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Understanding the ionic conduction in solid electrolytes in contact with electrodes is vitally im-
portant to many applications, such as lithium ion batteries. The problem is complex because both
the internal properties of the materials (e.g., electronic structure) and the characteristics of the
externally contacting phases (e.g., voltage of the electrode) affect defect formation and transport.
In this paper, we developed a method based on Density Functional Theory to study the physics of
defects in a solid electrolyte in equilibrium with an external environment. This method was then
applied to predict the ionic conduction in lithium fluoride (LiF), in contact with different electrodes
which serve as reservoirs with adjustable Li chemical potential (u1;) for defect formation. LiF was
chosen because it is a major component in the solid electrolyte interphase (SEI) formed on lithium
ion battery electrodes. Seventeen possible native defects with their relevant charge states in LiF were
investigated to determine the dominant defect types on various electrodes. The diffusion barrier of
dominant defects was calculated by the Climbed Nudged Elastic Band Method. The ionic conduc-
tivity was then obtained from the concentration and mobility of defects using the Nernst-Einstein
relationship. Three regions for defect formation were identified as a function of pr;: 1) intrinsic, 2)
transitional, and 3) p-type region. In the intrinsic region (high ur,, typical for LiF on the negative
electrode), the main defects are Schottky pairs and in the p-type region (low pri, typical for LiF
on the positive electrode) are Li ion vacancies. The ionic conductivity is calculated to be approxi-
mately 103! Sem ™! when LiF is in contact with a negative electrode but it can increase to 10~ '?
Sem™! on a positive electrode. This new insight suggests that divalent cation (e.g., Mg*") doping
is necessary to improve Li ion transport through the engineered LiF coating, especially for LiF on
negative electrodes. Our results provide a new understanding of the influence of the environment
on defect formation and demonstrate a linkage between defect concentration in a solid electrolyte

and the voltage of the electrode.

PACS numbers: 66.30.Dn, 66.30.Lw, 82.47.Aa, 71.15.Mb

I. INTRODUCTION

The origin of ionic conduction in solid electrolytes
is defect formation and transport in ionic materials.!™*
At a defined temperature, the internal equilibria of de-
fects depend on two aspects: 1) the atomic structure of
the defects; and 2) the electronic band structure of the
material.®>% However, in reality, an ionic material of in-
terest always operates in an environment (e.g., PbO in
oxygen gas®, Li ionic conductors coated on electrodes).
In this situation, due to the formation of defects, the com-
pound can deviate from the exact stoichiometric compo-
sition. As a result, the concentration of defects varies
with the environment in which the ionic material is in
a thermodynamic equilibrium.? For example, by increas-

ing the partial oxygen pressure Pp, (equivalently chem-

ical potential of oxygen po, = pp, + RTlnFl)fo2 3) pass-

ing over PbO, the concentration of oxygen vacancies de-
creases while that of the oxygen interstitials increases
as depicted in the Kroger-Vink or Brouwer Diagram.3:
Therefore, the environment can be treated as a “tuner”
that can change the concentrations of defects in a mate-

rial. In general, the environment is not only limited to
the gas phase, but can be liquid or solid phase, such as
electrodes on which the solid electrolyte is coated. Simi-
larly, the concentrations of defects in the solid electrolyte
would be electrode voltage dependent according to the
Nernst equation (V = fz%F(uffth"de — pinede))7. The
goal of this work is to develop a method to study defect
physics and thus, ionic conduction in a material in con-
tact with an external environment, e.g., a solid electrolyte
on various electrodes for lithium ion batteries (LIBs).

Recently, solid electrolytes attracted a lot of re-
search emphasizes not only because of the promising
future of all-solid batteries®® 16, but also their impor-
tance as an interfacial layer between electrodes and lig-
uid electrolytes, known as a solid electrolyte interphase
(SEI)!718. The performance of liquid electrolyte based
LIBs relies on forming a stable SEI on the electrode
surface.!™'® In theory, an ideal SEI is expected to be
ionic conducting'® 2!, electrical insulating®? ?* and me-
chanically stable?>:26. However, the characters of a nat-
ural SEI depend on many factors (e.g., property of elec-
trode and electrolyte molecules) and a stable passivat-



