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HIGHLIGHTS

e Cyanomethyl formate (CMF) is a new SEI-forming additive for graphite anodes.

e CMF has a higher reductive and oxidative decomposition potentials than VC.
e CMF has low molecular weight, thin SEI, and low cell impedance.
e CMF does not easily cause Al corrosion.

ARTICLE INFO ABSTRACT

Keywords:

Electrolyte

Additive

Solid electrolyte interphase
Triple bond

Formate ester

The concept of functional electrolytes, in which small amounts of additives are added to the electrolyte to
improve the performance of lithium-ion batteries (LIBs), is widely used around the world. Our laboratory has
been researching the use of carbonates and sulfonate esters containing triple bonds as additives for solid elec-
trolyte interphase (SEI) formation in anodes and for suppressing the corrosion of Al current collectors. In
contrast, formate esters are generally thought to be susceptible to oxidative and reductive decomposition and

corrosion. In this work, we attempted to introduce a triple bond into the formate ester, which has currently not
received much attention. As a result, we found that the formate ester with a cyanomethyl (-CH,C=N) group
exhibits excellent cycling performance when added in very small amounts.

1. Introduction

In recent years, the use of lithium-ion batteries (LIBs) has expanded
not only as a power source for portable devices, such as notebook PCs,
smart phones, and tablets, but also for power systems, such as electric
vehicles (EVs, PHVs, HEVs), energy storage systems (ESS), and power
tools. The most important features of the LIB are voltages above 4 V and
a high energy density, in which the challenge for the electrolyte is how
to control the solid electrolyte interphase (SEI) of the graphite anode to
reduce decomposition of the main solvent.

The basic concept of the SEI was proposed by E. Peled et al. [1-3]. In
1991, after the Sony Corporation batteries were introduced into the
market, the group of D. Auerbach et al. investigated the correlation
between the electrochemical properties of Li carbon intercalation elec-
trodes and their surface chemistry in solution. They stated that

understanding the surface chemistry of the electrode would enable
proper optimization of the electrolyte [4]. Also, the group of J. O.
Besenhard and M. Winter et al. stated that the carbon anode requires
“filming” of the electrode by electronically insulating permselective
“solid electrolyte membranes” being permeable to Li cations but
impermeable to any electrolyte component [5]. In this era, the cause of
battery performance degradation was the gradual accumulation of un-
intended electrolyte-derived carbonate and trace impurities in the
graphite anode as the number of cycles increased, thus leading to an
increased impedance.

At the time, it was believed that propylene carbonate (PC) solvents
would cause co-intercalation during lithium insertion into graphite,
leading to exfoliation of the graphite and resulting in no battery capacity
being achieved. Therefore, commercial electrolytes used in lithium-ion
batteries with graphite electrodes were limited to ethylene carbonate
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Fig. 1. Structures of the additives used in this reaserch.
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Fig. 2. NCM523/NG full-cell 1C rate cycling performance with 1M LiPFs PC/DMC = 1/2 (v/v) + additive, reference is 1M LiPFs EC/DMC = 1/2 (v/V).

(EC)-based electrolytes with a melting point of 37 °C. If PC, which has a
melting point of —49 °C, can be used to form a rigid SEI and suppress
coinsertion in the first cycle, the choice of the main solvent for the
electrolyte will be expanded and battery performance will be improved.
Such a search was conducted by the group of C. Wan and M. Yoshio et al.
They found that the use of 1,3-benzodioxol-2-one (CgH4CO3) as an

additive significantly suppressed the degradation of PC molecules on
graphite anodes during lithium insertion in the first cycle [6]. The group
of G. H. Wrodnigg, J. O. Besenhard, and M. Winter et al. also found that
the addition of 5 vol % ethylene sulfite (ES) to an electrolyte containing
PC as the solvent suppressed the co-intercalation of PC into graphite and
resulted in superior low-temperature performance compared to
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Since then, electrolyte research had shifted away from naturally-
forming SEIs and toward intentionally trying to control the SEIs with
additives. Especially, since 1999, when we proposed the concept of
“functional electrolytes” in which a small amount of additive in the
electrolyte is intentionally allowed to decompose before the main sol-
vent decomposes to control the electrode interface [8,9], interest in
additives that most economically and effectively improve the LIB per-
formance had dramatically increased [10-14]. Since then, remarkable
technological progress has led to additives with various functions,
including not only anode additives, but also cathode additives, over-
charge protection additives, corrosion prevention additives, impedance
reduction additives, wettability improvement additives, and others [11,
12].

