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Vinylene carbonate (VC) is the most well-known additive for current
lithium-ion batteries (LIBs). Low anodic stability or insufficient oxidation
stability as a drawback of VC affected LIBs performance, especially in high
voltage applications. As computational screening is faster and much less
expensive than experimental trial and error testing, by using density
functional theory (DFT) computations, phthalimide derivatives are
screened as promising solid electrolyte interface (SEI) forming additives in
LIBs. Our computational screening comprising frontier orbital energy,
binding energy, and redox potentials shows that phthalimide derivatives
are promising candidates as SEI-forming additives on graphite anode in
ethylene carbonate (EC), and propylene carbonate (PC), based electrolytes.
Additionally, four phthalimide derivatives including 3-nitrophthalimide, N-
chlorophthalimide, 3,4,5,6-tetrachlorophthalimide, and phthalimide itself,
due to their higher anodic stability and also reduction potential compared
to VC, can be used as future alternatives of VC for LIBs.
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Introduction

Commercialization of lithium-ion batteries (LIBs) in 1991 by Sony corporation was the beginning of
a wonderful development in electronic devices [1]. LIBs have extensively been used as power
sources in portable electronic devices such as cell phones, laptop computers, and digital cameras
due to their high energy density and high voltage; they also are promising energy sources for future
transportation grid including electrical and hybrid electrical vehicles [2, 3]. The state of the art LIB
consists of graphite anode, transition metal oxide cathode, electrolyte, separator, and current
collectors (aluminium foil for cathode and copper foil for anode) [2]. Electrolyte as an essential
element of LIBs includes a solvent or mixture of solvents as a medium for ionic conduction and a
lithium salt as the solute for a source of lithium ion. Mixed solvent electrolyte comprises a cyclic
alkyl carbonate like ethylene carbonate (EC) and propylene carbonate (PC) with high dielectric
permittivity and linear alkyl carbonate such as dimethyl carbonate (DMC), diethyl carbonate (DEC),
and ethyl methyl carbonate (EMC) with low viscosity which is essential for increasing the ionic
conductivity of electrolyte [4, 5].

Solid electrolyte interface (SEI) is a passivation layer which is generally formed during the initial
charging on the anode electrode of EC-based LIB due to the decomposition of electrolyte solvents
and salt; because of exfoliation of graphite in PC-based electrolyte this issue is more significant [6,
7]- A conventional SEI consists of organic components like lithium salts of semi carbonates (also
called alkyl carbonates) and some inorganic components such as Li»COz, Li;0, and LiF in LiPFs-

based electrolyte. Inorganic components act as insulators to both Li* ions and electrons [6-8]. There
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are several ways not only to prevent SEI formation through consumption of solvent and salt in EC-
based electrolyte but also inhibition of graphite anode's exfoliation through solvent co-intercalation
in PC-based electrolyte. One of the most economic and effective methods is using the SEI-forming
additives, also called "function-improving additives" [8]. Among these additives, vinylene carbonate
(VC) is the most well-known additive used in LIBs was found in 1992 by Sanyo Electric Company.
VC forms a stable SEI layer on the surface of anode to improve LIBs performance. Moreover, Ube
Industries, Ltd. discovered that addition of small quantities of VC, can suppress PC decomposition at
the graphite anode [9]. Low anodic stability or insufficient oxidation stability, is a drawback of VC,
has recently been highlighted: during storage of LIBs in elevated temperature, the remaining VC in
the electrolyte decomposes at the cathode and the adverse effects of VC maybe worsened in high
voltage LIBs [10]. This has led to an extensive search for new additives which are superior to VC in
anodic stability. Since computational screening is faster and much less expensive than experimental
trial and error testing, so a screening approach via computational evaluation are used to identify
new promising molecules as SEI additives [11, 12]. In this regard, Han and co-workers showed that
fluoroethylene carbonate, trifluoromethyl propylene carbonate, methyl chloroformate, butane
sultone, and chloroethylene carbonate are five promising SEI additives with high anodic stability
comparable to fluoropropane sultone (FPS) [13]. According to the density functional theory (DFT)-
based calculations of redox potentials and chemical reactivities with a hydrogen fluoride (HF)
molecule of 35 phosphite derivatives, Han et al., proposed that trioleyl phosphite, tris(1-adamantyl)
phosphite, distearyl pentaerythritol diphosphite, and tritertbutyl phosphite are promising
candidates for successful cathode electrolyte interface (CEI)-forming electrolyte additives for use in
high voltage LIBs [11]. Furthermore, Han et al., via screening of 32 lactam molecules as SEI
additives for LiCoO;/graphite cells found that N-acetyl caprolactam, N-acetyl -propiolactam, N-
acetyl glycine anhydride, and N-acetyl laurolactam have potential to use as SEI additives in LIB [12].
Some reports have experimentally confirmed the accuracy of prediction of DFT calculations. Jung et
al,, by using DFT calculations and electrochemical experiments reported that FPS outperforms VC
and 1,3-propane sultone (PS) because of its higher anodic stability and excellent SEI-forming ability
[10]. The theoretical and experimental results obtained from Han’s et al.,, work showed that
tris(trimethylsilyl) phosphite (TMSP) is oxidized more readily and is reduced more difficultly than
an electrolyte solvent and also exhibits high reactivity with HF [14].

