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ARTICLE INFO ABSTRACT
Keywords: Unstable solid electrolyte interphase between lithium metal and electrolyte results in low coulombic efficiency
Bi-electrode SEI film and limited cycle life, which hinder the utility of lithium metal anode. Besides, how to settle the cathode material
CgF3LiNy

corrosion in practical lithium metal batteries is also a key challenge. Here, lithium 2 trifluoromethyl-4,5-
dicyanoimidazolide (CgF3LiNy) is reported as valid electrolyte additive for bi-electrode protective films forma-
tion in practical Li metal-based batteries. The CgF3LiNy4 plays distinct functions in bi-electrode interface, it at-
tributes to robust F, N-rich polymer interphase layer on the cathode which effectively protect the cathode from
deterioration. And it promotes the even distribution of LiF and polycarbonate species on anode and prevent the
formation of Li dendrites. The symmetric cell of GgF3LiN, exhibits stable cycling performance with 1 mA cm™2
(700 h). In addition, the improvement in the Li metal deposition uniformity has been confirmed by atomic force
microscope and simulation. Benefiting from the synergistic enhanced stability and uniformity of electrode
interphase, the LiNig5C09.2Mng 302 || Li metal battery with C¢F3LiN4 can maintain high capacity retention of
82.6% after 400 cycles. Importantly, the Li metal pouch battery pairing high-loading cathode (16.12 mg cm™2)
also deliver longer cycle life, validating its feasibility in practical applications.
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1. Introduction

Lithium-ion batteries (LIB) are one of most successful commercial
rechargeable batteries in the 1990s and are widely used in portable
electronic products [1,2]. However, with the rapid development of
electric vehicles, aerospace, high-end communication terminals, and
large-scale energy storage power stations, the development of high
specific energy battery systems with Li metal has become popular in
both scientific research and industry [3-7]. Due to the highest specific
capacity (3860 mAh g’l) and the lowest redox potential (—3.04 V SHE),
lithium is considered to be the ultimate anode material. Coupling sulfur
cathode, or oxygen cathode with Li metal to fabricate Li-S [8,9], Li-O2
[10] batteries can obtain higher theoretical energy density, but the
shuttle effect of polysulfide ions and the low catalytic efficiency led to
limited cycle life. Among the cathode materials for LIBs that have been
discovered, the LiNi;_x.yCoxMnyO2 (NCM) (>180 mAh g’l) first reported
by JR Dahn exhibits a higher energy density than that of LiCoO, (150
mAh g’l) and LiFePO4 (140 mAh g’l) [11,12]. In addition, its layered
structure and tunnel structure are conducive to the deintercalation of Li
ions, contributing to the good structure stability. Based on these, the
NCM || Li metal-based batteries are considered to be the closest to
commercialized energy storage battery system, and corresponding
research has also begun to emerge [13,14].

During the initial charging and discharging process of NCM || Li
batteries, due to the contact between the highly reactive electrode ma-
terial and electrolyte, the catalytic decomposition reaction will inevi-
tably occur at the electrode/electrolyte two-phase interface, leading to
the formation of passivation films [15-17]. On the NCM cathode side,
the original passivation film generated in the traditional LIB electrolyte
is ununiform, so it is easily to be destroyed by the volume swell of
cathode material during the cycle. The cracks of the passivation film will
exacerbate the co-inserting of solvent molecules to damage the structure
of the electrode active material, and finally shortens the battery cycle
life. Adding additives into electrolytes is a widely used approach to
promote uniform passivation films on the cathode [18]. For instance, Ha
et al. added 1 wt% LiBOB as additive to the electrolyte to form an
interface film, which significantly improved the cycle performance of
battery [19]. On the Li metal anode side, competitive chemical reaction
and electrochemical reaction of Li ions in this passivation layer, result-
ing in uneven deposition of Li metal [20]. The growth of Li dendrites and
the continuous damage and regeneration of the solid electrolyte inter-
face layer (SEI) cause the problem of capacity degradation. The research
based on the interface layer of Li metal is the main method of modifi-
cation and has achieved remarkable results. It can be found that in Li
metal-based battery, the stability of SEI layer on the electrode material
surface can determine its cycle life. The battery is a systematic project,
and it is far from enough to modify the interface layer on the anode or
the cathode solely. It is reasonable to predict that the modification of the
interface layers on the bi-electrodes simultaneously will improve the
electrochemical performance of the battery synergistically [21,22].