When using a graphite anode, the best known additive for anodes in
the world is vinylene carbonate (VC, 1a). In 1994, B. Simon and J.
Boeuve developed a LIB with a graphite anode, an electrolyte containing
a small amount of VC with a reduction potential of more than 1 V (vs. Li/
LiNina high dielectric constant and low viscosity solvent [15]. In 1997,
C. Jehoulet et al. found that VC as an additive in a propylene carbonate
(PC) based electrolyte can also suppress gas generation [16]. In 2000,
we found that when the organochlorine impurities of VC in the

electrolyte were eliminated, the reductive decomposition potential of
VC on the graphite anode changed to less than 1 V, showing an even
better coulombic efficiency than before [17]. Since then, VC research
has exploded.

Subsequently, we turned to additives that contain double bonds,
such as vinyl acetate and vinyl adipate [18]. The additive with a vinyl
group (-CH=CH) at the end of its structure was found to easily poly-
merize in the presence of the Lewis acid, LiPFe, in the electrolyte,
although it had a cycling performance equivalent to that of VC. When
the vinyl group was changed to an allyl group (-CH;CH=CHy), poly-
merization did not occur, but the cycling performance was found to be
inferior to that of the additive with a vinyl group. When the allyl group
was changed to a triple bonded propargyl group (-CHoC=CH), the
cycling performance was equal to or better than that of the vinyl group,
and no polymerization also occurred [19,20]. More recently, several
additives with -C=N or -C=CH groups have been found to have Al
corrosion inhibiting effects [21]. Thus, triple bond compounds still have
an unknown potential and are worthy of searching for new structures.

In contrast, compounds with formyl groups, while promising because
of their low molecular weights, have been avoided in research because
they are prone to corrosion and are easily oxidized or reduced.
Accordingly, we were interested in whether corrosion could be inhibited
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Fig. 3. NG/Li and NCM523/Li half-cell 1C rate charge-discharge curves and cycling performance with 1M LiPFg PC/DMC = 1/2 (v/v) + additive, reference is 1M

LiPF¢ EC/DMC = 1/2 (v/V).

by combining the -C=N and propargyl groups, which have corrosion-
inhibiting effects, with formyl groups, which easily corrode. Also,
since electrochemical decomposition of the additives occurs in “moles”,
the higher the molecular weight, the higher the weight ratio of the ad-
ditive in the electrolyte. In other words, the lower molecular weight
means that the amount of the additive weight ratio can be reduced.
Another way to look at it, a simple structure has the advantage of having
no unnecessary parts that can break down electrochemically and
degrade battery performance. This will reduce the risk of liquid deple-
tion in high-capacity batteries, where there is little space for the elec-
trolyte to enter. The group of J.-Y. Eom et al. reported that the VC
remaining after SEI formation decomposes on the cathode side [22]. For
these reasons, we decided to challenge the possibility that formyl esters
containing triple bonds do not promote corrosion, that extra additives
do not decompose on the cathode, and that small additions minimize
weight loss in the electrolyte.

2. Experimental
2.1. Chemicals

Cyanomethyl formate (CMF), n-propyl formate (nPF), succinonitrile
(SN), adiponitrile, 1,5-hexadiyne, 1,5-hexadiene, and hexane were
purchased from Tokyo Chemical Industry (TCI) Co., Ltd. Propargyl
formate (PrF) and allyl formate (AlF) were synthesized according to the
method of J. Deutsch and H. J. Niclas [23]. 2-Cyanoethyl formate
(2CEF) was synthesized by a common method. They were used without
further purification and stored over 4 A molecular sieves. Battery grade
vinylene carbonate (VC), controlled to HyO: <10 ppm, was purchased
from the MU Ionic Solutions Corporation, battery grade controlled to
H50: <10 ppm. 1M LiPFs PC/DMC = 1/2 (v/v) and 1M LiPF¢ EC/DMC
=1/2 (v/v) electrolytes, controlled to HoO: <10 ppm and HF: <30 ppm,
were also purchased from the MU Ionic Solutions Corporation.

2.1.1. Synthesis of propargyl formate (PrF)
To synthesize PrF, potassium formate (154 g, 1.84 mol) was sus-
pended in anhydrous sulfolane (115 ml) and ethyl methyl carbonate
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Fig. 3. (continued).

