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� A new model to predict electron tunneling barriers and capacity loss was developed.
� The predicted irreversible capacity loss agrees well with experiments.
� 2 nm of LiF or 3 nm of Li2CO3 are thick enough to block electron tunneling.
� Electron tunneling barrier decreases under tension and increases under compression.
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a b s t r a c t

The formation and continuous growth of a solid electrolyte interphase (SEI) layer are responsible for the
irreversible capacity loss of batteries in the initial and subsequent cycles, respectively. In this article, the
electron tunneling barriers from Li metal through three insulating SEI components, namely Li2CO3, LiF
and Li3PO4, are computed by density function theory (DFT) approaches. Based on electron tunneling
theory, it is estimated that sufficient to block electron tunneling. It is also found that the band gap de-
creases under tension while the work function remains the same, and thus the tunneling barrier de-
creases under tension and increases under compression. A new parameter, h, characterizing the average
distances between anions, is proposed to unify the variation of band gap with strain under different
loading conditions into a single linear function of h. An analytical model based on the tunneling results is
developed to connect the irreversible capacity loss, due to the Li ions consumed in forming these SEI
component layers on the surface of negative electrodes. The agreement between the model predictions
and experimental results suggests that only the initial irreversible capacity loss is due to the self-limiting
electron tunneling property of the SEI.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The grand challenge for rechargeable lithium-ion batteries (LIB)
in electric vehicles is to simultaneously improve the battery per-
formance, life, cost, and abuse tolerance [1,2]. In current lithium-
ion batteries, the operating voltage of anode is below the reduc-
tion voltage of electrolytes, resulting in electrolyte decomposition
into a thin layer formed on the electrode surface. This thin layer is
believed to be electronically insulating, preventing further
electrolyte reduction reactions. However, it is Li-ion (Liþ) conduc-
tive. So it is generally referred as solid electrolyte interphase (SEI)
[3e5]. The formation and continuous growth of SEI consume active
lithium ions, becoming the main cause of the irreversible capacity
loss in the initial and following cycles. Generally, a “stable” SEI on a
graphite anode surface, mainly formed during the first cycle by
consuming about 10%e20% of the initial capacity, should provide
the excellent cycling performance of graphite anodematerials [6,7].
However, no “stable” SEI has been found to form on high capacity
anode materials such as silicon and tin, due to their large volume
change during cycling [8e10]. Open questions remain: how does an
SEI grow and become stable under certain conditions and how does

mailto:yueqi@egr.msu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2016.01.078&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2016.01.078
http://dx.doi.org/10.1016/j.jpowsour.2016.01.078
http://dx.doi.org/10.1016/j.jpowsour.2016.01.078


Y.-X. Lin et al. / Journal of Power Sources 309 (2016) 221e230222
the SEI contribute to the irreversible capacity loss at the first cycle
and the capacity fading in following cycles?

To explain the electronic insulating mechanism of SEI, the
concept of electron tunneling model was first put forward by Peled,
assuming that an SEI layer on an electrode needs to be thick enough
to block electron tunneling [11]. This has been widely accepted but
not quantified. In fact, assuming that the height and the shape of
the tunneling potential barrier are known, Simmons derived a
formula for the current flow through the insulating film sand-
wiched between two electrodes by the electric tunneling effect in
as early as 1963 [12]. Recently, Li et al. developed an analytical
model based on electron tunneling to predict the relationship be-
tween irreversible capacity loss and the cycle number. The
tunneling barrier with a square shape was estimated to be in the
range of 2.8e2.9 eV [13]. Leung used ab initio molecular dynamics
(AIMD) and constrained DFT (cDFT) to model the electrolyte
decomposition dynamics when a 0.7e1 nm thick artificial oxide SEI
layer is coated on a LiC6 electrode. He estimated the energy barrier
and revealed that the thin SEI layers slow down the electron
transfer rate because of its electron tunneling barrier [14,15].
However, the size limitation of DFT-based calculations inhibits
direct simulation of thicker SEI layers in a full electrode/SEI/elec-
trolyte model. Recently, progresses were made in applying density
function theory (DFT) to calculate electronic tunneling in different
applications, such as the gold/electrolyte interface [16,17], molec-
ular transistors [18], Schottky barriers formed by metal/CNT [19]
and metal/h-BB [20], while challenges still remain in accurately
predicting the unoccupied electron states or nonequilibrium
tunneling phenomena [21]. Nevertheless, inspired by some success
of DFT calculation in predicting tunneling phenomena, we will first
compute the electron tunneling barrier in SEI covered anodes using
DFT and then develop an electron tunneling model to evaluate the
electronic insulating abilities of different SEI components.

