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Abstract: The solid—electrolyte interphase (SEI), the passivation layer formed on anode particles
during the initial cycles, affects the performance of lithium-ion batteries (LIBs) in terms of capacity,
power output, and cycle life. SEI features are dependent on the electrolyte content, as this complex
layer originates from electrolyte decomposition products. Despite a variety of studies devoted to
understanding SEI formation, the complexity of this process has caused uncertainty in its chemistry.
In order to clarify the role of the substituted functional groups of the SEI-forming compounds in their
efficiency and the features of the resulting interphase, the performance of six different carbonyl-based
molecules has been investigated by computational modeling and electrochemical experiments with a
comparative approach. The performance of the electrolytes and stability of the generated SEI are
evaluated in both half-cell and full-cell configurations. Added to the room-temperature studies,
the cyclability of the NMC/graphite cells is assessed at elevated temperatures as an intensified
aging condition. The results show that structural adjustments within the SEI-forming molecule can
ameliorate the cyclability of the electrolyte, leading to a higher capacity retention of the LIB cell,
where cinnamoyl chloride is introduced as a novel and more sustainable SEI forming agent with the
potential of improving the LIB capacity retention.

Keywords: solid—electrolyte interphase; electrolyte additive; molecular tunning; SEI stability; irre-
versible capacity loss; lithium-ion battery

1. Introduction

The lithium-ion battery (LIB) has been a disruptive technology that has introduced
new trends and possibilities to the energy sector, namely the emerging market of electric
vehicles. In order to fulfill the demands of such applications, LIBs require continuous
improvement in terms of capacity, power output, life cycle, and safety. The formation
of a decent solid—electrolyte interphase (SEI), an ion-passing and electron-blocking layer
which covers the anode particles from the initial cycles, is an approach to ameliorate these
features, leading to a more efficient LIB cell [1,2]. The SEI is composed of electrolyte
decomposition products where the reduction process of the solvent molecules proceeds
with the consumption of Li* ions, resulting in an irreversible capacity loss (ICL) [3 4].

Energies 2021, 14, 7352. https:/ /doi.org/10.3390/en14217352

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3763-5141
https://orcid.org/0000-0002-4311-4927
https://orcid.org/0000-0002-8919-1557
https://orcid.org/0000-0002-1222-7355
https://orcid.org/0000-0002-9966-4493
https://orcid.org/0000-0001-7968-9733
https://doi.org/10.3390/en14217352
https://doi.org/10.3390/en14217352
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14217352
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14217352?type=check_update&version=3

Energies 2021, 14, 7352

20f12

Studies have shown that however the SEl is primarily formed within the early cycles
(formation cycles), the decomposition mechanisms continue due to the physical defects
or the electrochemical instability of the initial interphase, leading to a gradual SEI evolu-
tion [5]. Therefore, instability of the decomposition products would result in an extended
continuation of the degradative mechanisms and a further decrease in lithium inventory [6].
The instability of lithium-alkyl carbonates, a frequently detected SEI component in carbon-
ate electrolytes [7,8], and their transformation to the other interfacial species is reported
as an example of the interphase evolution process [5]. Investigations have revealed the
evolved SEI as a two-sectioned layer constructed from a mainly inorganic part adjacent
to the electrode and a mainly organic section close to the electrolyte [9-11]. Formation of
stable inorganic species like LiF and Li,COj3 [12,13], as well as the generation of polymeric
structures in the organic section [14,15], has been reported as a pathway to stabilize the
SEI, resulting in better capacity retention.

