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Uncontrolled Li dendrite growth and low Coulombic efficiency
severely limit the practical applications of Li metal batteries (LMBs).
Establishing a stable solid electrolyte interphase (SEl) on the surface of
the Li metal anodes (LMAs) is considered to be an effective solution.
Here, we report an organic—inorganic composite SEI at the molecular
level that effectively reduces the consumption of electrolytes during
SEl formation. The artificial SEI layer consists of Li salts and poly-
thiourea. Upon cycling, inorganic components including LiF, Li,S and
LisN formed in situ, which enhanced the mechanical properties of the
composite SEl and guaranteed facile ion transport. In addition, poly-
thiourea itself carries abundant S atoms and polar groups, which can
be closely bonded with LMAs to suppress the growth of Li dendrites.
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The polar groups can also guide a uniform Li* flux and form a stable
structure over a long period of time. The employment of an organic—
inorganic SEl enables high efficiency Li deposition and stable cycling of
Ni-rich Li||LiNig §8C00.0sMNg 0302 (NCM88) cells. After 240 cycles, the
capacity retention rate is 83.5%. This work provides another artificial
SEI design with a promising building block.

Introduction

Lithium-ion batteries (LIBs) have been widely used in numerous
energy storage applications, such as portable electronics and
electric vehicles.® However, current LIBs are approaching their
capacity limits and cannot meet the market demand.*” There-
fore, next-generation electrode materials are highly demanded
and Li metal is considered as one of the most promising anodes
due to its high specific capacity (3860 mA h g~ ), low reduction
potential (—3.04 V wvs. SHE) and low weight density
(0.53 g cm ™). Nevertheless, the inherent dendrite growth
and consequent thermal runaway of a Li metal anode (LMA)
make LMBs difficult to be commercialized.**** In addition, the
LMA and the electrolyte spontaneously form a solid electrolyte
interphase (SEI) that is fragile during cycling. This will further
consume the active material and electrolyte, resulting in low
Coulombic efficiency and capacity degradation.'>** Therefore,
the LMA needs a more robust SEL*

Over the past few decades, there are two main strategies to
enhance an SEI. One is to modify the electrolyte system by
changing the electrolyte composition, including solvents,
lithium salts and additives, to in situ design an SEI with
improved stability.>*>* Another is to construct an artificial SEI
with specific components ex situ.>>* Compared with electrolyte
modification, the fabrication of an artificial SEI has certain
advantages due to its high controllability, which can passivate
the Li metal surface without consuming the limited electrolyte
and possess excellent mechanical properties.>* In particular,
the research on inorganic and organic composite artificial SEIs
has shown good application prospects.”®***¢ An inorganic layer
has high chemical stability in a LMA, but lacks flexibility. Hence
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compositing with an organic layer can effectively accommodate
the volume fluctuation. Moreover, the use of organic compo-
nents with self-healing ability will further enhance the lifetime
of an artificial SEL.">*” These benefits of an inorganic-organic
composite SEI layer make it an ideal SEI structure for LMAs.

Thiourea (THU), as an electrolyte additive, has been widely
studied.**** Due to the existence of an extended m bond
between the C=S double bond and two N atoms in its molec-
ular structure, THU is chemically inert towards LMA. In addi-
tion, the high adsorption energy of S atoms to Li can maintain
close contact with the Li surface and stabilize the electrode/
electrolyte interface. Park's group reported that thiourea as an
electrolyte additive could reduce the decomposition of lithium
salt and inhibit the growth of lithium dendrites to form a stable
SEI layer, thus effectively improving the cycle performance of
batteries. Afterwards, Zhou's group proposed a superfilling
leveling mechanism using thiourea again as the electrolyte
additive, which could promote Li growth on the concave surface
of Li metal, thus improving the battery performance at high
current densities and high capacities.*®* Thiourea directly used
as an electrolyte additives is a simpler way and also has some
advantages. However, as an organic small molecule additive,
the S atoms in thiourea combining with Li metal to prevent
contact between the electrode and the electrolyte may not be
sufficient; on the other hand, the mechanical strength of the SEI
formed spontaneously on the surface of Li metal is low, and it is
difficult to avoid a side reaction between electrolyte and Li
metal.