The chosen SEI components include inorganic components
commonly found in naturally formed SEI, such as LiF and Li2CO3;
and another excellent solid electrolyte, Li3PO4. Based on previous
research, it is generally agreed that the SEI on an anode surface can
be further divided into to two layers [22e24]. The outside layer
interfaced with electrolyte is a porous organic layer. The inside
layer in contact with the anode surface is a compact inorganic layer
that consists of Li2CO3, LiF and Li2O. The formation of SEI can be
considered as two step reduction reactions of solvent molecules (EC
and DEC) and lithium salt (LiPF6 or LiBF4). In the first step, the
solvents reactedwith lithium ions and electrons, and are reduced to
organic reduction products, which will form the porous organic
layer. In the second step, under the reactions with lithium ions and
electrons, the lithium salts together with these organic products
are further reduced to inorganic components, such as Li2CO3, Li2O
and LiF. According to the reference [25,26], the electrolyte solvents
are likely to diffuse through the organic layer along with the
observed anion BF4�, as they have similar size. Thus, if any electron
leaks out of the dense layer, the electrolyte and the anion of the salt
trapped in the porous layer can still be further reduced. Therefore,
the electronic isolating property of the overall SEI should mainly be
provided by the dense inorganic layer.

Lately, there were many efforts to develop coating materials to
protect the anode surface as an artificial SEI layer [27,28]. It was
anticipated that the coating layer should also block the tunneling of
electrons and allow the transfer of lithium ions. Thus, it is impor-
tant to evaluate the electron tunneling properties of the inorganic
components in both naturally formed SEI and artificial SEI candi-
dates. Many of these coatings materials are dense inorganic com-
pounds, such as Al2O3, TiO2 and TiN [27,29]. Among all the coating
materials, Li3PO4 is an excellent choice due to its chemical stability,
insulating property, ionic conductivity and also mechanical
property [30e32].
Currently, basic materials properties, such as mechanical, ionic

and electronic transport properties of SEI, especially the inorganic
component, are not clearly understood mainly due to the thinness
of the SEI films, chemical diversity, complex formation mechanism,
along with the chemical sensitivity and high cost of in situ char-
acterization methods [25,33,34]. Investigations on the material
properties of single SEI component either computationally or
experimentally have provided important insights for understand-
ing SEI in general. For example, the mechanical properties of bulk
LiF and Al2O3 have both been measured and computed [35e38].
The lithium ion transport mechanisms in LiF, Li2CO3, Li3PO4 and NaF
were investigated intensively by first principles calculations
[26,32,39,40]. However, the electronic insulating mechanism of SEI
still remains unknown, and little effort has been made to connect
the electron insulating ability of different SEI components to bat-
tery capacity loss. In this paper, based on the tunneling barrier
obtained from DFT calculations, we developed a simple analytical
model to estimate the first cycle irreversible capacity loss and
compare its predictions with experimental measurements.

It is well known that the volume expansion upon lithiation in
graphite is about 10% [41]. Verbrugge et al. have developed an
analytical model for a core-shell structure [42,43], and found the
SEI shell will be mechanically stable on graphite but will not
tolerate the large deformation of Sn or Si [44,45] due to lithiation.
However, it is not clear if the stress in SEI induced by electrode
volume expansion [46] will change the electronic tunneling prop-
erties of the SEI components. This information is especially
important for the understanding on how the repeated volume
expansion and contraction gradually cause the increase in revers-
ible capacity loss and electrode degradation in the following cycles
[7,47].

This paper is arranged as the following. In section 2, model
details how to calculate the electronic tunneling barrier, predict
capacity loss due to SEI formation, and investigate the influence of
stress were introduced. In section 3.1e3.3, the values of DFT pre-
dicted work function and band gap are listed and discussed. In
section 3.4, the capacity loss due to SEI thickness and tunneling
barrier is predicted and compared with experimental results. In
section 3.5, a further investigation on the influence of stress on the
predicted electronic tunneling barrier and capacity loss is
conducted.