Herein, we report an electrolyte additive that can realize bi-electrode
interface layer modification for Li metal-based batteries. Lithium 4,5-
dicyano-2-(trifluoromethyl)imidazolide (C¢F3LiNy4) is a newly investi-
gated Li salt [23], which is used as the dehumidizer to remove moisture
in the electrolyte and reduce the Al corrosion [24,25]. But to the best of
our knowledge, there is few researches on the influence of C¢F3LiNy as
an additive on electrode materials and whole battery system. The DFT
calculation results show that the C¢F3LiN4 additive can form film on the
cathode and anode electrodes simultaneously, and the corresponding
experimental results (TEM, SEM) also verify the existence of uniform
and dense film on the electrode surfaces. In addition, FT-IR, TOF-SIMS
and XPS depth profiles results also show that the film formed by
CeF3LiN4 on the electrode surface is rich in nitrogen-containing organic
molecules and LiF. LiF have strong Li ion conductivity and is good
inorganic SEI ingredient. And during the TOF-SIMS analysis process, the
decomposition mechanism of CgF3LiN4 on the electrode surface can be
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obtained. The CgF3LiNg will finally promote the generation of
long-chain organic molecules and greatly enhance the flexibility of the
film. Benefiting from these advantages, the addition of CgF3LiN4 im-
proves the cycle performance of NCM || Li batteries at all. The LiNig 5.
Cog.2Mng 302 (NCM 523) battery with CgF3LiN4 can still have a capacity
retention rate of 82.6% after 400 cycles. And the Li-Li symmetrical cell
with CgF3LiN4 can maintain low overpotential for 700 h cycling.
Furthermore, the improvement of the uniformity of Li metal deposition
by Ce¢FsLiN4 has been confirmed by AFM spectrum and COMSOL
calculation simulation. Therefore, the high-loading NCM (mass loading
of 16.12 mg cm™~2) cathode and Li metal pouch battery exhibits higher
coulombic efficiency and longer cycle life. The results can provide a
broader inspiration for practical Li metal-based batteries with high
capacity.

2. Experimental
2.1. Material preparation

The electrolyte used is arranged by 1 M lithium hexa-
fluorophosphorus (LiPFg) dissolved in ethylene carbonate (EC) and
dimethyl carbonate solution (DMC) (1:1 in volume) (named “E-base-
line”). The C¢F3LiN4 was purchased from Alfa Aesar Corporation. The Li
foil (thickness: 250 pm) was purchased from Tianjin Celllithium Cor-
poration, and was kept in glove box before employment. All experi-
mental reagents were used after accepted, and no purification process
was performed.

To select the best CgF3LiN,4 addictive concentration, the mass amount
of 1%, 2%, 3% and 4% CgF3LiN4 was dissolved to the E-baseline elec-
trolyte to prepare (named “E-1% CgF3LiN4, E-2% CgF3LiNg, E-3%
CeF3LiNy, E-4% CgF3LiNg™). In the preparation process, the NCM 523
cathode material, poly(vinylidene fluoride) (PVDF) were mixed in N-
methyl pyrrolidone (NMP) and acetylene black are mixed in mass ratio
of 8:1:1. And then stirred by magnetic stirrer overnight to ensure uni-
form dispersion. Then put it evenly coated on the aluminum foil and
placed in an oven at 80 °C to be dried for use.

