-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by CiteSeerX

EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Electron tunneling based SEI formation model

Citation for published version (APA):
Li, D., Danilov, D. L., Zhang, Z., Chen, H., Yang, Y., & Notten, P. H. L. (2014). Electron tunneling based SEI
formation model. ECS Transactions, 62(1), 1-8. DOI: 10.1149/06201.0001ecst

DOI:
10.1149/06201.0001ecst

Document status and date:
Published: 01/01/2014

Document Version:
Accepted manuscript including changes made at the peer-review stage

Please check the document version of this publication:

« A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

« The final author version and the galley proof are versions of the publication after peer review.

« The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
« You may not further distribute the material or use it for any profit-making activity or commercial gain
« You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 02. Jul. 2019


https://core.ac.uk/display/357274953?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1149/06201.0001ecst
https://research.tue.nl/en/publications/electron-tunneling-based-sei-formation-model(afd5ac88-9528-4820-b09b-56e87302d547).html

ECS Transactions, 62 (1) 1-8 (2014)
10.1149/06201.0001ecst ©The Electrochemical Society

Electron tunneling based SEI formation model
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A new model, describinghe capacitylossof Cs/LiFePQO, batteries
under opencircuit storageconditons has beendeveloped De-
gradation is attributed tahe formation of aSolid Electrolyte
Interface GEI) at the surface of thgraphite particles in the
negative electrode. The model takes into account that the Solid
Electrolyte Interface consists of amer and outer SEI layer.h&é
rate determining step of@hSEI formationprocess igproposed to
be electron tunnelinghrough the inner SEI layemhe simulation
results demonstrate that tb@pacity losss dependent on theeie
of-Charge (SoC) the electrode potential and storagiene. The
inner SEl layerwas found to grow much slower than the outer SEI
layer.

Introduction

Ageing of Lidon batteries alreadgirawsthe attention ofmany scientists and engineers
for severaldecades. Though the bagionciplesof ageing processes in-lan batteries
are well known, a complete mathematidaiscription of tis complex and multstage
process is not yet available. It is commonly accepted ttieaformation of theSolid
Electrolyte Interface (SEI) at the surface of graphite particles is one of the main reasons
for thecapacity loss irLi-ion batteriesThe SEI playshowevera dualrole in the battery
performance.On the one hand,t iprotectsthe negative electrode from solvent e€o
intercalation, which could cause exfoliation of traphitelayers On the other handt
consumes cyclable lithium inside the cell, which leads to irreversdgacitylosses
Though dot of work have been done to study the SEI by experimental nethd®), a
detailedtheoreical understanding of th8EI formation processs still lackingdue toits
complexity The formation process was found to be dependent on the composition of the
electrolyte the electrode potential and electrode surfaegphology

The structure of th8EI layerhas beernvestigated by many researchéviostrecent
experimentatesults showhat the SEI layer consists afcompact inner layenda more
porousouter layer which are mainly composedf inorganic Li salts and organic Li
species respectiely (1-3, 15, 19, 2Q)The inner SEI layer idense ands consideredo
isolatethe graphitesurfacefrom direct contact with the electrolyte, favoraphkeventing
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solvent ceintercalationnto graphite The inner SEI layer has good ionic conductivaty
is considered to be electronicalighly resistive.

While modelingis an eficientway to study the SEI formation, onlyfew studiesare
related to the SEI growth mechani¢2®-26)and these studies are still subject of debate.
Some researchers assuntbdt the electron diffusion process waserdetermimg (21)
while othes considered solvent diffusion to be rate limitip, 26) In the present work,
anew SEI formation modeis proposedwhich is based on electron tunnelifgough the
inner SEI Iger. The modepredics the capacityossesobservediuringstorage

SEI formation mechanism

The SEI formed after battegctivation includes two distinctivearts the inner layer
and outer layer. fie innerSEIl layer is composedf inorganic salts whit form a dense
structure on the graphite surface, while the o&Erl layer is composed afrganic Li
salts which have a highlgorous structur€?). It is generally assumed that the solvent
molecules (S) can easily pass thaighly porous outer layer whilthesecamot penetrate
the inner layer25, 27) The innerSEl layer is a good insulator, but electrons can still
tunnel through this layewhen the thickness is sufficiently smallThe solvent is
immediatelyreduced when electrons arrive at the inner layer surface. Consequantly, t
reaction products increase the thickness of both iteer and outer layer. The SEI
formationreactionunder operctircuit, storage, conditionis schematically shown ifig.