Introducing SEI-forming agents to the electrolyte is a promising method to modify
the reduction products in order to protect the electrolyte from long-term decomposition
and consequently improve LIB stability [6,16-21]. The employed additives reduce at the
anodic side prior to the solvent molecules. A group of these reagents is polymerizable
compounds with unsaturated bonds in their structures which can form the SEI through
a polymerization reaction via nucleophilic addition [16]. Considering the variant electro-
chemical properties of different organic groups, a diverse range of structures based on
carbonates [12,13,22-28], anhydrides [29], nitriles [30-33], isocyanates [15,34], sulfones,
and sulfonates [35-38] are studied in SEI formation. Some recent works have followed
SEI improvement by introducing a class of additives containing various functional groups.
Among these, p-toluenesulfonyl isocyanate [17], 3-(phenylsulfonyl) propionitrile [18],
fluorosulfonyl isocyanate [19], and, p-toluenesulfonyl methyl isocyanide [20] could be
mentioned as examples which contain different nitrogen-based and sulfur-based groups
in their molecular structures. Despite the reported advancements in cyclability, most of
these compounds are hazardous materials and therefore can aggravate the environmental
concerns of the LIB value chain. For instance, vinylene carbonate (VC) and divinyl sulfone
(DVS) as patented commercial additives [39] are seriously toxic compounds. Therefore,
further molecular tunning can be followed to reach a high-performance yet less toxify-
ing chemistry.

In terms of the SEI formation mechanism, a slight modification in molecular struc-
ture can cause fundamental changes. When comparing the severe differences between
ethylene carbonate (EC) and propylene carbonate (PC) in the interphase formation, it is
concluded that the electron-donating effect of the methyl group decreases the capability
of the molecule to reduce at an appropriate voltage [6]. On the other hand, replacing the
methyl group with the electron-withdrawing fluorine leads to the exact opposite result,
where the fluoroethylene carbonate (FEC) reduces at a favorable voltage [12]. Hence,
adjusting the electronic arrangement within the molecular structure can be an effective
approach to increase the efficiency of additives. Additionally, since the elemental content
of the SEI-forming agent determines the eventual interphase composition, controlling the
substituents can affect the stability of the reduction products. From another perspective, the
SEl-forming reduction—polymerization reactions occur through the generation of radical
ions [15,40]. Therefore, the structural properties in terms of radical ion stability are another
aspect to consider in molecular design.

Considering the flexible functionalization of the carbonyl group, which gives it interest-
ing chemistry in molecular design, this work is devoted to understanding the performance
of its variants in the SEI formation process. In addition, given the environmental foot-
prints of the SEI improving agents, we have targeted studying the performance of less
toxic chemistries. The selected structures cover the three different carbonyl derivatives,
including carboxylic acid, ester, and acyl halide, so the effects of these functional groups
can be compared as a novel approach. In addition, changes caused by the vicinity of the
phenyl group to the polymerizable C=C bond are tracked to understand its impact on the
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SEI formation process. The performance of the molecules is studied both by computational
modeling and electrochemical analysis. It is hoped that our approach contributes to the
further development of SEI additives by providing general insight into the impact of the
studied substituents.

2. Experiment
2.1. Computational Modeling

Density Functional Theory (DFT) simulations in the Gaussian 16 simulation program
package [41] were performed using the B3LYP functional and 6311 g(d, p) basis sets [42] to
demonstrate the interaction between Li-ion and different additive molecules. The binding
energy was calculated as the energy difference between the optimized lithium-additive

complex and single components (i.e., AEy;,; = E ([Li(additive)} +) — E(Li*) — E(additive)).
The same functional and basis sets were employed to calculate the energy level of the
molecular orbitals.

2.2. Chemicals

Figure 1 displays the molecular structures of the 6 investigated compounds through
the SEI formation and evolution process. Cinnamic acid (CIAC), crotonic acid (CRAC),
and crotonoyl chloride (CRCL) were purchased from Alfa Aesar. Cinnamoyl chloride
(CICL), methyl cinnamate (MECI), and methyl crotonate (MECR) were supplied from
Acros Organics. All the solids were vacuum dried in a desiccator for 72 h as opened, and
the liquids were directly dried using the activated 4A molecular sieve for 72 h. The base
electrolyte was supplied in battery grade from Solvionic, containing a 1M solution of LiPFg
in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1/1, v/v). Each of the 6 modified
electrolytes contained 1w% of an SEI-forming compound added to the base electrolyte.
All 6 compounds were completely dissolved in the base electrolyte after being stirred for
10 min.

