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ABSTRACT: We report the use of vinyl ethylene carbonate as a new solid
electrolyte interface (SEI)-forming additive for Li-metal anodes in carbonate-based
electrolyte, which has the advantages of both good storage performance and low
price. Compared to the SEI formed in vinyl ethylene carbonate-free electrolyte, the
SEI film formed in 10% vinyl ethylene carbonate electrolyte contains a higher relative
content of polycarbonate species and a greater amount of decomposition products of
LiPF; salt. Both components are expected to have positive effects on the passivation
of Li-metal surface and the accommodation of volume changes of anode during
cycling. Scanning electron microscopy images and COMSOL numerical simulation
results further confirm that uniform Li deposition morphology can be achieved in the
presence of vinyl ethylene carbonate additive. When cycling at the current density of
0.25 mA cm™ with a cycling capacity of 1.0 mAh cm™, the vinyl ethylene carbonate-
contained Li—Cu cell exhibits a long life span of 816 h (100 cycles) and a relatively

R

10% VEC

Cu foil

nnnnnnn

300 400 500 600 700 800
Time (h)

high Coulombic efficiency of 93.2%.
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1. INTRODUCTION

With the rapid development of grid energy storage and electric
vehicles, developing rechargeable battery with high energy
density and power capability is extremely urgent." Among numer-
ous rechargeable batteries, lithium-ion battery is regarded as a
powerful electrochemical energy-storage device and has been
applied to various portable devices widely.” Although com-
mercial graphite-based anode materials have approached their
theoretical limit, they can still hardly meet the urgent need of
high energy density applications.” Among these anode candi-
dates, lithium-metal anode has attracted special attention due
to its super theoretical specific capacity (3860 mAh g™') and
the most negative reduction electrochemical potential (—3.045 V
vs standard hydrogen electrode).” Many researchers believe that
the successful application of Li-metal anode will lead to a huge
revolution in the energy-storage field.

Although early in the 1980s Whittingham et al. had
attempted to use Li metal as anode and TiS, as cathode to
fabricate a secondary Li battery, the uncontrolled growth of
Li dendrites had prevented its commercialization. ® To date,
the obstacles that hinder the practical application of Li-metal
anodes are as follows: (1) huge volume changes during Li
plating/stripping owing to the natural hostless deposition
mechanism can cause cracks of solid electrolyte interface (SEI)
films, and the low impedance and enhanced ion flux in the
cracked regions will aggravate the nonuniform deposition
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behavior and accelerate the appearance of dendritic Li; (2) the
continuous growth of Li dendrites may pierce through poly-
meric separator and contact with cathode, leading to the short
circuit of batteries; and (3) the repeated crack and repair of
SEI films will give rise to low Coulombic efficiency (CE) and
poor cycle life upon cycling.

Thus, building a stable, robust, and protective SEI layer on
the interface of Li-metal anodes is one of the most effective
methods to restrain the growth of Li dendrites and reduce side
reactions between highly reactive fresh-deposited Li and elec-
trolyte. Extensive efforts have been made to obtain improved
SEL Introducing artificial SEI films such as Li-conducting
Li;PO, layer,” soft and highly viscoelastic polymer coating
layer,"’ poly(dimethylsiloxane) thin film,"" poly(ethyl
a-cyanoacrylate)-based interphase layer,'” LiF coating layer,"®
poly(vinylidene-co-hexafluoropropylene), and LiF hybrid
film'* has been proved to be a good modification method
for offering good mechanical strength and shape conform-
ability to restrain the formation of Li dendrites. However, there
is a key disadvantage that these artificial SEI layers generally
should be synthesized and coated onto Li-metal anodes in
advance.
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Figure 1. (a) Illustration of the SEI-forming function of VEC additives on the surface of Li-metal anode. (b) Structural formulae of diethylene

carbonate (DEC), EC, VC, FEC, and VEC.

