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*a Jaeik Yoo? and Taeeun Yim*®

Phosphite derivatives are well known as cathode electrolyte interphase (CEl)-forming additives for greatly
enhancing the performance of cathode materials for use in high-voltage Li-ion batteries. Our
computational screening suggests four phosphite molecules as promising candidates for effective CEI-
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forming electrolyte additives on the basis of density functional theory (DFT)-based calculations of their

redox potentials and chemical reactivities with a hydrogen fluoride (HF) molecule. Our computational
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Introduction

Researchers have examined high-voltage Li-ion batteries (LIBs)
intensively in recent years as potential power sources for electric
vehicles (EVs) and for use in energy storage systems (ESSs), both
of which require high energy and high power density."” Because
the performance, cost, and safety of LIBs mainly depend on the
properties of the cathode materials, many studies have been
devoted to developing high capacity, inexpensive, and safe
materials. Numerous layered transition-metal oxides, including
LiNi;/3C01/3Mn4,30,, LiNiy4C0¢4Mng,0,, and LiNij5C0g,-
Mn, ;0, (NCM) materials, have been explored as promising
cathode materials for use in LIBs because of their lower cost,
higher capacity, lower toxicity, and better thermal stability
compared to commercial LiCoO, materials.** However, the use
of batteries containing cathodes made of NCM materials leads
to problems such as drastic capacity fading and poor cyclic
performance, especially at high temperatures.>® The main
cause of capacity fading is the dissolution of transition metal
ions from the cathode surface due to the existence of hydrogen
fluoride (HF) molecules, which are produced by the decompo-
sition reactions of lithium hexafluorophosphate (LiPFs) salt
with residual water in the electrolyte.”**

The use of cathode electrolyte interphase (CEI)-forming
additives would be one of the most economic and efficient
methods for improving the capacity retention and cyclic
stability of high-voltage LIBs using NCM cathode materials.
Song et al.” and Han et al.,"* who examined LiNi, sMn; 50, and
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screening protocol provides a fast and inexpensive method for the development of novel CEl-forming
electrolyte additives for use in high-voltage Li-ion batteries.

Li; 17Nig.17Mn, 5C00.170,, respectively, both reported tris(-
trimethylsilyl) phosphite (TMSP) as a powerful electrolyte
additive for improving the rate capability and cyclic stability of
high-voltage cathode materials. Both studies proposed that the
TMSP additive offers a stable protective surface layer on the
electrode surface and effectively controls HF in electrolytes,
thus resulting in improved electrochemical performances. Han
et al.™ and Song et al.*® demonstrated why TMSP has a relatively
high HF scavenging ability among the various phosphite-based
compounds. Li et al.’” reported that trimethyl phosphite (TMP)
as a CEI-forming additive can significantly improve the cycling
performance and rate capability of lithium-rich layered oxide
cathode for high-voltage LIBs. Pires et al.*® demonstrated that
tris(2,2,2-trifluoroethyl) phosphite (TTFP) is a useful electrolyte
additive for enhancing the long-term cycling stability of Li-rich
cathode for high-voltage LIBs. Zhou et al.*® proposed triphenyl
phosphite (TPPi) as a film-forming additive to significantly
enhance the capacity retention and cycling performance of
Li; 16Nig 2C0p.1Mn 540, cathode in high-voltage LIBs.

The use of a screening approach via computational evalua-
tion is the basis of discovering novel materials, since this
method allows material scientists to seek promising structures
in an efficient manner.”* Computational searching becomes
much less costly than experimental trial-and-error procedures
when effective screening factors are known.***

