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ARTICLE INFO ABSTRACT

Keywords: Sn-based materials have been highlighted as promising anodes for next-generation batteries; however, such
Succinonitrile alloying-based anodes suffer from gradual cell degradation caused by the associated large volume changes,
Sn anode

leading to particle pulverization and an unstable solid electrolyte interphase (SEI). A key to constructing a stable
SEI as well as effectively buffering the large volume expansion is to establish appropriate electrolyte conditions.
In this work, to induce the formation of a favorable SEI layer, a Sn anode is paired with an electrolyte composed
of eutectic succinonitrile (SN) combined with fluoroethylene carbonate (FEC) for the first time. Whereas con-
ventional electrolytes are prone to form organic SEI components, which are vulnerable to large volume changes,
the combination of SN and FEC enables the formation of a mechanically rigid SEI that is mainly composed of
favorable inorganics such as LiF and LisN. The synergistic effects of SN and FEC result in superior cycle per-
formance of the Sn anode with improved efficiency compared with that achieved using conventional carbonate
electrolytes. The modified SEI layer was closely investigated using various surface analysis techniques, with the
individual effects of SN and FEC extracted. The rational design of the electrolyte provides a simple yet effective
approach to enhance the electrochemical performance of Sn anodes and can be further extended to other
alloying-based anode materials.

Solid electrolyte interphase
Inorganic SEI layer

1. Introduction

The rapidly growing markets of large electrical devices, representa-
tively electric vehicles (EVs), have naturally led to increased interest in
developing the development of next-generation batteries. Among many
candidates, alloying materials (e.g., Si, Ge, Sn, Pb, etc.) have been
considered as promising substitutes for the conventional graphite anode
owing to their high energy densities [1-3]. The limited capacity of the
intercalation-based graphite host makes it difficult to meet the rapidly
increasing demands for high-performance Li-ion batteries (LIBs) and to
sufficiently power next-generation large-scale devices. In contrast,
alloying materials show great potential to deliver exceptional energy-
storage capability far beyond that of graphite [3,4]. Among the many
alloying anodes, Sn has attracted particular attention because of its
unique advantages. Sn has a high theoretical volumetric capacity of
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2,562 Ah L™! (Lis 4Sn), which is much higher than that of graphite (804
Ah 1™ and even Li metal (2,062 Ah LY [4]. In addition, the relatively
small volume expansion of a Sn anode (259%) compared with that of a Si
anode (420%) is highly advantageous in terms of practical applications.
Moreover, Sn is a reasonably inexpensive material owing to the abun-
dance of resources in nature and has lower toxicity than other alloying
materials [3-5].

However, despite the relatively small volume changes of Sn
compared with those of other alloying materials, it still suffers from cell
degradation associated with its volume expansion. Throughout elec-
trochemical cycles, Sn particles are vulnerable to cracking and pulver-
ization, causing the electrical isolation of the active material from the
current collector. Moreover, the pulverized particles simultaneously
contribute to the more serious problem of an unstable solid electrolyte
interphase (SEI) [6,7]. The repeated volume changes known as the
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“breathing effect”[8] provoke dynamic changes in both the thickness
and composition of the SEI, resulting in unstable passivating behavior of
the Sn interface. The SEI components formed in conventional liquid
electrolytes (CLEs) are mainly composed of lithium ethylene dicar-
bonate (LEDC) from the reduction of the carbonate solvent [9,10], and
this component lacks sufficient mechanical strength and ionic conduc-
tivity [11-13]. The weak LEDC and other organic-based components are
prone to partially break and dissolve, leading to the unstable and porous
SEI layer [10,14,15]. Thus, the conventional electrolyte systems are
insufficient to effectively mitigate the breathing of pulverized particles.
To protect Sn particles from the unstable SEI, various architectural de-
signs of Sn[16,17] or coating methods have been proposed [17,18].
However, the popular approaches are relatively complex and high cost,
significantly hindering their practical application.