Phthalimide is an organic compound with the formula CsH4(CO).NH that is a derivative of phthalic
anhydride [15-17]. In this work, for the first time, we intended to investigate 22 phthalimide

derivatives as SEI additives in LIBs. phthalimide derivatives can be divided into two groups
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according to the substituent position; in the first group, the hydrogen bonded to the nitrogen is

exchanged with different functional groups, called "imide position" and in another one, the

positions which hydrogens bonded to the benzene ring called "phenyl position" (Figure 1).

imide position

Figure 1. Imide and phenyl positions in the phthalimide molecule

The molecular structures of phthalimide derivatives attended in this work are shown in Figure 2.

(1)
Phthalimide

“
N-Aminophthalimide

)]
N-Bromophthalimide

3
N-Methylphthalimide N-Hydroxyphthalimide

) 6)
N-(2,3-Epoxypropyl) N-Chlorophthalimide
phthalimide

8) ®
N-Vinylphthalimide N-(2-Butynyl)
phthalimide

(10)

N-Phenylphthalimide N-(Trimethylsilyl)

.,
,f" s
%{Q\”

e

-

(11 (12)
N-|3-(Trimethylsilyl)-

phthalimide 2-propynyl]
phthalimide
@ 2
3{4: e _Aas 2 3.
'a-‘/‘x i < - ) J:
. P 0@ f’ - .
> fﬂ 'Y f >
(13} (14) (13)
N-(methylsulfonyloxy) N-Acetylphthalimide Thalidomide
phthalimide
! I,J
>3

(16)
N-(phenylthio)
phthalimide

o
safpe  0o%pe
pt e g
an 1s)

N-[(2-cyanoethyl)thio] N-phthaleylglycine
phthalimide



Behrooz Mosallanejad

19) 20 en
3,4,5,6-Tetrachloro  3-Nitrophthalimide 4-Bromophthalimide

phthalimide

r{ ED b
2
(22)
4-Methylphthalimide

9 Y
9 9
3) @4 @5)
Ethylene carbonate  Propylene carbonate Vinylene carbonate
(EC) rc) VO

Figure 2. The chemical structures of EC, PC, VC, and phthalimide derivatives
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In this study, it is considered that each of the phthalimide derivatives are available from Sigma-

Aldrich. In this regard, for computational screening of phthalimide derivatives, three parameters

are considered: (1) frontier orbital energy, (2) binding energy, and (3) redox potentials (Figure 3).