The first requirement for achieving successful CEI-forming
electrolyte additives is that these additives must have lower
oxidation potentials (i.e., more facile oxidation) than the solvent
molecules, since this allows the electrolyte additives to form
a protective CEI layer on the cathode after their oxidation and
before solvent oxidation. A previous study, however, has re-
ported that phosphite derivatives usually have much lower
oxidation potential (OP) values compared to ethylene carbonate
(EC, 6.92 V).** A synergistic effect observed when both the
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vinylene carbonate (VC) and TMSP additives are employed
together has also been associated with a far smaller OP value of
TMSP (4.29 V) than is the case with VC (5.46 V).**** Thus, an OP
value that is lower than that of VC was chosen to satisfy the first
requirement of this study. The second requirement is that the
additives must possess a low reduction potential (RP). If the
CEI-forming additive has a higher RP than the solvent, then the
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Fig. 1 2-D molecular structures of phosphite candidates 1-35.
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additive may exhibit problematic behavior on the anode
surface, possibly due to the easier reduction and subsequent
reductive decomposition. It should be noted that the most
popular TMSP additive has a much lower RP value of —1.03 V
compared to EC value of —0.32 V.** The third requirement is
that CEI-forming additives must have strong HF and LiF reac-
tivity. LiF is highly resistive in permitting Li* ion migration at
the CEI region. Therefore, the strong LiF reactivity of phosphite
additives can be an indicator of high-performance CEI-forming
additives.'>?*>¢

TMSP, which is a representative CEI-forming additive, (1)
has a positive effect on HF/LiF removal, (2) alleviates the
dissolution phenomenon of transition metal ions and increases
surface resistance on cathode, and (3) improves the rate capa-
bility and cycling stability of high-voltage cathode mate-
rials.”****” The HF binding energy was calculated in a previous
study." However, the reaction energies of phosphite additive
candidates with HF were calculated in this study because earlier
studies had reported that the decomposition reactions of
phosphite molecules with HF are thermodynamically
favorable.'*'®

As noted above, we suggest three screening factors: (i) lower
OP than VC value; (ii) lower RP than EC value (a smaller RP of
the additive will result in a higher cathodic stability of the
additive); and (iii) similar or higher HF/LiF reactivity to TMSP
(higher HF/LIF reactivity values will result in more effective HF/
LiF scavenging, thereby leading to high cell performance).

In this study, we examined 35 phosphites as potential CEI-
forming additives for use in high-voltage LIBs. The molecular
structures of phosphite candidates 1-35 that we considered are
shown in Fig. 1. Each of the phosphites we considered in this
study are available from Sigma Aldrich. Our computational
screening suggests four phosphite molecules as promising
candidates for high-performance CEI-forming additives using
density functional theory (DFT)-based calculations of redox
potentials and chemical reactivities with HF. We believe that
our screening procedure can aid material scientists in efficiently
searching for novel and effective CEI-forming additives for use
in the high-voltage LIBs.

Computational details
Detailed simulated annealing procedure

After generation of the initial microstructure, the potential
energy of the model was minimized using the COMPASS force-
field. Annealing was then simulated by raising the temperature
from 300 K to 1500 K and then allowing it to cool to 300 K at
a rate of change of 100 K per 5 ps. The conformation was heated
again at the same rate in order to jump to a different valley, and
it was then allowed to cool again. A series of 10 cycles of
annealing was then simulated between 300 and 1500 K for
effective sampling of the conformational space. Each sampling
involved 1 200 000 molecular dynamics steps in total for each
molecule. The MD simulations were carried out in the micro-
canonical (NVE) ensemble. The velocity Verlet algorithm, with
a time step of 1 fs, was used for the integration of the atom
motion equations throughout all simulations.

©
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Scheme 1 Free energy cycle for the redox reaction (M — M* + e7),
where Mg, denotes molecule M in the gas-phase and My, denotes the
solvated molecule.

The molecular simulations were performed with the Forcite
Plus module of the commercial software Materials Studio 5.5
using the COMPASS forcefield. This forcefield enables accurate
and simultaneous predictions of structural, conformational,
vibrational, and thermophysical properties that exist for organic
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molecules, inorganic small molecules, and polymers, in isola-
tion and in condensed phases, and under a wide range of
conditions of temperature and pressure.”*°

Density functional theory (DFT) calculations

The Kohn-Sham DFT method is well known to be useful for
studying the molecular properties of various organic
compounds that are used in LIBs.** We performed geometry
optimizations using no symmetry restriction and the B3PW91
functional and 6-311G(d,p) basis sets of triple-{ quality, which
involves a three-parameter adiabatic connection exchange
functional.?*~**

The solvent effect was addressed in the present study by using
the conductor-variant polarized continuum model,* which pla-
ces the solute in a molecular-shaped cavity embedded in
a continuum dielectric medium. We adopted a dielectric

