Open Access Article. Published on 25 January 2025. Downloaded on 8/3/2025 1:57:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy &

Environmental

Science

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2025, 18, 2610

Received 8th October 2024,
Accepted 20th January 2025

DOI: 10.1039/d4ee04617j

rsc.li/ees

Broader context

Pre-constructing a mortice-tenon joint
based-layer to achieve an enhanced SEI
on Li metal anodet
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Jiaging Cui,? Xinxin Yang,? Yuxin Tang, 2 ® Ruming Yuan,® Mingsen Zheng,
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For the efficient functioning of a lithium anode, it requires an ideal protective layer that has its own
strength and strongly bonds with the substrate. There are many studies on the strength of such
protective layers, but very few reports on their bond strength with substrates. Herein, a design strategy is
proposedto pre-construct a based-layer, where a mortice-tenon joint will connect with the subsequent
electrochemically active SEI that is set on a Li anode surface. Initially, a tightly bonded base layer was
chemically formed via the reaction between 2-(fluorosulfonyl)difluoroacetate (DFSA) and lithium metal.
Then, trimethylsilyl 2-(fluorosulphonyl)difluoroacetate (TSFSA), which has a similar molecular structure
and same functional group as DFSA, was introduced to act as an SEI enhancer that can preferentially
decompose over carbonate solvents under electrochemical conditions with the same components of
the based-layer, which was thus strengthened to form an enhanced SEI (ESEI). The Li anode with ESEI
achieved long cycling stability (> 2100 h) and a high average CE (99.2%) in carbonate electrolytes. Full
cells with high cathode loading (20.5 mg cm™2) also achieved high cycling stability at low N/P ratios,
demonstrating its great prospects for practical applications in high energy density Li-metal batteries.

Lithium metal batteries (LMBs) with high energy density are promising candidates for next-generation energy storage applications. However, the practical
application of lithium metal anodes (LMAs) in carbonate electrolytes is hindered by poor reversibility, which is primarily caused by the instability of the solid
electrolyte interphase (SEI). An ideal SEI must meet two determining factors: structural strength (ionic conductivity, mechanical stability, and low diffusion
barrier) and a strong bond with the substrate. There are many studies on the former, but very few reports on the latter. Here, a design strategy is proposed to

pre-construct a based-layer, where a mortise-tenon joint that connects with the subsequent electrochemically active SEI has been set on a LMA. The introduced

SEI enhancer preferentially decomposed over carbonate solvents under electrochemical conditions with the same components as those of the based-layer,
which was thus strengthened to form an enhanced SEI (ESEI). The ESEI achieved high lithium reversibility and extended cycling life. This research not only
provides insights into addressing challenges associated with lithium dendrite growth in carbonate electrolytes but also contributes to the improvement of the
practical full cells, demonstrating great potential for the application of high-energy-density LMBs.
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Introduction

Lithium metal anodes (LMAs) are considered the most ideal
anode materials for electrochemical energy storage owing to their
extremely high theoretical specific capacity (3860 mA h ¢~ ') and
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battery cathodes, such as Li iron phosphate (LFP) and LiNi,g-
C0p.1Mn, 10, (NCM811).>” However, the high activity of Li metal
in conventional carbonate electrolytes usually leads to the growth
of Li dendrites and continuous reaction between the active Li and
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the electrolyte, resulting in a short cycle life of Li-metal batteries
(LMBSs), which severely limits the further application of LMBs.* ™!

Solid electrolyte interphase (SEI) acts as a protective layer
between lithium and the electrolyte by terminating undesirable
reactions and ensuring the uniform plating of lithium.">™*
However, the SEI obtained from the in situ reaction with
lithium in conventional carbonate electrolytes is heterogeneous
and mechanically unstable, which negatively impacts the struc-
ture and composition of SEI Incorporating inorganic compo-
nents into SEI can effectively balance the ionic conductivity,
diffusion barriers, and surface energy at the lithium metal
interface, thereby facilitating the smooth stripping of lithium.
LiF is widely recognized as an effective way to improve the
homogeneity of SEI and regulate the lithium-ion flux.'>"®
However, monolayer SEI consisting only of small LiF
particles has certain drawbacks, such as it is not compact,
the connectivity between its particles is poor, and LiF exhibits
low ionic conductivity (10~ **~10""* S em™")."” Other types of
inorganic components (e.g:, Li,S, LizN, etc.) exhibit high ionic
conductivity of 10~ *-107>S cm ™, excellent lithium affinity,
and effective dendrite inhibition. SEI containing these species
exhibits high Li" flux, thereby ensuring uniform striping
of lithium. Therefore, this will further improve the compat-
ibility of LMAs and enhance the electrochemical performance
of LMBs."’