Herein, in this work, we synthesized a rigid and flexible
polythiourea (PSN) molecule containing benzene ring and
carbon chain structures. This was applied to LMBs as an arti-
ficial SEI. As shown in Fig. 1b, sulfur atoms in PSN can be
adsorbed onto the surface of Li metal, and nitrogen-containing
polar groups can effectively regulate the Li ion flux and influ-
ence the formation and distribution of lithium deposits, so that
lithium can be deposited uniformly,**** whereas in Fig. 1a, for
bare Li, due to the uneven distribution of Li ions, a large
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amount of lithium dendrites and dead lithium formed during
the cycling. In addition, PSN carries a large number of hydrogen
bonded thiourea units, which have a certain mechanical
strength and self-healing ability.** The content of inorganic
components in PSN films can be increased significantly by the
addition of lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI). During the cycling process, LiTFSI decomposes into
inorganic components (Li,S, Li;N and LiF), which enhances Li-
ion transport within the SEI and the Young's modulus of the
PSN film.** The excellent Li-ion transport and mechanical
properties are conducive to the formation of a non-dendritic
surface and reduce the serious side reaction between LMA
and electrolyte. Based on these characteristics, a LMA coated
with PSN can prolong the life of symmetrical Li cells at different
current densities. The full-cell tests using NCMS88 as the
cathode showed improved capacity retention and rate perfor-
mance. The capacity retention of Li|[NCM88 cells with PSN is
83.5% after 240 cycles, and its capacity is more than twice that
for cells using bare Li at a current density of 0.6 A g~ . It can be
seen that our work confirms the effectiveness of a polythiourea
coating on the stability of LMAs.

Experimental
Organic-inorganic composite SEI preparation

The synthesis procedure of PSN** was summarized in the ESL¥
10 mg PSN and 10 mg LiTFSI were dissolved in 2 mL DMF, and
fully stirred at room temperature for 5 h. 500 pm Li foil was
soaked in the solution for 30 s, quickly rotated in a spinning
machine at high speed, and then dried at 50 °C to obtain the
resulting Li foil covered with a uniform film.

Electrochemical measurements

Coin cells (CR2032) were assembled in an Ar-filled glove box
with H,O and O, <0.1 ppm. The electrolyte used in this study is
1.0 M LiPFg in EC-DEC-5%FEC. For each coin cell, 70 pL
electrolyte was added. The diameters of Li foil and the NCM88
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Fig. 1 Schematic illustration of the Li deposition behavior without (a) and with (b) an inorganic—organic artificial SEI protection layer.

10156 | J Mater. Chem. A, 2023, 11, 10155-10163

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3ta01343j

Published on 27 April 2023. Downloaded by Y unnan University on 8/18/2025 6:38:08 PM.

Communication

cathode electrode are 15.8 mm and 12 mm, respectively, and the
specific mass loading of NCM88 is around 10.5 mg cm™>. The
Li||[NCMS8S8 cells were cycled at 1C rate over the voltage range of
3-4.3 Vvs. Li/Li" at 30 °C. The electrochemical tests were con-
ducted using a Land CT2001A battery test system.

Characterization

A Hitachi 3400N environmental scanning electron microscope
was used to obtain top-view and cross-section images after Li
plating/stripping. The XPS analytical instrument is from Shi-
madzu, and the pre- and post-cycling coated lithium was
transferred directly from the argon glove box to the XPS system
for XPS analysis of Li metal surfaces. Time of flight secondary
ion mass spectrometry (TOF-SIMS) uses a Bi source analysis gun
(LMIG) as the analysis source, and the model is TOF SIMS 5. The
morphology and Young's modulus of Li metal were examined by
atomic force microscopy (MFP-3D).