Table 1 Calculated Efomo. ELumo. Oxidation potentials (OP), reduction potentials (RP) for 35 phosphite molecules (1-35)

Enomo (6V)  Epumo (€V)  OP (Vws. Li/Li')  RP (Vvs. Li/Li")
(1) Tetraethyl pyrophosphite —6.42 0.29 4.50 0.59
2) Tris ortho xenyl phosphite —6.15 -1.15 4.73 0.40
3) Phosphorous acid 2-(1-oxo-1,3-dihydro-isoindol-2-yl)- —6.52 -1.33 4.36 0.45
ethyl ester dipropyl ester
(a) 1,9-Ditert-butyl-3,7-dimethyl-11-phenoxy- —6.16 —0.62 4.65 0.00
5H-benzo [D][1,3,2]benzodioxaphosphocine
(5) Diethyl 2,2,2-trichloroethyl phosphite —6.95 —1.29 4.97 2.22
(6) Methyl bis(trimethylsilyl) phosphite —6.59 0.69 4.43 —0.20
(7) 2-(Buta-1,3-dien-2-yloxy)-1,3,2-dioxaphospholane —6.44 —1.05 4.74 0.35
(8) Triacetyl phosphite —7.62 —0.81 5.75 0.94
9) 4-Ethyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane —7.45 0.67 5.71 —0.60
(10)  Triprop-2-enyl phosphite —6.63 —0.27 4.63 —0.41
(11)  Trineopentyl phosphite —6.58 0.59 4.55 —0.02
(12)  4,8-Di-tert-butyl-6-(4-tert-butyl-phenoxy)-2,10-dimethyl-12H-5, —6.13 —0.56 4.80 —0.25
7-dioxa-6-phospha-dibenzo[a,d]cyclooctene
(13)  Diethyl hexyl phosphite —6.51 0.76 4.49 —0.54
(14)  tert-Butyl diethyl phosphite —6.36 0.78 4.54 —0.22
(15)  Phosphorous acid di-tert-butyl ester ethyl ester —6.23 0.81 4.45 —0.22
(16)  2-Ethoxy-4-methoxy-[1,3,2,4]dioxadiphosphinane 4-oxide -7.17 0.01 5.01 1.05
(17)  4,8-Di-tert-butyl-2,10-dimethyl-6-phenoxy-5, —5.90 —0.86 4.55 0.13
7-dioxa-12-thia-6-phospha-dibenzo[a,d]cyclooctene
(18)  Trioleyl phosphite —6.49 0.31 4.98 —0.98
(19)  5,5-Dimethyl-2-oxotetrahydrofuran-3-yldihexadecyl phosphite —6.59 —0.36 4.75 0.27
(20)  Tris(1-adamantyl) phosphite —5.99 0.72 4.29 -1.36
(21)  1,3,2-Dioxaphosphorinane,5-(1,1-dimethylethyl)-2-ethoxy-(9CI) —6.54 0.34 4.67 0.01
(22)  Bis(2-ethylhexyl) phenyl phosphite —6.53 —0.50 4.53 —0.06
(23)  3,9-Bis(phenoxy)-2,4,8,10-tetraoxa-3,9-diphosphaspiro[5.5Jundecane ~ —6.70 —0.61 5.04 —0.22
(24)  1,3,5-Cyclohexanetriyl phosphite —7.51 0.64 5.49 —0.64
(25)  Tris(2-methylpropyl) phosphite —6.56 0.69 4.60 —0.09
(26)  Tris(2-methylphenyl) phosphite —6.43 —0.57 4.78 0.34
(27)  Tridecyl phosphite —6.47 0.61 4.42 —0.16
(28)  Trioctyl phosphite —6.65 0.40 4.50 —0.17
(29)  Distearyl pentaerythritol diphosphite —6.60 0.19 4.91 —0.36
(30)  Trihexyl phosphite —6.54 0.44 4.68 —0.12
(31)  Diethyl phenyl phosphite —6.51 —0.47 4.86 0.44
(32)  Tritert-butyl phosphite —6.12 0.84 4.39 —0.52
(33)  Tri-p-tolyl phosphite —6.31 —0.67 4.84 0.07
(34)  Decyl diphenyl phosphite —6.46 —0.61 4.84 0.75
(35)  Tris(4-nonylphenyl) phosphite —5.99 —1.43 4.49 1.11
Tris(trimethylsilyl) phosphite (TMSP) —6.52 0.70 4.29 —1.03
Ethylene carbonate (EC) —8.25 0.60 6.92 —0.32
Vinylene carbonate (VC) —7.23 —0.36 5.46 —0.12
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constant (31.9) as a weight-averaged value between the dielectric
constants of ethyl methyl carbonate (EMC: 2.9) and EC: 89.2 since
a combination of EC: EMC = 1:2 is often employed as the
electrolyte solvent in LIBs.*® Several studies have shown that
continuum model calculations are useful for assessing numerous
electrochemical properties in the electrolyte used for LIBs.>”**
The energy cycle was used to calculate the oxidation poten-
tial of a molecule (M) relative to an electron at rest in vacuum
(E.ps(M)),** as shown in Scheme 1.
(M") -