Crotonic Acid 0 Cinnamic Acid o
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9

(0]

Methyl Crotonate 0 Methyl (finnamatc/\)k
/\)j\ocm ©/ X OCH;

O
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M(il ©/ X7l

Figure 1. Molecular structures of the studied compounds in the SEI formation process.

2.3. Cell Assembly

To minimize the probable inconsistencies caused by the state of the graphite, a commer-
cial single-side cupper foil-coated CMS graphite electrode (MTI) was applied as the anode
for all of the cell configurations. The cathode used in full-cell configuration was prepared
by a doctor blade coating of the NMC (532, MTI)/PVDF (Sigma Aldrich)/carbon black
(Super P, Alfa Aesar) (90/5/5) slurry on the aluminum foil. The average active material
loading was 8.0 and 11.6 mg cm 2 for the graphite and the NMC electrodes, respectively.
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The electrode preparation was executed inside the dry room (dew point: —45 °C). All
the electrodes were vacuum dried before cell assembly and directly transferred to the
argon-filled glovebox (H,O and O, concentrations below 1 ppm) where the cell fabrication
steps were performed.

2.4. Electrochemical Measurement

Linear sweep voltammetry (LSV) was applied to estimate the oxidation potential
of the electrolytes with a three-electrode configuration, using platinum as the working
electrode. Lithium and stainless steel were the reference and counter electrode, respectively.
Cyclic voltammetry (CV) was carried out in order to verify the reversible intercalation
chemistry of the electrolytes and to assess their reduction potentials using a three-electrode
configuration, with graphite as the working electrode. Lithium was used as the reference
and counter electrode. The voltammetry experiments were implemented with a biologic
potentiostaat (VSP) with a scan rate of 0.1 mVs~!. Cyclability of the fabricated coin cells
(MTI, 2032) was evaluated in constant-current mode with a biologic battery cycler (BCS). A
CTS climate chamber (T-40/50) was used to perform the thermal stability studies.

2.5. Microscopic Imaging

A scanning electron microscope (SEM) was applied (JEOL, JSM-IT300) to observe
the interfacial morphology of the graphite electrodes. The graphite/Li half-cells were
disassembled in the glovebox, and the collected graphite electrodes were rinsed with DMC
three times and then dried for 12 h under a vacuum before SEM analysis.

3. Results and Discussion
3.1. Effects of Substituents on the Oxidation Process

Progress of side reactions by the SEI-forming agents at the positive electrode is un-
derstood as an issue which may lead to capacity fade [26,43]. Stability of the electrolyte
additives at the cathode could decrease the probability of oxidative decomposition and
therefore should be considered an important characteristic for the SEI-forming compounds.
When comparing the Highest Occupied Molecular Orbitals (HOMOs), it could be expected
that the structures with lower HOMO energy levels have a lower tendency to lose electrons,
resulting in more stability against oxidation [44—46].

The calculated HOMO energy level of the selected compounds is summarized by
Figure 2a, and the values are compared to those of EC and DMC as the solvent molecules.
As is presented by Figure 2a, the expected oxidation stability of the studied molecules
followed the order of MECI < CIAC < CICL < MECR < CRAC < CRCL.
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Figure 2. Comparing the energy level of the HOMO (a) and LUMO (b) molecular orbitals and the lithium-binding energy
(c) of the studied structures with the base electrolyte solvents.

On the other hand, the anodic stability of the SEI-forming agents was evaluated
using linear sweep voltammetry (LSV), as shown by Figure 3. The LSV result of the base
electrolyte is also presented for comparison. As can be seen by the LSV plot and the
HOMO energy values, structures containing a phenyl group had lower oxidation stability
compared with those without this substituent. Therefore, both the LSV experiment and
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DFT modeling suggest that proximity of the phenyl group to the unsaturated C=C bond
decreased the oxidation stability of the structure. This could be explained by the radical
ion stabilizing effect of the aromatic cycle through charge delocalization. From another
perspective, the observed differences in oxidation stability of acyl halide, carboxylic acid,
and ester could be rationalized by the differences in the electron-withdrawing effect of these
functional groups. Regarding the low oxidation potential of MECI, it would not be stable
against oxidative decomposition. The other compounds, however, showed acceptable
stability in the potential range of the 4.2-V LIBs.