2.2. Characterization methods

In order to promote the accuracy of morphology results, the cell
assemble and disassemble processes were performed in the glove box
with oxygen less than 0.01 ppm and water content less than 0.01 ppm.
The obtained Li foil was cleaned with DME several times and naturally
dried before characterization. The morphology of the Li metal deposi-
tion was completed by field emission scanning electron microscope
(SEM, Hitachi 4800). The surface morphology of the cathode is char-
acterized by transmission electron microscope (TEM, F30). The CEI state
position of the cathode surface are characterized by X-ray scanning
microprobe electron energy spectrometer (XPS, Quantum 2000, Phys-
ical Electronics). The Time-of-flight secondary ion mass spectrometry
(TOF-SIMS) surface spectra was tested at ion species of Bi3"" and ion
current of 2 nA for cathode electrodes. The surface roughness test of the
Li metal anode was conducted by atomic force microscopy (AFM, SPM
5500, Keysight Technologies) inside an Ar-filled glove box. The Fourier
transform infrared (FTIR) spectra were collected using a Nicolet IS5
spectrometer (Thermo Fisher).

2.3. Density functional theory (DFT) calculation

The Highest Occupied Molecular Orbital (HOMO) and Lowest Un-
occupied Molecular Orbital (LUMO) energy of EC, DMC, diethyl car-
bonate (DEC) and CgF3LiN4 are calculated with the Gaussian 09
software. We use the B3LYP/6-31G(d, p) basis set to optimize the
molecule structures.
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2.4. Electrochemical measurement

We choose CR2032 coin cell for full cell test, symmetrical cell test
and electrochemical impedance test. During in the full cell performance
test, the NCM 523 cathode material was cut into the wafer with radius of
12 mm. Then 100 pl electrolyte was consumed in each battery. The test
charging and discharging cut-off voltages were controlled to 4.3 V and
3.0V, respectively. To measure the coulombic efficiency, copper foil was
used as current collector for Li metal, and then assembled with Li foil to
form half-cell. It was tested under current of 0.5 mA cm 2 and Li
deposition capacity of 1.0 mA ecm 2. In the symmetrical cell assembly
process, the Li foil was used as the working electrode and the counter
electrode, and the performance tests were performed with deposition
capacity of 1.0 mAh ecm™2 and deposition current density of 1.0 mA
cm~2 and 2.0 mA cm ™2, respectively.

2.5. Pouch cell assembly

In the assembly process of the pouch battery, the high loading NCM
material (16.12 mg cm~2) is selected for cathode material, Li belt is used
as anode material, and Celgard 2400 is used as separator and copper net
was used as current collector. The copper net was initially cut to length
of 85 mm and width of 70 mm, and aligned with the length of 37 mm as
the tab. Then pressed the Li belt on the copper mesh and match it with
the high loading NCM cathode material with slightly smaller area to
assemble the pouch cell. After adding 4 ml electrolyte, the final pack-
aging is carried out with hot press machine at temperature of 180 °C.

3. Results and discussion

The CgF3LiN4 owns CF3 group and large amounts of N, so we assume
that it can effectively promote LiF and nitrogen-containing organic
molecules in the interface layer, thereby improving battery performance
(Fig. la). We first calculated HOMO and LUMO energy levels of
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CeF3LiN,4 additives and commonly used carbonate solvents (EC, DMC,
DEC) (Fig. 1b). In previous studies, the lower value of LUMO energy
level will lead to lower resistance toward the reduction of molecule, and
the higher value of HOMO energy level will lead to lower resistance
toward the oxidation of molecule [26,27]. Therefore, C¢F3LiNy is prior
to form films on cathode and the anode more preferentially compared to
carbonate solvents (EC, DMC, DEC), which caters to our conjecture.

