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Abstract

The solid electrolyte interphase (SEI) on the surface of lithium metal an-
odes can dictate the electrochemical performance of lithium-metal-based
batteries. Due to ineffective adhesion, the natural SEI layer may detach
from the lithium negative electrode during interface fluctuations, thereby
deteriorating the electrochemical performance of lithium-metal-based bat-
teries. This work introduces perfluorosiloxane coupling agents as interfacial
adhesion promoters, chemically bonding and physically entangling the
lithium metal with the SEI via the formation of Li-O-Si bonds with the in-
organic reactive groups anchoring to the Li substrate and the organic func-
tional groups participating in the formation of the SEI layer, thus binding
with its components. Lithium metal batteries modified with silane coupling
agents exhibit superior electrochemical performance compared to unmodi-
fied lithium metal batteries. The modified lithium metal battery retains a
specific capacity of 162 mAh/g after 200 cycles, while the unmodified lith-
ium metal battery only retains 140 mAh/g.
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1. Introduction

Lithium metal, with its ultra-high theoretical specific capacity (3860 mAh g™')
and low reduction potential (3.04 V versus the standard hydrogen electrode), is
widely regarded as the ideal anode material for next-generation batteries [1]-[3].

However, the intrinsic drawbacks of the lithium metal anode have significantly
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hindered its commercial adoption. Lithium metal is unstable in non-aqueous
solvents, leading to a continuous series of chemical reactions until a passivating
solid electrolyte interphase (SEI) layer forms on the lithium surface [4]. During
Li plating/stripping, this layer becomes mechanically unstable under substantial
interfacial fluctuations, constantly cracking and reforming, consuming the Li
anode and electrolyte [5]. More problematically, the primary hazard in lithi-
um-metal-based batteries arises from lithium dendrites that readily grow out of
cracks in the SEI layer [4]. Operando scanning transmission electron microscopy
observations reveal damage to the SEI layer during these interfacial fluctuations,
ultimately resulting in its detachment, leaving an unprotected electrode surface
exposed to the electrolyte [6]. The detachment of the SEI layer can be attributed
to the poor chemical adhesion between the SEI layer and the Li substrate. Clearly,
a stable and robust SEI layer is the determining factor for safe, dendrite-free, and
long-life lithium-metal-based batteries [7]. To optimize the SEI layer, researchers
have developed functional additives, novel solvents, and high-concentration elec-
trolytes to in situ adjust its composition and structure. Reinforcement of the SEI
layer can also be achieved through non-in situ coating protective layers, such as
Nafion [8], hexagonal boron nitride (h-BN) [9], LiF [10] [11], and LizPO, [12].
While various strategies have been proposed, these studies primarily focus on
the performance of the SEI layer itself, with minimal attention given to the bond
between the SEI layer and the Li metal substrate.

To address the challenge of the unstable SEI interface, herein we devise a sim-
ple yet effective approach to achieve SEI reinforcement through the use of per-
fluorodecyltrimethoxysilane (PFDTMS) coupling agent. The concept is inspired
by the remarkable ability of plant cell walls to selectively block the intrusion of
foreign bacteria while facilitating the infiltration of essential nutrients, demon-
strating a sophisticated balance between protection and permeability. Coating
lithium metal surfaces with PFDTSM serves a similar purpose, protecting the
metal lithium from electrolyte attack while still allowing for the free deposition
of lithium ions. Commercial Li foil is immersed in a solution containing PEDTMS,
whereupon the PFDTMS molecules spontaneously graft onto the Li foil surface,
assembling into a thin, dense layer designated as the PFDTMS layer. This layer
adheres firmly to the lithium metal surface via the formation of covalent bonds
(Li-O-Si) and connects to the SEI layer through a combination of chemical
bonding and physical entanglement effects. Consequently, an effective linkage
between the dissimilar materials of Li metal and the SEI layer is established. The
PFDTMS-modified lithium metal foil (PFDTMS-Li) exhibits enhanced adhesion
and remarkable electrochemical performance. PFDTMS-Li||PFDTMS-Li sym-
metric cells demonstrate stable cycling for 600 hours at a current density and
capacity density of 0.5 mA cm™ and 0.5 mAh cm™, respectively, whereas the Li||Li
cell gradually fails due to polarization after cycling to 300 hours. Even with high
mass loading of cathode material and limited electrolyte, the PEDTMS-Li[lithium
iron phosphate (LFP) full cell retains a capacity of 162 mAh g™ after 200 cycles at a
current density of 1 C.
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2. Experimental Section