To overcome the current hurdles facing Sn anodes, it is necessary to
develop a new approach that induces the formation of a robust and
dense inorganic SEI instead of one composed of organic components.
The use of fluoroethylene carbonate (FEC) as the electrolyte additive to
stabilize the SEI in conventional electrolyte systems has been investi-
gated as a typical solution [19-25]. The FEC additive simply induces the
formation of an inorganic SEI layer, which is more favorable than the
unstable organic components [10,26,27]. However, for Sn anodes, the
use of FEC may not be acceptable because preservation of the original
film is difficult due to the dynamic volume changes during cycling. In
addition, the application of the FEC additive for Sn anodes has been
limited because the unstable organic components are likely to form prior
to the formation of inorganic SEI layer [28,29]. Also, the application of
the FEC additive for Sn anodes has been limited, especially for nano-
sized particles (less than10 nm) and thin films [23,24], and its prac-
tical use with macro-sized Sn has not been satisfactory. The prevailing
issues facing Sn anodes have inspired us to explore an alternative elec-
trolyte system to achieve a stable SEI and improve the electrochemical
performance.

In this study, we developed a new electrolyte system by combining
the FEC additive with the plastic-crystal succinonitrile (SN) to simply
induce the formation of a robust and stable SEI layer on Sn particles. SN
in the eutectic phase shows great potential as an alternative electrolyte
owing to its high polarity, thermal stability, and tunable phase proper-
ties [30-33]. SN was particularly selected to prevent the formation of
the organic-rich phase (LEDC) while, at the same time, forming an
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inorganic-based SEI on the Sn anode. Our findings demonstrate that the
combined use of SN and FEC is responsible for forming a rigid and stable
SEI mainly composed of the ideal components of LiF and LigN. The
synergistic effects of SN and FEC, attributing to the compositional
change of the SEI, successfully drive the formation of a dense and stable
inorganic SEI layer, resulting in improved electrochemical performance.

2. Results and discussion

To validate the use of the new electrolyte for a Sn anode, the indi-
vidual effects of FEC and SN must first be identified. Therefore, different
electrolytes were prepared, and their effects on the electrochemical
performance were compared. The SN-based electrolyte without FEC (i.
e., SNE) was prepared by dissolving 1 M LiTFSI salt in SN, and the one
with FEC (SNFEC) was prepared by additionally adding 5 wt% FEC. The
compositions of the prepared electrolytes were confirmed using Fourier-
transform infrared spectroscopy (FT-IR), as shown in Fig. 1a. The FT-IR
spectra verified that both LiTFSI and FEC were well dissolved in the SN
matrix, with the appearance of the characteristic peaks of LiTFSI and
FEC at around 1,200 and 1,800 cm ™, respectively [34]. Differential
scanning calorimetry (DSC) was also used to evaluate the phase-
transition behaviors of the SN-based electrolytes after the additions of
LiTFSI and FEC (Fig. 1b). The original melting point (Ty,) of pure SN
(red line) is approximately 60 °C; however, it shifted to 17.5 °C after the
addition of 1 M LiTFSI (SNE, blue line), with a similar Ty, maintained
after the addition of FEC (SNFEC, green line). The shift of Ty, is an
important factor. Whereas pure SN is in a quasi-solid state at room
temperature (RT), the lowered Tp resulting from the addition of salt
enables its use in the liquid state at RT. Additionally, their phase tran-
sitions under various temperatures were investigated in Figure S1. This
result indicates that the properties of the SNE and SNFEC electrolytes
with 1 M of salt are appropriate for their use as eutectic liquid ion-
conducting agents.

It is also essential to verify whether the electrolytes are chemically
stable with Li metal, considering that SN was reported to be polymerized
when directly facing Li metal [30]. We investigated the feasibility of
their use by immersing Li metal in each electrolyte (Fig. 1c). In the
absence of FEC, SNE underwent a slow side reaction with Li metal,
gradually turning black due to the polymerization. In contrast, SNFEC
appeared to maintain its original color even after 1 week. It should be
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Fig. 1. Characterization of SN-based electrolytes without FEC (SNE) and with FEC (SNFEC). (a) FT-IR, (b) DSC analyses, and (c) reaction test with Li metal of
prepared SNE and SNFEC electrolytes. (d) Li symmetric stripping-deposition test at various current densities at 30 °C, (e) temperature-dependent ionic conduc-

tivities, and (f) TGA results for the various electrolytes.
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noted that FEC can mitigate the undesired polymerization of SN by
spontaneously forming a protective layer on the Li metal surface
[33,35], which is one reason why we added a sufficient amount of 5 wt%
FEC in SNFEC [33,34].