ing layer is not always formed. For example, silicon
(Si) electrode, one of the most promising negative elec-
trodes with the highest theoretical capacity?’, cannot
maintain a stable interphase®® due to its large volume
expansion®® 3!, This leads to a continuous capacity
loss and degradation of the battery. Recently, surface
coatings®? 3% and electrolyte additives®® have been pro-
posed as two promising ways to modify SEIs. In the
first approach, surface coatings, such as AlyO3, TiOs,
and AlF3, have been designed to serve as an artificial
SEI to migrate electrochemical and mechanical degrada-
tion of the electrodes.?23%:37:38 It was believed that solid
electrolyte thin film coatings, also known as engineered
artificial SEIs, were more stable than naturally formed
SEIs in maintaining passivation, preventing continuous
liquid electrolyte molecule decomposition, and protecting
the electrodes from further degradation.?? 3% The sec-
ond approach, by adding small amounts of electrolyte
additives (e.g., Vinylene Carbonate®>4? Fluoroethylene
Carbonate!™*7), the performance of the electrodes was
improved with a longer cycling life. The additives have
been shown to change the inorganic components in the
SEI (e.g., increased formation of lithium fluoride).*! 47
The mechanisms responsible for the two promising ap-
proaches are not well understood. A theoretical approach
is therefore needed to understand the mechanism of ionic
and electronic conduction in SEI components.

A theoretical method to understand ionic conduction
in a solid electrolyte shall include two parts: 1) the con-
centration of defects in the solid electrolyte in contact
with electrodes and 2) the transport of the dominant
defects (e.g., Li vacancy). The dependence of charged
defect reactions on the chemical potential of electrons
(i.e., Fermi energy) has been observed in various mate-
rial systems.*®®! More generally, Zhang and Northrup
developed a first principles based method and demon-
strated that defect concentration is a function of the
chemical potential of atomic constituents. This formal-
ism has been successfully applied to study multiple defect
physics, e.g., defect compensation in ZnSe’?, zinc vacan-
cies as the dominant intrinsic acceptor defects in ZnO>?,
and nitrogen vacancies as the dominant intrinsic donor
defects in p-type GaN®>. In 2004, Van de Walle and
Neugebauer published a comprehensive review article on
this method and its applications to study defect physics
in ITT-nitrides.

However, to benefit battery design, it is necessary to
link defect reactions to an electrochemically measurable
parameter, such as the open circuit voltage of the elec-
trode. In this work, we extended this method®? "% based
on density functional theory to calculate the ionic con-
ductivity in a solid electrolyte on electrodes. In our ap-
proach, electrodes are modeled as lithium (Li) reservoirs
with a range of Li chemical potential values (p ;) and ur;
can be related to the voltage of electrodes. Through this
process, the Fermi energy dependent defect reactions in a
solid electrolyte can be related to the voltage of neighbor-
ing electrodes. Shi et al. have taken a similar approach

to investigate Li point defects in LisCO32%2! as a func-

tion of the open-circuit voltage of electrode that LisCOg3
is coated on. In their work, Li interstitials, Li vacancies,
and Li Frenkel pairs were considered as possible point
defects, since carbon and oxygen were covalently bonded
forming the oxocarbon anion COg_. In general, both
cation and anion defects need to be considered in ionic
materials, e.g., lithium fluoride (LiF). In addition, there
remain other technical challenges in their method, such
as the determination of the effective density of states at
a finite temperature from density functional approxima-
tions and estimation of contribution of paired defects to
ionic conduction.

In this study, our interest focuses on ionic conduction
in LiF coated on various electrodes with rigorous con-
siderations of the remaining technical challenges. LiF is
one of the promising engineered SEI coating materials on
the electrodes (e.g., Si) of LIBs, since the improved per-
formance of electrodes has been linked to the increased
concentration of LiF in the natural SEL.* 4757 In ad-
dition, perfect LiF crystals have a wide band gap®®°,
and can thus block the electron leakage to the electrolyte
from the electrodes. In the present work, as a develop-
ment of a general approach to evaluate all possible point
defects, we studied ionic conductivity of a total of sev-
enteen possible native defects with their relevant charge
states in LiF' on the surface of different electrodes. In
addition, using this newly developed first principle based
ionic defect calculation method, we demonstrate the de-
pendence of defect formation and, accordingly, the ionic
conduction as a function of the chemical potential of Li
in the electrodes. Finally, the possibility of LiF as an en-
gineered artificial SEI is discussed from the perspective
of ionic and electrical conduction.