(230 ml) at 25 °C. To this suspension was added propargyl chloride
(94.5 g, 1.23 mol) and potassium iodide (7.7 g, 0.044 mol). The reaction
mixture was then heated at 100 °C for 3 h. After cooling to room tem-
perature, the formed potassium chloride was filtered and washed twice
with acetone. After distillation of the ethyl methyl carbonate, the
product was next distilled under reduced pressure to yield 51.6 g (Yield:
49.4 %) of PrF at 62-67 °C/1.5 kPa. After distillation, these compounds
were stored over 4 A molecular Sieves with HyO: <10 ppm. The gas
chromatograph (GC) analysis of the PrF synthesized in our laboratory
resulted in 99.1 % purity.

2.1.2. Synthesis of allyl formate (ALF)

To synthesize AlF, potassium formate (41.0 g, 0.487 mol) was sus-
pended in anhydrous sulfolane (156 ml) at 25 °C. To this suspension was
added allyl chloride (25.2 g, 0.329 mol) and potassium iodide (2.10g,
0.026 mol). The reaction mixture was then heated at 77 °C for 5.5 h.
After cooling to room temperature, the formed potassium chloride was
filtered and washed twice with sulfolane. The product was next distilled
under reduced pressure to yield 5.16 g (Yield: 18.2 %) of AlF at
24-29 °C/5.0 kPa. After distillation, these compounds were stored over
4 A molecular Sieves with HyO: <10 ppm. For AlF the synthesized in our
laboratory, the GC purity result was 99.9 %.

2.1.3. Synthesis of 2-cyanoethyl formate (2CEF)

To synthesize 2CEF, 117 g (1.60 mol) of ethylene cyanohydrin was
added to 150 g (3.20 mol) of 98 % formic acid, then refluxed for 2 h
under Ar. The product was next distilled under reduced pressure to yield
88.5 g (Yield: 55.9 %) of 2CEF at 89 °C/57.5 kPa. After distillation, these
compounds were stored over 4 A molecular Sieves with HO: <10 ppm.
For the 2CEF synthesized in our laboratory, the GC purity result was
97.2 %.

2.2. 2032-coin cells evaluation

2032-coin cells (charge capacity: 2.3 mAh) were used for the charge/
discharge tests. The coin cell experimental method is based on our
previously reported work [24]. All the electrode sheets were purchased
from The Furukawa Battery Co., Ltd. For the full-cell, the composition of
the cathode sheet was LiNip 5C09.2Mng 302 (NCM523)/acetylene black
(AB)/polyvinylidene fluoride (PVdF) = 92/5/3, #14 mm coated on
aluminum foil. The anode sheet was natural graphite (NG)/styrene
butadiene rubber (SBR)/carboxymethyl cellulose (CMC) = 98/1/1, #15
mm coated on copper foil. In this paper, the positive electrode will be
referred to as the cathode and the negative electrode as the anode. The
N/P ratio in all the cells was approximately 1.3. Between the electrodes,
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a 20 pm thick triple-layer PP/PE/PP separator (Ube Maxell) and glass
fiber filter paper GF/A (Whatman) were used. The #19 mm separator
was placed toward the NG anode and the #16 mm glass fiber filter to-
ward the NCM523 cathode.

The NG/Li half-cell used a @15 mm anode electrode and a ¥14 mm,
0.25 mm thick Li metal foil mounted on a @15 mm stainless steel grid
(100 mesh). A 20 pm thick 3-layer PP/PE/PP separator was placed at
19 mm facing the NG anode and a glass fiber filter paper GF/A at @16
mm facing the Li foil. In another NCM523/Li half-cell, a @15 mm anode
electrode was replaced by a @14 mm cathode electrode. The electrolytes
used were 1M LiPFg PC/DMC = 1/2 (v/v) and 1M LiPFg EC/DMC = 1/2
(v/v). Approximately 0.2 cm® of electrolyte was injected into each coin
cell.

The charging/discharging unit was an ACD-MO1A (Aska Electronics)
and all tests were conducted at 25 °C. The charge-discharge conditions
for the NCM/NG full-cell were performed at 4.2 V-cccv to 3.0 V-cc and

1C rate (=2.3 mA). The charge-discharge conditions for the NG/Li half-
cells were performed at 0.005 V-ccev to 2.0 V-cc and 0.61C rate (=2.3
mA), and for the NCM523/Li half-cells at 4.3 V-cccv to 3.0 V- cc and 1C
rate (=2.3 mA).

2.3. Coin cell impedance

After 20 cycles, the coin cells from section 2.2 were charged 50 %
(SOC = 50 %) and impedance was measured using a SP-150 potentiostat
(Biologic Science Instruments) at 10 mV amplitude, 500 kHz-10 mHz at
25 °C.