Phthalimide derivatives
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Figure 3. The parameters used for screening of phthalimide derivatives
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Experimental
Computational Methods

Calculation of molecular properties of a vast array of organic molecules that are used in LIBs is
done by Kohn-Sham DFT method [18]. The optimized structures of the molecules which are shown
in Figure 2. were obtained with C1 symmetry, B3PW91 functional and 6-311G(d,p) basis sets of
triple-C quality as implemented in program package Gaussian 09 [19]. The B3PW91 functional
consists of a linear combination of the exact Hartree-Fock exchange, Slater exchange [20], and B88
gradient-corrected exchange [21] that are a three-parameter adiabatic connection exchange term
[22]. A conductor-variant polarized continuum model (CPCM) [23], was adopted to place the solute
in a molecular-shaped cavity embedded in a continuum dielectric medium. As EC: EMC= 1:2
electrolyte solution is widely used in LIBs, so a dielectric constant of 31.9 was employed as a

weighted average value between the dielectric constant of EC (¢=89.2) and EMC (e=2.9) [5-24].
Results and Discussion
Frontier orbital energy

Highest occupied molecular orbital energy (Eunomo) and lowest unoccupied molecular orbital energy
(Erumo) represent the ability of a molecule to undergo oxidation and reduction reaction, respectively
[14-25]. The energy difference between HOMO and LUMO levels, termed HOMO-LUMO gap, is a

parameter for measuring the reactivity of a molecule, defined by following equation:

AER = Ergmo — Enomo (1)

A large HOMO-LUMO gap corresponds to high stability of a molecule and low reactivity toward
chemical reaction [26]. A SEI additive is suggested to have lower Erymoand Ewnomothan that of the
electrolyte solvent (Figure 4a). These two parameters enable the additive to form an effective SEI
layer on the surface of negative electrode prior to the solvent reduction without any adverse
reaction on cathode [25-27].

dAEg

The Enomo, ELumo, an e of EC, PC, VC, and phthalimide derivatives are presented in Table 1.
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Table 1. The Enomo, ELumo and ‘ﬂE; of EC, PC, VC, and phthalimide derivatives

No. Material HOMO (ev) | LuMo (ev) | OLEz(eV)
1 Phthalimide -7.73 -2.55 5.18
2 N-Methylphthalimide -7.50 -2.52 4.98
3 N-Hydroxyphthalimide -7.62 -2.67 4.95
4 N-Aminophthalimide -7.57 -2.56 5.01
5 N-(2,3-Epoxypropyl)phthalimide -7.48 -2.59 4.89
6 N-Chlorophthalimide -7.61 -2.81 4.8
7 N-Bromophthalimide -7.49 -2.76 4.73
8 N-Vinylphthalimide -6.90 -2.67 4.23
9 N-(2-Butynyl)phthalimide -7.41 -2.59 4.82
10 N-Phenylphthalimide -7.44 -2.57 4.87
11 N-(Trimethylsilyl)phthalimide -7.53 -2.44 5.09
12 N-[(3-(Trimethylsilyl)-2-propynyl]phthalimide -7.55 -2.61 494
13 N-(Methylsulfonyloxy)phthalimide -7.77 -2.87 4.9
14 N-Acetylphthalimide -7.56 -2.73 4.83
15 Thalidomide -7.53 -2.70 483
16 N-(Phenylthio)phthalimide -7.29 -2.65 4.64
17 N-[(2-Cyanoethyl)thio]phthalimide -7.31 -2.71 4.59
18 N-Phthaloylglycine -7.64 -2.61 5.03
19 3,4,5,6-Tetrachlorophthalimide -7.63 -3.10 4.53
20 3-Nitrophthalimide -7.91 -3.10 481
21 4-Bromophthalimide -7.41 -2.71 4.7
22 4-Methylphthalimide -7.40 -2.47 4.93
23 Ethylene carbonate (EC) -8.49 0.71 9.2
24 Propylene carbonate (PC) -8.46 0.75 9.21
25 Vinylene carbonate (VC) -7.13 -0.01 7.12