1.

SEI

|
[ \

Anode Inner SEI  Outer SEI Electrolyte
B0 i | —EIPE S
2 Li" 3| ¥
--------- Ld (S = Solvent)
Compact Porous
X
A\ /
e +S+ L

Fig. 1. Schematt representation of tHeEl formation mechanisiiuring storage
Sinceunder storage conditions no external current is flowieduction of the solvent
must be an electroless processiplying that the electrons should loelivered by

oxidation lithium sored inside the graphite electrodée corresponding oxidation and
reductionreactiors involved in theSEI formation can be expressed by

Li,Co—Li, Corye+yi®, [1]

and
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S+ye #Li" - yLIR +gas , [2]
respectively, wherd&k represents the organic species (partly) composed of the organic
solvents and gas is representedeneral terms as the composition of the gas is strongly

dependent orthe conditions e.g. ethylenein case of EC solventThe complete
electrolesseaction(summation of Egs. 1 and 2ansubsequentipe expressed by

Li Cs +S— Li, Cg+yLiR+gas [3]

As a result of thiseaction sequence the graphite electrode is losing lithium under storage
conditionsand is consequentlyselfdischarged.

M odel development

Tunneling current

The abovemodel is based on the assption that the capacity loss is completely
determined by the SEI formati@m the negativelectrodeand that electron tunneling is
ratedetermining in the degradation processhe SEI fornation rate can then be
described by the tunneling current. The electron supply to the inner and outer SEI
interface can be split inttovo steps The electrosfirst have to be transported throuidte
bulk of the graphiteelectrodeto the electrode surface (28pllowed by the tunneig
procesghrough the inner SHayer.

Electron transport frorthe bulk tothe electrode surfacean be described by

N — (6+X)Napoc,

v Adt, [4]
aM

Ce

where dN denotes ta numberof electron tunneling attempthiring timedt [s], x is the
normalized Stateof-Charge 0<x<1), p. the densityof graphite [g-molY], v, the

velocity of theelectrors moving in the bulk of graphitém-s?], A the surface area of
graphite available for electron tunimgj [m?], M, the molar mass of graphifg-mol™]

and N, is Avogadrds number [mof]. 6 in the numerator of Eq. dorresponds tehe

number of free electronsper G entity and 4 in the denominator otnes from the
assumption thathe velocity vectorof electros within the graphendayers can t&e one
of four orthogonal directions with equal probabilities (1/4)

A simplerectangular energy barrier model is ugethe present model to describe the
electron tunnelingorocess acroshe inner SEI layerThe tunneling probabilityR) can
thenbe written as(28)

P=Pexp

(_ 21"\/2mAE J (5]
h

3
Downloaded on 2014-12-05 to IP 131.155.81.84 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 62 (1) 1-8 (2014)

where AE=U —E, (x), U is the energylevel related to vacuumg, (x)is the Fermi

level of the graphite electrodine probability constantp) is taken unity for simplicity

m the mass of electraand 7 is the reduced Planck constafhe tunneling current is the
product of the tunnelg probability and the electron density at the graphite surface.
CombiningEgs.4 and5 the tunneling current, canbe expressedsaa function of &te

of-Charge(x), according to

dN (6+ X)ch6
=P—e=——"—"

| -
bt 4M ¢,

[6]

21" 2mAE
v, A Byexp |

SEI formation during storage

In the case of storage, the capacity loghe present modéd completely determined
by electron tunnelinglt is assumed that the So€ known (x(t) =x) and that the

electra tunneling barrier is constanhE(t) = AE ). The SEI formationrate can then be
expressed by

st

of gin 4 0= (OMy | e
AeqpanLri]F

b,Pyexp| - . o

dQ%, (1) _ (B+X)Fpe A°
at 4M

Ce

where Qg (t) is the amount of Li captured inoth SEI layers gummation of the inner

and outerSEI) from time t = 0 up © storagetime t [s], superscripf' denotes storage’
[m] corresponds tthethickness ofnitial inner SEI layeformedonthe graphite surface
after activation p" [g-m?] is the gravimetric density of inner SEI Iayem/L? the weight
percentage of Li in the inner SEI layaW . [g- mol™] the molar mass of LiF the

Faraday constardnd ¢ is the ratio between capaciy inner layer and total SEI layers
The ordinary differential equation given lyg. 7is ample and can be solved by a
standard integration schepssg. Euler.