2.4. Reductive decomposition potential

Cyclic voltammetry (CV) experiments were carried out using an NG/
Li/Li (w/c/r) three-electrode glass cell at 25 °C. The working electrode
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Table 1
Summary of the reductive, oxidative decomposition potentials and cell
impedances.

Abbre- Additives Dec. 1M LiPF¢ PC/DMC=1/2 (v/v)
viation potential (V NCM523/NG full cells
vs. Li/Li")
Red. Ox. 5" Disch. 20t/ 21
(mAh g™ 5% (%)  50%
(Wt%) SOC
)
With -C=N group
CMF Cyanomethyl 0.88 5.05 143 (0.3) 100.2 12.8
formate
2CEF 2-Cyanoethyl 0.90 5.04 135 (0.5) 98.3 19.7
formate
With -C=CH group
PrF Propargyl 0.76 490 138 (0.5) 99.8 15.9
formate
With -CH=CH,, group
AIF Allyl formate 0.69 4.96 134 (1.0) 97.4 17.0
With -CH,-CHj3 group
nPF n-Propyl 0.65 5.02 130 (2.0) 96.7 15.7
Formate
References
vC Vinylene 0.72 4.83 133 (2.0) 97.3 15.6
carbonate
1M LiPF¢ EC/DMC=1/2(v/ 0.63 5.03 139 101.2 12.9
v)

of the three-electrode glass cell was a stainless steel grid welded to a
stainless steel plate. The graphite on the anode sheet described in section
2.2 was then pressed onto this stainless steel grid. The device was a SP-
150 potentiostat (Biologic Science Instruments), and the measurement
conditionslwere a potential range of 2.0 to 0.005 V at a scanning speed of
0.1 mVs .

2.5. Oxidative decomposition potential

Linear sweep voltammetry (LSV) experiments were carried out using
an AB/Li/Li (w/c/r) three-electrode glass cell at 25 °C. LSV was from
open circuit voltage until the current reached 100 mA (cut off) at the
scanning rate of 5 mV s~ ! using a SP-150 potentiostat (Biologic Science
Instruments). The oxidative decomposition potentials values were the
potentials when the current density reached 0.4 mA g~ 1. In the common
NCM523 cathode electrode, carbon is used as a conductivity enhancer.
To represent the real decomposition, we used an acetylene black (AB)
electrode as the working electrode for our oxidative decomposition
potential measurements. The electrode was prepared by mixing AB (AB
Li-400, Denka Black) with a 5 % PVdF solution in N-methyl-2-pyrroli-
done (NMP) (#9305, Kureha Corporation) at the mass ratio of AB: PVdF
= 70 : 30. The slurry was coated on Al foil, dried at 70 °C, roll pressed
and welded to a 0.5 mm thick Al plate to form the AB electrode. (AB +
PVAF was about 0.59 mg cm ™2 = 0.41 mg AB cm ™).

2.6. Graphite surface analysis

The anode samples used for the analysis were first disassembled after
the fifth discharge of the full-cell and the anode sheet was removed.
Next, they were washed three times with DMC to remove any residual
electrolyte, dried, then measured. Scanning electron microscopy (SEM)
was performed using a JSSM-7001F from JEOL, and X-ray photoelectron
spectroscopy (XPS) was performed using a ULVAC-PHI ESCA 5600.

The SEI thickness was measured by XPS. The SEI thickness was
defined as the depth at which the concentration of carbon atoms,
excluding Li atoms, reached 95 % of the total. Since the anode surface is
not flat, it is very difficult to uniformly etch the surface. Therefore, the
rate of change in the carbon concentration decreases near the boundary
between the SEI and the anode. This is the reason why 95 % was defined
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as the threshold value for the boundary between the SEI and the anode.
2.7. GC analysis of the electrolyte after cycling

For the GC analysis of the electrolyte after cycling, the amount of
added formate ester was unified to 2 wt% to increase the detection
sensitivity. Otherwise, 20 cycles were performed under the same con-
ditions as for the full cell in section 2.2. The electrolyte was removed
from the disassembled full cell and the electrode sheet was washed three
times with DMG to adjust the final solution to approximately 0.8 cm®.
GC was performed using a GC-2014 (FID) from Shimadzu. The analytical
conditions were as follows: capillary column DB-1701 (30 m) (Agilent
Technologies), injection temperature: 250 °C, detection temperature:
230 °C, column temperature increased from 50 °C (held for 5 min) to
180 °C at 10 °C/min and held at 180 °C for 12 min.