0.3

CIAC CICL
——CRAC ——CRCL
025 | —MECI ——MECR
— Base

2.5 3 3.5 4 4.5 5 55 6
Ewe (V vs Li/Li")

Figure 3. Comparing the oxidation stabilities of the selected SEI-forming compounds with the base
electrolyte through the LSV experiment.

3.2. Effects of Substituents on the Reduction Process

Figure 4 compares the cyclic voltammetry results of the SEI-forming agents with
the base electrolyte. As can be seen in the plots, all the studied compounds provided
a reversible Li* ion intercalation chemistry at the graphite anode. The lithium-binding
energy of the electrolyte components is an important factor to determine the reversibility
of the (de)intercalation process, where high interactions of a molecule with Li* ions can
result in its co-intercalation [47,48], leading to electrode instability and capacity loss. As
presented in Figure 2¢, the DFT calculations suggested lower lithium binding energies for
CRCL and CICL among all the considered structures.

Comparing the reduction potential of the applied SEI-forming agents with the base
electrolyte, it could be seen that all of these compounds initiated the decomposition
reactions prior to the solvent molecules (i.e., they would participate in the SEI formation
process). The tendency of molecules to carry out the reduction reaction could be predicted
by comparing the energy level of the Lowest Unoccupied Molecular Orbitals (LUMOs),
where lower values are interpreted as easier reduction pathways [19,45,46,49]. As is shown
in Figure 2b, DFT modeling calculated the LUMO energy levels, in order, as CICL < CRCL
< CIAC < MECI < CRAC < MECR, which is in agreement with the CV results. This order,
from one side, could be related to the electron-withdrawing effect of the functional groups,
where the acyl chlorides showed a higher reduction tendency compared with the carboxylic
acids and esters. From another point of view, conjugation of the unsaturated C=C bond
with the phenyl group, which delocalizes the charge within the structure and stabilizes the
radical ion intermediates, could explain the observation for SEI formation. The CV plots
also showed that the SEI formation process mainly proceeded through the first cycle.

Regarding the appearing phenomena through the CV analysis, a voltage shift could be
detected in the oxidation potential as the cells were cycled. We think this effect, which has
been more traceable in the case of MECI, CICL, and CRAC is originating from the changes
in electrode polarization through the deintercalation process as the cell cycled, and the
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lowered anodic polarization could be attributed to the gradual surface stabilization as the

SEI was developed.
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Figure 4. Comparing the CV plots of the base electrolyte without SEI-forming compounds (a) with those containing 1w% of
CIAC (b), MECI (c), CICL (d), CRAC (e), MECR (f), and CRCL (g).

3.3. Cycle Performance of the Graphite/Lithium Half-Cells

Cyclability of the half-cells was investigated among the base and the modified elec-
trolytes to understand the effects of the different substituents on the graphite SEI for-
mation and its intercalation chemistry. Figure 5 presents the cycle performances of the
graphite/lithium coin cells at room temperature. The modified electrolytes contained 1w%
of different SEI-forming compounds added to the base solution. The total capacity loss
for each electrolyte during the SEI formation stage is shown in Figure 5a with respect to
the initial nominal capacity of the cells. The assembled coin cells were cycled six times
in this level with the low current rate of 0.05C. Changes that happened in the capacity
retention and the coulombic efficiency after the half-cell interphase formation are plotted
by Figure 5b,c, respectively, where the SEI layer gradually evolved. The coin cells were
cycled for 10 cycles with a C-rate of 0.1C at this stage, followed by another 10 cycles with a
higher C-rate of 0.2C.
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Figure 5. Comparing the cycle performance of the modified electrolytes with the base electrolyte in a half-cell configuration.

The initial capacity loss during the SEI formation step (a), the capacity retention of the cells after the interphase formation

(b), and the relevant columbic efficiency (c) are shown.