Preparation of PFDTMS@Li Composite. In a typical synthesis procedure for
fabricating the PEDTMS@Li composite, lithium sheets were homogenously dis-
persed within a 20 mL solution containing 0.1 wt% of PEDTMS dissolved in tet-
rahydrofuran (THF). This dispersion was achieved through vigorous magnetic
stirring, which ensured a uniform distribution of the lithium within the
PFDTMS-THF mixture over the course of several minutes. Following the stirring
process, the resultant slurry underwent multiple rinses with fresh THF to remove
any unreacted or loosely bound components. To finalize the synthesis and remove
any residual solvents, the composite was subjected to a drying process. This in-
volved placing it in a vacuum oven at an elevated temperature of 333 k for a dura-
tion of 10 hours. This extended drying period under vacuum conditions facilitated
the complete evaporation of any remaining THF, ensuring that the final product
was free from solvent impurities and ready for further characterization or use.

Electrochemical Characterization. For the assembly of batteries intended for
electrochemical measurements, CR2025-type coin cells were employed. These
cells featured a polypropylene separator, specifically Celgard 2400, to prevent
direct contact between the anode and cathode while allowing for ion transport.
Electrochemical impedance spectroscopy (EIS) analyses were conducted using
an VMP-300 electrochemical workstation provided by Bio-Logic Co., Ltd. The
EIS tests spanned a frequency range from 100 mHz to 100 kHz, applying a per-
turbation amplitude of 5 mV across the electrodes. The electrochemical perfor-
mance evaluation was carried out using a NEWARE battery analyzer, a product
of NEWARE Technology Ltd. based in Shenzhen, China. Cycling stability was
assessed through stripping/plating experiments on symmetric cells. These cells
were constructed with lithium foil and PFDTMS@Li electrodes, and tested at
current densities of 0.5 mA cm™. Each cycle encompassed a specific capacity of
0.5 mAh cm™. The electrolyte utilized in these experiments comprised 1 M lith-
ium hexafluorophosphate (LiPFs) dissolved in a 3:7 (by volume) mixture of eth-
ylene carbonate (EC) and ethyl methyl carbonate (EMC) augmented with 1 wt %
lithium difluoro(oxalate)borate (LiDFOB) to improve electrolyte properties.

Materials Characterization. SEM Analysis: Sample morphology was assessed
using a Hitachi S-4800 SEM at 3 kV. Samples, including PFDTMS@Li and Li foil
electrodes, were transferred under inert conditions from a glovebox to the SEM
chamber via a custom-built, airtight transfer device to prevent exposure to am-
bient air. XPS Analysis: X-ray Photoelectron Spectroscopy (XPS) spectra were
acquired with a Thermo Scientific ESCALAB 250Xi instrument, employing
monochromated Al Ka radiation at 200 W. Samples were transferred in an ar-
gon atmosphere from the glovebox to the XPS measurement chamber through a

custom-designed, gastight XPS transfer chamber.

3. Results and Discussion

Figure 1(a) presents a schematic representation outlining the fabrication process
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of PEDTMS@Li, where 0.2 grams of PEDTMS is dissolved in a 10 milliliter solu-
tion of tetrahydrofuran (THF), subsequently immersing lithium foils within this
mixture for a duration of 10 hours. This allows for the autonomous deposition
of PFDTMS onto the lithium metal surface, with the underlying reaction mech-
anism detailed in Equation (1). A visual inspection of the altered lithium surface
reveals a notably smoother texture on the PEDTMS-treated lithium sheets, evi-
dencing the effective coupling and formation of a conformal coating layer by
PFDTMS on the metal lithium substrate. In Figure 1(b), the molecular archi-
tecture of PFDTMS is depicted, highlighting its rich content of C-F and Si-O
bonds. These bonds facilitate the creation of a robust solid electrolyte interphase
(SEI) on the lithium metal surface, replete with LiF and Si-O-containing com-
pounds, which collectively contribute to a marked improvement in the electro-
chemical performance characteristics of lithium-metal-based batteries. Lastly,
Figure 1(c) showcases the X-ray photoelectron spectroscopy (XPS) Si2p profile
of PFDTMS@Li, unambiguously exhibiting the presence of prominent Si-O
bonds [13]. This observation further consolidates the notion that PFDTMS has
indeed been successfully attached to the surface of the metal lithium, reinforcing

the strategic modification aimed at enhancing battery performance and stability.

a Li  PFDTMS

Passivation
b C |PFDTMS@Li
Sizp
Si-0
PFDTMS
105 102 99
Binding energy / eV

Figure 1. (a) Schematic illustration of the preparation of PFDTMS@LIi, (b)
Structural diagram of the PFDTMS molecule, (c) XPS Si2p spectrum of
PFDTMS@Li.