On the other hand, adding appropriate additives into the
electrolyte can also contribute to an improved SEI, which is
formed in situ during cycling.">~"” Compared with fabricating
the ex situ artificial SEI, this in situ approach is facile and cheap,
particularly suitable for industrial manufacture of batteries.'®"”
LiNO;, KNO;, and polysulfides as additives can improve the
cycle life and CE in ether-based electrolyte.”’~** But the intrin-
sic relatively narrow voltage windows of ether-based electro-
lytes (generally used 1,3-dioxolane/dimethyl ether solution is
only chemically stable to ~3.58 V) may impede the utilization
of Li-metal batteries when matching with high-voltage cath-
odes.”® The antioxidation capability of carbonate-based elec-
trolytes is obviously better, in which vinylene carbonate (VC)
and fluoroethylene carbonate (FEC) are highly considered as
effective additives by re§ulating organic and inorganic constit-
uents in the SEI film.”*~*° However, VC is an unstable compound
even at room temperature because it tends to be polymerized into
poly(vinyl carbonate).””** Although FEC is more stable, its high
price (USD 545/25 g, Sigma-Aldrich) inspires researchers to find
an alternative of FEC.

Vinyl ethylene carbonate (VEC) is a commonly used elec-
trolyte additive for graphite anodes.”* ™" But to the best of our
knowledge, there are few studies about the impact of VEC on
Li-metal anodes. Herein, the effect of VEC (USD $6.6/25 g,
Sigma-Aldrich) as a highly effective and low-cost SEI-forming
additive for Li-metal anodes in carbonate-based electrolyte
was explored (Figure 1a). The molecular structure of VEC is
similar to that of VC, composed of carbon double bonds and
ring molecular structure (Figure 1b). But the storage per-
formance of VEC is much better than that of VC, on account
of the slightly electron-rich double bond of VEC, and therefore
the reactivity with other double bonds is lower.”** The
function of VEC additive for Li-metal anodes is verified by
the LilCu half-cell tests and COMSOL numerical simulation.
The formation of a dense and uniform SEI on Li-metal anode
is confirmed. Therefore, enhanced CE and cycling life can be
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achieved in the presence of VEC additive in carbonate-based
electrolyte.

2. EXPERIMENTAL SECTION

2.1. Materials. The electrolyte of 1.0 M lithium hexafluorophos-
phate (LiPFy) in 1:1 v/v ethylene carbonate (EC, > 99.9%) and dieth-
ylene carbonate (DEC, > 99.9%) was received from Zhangjiagang
Guotai-Huarong New Chemical Materials Co., Ltd. The VEC additive
(99%) was purchased from Alfa Aesar. All reagents were used as
received.

2.2. Characterization. For the need of measurements, the
Li-deposited electrodes were disassembled from the coin cells, rinsed
three times with dimethyl carbonate, and dried in an Ar-filled
glovebox. The morphologies of the electrodes were characterized by
scanning electron microscope (S-4800, Hitachi). Fourier transform
infrared (FTIR) spectra were performed on an FTIR spectrometer
(Nicolet ISS, Thermo Scientific). X-ray photoelectron spectroscopy
(XPS) measurements were conducted on an X-ray scanning
microprobe electron energy spectrometer (Quantum 2000, Physical
Electronics).

2.3. Density Functional Theory (DFT) Calculation. The
quantum chemical calculations of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy
levels were executed by Gaussian 09 package. The B3PW91 functional
and 6-311+G(d,p) basis sets were used to optimize the structures.*®

2.4. Electrochemical Measurement. The CR 2016-type coin
cells were assembled in an Ar-filled glovebox with the contents of
both O, and H,0 below 1.0 ppm. Cu foil was used as the working
electrode. Li-metal foil with diameter of 12 mm and thickness of
1 mm was used as the counter electrode. The Celgard 2400 membrane
was used as the separator, and the solution of 1 M LiPF, in EC/DEC
(v/v = 1:1) with and without 10% VEC was used as the electrolyte. For
all of the batteries, a fixed amount of Li (1.0 mAh cm™) was deposited
onto the Cu foil and then stripped away up to 1.0 V at a relatively low
current density of 0.1 mA cm™ in the initial cycle to stabilize the SEL
For the subsequent cycles, different current densities (0.25, 0.5, or
1.0 mA cm™2) were employed. Electrochemical impedance spectros-
copy (EIS) was measured by using the Autolab Potentiostat
Galvanostat 302 N from 10 mHz to 100 kHz. All of the electro-
chemical measurements were taken at room temperature.
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Table 1. Calculated Values of the HOMO and LUMO
Energy Levels of Solvents (EC and DEC) and Additives
(FEC, VC, and VEC) at the B3PW91 Functional and
6-311+G(d,p) Level of Theory

