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Hybrid solid-liquid electrolytes show promise in resolving interfacial side reactions and poor electrode|elec-
trolyte contact of solid-state batteries. However, the energy barrier between the liquid and the solid-state
electrolytes impedes Li-ion migration, reducing Li* transport efficiency and overall battery performance.
Here, we propose a modification strategy using plasma-enhanced chemical vapor deposition (PECVD) technology
with fluoroethylene carbonate as the fluorine source, enabling in situ construction of a LiF buffer layer and F-
doping on the Lij 3Alo3Ti; 7P3012 (LATP) skeleton. Computational analyses reveal that F-doping activates
additional Li-ion migration pathways, enhances ionic conductivity, and suppresses Li dendrite growth. The LiF
layer prevents electron penetration and direct contact between LATP and Li metal, while also reducing the
desolvation energy barrier to improve Li-ion transport across the solid|liquid interface with aids of F-doping.
Consequently, Li||Li cells demonstrate stable cycling for 9000 h at 0.1 mA em2 and a critical current density of
2.2 mA em ™2 Furthermore, full cells paired with LiFePO4 and LiNig gCog 1Mng 102 cathodes retain 81.3 % and
67.2 % of their initial capacity after 300 cycles at 0.5 C. This study highlights the potential of PECVD technology
for optimizing the interfaces of solid-state electrolytes, offering new insights into advancing next generation
lithium metal battery performance.

Introduction energy density and also enhanced safety, positioning them as promising
candidates for the next generation of high-performance battery tech-

Since their commercialization in the 1990s, Li-ion batteries (LIBs) nology. Solid-state electrolytes (SSEs) are the core components of ASSBs,

have profoundly reshaped the energy storage market [1,2]. In recent
years, with the rapid expansion of the electric vehicle industry, the en-
ergy density of intercalation-based LIBs is gradually approaching its
limit (300 Wh kg™), creating a bottleneck for extending vehicle driving
range [3,4]. All-solid-state batteries (ASSBs) offer the advantages of high
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with inorganic oxide-based SSEs being particularly favored by their
superior safety, chemical and thermal stability, mechanical strength,
and high ionic conductivity. NASICON-type Lij 3Alj 3Ti; 7P3012 (LATP)
electrolyte is undoubtedly one of the leading candidates [5-7]. How-
ever, the main challenge hindering the development of LATP is its

E-mail addresses: liu.xin@hrbust.edu.cn (X. Liu), mhchen@hrbust.edu.cn (M. Chen), stefano.passerini@kit.edu (S. Passerini), chen.zhen@hrbust.edu.cn (Z. Chen).

! These authors contributed equally: Xian-Ao Li and Yiwei Xu.

https://doi.org/10.1016/j.mattod.2025.10.003

Received 22 June 2025; Received in revised form 29 September 2025; Accepted 2 October 2025

Available online 13 October 2025

1369-7021/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-6606-5304
https://orcid.org/0000-0002-6606-5304
https://orcid.org/0000-0002-5199-0935
https://orcid.org/0000-0002-5199-0935
mailto:liu.xin@hrbust.edu.cn
mailto:mhchen@hrbust.edu.cn
mailto:stefano.passerini@kit.edu
mailto:chen.zhen@hrbust.edu.cn
www.sciencedirect.com/science/journal/13697021
https://www.elsevier.com/locate/mattod
https://doi.org/10.1016/j.mattod.2025.10.003
https://doi.org/10.1016/j.mattod.2025.10.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mattod.2025.10.003&domain=pdf
http://creativecommons.org/licenses/by/4.0/

X.-A. Li et al.

susceptibility to severe interface side reactions between Li metal and
Ti**, which can damage the NASICON structure and ultimately lead to
battery failure. Moreover, challenges at the solid-solid interface remain
significant obstacles to their development and advancement at the
current technological level [8-11]. To address the issue of poor inter-
facial wettability caused by the solid-solid contact, incorporating liquids
into ceramic materials offers a viable solution [12]. Hybrid solid-liquid
batteries — including semi- and quasi-solid-state types — combine the
mechanical strength of solid electrolytes with improved interfacial
contact from liquid components. This design suppresses lithium den-
drites, enhances safety, and maintains compatibility with conventional
LIB materials and processes, making it a practical transitional technol-
ogy toward ASSBs. However, it still faces issues such as sluggish ion
transport kinetics at the solid-liquid interface phase, which directly
limits the performance ceiling of the battery system.