In recent years, most strategies to construct stable LMAs
have been focused on electrolytes,”*>* additives,**>® and arti-
ficial SEI designs.">?”*° However, the interactions between the
electrochemically formed SEI and the lithium metal via con-
ventional electrolyte engineering are weak owing to the
presence of natural passivation layers (LiOH, Li,CO;, and
Li,0). The composition, homogeneity, and mechanical stability
of SEI cannot be guaranteed, which will exacerbate SEI cracking
and excessive depletion of the beneficial constituents during
the cycling process.*' Although SEIs artificially constructed via
a chemical reaction have a stronger binding force, SEIs that are
pre-constructed exclusively via immersion and other methods
are uncontrollable and face difficulty in resisting the structural
damage caused by large volume changes.*>*? In addition,
most of the artificial SEI design processes are cumbersome
and increase the complexity of the process, which is
unfavorable.** Therefore, to achieve homogeneous and strongly
mechanically stable SEI, it is necessary to adopt an incremental
and controllable nanoscale treatment for the SEI composition
and structure. However, there is currently no easy and efficient
way to construct such ordered and controllable SEI at LMAs.

At least two basic requirements determine the performance
of SEI: first, its own strength should be high, and second, it
should have a strong bond with the substrate. There are several
works on the former, but very few reports on the latter. In this
study, we propose an enhanced SEI via pre-constructing a
based-layer where the mortice and tenon joint that connects
the subsequent SEI was set on a Li metal anode in carbonate
electrolytes (Fig. 1). Specifically, the Li metal surface was pre-
treated with 2-(fluorosulphonyl)difluoroacetic acid (DFSA) to
in situ generate lithium fluosulfonyl difluoroacetate (DFSA-LAi)
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Fig.1 Schematic of the enhanced SEI (ESEI) fabrication process.

as a tightly bonded based-layer, firstly. Then, trimethylsilyl
2-(fluorosulphonyl)difluoroacetate (TSFSA) which contains a
similar component was introduced to act as an SEI enhancer
to strengthen the mortice-tenon joint based-layer. During sub-
sequent electrochemical reactions, TSFSA decomposes prefer-
entially over carbonate solvents with the same components
(LiF, Li,O, and Li,S), which can perfectly integrate with the
based-layer to form enhanced SEI (ESEI). Under this strategy,
LMAs achieved over 2100 hours of long cycling and an average
coulombic efficiency of 99.2% in the carbonate electrolyte.
Moreover, this strategy proved effective in carbonate electro-
Iytes without FEC. Finally, this strategy demonstrated signifi-
cantly improved rate performance, cycle stability, capacity
retention, and capacity utilization in full cells and showed
great prospects for practical applications in high-energy-
density Li-metal batteries.

Results and discussion
Design mechanism of the based-layer and SEI enhancer

The choice of sulfonyl fluoride group as an SEI enhancer is
owing to its typically low reduction stability, and the elements
F, O, and S within the group can help construct an inorganic
SEL Density-functional theory (DFT) calculations were used to
calculate the LUMO and HOMO energy levels of the relevant
molecules (Fig. 2(a) and Fig. S1, ESIt). The LUMO energy levels
of sulfonyl fluoride group molecules (DFSA-Li for —1.529 eV
and TSFSA for —1.541 eV) are lower than those of the salt (LiPFs
for —1.441 eV) and solvents (EC for 1.067 eV, EMC for 1.196 eV,
and FEC for 0.517 eV), indicating that the sulfonyl fluoride
group molecules are more readily reduced to participate in the
construction of the inner SEI layer.**® Therefore, with the
stepwise action of the based-layer (DFSA-Li) and SEI enhancer
(TSFSA), the high LUMO energy levels of the undesirable
solvents (EC and EMC) theoretically make it difficult for them
to participate in the outer SEI construction, while the limited
involvement of favorable solvent (FEC) and salts (LiPFs) in the
outer SEI construction is acceptable as they act as F donors.?”®
The further reconstruction of DFSA-Li was studied using ab
initio molecular dynamics (AIMD) simulations based on DFT.
As shown in Fig. 2(b), DFSA-Li molecules rapidly release F
atoms within 100 fs to form LiF and reconstruct within 500 fs,
with O and S atoms, further reacting with Li atoms. Thus, the
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(a) LUMO energy level diagrams of the investigated salt (LiPFg), solvents (EC, EMC and FEC), DFSA-Li and TSFSA. (b) Ab initio molecular dynamics

simulations with DFSA-Li on the Li (110) surface. Photographs of (c) bare-Li and (d) DFSA-LI. (e) FT-IR spectra of the based-layer, DFSA and bare-Li. XPS

spectra of (f) C 1s, (g) F 1s and (h) S 2p for the based-layer.

quick reconstruction kinetics of DFSA-Li molecules can fast
construct the mortice-tenon joint-based layer that will be a
foundation of the enhanced SEI.

Construction and characteristics of the based-layer and SEI
enhancer

The DFSA-Li based-layer on Li metal was constructed through a
spontaneous chemical reaction between DFSA and the Li metal.
In this reaction, the carboxylic acid group in DFSA underwent a
displacement reaction with Li to form DFSA-LI. As the concen-
tration of the reactants increased, the Li surface changed from
a shiny metallic color to black and formed a film-like structure
(Fig. 2(c), (d) and Fig. S2, S3, ESIt). X-ray diffraction (XRD) was
used to characterize the crystalline structure of Li metal
(Fig. S4, ESIt). The intensity of the characteristic peaks of the
(211) and (220) planes decreased after the reaction, indicating