Results and discussion

To construct a stable and robust SEI for a LMA, a polythiourea
(PSN) molecule containing a large number of hydrogen bonded
thiourea units as well as benzene rings and carbon chains was
synthesized by a mild-condition method of multi-component
polymerization (MCP) at room temperature.”” The synthesis
procedures are shown in Fig. S1 and S2.f The successful
synthesis of PSN was confirmed by their 'H and **C nuclear
magnetic resonance spectroscopy (NMR) spectra (Fig. 2a and
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S21). The characteristic -NH- peaks at 6 7.46/7.73 all emerged in
their '"H NMR spectra, and the characteristic C=S peaks at
6 183.0 emerged in their ">C NMR spectra, confirming the pol-
ythiourea structures. The chemical structure of PSN was
analyzed by Fourier transform infrared spectroscopy (FTIR).
The typical absorption peaks of C=S (1553.4 cm ™) and -NH-
(3238.7 cm ™) of PSN (Fig. 2b, green line) and the surface of
PSN-coated copper foil (Fig. 2b, orange line) were observed,
indicating that the composite film was successfully integrated
with the substrate. The typical gel permeation chromatography
(GPC) of PSN showed that M,, of the polymer was 7392 g mol *,
as shown in Fig. 2c.

To obtain the optimal composite film, mixed solutions of
lithium salts and PSN with different concentrations were
prepared, and the Li metal foil was soaked, spin coated and
dried to obtain Li-PSN@LIiTFSI. The electrochemical impedance
spectrum (EIS) of the symmetrical cell was measured to screen
out the concentration of the optimal proportion, as shown in
Fig. S3a and b.f When the weight percentages of PSN and
LiTFSI were both 0.5 wt%, the impedance was minimal.
Therefore, the composite film prepared with this concentration
was selected for subsequent cell testing and characterization.
The morphology of the artificial SEI was characterized by
scanning electron microscopy (SEM). The cross-sectional SEM
image shows that the LMA exhibits an excellent attachment
with the artificial SEI, and the thickness of the artificial SEI is
about 100 nm (Fig. 2d). In Fig. 2e, the SEM image of the top view
shows that the surface of Li metal coated with an artificial SEI
film is smooth except for the trace of spin coating, and there are
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Fig.2 (a) 'H NMR spectra of PSN, and the inset is the enlarged feature peak. (b) ATR-FTIR spectra of PSN and Cu-PSN@LITFSI. (c) GPC spectrum
of PSN. The SEM images of the cross section (d) and top view (e) of the coated copper surface (top left corner), and the elemental distributions

from EDS of PSN@LITFSI. (f) AFM image of the Li-PSN@LITFSI anode.
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no holes or cracks between the LMA and the artificial SEI. N, S
and F elements are uniformly distributed over the surface. The
morphology of the Li-PSN@LITFSI anode (Fig. 2f) was relatively
smooth as measured by using an atomic force microscope
(AFM). Due to the continuous protection of the artificial SEI, it is
favorable for long-term stable cycling.

In order to prove that an inorganic-organic artificial SEI can
effectively regulate Li deposition morphology and the role of
PSN@LITFSI in Li deposition, we deposited Li on Cu with
a capacity of 3.0 mA h em™ and a current density of 0.5 mA
cm 2. The morphology was characterized by SEM. From the top-
view and cross-sectional SEM images, it was observed that the
surface of the bare Li after depositing is uneven and has loose
lithium dendrites (Fig. 3a and b). In marked contrast, the
surface of Li metal coated with PSN@LITFSI is very dense and
smooth, which can also be seen from the cross section (Fig. 3c
and d). Lithium deposition behavior was further investigated by
in situ optics. At a current density of 0.4 mA cm™?, it was
deposited for 0, 40, and 80 min, respectively (Fig. S41). With the
increase of deposition time, Li-PSN@LITFSI can maintain
a dense dendrite-free Li morphology, while fluffy Li layers with
long dendrites were observed on the bare Li surface. In addi-
tion, the contact angle test shows that the contraction angle of
Li-PSN@LITFSI is much smaller than that of bare Li, indicating
that it has ultra-good electrolyte wettability, contributing to fast
Li-ion transport and uniform Li-ion flux (Fig. S5). Atomic force
microscopy (AFM) was used to measure the Young's modulus of
the Li-PSN@LITFSI surface before and after the cycle. The
average Young's modulus of the artificial coating after cycling is
3 GPa (Fig. 3f), which is higher than 2 GPa before the cycle
(Fig. 3e), indicating that the inorganic salts generated in situ
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during cycling can enhance the Young's modulus of the
composite film and help to inhibit the growth of lithium
dendrites.