3. Results and discussion
3.1. Selection of additive

This research is the first investigation of cyanomethyl formate with a
-CH2C=N group that has a molecular weight equivalent to the world’s
best-known VC. The tested formate esters were cyanomethyl formate
(CMF, Fig. 1b), propargyl formate (PrF, Fig. 1c), 2-cyanoethyl formate
(2CEF, Fig. 1d), allyl formate (AlF, Fig. 1e), and n-propyl formate (nPF,
Fig. 1f).

3.2. Charge/discharge cycling of NCM523/NG full-cell

The full cell cycling performance was investigated by adding CMF or
PrF to the 1M LiPFg PC/DMC = 1/2 (PC based electrolyte) (Fig. 2).
Naturally, the electrolyte without additives had a zero capacity. The best
cycling performance was obtained with CMF at 0.3 wt%. Compared to
the optimum amount of 2 wt% for VC, CMF could be added at the lowest
amount.

Next, PC-based electrolytes with 2CEF, which has a structure similar
to CMF, and AIF and nPF, which are similar in structure to PrF, were also
tested (top of Fig. 2). The results showed that the optimum addition
amount of 2CEF (-CH,CHC=N), in which one CH; of CMF (-CH>,C=N)
was extended, required two times higher amount than that of CMF. This
result was similar to the trend in our previous paper that showed that a
conversion of vinyl groups to allyl groups reduced the cycling perfor-
mance [18]. AlF, in which the -CH,CH=CH group of PrF was replaced by
the -CH,CH=CHj group, also showed a three times higher the amount
than that of CMF and two times higher than that of PrF (-CHy;C=CH).
This result was similar to the trend in our previous paper that compared
methyl propargyl carbonate to allyl methyl carbonate or propargyl
methanesulfonate to allyl methanesulfonate [19]. The nPF with the
-CH2C=CH group in PrF and the -CH,CH=CH3 group in AlF replaced by
a single bond, required seven times the amount of additives compared to
CMF and also had a poor cycling performance. If the SEI layer is fragile,
the surface of the graphite anode will react with the PC-based electro-
lyte, causing a reduced battery capacity. However, the electrolyte con-
taining formate esters in this work exhibited a good cycling performance
of over 300 cycles, suggesting that the SEI layer was rigid and tough.

The voltage profile also showed that PC/DMC = 1/2 + no additives
kept the decomposition current flowing (bottom of Fig. 2). The irre-
versible capacity and polarization of PC/DMC = 1/2 + 0.3 wt% CMF,
PC/DMC = 1/2 + 0.5 wt% PrF and PC/DMC = 1/2 + 2 wt% VC in the
first cycle were very similar, and the third cycle polarization of only PC/
DMC = 1/2 + 0.3 wt% CMF was slightly better than the others. How-
ever, since the additives are reductively decomposed around 3.3 V in the
first cycle, the voltage graphs for VC, AlF, and nPF above 1 wt% addition
have a clear discrepancy to around 3.7 V compared to no EC/DMC +
addition. These results indicated that the choice of the substituent
connected to the formyl group has a significant impact on the cycling
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Fig. 5. SEM images, XPS depth profile measurements and XPS measurements of the graphite anode surface at the 5% discharge with [1M LiPF EC/DMC = 1/2 (v/

v)] + additives.

performance, and that the SEI-forming additives are preferable in
smaller amounts. It is suggested that formate esters with -CHyC=N or
-CH,C=CH groups, which can be added at a lower amount, have the
advantage of a thinner SEI and higher Li-ion permeability.

3.3. Notes on additive synthesis

There is a point to be noted in the synthesis of PrF and AlF. When
formic acid and an alcohol are used as the raw materials, the boiling
points of the raw materials, the products, and the water by-product of
the reaction are all near 100 °C. Moreover, the products were quite
soluble in water, making it difficult to purify them to more than 90 %.
Therefore, we changed the process to one that does not generate water
by using potassium formate and organic chlorides as the raw materials,
and found that PrF and AIF could be synthesized with a high purity and
good yield [24]. On the other hand, 2CEF was synthesized using formic
acid and an alcohol as the raw materials because the boiling point of
2CEF is high (over 200 °C) and almost insoluble in water, making it easy
to separate both the raw materials and water.