HOMO (eV) LUMO (eV)
solvent EC —-8.73 0.02
DEC —8.38 0.03
additive FEC -9.10 —0.03
vC —=7.30 —0.25
VEC —7.98 —0.82

3. RESULTS AND DISCUSSION

Figure 1b and Table 1 show the molecular structure and
HOMO and LUMO energy levels of EC, DEC, FEC, VC, and
VEC. A semiempirical rule is that the lower value of LUMO
energy level will lead to lower resistance toward the reduction
of molecule, meaning the reduction reaction may start at a
higher potential. And it is generally accepted that the for-
mation of SEI starting at a higher potential will lead to a denser
film."” As shown in Table 1, the order of values of LUMO
energy level is VEC < VC < FEC < EC < DEC. The calculation
results reveal that VEC may be reduced prior to both the
additives of FEC and VC and the solvents of EC and DEC
during the initial Li plating process. Although the reduction
activity of VEC is relatively higher, the addition of VEC does
not affect the long-term stability of electrolyte against the
highly reductive environment (Figure S1).

For exploring the differences of chemical makeup between
the SEI films formed in VEC-containing and VEC-free elec-
trolytes, FTIR and XPS measurements were performed. For
the SEI film formed in 0% VEC electrolyte, the two small peaks
located at 1804 and 1774 cm™' are characteristic peaks of
polycarbonate species (ROCO,R) related to C=0O stretching
(Figure 2).26’32 The pronounced peaks at 1638, 1313, 1195,
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Figure 2. Comparison of FTIR spectra of SEI films formed on the Cu
foil electrodes after 10 cycles at 0.25 mA cm™ for 1.0 mAh cm™ in
different electrolytes: (a) 1 M LiPF¢ in EC/DEC (1:1 by volume)
with 10% VEC and (b) 1 M LiPF, in EC/DEC (1:1 by volume)
without VEC.

1079, and 841 cm™' are ascribed to ROCO,Li, which is one
of the main reduction products of EC on Li electrodes.’**
The band present around 1402 cm™' is the typical peak of
Li,CO,.*® And two weak peaks at 977 and 721 cm™" should be
attributed to Li,PO,F, and LiF, respectively (decomposition
products of LiPFy salt).””*® In the case of 10% VEC elec-
trolyte, peaks of polycarbonate species, ROCO,Li, Li,COj;,
Li,PO,F, and LiF can also be found. Moreover, it can be
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clearly seen that the polycarbonate species in the SEI film of
10% VEC is obviously richer than that in 0% VEC. According
to the research works of the Aurbach group, polycarbonate
species in the SEI layer are more cohesive and flexible than
ROCO,Li, which are expected to have positive effects on the
passivation of Li-metal surface and the accommodation of
volume changes of anode during repeated cycling.***

Figure 3 presents XPS patterns of SEI films on Cu foil
electrodes formed in the two electrolyte solutions. The corre-
sponding element contents estimated from XPS survey spectra
are also shown in the inset image. C and F elements in the SEI
film of 10% VEC are obviously richer than those in VEC-free
electrolyte (Figure 3a). For the high-resolution C 1s spectra
(Figure 3b,d), XPS images exhibit three peaks located at
284.8 eV (nonoxygenated C—, C—C—, and C—H-containing
species), 286.2 eV (C—O band), and 289.9 eV (OC(=0)0O
band).”” The relative intensity ratio of nonoxygenated
C/oxygenated C band of SEI layer in 10% VEC electrolyte
(1.10) is higher than that in 0% VEC electrolyte (0.77). This is
because the SEI film of 10% VEC contains a higher proportion
of polycarbonate species, and the relative content of C/O
element of long-chain polycarbonate species is much higher
than that of ROCO,Li. Possible reduction mechanisms of
DEC, EC, and VEC are listed in Figure S2. For the high-
resolution F 1s spectra (Figure 3c,e), both XPS image should
be deconvoluted into two peaks of ~685.3 eV (LiF) and
~687.1 eV (LixPOyFZ). The relative intensity of LiF/Li,PO,F,
in 10% VEC electrolyte (0.87) is much higher than that in 0%
VEC electrolyte (0.28). And LiF is widely considered to play a
very important role in the formation of uniform and stable SEI
to suppress the growth of Li dendrites.'”*>*' More LiF on the
interface of Li-metal anode is beneficial to the passivation of
electrode surface and the suppression of electron leakage. And
on the other hand, stable Li electrodeposition process can be
achieved by enhancing interfacial transport of Li* ions.*>*
XPS patterns of SEI films formed on the Cu foil electrodes
after 25 cycles at 0.25 mA cm™ for 1.0 mAh cm ™ in 10% VEC
electrolyte were also investigated (Figure S3).