o o

Eabs(M) = [AGE + AG AGZOI(M)] /F

sol

where AG, is the ionization free energy in the gas-phase at
298.15 K. AG,;(M") and AG, (M) are the free energies of
solvation of the oxidized and neutral molecules M and M,
respectively. F is the Faraday constant. AG, has contributions
from the adiabatic ionization energy, zero-point vibrational
correction, and thermal energy correction, as well as the entropy
term —TAS. The redox potential (E°) of the electrolytes relative
to the Li/Li" reference electrode was determined using
E =E,, —137 v.#

The 4dyr and 4y values were calculated considering ther-
modynamic Gibbs free energies and solvent effects. The first-
principles calculations were all carried out using the
Gaussian09 package.*

o

Results and discussion

The calculated highest occupied molecular orbitals (HOMO),
lowest unoccupied molecular orbitals (LUMO), and OP and RP
values of the 35 phosphite molecules (1-35) are shown in
Table 1. For comparison, we listed the HOMO, LUMO, and OP

(@ e
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and RP values of EC, VC, and TMSP together. When the OP value
is low, a molecule is easily oxidizable, and a molecule is difficult
to be reduced when its RP value is low. It is worth noting that all
of the phosphite derivatives that are considered (1-35) for this
study have lower OP values than is the case with EC. That is, all
the phosphites that we considered have the potential to be
employed as electrolyte additives that are oxidized prior to EC.
This means that the 35 phosphites can form a protective film on
the positive electrode surface. The OP values of the 35 phosphite
derivatives are in the 4.29-5.75 V range. The molecule corre-
sponding to the OP value of 4.29 V is found to be tris(1-
adamantyl) phosphite (20). Molecule 20 may oxidize better
than other phosphite molecules and can be maintained in
a more structurally stable manner than other phosphite struc-
tures in the CEI region. This can be attributed to a highly stable
1-adamantyl cation: one lobe of the empty p-orbital extends into
the adamantine cage where an effective orbital overlap occurs
with the backsides of the three sp® bridgehead C-H orbitals.*
The molecule that has an OP value of 5.75 V is triacetyl phos-
phite (8). Molecule 8—P(OR);, where R = acetyl—shows the
highest OP value among the 35 phosphite molecules, because
the R group has an electron-withdrawing nature. However, it is
still lower compared to the OP value of EC (6.92 V).

The 32 phosphite molecules, with the exception of 8, 9, and
24, have smaller OP values than the 5.46 V value of VC
(requirement i); in other words, they can form CEI at the
cathode by oxidizing earlier than VC. We expect that the
problem caused by the VC with a low oxidation stability—which
oxidizes at the cathode of high-voltage LIBs (i.e., poor cycle
performance)—can be solved by using VC together with these 32
molecules. The synergistic effects of the combination of VC with
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Fig. 2 Reaction energies (dyr and 4, in kcal mol™?) (a) with a HF molecule and (b) with a LiF molecule, respectively.
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these molecules may also be expected, such as the improved cell
performance of the TMSP + VC combination reported in
a previous study.”