3.4. Charge/discharge cycling of NG/Li half-cell

To clarify whether the addition effect was cathode- or anode-derived,
it was evaluated in NG/Li half-cells (top of Fig. 3). The results showed a
very high correlation to the graphite anodes. Regarding the cycling
performance of the NG/Li half-cell, PC/DMC = 1/2 + no additive was
0 mAh g}, similar to the full-cell results. This confirmed that additives
forming an SEI are essential for PC-based electrolytes. Although it did
not reach the theoretical capacity of 372 mAh g™ for graphite because
these were done at the 0.61C rate, only PC/DMC = 1/2 + 0.3 wt% CMF
(366 mAh g'l) showed a capacity comparable to EC/DMC = 1/2 (369
mAh g1). The results of using other additives were clearly lower than the
theoretical capacity of graphite of 372 mAh g1, with PC/DMC = 1/2 +
0.5 wt% PrF (356 mAh g'l) and PC/DMC = 1/2 + 1 wt% AIF (355 mAh
¢'1) in the order of highest tenth cycle capacity being almost equal. The
PC/DMC = 1/2 + 2 wt% nPF (347 mAh g'l) and PC/DMC =1/2 + 2 wt%
VC (345 mAh g!) were nearly equivalent. The lowest capacity was PC/
DMC = 1/2 + 0.5 wt% 2CEF (333 mAh g'l). This confirmed that CMF
with the -CH2C=N group on the HCOO group was specific.

The voltage profile of the NG/Li half-cell, PC/DMC = 1/2 + no ad-
ditive, kept the decomposition current flowing all the time. Only the
irreversible capacity and polarization of PC/DMC = 1/2 + 0.3 wt% CMF
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Fig. 5. (continued).

were very similar to those of EC/DMC = 1/2. The irreversible capacity
and polarization of PC/DMC = 1/2 + 0.5 wt% PrF were very similar to
those of PC/DMC = 1/2 + 2 wt% VC. On the other hand, the irreversible
capacity and polarization of PC/DMC = 1/2 + 1 wt% AIF, PC/DMC = 1/
2 + 2 wt% nPF, and PC/DMC = 1/2 + 0.5 wt% 2CEF were higher than
those of EC/DMC = 1/2 and PC/DMC = 1/2 + 2 wt% VC. Again, this
confirmed that CMF has a better ability to form the SEI than VC.

3.5. Charge/discharge cycling of NCM523/Li half-cell

In contrast, the capacity of the NCM523/Li half-cells at the 1C rate
were almost equal and not significantly different (bottom of Fig. 3). The
voltage profile of the NCM523/Li half-cell also showed that only PC/
DMC =1/2 + 0.3 wt% CMF was very similar in irreversible capacity and
polarization to EC/DMC = 1/2 and PC/DMC = 1/2 + 2 wt% VC. The
irreversible capacity and polarization of PC/DMC = 1/2 + 0.5 wt% PrF
were very similar to those of PC/DMC = 1/2. The others, PC/DMC = 1/2
+ 1 wt% AIF, PC/DMC = 1/2 + 2 wt% nPF, and PC/DMC = 1/2 + 0.5 wt
% 2CEF, had a greater polarization than PC/DMC = 1/2 + 2 wt% VC.
Since the formate esters are reduced and decomposed to the SEI on the
anode side, it is unlikely that the CEI is formed on the cathode side.

3.6. Electrochemical evaluation

Furthermore, we investigated the reductive decomposition potential
of the formate esters. Since the molecular weights of these additives are
almost the same, we decided to set all the additive amounts to 1 wt%.
The thresholds for the relative reduction decomposition potentials were
compared at the peak top potentials.

The reductive decomposition potentials of the additives are shown
higher than VC for CMF and close to VC for PrF (upper row of Fig. 4).
This means that the reductive decomposition of CMF is before VC,
indicating that it forms the SEI earlier the VC. When there is a CMF
reductive decomposition peak, the 0.6 V EC reductive decomposition
peak observed at EC/DMC = 1/2 + no additive disappears, indicating
that the CMF inhibited the reductive decomposition of EC. In contrast,
the reductive decomposition potential of PrF was very close to that of
VG, indicating that it formed an SEI at the same time as VC. When there
is a PrF reductive decomposition peak, it trails the 0.6 V EC reductive
decomposition peak, indicating that PrF does not fully inhibit the
reductive decomposition of EC. Although the reductive decomposition
potentials of CMF and 2CEF are close, there is a significant difference in
the amount of the 2CEF reductive decomposition compared to CMF. The
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Fig. 5. (continued).

extremely high level of the 2CEF reductive decomposition compared to
CMF suggests that the Li-ion permeability of the SEI reduced and
decomposed on the surface of the graphite anode is also important. The
reductive decomposition peaks of AlF and nPF also tailed the 0.6 V EC
reductive decomposition peak, as did PrF and VC, indicating that the EC
reductive decomposition cannot be completely inhibited. Based on this
information, it is assumed that the difference in battery performance is
due to the addition amount and the lithium-ion permeability of the SEL
In any case, only the reductive decomposition potential of CMF is
higher, probably because electron-withdrawing groups, such as the
-CH,C=N groups, facilitate reductive decomposition.