During in the NCM cathode material, although the increase of nickel
content will increase the energy density, it will also bring about the
instability of the material structure [28,29]. The NCM 523 cathode
material has higher energy density and better cycling performance, so it
was selected as the electrode material for testing. In the NCM battery
cycle under different CgF3LiN4 additive mass amounts, the electro-
chemical performance is best when the mass amount is 1% (Fig. S1). It
can be found that the E-1% CgF3LiN4 exhibits 160.1 mAh g’1 in first
cycle (Fig. 2a). Undergoing cycling 400 times, the E-1% CgF3LiN4 can
still guarantee 132.2 mAh g_1 (capacity retention of 82.6%), and
maintain relatively stable coulombic efficiency throughout the process.
By comparison, the capacity retention rate maintains only 46.8% after
400 cycles with E-baseline electrolyte. In order to compare the voltage
curve and different cycling state more intuitively, the capacity retention
is chosen as the abscissa. The capacity retention of E-baseline electrolyte
decays to below 90% after 100 cycles (Fig. 2b). In the previous reports,
the voltage gap when discharge capacity achieves the half of most can
report charge/discharge difficulty (Table S1) [30,31]. Therefore, the
voltage gap of E-1% CgF3LiNy4 cell remained at low level (38 mV) after
100 cycles, and the overpotential only increased to 136 mV even after
400 cycles. In contrast, the voltage gap of E-baseline cell in the initial
state has reached 153 mV, and, the voltage gap continues to increase
(Fig. 2¢). The increase means that the interface is hindering the insertion
of Li ions, resulting in the decline in discharge capacity.

In order to further explore the reason for its capacity decay, the
electrochemical impedance test has been carried out in (Fig. 2d). The
impedance under the E-baseline increases quickly with the deepening of
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Fig. 1. Schematic of the dual-function of C¢F3LiN,4 addictive in Li metal-based batteries bi-electrode. (a). Schematic figure of the electrode composition of Li metal-
based batteries with CgF3LiN4 addictive. (b). Calculated values of the HOMO and LUMO energy levels of different carbonated solvent (EC, DMC, DEC) and
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the cycle, indicating that the instability of the interface causes the
thickening of the interface layer. For comparison, the impedance with E-
1% CgF3LiNy is significantly lower than E-baseline after 10 cycles
(Fig. 52), which proves that the promoted CEI is more conducive to the
insertion of Li ions. And after 20, 50 cycles, the mass transfer impedance
(R¢p) basically does not change too much, which demonstrates that the
protective layer promoted by E-1% CgFsLiN4 has good stability
(Table S2). During in the rate cycle performance test, the E-1% CgF3LiN4
cell shows more obvious advantages especially under 5C and 10C, it can
still release 128.5 mAh g! and 110.1 mAh g '. In contrast, the E-
baseline cell can only release 91.5 mAh g~! and 71.3 mAh g!. During
the entire electrochemical cycle, the solid-phase mass transfer is slowest,
which is the rate-determining step. Therefore, the higher discharge ca-
pacity at high rate means that the interface of the E-1% CgF3LiN4 elec-
trode surface is more beneficial to the insertion and extraction of Li ions
(Fig. 2€).

On the cathode side, the surface of cathode particles will spontane-
ously form a coating layer of cathode electrolyte interface. The protec-
tive layer can effectively reduce the parasitic reaction, and prevent the
dissolution of metal ions. In order to check the state of CEI, the NCM 523

particles were tested by TEM (Fig. S3). The N, O and F elements are well
distributed on the NCM 523 cathode particle surface. And through the
image where all the elements overlap, it can be known that the gener-
ated CEl is distributed very smoothly. To further understand the position
relationship between the CEI and the cathode material particle, the NCM
523 cathode material after cycling has been cut with three ion beams,
and finally got the interface SEM image of single NCM 523 cathode
particle, as shown in (Fig. 3a). After overlapping the distribution maps of
Ni, C and F elements, the C and F elements are basically on the surface of
the particles. In element mapping images, the Ni element represents
NCM 523 particle, while C and F represent the CEI formed on the sur-
face. As shown in Fig. 3b, the coating under the E-baseline shows uneven
distribution, which could not effectively protect the cathode material
during long cycles. Therefore, the NCM 523 cathode particles appeared
microcracks due to the volume change caused by the detachment after
50 cycles (Fig. 3c). After 200 cycles, the uneven interface layer gener-
ated under the E-baseline cannot effectively protect the cathode material
from further crushing, and the entire particle has been destroyed
(Fig. 3d). In Fig. 3e, uniform protective layer (7 nm) can be seen under
the E-1% CgF3LiNy electrolyte. Benefiting from the uniform and stable
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sputtering depth for different elements of NCM 523 cathode surface cycled in E-baseline electrolyte (h) and E-1% CgF3LiNy electrolyte (i). (j). The proportion of
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protective layer, the NCM 523 cathode electrode particles at E-1%
CeF3LiN4 can maintain stable structure even under long cycles without
signs of breakage (Fig. 3f and g).