In general, the addition of the ester compounds caused higher levels of initial capacity
loss. However, there was a significant gap between MECR and MECI, where MECR
suffered a 48% capacity drop, leading to unacceptable graphite interphase formation.
MECI showed 9% initial capacity loss in this term. When comparing the performance
of carboxylic acids with acyl halides, despite the slightly higher capacity loss caused by
reduction of the acyl chlorides, all four compounds resulted in capacity drops lower than
6%. The initial capacity loss caused by the base electrolyte was 2%. As is depicted in
Figure 5, in all samples, increasing the C-rate during the evolution stage decreased the
capacity of the coin cells. In comparison with the base solution, the electrolyte modified
with CICL presented better capacity retention. The 0.1C cycle performance of the studied
half-cells followed the order of MECR < MECI < base electrolyte < CRCL < CICL < CRAC
< CIAC. However, when raising the C-rate to 0.2C, CICL was the only SEI-forming agent
which improved and maintained the capacity retention.

When comparing the cell properties after the cycles, we noticed a decrease in the
OCV value for the ones containing carboxylic acid (1.1-1.4 V). Regarding the dropped
capacity in those cases, we think that the observed phenomenon could be attributed to the
partial lithium plating at the graphite electrode [46]. Considering the correlation between
lithium plating and the kinetics of the intercalation process, the state of the SEI layer
affects this process, where formation of inefficient interphase assists the lithium deposition
reaction [50,51]. It could be concluded that by increasing the current rate, gradual lithium
deposition at the graphite electrode negatively impacted the cell performance.

To investigate the state of the formed SEI layers in terms of morphology, SEM imaging
was implemented after the formation cycles. The pictures captured from the surfaces
of the graphite electrodes are presented in Figure 6. As can be seen in the pictures, the
progress of the SEI formation cycles resulted in the formation of a thin film covering the
graphite particles. As a general observation, the SEI layers formed by CICL and CRCL
seemed smoother, whereas those formed by the other electrolytes featured rougher surfaces.
Additionally, precipitation of a powder-like white species was seen with the addition of
CICL and CRCL. This observation, which was more distinctive in the case of CRCL, might
represent LiCl as an inorganic decomposition product, but a certain answer requires further
compositional analysis, which is out of the scope of this work.
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Figure 6. SEM pictures of the de-lithiated graphite anodes, showing the fresh electrode (a) and the electrodes after the
formation cycles in the base electrolyte (b) as well as the electrolytes containing CIAC (c), MECI (d), CICL (e), CRAC (f),

MECR (g), and CRCL (h).
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3.4. Cycle Performance of the NMC/Graphite Full Cells

The effects of the different substituents on the cyclability of the full-cell configuration
LIBs were investigated after the formation cycles. Figure 7 presents the cycle performances
of NMC/graphite coin cells at room temperature with the electrolytes containing 1w% of
different SEI-forming compounds. The results of the base electrolyte are also presented
for comparison. Figure 7a shows the total capacity loss for each electrolyte during the SEI
formation stage with respect to the initial nominal capacity of the cell. The fabricated coin
cells were cycled for six cycles in this step with a low current rate of 0.05C. Changes that
occurred in the capacity retention and the coulombic efficiency of the full cells after the
SEI formation are plotted in Figure 7b,c, respectively. This stage was considered the SEI
evolution process, where the cells were cycled for 20 cycles with a C-rate of 0.1C, followed
by 20 cycles with a higher C-rate of 0.2C. As is depicted in Figure 7, in all cases, increasing
the C-rate during the evolution stage decreased the capacity of the cell. The results show
that the initial capacity loss during the SEI formation cycles was drastically increased in
comparison with those of the half-cell configurations. This clearly shows that in shifting
from the lithium foil to the NMC electrodes, the capacity loss was intensified due to the
limitations of the lithium inventory. The addition of CICL to the electrolyte, however,
considerably decreased this issue, as it featured the least drop in capacity with a value
of 10%. MECR on the other hand caused 63% of the initial capacity loss during the SEI
formation step.
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Figure 7. Comparing the cycle performance of the modified electrolytes with the base electrolyte in a full-cell configuration.
The initial capacity loss during the SEI formation step (a), the capacity retention of the cells after the interphase formation (b),