A previous report® found that one advantage of TMSP is that
it can form CEI at the cathode by oxidizing earlier than VC, thus
making up for the disadvantage of VC with low oxidative
stability; the present study also found that the synergy effect
with VC may be expected for most phosphite materials.
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Fig.3 2-D bonding motifs of O—Li and O—H bonds. The bond lengths
of molecule 18 are shown.
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Among the 35 molecules considered in the present work,
only eight molecules (specifically, 9, 10, 13, 18, 20, 24, 29, and
32) are found to fulfill requirement ii, which states that
compared to EC, the molecules must be more difficult to be
reduced. It is difficult for these eight molecules to react at the
negative electrode and to cause side effects between electrolyte
and electrode. The RP values of these eight phosphites range
from —1.36 V to —0.36 V. The molecule corresponding to an RP
value of —1.36 V is tris(1-adamantyl) phosphite (20). Molecule
20 is more difficult to be reduced compared to other phosphite
molecules, and the cathodic stability of 20 is higher than that of
the other seven phosphite molecules. This value is even lower
than that of TMSP (—1.03 V).

Fig. 2 shows the chemical reactivities of six phosphite
molecules (10, 13, 18, 20, 29, and 32) with a HF and a LiF
molecule which meet requirements (i) and (ii). The strong
reactivity of additives for the HF- and LiF- scavenging reactions
can efficiently remove the undesired molecules, HF and LiF in
the electrolyte and on the cathode surface, respectively.

We considered the reactions with HF and LiF via the P-O
bond and O-C bond cleavages, as shown in Fig. 2. We sought to
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Fig. 4 (a) Electron affinity and LUMO values (inset) in eV, (b) AGsoy(@nion)—AGse(neutral) values in kcal mol™, and (c) electrostatic and non-
electrostatic terms are plotted. We included the results for molecule 25, which has an average behavior, for comparison.
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identify the molecules that would meet requirement (iii) (i.e., an
HF reactivity that is similar to or better than TMSP) by
comparing them to the HF reactivity of TMSP. We observed that
the HF reactivities of these six molecules are greatly preferable
thermodynamically (i.e., they are exoergic), and that P-O bond
cleavage is a more preferable pathway for the HF scavenging
reaction than O-C bond cleavage. The HF chemical reactivities
of these six molecules are 18 > 20 > 29 > 32 > 10 > 13 in
descending order. In particular, the HF reactivities of 18 and 20
are found to be —24.07 kcal mol™" and —21.42 kcal mol ™,
respectively, which are higher than that of TMSP (—19.08 kcal
mol ).

The reaction energies between LiF and phosphites show
a quite different tendency when compared to the case of HF. In
contrast to the HF case, the O-C bond cleavages are much
preferred over the P-O bond cleavages. The P-O bond cleavage
is thermodynamically unfavorable even for molecules 10, 13,
and 32. This difference can be inferred from the much stronger
O-Li ionic interaction of (RO),PO-Li than of RO-Li. As shown in
Fig. 3, the Li of the (RO),PO-Li interacts with two electronega-
tive O atoms to form a strong ionic bond, whereas the Li of RO-
Li forms a bond with one O atom. By contrast, H binds only one
O atom in either RO-H or (RO),PO-H. That is, the bonding
motif of O-Li differs significantly from that of O-H. Interest-
ingly, despite the different bonding motif, the LiF chemical
reactivities of the six molecules are similar to the HF reactivity,
in descending order of 18 > 20-29 > 32 > 10 > 13. The LiF
reactivities of 18 and 20 are —14.40 kcal mol " and —13.74 keal
mol ', respectively, which are higher than that of TMSP (—12.95
kecal mol™'). We would expect 18 and 20 to be effective in
removing HF and LiF molecules in the LIB electrolyte; we also
propose 29 and 32 as promising candidates because of their
comparable HF/LiF reactivities to that of TMSP.