II. METHODOLOGY
A. Thermodynamics of Defects

In ionic crystals, typical types of defects include inter-
stitials, vacancies, Frenkel pairs and Schottky pairs.!
TABLE 1 summarizes possible defects with various
charge states in LiF' and their notations used in this pa-
per. In our model, defects are equilibrated with exter-
nal Li reservoirs (known as external defect equilibria®, in
which deviation from the exact stoichiometric composi-
tion is allowed). As a result, the formation energy of a
defect i with charge ¢ is defined as?0:21:52-56

E¢(i,q) =[Etot(i,q) — nriptri — nrppr

. (1)
+q(ep + Ev + AV)] — B

where Eyot(i,q) and EX%* are the calculated energies for

the LiF supercell with and without one defect i. FEy
(Ey = 0) is the valence band top of bulk LiF. AV is the
electrostatic energy correction term to align the valence
band maximum of the defected cells with that in the bulk



LiF.53%6 nr; (nr) is defined as the number of different
Li (F) atoms compared with imperfect and perfect LiF
supercells (e.g., for Li;, ny; = land np = 0). ur; and pp
are the chemical potential of Li and F in their reservoirs.
In our calculation, urp; is a free parameter depending on
the properties of coated electrodes; up is approximated
by assuming that LiF is the most stable compound for F
to form

WF = [LiF — ML (2)

In addition, it is necessary to determine the bounds on
pr; in Equation (1).56 wr; depends on the electrodes
on which LiF is coated, i.e., LiF coated on the anode
or cathode. On the one hand, we consider that LiF is
subjected to an upper bound when LiF is coated on
Li metal: ppee = pMetal ~ 202 eV. If we push
wr; higher, Li metal would be deposited with F'~ ion
dissolved in electrolyte. On the other hand, the lower
bound is considered when LiF is coated on the cathode:
W = e — ,u?(gas) ~ —9.71 eV. Under this extreme
condition, F» gas would be generated with Li* dissolved
in the electrolyte. However, for battery applications, the
typical pr; is higher than this limit (i.e., ur; ~ —6.6 eV
corresponding to about 4.6 volts against Li metal)%!. As
a result, we use pr; &~ —6.6 eV as 74" in our study.

The Fermi energy (¢5), which is an unknown parame-
ter, is referenced to the valence band top in Equation
(1). In perfect LiF, the Fermi level lies in the mid-
dle of the band gap; however, defects can create addi-
tional states in the band gap and vary the Fermi level.
In our calculation, er is determined by imposing the
charge neutrality??-21°2 by balancing free electrons(ng),
free holes(ng ), and charged defects

Z%S(iﬁ Q) =No — N, (3)

where S(i,q) and ¢; are the concentration and the as-
sociated charge of defect species, i, respectively. For
pairs (e.g., Frenkel and Schottky pairs), there are energy
penalties to separate the nearest-neighbor pairs (e.g., for
SP, the pair with 0.85 A farther away in distance has
~0.4 eV higher in formation energy). Therefore, only the
nearest-neighbor Frenkel (Schottky) Pairs were included
in charge balancing. At thermodynamic equilibrium, the
concentration of defect ¢ with formation energy Ey(i,q)
at a finite temperature T is

S(i,q) = Ny(i)e Era)/ksT @

where N (i) is the number of sites where defect i can
be generated per unit volume. ng (ng) are the concen-
tration of electrons (holes) in the conduction (valence)
band. At a given temperature, they are defined as
o]

de f(e)D(e), (ba)

Ec

Eyv
ne = / de (1 - f(£))D(e). (5b)

— 00

ng =

where E¢ (Ey) is the bottom (top) of the conduction
(valence) band, f(e) = 1/(1 4 exp(57F)) is the Fermi-
Dirac distribution, and D(e) is the calculated electronic
density of states. Since, for LiF, e —ep > kT (T is 300
K in our calculation), Equation (5) can be approximated
by

ne = Nee™ (Fe—er)/keT, (6a)
ng = ]\]Ve*(EF*EV)/’VBT7 (6b)

where No(Ny) is the effective density of states in the
conduction (valence) band

o0

N¢ = de e~ (e=Ee)/keT D(¢), (7a)
Ec
Ev

Ny = / de el B)/KsT Do) (7h)

For materials with wide band gaps (e.g., alkali halides),
only the energy levels near the bottom (top) of the con-
duction (valence) band can be occupied (unoccupied).
Therefore, we approximate No (Ny) as

Ec+A

Ne %/ de D(g), (8a)
Ec
Eyv

Ny %/ de D(e), (8b)
Eyv—A

where A is a small energy interval above the conduction
band (below the valence band for Ny ).