The effect of the PFDTMS interfacial modification layer was evaluated using
the cycling test of symmetric lithium cells. As shown in Figure 2(a), when cycled
at a current density and capacity density of 0.5 mA ¢cm™ and 0.5 mAh cm™ re-
spectively, bare Li experiences a rapid increase in polarization voltage after 300
hours, indicating polarization failure. Conversely, PFDTMS@Li only begins to
show a gradual increase in polarization voltage after being cycled for 600 hours,
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suggesting that the PFDTMS modification enhances the SEI on the lithium met-
al anode and suppresses side reactions at the interface. Figures 2(b)-(c) illustrate
the electrochemical impedance of Bare Li and PFDTMS@Li before and after cy-
cling, respectively. The initial impedance of the symmetric cell is higher for
PFDTMS@Li compared to uncoated Li due to the thicker interphase formed af-
ter PEDTMS coating. Nevertheless, because of the high-performance interfacial
layer, PFDTMS@LIi exhibits significantly reduced impedance after cycling com-
pared to bare Li. These results from the symmetric cell tests indicate that
PFDTMS, when used as an interfacial modifier for metallic lithium, effectively
inhibits side reactions between the lithium metal and the electrolyte, thereby

enhancing the interfacial stability of the lithium metal anode.
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Figure 2. (a) Time-voltage profiles of Li||Li symmetric cells, (b) Electrochemical impedance before
and after cycling of bare Li, (c) Electrochemical impedance before and after cycling of PFEDTMS@Li.

In order to better evaluate the functionality of PFDTMS as an interfacial mod-
ifier, we observed the deposition morphology on the lithium metal surface via
SEM to gauge the effectiveness of the interface modification. As depicted in Fig-
ures 3(a)-(b), which show the initial deposition morphologies of Bare Li and
PFDTMS@Li respectively, the surface of Bare Li exhibits numerous dendritic
formations, whereas PFDTMS@Li displays predominantly block-like lithium
deposits, indicating that the PFDTMS modification layer effectively suppresses
dendrite formation. With the aim to improve the performance of lithium metal
batteries, PFDTMS-modified lithium was utilized to assemble Li//NMC811 cells for
cycling tests. Figure 3(c) presents the first charge-discharge curves of Li//NMC811
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cells, revealing a higher coulombic efficiency for PEDTMS@Li compared to Bare
Li. This suggests that PFDTMS, serving as an interfacial modifier, can inhibit
side reactions between the electrolyte and the metal lithium, consistent with the
outcomes observed in symmetric cell testing. Figure 3(d) illustrates the cycling
performance of Li//NMC811 batteries, demonstrating improved performance by
PFDTMS@Li due to the protection it affords to the metal lithium. Collectively,
these results affirm that PFDTMS, when employed as an interfacial modifier
layer, effectively protects the lithium metal anode and enhances the cycling per-
formance of lithium metal batteries.
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Figure 3. (a) SEM image of Bare Li, (b) SEM image of PFDTMS®@Li, (c) Initial charge-discharge
curves of Li|[NMC811, (d) Cycling performance of Li||[NMC811.

4. Conclusion

In this work, we employed molecular self-assembly techniques to introduce a
PFDTMS modification layer on the surface of lithium metal anodes, effectively
suppressing side reactions between the metal lithium and electrolyte, thereby
significantly improving the cycling performance of lithium metal batteries. The
modified lithium metal battery retains a capacity retention rate of 82% after 200
cycles, while the unmodified lithium metal battery only retains 69%. Our re-
search offers the advantages of low cost and simplicity, presenting promising
application prospects and providing valuable insights for interfacial protection
strategies in other secondary battery systems. The high-energy-density batteries
we have fabricated are capable of minimizing the quantity of raw materials

needed for their production, which in turn leads to reduced manufacturing ex-
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penses. Additionally, by decreasing the environmental impact associated with
discarded batteries, these advancements promote a more sustainable approach to
energy storage and usage. This not only benefits the economy by lowering costs
but also addresses pressing environmental concerns related to waste manage-

ment and resource depletion, aligning well with global sustainability goals.
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