Combining the information provided by FTIR and XPS
images, the distinctive features of the SEI film formed on
Li-metal anodes in 10% VEC electrolyte compared to those in
0% VEC electrolyte are as follows:

(1) The SEI film formed in 10% VEC electrolyte has a
higher relative content of polycarbonate species.

(2) The SEI film formed in 10% VEC electrolyte contains a
greater amount of decomposition products of LiPFq
(LixPOyFZ and LiF), in which the LiF component is
predominant.

From the differences of SEI layers formed in the two
electrolytes, it is assumed that the morphology of Li deposition
on the substrate be also different. To prove this assumption,
SEM images after 10 cycles were performed (Figure 4).
As shown in Figure 4a,b, the interface of Li-metal anode and
electrolyte without VEC exhibits an uneven and porous
morphology with massive cracks. Extensive Li dendrites with a
needlelike structure are clearly observable due to the poor
protection effect of unsatisfactory SEI layer (even only after the
initial Li deposition process, a large amount of Li dendrites are
also formed (Figure S4)). In sharp contrast, the surface is
smooth and homogeneous in the electrolyte with VEC, and
no obvious Li dendrites and cracks are observed (Figures 4c,d

and SS).
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Figure 3. XPS characterization of SEI films formed on the Cu foil electrodes after 10 cycles at 0.25 mA cm™> for 1.0 mAh cm™ in different
electrolytes. (a) XPS images (the inset table shows the atomic ratio of elements). (b, ¢) 1 M LiPF, in EC/DEC (1:1 by volume) with 10% VEC

and (d, e) 1 M LiPF, in EC/DEC (1:1 by volume) without VEC.

To better understand the effects of different SEI interfaces
on Li deposition, we simulated the deposition behavior of
Li metal in both of the above electrodes by using COMSOL
Multiphysics software. The red frame regions in the SEM
images (Figure S6a,c; area, S ym X S pm) were used for
the acquisition of grayscale information. And the obtained
grayscale information can be further translated into altitude
information to construct the studied three-dimensional (3D)
models (Figure S6b,e) in COMSOL software finally. Several
holes are clearly visible on the interface of Li-metal anode and
electrolyte without VEC. Accordingly, the Li*-ion flux near
these holes is enhanced dramatically (Figure Sa), which can be
seen as hotspots for Li deposition. Consequently, the deposi-
tion rate of Li metal in the hotspots is much higher, which
causes the nonuniform deposition process and the formation
of pillarlike Li whisker (Figure Sb and Video S1). In sharp
contrast, the electrode surface is relatively smooth in the
electrolyte with 10% VEC added. And homogeneous Li* ion
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flux near the interface (Figure Sc) can lead to uniform Li deposi-
tion behavior (Figure Sd and Video S2). The 3D morphology
evolution of both electrodes was also simulated (Figure 6).
Obviously, the relative height change in the electrolyte with 10%
VEC (Figure 6¢,d and Video S4) is much milder than that in the
electrolyte without VEC (Figure 6a,b and Video S3).