To better understand the mechanism in improving the stability of the
cathode, the XPS depth profiles has carried out to study the properties of
the coating protective layer. XPS depth profiles analysis is to explore the
interface properties in the longitudinal direction by continuously
etching with argon ions (Fig. 3h and i). Since the previous STEM result
indicates that the coating protective layer under E-1% CgF3LiN4 elec-
trolyte is about 7 nm, so the different sputtering depths of 0, 6, 30 nm is
selected. It can be clearly seen in the C 1s spectrum that the C-C (284.8
eV) composition of the coating layer under E-1% CgFsLiN4 Greatly
reduced, this part mainly comes from the conductive carbon, and the
oxidation products of electrolyte [32,33]. In the F 1s spectrum, the Li-F
(648.7 eV) on the surface of the E-baseline is less than E-1% CgF3LiNy,
and the Li-F is considered a good CEI component [34]. During the N 1s

spectrum, it is obvious that the CEI in the E-baseline basically cannot
detect a valid signal. In E-1% CgF3LiNy electrolyte, the characteristic
peaks of Li-N-C (401.2 eV) and C-N=—C (399.3 eV) are clearly distin-
guished. As the increase of sputtering time, the signal of C-N—C in-
creases, and the signal of Li-N-C reduces, in contrary. In fact, the two
signals correspond to different oxidation products of CgF3LiN4. In the
inner layer of CEI, the CgF3LiN4 thoroughly oxidation products
(C-N=C) are distributed due to the easier access to electrons. However,
because of the low conductivity of CEI, the initial oxidation products of
CgF3LiNy (Li-N-C) are distributed in the outer layer of CEI [35,36].
Finally, the content distribution results of different elements at different
depths in CEI can be analyzed (Fig. 3j). The contents of Li and F of E-1%
CgF3LiNy are significantly higher than those of E-baseline, which shows
again that E-1% CgF3LiN4 can promote the large-scale production of LiF
in CEI And the F content is basically unchanged from different depths,
indicating that the CEI formed by E-1% CgF3LiNy is uniform in thickness



Z. Wen et al.

and stable in composition. From the fact that the content of Ni remains
basically unchanged, it can also be proved that E-1% CgF3LiN4 has no
effect on the cathode composition. Therefore, the decomposition of
lithium salts and solvents is greatly reduced.

In order to clarify how CgF3LiN4 reacts on the NCM 523 cathode
material, TOF-SIMS is employed to probe the CEI composition of NCM
523 cathode material. In the beginning, the strong signals of Li* and F~
can be detected, which means that the CEI formed under E-1% CgF3LiNy4
is dominated by LiF (Fig. 4a-c) [37,38]. From the intensity of the
characteristic peaks (LioF", LisFa™*, LisF4T) that E-1% CgF3LiN4 will
promote the formation of LiF in CEI, that perhaps prevent lattice oxygen
exposure. And from results of organic polymers alkane structure, such as
CoHs", C3Hs™, C4Hyo ", the CEI under E-baseline is mainly composed of
short organic molecular fragments (Fig. 4b), while E-1% CgF3LiN4 can
greatly promote the formation of long organic molecular fragments
(Fig. 4d). Therefore, E-1% CgF3LiN4 will greatly improve the flexibility
of CEI corresponding to the capacity retention rate under long cycles.