To investigate the effects of SN and FEC in electrochemical cycling, a
Li* deposition and stripping test was conducted (Fig. 1d). Li symmetric
cells were prepared and tested at current densities of 0.05, 0.1, and 0.5
mA cm 2 at 30 °C for 240 h. The initial cycling with SNE at 0.05 mA
em 2 appeared to be stable with acceptable overpotentials; however,
large polarizations were observed at the high rate of 0.5 mA cm™ 2,
leading to cell failure after ~ 8 days. As similarly observed in the re-
action test (Fig. 1c), the polymerized SN on Li metal greatly hindered ion
transfer and almost passivated the metal after 7 days. In contrast, the
cells using conventional electrolytes of CLE and CLEFEC (CLE with FEC
additive) showed stable Li" stripping—deposition behaviors. The cell
with CLEFEC showed a slightly lower polarization than that using the
additive-free CLE because the FEC prevented the random deposition at
the surface of Li metal and suppressed the Li dendrite growth [20,33].
Notably, the cell with SNFEC showed the lowest polarizations for the
entire current range from 0.05 to 0.5 mA cm 2. Even for prolonged
cycles, the SNFEC cell could maintain the low polarization. These results
demonstrate the applicability of SNFEC in a half-cell configuration
composed of Li metal as the counter electrode and Sn as the working
electrode.

To compare the ionic conductivities of the electrolytes, the
temperature-dependent conductivities from 0 °C to 60 °C were
measured in a blocking-cell system (Fig. 1e). As control groups, LiTFSI
(CLE) and LiPFg (CLE2) in ethylene carbonate (EC) and diethyl
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carbonate (DEC) (1:1 vol ratio) were also compared. Because of the low
viscosity of the carbonate-based electrolytes, CLE and CLE2 exhibited
high conductivities of 5.6 and 6.7 mS cm™! at 30 °C, respectively,
whereas SNE exhibited a slightly lower but acceptably high conductivity
(3.22 mS cm™Y). It has been reported that the high polarity of SN can
contribute to the fast transport of ions, although it is a relatively sluggish
solvent compared with the carbonate electrolytes [30,36]. Interestingly,
the addition of FEC had not effect on the ion conductivities of any of the
electrolytes (the electrolytes containing FEC are shown as dotted lines in
Fig. 1e). Notably, the ionic conductivities of the SNEs sharply decreased
under 20 °C in contrast to those of the CLEs. This decrease is attributed
to the phase transitions into the plastic-crystal, as demonstrated by the
DSC analysis (Fig. 1b). In the plastic-crystal phase under 20 °C, SNFEC
exhibited slightly higher conductivity than SNE because the presence of
FEC reduced the structural regularity of SN [33]. Nevertheless, the ionic
conductivities of SNE and SNFEC were sufficiently high, ~1073§ cm™!
at RT, demonstrating the feasibility of their use in cells with Sn anodes.

In order to analyze their thermal stabilities, thermo-gravimetric
analysis (TGA) was conducted, as shown in Fig. 1f. The temperature at
which a sudden weight loss starts indicates the stability of a material
against thermal decomposition. For the conventional electrolytes (CLE,
CLEFEC, and CLE2), the first weight losses were responsible for DEC
evaporations [37], and the subsequent declines are related to the ther-
mal decompositions [38]. All the carbonate-based electrolytes reached
only 50% of the weight at 150 °C. In contrast, the SNFEC electrolyte
showed no particular change until 150 °C, indicating high thermal sta-
bility. Additionally, temperature-dependent viscosity (Figure S2) and
contact angle test on the Sn electrode (Figure S3) are provided. Through

1000 100 2.0
aA L b ——CLEFEC
"o 875 3 IS - 95 & ——CLE2FEC
< u CLE CLE2 SNE = 1.6 4 SNPEC
] B . B i . = e
E 750 s CLEFEC « CLE2FEC s SNFEC i %0 2 Solid lines :40 mcyc'e .
< 625 %‘% [ a5 2 ; Dotted lines : 100" cycle . ,
> % - Coulombic efficiency of SNFEC N © by 124 :
S 5004 % Lso 5 o
=3 [ 75 2 3 08
g 375 L7553 SO
) I s
o 250 70 ©
H R ] 0.4 4
g5, -65
& 0+ : : . — : : : 60 0.0 : e
0 50 100 150 200 250 300 350 400 0 100 200 300 400 500
Cycle number Specific capacity (mAh g)
1000 - 1200 1000
c,., : CLE sty d,., ¥ 60°C o CLE « CLEFEC eA SnMP o CLE « CLEFEC
"o CLE2 + CLE2FEC "o : o CLE2  + CLE2FEC "o n o CLE2  + CLE2FEC
= 800 SNFEC = 960 s, + SNFEC = 800, + SNFEC
< < < 2o
£ £ B £
2 27207 B}
-a '6 o L_)
@ @ N 54
g & 480, g
o o % o
5 1 s | :
2 20040, —— £ 240 g
s : e s =
bse
a 0% T T T T T r a o0 a
0 10 20 30 40 50 60 0 30 90 120 150 0 30 60 90 120 150
Cycle number Cycle number Cycle number
f 150 g 1% h 150
Initial OCV . * CLE 1%tlithiation * CLE 40™ lithiation + CLE
120 4 °  CLEFEC 120 4 o CLEFEC 120 4 o CLEFEC
M * SNFEC ¢ SNFEC * SNFEC
S 90 o® S 90 g 90+
L
) . ) )
E 60 . E 60 E 60
: s : :
:
30 o F 3 304 o o4 . o
Va d Y a ot iy ",‘;" e onst® L
0 T T T T 0 T T T T T T
0 30 60 90 120 150 0 30 60 90 120 150 0 30 60 90 120 150