2. Methods

2.1. DFT computed electron tunneling barrier

As SEI is the interphase between anode and electrolyte, if any
excess electron from the electronic conducting electrode tunnels
through the electronic insulating SEI component to reach electro-
lyte, it has to overcome the electronic tunneling energy barrier
(DEt) from the Fermi level (εf) of lithium anode to the bottom of the
conduction band of SEI component, as illustrated in Fig. 1.
Furthermore, the Fermi level of electrolyte is lower than that of the
anode and the SEI [48,49]. If the electron can tunnel through the
SEI, it can easily transfer to the lowest unoccupiedmolecular orbital
(LUMO) of the electrolyte, causing reduction reaction of the
electrolyte.

This tunneling barrier can be computed via a metal/insulator
interfacemodel [50], similar to the Schottky barriermodel inmetal/
semiconductor interfaces [51,52]. It is worth notice that the band
bending and the formation of an electrostatic step at the interface
can influence the relaxation of the interface structure [49,53] and
change the Schottky barrier, work function and electronic struc-
tures [54e56]. Special Li/LiF, Li/Li2CO3, and Li/Li3PO4 interface



Fig. 1. Calculation of electron tunneling barrier (DEt) by aligning the Fermi level (εf), work function (F) and band gap (Eg) of the lithium anode and SEI.
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structures were constructed and investigated via DFT [30,57].
However, the SEI component layer was limited within 2e3 layers
(half of values used in the paper due to symmetry), which some-
times are not thick enough to give converged work functions (as we
shall show in section 3.1). Fortunately, the interface region of bend
bending is usually less than 5A

̊

thick at metal/semiconductor in-
terfaces, and will be even thinner at metal/insulator interfaces. As
many experimental evidences suggest that the SEI thickness is
beyond nanometers, much thicker than the interface region, the SEI
component can be treated as a bulk structure.

Therefore tunneling barriers will be computed based on single
components without considering the atomistic details of the
interface structures. However, the value of Fermi level obtained by
the DFT calculations is one of the Kohn-Sham eigenvalues of the
system. Its absolute value does not correspond to the value of Fermi
level in the experiment and cannot be compared among different
materials. On the other hand, the work function, F¼Evac�εf, of
different materials all share a common reference, vacuum, where
the electron potential is zero. Therefore, the Fermi levels of lithium
anode and SEI component can be aligned though the comparison of
work functions, since they share the same vacuum potential (Evac)
as the reference. Aligning the work functions of different materials
will permit comparison of their Fermi levels. Furthermore, the
electron potential level of the bottom of the conduction band of SEI
components is obtained by calculating the density of states (DOS)
and the band gap Eg of each SEI component. Thus, the electron
tunneling barrier can be obtained by

DEt ¼ EgðSEIÞ � FðSEIÞ þ FðLi electrodeÞ (1)

Fig. 1 illustrated this model of calculating the DEt based on the
work function (F) and band gap (Eg) of lithium and SEI components,
which can all be obtained through DFT calculations.

The lithium anode was chosen as the typical zero voltage refer-
ence state in Li-ion batteries. For other anode materials, such as
graphite or silicon, the absolute value of electronic tunneling barrier
and probability can be obtained by shifting the Fermi level to the
corresponding lithiated anodes. For example, the fully lithiated
graphite or Si has avoltage of about 0.1V experimentallywith respect
to Li metal. This voltage is actually the Fermi level of electrons, thus
the tunneling barrier, DEt, will increase by about 0.1eV. However, the
DEt ordering for the SEI components will remain the same.