To investigate the effect of an inorganic-organic artificial SEI
on the long-term stability of the LMA, Coulombic efficiency (CE)
of Li plating/stripping was evaluated using an Li||Cu cell at
a current density of 0.5 mA cm ™ ?; the amount of Li deposition is
0.5 mA h cm 2. It is observed that the half cell with an inor-
ganic-organic artificial SEI can stably cycle in the carbonate
solvent for 120 cycles with a higher CE of 95.7% (Fig. 4a), while
bare Cu exhibits only 40 cycles with a lower CE of 93.7%. When
the Li deposition amount is 1 mA h cm ™2, the inorganic-organic
artificial SEI exhibits a CE of 97.6% after 120 cycles. In
comparison, the CE of the reference sample is approximately
96.5% after 80 cycles (Fig. S6T). In addition, the voltage polari-
zation profiles of Li plating/stripping at 0.5 mA cm %/
0.5 mA h cm ™2 indicates that the half cell with a PSN protective
coating has lower polarization and higher stability (Fig. 4b and
S71). The Li||Li symmetric cell test was also used to compare the
stability of LMA cycling in bare Li and Li-PSN@LIiTFSI at
different current densities of 1 and 3 mA cm ™. As shown in
Fig. S8,f the symmetrical cells showed substantial voltage
fluctuation after only about 300 h in bare Li at a current density
of 1.0 mA cm %, which could be explained by the dendrite
formation after repeated lithium plating and stripping.
However, the symmetrical cells with a coated protective layer
demonstrate a flat voltage plateau over 800 hours, which is
greatly superior to bare Li. Moreover, when the current density
was increased to 3.0 mA cm ™2 (Fig. 4c), the gradually increasing
voltage hysteresis was observed for the symmetrical cells with
bare Li, which was attributed to the thickening of the SEI film

Fig. 3 (a) Top-view SEM image and (b) cross-sectional SEM image of Li metal deposited on Cu with a capacity of 3.0 mA h cm™2. (c) and (d) are

the top-view SEM image and side-view SEM image of Li metal deposited on a Cu-PSN@LITFSI substrate with a capacity of 3.0 mA h cm

-2

respectively. Young's modulus mapping from AFM of Li-PSN@LITFSI before cycling (e) and after cycling (f).
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Fig.4 (a) CEs of Li||Cu cells with or without PSN@LITFSI coating. (b) Voltage polarization profiles of Li||Cu cells at 0.5 mA cm~2 with a capacity of
0.5 MA h cm™2 in the 20th, 40th, 50th and 100th cycle. (c) Symmetric cells at 3 mA cm~2/1 mA h cm~2 using Li-PSN@LITFSI and bare Li
electrodes. (d) Tafel plots of symmetric cells and (e) the calculated exchange current densities (o). (f) Arrhenius plots of the reciprocal Rsg; and the

calculated activation energy for Li* diffusion through a SEI.

and the generation of dead Li during the plating/stripping
process. In contrast, symmetrical cells with a PSN@LITFSI
protective layer of Li still show a very smooth cycle after 350 h.
Similar results were obtained when using PSN@LITFSI-
protected thin Li (50 um) (Fig. S9t). Electrochemical studies
on the plating/stripping kinetics of lithium and charge transfer
in the SEI were carried out by using a symmetrical cell. The
exchange current density was adopted here to demonstrate the
charge transfer kinetics of the artificial SEI. The Tafel plots
(Fig. 4d) obtained from the intercept and the corresponding
exchange current density (jo, Fig. 4e) demonstrated that the j, of
Li-PSN@LITFSI (0.27 mA cm™?) is higher than that of bare Li
(0.08 mA cm™?). 1t indicates that its charge transfer ability is
superior to that of a self-forming SEI, which also reflects its
better interaction with deposited Li metal and is conducive to
more uniform Li deposition. Furthermore, the activation energy
for Li deposition was calculated from the variable-temperature-
controlled Rsgr values. By linearly fitting In(1/R) versus 1/T, as
shown in Fig. 4f, the apparent activation energies obtained from
the slopes are determined to be 0.49 and 0.58 eV for Li-
PSN@LITFSI and bare Li, respectively. These results indicated
that the Li-PSN@LITFSI anode is conducive to the rapid diffu-
sion of Li ions.