To address the issue of interface side reactions, researchers often
construct an interface buffer layer to isolate Li metal, which can be
broadly divided into inorganic- and polymer-based interface buffer
layers [13-20]. Among these, LiF, featuring with superior interfacial
stability, low electronic/ionic conductivity ratio and robust mechanical
properties, is widely recognized as an excellent interlayer [21-24].
Although some SSEs exhibit ion conductivity comparable to that of
liquid electrolytes (LEs), the energy barrier during Li" migration across
the liquid|solid interface is substantial, leading to performance in hybrid
solid-liquid systems that falls short of the anticipated levels. Thus, it is
imperative to elevate the ion-conduction across the interfaces. Doping is
also commonly used to enhance the ionic conductivity of LATP.
Compared to the widely studied cation doping, anion doping has a
smaller side effect on the structure, allowing for the regulation of
intrinsic defect concentrations to improve ionic conductivity without
affecting the lattice structure [25-27]. F-doping has been a primary
focus in LATP anion doping [28,29], however, the underling mechanism
is rarely reported.

Plasma technology leverages free radical chemistry, enabling
chemical reactions that are otherwise impossible under standard con-
ditions [30-32]. Plasma-enhanced chemical vapor deposition (PECVD)
technology has been extensively adopted across diverse fields such as
doping, deposition, and ionic vacancy generation. This technique is both
energy-saving and highly efficient, with the entire process completed
within a few minutes. Therefore, utilizing PECVD technology to stabilize
the LATP|Li metal interface holds great potential. To the best of our
knowledge, this technology has not yet been applied to the modification
of SSEs.

Here, we developed, for the first time, an interfacial modification
strategy that utilizes the fluoroethylene carbonate (FEC) solvent to treat
the three-dimensional (3D) LATP skeleton via PECVD technology. This
approach enables the simultaneous incorporation of fluorine into the
LATP lattice and the in situ generation of a LiF protective layer on the
skeleton surface. Ab initio molecular dynamics (AIMD) calculations on
four different fluorine substitution structures reveal that F-doping acti-
vates potential Li-ion migration pathways at the sublattice scale within
LATP, thereby enhancing its ionic conductivity. Additionally, the in situ
generated LiF buffer layer effectively prevents electrons from passing
through the bulk LATP. Notably, the reduced desolvation energy of Li*
across LATP|LE interface significantly increases the proportion of Li*
passing through the LATP phase. This synergy of enhanced Li™ transport
kinetics as well as protected Li|LATP interface contributes to substan-
tially inhibited Li dendrites growth. As a result, Li||Li symmetric cells
demonstrate an ultra-stable cyclability for over one year at 0.1 mA(h)
cm 2. When paired with LiFePO4 (LFP) and LiNiggCog1Mng 102
(NCM811) cathodes, the rate capability and cycling stability of full cells
are greatly enhanced. This work validates its significance providing an
efficient interface modification strategy and, more importantly, in
highlighting the promising potential of PECVD technology for doping
and interface modification of SSEs.
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Results and discussion
Structural design and characterization of materials