TABLE I. Summary of Defects Types in LiF

AR F Defect Types
Li; Lii>< Li neutral interstitial
Lif Li§ Li positively charged interstitial
F; FX F neutral interstitial
I F! Li negatively charged interstitial
Vii Vs Li neutral vacancy
Vi, Vi Li negatively charged vacancy
Vi Vi F neutral vacancy
Vi Ve F positively charged vacancy
FPr; ¢ Li + VY, Li Neutral Frenkel Pair
F PZ'Z. @ Lif + V7 | Li positively charged Frenkel Pair
FpP., LiX 4+ Vi; | Li negatively charged Frenkel Pair
FPr® F + V2 F Neutral Frenkel Pair
F P}',l' e FX+ Vg F positively charged Frenkel Pair
FpP_ ¢ F + Vg F negatively charged Frenkel Pair
SP° Vi, + V2 Neutral Schottky Pair
Spt e V5 + Ve Positively charged Schottky Pair
SpP~ ¢ Vii + Vi | Negatively charged Schottky Pair

¢: The formation energies of paired defects (Frenkel pair and
Schottky pair) are dependent on their distances of separation.
For each type of pairs, the formation energies of the nearest,
second nearest, and third nearest neighbor pairs were calcu-
lated and the one with the lowest formation energy was in-
cluded in Equation (3). In addition, another scenario is the
dilute pair (non-interacting) when two dilute point defects
(e.g., Vi, Vi) have the same formation energy.



B. Defect Diffusion and Ionic Conduction

The ionic conductivity in ionic materials depends on
both the formation and the diffusion of defects.® The flux
density of a defect (i,q) under a concentration gradient
and a potential gradient can be described as the sum of
Fick’s and Ohm’s law®

S(i,q)D(i,q)
RT

where D(i,q) is the diffusion coeflicient of the defect
(i,q), F is the Faraday constant, and ¢ is the electric
potential. D(i,q) can be calculated by Arrhenius equa-
tion at a finite temperature 762

D(i,q) = gfv*(Ax)?exp(=En(i,q)/kpT)
~ 3V (A exp(~Eni,) ks T),

i(i,q) = — (VInS(i,q) + ¢FVe),  (9)

where v* is the typical phonon frequency (e.g., v* ~ 10'3
Hz along [110] direction®), Az is the net travel dis-
tance in each hop, g is the geometric factor, f (f =
1+>°%_ 1 Qjcos;gy
1-325_, Qjcost;
along angle 6,) is the correlation factor, and E,,(%,q)
is diffusion barrier of the defect (i,¢q). For 1-D diffusion
approximation (i.e., V;, diffuses along [110] direction),
> =1 Qjcost; = 3[cos(0) + cos(m)] = 0 and g = 3.

By assuming that the concentration of defects is spa-
tially uniform, the flux density depends only on the ap-
plied potential gradient

, where @, is the jumping possibility

S(i,q)D(i, q)

Vo (11)

i(i,q) = —qF
Multiplying ¢F to both sides of Equation (11), the flux
density j(i,q) is converted to the current density

S(i,q)D(i,q)

i(i,q) = —¢*F? T

V. (12)
From Equation (12), we can calculate the contribution of
defect (i,q) to ionic conduction by

i(:0) _ 2peSG0DGG)

and the total ionic conduction is the sum of the contri-
butions from main defects in the system

o= Za(i,q). (14)

i

C. Computational Details

In this study, the energies and electronic density of
states were calculated by Density Functional Theory
(DFT) with plane wave basis sets in the Vienna ab

4

initio Simulation Package (VASP).%%:56 The exchange-
correlation functional was approximated by general-
ized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof (PBE) flavor.5” Projector-augmented-
wave (PAW) potentials were used to mimic the ionic
potentials.®® The crystal LiF has sodium chloride face-
centered cubic structure (space group: Fm3m, No.
225%69) and the structure was optimized with the to-
tal energy converged to 107> eV /supercell. A 3 x 3 x 3
supercell was used in the optimization with a cut-off en-
ergy of 480 eV for the plane wave basis sets, a 3 x 3 x 3
Monkhorst-Pack k-point mesh, and Fermi-smearing with
0.05 eV width. The lattice constant of LiF after the opti-
mization is 4.07 A and the error is within 1.3% compared
with experimental results.”