On the other hand, the relative oxidative decomposition potentials
were compared as a threshold value of 0.4 mA g'. The oxidation po-
tentials of no additives, CMF, and 2CEF were comparable and clearly

10

higher than the oxidation potential of VC (middle row of Fig. 4). The
other oxidation potentials showed that single bonded nPF, double
bonded AlF, and triple bonded PrF, in that order, were also higher than
VC. Thus, it was clear that all the formate esters in this research were
found to be less susceptible to oxidative decomposition at the cathode
than VC.

Finally, the cell impedance was evaluated by adding the minimum
optimum quantity of these formate esters (bottom row of Fig. 4). Since
the reductive decomposition of CMF occurs at a time prior to that of VC,
the increase in cell impedance could be suppressed with a smaller added
amount of CMF than that of VC. This may be due to the fact that a thin
SEI with a high Li-ion permeability can be obtained by adding a small
amount. In contrast, the cell impedance of 2CEF was the highest of the
formate esters investigated in this research. The reason for this is
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inferred to be that the amount of the reductive decomposition is
100000 DMC s extremely higher than that of the CMF, resulting in a high 2CEF
= reductive decomposition and thickening of the SEI. PrF, AlF, and nPF
75000 showed a reductive decomposition potential similar to that of VC, and
PC their cell impedance was also comparable to that of VC. The amount of
50000 added PrF is slightly more than that of CMF, but less than that of VC,
SN suggesting that PrF also forms a relatively thin SEIL
— / Lastly, no Al corrosion was visually observed. In addition, there was
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A summary of the results of the study is given in Table 1.
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Fig. 6. GC analysis of PC-based electrolyte with CMF in full-cell after 20 cycles.
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Scheme 1. Proposed mechanism of CMF decomposition occurring in
graphite anode.

3.7. SEI analysis

Based on the results of the electrochemical evaluation, the SEM and
XPS of the anode surfaces were compared focusing on CMF and PrF. SEM
measurements observed that CMF and PrF formed a slightly rougher
membranes than VC (Fig. 5). The top left SEM image shows a typical
graphite electrode before starting the electrochemical experiments. As
can be seen from the images of CMF, PrF, and VC, the additives pre-
vented graphite exfoliation and produced a uniform SEI layer on the
graphite. Furthermore, the surface morphology on CMF, which showed
the best performance in terms of cycling performance, was found to be
relatively similar to that of VC. In contrast, the surface morphology of
PrF was more granular and clearly different from that of CMF. The PrF
results are similar to the SEM images of methanesulfonylpropargyl
(PMS) with propargyl groups reported in our previous paper, which may
be a surface state specific to propargyl groups [18].

Following the SEM images, the depth distribution of the SEI was
measured using XPS (Fig. 5). Although the measured SEI thickness may
not be absolute, since the goal is to compare the relative SEI thickness
between additives, the thickness definition described in section 2.6 was
used. In the case of CMF, the SEI was the thinnest with a thickness of
approx. 30 nm, and the impedance was the lowest. In the case of VC, the
SEI thickness was approx. 40 nm and the impedance was also slightly
higher than that of CMF. In the case of PrF, the SEI thickness was thicker
than that of VC, approx. 70 nm, but the impedance was similar to that of
VC. The SEI thickness of 1M LiPFg EC/DMC = 1/2 (v/v) + no additive
was the largest, approx. 100 nm, but the impedance was comparable to
VC. These results suggest that the SEI of CMF is denser than that of VC
and easily permeable to Li ions. Therefore, it is considered that PC
intercalation was suppressed and a good cycling performance was
achieved.

The anode surface was analyzed by XPS measurements. The XPS data
for Lils, Fls, Cls, and N1s are shown in Fig. 5. No significant difference
was observed in the Cls spectra of CMF and PrF compared to no addi-
tive. It was hypothesized that the formate esters containing triple bonds
were polymerized after reductive decomposition. However, the lack of
significant changes in the C-C and C-H bond strengths did not allow a
clear elucidation of the polymer hydrocarbon species and bonding states
derived from the unsaturated bonds. No significant difference was
observed in the Fl1s spectra of CMF and PrF compared to no additive.
Thus, it was suggested that the amount of the inorganic membrane, such
as LiPO9F» (687 ev) and LiF (685 ev) containing F, is almost the same.
On the other hand, the N1s spectra showed C=N-like species in the
shallow part only for CMF, suggesting that -C=N groups are present in
the surface layer. The Lils spectra of CMF and PrF show that the ratio of
Li present in the depth profile is in the order of CMF < PrF < no additive,
which is consistent with the aforementioned trend of the depth distri-
bution of the SEI. This is thought to be due to the fact that CMF and PrF
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suppress Li consumed by the SEI and the Li-containing organic mem-
brane formed on the graphite surface is thinner, thereby increasing the
Li-ion permeability. Based on the above SEI analysis, it is clear that
battery performance is significantly affected by the thickness and quality
of the SEI, which is determined by the additive structure.