Re(2) ()

Re(2) ()

Re(2) ()

Fig. 2. Electrochemical performance of Sn (~150 nm) half-cells with various electrolytes. (a) Cyclabilities at constant rate of 0.2C at 30 °C and (b) corresponding
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the various analyses, it was concluded that SNFEC can provide accept-
able ionic conductivity with high thermal stability and is suitable for
application in a half-cell system with Li metal.

Fig. 2a shows the electrochemical performances of Sn electrodes in
half-cells with various electrolytes at 30 °C. Nano-sized Sn particles
with ~ 150 nm diameter were used because they are relatively resistant
to particle cracking and deliver a reversible capacity [39]. In addition,
the nano-sized particles could generate more SEI in large areas, which is
a favorable condition to study the relationship between electrolyte en-
gineering and SEI changes. As shown in Fig. 2a, the SNE cell exhibited
the most inferior cycle stability because of the fast polymerization, as we
demonstrated. The cells with the conventional electrolytes (CLE and
CLE2) also showed very poor cycle stabilities. They quickly degraded
because it was difficult for the organic-rich SEI to tolerate the serious
pulverization of Sn particles. The addition of FEC (CLEFEC and CLE2-
FEC) resulted in slightly improved performances as the additive helped
to form a rigid SEI layer on Sn, as previously reported [23,24]. Notably,
the cell with SNFEC exhibited exceptional capacity retention. After 400
cycles, the discharge capacity of the SNFEC cell remained at 265 mAh
g1, whereas that of the others was negligible. Detailed charge and
discharge profiles and initial irreversible reaction are inscribed in
Figure S4 and S5a. Although all the cells, regardless of the electrolytes,
showed relatively low coulombic efficiencies (CEs) in the initial cycles,
they were slowly recovered in continuing cycles. This result is attributed
to the initial SEI formations affected by the volume changes of the active
materials, as commonly observed in alloying materials [4,5]. The small
bump near the 40th cycle is also attributed to the volume changes that
occurred while progressing toward the “critical size” of the alloying
particle [40,41].

Fig. 2b clearly shows the superior cycle stability of the SNFEC cell
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compared with that of the other CLE cells. The electrochemical profiles
at the 40th and 100th cycles of SNFEC were almost identical, whereas
the capacity retentions of CLEFEC and CLE2FEC were only approxi-
mately 76.8% and 77.8%, respectively. Detailed charge-discharge pro-
files at various cycle numbers are compared in Figure S5. In addition, to
further investigate the significance of SNFEC, we performed the rate
capability test at different current rates ranging from 0.1C to 2C at 30 °C
(Fig. 2c). Before the rate capability test, all the cells were pre-cycled
three times at 0.05C (Figure S6). Notably, the SNFEC cell showed su-
perior performance at all the C-rates, implying that the combination of
SN and FEC is effective in enhancing the electrochemical performance.
Considering that the ion conductivities of CLEs are slightly higher than
that of SNFEC (Fig. le), the superior rate capability of SNFEC was un-
expected, and we describe this in terms of the different SEI conditions,
which will be discussed later.