The ground state energy Eii(i,q) of defect ¢ with
charge g and EX%* of the perfect LiF cell were calculated
in the VASP-optimized 3 x 3 x 3 LiF supercell which is
large enough to satisfy the dilute defect condition. To ac-
count for interactions from image defects or charges, we
studied the scaling behavior of AE = Fj(i,q) — EPUF
of three representative cases: Li; (zero charge), V;, (one
negative charge), and VI (one positive charge). The lo-
cal structure of the same point defect of 3 x 3 x 3 LiF
supercell was identical to that in 4 x 4 x 4 supercell cal-
culation and the difference in AE was less than 2%. The
charged defects were modeled by adding (for negatively
charged defects) or subtracting (for positively charged
defects) one background electron to/from the total va-
lence electrons in the supercell. In this study, the elec-
trostatic energy correction (AV = 0.03 eV) was obtained
from the average electrostatic energy difference between
the defected cell (e.g., V;;) and the perfect cell®7H72.
(We noted that there are other methods to estimate AV,
e.g., by inspecting the electrostatic potential far away
from the charged defect®®. The values of AV obtained
from different methods are within the same orders of
magnitude (1072 eV) and the choice of AV does not
change the magnitude of defect concentrations. In addi-
tion, a similar magnitude of AV has been observed in the
literature™ for other ionic materials.) A neutralization
Jellium background charge was assumed by VASP to im-
prove the energy convergence with respect to the super-
cell size.”™ 7> The diffusion barriers E,, (i, q) of dominant
defects were calculated by Climbed Nudged Elastic Band
Method (CI-NEB)"®7" implemented within VASP.

III. RESULTS AND DISCUSSION

A. Formation of Defects in LiF

The formation of defects depends on the properties of
the specific material (e.g., band structure), the defects
(e.g., defect structure and charge states), and the reser-
voir (e.g., pri). Figure 2 shows the formation energy (Ey)
of several defects with low formation energies as a func-
tion of chemical potential py; of the Li reservoir. Three



constraints are important to be considered in the defect
formation in nearly stoichiometric compounds: 1) charge
neutrality, which is imposed by Equation (3), 2) mass
conservation, and 3) fixed proportion of cation (Lit) and
anion (F~) lattice sites, regardless of their occupancy.®
In our calculations, the charge neutrality is assumed to
be satisfied by bounded charge on defects, free electrons,
and free holes. At a high ur;, V;, and V;f are formed
with similar formation energies. Since V;; and VISL carry
the same amount but opposite charges, the charge neu-
trality is satisfied by defects in this py; range. The co-
existence of V,, and VI;" can be viewed as the creation of
a dilute SP (the black arrow in Figure 2). The magenta
line (marked as SP[Dilute]) denotes the formation energy
of a dilute SP when pr; > —5.5 eV. In addition, in this
wr; region, it can be noticed that the nearest-neighbor
SP (green solid line in Figure 2) has a lower formation en-
ergy than the dilute SP. However, when pp; is decreased,
especially below -5.5 eV, the formation energy of V; is
further increased and V, formation energy decreased. In
this uz,; range, the concentrations of V;; and V& diverge
significantly. In order to maintain the charge neutrality,
holes are created. In this region, the Fermi level is very
close to the top of the valence band (Figure 1). As a
result, holes can be generated by exciting electrons from
the valence band to the defect levels®°2:53:5%induced by
Li vacancies near the Fermi energy. In addition, the mass
is conserved between LiF and Li/F reservoirs (constraint
2) and the proportion of sites in the calculation system
is fixed (constraint 3).
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FIG. 1. Fermi energy of LiF as a function of the chemical
potential pr; in the reservoir.

In summary, there are two defect formation reactions
in LiF depending on p; of the Li reservoir:

1. LiF on high pur; reservoirs (e.g., Li metal), the
main reaction is

AGl((SI')
LiyF, — Lig — Fg == Li, 1Fu 1 4+ V[, + V§ (15)

where Li,F, is the perfect LiF crystal, Lir/Fgr
refers to the Li(F) in the reservoir, and this reac-
tion has a increasing activation energy AG;(dr) =
E; (V) + Ef(V;) with increasing the separation
(or) of two vacancies;

2. LiF on low ur; reservoirs (e.g., LiCoOs), the main
reaction is

AG,
Li,Fy — Lir == Liy,_1Fs + V[, + & (16)

where @ is a hole. This reaction has an activation
energy AG, = E¢(V},).

According to reactions (15) and (16), we define three
defect formation regions depending on pr; of the reser-
voir (Figure 3) and the dominant defect concentration as
a function of ur; of the reservoir is calculated for each
region.

e Intrinsic Region: in this region, the hole concen-
tration is at least 7-8 orders of magnitude lower
than that of Schottky pairs. As a result, the defect
formation can be approximated by the reaction (15)
and the defect concentration can be estimated by
S(V;) = S(ViF) = Nsexp(—AG;(6r) /kgT), where,
as discussed, AG;(6r) depends on the distance of
the pair items V;, and V. In Figure 3, the left-
triangle line (nearest-neighbor SP with the lowest
AG;) and right-triangle line (dilute SP with the
highest AG;) correspond to the two limits of the
concentration of SP in this region, respectively. As
a result, the majority ionic carriers in the intrinsic
region are SPs (V;; and V;I pairs).