To further understand the changes of the chemical compo-
sition of the anode surface after 20 cycles, Li-PSN@LIiTFSI was
collected for X-ray photoelectron spectroscopy (XPS) analysis
after cycling. As shown in Fig. 5a, the peak of 688.6 eV in the F 1s
spectrum before cycling can be attributed to LiTFSI. The

This journal is © The Royal Society of Chemistry 2023

concentration of LiTFSI was significantly reduced after cycling
while the peak of LiF appeared at 684.6 eV, which means that
a considerable part of the LiTFSI was decomposed to LiF in situ
after cycling. In the N 1s spectrum, there were LiTFSI peaks at
399.5 eV before and after cycling, and the content decreased
after cycling. This also indicates that LiTFSI is partially
decomposed during cycling, which could be explained by the F
1s and S 2p spectra (Fig. 5b). After cycling, the peak of PSN could
also be observed at 400.5 eV, and the decomposition product
LizN appears at 397.0 eV, which was consistent with the results
of TOF-SIMS. In the S 2p spectrum, the peaks at 161.83 eV and
162.63 eV could be attributed to polythiourea (Fig. S107), while
the LiTFSI peak at 168.9 eV and the Li,SO, peak at 169.7 eV
could be attributed to the introduction of LiTFSI (Fig. 5c). After
cycling, the peaks of LiTFSI and PSN could still be observed,
confirming that the composite artificial SEI film still remained
on the surface of Li metal. In addition, there were additional Li—
S peaks at 160.0 eV, which could be attributed to Li-S bonding
of Li,S.*® This result for the S 2p spectrum was consistent with
that for TOF-SIMS below. The XPS results clearly showed that
the artificial SEI composite film still existed stably after cycling
and the surface was accompanied by the in situ formed inor-
ganic Li salts including Li,S, LiF, and Li;N from LiTFSI
decomposition.

To further study the change and stability of the artificial SEI
composite film after cycling, the symmetrical cell was measured
by TOF-SIMS before and after 20 cycles. The normalized to
maximum depth profile of various species of interest is shown

J. Mater. Chem. A, 2023, 11, 10155-10163 | 10159
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Fig. 5 XPS spectra of the Li-PSN@LITFSI surface before (upper part of a—c) and after 20 cycles (lower part of a—c). TOF-SIMS shows the spatial
distribution of the species that constitute the artificial SEl on the Li metal surface before and after the cycling. (d—f) show three-dimensional (3D)
views of the depth profile before cycling, and (h—j) show the depth profile of Li-PSN@LITFSI after cycling. (g and k) Determination of the chemical
composition and depth location of the SEI layer before (g) and after cycling (k).

according to the depth analysis curve of the Li metal anode in
negative ion mode. The depth profile curve of Li-PSN@LITFSI
before cycling is shown in Fig. 5g. The fragment peaks CSN ™,
Ce¢H;, and C,H™ of PSN can be observed, as well as the frag-
ment peaks TFSI™ and SNO, ~ ascribed to lithium salt. 3D views
of these sections are depicted in Fig. 5d-f, showing the structure
of the composite artificial SEI film. The signal of the fragment

10160 | J Mater. Chem. A, 2023, 11, 10155-10163

peak of PSN was still strong after cycling, indicating that the
composite film remained stable on the surface of Li metal after
the plating/stripping process (Fig. 5k). In addition, new species
such as LiF, Li,S and LiN~ were found to be distributed over
the entire composite film, mainly from the decomposition of
LiTFSI dispersed in the PSN membrane, which was consistent
with the results of XPS. This is also reflected in 3D