All calculations in this study were based upon the implementa-
tion of plane wave DFT in the Vienna ab initio simulation package
(VASP). Potentials constructed with the full potential projector
augmented wave (PAW) method were used for the elemental con-
stituents. The exchange-correlation part of the density functional
was treated within the generalized gradient approximation (GGA)
and Perdew�Burke�Ernzerhof (PBE) functional [58]. As mentioned
in section 1, the chosen SEI components include inorganic compo-
nents commonly found in naturally formed SEI, such as LiF and
Li2CO3; and a solid electrolyte, Li3PO4. Their atomic structures,
symmetries, and lattice parameters together with the cutoff en-
ergies and k-point meshes for bulk calculations are listed in Table 1
[17,39,40]. The level of convergencewas set to be 0.001 eV/atom. The
bandgaps are computed from these bulk structures. The calculation
of work function requires slabmodels. The surface orientations with
the lowest surface energy are chosen in the slab model, and a 10 Å
thick vacuum layer is added to prevent interactions between two
free surfaces. According to previous research and our test calcula-
tions, these orientations are Li2CO3 (001), Li3PO4 (010) and LiF (100)
[17,39,40]. The surfaces are terminated by Li, because it will preserve
the stoichiometry of an SEI component and is also reasonable
considering the availability of lithium ions. During structure relax-
ation, ions can be relaxed while the cell volume and cell shape were
fixed, and the top and bottom surfaces are symmetrical to each
other.
2.2. Predictive capacity loss due to SEI formation and tunneling
barrier

The electronic insulating ability of the SEI components can be
evaluated by the tunneling probability (T) according to a 1D WKB
tunneling theory in quantum mechanics [59],



Table 1
Atomic structures and lattice constants minimized by DFTcalculations with the parameter setting for Li2CO3, Li3PO4 and LiF crystals. The lattice constants shown in parentheses
are experimental data [17,39,40]. Li, C, O, P and F atoms at the lattice sites are represented by purple, gray, red, green and blue spheres, respectively.

Component and orientation Lattice constants
(a,b,c, a, b, g)

Atomic structure Cut off energy (eV) K-points grid

Li2CO3

Monoclinic
C2/C

8.402 Å (8.359 Å), 5.029 Å (4.974 Å),
6.207 Å (6.194 Å),
90� ,
114.15� (114.79�),
90�

900 4 � 4 � 4

LiF
Cubic
FM-3M

4.067 Å (4.035 Å),
90�

800 4 � 4 � 4

Li3PO4

Orthorhombic
PNMA

10.554 Å (10.490 Å),
6.155 Å (6.120 Å),
4.978 Å (4.927 Å),
90�

800 6 � 6 � 6
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T ¼ 16εf ·DEt

εf þ DEt
� �

2
e�

4pd
h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m·DEt

p
(2)

where d is the thickness of SEI, m is the mass of electron and h is
Planck constant. As we noted in the WKB approximation in quan-
tum tunneling, the obtained tunneling probability in Equation (2) is
actually determined by DEtd. Thus, the contribution of electrostatic
step at the interface is much less important than that from the bulk
region. This further supports our approach of using bulk models.

A simple predictive model can be further developed to estimate
howmuch the irreversible capacity loss, Cir, is in the first few cycles.
This is the amount of Li consumed to form the SEI layer that reaches
the critical thickness, d*, to block electron tunneling on the elec-
trode surface. Assuming that complete electron insulating is ach-
ieved when T¼ e�40, the critical thickness of SEI, d* can be obtained
from Equation (2).

The number of lithium ions consumed (N) in the SEI component
that forms on a unit surface area of anode is

N ¼ rd* (3)

where r is the number of lithium ions per unit volume in SEI
component. The irreversible capacity loss is typically defined as the
ratio between the lithium ions lost in SEI formation and the cycling
lithium ions stored in the host electrode. Thus, the irreversible
capacity loss (Cir) due to SEI formation on an anode can be repre-
sented as

Cir ¼
MhAhrd

*

NhNa
(4)

where Mh is the molar mass of the host material, Nh is the number
of Li ions stored per host atom, Ah is the BrunauereEmmetteTeller
(BET) specific surface area (area/weight) of host material, and Na is
the Avogadro constant. According Equation (4), there is a linear
relationship between Cir and Ah. Therefore we define their ratio as
the specific area irreversible capacity loss, C, as C ¼ Cir
Ah
. To facilitate a

comparison with the experimentally measured irreversible capac-
ity loss on various types of graphite [60], C for graphite can be
represented as C ¼ Cir

Ah
¼ 6Mhrd*

Na
.