e p-type Region: the defect formation is domi-
nated by reaction (16), forming mainly V;, and
the bounded charge is balanced by holes. The cor-
responding concentration of V. is calculated by
S(V;) = Nsexp(—AG,/kgT). As a result, the
majority ionic carrier in this region is free V..

e Transitional Region: defects are formed by both
reactions (15) and (16). In this region, the con-
centrations of V; and V. start to diverge and
the dominant defect type changes from SP(Intrinsic
Region) to V;, (p-type Region). The excess charge
on V. which is not balanced by VFJF is balanced by
holes. In order to calculate the defects concentra-
tion in this region, we use the charge balance con-
cept by defining a portion p of V, whose charge
is balanced by VF+ . By this definition, 1 — p corre-
sponds to the portion of V;,, in which the localized
negative charge was balanced by holes. The start-
ing point of this region is chosen from the point of
wr; that the concentration of holes is about 10 or-
ders of magnitude less than that of dilute SP. This
type of V. is depicted as up-triangle line in the



transition region depicted in Figure 3. Therefore,
p can be determined by

1-p ng
- £_ 0 17
p Ssp ( )

B. Consideration of Computational Errors and
Comparison with Experiments

Density Functional Theory with generalized gradient
approximation (DFT-GGA) is known to have its own
deficiencies which may lead to errors in the density of
states in the conduction band and the value of band
gap (E, = Ec — Ev)™. In our calculations, several
possible influences of the error were considered: 1) the
value of N¢, 2) the value of ep, and 3) the underesti-
mation of Ef(i,q) of defects with the defects induced
electronic states occupied (e.g., Vy;, Li;, Vp)™. To
minimize the influence of these errors, we did the fol-
lowing corrections and considerations: 1) N¢o was cor-
rected by the ratio of the effective mass of electrons
(m%)% and holes (m%)®" in LiF with the relationship
Nc/Ny = (mg/m%)%?12, 2) we tested the sensitiv-
ity of e to the value of E; by using the experimental
value E;“’58’60 and found that they were not sensitive
to EPFT-CGGA and B¢ (EPFT-CGA < Eeor) in LiF.

It is because that EPFT=GGA are high enough to pre-

vent free electrons in the conduction band (Equation (3)
and (6a)) in LiF, and 3) V;, is formed by removing a
Li*™ ion from a Li lattice site and the six-fold coordi-
nated F'~ remain as F~ ions. However, for Vy;, one of
the nearest neighbor F'~ ions becomes a neutral F' atom.
Because the excess electron in the V, system stays at the
F-2p orbital (near valence band maximum), DFT-GGA
can predict a reliable value of the formation energy of
VL_i.79 In addition, for defects that can have their defect
induced electronic states near the conduction band mini-
mum (e.g., Li;, V), their S(¢, q) are very low. We think
that the errors that DFT-GGA can overestimate S(i, q)
would be insignificant. Therefore, we expected the influ-
ence of the errors in determining main defect types would
be negligible.

Our results are consistent with experimental
values.8'"8  The intrinsic defect formation energy
(Reaction listed in (15)) was extrapolated from ionic
conduction measurement of divalent ion (e.g., Mg?*)
doped LiF at elevated temperatures. A formation energy
AGyp was defined according to the mass action law3:84

‘SV{iSVF+ = S?S‘P :Ns(VL_')NS(V;)Q_AGWP/,CBT

T

(18)

:Ns(VL;)NS(VFJ‘F)Q_2AGMI€BT~
According to the definition of AG¢,y, our results predict
the theoretical two limits for AGzp: 2.24 €V (nearest-
neighbor SP) and 2.94 ¢V (dilute SP). The experimental
value of AG.y)p are ~ 2.68 eV8183with an individual Vi
formation energy AGVL:_ ~ 0.73 eV®5,
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FIG. 2. Formation energy (Ey) of several defects from TA-
BLE I with low formation energies as a function of Li chemical
potential pr,. The formation energy of each defect was ob-
tained for the self-consistent (zero-charge) Fermi energy at
each value of pr;.
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FIG. 3. Three regions of defect formation (Kroger-Vink Dia-
gram) in LiF as a function of pr; of the reservoir. V, (orange
up-triangle) denotes the portion of V;, whose charge is bal-
anced by holes formation.