All of the phthalimide derivatives have lower Eiymothan that of EC (or PC), which means that these
molecules are expected to reduce prior to the reduction of solvent and form SEI layer, but, these
molecules have higher Enomothan that of EC (or PC), reflecting phthalimide derivatives have lower
anodic stability and they are oxidized before solvent on cathode. It is worth to note that all of

molecules have lower Erymothan that of VC, therefore, they show better SEI layer forming ability
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compared with VC. Also, these molecules except N-vinylphthalimide (additive 8) have lower Enomo

which exhibit higher anodic stability than that of VC.
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Figure 4. (a) The SEI and CEI formation processes on the anode and cathode surfaces respectively, (b)
schematic representation of mechanism of Li* ion intercalation into the electrode, (c) the optimized structure

of the phthalimide bonded to a Li* ion

Binding energy

Low Li* binding energy is another important parameter in screening of SEI additives. The reason of
low binding energy is that the desolvation process or stripping of solvation sheath of Li* ion in the
intercalation process of Li* ion into the electrode is a major energy-consuming step in LIBs, so, the

weak binding of the molecule with Li* ion facilitates the desolvation reaction (Figure 4b) [28].
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The molecules 3, 4, 6, and 13 from imide position with the lowest Enomo among the molecules,
phthalimide as the base molecule and phenyl position molecules (molecules 19, 20, 21, and 22) are
nine molecules selected for binding energy and redox potentials investigations. Table 2 shows the

binding energies of molecules in gas and solution phases.

Table 2. Binding energies of molecules in gas and solution phases

St Binding energy BE(Li*) (eV)

Gas Solvent
(1) Phthalimide 2.05 0.19
(3) N-Hydroxyphthalimide 2.38 0.21
(4) N-Aminophthalimide 2.00 0.18
(6) N-Chlorophthalimide 2.01 0.16
(13) N-(Methylsulfonyloxy)phthalimide 2.86 0.14
(19) 3,4,5,6-Tetrachlorophthalimide 2.1 0.15
(20) 3-Nitrophthalimide 1.79 0.15
(21) 4-Bromophthalimide 1.96 0.17
(22) 4-Methylphthalimide 2.29 0.19
(23) Ethylene carbonate (EC) 2.24 0.24
(24) Propylene carbonate (PC) 2.32 0.26
(25) Vinylene carbonate (VC) 2.06 0.20

Binding energy is calculated by subtracting the ground-state energies of target molecule and Li* ion
from the singly coordinated Li*-molecule which the Li+* ion is located in a 180° position with respect
to the carbonyl group of each target molecule (Figure 4c) [29]. Except for binding energies of
molecules 3, 13, and 22 in the gas phase which are higher than that of EC (and molecules 3 and 13
with respect to PC), others have lower binding energies in both of gas and solution phases
compared with EC (or PC). That is, the connection of Li*ion with these molecules is weaker than
that of electrolyte solvent and the desolvation needs lower energy to occur in the intercalation

process.
Redox potentials

Oxidation Gibbs free energy (AGox) and reduction Gibbs free energy (AGr.q) represent anodic and
cathodic stability of a molecule, respectively. The first requirement for the SEI additive is to have
lower AGrq or higher reduction potential (RP) than that of the electrolyte solvent. That is, the

additive is easily reduced prior to the reduction of solvent and formed SEI film on the negative
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electrode surface. Furthermore, the additive is suggested to have higher anodic stability than that of
the solvent, which requires to have the higher AG,. or higher oxidation potential (OP) [10]. The

Born-Haber cycle given in scheme 1. is used to calculate the Gibbs free energy of redox half reaction

*redox ®
AG_ 1 and OP of a reductant (Red) relative to an electron at rest in vacuum Eabs(REd}, which are

expressed by equations 2 and 3, respectively:

AGTR8%% = NGTE9%% + NG (0x) — AGE (Red) @
Eaps(Red) = AGIE3%%F )
E (vsS) = Eop — 137V "

=‘.l d = =
AGgas™™ is the ionization free energy in the gas phase at 298.15 K, AG;(0x) and‘ﬂ"'GEJ:l:""E':SBI are the
free energies of the oxidant (Ox) and Red molecules respectively, and F is the Faraday constant.

Equation 4 is used to convert the absolute oxidation potential to the Li*/Li scale [30, 31].