3.8. Electrolyte analysis

Since we could not obtain sufficient evidence of the mechanism from
the XPS, we removed the electrolyte from the dismantled battery and
used GC to directly obtain information on the decomposition products of
the additives. When CMF was used as an additive, a small succinonitrile
(N=C-CH3CH-C=N, SN) peak was qualitatively detected (Fig. 6).
Identification of SN was performed by overlaying with purchased re-
agents. There were several peaks other than SN, and it did not produce
SN in a highly-selective manner. Other batteries with formate esters
were similarly analyzed by GC. nPF detected a peak of hexane (HsC-
(CH2)4-CHg), albeit in trace amounts. On the other hand, a peak of
adiponitrile (N=C-CH,CH,CH,CH,-C=N) was not detected in 2CEF. 1,5-
hexadiyne (HC=C-CH;CH;CH5-C=CH) in PrF, and 1,5-hexadiene
(H2C=CH-CH,CH,-CH=CHb>) in AIF were also not detected.

The effect of using SN as an additive in NCM523/graphite batteries
has already been reported by the group of H. Songyi et al. [25]. Under
high voltage, pouch cells with 0.5 wt% SN are stated to have a signifi-
cantly improved cycling stability and reduced impedance, as SN forms
an electrode/electrolyte interface film on the cathode surface, sup-
pressing the decomposition of the main solvent of the electrolyte and the
elution of metal ions from the cathode.

The group of H. Ota et al. states that the VC-derived SEI layer is
composed of polymer species such as poly (VC), oligomers of VC, ring-
opened polymers of VC, and polyacetylene [26]. Presumably, formate
esters are similarly formed by the one-electron reduction of radical
products, transferring radicals between carbons to form various oligo-
mers and polymers.

Based on the above results, the mechanism of SEI formation is pro-
posed in Scheme 1. CMF may undergo an one-electron reduction on the
graphite anode surface to the HCOO anion and CH,C=N radical. The
HCOO anion would react with a Li ion to deposit insoluble HCOOLi on
the anode surface, and the CH,C=N radical would undergo homocou-
pling to form SN. However, the active CH2C=N radical is prone to
various side reactions, and SN was not produced in a highly-selective
manner, thus it will be conceivable that various oligomers and poly-
mers can be formed on the anode surface. Unfortunately, at this stage,
there is insufficient direct evidence to support this argument, and further
research is underway.

4. Conclusion

Critical battery performance, such as the capacity and voltage, is
governed by the electrode active material, and the primary role of the
electrolyte is how to control the electrode interface. Especially, our
research is based on the idea that controlling the anode interface is an
important factor in improving battery performance, such as cycling
performances and suppression of increasing impedance.

As a result, we found that among the formate esters, CMF with the
-CHC=N group forms an excellent SEI as an electrolyte additive. The
optimum addition amounts of CMF is 0.3 wt%, which is much lower
than the optimum additive amount of 2 wt% for VC. Among others, CMF
with the -CH2C=N group has a higher reductive decomposition potential
than VC, a thinner SEI and a lower cell impedance due to the lower
added amount, suggesting that CMF was a better Li-ion permeability.
Furthermore, formate esters with the -C=N groups do not cause corro-
sion and have a higher oxidative decomposition potential than that of
VC, which holds promise for use in the high-voltage batteries.

Based on our results, there are two important points for the structural
design of additives to control the SEI formation. One is the timing of the
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SEI formation and the other is the quality of the SEI. Looking at CMF
from that perspective, we were able to note that it has a high reduction
decomposition potential, so the timing of the SEI formation is fast, and
the low addition amount allows for a high quality SEI with a low
impedance. The new knowledge obtained about the -CHy;C=N group is
now expected to contribute to further improvement of the SEI-forming
additives. It also suggests that CMF could replace VC as a practical
electrolyte additive for high-voltage batteries in the near future.
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