The cycle performances of Sn half-cells at the relatively high tem-
perature of 60 °C were also compared (Fig. 2d). Surprisingly, the SNFEC
cell exhibited the highest cycle stability, which is more obvious upon
comparison with the cases at 30 °C. The superior cyclability at 60 °C is
attributed to the high thermal stability of SN-based electrolytes, as we
previously demonstrated (Fig. 1f). Although the high thermal stability of
SN has been reported [33,35,42], its effect in alloying materials related
to the SEI stability is demonstrated for the first time. Significant
degradation of the CLE2FEC cell was observed at 60 °C (Fig. 2d)
compared with that at 30 °C in Fig. 2a. This result is because the LiPFg
salt produces thermally unstable SEI components such as LEDC [43],
which decomposes at 55 °C into more complex species, critically
damaging the formed SEI [44]. Additional comparisons of the cycla-
bilities at different temperatures of 45 °C and 70 °C are provided in
Figure S7, demonstrating again that the use of SNFEC is advantageous
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under high-temperature conditions. We also prepared Sn electrodes with
much larger particle sizes of ~ 10 pm diameter (SnMP) and investigated
the effects of electrolyte engineering. Fig. 3e confirms that the SNFEC
cell exhibited the highest cycle stability at 30 °C; however, the
improvement was not significantly dominant compared with the result
of nano-sized Sn. This finding is reasonable as the small particles could
expose relatively larger surface areas directly faced with electrolyte,
thus maximizing the effect of the SEL On the other hand, SnMP could
expose relatively small surface areas for the SEI; naturally, the effect of
electrolyte engineering might not be significant. [41,45]

To investigate the effects of the electrolytes on the SEI properties, we
conducted electrochemical impedance spectroscopy (EIS) analysis for Sn
half-cells (Fig. 2f-h). After each cell assembly, the cell was relaxed for
12 hours, and EIS analysis was performed at an open-circuit voltage
(OCV), as shown in Fig. 2f. The cells with FEC (CLEFEC and SNFEC) had
relatively lower impedances than the bare CLE, implying that FEC
contributed to the formation of a less-resistive film [33,46]. After the
first lithiation (Fig. 2g), the Nyquist plots displayed distinct two semi-
circles, as similarly observed in typical alloying materials [47]. The first
semicircle in the high-frequency region represents the SEI resistance
(Rsgp), and the semicircle in the middle frequency corresponds to the
charge-transfer resistance (Rcr) [47,48]. To distinguish the Rggy values
for the overlapped data, we fitted the EIS plot based on the equivalent
circuit (Figure S8a), and the calculated Rggy values are presented in a
table in Figure S8b. The initially low resistances for the CLE, CLEFEC,
and SNFEC cells at OCVs were increased after the first lithiation, which
is attributed to the SEI formations on the lithiated Sn particles. Rggy of
the CLE cell showed a drastic increase, and that of the CLEFEC cell
showed a relatively gentle increase upon cycling. However, they even-
tually increased substantially after the 40th lithiation (Fig. 2h), and
much higher Rggy values were measured after 400 cycles (Figure S8b).
This result was observed because the organic-based SEI is sensitive to the
dynamic volume changes and prone to lose its original SEI layer.
Notably, the SNFEC cell could maintain the small resistances upon
cycling and show the smallest value after the 40th lithiation and even
after 400 cycles (Figure S8b). Additionally, in the de-lithiated states
(Figure S9a-c), similar tendencies were observed, and the smallest Rgg;
of the SNFEC cell was also proved. The outstanding impedance result of
the SNFEC cell is likely associated with the SEI characteristics of the Sn
particle, and a close surface analysis is needed to explain the synergistic
effect of SN and FEC related to the SEI properties.

To directly investigate the SEI compositions, X-ray photoelectron
spectroscopy (XPS) analysis was conducted. Comparison of the Sn
electrodes cycled in CLEFEC (Sn-CLEFEC) and SNFEC (Sn-SNFEC) cells
enabled determination of the effects of SN and FEC on the SEI quality. In
the N 1 s spectra of the Sn-CLEFEC at the 1st lithiation (left images in
Fig. 3a-b), only the peaks related to the LiTFSI salt were defined (399.4
and 400.5 eV) [49,50]. These organic-based SEI layers are certainly
unstable as their signal disappeared after the 1st de-lithiation. Similar
observations were made for the lithiation and de-lithiation processes of
the 40th cycle (Fig. 3c~d), proving that it is difficult for the conventional
electrolytes to respond to the dynamic volume changes accompanied by
the unstable SEI layer. The undesired changes were more significant in
the Sn SEI of the CLE cell without FEC (Sn-CLE), as shown in Figure S10.
In contrast, distinct peaks of LigN at the binding energy of 397.5 eV were
clearly observed for Sn-SNFEC (right images in Fig. 3a-d) [51]. It should
be mentioned that the formation of Li3N is one of important effects of SN
because it can contribute to the formation of a stable and rigid SEL LigN
can act as a fast ionic conductor (1072 S cm ™! at RT) [52], and its
relatively high Young’s modulus of 150 GPa (e.g, 58.1 GPa for LiF) is
also advantageous to provide a mechanically safe and rigid shielding
layer [11,53]. The great benefit of LizsN as an SEI component has been
reported elsewhere [54]. Notably, the generated LigN is stably main-
tained regardless of cycle numbers or states in the SNFEC cell. There
have been a few reports dealing with the SN in terms of decomposition
mechanism; (1) SN possessed both low LUMO (lowest unoccupied
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molecular orbital) and high HOMO (highest occupied molecular orbital)
energies, reflecting the ability of preferential reduction and oxidation,
respectively [55]. Therefore, SN could easily decompose into C=N
moieties which further reacts with electrolyte complex, resulting in the
formation of LigN [56,57]. This agrees with another similar report on the
nitrile decomposition [58]. (2) Other research described that the for-
mation of surface SEI is based on the metal/ligand complexes with the
nitrile (-CN) groups of SN [42].