To better determine the different effects of E-baseline and E-1%
CeF3LiN4 on the NCM 523 cathode material, the distribution of different
molecular fragments (LioF ", CN~, Lis0", C;5Hs ") is shown in Fig. 4e and
f. Firstly, the E-1% CgF3LiN4 electrolyte can promote the distribution of
higher density LiF in CEI compared with E-baseline from the LiF"
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mapping images, which is consistent with the XPS analysis results. In
addition, the CEI under the E-1% CgF3LiN4 has larger number of CN™
molecular fragments than E-baseline electrolyte, which means that
CeF3LiN4 will produce amounts of CN~ during the decomposition pro-
cess. Benefit from protective layer, it can greatly reduce the generation
of Li0, which can be verified in the Li3O" mapping images. Finally,
long-chain organic molecules are more flexible and denser than short-
chain organic molecules, so they are more suitable as a protective
layer for cathode materials. Obviously, the CEI generated by E-1%
CgF3LiNy4 also has dominant CisHs  molecular fragments, indicating
that CgF3LiN4 can promote the formation of long-chain organic molec-
ular fragments during its decomposition process [39].

Therefore, combining the TOF-SIMS analysis results and the calcu-
lation of bond level change when the CgF3LiN4 gains or loses electron
(Fig. S4), we assumed the decomposition mechanism of CgF3LiN4 on the
surface of the NCM 523 cathode (Fig. 4g). Combined with calculation
results, after CgF3LiN, loses electrons, the chemical bond of the imid-
azole ring is weakened, where the chemical bond is most likely to be
broken. Therefore, the CgF3LiNy is easy to get electrons and is oxidized
to form CN™ molecular fragment (which is verified in the CN™ mapping
in Fig. 4f). Finally, C¢F3LiN4 occurs rearrangement after obtaining ox-
ygen, forming long-chain fused ring polymer with pyrrole, pyridine, and
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imidazole rings. A large amount of CFs" and [CN] groups are produced
during the whole reaction process, which will continue to react with
trace water in the electrolyte [CF3" reacts to form Li»CO3 and LiF, [CN]
reacts to form Li;CO3 and LiNOs], achieving the purpose of removing
water from the battery [40]. In addition, the final reaction product of
CeF3LiN4 contains many nitrogen-containing molecular products, in
which the C-N=C group is verified in the XPS results (Fig. 3i). The LiF
can be used as good electrical insulator, which can effectively reduce the
contact of NCM 523 cathode material with electrolyte and perhaps
prevent lattice oxygen exposure. In all, CEI with flexibility and high Li
ion conductivity mixed with organic and inorganic materials can be
formed, corresponding to the performance improvement in previous
results.

As Li metal-based battery, it is far from enough to improve the
property of the NCM 523 cathode material. The interface adjustment on
the Li metal side also has a great impact on its electrochemical perfor-
mance. To explore impact of CgF3LiN4 on Li metal side, the Li-Li sym-
metrical cell and Li-Cu half-cell were used to investigate the
performance with E-baseline and E-1% CgF3LiN4 electrolyte. The Li-Li
symmetrical cell cycling performance under different CgF3LiN4 additive
mass amounts also proves the best mass amount is 1% (Fig. S5). As
shown in Fig. 5a, the E-1% CgF3LiNg can maintain low deposition