2612 | Energy Environ. Sci., 2025, 18, 2610-2621

that DFSA preferentially reacted with Li of these two planes and
reduced the likelihood of Li dendrite growth.**™*' Scanning
electron microscopy (SEM) images and elemental mapping
images reveal the formation of the based-layer (Fig. S5, ESIT).
The signals of F and S elements on the Li surface originate from
the reaction products of DFSA. The thickness of the based-layer
was difficult to observe on the cross-section views, indicating
good compatibility and binding forces with Li metal (Fig. S6
and S7, ESIt). Therefore, DFSA-Li can be so tightly bound to Li
that it can blend seamlessly with it. The Fourier Transform
infrared spectroscopy (FT-IR) compared the functional groups
on the Li surface (Fig. 2(e)). The peak corresponding to C—0O
vibration on the surface of Li shifted from 1773.1 cm ™" (DFSA)
to 1673.2 cm ™' (DFSA-Li) after the reaction, indicating the
formation of lithium carboxylate salts. X-ray photoelectron
spectroscopy (XPS) was used to study the chemical composition

This journal is © The Royal Society of Chemistry 2025
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of the based-layer (Fig. 2(f)-(h)). The high-resolution C 1s
spectrum shows peaks at 291.1 eV and 289.9 eV assigned to
C-F and O=—C-O, revealing the retention of the DFSA
structure.” Peaks corresponding to LiF and Li-S in the F 1s
and S 2p spectra indicate that DFSA-Li has begun to react with
Li to form the desired inorganic SEI components. These results
further confirm the formation of the based-layer on the Li
metal surface after DFSA treatment.

It is not enough to have only the based-layer for an ideal SEI
as its film-like structure cannot completely prevent the pene-
tration of undesirable solvents. Next, we designed to further
construct enhanced SEI through electrochemical in situ decom-
position of the mortise-tenon joint. In order to achieve
good bonding and compatibility with the based-layer, the
selection of the decomposed components is of great signifi-
cance. The trimethylsilyl 2-(fluorosulphonyl)difluoroacetate
(TSFSA), which has a similar molecular structure and the same
functional group as DFSA, was chosen as a functional molecule
to achieve this aim. A solution of 1 M LiPF, in FEC/EMC (BE)
was selected as the basic electrolyte for the study due to its good
fundamental performance in carbonate electrolytes.”> We
assembled Li||Cu cells for cyclic voltammetry (CV) tests to
verify the role of TSFSA in the subsequent electrochemical
progressive reactions (Fig. 3(a) and Fig. S8-S9, ESIT). Compared
to BE, TSFSA showed reduction peaks at about 2.0 Vand 1.5V,
preferentially decomposing them compared to the other com-
ponents in the electrolyte, which contributed to the strengthen-
ing of the based-layer. Moreover, the electrolyte of TSFSA also
provided a higher capacity during the stripping phase of Li
(forward scan of CV), exhibiting a larger peak area. In addition,
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CE tests and plating overpotential curves of Li||Cu cells con-
taining the TSFSA electrolyte at a current density of 1 mA cm™>
and a capacity of 1 mA h ecm™? also confirmed the high
efficiency of the SEI formed from the electrochemical decom-
position of unique sulfonyl fluoride groups as described in
Fig. S10 and S11 (ESIt). The SEI incrementally induced by
TSFSA achieved a higher CE, long-cycle stability, and lower
plating overpotential. The dosage of DFSA and TSFSA was also
optimized. The amounts of DFSA and TSFSA were also opti-
mized in order to further select the appropriate reaction
concentration for the formed ESEIL The ability to construct
a based-layer with different DFSA reaction concentrations
(1 vol% to 6 vol%) was evaluated using Li||Li symmetric cells
(Fig. S12, ESI}). The cell performance of DFSA-treated Li anode
exhibited significant improvement. Specifically, a DFSA reaction
concentration of 4 vol% provided the best based-layer, which has
the lowest overpotential and the longest cycling stability for
Li||Li cells. Li||Cu cells at this concentration also exhibited the
lowest nucleation and growth overpotentials (Fig. S13, ESIYt).
Fig. S14 (ESIt) also shows the CE of different TSFSA concentra-
tions. The electrolyte with 2 vol% TSFSA demonstrated higher
cycle stability (over 180 cycles) and CE. Therefore, the optimal
DFSA reaction concentration and TSFSA concentration were
determined, and the gradual modulation and construction of
these two enhancers will ultimately result in an excellent ESEL