2.3. Loading conditions estimated by stress-strain relationship

In order to investigate how electronic tunneling barrier and
probability will change under stress, various states of strain were
imposed to LiF. Verbrugge et al. developed an analytical model for a
core-shell structure and found the hoop stress in the SEI layer may
lead to fracture and delamination [58,59]. Thus, we will mainly
focus on the normal stress rather than shear stress in the SEI.
Various loading conditions can be imposed on a SEI and result in
normal strain, according to stress-strain relations for linear elastic
solid,

0
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s33
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where s, ε, n and E are stress, strain, Poisson ratio and Young's
modulus, respectively.

LiF was chosen as a representative SEI component for this study
because its cubic symmetry allows a unified model to describe the
dependence of band gaps on strain. In this study, four different
loading conditions were applied on bulk LiF, including hydrostatic
stress, uniaxial strain, uniaxial stress and biaxial stress (shown in
Fig. 5(a) and Table 3). The lattice of LiF was deformed according to
the strain tensors in each loading conditions expressed in terms of
dimensionless stress, s/E, and the Poisson ratio of 0.326 [61].

3. Results and discussions

3.1. DFT computed work function

The surface relaxation, surface energy, work function and band



Fig. 3. Work function of Li2CO3, Li3PO4, LiF and Li as a function of slab thickness.
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gap may show oscillation with slab thickness and the surface
termination due to quantum size effect, an effect caused by
different quantization of states of slab model compared with a
semi-infinite sample due to the lowering of dimensionality
[62e64]. Therefore, it is important to develop a slab model that
mimics the bulk property (eg. layer spacing) and leads to the
converged properties. The surface energy was computed for layer
thickness from 1 to 10. The converged surface energies were
determined to be 0.163 J/m2 for Li2CO3(001) with 2 layers; 0.326 J/
m2 for LiF(100) with 2 layers; 0.925 J/m2 for Li3PO4(010) with 3
layers, and 0.458 J/m2 for Li with 2 layers. The calculated surface
energies are consistent with most previous calculations [30,65,66].

The calculation of work functionwas based on these relaxed slab
models, and the computed values as a function of slab thickness
were shown in Fig. 3. The work function values of all the four
materials oscillate with increasing slab thickness, especially when
the thickness is about just 1 or 2 atomic layers. This is due to surface
relaxation, especially the large surface relaxation in Li2CO3. Fig. 2
shows the relaxed structure of Li2CO3 slab with different atomic
layers together with some values of A(CO3-010), which represents
the angel between CO3 plane and Li2CO3(010) plane. The layer
number is also labeled in Fig. 2, which indicates the position of the
layer in the slab model. For example, the layers labeled with 1 in-
dicates the surface layers exposed to vacuum in each slab model.
We can see two trends in Fig. 2. The first trend is that the top
surface relaxation becomes consistent in thicker slab models. For
example, the angle between the CO3 plane and the surface plane is
0.2� in the monolayer model and 13.3� in the two layer model. But
for the slabs thicker than 3 layers, it becomes stable at 14.2�. The
second trend is that the center of the slab mimics the bulk crystal
structure, where this angle is 18.6�. In the 6 layer thick slab model,
the angle changes from 14.2� at the surface layer to 18.4� in the
second layer and 19.2� in the third layer. These two trends are also
valid for slab models of Li3PO4 and LiF, while their fully relaxed
surface layers are much less deviated from the bulk structure
compared to Li2CO3. When the slab thickness is more than 4 atomic
layers, the oscillation caused by the quantum size effect becomes
relatively small, less than 1%. The value of work function is already
well converged when the thickness increased to 4 layers.

Therefore, it is reasonable to choose this converged value as the
Fig. 2. Relaxed atomic structure of Li2CO3(001)
work function of the bulk crystal. The calculated work function
agrees well with other experimental or computational data. The
widely measured work function of lithium is about 2.95e3.1 eV,
which agrees well with our calculation [65,67]. The work function
of Li3PO4 calculated by Santosh is also in agreement with our
calculation [30].
3.2. Band gap from bulk calculations

The band gap calculation is based on bulk crystal structures, and
the results are listed in Table 2. Our calculated band gaps using DFT/
GGA are consistent with other computational data using the same
method [68e70]. It is well known that calculation by DFT/GGA will
underestimate the band gap by up to 50% [71e73]. For example, the
band gap of LiF measured in experiment was around 14 eV [74e76],
slab model with increasing slab thickness.