The characteristics of the most promising molecules 18 and
20 are their low electron affinity values and their large AGgqy,
values compared to the phosphites we considered (Fig. 4). This
suggests that these two molecules will be electronically reduced
only with difficulty and that the stability of the anions in the
solvent is relatively low. All phosphite anions are stabilized in
the polar solvent because of the favorable interaction between
charge and polar medium; however, the anions of 18 and 20 are
relatively less stabilized. Actually, the same is true for TMSP,
which is already recognized as a successful additive. Our
examination of the additive-solvent interaction using electro-
static and non-electrostatic terms (Table 2) indicates that the
large AGg,y values of 18 and 20 originate from only the elec-
trostatic term (Fig. 4c). In other words, exposure of the bulky
non-polar functional group to the outside lowers the stability of
the ions in the polar medium. Therefore, controlling the solvent
effect using relevant substituents can be a major issue in the
design of additives.

Finally, for molecules that meet all three requirements (i-iii),
our computational screening suggests four phosphite mole-
cules as promising candidates for effective CEI-forming elec-
trolyte additives: trioleyl phosphite (18), tris(1-adamantyl)
phosphite (20), distearyl pentaerythritol diphosphite (29), and
tritert-butyl phosphite (32).
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Table 2 Calculated electrostatic and non-electrostatic terms for four
phosphite molecules (18, 20, TMSP, and 25)¢

18 20 TMSP 25
Total electrostatic —32.22 —29.83 —36.41 —43.73
Total non-electrostatic 0.07 0.62 —0.86 0.37
Cavitation 0.23 0.61 —0.87 0.20
Dispersion —0.20 0.01 0.01 0.23
Repulsion 0.04 0.00 —0.01 —0.06

“We included the results for molecule 25, which has an average
behavior, for comparison.

In this study, we demonstrated a computational screening
protocol for the development of high-performance CEI-forming
electrolyte additives using DFT-based calculations of the redox
potential and chemical reactivity with HF. Our computational
screening included Gibbs free-energy calculations for neutral
molecules, cations, and anions; we also considered the bulk
solvent effects.

Simplicity is crucial for efficient computational screening; in
this respect, researchers still generally use the frontier

@) 4o

L] -
7.5 o )
>
/
. > R*=0.749
3 704 o //
o ///
= 0% .° o //. °
Q 65 ....-°‘/.. .
T o/’ oo
//' ¢
- .. IS
6.0 o ° °
L]
5.5 T T T T T T T 1
4.0 45 5.0 55 6.0
OP (V)
(b) ,,.
15
1.0
T 05-
g
S 0.0
7
05
-1.04
-1.5 T T T T 1
2 -1 0 1 2 3

RP (V)

Fig. 5 Correlation of HOMO and LUMO energies with OP and RP
values, respectively, for the 35 phosphite candidate molecules.
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molecular orbital calculations. In many cases, however, such
orbital energy calculations are not sufficiently accurate in
screenings, particularly when conducting evaluations on
numerous molecules of various sizes. Frontier molecular orbital
calculations cannot properly account for structural changes due
to redox reactions and bulk solvent effects. Fig. 5 shows the
correlations of HOMO and LUMO with OP and RP values,
respectively. Our results of the frontier orbital energies and
redox potentials are often different qualitatively. We observed
poor correlation coefficient (R?) values of 0.75 and 0.44 for
oxidation and reduction, respectively.

The two main sources of error between the orbital energies
and redox potentials are: (1) neglect of structural relaxation
when changing the number of electrons in the system; and (2)
neglect of solvent effects in the orbital energy calculations. For
instance, the EA values of molecules 18 and 20 are significantly
low, but the LUMO energies do not correctly reflect this (Fig. 4a).
In addition, the solvent effect calculations, which are not
covered in the orbital energy calculations, show that the AGqy,
variation between the various phosphites amounts to 20 kcal
mol ! for the phosphites, as shown in Fig. 4.

Conclusions

We have conducted a computational screening study based on
the DFT method to search and develop novel CEI-forming
electrolyte additives for use in high-voltage LIBs. Our compu-
tational screening suggests trioleyl phosphite, tris(1-adamantyl)
phosphite, distearyl pentaerythritol diphosphite, and tritert-
butyl phosphite as promising candidates for successful CEI-
forming electrolyte additives; these additives will be further
scrutinized in future experimental investigations. Our compu-
tational screening protocol can provide battery scientists with
a faster and less expensive method for the development of novel
CEI-forming electrolyte additives for use in high-voltage LIBs.
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