Plating morphologies and electrochemical performance of the
ESEI

The long-term cycle stability of Li||Li symmetric cells was
used to verify the effectiveness of ESEL At a current density of
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1 mA cm™? and a capacity of 1 mA h cm™?, the cell with a
conventional carbonate electrolyte failed after 530 h of cycling.
Although the reliance on based-layer significantly improves the
cycling stability of the battery (from 530 h to 1380 h), it is still
insufficient to achieve the goal of long-cycle LMAs. Impress-
ively, after the electrochemical incremental reaction process,
ESEI enhanced the stability of Li plating/stripping, increasing
the cycle life to 2100 h (Fig. 3(b)). On one hand, the based-layer
and SEI enhancer (TSFSA) dominated the construction of the
SEI and prevented the involvement of the solvents. On the other
hand, the uniform and efficient SEI blocked the formation of
dead Li species, which helped maintain the stable overpotential
during cycling and avoided rapid battery failure (Fig. 3(c)).**
ESEI also achieved better cycle stability at higher current
densities and capacities (Fig. 3(d)). Compared to BE (100 h)
and based-layer (350 h), ESEI showed excellent adaptability at
high current densities with a cycling time of more than 450 h
at 3 mA cm > and 3 mA h em™> Further combined with
previous literature reports, it was found that Li||Li symmetric
cells exhibited longer cycle life than other reported carbonate
electrolyte cells, confirming the feasibility of the ESEI
design (Fig. 3(e) and Table S1, ESI{). When increasing the
current density (from 0.5 mA cm™> to 8 mA ¢cm™?), the sym-
metric cells with ESEI exhibited lower Li plating/stripping
overpotential, demonstrating the excellent interfacial perfor-
mance provided by the uniform and efficient SEL.** In contrast,
bare Li anodes in BE electrolyte showed higher overpotential,
and the overpotential continued to increase even when the
current density was returned to 0.5 mA cm™> (Fig. 3(f) and
Fig. S15, ESIY).

Compared to the severe excess of lithium in Li||Li symmetric
cells, the CE of Li||Cu half-cells testing can more intuitively
reflect the reversibility of Li metal. At 1 mA cm > and
1 mA h cm™?, the ESEI anode exhibited the highest CE and
cycle stability (98.1%, 200 cycles), showing significant improve-
ment compared to BE (91.0%, 80 cycles) and based-layer
(95.45%, 200 cycles) (Fig. 3(g) and Fig. S16, ESIt). Further
increasing the current density to 2 and 3 mA cm™?, the half-
cell with ESEI still exhibits higher coulombic efficiency
improvement and longer cycle life compared to the BE anode
(Fig. S17, ESIY). Furthermore, an average CE of up to 99.2% was
obtained from the Aurbach method indicating that the ESEI
suppresses excessive consumption of the active Li (Fig. 3(h)).*>
To demonstrate the general applicability of this strategy to
highly reactive carbonate electrolytes, stability and CE tests
were conducted in commercial electrolytes. At a current density
of 1 mA cm ™2 and a capacity of 1 mA h em ™2, Li||Li symmetric
cells and Li||Cu half cells achieved 800 hours of cycle stability
(BE < 150 h) and an average CE of 98.53% (0.5 mA cm °) as
shown in Fig. S18 and S19 (ESIY), significantly improving the
reversibility of Li anodes in FEC-free carbonate electrolytes.
These results indicate that this mortise-tenon joint enhance-
ment of SEI is designed to have excellent LMAs compatibility,
which is inextricably linked to the structure and composition of
the ESEI, the modulation of lithium plating morphology by the
ESEI, and the excellent Li" transfer kinetics.

2614 | Energy Environ. Sci., 2025, 18, 2610-2621
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In order to investigate the wettability of different Li metal
anode SEIs in carbonate electrolytes, contact angle tests were
performed (Fig. S20, ESIT). Bare Li exhibited the poorest wett-
ability in the BE electrolyte (34.2°). The construction of the
based-layer on the Li surface improved wettability (14.47°),
likely due to the stronger affinity between the lithium organic
carboxylate and F functional polar groups in DFSA-Li and FEC.
When TSFSA was introduced into the electrolyte, the pre-ESEI
achieved optimal electrolyte interface wettability (10.71°). The
improved wettability improved the distribution of Li" at the
anode interface, reduced interfacial polarization and facilitated
the subsequent electrochemical construction of the ESEL*®
This would promote the modulation of Li" plating morphology
by ESEI. Thus, SEM and AFM images can visually observe the
microstructure of the different Li anodes after cycling, confirm-
ing the advantages of the ESEL. As shown in Fig. S21 (ESIY), the
anode surface in BE exhibited severe cracking after the 10th
stripping in the Li||Li symmetric cells, allowing the electrolyte
to quickly enter these cracks and form new weak SEI. The
based-layer constructed a first protective film, resulting in very
few cracks during cycling. However, the ESEI showed no cracks
after 10 cycles, demonstrating that the TSFSA can strengthen
the original based-layer to form the so-called ESEI. High-
resolution atomic force microscopy (AFM) was used to compare
the surface roughness of the metallic lithium anode at this
stage. The significant surface undulations and a high root-
mean-square roughness (R, = 718.0 nm) indicated the uneven
surface of BE. Although the based-layer effectively mitigated
this issue (Rq = 217 nm), the uneven surface still resulted in
high localized currents, promoting the dendritic growth on the
lithium surface. In contrast, the enhanced SEI greatly improved
the surface smoothness (Rq = 30.1 nm), effectively preventing
the high local current (Fig. S21 and Table S2, ESIt). The
heterogeneous Young’s modulus distribution in BE is also in
stark contrast to the based-layer and ESEI, indicating that the
SEI in BE undergoes repeated fracture-regeneration cycles,
leading to continuous consumption of active lithium and
electrolyte decomposition. The uniform Young’s modulus dis-
tribution of ESEI demonstrates the stability of the SEI, laying a
solid foundation for subsequent stable cycling (Fig. S22, ESIT).
After 50 cycles, the anode surface in BE turned from a shiny
metallic color to black, and the Li metal surface became loose
and rough due to the formation of porous Li dendrites and
dead Li. With the improvement of the based-layer, the black-
ened areas and Li dendrites on the anode surface were reduced,
but loose gaps remained. In stark contrast, the incrementally
formed ESEI anode surface retained a shiny metallic color
without noticeable Li dendrites or cracks, indicating uniform
Li plating/stripping (Fig. 4(a) and Fig. S23, ESI}).