Table 3
Summary of the distance between nearest anions in the original and deformed bulk
structure of LiF. k and n represents the ratio between the changed lattice parameter
and the original lattice parameter in the direction under stress s and in the other
directions, respectively. r is the distance between nearest anions and h is the
normalized average neighbor distance.
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which is about 80% larger than all the value obtained by DFT/GGA or
DFT/LDA. New functions such as D(EIG) method [73], hybrid
methods [77], GW methods [78] can, in general, improve band gap
calculations. We also have applied HSE06 hybrid functions to
compute the band gaps for Li2CO3, LiF and Li3PO4, as listed in
Table 2. The bandgap of Li2CO3 is 7.07 eV, consistent with a newly
reported experiment value of 7.5 eV [79]. The bandgap of LiF and
Li3PO4 are 10.8 and 8.1 eV, respectively. They are also more
consistent with experiment value of 14.1 and 8.0 eV [13,74].
Nevertheless, the consistent underestimation of band gap values
from GGA calculations can still provide reasonable estimates of the
electronic insulating behavior of the SEI, especially in the com-
parison of the three insulating SEI components. Due to this un-
derestimation, the tunneling barrier will be underestimated as
well. Therefore, we applied a very small tunneling probability e�40

as limiting criteria.
We have computed the band gap from the slab model and found

the converged band gap is still smaller than that of the bulk crystal.
The band gap values also show large oscillation due to quantum
size effect when the film thickness is less than 4 atomic layers. A
similar trend has been reported by Juaristi, who conducted a DFT
calculation on monolayer LiF and obtain a band gap about 6.9 eV,
which is also smaller than that of the bulk [80]. The band gap of
most semiconductors would increase when the sample size be-
comes smaller, such as in nano-films, nano-rods or quantum dots
[63,64,71], due to quantum confinement effect. This trend is also
sensitive to surface termination of a thin film [81]. As it is unclear
what will be the surface terminations on the SEI exposed to elec-
trolyte [14], the treatment of SEI as a bulk component when its
thickness is larger than 1 nm is still a valid approach. Therefore, we
will estimate the tunneling barrier based on the band gap values
from bulk crystals.
3.3. Electronic tunneling probability and critical thickness of SEI

As stated in 2.1, the electronic tunneling barrier and probability
can be further derived according to Equations (1) and (2). In our
model, the electronic tunneling barrier is a constant since both the
work function and band gap are converged for the same SEI
component. Thus, the electronic tunneling probability is a function
that only depends on the thickness of SEI. The critical thickness of
SEI, d*, that blocks electron tunneling can be estimated from
Equation (2) assuming a very small tunneling probability T ¼ e�40.
The d* values of each SEI component are listed in Table 2, and the
order is LiF > Li3PO4 > Li2CO3 in both GGA and HSE06 methods. The
d* here ranges from 2.0 to 3.0 nm in GGA calculation and 1.6e2.1 in
HSE06 calculation, due to the underestimation of band gaps in GGA
calculation. Nevertheless, both results are still consistent with both
the TEM images by Shim [82] and predicted thickness by Li [13]. In
the design of coating layers for anode materials, there are always
questions about what the coating materials should be and what
thickness is sufficient. Based on the calculation, a ~2 nm LiF can
totally block the electronic tunneling. Li3PO4 is also an excellent
Table 2
Calculated results of the tunneling effect in different SEI components. r is the number of l
the band gap (computed from GGA and HSE06), which leads to different electronic tunn

Component F (eV) r

(Å�3)
Based on GGA

Eg (eV) DEt (eV) d* (Å)

Li2CO3 6.02 0.035 4.75 1.78 30.2
LiF 7.59 0.060 8.52 3.98 20.3
Li3PO4 5.24 0.037 5.68 3.49 21.6
Li 3.05 e 0 e e
electronic blocking material, and ~2 nm Li3PO4 can also block
electron tunneling. The thickness of Li2CO3 required to block elec-
tron tunneling is ~3 nm.