ﬂG'_."E'IJ.IJI
gas _
Red_g —_— Gxg + g

AG,(Red) l ,“_‘LG_;[G:rjl l
Red Y ————— 0x.01, + &5

I3 - M
SO | tredox )

=0l

Scheme 1. The Born-Haber cycle for calculation of oxidation potential

Like calculation of OP, the Born-Haber cycle shown in scheme 2. is used to calculate the RP [32].

AGTER* = AGTE9%% + AG;(Red) — AG,(0x) 5)
Eaps(0%) = —AGg1"* [F ©

*redox
Equations 5 and 6 are used to calculate Gibbs free energy of redox half reaction AG 1y and RP of

an Ox relative to an electron at rest in vacuum Eﬂbs(ﬂx}' respectively. equation 4 is also used to

convert the absolute RP to the Li*/Li scale.
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Gibbs free energies and redox potentials of chosen phthalimide derivatives are shown in Table 3.

Table 3. The Gibbs free energies and redox potentials of molecules

. Gibbs free energy (kJ/mol) Redox potential (eV)
Material
AGreg Al RP oP
(1) Phthalimide -279.94 716.51 1.53 6.05
(3) N-Hydroxyphthalimide -291.47 661.92 1.65 5.49
(4) N-Aminophthalimide -280.76 586.2 1.54 4.70
(6) N-Chlorophthalimide -305.06 709.57 1.79 5.98
(13) N-(Methylsulfonyloxy) phthalimide -309.34 692.83 1.83 5.81
(19) 3,4,5,6-Tetrachlorophthalimide -333.32 707.49 2.08 5.96
(20) 3-Nitrophthalimide -286.28 724.09 1.59 6.13
(21) 4-Bromophthalimide -296.11 696.13 1.69 5.84
(22) 4-Methylphthalimide -277.03 684.09 1.50 5.72
(23) Ethylene carbonate (EC) -98.05 803.87 -0.35 6.96
(24) Propylene carbonate (PC) -96.14 795.21 -0.37 6.87
(25) Vinylene carbonate (VC) -129.74 674.17 -0.02 5.62

Results show that all of the molecules have higher RP than that of EC (or PC), so, these molecules

have the potential to be employed as SEI additives for graphite anode in EC and also PC-based

electrolytes.

Interestingly, these molecules have lower cathodic stability compared to VC, that is, they show

better performance in SEI formation on the anode surface. In addition to the higher RP, the chosen

phthalimide derivatives have lower OP with respect to EC (or PC). It clearly reflects that these

materials have lower anodic stability than that of solvent and oxidized before that. The remarkable

thing is that these molecules except 3 and 4 have more anodic stability than that of VC. As a

summing up, a suitable SEI additive is suggested to have the parameters are shown in Figure 5.

respect to electrolyte solvent.
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Figure 5. The parameters that a SEI additive is suggested to have respect to electrolyte solvent

Correlation between frontier orbital energy and redox potentials

Figure 6. displays correlations between Enomoand OP as well as Epymo and RP values. The correlation
coefficient between Enomoand OP is 0.5931 while between Eiymo and RP is 0.9803, meaning that
correlation between Enomo and OP is very weak. As a result, for an accurate determination of
oxidation and reduction abilities of additives, measuring redox potentials is more preferred instead

of frontier orbital energy [12-14].
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Figure 6. Correlation between (a) Enomo and oxidation potential (OP) and (b) Erumo and reduction potential
(RP) (The R2 values are correlation coefficients)
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Conclusion

In this work, the SEI formation ability of phthalimide derivatives was investigated. Highlights of this
work are:

1. Because of the frontier orbital energy, binding energy, and redox potentials of phthalimide
derivatives showed good results, these materials can be candidate as promising SEI-forming
additives on graphite anode and also can be used in PC-based electrolyte to suppress exfoliation of
graphite.

2. Since some of phthalimide derivatives like 3-nitrophthalimide, N-chlorophthalimide, 3,4,5,6-
tetrachlorophthalimide, and phthalimide itself significantly showed higher anodic stability
compared to the VC, therefore, the drawback of VC due to its insufficient oxidation stability can be
solved by using of these additives.

3. Correlation results showed that redox potentials in comparison to frontier orbital energy are

more preferred parameters for determining new SEI additives.
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