—_
V)
~
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overpotential and hold stable cycle for 700 h. For comparison, the
overpotential of the E-baseline begins to increase continuously after
cycling for 200 h, and occurs the short circuit only after 300 h. It shows
that the interface of Li metal under E-baseline is very unstable. After
long cycling, dead Li begins to accumulate, resulting in continuous in-
crease in the deposition overpotential. The increase of deposition
overpotential aggravates the unevenness of Li metal deposition, pro-
moting the growth of Li dendrites. And finally pierces the separator and
causes the short-circuit. The enlarged voltage curve of the cell cycled for
30 h, 230 h, 430 h shows that the E-1% CgF3LiN4 exhibits lower depo-
sition overpotential than E-baseline under different cycle times. And its
voltage curve also presents typical ‘wedge’ shape. As explored in related
reports, the mass transfer effect caused by the accumulation of dead Li
will change the shape of the voltage curve of symmetric cell from ‘peak’
to ‘arc’, which is consistent with the trend exhibited by the E-baseline
[41,42]. As current increases in 2 mA crn’z, E-1% CgF3LiN4 can still
maintain low deposition overpotential and stable cycle for 250 h, while
E-baseline occurs short circuit after cycling for 200 h (Fig. 5b). To
further verify the improvement of CgF3LiNy4, the Li-Cu half-cell can
intuitively see the loss of Li metal during each cycle, so it focuses more
on reflecting the barrier effect of the constructed interface on Li metal
and electrolyte. As shown in Fig. 5c, the E-baseline can maintain stable
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Li deposition and stripping process during the initial 60 cycles, and the coulombic efficiency gradually stabilizes at 93% after 100 cycles. When
coulombic efficiency begins to drop sharply after 80 cycles of cycling, focusing the capacity-voltage curves at cycle 20th, 80th and 100th, E-1%

which indicates that the SEI is extremely unstable. In other words, it CgF3LiN4 can keep low and stable deposition potential during long cycle
needs to consume lots of Li metal to rebuild CEI during each cycle. For (Fig. 5d). However, while the deposition potential of E-baseline in-
comparison, E-1% CgF3LiN4 can maintain stable for 200 cycles, and the creases along with cycling owing to the accumulation of dead, which is
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the same phenomenon as reflected in symmetrical cell (Fig. 5e). In
general, CgF3LiN4 can not only build a protective layer on the NCM 523
cathode, but also promote the construction of stable SEI layer on anode.
As result, addition of C¢F3LiN4 can ensure that the Li metal cell main-
tains longer cycle life while also having and higher cycle efficiency.
From the electrochemical performance difference between E-base-
line and E-1% CgFsLiN4 electrolyte, it can be supposed that E-1%
CeF3LiN4 can promote more uniform deposition of Li metal, reducing SEI
film fragmentation and improving cycle stability. In order to prove the
assumption, the SEM images cycled 50 and 100 cycles were carried out
in (Fig. 6a—d). The surface of Li metal of E-baseline exhibits uneven and
porous morphology after 10 cycles, and with serious cracks (Fig. 6a).
The uneven Li metal surface attributes to strong electric field at its tip,
which tends to attract more Li ions, leading to the continuous growth of
Li dendrites. After 50 cycles, a lot of dead Li generated by the fracture of
Li dendrites are distributed on the surface (Fig. 6b). Extensive Li den-
drites with needlelike structure can be clearly found, as a result of the
instability of SEI film formed under E-baseline electrolyte. In contrast,
the morphology of Li metal at E-1% CgF3LiN4 exhibits smooth tendency
after 10 cycles (Fig. 6¢), and no obvious cracks are found even after 50
cycles (Fig. 6d), which proves that E-1% CgF3LiN4 can promote the
smooth Li metal deposition. To further observe the deposition

(a) Total flux magnitude (mol/(m?*s)) (b)

Total flux magnitude {mol/(m”*s)) (C)
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morphology, AFM images were used to test the flatness of Li metal
(Fig. 6e—j). From the 3D height AFM images, the surface of Li metal at E-
1% CgF3LiN4 is much flatter than that of E-baseline. It can be seen from
the depth curve in line 1-3 that the surface of Li metal under E-baseline
is rugged, which intensifies Li dendrites [43]. Finally, to explore reason
why Li metal can be deposited smoothly under E-1% CgF3LiNy4, the FTIR
spectroscopy was to analyze composition of SEI film after 20 cycles.
There are two small characteristic peaks (1801 cm’l, 1770 cm’l)
belonging to polycarbonate species (ROCO2R) in E-baseline [44,45]. In
addition, the characteristic peaks at 1640 em ™}, 1309 cm ™}, 1174 ecm ™Y,
1075 cm™! and 850 cm™! of E-baseline electrolyte are stronger than
those in E-1% CgF3LiNy electrolyte, which are classified to ROCOLi
(Fig. 6k). The characteristic peaks distributed around 1300 cm! are
attributed to LipCOs. In the FTIR spectrum of E-1% CgF3LiN4, the pol-
ycarbonate species, ROCO-Li and Li;COs species can be clearly observed
(Fig. 61). In addition, the polycarbonate species of E-1% CgF3LiN4 are
richer than E-baseline. Moreover, it has been confirmed in previous
work that the ROCO4R in SEI has stronger viscosity and flexibility than
ROCO;Li. Therefore, the Li metal surface constructed by E-1% CgF3LiN4
with more polycarbonate species can alleviate the volume expansion in
Li metal deposition and stripping process [46]. As a result, it can greatly
reduce the fragmentation of SEI, and thus form uniform Li metal
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deposition.