In the F 1 s XPS spectra of Sn-CLEFEC (left images in Fig. 3e-h), two
distinct peaks of LiF (684.9 eV) and CF groups (687.3 eV) were observed.
The CF groups originated from the FEC decomposition[46] and are
dependent on the cycle states. They clearly appeared in the lithiated
state and disappeared in the de-lithiated state, implying the dynamic SEI
changes [59]. In addition, the peak of inorganic LiF from the reduction
of FEC underwent relatively fewer changes between the 1st lithiation
and de-lithiation processes. However, after multiple cycles, the repeated
Sn pulverizations and continuous exposures of fresh surfaces eventually
degraded the initially formed LiF [29]. Thus, at the 40th cycle (left
in Fig. 4g, h), the LiF intensities were relatively weakened compared
with those at the 1st cycle. This result indicates that the FEC additive is
insufficient to maintain the original SEI in the alloying materials. In
contrast, the intensities of the LiF peaks of Sn-SNFEC (right images in
Fig. 3e-h) were higher than those of their Sn-CLEFEC counterparts, and
the overall high intensities were well preserved upon cycling. This result
indicates that the inorganic LiF is more stably maintained with the
support of SN. The XPS surface wide scan (Figure S11) further supports
the idea that the unstable organic compounds (oxygen-containing spe-
cies) were greatly evolved after the cycles in Sn-CLEFEC compared with
in Sn-SNFEC. In short, SNFEC can effectively prevent the accumulation
of unstable organic species, instead forming the key inorganic compo-
nent of LigN as well as helping to preserve LiF during cycles.

To attain a deeper understanding of the SEI properties, the XPS
depth-profile atomic concentrations were measured at the 40th lith-
iation states. Fig. 4a displays the relative concentrations of F, N, and O
elements, which can provide clues for estimating the quantitative
amounts of LiF, LisN, and LEDC, respectively. When comparing the F
atomic concentrations, Sn-SNFEC (F green line) contained relatively
abundant inorganic LiF (16.16%) at the surface (0 nm), whereas the Sn-
CLE (F red line) contained the smallest concentration (3.79%). In the
inner depths, the gap was still observed, demonstrating that the LiF was
well preserved with the help of SN in the SNFEC cell. The N concen-
tration showed a similar tendency; the N concentrations decreased in the
SNFEC, CLEFEC, and CLE cells in that order. This result proves that the
Sn-SNFEC contained much more LigN inorganic species in the SEI layer
than the Sn-CLE and Sn-CLEFEC. In contrast, the concentrations of ox-
ygen species were in complete reverse order. Sn-CLE (O red line) con-
tained the highest oxygen content, whereas Sn-SNFEC (O green line)
contained the lowest oxygen content. The tendencies of the depth pro-
files were almost the same with the de-lithiated state (Figure S12).
These results demonstrate that the SEI layer in Sn-SNFEC was mainly
composed of inorganics (LiF and LigN), whereas Sn-CLE contained the
oxygen-rich SEI layer.