The cycling performances of Li—Cu cells in 10% VEC and
VEC-free electrolytes at the current density of 0.25 mA cm™>
with the cycling capacity of 1 mAh cm™ had been investigated
(Figure 7). The CE of Li—Cu cell in the VEC-free electrolyte
exhibited an obvious and gradual decrease and dropped below
80% after S0 cycles. Moreover, an obvious short-circuit phenom-
enon (short circuit can be observed from abrupt CE increases or
drops) appeared after ~80 cycles due to uncontrollable growth
of Li dendrites and remarkable accumulation of dead Li during
cycling. However, the CE of Li—Cu cell in the 10% VEC
electrolyte was retained above 93.2% after 100 cycles, and
no short circuit was observed. After 100 cycles at the higher
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Figure 4. SEM images of the Cu foil electrodes at Li deposition state after 10 cycles of galvanostatic stripping/plating at 0.25 mA cm ™ for 1.0 mAh cm ™
in different electrolytes: (a, b) 1 M LiPF in EC/DEC (1:1 by volume) without VEC and (c, d) 1 M LiPF, in EC/DEC (1:1 by volume) with 10% VEC.
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EC/DEC (1:1 by volume) and 10% VEC as the electrolyte (c) at the pristine state and (d) after 2500 s Li deposition at 0.25 mA cm™
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current density of 0.5 and 1.0 mA cm™?, the Li—Cu cells in the
10% VEC electrolyte still maintain high CEs of 93.4 and
94.0%, respectively (Figure S7). The improved cycling per-
formance in 10% VEC electrolyte was further corroborated by
the galvanostatic charge—discharge voltage profiles (Figure 7b).
Polarization voltage of Li—Cu cell in 10% VEC electrolyte only
rose slightly from 33.4 mV (10th cycle) to 353 mV (S0th
cycle). Moreover, the cell voltage was rather stable without
obvious fluctuation during a relatively long cycling life span of
816 h (Figure 7c). In contrast, the increase in polarization
voltage was much more prominent (from 39.9 to 48.7 mV after
40 cycles) for the Li—Cu cell in VEC-free electrolyte, which
originates from the unstable SEI layer. The electrochemical
performance of the Li-deposited CulLiFePO, full cell in 10%
VEC electrolyte was also investigated (Figure S8).

EIS tests were conducted to further reveal the electro-
chemical characteristics of Cu foil electrodes in both the elec-
trolytes (Figure S9). And the inset equivalent circuit is employed
for the simulation of Nyquist plots. R and R, are considered
to be the SEI film resistance and charge-transfer resistance,
respectively."* Clearly, the SEI film resistance (13.11 ) and
charge-transfer resistance (58.34 Q) of the Cu foil electrode
after 20 cycles in 10% VEC electrolyte are lower than those
in VEC-ree electrolyte (27.19 and 72.88 €, respectively),
confirming an enhanced charge-transfer process. As the Li
deposition/stripping processes continue, the R; and R, values
of the Cu foil electrode after 50 cycles in VEC-free electrolyte
dramatically increased to 160.6 and 874.0 £, respectively,
because of the continuous accumulation of high-resistance
dead Li. However, the increments in the Ry and R, values
after 50 cycles (49.66 and 139.6 Q, respectively) in 10% VEC
electrolyte are greatly reduced, indicating that the formation of
dead Li is effectively restrained by the well-established SEI
layer in 10% VEC electrolyte.

4. CONCLUSIONS

In summary, positive effects of VEC as an additive for Li-metal
anodes in carbonate-based electrolyte were identified. The DFT
calculation results indicate that VEC decreased predominantly
on Li-metal anodes at low potentials owing to its very low
LUMO energy level (—0.82 eV). And the SEI film formed in
10% VEC electrolyte contains a higher relative content of
polycarbonate species and a greater amount of decomposition
products of LiPFg salt. Thus, the presence of VEC is beneficial
to form a stable and smooth SEI layer, which can effectively
suppress the growth of Li dendrites and reduce the side reac-
tions between Li-metal electrode and the electrolyte. As a result,
the Li—Cu cell exhibits a long life span of 816 h (100 cycles)
with a high Coulombic efficiency of 93.2% at 0.25 mA cm™>
with a specific areal capacity of 1.0 mAh cm™,
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