3.4. Estimation of irreversible capacity loss

Based on the d* values, the number of lithium ions consumed
(N) during SEI formation per unit surface area of the anode can be
further derived according to Equation (3). Moreover, the irrevers-
ible capacity loss (Cir) due to SEI formation can be obtained through
Equation (4). The results are also summarized in Table 2. What's
more, the irreversible capacity loss scales linearly with the BET
surface area of the electrode, at a slope indicated by the specific
capacity loss C. The values of C from each SEI component are listed
in Table 2. Interestingly, even though the critical thickness of LiF is
smaller, the irreversible capacity loss due to LiF formation is larger
because the lithium ion density in LiF is almost twice as much as
that in Li2CO3. It suggests that LiF is a more desirable insulating
coating material when the initial capacity loss is not a concern
while Li2CO3 may be preferred in naturally formed SEI since it
causes less capacity loss. This may be difficult to achieve in batte-
ries, since the complicated SEI compositional evolution may be
closely related to the kinetics of formation of the different com-
ponents during SEI formation cycle.

A linear relationship between the first cycle irreversible capacity
loss and the BET surface areawas reported in Joho's experiments on
various carbon electrodes [60]. As shown in Fig. 4, their experi-
mental data suggested a linear relationship between the irrevers-
ible capacity loss and BET surface area, and the slope of the linear
fitting is C ¼ 1.18. Other researches have shown that the active
surface area and surface chemistry of anode also play an important
role in addition to the total BET surface area in determining the
irreversible capacity loss due to exfoliation of graphite during the
first cycle [6,83,84]. Thus, the linear fitting of Joho's experimental
ithium ions per unit volume in SEI component, F, represents the work function, Eg is
eling barrier, DEt, the critical thickness of SEI, d*, and the specific capacity loss, C.

Based on HSE06

C (%/(m2/g)) Eg (eV) DEt (eV) d* (Å) C (%/(m2/g))

1.27 7.07 4.10 20.0 0.84
1.45 10.8 6.26 16.2 1.15
0.96 8.1 5.91 16.6 0.74
e 0 e e e
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data does not start from the origin and some data points deviate far
from the fitting line at small surface area. Considering this part of
the irreversible capacity loss, we further draw four lines according
to the predicted C values from different SEI components based on
both GGA and HSE06 calculation in Fig. 4. The predicted values and
the fitting trend line of the experimental data points in Fig. 4 are in
good agreement, although the simple model has only assumed one
component while the naturally formed SEI is a mixture of Li2CO3,
LiF, Li2O and some organic layers. This agreement suggests that the
initial SEI thickness and its formation induced initial irreversible
capacity loss are likely to be controlled by the self-limiting electron
tunneling property of the inorganic components. This also means
that the continuous growth of SEI is likely to be caused by other
electron transport mechanisms, rather than tunneling.
3.5. Tunneling barrier change due to stress on SEI

LiF was chosen to further investigate the influence of stress on
the tunneling barrier. The calculated work function of 10 layers LiF
slab model is shown in Fig. 5(b). It can be seen that the change of
work function due to stress is quite small. If we just consider the
10% volume change of graphite, the work function can be treated as
a constant in this range. However, the band gap values are greatly
influenced by deformation. The general trend shown in Fig. 5(b) is
that the band gap value (computed with GGA method) increases as
the stress changes from tension side to compression side. What is
more, under each loading condition, the changes of band gap values
are almost linear with respect to the strain (or the ratio between
stress and Young's modulus, s/E), as the trend line in Fig. 5(b)
shows.

According to a recent research [85], for ionic crystals where
anions are localized, when lattice parameter increases, all band-
widths will shrink and energy states in both valence band and
conduction band will increase. However, the shift of more localized
valence band will be faster than that of the conduction band.
Therefore, the band gap will shrink. This suggests that the distance
between anions rather than the distance between anions and cat-
ions is the most important parameter, as the electrons are donated
to anions. This motivates us to propose a new structure parameter,
h, called normalized average anion distance:
Fig. 4. Predicted initial irreversible capacity loss due to SEI component formation in
comparison with experimental data from Joho on various graphite anodes [60].
1
h
¼