To support our XPS results, time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) analysis was conducted. Fig. 4b presents the
normalized intensities for target species at the Sn electrode surfaces in
the three different cells. Relatively higher intensities of LiO~, C3H ™, and
CoHO™ species were observed for the Sn surfaces (0 to 25 nm regions,
outer SEI layer) in Sn-CLE and Sn-CLEFEC than for Sn-SNFEC. The CsH ™,
and CoHO™ components are major contributors to the unstable organic
SEI [54,60], and these results are consistent with our XPS results. In
addition, evidence of the LiF component at the inner SEI layer could be
obtained by tracing the LiF;. LiFy fragments were detectable in wide
ranges of depth for Sn-SNFEC; in contrast, its intensity was relatively
lower in Sn-CLEFEC and almost negligible in Sn-CLE. It should be noted
that the LiN~ fragment (indicator of LigN) signals showed similar dis-
tributions with LiF5; the highest LIN™ content was detected particularly
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in Sn-SNFEC, and the lowest was detected in Sn-CLE. The TOF-SIMS
results demonstrate again that in the SNFEC cell, the SEI is mainly
composed of the inorganics LiF and Li3N, whereas in the CLE cell, the SEI
is mostly composed of organic species.

The distributions of the species of interest were investigated using 2D
surface images with chemical mapping, which were taken at the specific
sputtering depths of 2 and 50 nm (Fig. 4c—e). The 2 nm sputtering
represents the very outer surface of the Sn electrode, whereas 50 nm
corresponds to the relatively inner side of the SEI. The LiF3 mapping
image shows that the concentration became denser in the order of Sn-
CLE (Fig. 4c), Sn-CLEFEC (Fig. 4d), and Sn-SNFEC (Fig. 4e). LiF was
dominant in the Sn-SNFEC regardless of the sputtering time. This result
confirms that the dense LiF film could be well generated in SEI layers by
the support of SN. In reverse, the mapping images of CoHO™ show that
the Sn-CLE and Sn-CLEFEC contain more C;HO™ compared with Sn-
SNFEC. Based on the results of the XPS and TOF-SIMS analyses, it was

concluded that the SNFEC could produce an inorganic-based SEI mainly
composed of LiF and LisgN, which are advantageous for the formation of
a mechanically rigid and chemically stable layer. To directly observe the
quality of SEI layer on Sn electrode affected by the different electrolytes
(CLEFEC and SNFEC), transmission electron microscopy (TEM) analysis
was performed (Figure S13). The results of these analyses could explain
how the SNFEC cell delivered improved electrochemical properties.

A summary of the effects of the SNFEC electrolyte based on the
various surface analyses is presented in Fig. 5. Through the compre-
hensive investigations, we confirmed that the properties of the SEI layer
of Sn electrode are highly dependent on the electrolyte selected. Con-
ventional carbonate electrolytes, particularly EC, produce mainly
organic components in the SEI, and the mechanically weak layer is
prone to dissolve and undergoes continuous degradation during cycling
(top route in Fig. 5). In contrast, SNFEC can produce a dense inorganic-
rich SEIL, mainly dominated by LiF and Li3N (bottom section in Fig. 5). It
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should be noted that the Sn particles experience huge volume expansion
during lithiation. Considering the intrinsic behavior of LiF [61], and a
competitive reaction with the electrolyte components on the newly
exposed particle surface, the solely use of FEC is not enough to well
preserve the original surface film (SEI). The orbital theory can estimate
which component could preferentially form at the Sn electrode surface,
and SN in electrolyte complex is known to possess the lower LUMO
energy [55,56]. Therefore, during the electrochemical reduction (Sn
lithiation), LisN from the SN decomposition could be preferentially
generated [55,57]. SN reduction is expected to preferentially take place
rather than undesired organic species; thus it helps to maintain the
structure of inner SEI as well as to support the regenerated LiF on the
newly exposed Sn surface. On the other hand, in the case of CLEFEC,
unstable organic SEI layer is expected to form a rough surface, resulting
in an irregular morphology of SEI layer.

In the SNFEC electrolyte system, FEC and SN have a synergistic effect
for improving the electrochemical performance of the Sn electrode. LiF
from FEC plays an important role as a mechanical support in SEI, alle-
viating the volume expansion and rapid pulverization while protecting
Li metal from the side reaction of SN polymerization. The replacement of
carbonate-based solvents with SN can also remarkably enhance the cell
cycling stability. SN restricts the formation of unstable organic species,
instead forming favorable LisN as well as support to preserve LiF,
leading to the formation of a dense inorganic SEI layer. This simple
electrolyte engineering drives the formation of a favorable SEIL, resulting
in improved cyclability with excellent thermal stability.