C. Diffusion Barriers of Dominant Defects
1. Diffusion of Dilute Vacancies in LiF'

We studied the diffusion barriers of the main defects
in LiF (V; and V) through CI-NEB calculations”®"".
Since V;,; and V;r sites maintain the same symmetry,
we constructed two diffusion pathways for each: through
face-center (FC, along [110] direction) and through body-
center (BC, along [111] direction). For V;, after relax-
ation, the saddle point of the constructed BC path re-
laxed to a point between FC and BC (shown in Figure 4
inserted: Path 2). The diffusion barrier for V, is slightly
smaller for path 2 (~ 0.57 V) than that for path 1 (FC



path, ~ 0.60 eV), although path 2 has a larger travel
distance than path 1. However, for VI;" , two constructed
pathways relaxed to the same saddle point (FC path)
with a 0.69 eV diffusion barrier. The higher diffusion
barrier for V;r can be attributed to that F'~ has a larger
ionic radii compared with Lit.
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FIG. 4. Diffusion barriers of V;, through paths 1, 2 and
V; through the face-centered center path. Insert: Schematic
figure shows diffusion pathways for V;, and Vljf .

2.  Diffusion of Nearest-Neighbor Schottky Pair

It is important to discuss the motion of neutral nearest-
neighbor SP and its contribution to the ionic conduc-
tivity, since it has higher concentration compared with
dilute SP in the intrinsic region. We considered two
mechanisms for nearest-neighbor SP to diffuse in the
LiF: 1) Nearest-neighbor SP diffuses together to its near-
est available site and 2) Nearest-neighbor SP separates
to Vi, and VFJr and then diffuse. In ionic conductiv-
ity measurement®®, the first mechanism is not counted
since the nearest-neighbor SP does not carry any charge
(Equation (13)).

As a result, the second mechanism is considered in
our ionic conductivity calculations. The disassociation
energy barrier (AGq, shown in Figure 5) is estimated
based on two assumptions: 1) V. is more mobile than
Vit (section II1C 1) and 2) Nearest-neighbor SP dissoci-
ates when V;, diffuses to its next nearest neighbor (shown
in inserted figure of Figure 5). This disassociation en-
ergy (= 0.6 eV) is added to estimate the contribution of
nearest-neighbor SP to ionic conduction. The contribu-
tion of NNSP to the total ionic conductivity is about 5 or-
ders of magnitude lower than that from dilute SP at room
temperature. Although the second nearest-neighbor SP
is not well separated (about 0.1 eV lower in energy than
dilute SP), we would expect the contribution of NNSP
very small.
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FIG. 5. Disassociation energy of a Nearest-neighbor Schottky
pair. Insert: Schematic figure shows the calculated pathway
for the Nearest-neighbor Schottky pair disassociation.

D. Ionic Conduction in LiF
The ionic conductivity is calculated according to the
main defects in each region defined in Section IIT A:
e Intrinsic Region:
0 =0sp, +0sp,
q2F2
RT

—AGy
kT

A~ [Ssp, + Ssp,exp( )KDVL; + DV;),

(19)

where AGy is the disassociation energy calculated
in section IIIC2, Sgp, and Sgp, are the concen-
tration of dilute and nearest-neighbor SP. Since V;
has ~0.12 eV higher in migration barrier compared
with V7, its contribution is insignificant to the to-
tal ionic conduction.

e Transitional Region:

o= UVL_i +osp, +0sp, = O—VL_i +osp,

212
qF
~ | Sv; (Dv;i +DVF+)

Li

(20)

where p is the portion of V;, whose charge is bal-
anced by the formation of VF+ as defined in Section
IITA. In this region, we neglect the contribution
from NNSP due to 1) its small contribution com-
pared with dilute SP; 2) in this region, the contri-
bution from V;, becomes dominant especially when
approaching p-type region.

e p-type Region:
2.2

g = UVL—i = ﬁSVL—IDVL—I



The calculated results are shown in Figure 6. The ac-
tivation energy (Ey + E,, ~ 2.03 ¢V) in the intrinsic re-
gion is comparable with experimental extrapolation (1.99
eV)® to the intrinsic region at room temperature. The
ionic conductivity is small in the intrinsic region (high
ir;) and is increased dramatically when ur; is below -
4.6 eV. This dramatic increase in ionic conductivity is
due to the formation of V;; which is preferred at low (i1
and it is no longer constrained by the formation of VF+
to balance the charge (Figure 3).
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FIG. 6. Ionic conductivity of LiF as a function of the chemical
potential of Li reservoir. Insert: schematic drawing of LiF
contacting a Li reservoir (e.g., an electrode for application of
LIBs).