To visually observe the effects of the enhanced SEI on Li
striping behavior, in situ electrochemical optical microscopy
studies were conducted using the optical dual-electrode cells
assembled with quartz and polytetrafluoroethylene (Fig. S25,
ESIt). As shown in Fig. 4(b), the optical images were captured
at 0 min, 2 min, 10 min and 30 min under a current
density of 2 mA em™?, and dynamic videos are also included

This journal is © The Royal Society of Chemistry 2025
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SAED pattern of BE. (g) HRTEM image of BE. (h) SAED pattern of ESEL. (i) HRTEM image of ESEI. (j)—(n) HAADF-STEM image and elemental mapping of ESEI.

in Movies 1-2 (ESIt). BE exhibited fast dendrite growth within
the first 2 minutes of plating, with extensive disordered growth
as the striping continued. In contrast, the surface of ESEI
showed no significant dendrite growth within 30 minutes and
exhibited a smooth and dense morphology with uniformly large
plating thicknesses throughout the striping process. These
results indicate that the enhanced SEI has a strong affinity
for lithium metal and exhibits excellent plating/stripping sta-
bility under harsh conditions.

Structure and components characterization of ESEI

To correlate the structure-activity relationship of the advanced
LMA with ESEI, we conducted an analysis of the structure and
composition of both BE and ESEL

This journal is © The Royal Society of Chemistry 2025

First, owing to the electron beam sensitivity of Li metal and
SEI, we used cryogenic transmission electron microscopy (Cryo-
TEM) to analyze the morphology and composition of the inter-
face. Given the unique method of ESEI construction, thin layers
of Li surface after five cycles were scraped off and dispersed
onto a copper grid. A morphology comparison showed that
post-cycle BE presented a rigid appearance with multiple
spikes, while the Li metal induced by ESEI exhibited a flexible
appearance with smooth particles, which was consistent
with the results from the above SEM images (Fig. 4(c)-(e)).
Regarding internal composition, the SEI films of BE contained
a relatively high amount of amorphous organic components
and a lower amount of beneficial inorganic components such
as LiF, whereas ESEI was primarily composed of inorganic
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components, which were uniformly distributed (Fig. 4(f)—(i) and
Fig. S26, S27, ESI{). HAADF-STEM and elemental mapping
further highlighted the compositional differences in SEI
between the two samples. Specifically, the contents of C and
O elements in BE far exceeded that of F, and the distribution of
F was highly uneven, which is detrimental to uniform Li
plating. In contrast, the uniform distribution of C, O, F and S
elements in ESEI also confirmed the high content of inorganic
components (Fig. 4(j)-(n) and Fig. S28, ESIt), which can enable
the effective migration of Li" and achieve rapid and uniform
plating.

Regrettably, due to the limitations of the sample preparation
method, it was difficult to observe the thickness of the SEI
using Cryo-TEM. To further analyze the composition of the SEI
at different depths, the samples were analyzed by XPS after five
cycles at a current density of 1 mA cm 2. As shown in Fig. 5(a)
and (b), common species are present in all systems at C 1s,
including C-C (284.8 eV), C-O (286.2 eV), C=0 (289.3 eV), and
O—C-0 (289.9 eV). For the conventional SEI formed from the
BE electrolyte, the C 1s spectra show a high proportion of C-F
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(291.1 eV) and C-O species with increasing sputtering depth,
suggesting that a large number of organic phases will be
present in the SEI formed from the massive decomposition of
FEC and EMC solvents. Interestingly, ESEI only exhibited weak
P-F (687.7 eV) at 0 nm in the F 1s spectrum and then
disappeared at 20 nm, replaced by the presence of a large
amount of LiF (684.8 eV), demonstrating that the 0-20 nm
region consisted of an organic-inorganic hybrid phase and the
inner layer was the inorganic phase.”” The O 1s spectrum
showed S=—O species, confirming the continuous decomposi-
tion of the sulfonyl fluoride groups to create a superior SEL.*?
Meanwhile, compared to the SEI of the BE electrolyte, the ESEI
contains more abundant Li,O (528.1 eV) species. The increas-
ing proportion of the Li,O species, which have recently been
recognized as a key factor in enhancing CE, is beneficial for
achieving high-performance LMBs."”*® The S 2p spectrum
displayed similar characteristics to those of F and O, S mainly
existing as Li,S species present throughout the ESEI, whereas
the undecomposed sulfonyl fluoride groups are mainly con-
centrated in the outer layer of the ESEI, which will unite the
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Fig. 5 XPS depth characterization of C 1s, F 1s and O 1s spectra for (a) BE and (b) ESEI after 5 cycles. Elemental ratios at different depths for (c) BE and
(d) ESEI. 3D TOF-SIMS sputtering images of selected secondary ion fragments for (e) BE of LiF,~, C,HzO ™ and C,F~ and (f) ESEI of LiF,™, CoHsO ™, CoF

