over the whole frequency range. The analysis of the conduction 

semicircle in the high-frequency range leads to the determination of 

the thickness of the surface layer by using Eqs. 1 and 2 of the 

resistance and capacitance when either the conductivity or the 

permittivity of the polymer electrolyte is known. 

,0,' 
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For the case of the Solid-Polymer Interphase (SPI) model, it is 

assumed that the properties of the surface layer are essentially those 

of a polymer electrolyte altered by inclusion of different solid 

electrolytes. Thus the shape of the impedance diagram can be changed 

to form only one distorted loop over the whole frequency range. Two 

main effects are responsible: (1) the dispersion of the time constants 

for each process; (2) the overlapping of the time constants for 

successive processes. These effects are detailed below. 

Significant distortion in the shape of the impedance diagram 

occurs when the time constants of successive processes represented by 

Ri/Ci circuits placed in series are not well separated. 34 For example, 

the total impedance Z for two circuits can be written as: 

2 
Z= E 

i=1 

R. 
1 

1+jw R.C. 
1 1 

[11] 

where ~RiCi]- 1 = wi is proportional to the time constant of the Ri/Ci 

circuit. The corresponding impedance diagram in the complex plane 

shows two distinct semicircles over the whole frequency range when the 

ratio w1;w2 is higher than 100, while only one distorted loop is 

observed when the same ratio is lower than 10, leading to the 

overlapping of the time constants. The dispersion of the time 

constants for a given process represented by a pseudo RC circuit is 

responsible for a depressed semicircle observed for the impedance plot 

in the ~omplex plane. The equation of the semicircle, the center of 

which lies below the real axis, is given by the Cole-Cole formula: 35 



z = a 
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R 
( 1- a) 

l+(jw RC) 
[12] 

where a is the depression parameter. It is also related to the 

angle 8 = an/2 between the radius of the semicircle and the real axis 

in the complex plane. 

The analysis of the impedance data can be obtained graphically by 

the Cole-Cole and Bode plots. Figure A2 gives an example for the 

impedance behavior of the surface layer formed after 11 days of storage 

of the lithium electrode in the propylene carbonate solution. The 

Cole-Cole plot exhibits over the whole frequency range a distorted loop 

which can be constituted by three depressed semicircles. The Bode plot 

(modulus and angle) confirms the occurrence of three time constants 

related to the frequencies f 1, f 2, and f3 which can be detected in the 

impedance data. According to the SPI model, for which the conduction, 

charge transfer, and diffusion processes are represented by three R;fCi 

circuits placed in series, a satisfactory geometrical fitting of the 

experimental plots can be obtained by the theoretical plots for a small 

depression parameter. In principle, all the information about the 

solid-polymer interphase can be derived by fitting the measured 

impedance spectrum with the expected impedance spectrum by assuming the 

parameters of the equivalent circ~it. In practice, however, when 

considering the number of parameters, the curve-fitting technique is 

not accurate enough and unique. Thus at this time it is only possible 

to show that the SPI model is reasonable for the study of the surface 

layer observed. 
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FIGURE CAPT! ONS 

Fig. Al. The Compact-Stratified Layer (CSL) Model. 

(a) Dependence of the parameter f(z) as a function 

of the distance z from the top to the bottom of 

the surface layer. (electrode at z = L). 

(b) Ratio L/Y as a function of the ratio f 2;f1• 

Fig. A2. The Solid-Polymer Interphase (SPI) Model. 

Analysis of the impedance data obtained after 11 days 

of storage (cf Fig. 11a). 

(a) Cole-Cole Plot 

(b) Bode plot (modulus and angle) 

The experimental data (~) is compared to the 

theoretical data (o) deduced from an equivalent 

circuit made of three successive Ri/Ci 

circuits. R1 = 120 ncm2, c1 = 0.6~F/cm2 ,· 
2 2 R2 = 320 ncm , c2 = 4.1~F/cm , R3 = 60 

2 2 ncm , c3 = 53~F/cm • A same depression 

parameter a= 0.15 has been used for each 

elementary circuit. 
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