3. Conclusion

To solve the prevailing problem of the unstable SEI of Sn alloying
anode, we adopted a new electrolyte system by combining SN and FEC
(SNFEC). The effects of electrolyte engineering on the SEI properties in
terms of electrochemical performance were also investigated. This
simple approach can effectively prevent the formation of vulnerable
organic compounds usually generated in conventional carbonate elec-
trolytes, and instead, trigger the formation of a dense inorganic-rich SEI
layer. By adopting the SN and FEC electrolytes, the SEI compounds of Sn
can be tuned into favorable inorganics, mainly LiF supported by Li3N,
which are ideal products as the SEI because they are insoluble, me-
chanically robust, and fast ion-conducting. The inorganic SEI is

demonstrated to effectively buffer the large volume expansion, leading
to improved cyclability with higher energy efficiency. The changes of
the SEI layer affected by the electrolyte were analyzed using various
surface analysis techniques, and the individual effects of SN and FEC on
the electrochemical performance were discussed. This study explores
the practical applications of the eutectic SN in divergent LIB systems,
providing useful insight into future electrolyte design.

4. Experimental
4.1. Electrolytes and cell preparations

To synthesize the SN-based electrolyte, pure SN purchased from
Sigma-Aldrich (99%) was vacuum dried at 90 °C overnight. The pure SN
was mixed with 1 M LiTFSI and stirred overnight to obtain the succi-
nonitrile electrolyte (SNE). To produce the succinonitrile electrolyte
with FEC (SNFEC), 5 wt% FEC (99%, Aldrich) additive was additionally
added to the prepared SNE. As control samples, conventional commer-
cial liquid electrolytes with different Li salts such as LiTFSI (CLE) and
LiPFe (CLE2) in EC:DEC (1:1 vol) were synthesized using the same
procedure. All of the procedures were carefully conducted in a dry room
(dew point — 70 °C, max. moisture less than 5%). The commercial Sn
powders with nano-sized (150 nm) and micro-sized (10 ym) particles
were purchased from Sigma-Aldrich. To fabricate the Sn electrode, each
Sn powder was mixed with carbon black and polyacrylic acid (PAA, Mv
= 350000, Aldrich) binder in ethanol in a 7:2:1 ratio. The slurry was cast
on copper foil with a thickness set to 0.1 mm and dried at 80 °C over-
night. The prepared electrode was punched into a diameter of 1.2 cm,
with an average loading mass of approximately 0.8-1.1 mg cm 2. Each
Sn electrode was assembled in a coin-type (2032) cell with a glass fiber
(Whatman) separator, Li metal counter electrode, and 100 uL of the
electrolyte.

4.2. Analyses and characterization

Bonding analyses for the prepared SN-based electrolyte were con-
ducted using Fourier-transform infrared spectroscopy (FT-IR, Perkin
Elmer, Spectrum 100 FT-IR). To estimate the thermal properties, DSC
(TA Instruments Auto Q20) from —50 to 75 °C in a Ny atmosphere and
TGA from 30 to 250 °C in and argon atmosphere were performed. The
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surface chemical composition was characterized using XPS (VersaProbe
Ulvac-PHI, Japan) with monochromated Al Ka (1486.6 eV). The XPS
depth profile was also obtained with Ar sputtering after 0, 2, 4, 6, and 8
min. ION-TOF (Miinster, Germany) was used for TOF-SIMS studies. The
depth profile for each component was analyzed in negative polarity
mode, with primary Bij gun (30 keV) in a raster area of 50 x 50 um after
sputtering with secondary Cs" gun (3 keV) at a calculated sputter rate of
0.2958 nm s~ ! (as pure Li material). The 2D images (150 ym x 150 pm
size) were taken after 2 and 50 nm of depth sputtering. Before the XPS
and TOF-SIMS analyses, the cycled Sn electrodes were washed with
dimethyl carbonate (DMC) and dried in an argon-filled glovebox; they
were carefully transferred with an airtight holder for all the
experiments.

4.3. Electrochemical tests

The electrochemical performances were tested using a potentio-
galvanostat cycler (WBCS3000S, WonATech). The cell cyclability and
galvanostatic charge-discharge profile were measured in the voltage
range between 0.02 and 2 V vs. Li at a constant current density (0.2C)
under different temperatures (30, 45, 60, and 70 °C). Rate capability
tests were performed at altered rate conditions; the initial 3 cycles were
performed at 0.05C, then constantly increased until 2C (10 cycles). The
ionic conductivities of the electrolytes were measured using EIS (Bio-
logic VSP-300) between 1 MHz and 50 mHz with 10-mV AC perturbation
in a blocking-cell configuration.
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