and S™.
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other components as a resilient organic outer layer (Fig. S29,
ESIY). The distribution of species at different sputtering depths
was further investigated (Fig. 5(c) and (d)). The C elemental
content in ESEI decreased dramatically (from 19.1% to 5.8%),
inhibiting the unfavorable decomposition of the free solvent.
The elemental F content increased significantly (from 12.1% to
30.8%) under the combined effect of based-layer and TSFSA.
Thus, ESEI consists of an organic-inorganic hybrid outer layer,
enriched with inorganic phase inner layers at grain boundaries.
The inorganic components, such as LiF, Li,O, and Li,S, of the
SEI not only enhance its own mechanical strength and inhibit
the penetration of dendritic dendrites but also increase the Li*
transport flux and promote highly reversible Li plating/strip-
ping. Time-of-flight secondary ion mass spectrometry (TOF-
SIMs) was used to further study the spatial composition of
the SEI As shown in Fig. 5(e), (f) and Fig. S30-S32 (ESIY), the 3D
reconstructed sputtering images indicated that the organic
phase fragments C,H;O  and C,F  in ESEI were sparsely
distributed only at the top, whereas the inorganic phase frag-
ments LiF,” and S~ were densely and uniformly distributed. In
sharp contrast, the SEI derived from BE was significantly
thicker than that derived from ESEI, with both organic and
inorganic phases uniformly distributed throughout the entire
SEIL This type of SEI cannot provide effective buffering during
Li plating/stripping, leading to SEI rupture and further degra-
dation of the electrode.*® Additionally, such a thick SEI is
unfavorable for Li-ion transport and increases polarization.
Therefore, the ESEI can induce the formation of a thin and
dense SEI with an outer organic-inorganic hybrid phase and
inner inorganic structure. Specifically, the external organic

View Article Online
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polymer can provide good volumetric buffering during cycling,
while the internal LiF and Li,O regulate the flux of Li ions,
inducing uniform lithium striping. Li,S enhances the ionic
conductivity of the SEI layer, facilitating the adhesion of SEI
components.

Dynamics characterization of the ESEI

Electrochemical impedance spectroscopy (EIS) measurements
were conducted to further characterize the interface features of
the electrodes, and highlight the advantages of ESEI for Li"
transport. In all three cells, BE exhibited the highest R;,
(including SEI and charge transfer impedance) and the fresh
electrodes started to get damaged. During cycling, the R;, of all
cells decreased, while that of ESEI exhibited the lowest R;, after
50 cycles (Fig. 6(a)-(c) and Fig. S33, ESIt). This phenomenon
was attributed to the functions of the sulfonyl fluoride group at
the electrode-electrolyte interface, while the high ionic con-
ductivity of Li,S in ESEI accelerated the transport of Li*.”° Given
that the interfacial properties have thus changed, the reaction
kinetics were improved as well. The fitting results of the
exchange current density also supported this conclusion.
The j, values obtained from the Tafel equations indicate the
speed of charge transfer processes on the electrodes. The j,
value of ESEI (1.262 mA cm >) was higher than that of BE
(0.446 mA cm™?) and based-layer (0.877 mA cm™?), implying
that the ESEI had faster charge transfer kinetics and higher
stability of plating/stripping (Fig. 6(d)). EIS measurements
conducted at different temperatures were used to study the
effect of Li plating activation energy and electrochemical
kinetics at the electrode/electrolyte interface. Interestingly,
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the activation energy (E,) of pre-ESEI (60.11 k] mol™") was
significantly higher than that of BE (48.00 k] mol ") in the
unactivated state (Fig. S34, ESIT). After two cycles of activation,
the electrochemical reactions completed the construction of
the ESEL At this point, the E, of BE increased to 61.36 k] mol "
due to the slow Li* transfer kinetics resulting from the poor SEI
of BE. Although the construction of pre-ESEI was affected due
to the initial reaction, the final ESEI formed through the
incremental construction exhibited a lower activation energy
(56.45 k] mol "), which showed a lower Li" diffusion energy

View Article Online
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barrier (Fig. 6(e), (f), Fig. S35, S36 and Tables S3-S6, ESIt). The
change in the activation energy reflects the influence of SEI on
the energy barrier for Li plating. This demonstrated the strong
affinity of the SEI enhanced by ESEI for Li metal.