and the relevant columbic efficiency (c) are shown.
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Comparing the two sides of this spectrum shows that in the case of CICL, a stable SEI
layer was formed in a controlled process, but the presence of MECR in the system resulted
in a continuoued electrolyte decomposition process. This trend continued in the evolution
step, where CICL significantly improved the capacity retention of the base electrolyte (both
at 0.1C and 0.2C), but MECR caused a quick drop in the applicable capacity of the coin
cell. The performance of the studied electrolytes followed an order of MECR < MECI <
CRAC < CRCL < base electrolyte < CIAC < CICL. The addition of the ester compounds
(i.e., MECI and MECR) immediately decreased the cell capacity. By tracking the changes
that occurred in the columbic efficiency of the coin cells, it could be seen that the ester
compounds pursued a continued decomposition even at later evolution steps. This feature,
which intensified at higher current rates, could be explained by the formation of an unstable
interphase, leading to a drastic ICL and eventually a quick end of life.

The cyclic performance of the NMC/graphite coin cells was investigated at 45 °C after
the formation cycles to track the effect of the elevated temperature on the SEI stability. All
the cells were kept inside the climate chamber at the testing temperature for 1 h before
starting the measurement. The cells were cycled for 10 cycles with a C-rate of 0.1C, followed
by 10 cycles with an increased current rate of 0.2C. The capacity retention was reported
after the formation cycles with respect to the initial nominal capacities of the cells. As
depicted in Figure 8, among the compounds which had ameliorated the cyclic performance
of the electrolyte at a higher temperature, CICL brought more improvement to the capacity
retention. This could be interpreted as the formation of an SEI featuring improved thermal
stability in the case of CICL reduction.

100 . CIAC ==@==NECI

90 L“ CICL ==@==CRAC

80 MECR e=@==CRCL
=== B ASE

70
60
50
40
30

20

CAPACITY RETENTION (%)

10

0

1 2345 6 7 8 91011121314 1516 17 18 19 20
CYCLE NUMBER (N)

Figure 8. Comparing the cyclic performance of the base and the modified electrolytes at 45 °C.

4. Summary and Outlook
4.1. Conclusions

Changes in the electronic properties of the molecular structure were tracked and
compared for three different functional groups, including carboxylic acid, ester, and acyl
halide as SEI-forming compounds. The obtained results from the DFT modeling and the
electrochemical analysis confirmed that substitution of a group with a higher tendency
for an electron-withdrawing effect facilitated the reduction pathway of the molecule as a
necessary feature in the SEI-forming process. The results of the lithium-binding energy
calculation for different carbonyl derivatives showed that the acyl halide group had a
lower interaction with the Li* ions, which decreased the probability of co-intercalation
and could prevent gradual electrode exfoliation. It was also found that the proximity of
the phenyl substituent could lead to more efficient SEI formation, expectedly through
stabilization of the radical ion intermediates. This feature, however, could facilitate the
oxidation pathways for the structure, where the vicinity of a strong electron-withdrawing
group could balance out this effect on some levels.
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Based on the cyclability assessments, cinnamoyl chloride (CICL) could be consid-
ered a potential SEI-forming agent, which ameliorated the SEI properties both at room
temperature and at 45 °C yet featured less toxic chemistry in comparison with common
SEI additives.

4.2. Future Work

When comparing the cyclic behavior of the studied electrolytes, the results suggest
that cinnamoyl chloride could form a more stable SEI layer, leading to better capacity
retention. Given the significance of sustainability in the battery value chain, reduced
environmental drawbacks of such compounds could be considered an important approach
to follow in order to improve the practical applicability of LIB electrolytes.

Coupling the computational and electrochemical investigations with further composi-
tional studies could be followed to certify the predicted origin of the improved interphase
stability. For being able to detect the elemental composition of the interphase and track
the type of bonds between them, X-ray photoelectron spectroscopy could be proposed as
a research approach to perform further investigation on the chemical nature of the SEI
layer. Additionally, the obtained information about the effects of the studied substituents
on the SEI formation process could be engaged in molecular tunning to develop other
SEl-improving additives.
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