This journal is © The Royal Society of Chemistry 2023
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reconstructions of the TOF-SIMS data for CSN, LiF , Li,S, LIN
and C,F¢S,04N™ secondary ions, showing the distribution of
these species throughout the sputtering depth (Fig. 5h-j and
S11t). The formation of inorganic LiF, Li,S and Li;N is helpful
to improve the mechanical strength and ionic conductivity of
the artificial SEI composite film. This is also consistent with the
results of the AFM tests. Meanwhile, the improvement of
PSN@LITFSI for ionic conductivity of an LMA can also be
indirectly explained by comparing the EIS tests after cycling. In
particular, after cycling, the artificial SEI exhibits a much lower
interfacial resistance than bare Li (Fig. S121). In order to further
prove the stability of PSN, the characteristic peaks of PSN, -NH-
(3238.7 em™ ') and C=S (1553.4 cm™ ') were observed in the
infrared spectra of the copper coated surface after cycling
(Fig. S13t). Similarly, the morphology and the uniform distri-
bution of C, N, S and F elements in energy dispersion X-ray
spectra (EDS) after 20 (Fig. S14t) and 100 cycles (Fig. S15t)
also confirmed the stable existence of the composite films.
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The performance of Li-PSN@LITFSI in a LMB was further
investigated by coupling with an NCM88 cathode. As shown in
Fig. 6a, the Li-PSN@LITFSI||NCM88 cell could stably cycle for
more than 240 cycles with a capacity retention rate of 83.5% at
a current density of 1C. When using PSN@LITFSI-protected thin
Li (50 pm), it can be cycled for 260 cycles with a capacity
retention rate of 80% (Fig. S16T). In contrast, the capacity of
Li||NCMS8S8 cells gradually decreased, and the capacity retention
rate was 76% after 200 cycles. It is shown that PSN@LiITFSI plays
a crucial role in stabilizing the LMA. In addition, we also tested
the full cell with a thick protective film of about 200 nm. Due to
the high impedance, the capacity attenuated to 80% after only
180 cycles (Fig. S17a-ct). The charge/discharge voltage profiles
indicated lower polarization of Li-PSN@LITFSI as compared to
that of bare Li (Fig. 6¢ and S18a-ct). The NCM88 cells were also
cycled at different rates to study the effect of current density on
the Li anodes. More importantly, Li-PSN@LIiTFS has good
capacity retention even at high charge/discharge rates (Fig. 6b).
And the degree of overvoltage is lower than that of bare Li
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Fig. 6 Electrochemical performance of a Li||[NCM88 cell. (a) Discharge capacity and Coulombic efficiency of Li-PSN@LiTFSI||[NCM88, bare
Li|INCM88 performance at 1C. and (b) rate capability of full cells with Li-PSN@LITFSI and bare Li for cycling from 0.1 to 3C. (c) Voltage profiles of
bare Li and Li-PSN@LITFSI in the third circle. (d and e) Charge/discharge voltage profiles of NCM88 full cells with (d) bare Li and (e) Li-PSN@LITFSI

at various current densities.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. A, 2023, 11, 10155-10163 | 10161


https://doi.org/10.1039/d3ta01343j

Published on 27 April 2023. Downloaded by Y unnan University on 8/18/2025 6:38:08 PM.

Journal of Materials Chemistry A

(Fig. 6d, e and S19a-ct). The improved full cell performance
indicated that the polar groups in a polythiourea film could
even out the distribution of Li ions during plating/stripping and
promote fast ion transport kinetics.

Conclusion

In summary, a novel organic-inorganic composite SEI using
polythiourea was prepared on the LMA, generating inorganic
LizN, Li,S and LiF in situ. The lithium deposition was controlled
by improving the mechanical strength and ionic conductivity of
the composite film as well as homogenizing the Li ion flux,
showing uniform lithium deposition and stable electroplating/
stripping performance. Based on the above characteristics,
a symmetrical cell with a PSN composite film can stably cycle for
more than 800 h (1 mA cm ™%, 1 mA h cm™?). When the current
density increases to 3 mA cm ™2, the lifetime of Li-PSN@LiTFSI
is significantly extended about five times than in cells using
bare Li. In Li||[NCMS8S8 full cells, Li-PSN@LiTFSI cells performed
a stable cycling with a capacity retention of 83.5% after 240
cycles. At a high rate of 3C, its capacity is much higher than that
of bare Li. A comprehensive study and deep understanding of
the anode surface using AFM, XPS and TOF-SIMS show the
positive role of the composite film. This study provides a new
promising candidate for an artificial SEI towards a stable and
safe Li metal anode.
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