X r0
r

(6)

i

where r0 and r are the equilibrium distances between the nearest
anions in the perfect structure and deformed structure of LiF,
respectively. When calculating the distance between anions, all the
12 nearest anions were included in the sum. h is computed from
dimensionless stress (normalized by the Young's modulus) as ε¼s/E
for all four loading conditions and is listed in Table 3. For a simpler
representation, which demonstrates the connection of hwith strain
in different direction, k and n were used to represent the ratio
between the deformed lattice and the original lattice in specific
directions in the strain tensor. The band gap value as a function of h
is shown in Fig. 5(c), where h value higher than 1 represents tension
while h less than 1 represents compression. Fig. 5(c) clearly shows
the band gap value decreases linearly with increasing value of h,
and all four loading conditions follow the same function. When the
deformation is very large, the band gap values deviate from the
linear relationship slightly. In these cases, some 2nd or 3rd nearest
neighbor anions become very close to the center anion under large
deformation, and should be included in the h calculation. Never-
theless, the normalized anions distance h is a newly proposed
parameter to unify the lattice deformation in different loading
conditions and the band gap decreases linearly with increasing h.
Therefore, the electronic tunneling barrier will decrease under
tension and increase under compression.

To further evaluate the effect of the stress on electron tunneling,
we estimated the capacity loss of an SEI covered graphite which
undergoes 10% volume expansion due to lithiation. First, the SEI
formed on graphite is considered stress free. This is reasonable, as
suggested by some recent research that the organic part of SEI is
formed before lithiation while the inorganic part of SEI is formed
simultaneously with lithiation [46,86]. It indicates an SEI film is
almost stress-free perpendicular to the particle surface because the
organic SEI layer is much softer comparing with the inorganic layer.
The inorganic layer of SEI will experience biaxial stress in the other
two directions due to the volume expansion of the anode. Due to
10% volume expansion of graphite, the overall thickness of SEI is
reduced by 2.1% due to Poisson's ratio. If we only assume that the
SEI should grow back to its original thickness in order to block the
electrons tunneling, it will lead to 2.1% more irreversible capacity
loss. However, the relationship between band gap and h sheds new
insight. According to it, the 10% volume expansion of graphite will
lead to a 2.0% increase in h. Thus, the band gap will decrease from
8.51 eV to 8.17 eV, leading to 0.34 eV reduction in the tunneling
barrier. To achieve the same electronic tunneling probability, the
thickness of SEI should increase by another 4.5%, leading to 11.0%
more irreversible capacity loss.

4. Conclusions

An electron tunneling model based on density function theory
(DFT) calculations was made in order to rank the electronic insu-
lating abilities of different SEI components. The electronic insu-
lating ability can be evaluated by the tunneling barrier, the critical
thickness to block electron tunneling (2~3 nm), or Li ions consumed
in forming the SEI layer. The initial irreversible capacity loss can be
further connected to the DFT calculated tunneling barrier. The
agreement between the model and experiment suggests the initial
irreversible capacity loss is likely due to the self-limiting electron
tunneling property of the SEI. How electronic tunneling barrier and
probability change under different types of loading conditions are
also investigated. It was shown that the band gap decreases linearly
with increasing value of h while the work function stays the same,
where h is a new parameter to characterize the average distance



Fig. 5. Schematic of the four loading methods (a), band gap and work function value as a function of s/E (b) and h (c).
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between anions. That means the electron tunneling barrier de-
creases under tension and increases under compression. To be
specific, the 10% volume expansion of graphite will cause about
2.0% decrease in h, making the band gap of LiF reduce from 8.52 eV
to 8.17 eV. That means a 4.5% increase in critical thickness of SEI and
11% increase in the irreversible capacity loss considering the
deformed structure of LiF.
Although SEI has a mixed structure consisting of both inorganic

and organic components, this simple model can still be useful to
compare the electronic insulating abilities of different SEI compo-
nents for SEI design. This simple model also has some limitations.
The tunneling barriers estimated from perfect crystals of these SEI
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components may also overestimate the tunneling barrier. Other
electron transport mechanisms due to defects and polarons need to
be considered in order to explain the electron leakage through
thicker SEI components (10e100 nm). The simple two layer model
that assumes the inorganic layer is dense and the organic layer is
permeable for electrolyte may be over simplified. For example,
research by Sch€afer and Weitzel [87] has shown that ion-doped
organic polymer films can fulfill the same job as the inorganic
materials, in that case the electron transport may be limited by the
doped inorganicmaterial. The two step SEI growthmechanismmay
also involve other steps, such as porous SEI gradually densifies and
dissolution and re-deposition of SEI [88]. Nevertheless, based on
current conditions, it is still reasonable to start our investigation
from the dense inorganic components, such as LiF, Li2CO3, Li3PO4.
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