E. LiF as an Engineered SEI for LIBs

Considering a solid electrolyte (an engineered artifi-
cial SEI) coated on electrodes for LIBs, the Li reservoir
(insert in Figure 6) can be viewed as an electrode on
which the LiF is coated. For different electrodes (e.g.,
primmetal 202 eV, ,uﬂcoo"‘ = —6.2 eV) or electrodes
with different state of charge (e.g., LiCya, LiCg), the
values of up; are different. In electrochemistry, the elec-
tr(;chemical potential of LiT in a spatial point is defined
as0

frit = pri+ + 2 Fo, (22)

where iy ;+ is the electrochemical potential, pj,;+ is the
chemical potential of Li*, 2; (2; = 1 for Lit) is the as-
sociated charge, and ¢ is the electrical potential in that
spatial point. At thermodynamic equilibrium, the elec-
trochemical potential is the same everywhere in a battery

(i.e., pfathede — panode) " Under this condition, we can
estimate the cell voltage by
Cathode __ ,,Anode
V= ¢Cathode _ ¢Anode _ _N’Li‘*' Hri+ ) (23)

F

By assuming pur; =~ pri+ + pe in the electrode and
the same wire (e.g., copper) used to connect the cath-
ode and anode (uGathode — Cathodey the voltage of
the cell can be estimated from the differences of up;
in electrodes. This is the well-know Nernst equation in
electrochemistry”. In LIBs, uz; in Li metal is typically
defined as a reference (zero volt). Therefore, we can re-
late pp; in the reservoir to the open-circuit voltage of the
electrodes (a half cell) by referencing to pz; in Li metal

V= —(pri — ngi™)/e. (24)

The ionic conductivity ¢ in LiF highly depends on
the electrode it contacts with. For example, if LiF is
coated on a negative electrode surface (e.g., graphite, sil-
icon), o is very small(~ 1073% Sem~?!). Compared with
o in other SEI species (e.g., LioCO3%%21), ¢ in LiF is
18 to 20 orders of magnitude lower. However, if it is
coated on a positive electrode (e.g., LiCO3), o is con-
trolled by free V. diffusion and it is comparable with
other SEI species (e.g., LipCO3%%:21). This result is sig-
nificant since it demonstrates that the ionic conductivity
of LiF is strongly voltage-dependent. Therefore, higher
doping of divalent cation (e.g., Mg?") is suggested to im-
prove Li ion conductivity of LiF coating on negative elec-
trodes by increasing the concentration of diffusion carrier

Li*
The ionic transport contributes to the electrical con-

duction in ionic crystals (e.g., LiF).%? It can be expected
that LiF is more electrical insulating on the negative elec-
trode than other species (e.g., LioCO3%%:2!) due to its
low ionic conductivity. It was believed that the elec-
tron leakage from the electrode is an important step
in the ethylene carbonate decomposition leading to SEI
formation.?? 24 Various groups have reported fluoroethy-
lene carbonate (FEC) as an electrolyte additive that can
improve the performance of Si electrode with increased
LiF formation in the SEI layer.*?~*7 Our results provide a
reason for this observation that LiF on the negative elec-
trode surface can better passivate the electrode surface
and prevent electron leakage. As a result, it can cause
less capacity loss and longer cycling life of the electrode.

IV. CONCLUSIONS

We developed a new method to study the defect
physics in a material in equilibrium with an external
phase. This method establishes a correlation between
the open-circuit voltage and Li chemical potential in the
electrodes. We applied this approach to study defect
reactions in LiF in contact with different electrode mate-
rials which serve as Li reservoirs. We demonstrate that
the defect formation in a solid electrolyte can be affected
by the open-circuit voltage of the electrode, which is a
measurable and controllable parameter. Three regions
(intrinsic, transition, and p-type) were defined to de-
scribe the main defect reactions with different electrodes.
We found that the main defect type in the intrinsic



region (high p,; reservoirs) was Schottky pair and in the
p-type region (low ur; reservoirs) was Li-ion vacancy.
The diffusion barrier of main defects in each region
was estimated from CI-NEB calculation and mapped to
ionic conduction based on the Nernst-Einstein formula.
The ionic conductivity is very low (1073* Sem™1!) in the
intrinsic region and increases (to 1072 Sem™! when
ur; ~ —6.5 eV) with increasing the voltage of the
nearby electrode. Thus, the ionic conduction in a solid
electrolyte is very sensitive to the external potential
of the electrode on which the electrolyte material is
coated. This work extends the well known relationship
between defect concentration and chemical potential for
gas phase reactions to electrochemical reactions.
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