Electrochemical performance of the high-loading full cells

Based on the excellence of ESEI in LMAs, Li||LFP full cells were
assembled using a highly loaded LFP (20.5 mg cm %) as the
cathode to evaluate the effectiveness of ESEI in real lithium
metal batteries (LMBs) systems. Fig. 7(a) shows the cycling

a 250 T T T T T T
' 1 ! 1 1 1 |
= ' ' ' | ' I '
0200 ‘ i i i i ‘ L100 &
AR : : ; : : :
g ' ! ! ! 1 ! 9 9 9 90 0 z
-%‘150- v 8 Jo.;(" J:a 3 3 3 J:, 3 3 3 J:‘ 3 : ! ' | so g
g ‘ 2 ! 05C . - i s 2% e o6 o 6! ! 02C S
S 1004 i (0.697mA cm ) " 1.743 mA em™ ' 1 . i . . . /88 0 e 0.697mA cm™ 2
pt i BE i (1743 mA cm™) | (3,485 mA em?) | 2¢ { 3¢ ' 4c ! (0.697mA cm?) =
= 1 ' ' i 2 ) 201 ' S
S (6.97 mA cm™@) | (10.455 mA cm™) y -2 FO =
E#: s04 1 @ Based layer i i . | : (134 mA cm’) i S
2] 1 ] ' ' ' ' '
i ESEI  mass loading:20.5 mg cm™ : : : '
0 T T T T T T T T -50
0 5 10 15 20 25 30 35
Cycle number
b 42{ Based layer cf e | d 42 ESEI ;
| | |
39 | 39 | 3.94 [
/ [ ] 1 /
S36 ———J S0} S v 53‘6} = ~ )
gns HeeD)/m/—— | —02C 503 3 ;(—‘" —— —0.2C ?;,"3-3 | —\ —02C
° 0.5C G} \ 0.5C ° ‘ 0.5C
=30 { e | =30 \ " e >3'0_l \ s
27 | —2c 27 |—2c 2.7 |—2C
3cC 3¢ \ 3cC
24 4C 24 4C 24 4C
0 40 80 120 160 200 0 40 80 120 160 200 0 50 100 150 200

Specific capacity (mAh g)

Specific capacity (mAh g™')

Specific capacity (mAh g)

(T g“ ESEI
= F100_
2150 £
< i 3~
g W L 9o 3 z i
2 S o
5100 5 233
2 tso 5 2
; -?‘: > 30 3nd ‘
g_ 50 BE ’ 3 mAh cm Li, N/P=~0.89 70 E 27 S0th \
\ © Based-ayer Cathode:20.5 mg cm™ » 70th \
ESEI 0.5 C Charge, 0.5 C Discharge 2.4{— 140th
0 T T T T T 60
0 20 40 60 80 100 120 0 50 100 1 50l 200
Cycle number Specific Capacity (mAh g™)
f 240 120 h
7,200 100
£ 1604 rso 2
S 3
z 80 "‘—'
51204 60 5
£ | | H
o 80 40 E
-‘;{ ‘ 10 mAh em? Li, N/P=~2.98] E
& 401 BE Cathode:20.5 mg cm™ F20 © °
ESEI 0.2 C Charge, 1 C Discharge 9 ia 7,46 Qo x
0 T T T T T T T T  §- . 4
0 30 60 9 120 150 180 210 240 270 g > " ) 3
Cycle number @ Adv funct, Matr, 2023, 33, 2305284, @

Fig. 7 (a) Rate performance of Li||LFP full cells with BE, based-layer and ESEI

from 0.2 to 4 C. Charge—discharge profiles of Li||LFP full cells with (b) BE, (c)

based-layer and (d) ESEI at different rates. (e) Long-term cycling performance of Li||LFP full coin cells with BE, based-layer and ESEl in a 1 M LiPFg in FEC/
EMC (v/v = 3:7) electrolyte; conditions: 3 mA h cm~2 deposited Li, high area loading LPF (3.485 mA h cm™2, 20.5mgcm™2). The cells were activated at
0.1 C for 2 cycles, then charged at 0.5 C and discharged at 0.5 C in subsequent cycles. (f) Long-term cycling performance of Li||LFP full cells with BE and
ESElin a1 M LiPFg in FEC/EMC (v/v = 3:7) electrolyte; conditions: 10 mA h cm™2 deposited Li, high area loading LPF (3.485 mA h cm™2, 20.5mgcm ™).
The cells were activated at 0.1 C for 2 cycles, then charged at 0.2 C and discharged at 1 C in subsequent cycles. (g) Charge—discharge profiles of Li||LFP
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See Table S7 (ESIt) for details.
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performance of the full battery at different rates. The Li||LFP
cells with ESEI can be discharged at higher rates with specific
capacities of 155.1, 154.5, and 147.4 mA h ¢ ' at 0.2 C, 0.5 C,
and 1 C, respectively, which are higher than those provided by
the BE and the based-layer at the same rates. Notably, at the
high current density of 4 C (13.94 mA cm™2), BE only delivered a
specific capacity of 7.7 mA h g™, the cell basically fails at such a
high current density. Due to the reinforcement of the LMAs by
the based-layer a specific capacity of 106.4 mA h g~' was
achieved. Finally, with the help of ESEI, the Li||LFP cells exhibit
a capacity of 111.9 mA h g~ . In addition, ESEI exhibits a narrow
voltage gap on the capacity-voltage curve proving the fast reaction
kinetics of ESEL The advanced component regulation in ESEI led to
the highest discharge plateau and lowest charge plateau, consistent
with the symmetric cell and impedance test results (Fig. 7(b)-(d)).
To validate this hypothesis, different scan rate CV tests were
conducted on full cells after two activation cycles (Fig. S37a-c,
ESIT). BE exhibited a split reduction peak at higher scan rates
(>0.1 mV s™") after activation, indicating that the BE anode SEI is
unsatisfactory for high-loading full cells. The lithium-ion diffusion
coefficients of BE, based-layer and ESEI were fitted using the
Randles-Sevcik equation. Fig. S37d and e (ESIT) showed the highest
lithium-ion diffusion coefficient of ESE], indicating that Li,S in the
SEI enhanced ionic conductivity, enabling the anode to achieve
rapid ion transport under high-current conditions.