In order to further understand how the difference between the Li
metal surfaces constructed by E-baseline and E-1% CgF3LiN4 will affect
the subsequent Li metal deposition, we use COMSOL software to simu-
late the entire Li metal deposition process. First, mark an area (5 pm x 5
pm) in the SEM image after 10 cycles, and use this area as the initial state
of Li metal deposition. Then the SEM image is converted into gray-scale
image information, and the shades of the colors in the gray-scale image
correspond to different heights. Therefore, it can be directly converted
into a 3D height spectrum and used as COMSOL simulation model
(Fig. S6). The uneven interface constructed by E-baseline results in un-
even distribution of Li ions inside the SEI, and its concentration at the tip
is very low, so it tends to attract more Li ions. When the same flow rate Li
ions is transferred, the Li ions near the tip is higher than other places,
thus aggravating the unevenness of Li metal deposition (Fig. 7a—c). By
comparison, the Li metal interface constructed after 10 cycles of E-1%
CeF3LiNy4 is smoother, so the Li ion flux in internal SEI is evenly
distributed, interface formed after the deposition is continued to be
smooth (Fig. 7d-f). Finally, in order to test the advantages of E-1%
CeF3LiNy in actual battery applications, we used high-loading NCM
cathode materials (loading of 16.12 mg/cm~2), and assembled pouch
batteries (total capacity of 153 mAh) for testing, the test current is 2.9
mA cm~2 (1C). Using a high-load NCM cathode material and E-1%
CgF3LiNy as the electrolyte, the pouch battery can still have capacity
retention rate of 81% after 25 cycles, while E-baseline is only 63%
(Fig. 7g). And from the capacity-voltage curve of the initial 5 cycles of E-
1% CeF3LiNy, its overpotential has basically not changed, indicating that
E-1% CgF3LiNy can still ensure the stability of its interface even in pouch
battery with high current density, thus promoting improved cycle per-
formance (Fig. 7h). The use of high loading NCM||Li pouch battery
under E-1% CgF3LiNy electrolyte can light up the LED light, which also
proves the feasibility of E-1% CgF3LiN4 electrolyte in practical applica-
tions (Fig. 7i) [47,48].

4. Conclusion

In this work, C¢F3LiN4 was used as an additive to successfully build
bi-electrode SEI film in Li metal-based battery. The characterization
results show that CgF3LiN4 built uniform protective film (7 nm) on NCM
523 particles to prevent the particles from being destroyed. The result of
XPS spectra shows that E-1% CgF3LiN4 can promote the increase of long
chain organic components and inorganic components (LiF) in CEL At the
same time, the Li metal surface constructed by E-1% CgF3LiN4 with more
polycarbonate species can greatly reduce the fragmentation of SEI, and
thus form a uniform deposition of Li metal in AFM images. As a result,
the use high loading NCM||Li pouch battery under E-1% CgF3LiN4
electrolyte exhibits 3.0 mAh cm ™2, and owns capacity retention rate of
81% after 25 cycles, while E-baseline is only 63%. Therefore, the
CgF3LiN4 addictive can enable the long-time cycling of high loading
NCM || Li metal-based batteries in practical application. Our work
verifies the importance of simultaneously stabilizing the cathode and
anode interfaces for the electrochemical performance of Li metal-based
batteries.
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