Experimental

Pristine prismatic commercial 5@&h batterieswere used in theexperiments. The
chemical composition of theathodeand anodes LiFePO, and graphite(AG56-1),
respectively The electrochemical performance ofe tlbatteries was tested using
automated cycling equipmeriMaccol). All cells were activated for 4 cycles with a
constant(dis)chargecurrent of 5A (0.1 C-rate). Subsequentlythe batteries weréully
charged and discharged und&CCV regime in order todeterminethe maximum initial

storage capacit®” and Q2 . The cutoff conditions were 3.6% until the charging

current reached 0.1 1/500C), which is denoted as deeparging and 1.6V until 0.1
A (1/500C) for deepdischarging.
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The batteriesvere charged t@Q. =0.3Q% , Q) =0.7 Q¥ and Q. =Q% (the

max ! cl max

supersript refers to the firstycle after activatiol, and subsequentistored for 20 days.
The batteriesvere deeglischarged after ever0 days and the corresponding deep

discharge capadits were noted a), wherei denotesthe storage steplheeatfter the

batterieswere charged to the previously determineabacity (Q," =Q),) after fully

discharging in order to make sure all cells continue the previous storage expefinent
batteries were cycled and stored under temperatumgolled conditions (25°C).

Results and Discussion

Theproposednodelis validated by experiment¥he Ordinary Least Squares method
was used to estimate thaknown parameters.dgh the experimentiyl observedapacity
degradation datand thesimulated results arehowed in k. 2. The simulation results
(solid lines) simulatéhe experimental datatored at 30950C (red dat), 70%SoC (blue
dots) and100%SoC (magentdots), very well. After stoageat 30% SoC for 3000 hours
the capacity decreased 0.98B, approximately 2%of the initial value, whilestorageat
70% and 100% induced a two times higher degradatibm losses 0f1.844 Ah and
1.841 Ah, respectively Under the presenstorageconditiors it can ke assumed that
volume changes of the electrodes are consideegdigible. Under these conditions the
inner SEI layer will tightly cover the graphite surfacandelectrons can tunnel through
this fixed layer continuously. As a result both the inner andrdsiEl layer will continue

to grow slowly The capacity los€g, (x,t) only depend orx ard total storage time.

55.5
558 -
30%
545+ J
54t 4
535 .
70% .

Capacity Ah
o

3 o g

|

o
ry
o

o
-
1

50_5 I 1 I 1 L I
0 500 1000 1500 2000 2500 3000 3500

Time [h]

Fig. 2. Measured (symbols) and simulated (linespacityas a function of storage time.
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Fig. 3. Inner SEl layer growth undervariousstorageconditions

Fig. 3 shows the growth of thénner layer thicknessupon storage. The main
components ofhe inner SEI layer were attributed to inorganic Li saf®). The thickness
of the inner SEI layer has beenanalyzed by Edstromet al. (14), using X+ay
photoelectron spectroscopXPS). According taheir study, the inner layer thickness is
in a range ofl5-20A. The average thickness of the calculateter SE| layer (see Fig 3)
is in good agreement witthese experimental results. Though the factors affecthe
inner SEI layer formationare still subject of deba the electrode potentidias a
significant influence on the products of theSEI formation(18). When the cells were
stored at 70% and 100% SoC, the electrode poteftidde graphite electrodare very
similar, resultingin a similar growth rate of thenner SEl layer. In the case of lower SoC
storage (30%)i.e. when the graphite electrode voltagee more positive, the inner layer
growthis obviouslyslower than ahigher SoC.

Conclusions

In this work ve developedan electron tunnelingpasedSEI formation model, which
describeghe experimentally observed capacity lessupon storageery well. The SEI
layer consists ofcompact innerSEI layer and highlyporous outer SElayer. It is
proposed that thBEI layes are grown at the interface of thner and outer SHayer at
substantially different rates artthat the overallrate is determined by the tunneling
probability. The inner SEI layer plays a crucial rdle protecting theelectrodefrom
exfoliation. The capacitiossesare found to be largely dependent on the Sa& hence
the electrode potential
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