In order to evaluate the electrochemical performance of
LMBs under real and more severe conditions, Li||LFP cells
under low N/P ratio conditions were further matched to test the
long-cycle performance to fully reflect the true results of the
lithium anode. First, electrolytes containing TSFSA were used to
deposit 3 mA h cm 2 of Li on a Cu foil with a corresponding N/P
ratio of 0.89. As expected, Li| |LPF full cells assembled with ESEI
maintained stable cycling for over 115 cycles at extremely low
N/P ratios with a capacity retention of 80% (Fig. 7(e)). In
contrast, Li||LFP full cells of BE only maintained stable cycling
for about 20 cycles before experiencing a rapid capacity drop
due to Li depletion. The full cells assembled with the based-
layer exhibited 80% capacity retention after 80 cycles, demon-
strating the enhancer’s positive effect on enhancing the SEI
during the electrochemical reaction. Further increasing the
capacity to 10 mA h cm ™2, with a corresponding N/P ratio of
2.98, the same trend was observed (Fig. 7(f)). Under the
influence of ESEI, Li||LFP full cells achieved stable cycling for
over 260 cycles (with 80% capacity retention). BE maintained
80% capacity for only about 130 cycles. During cycling, ESEI
effectively maintained interface stability with a slight increase in
overpotential after 140 cycles, while BE exhibited a significant
increase in overpotential and depleted Li metal during cycling
(Fig. 7(g) and Fig. S38, ESIT). Fig. S39 (ESIt) shows the corres-
ponding Nyquist plots after 50 cycles. The significantly increased
R.. indicated severe interfacial degradation in BE during cycling.
The smallest R, of ESEI demonstrated improved charge transfer
kinetics, attributed to the enhanced stability of the SEI through
electrochemical reactions. This stability allowed rapid ion diffu-
sion and suppressed dendrite formation. CV test results further
reveal the smaller polarization change of ESEI after 50 cycles,

This journal is © The Royal Society of Chemistry 2025
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confirming that ESEI prevented parasitic reactions between Li
and the electrolyte, enabling uniform, dendrite-free Li deposi-
tion (Fig. S40, ESIt).

Using a commercialized electrolyte without FEC matched with
a high-loading LFP cathode, the practicality of the based-layer was
further studied (Fig. S38, ESIt). Even with a thicker Li anode (300
pm), full cell assembled with BE only maintained 80% capacity for
50 cycles. Encouragingly, ESEI increased the cycle stability of the
full cell by more than three times (160 cycles). The capacity-
voltage curves of full cells demonstrated that ESEI could stabilize
the Li metal interface even without FEC, enhancing battery
reversibility. In particular, the performance of the full cells for
ESEI is better than those of the previously reported full cells in
carbonate electrolytes (Fig. 7(h) and Table S7, ESI¥).

To investigate the feasibility of ESEI in high-energy-density
batteries, the LSV curves of the electrolyte containing TSFSA
were first tested. TSFSA exhibited better oxidation stability in
FEC-riched electrolytes under 5 V conditions (Fig. S42, ESIT),
indicating its applicability to high-voltage full cells. The
assembled Li||[NCM811 full cell featured cathodes with high
mass-loading (26.0 mg cm™?) and was charged to 4.6 V to
achieve higher capacity (6.4 mA h cm™?). After 70 cycles, ESEI
demonstrated higher capacity (246.5 mA h ¢ ' at 0.1 C and
218.9 mA h g " at 1 C), excellent cycling performance and lower
polarization compared to the rapid capacity decay observed in
cells composed of BE and NCM811 (Fig. S43, ESIt). Therefore,
this SEI-enhancing strategy has a good application prospect for
further improving the energy density of LMBs.

Conclusions

In summary, we proposed a strategy to build an ESEI on a
lithium metal anode by chemically pre-constructing a mortice-
tenon joint based-layer, and then further forming it through
in situ electrochemical reactions with SEI enhancer. The DFSA-Li
as the based-layer was first obtained via the reaction between
DFSA and Li, which firmly bonds with the Li metal, thereby
providing an embedded base on Li metal. Meanwhile, the TSFSA
functional molecule in the electrolyte acted as an SEI enhancer,
preferentially decomposing over the carbonate solvent to form
the same components as those of the SEI, thus achieving a
perfect combination between the based-layer and the subse-
quent electrochemically decomposed productions, resulting in
a final ideal SEI, namely, ESEI This enhanced SEI achieved long-
cycle stability of the Li metal anode in carbonate electrolyte for
over 2100 hours at a current density of 1 mA cm 2 and a high
average CE of 99.2%. The full cells achieved higher cycling
stability when paired with a high-loading LPF cathode
(20.5 mg cm?). Thus, this strategy holds promise for realizing
the next generation of high energy density Li-metal batteries.
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