The 3D LATP skeleton was fabricated via a template method, with the
modification process shown in Fig. 1a. Under the strong applied elec-
tromagnetic field, FEC molecules undergo decomposition due to the
bombardment by high-energy electrons, leading to the cleavage of C-F
bonds and the generation of F free radicals. These highly active fluorine-
containing intermediates, in conjunction with the energetic plasma
environment, interact directly with the LATP surface. Upon collision
with the LATP skeleton, the fluorine radicals incorporate into the lattice
via chemical bonding, effectively inducing surface-level fluorine doping.
Simultaneously, lithium-ions present on the LATP surface react with
fluorine species to form a conformal LiF interfacial layer. This process
enables the concurrent realization of fluorine doping within the LATP
lattice and the formation of a robust, uniform LiF layer at the interface.
The resulting sample is denoted as F-LATP. Scanning electron micro-
scopy (SEM) image clearly shows the porous structure of LATP, while
corresponding energy dispersive X-ray spectroscopy (EDS) mapping
results demonstrate the uniform distribution of O, Al, Ti, F, and P ele-
ments (Supplementary Fig. 1). This is further supported by EDS
elemental mapping obtained from scanning transmission electron mi-
croscopy (STEM) (Fig. 1b). The selected area electron diffraction (SAED)
pattern (Fig. 1c) and the high-angle annular dark-field (HAADF) STEM
image (Fig. 1d) both reveal the characteristic NASICON-type hexagonal
structure (R-3c) of LATP [33,34]. X-ray diffraction (XRD) patterns of
both LATP and F-LATP (Supplementary Fig. 2) also display the ideal
NASICON phase of LiTia(PO4)3 (crystal card: PDF 35-0754). This could
be primarily due to the low F-doping content in the LATP lattice.

To gain more insights into the chemical bonding environments,
electron energy loss spectroscopy (EELS) and X-ray photoelectron
spectroscopy (XPS) analyses were further carried out. As presented in
Fig. 1e, the detection of Ti-L; and My 3 edges confirms the presence of Ti
[35]. Additionally, the small pre-peak observed at 532 eV for F-LATP is
attributed to the substitution of oxygen within the (Ti/Al)Og polyhedra
[36]. This substitution modifies the electronic environment of oxygen,
resulting in hybridization between the O-K conduction band and the
unoccupied Ti 3d band, thereby generating additional occupied states.
Electron paramagnetic resonance (EPR) spectroscopy was performed to
characterize the oxygen vacancies in LATP before and after PECVD
treatment. The g factor with a value of 2.004 is associated with oxygen
vacancies [37,38]. The notable overlap in data suggests that high-energy
ion bombardment does not result in the formation of additional oxygen
vacancies in LATP (Supplementary Fig. 3). In the F 1s XP spectrum
depicted in Supplementary Fig. 4, the distinct peak at approximately
685.1 eV corresponds to Li-F bonds, indicating the formation of surface
LiF [39]. Additionally, the presence of Al-F, Ti-F, and P-F bonds
observed in F 1s, Al 2p, Ti 2p and P 2p XP spectra (Fig. 1f and Sup-
plementary Fig. 4) verifies the successful surface F-doping by PECVD.

Solid-state nuclear magnetic resonance (ssNMR) spectroscopy was
employed to investigate the chemical environments of Al and P in the
LATP and F-LATP samples. As shown in Supplementary Fig. 5, the 27Al
(spin I = 5/2) is mainly centered around —15 ppm, corresponding to the
AlOg octahedral structure, which indicates that Al substitutes for Ti in
TiOg [40]. Additionally, slp (spin I = 1/2) ssNMR spectrum exhibits a
main peak of PO4 (—27.8 ppm), along with peaks of P(OTi)4 (—26.8
ppm), P(OTi)3(OAl) (—25.5 ppm), P(OTi)3(OAl); (—24.7 ppm) and P
(OTi)(OAD)3 (-23.6 ppm), which increases the total width and asym-
metry of the signal [41,42]. Through comparing the ssNMR spectra
before and after PECVD treatment, it is seen that F-doping affects the
secondary structural units of LATP, leading to reduced overall peak in-
tensity and broadened peak width. Due to the limited extent of F-doping,
however, the peak positions in the ssNMR spectra remain nearly
unchanged.

Subsequently, fresh lithium metal was brought into contact with the
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Fig. 1. Modification process and characterization of 3D F-LATP skeleton. a, Schematic illustration of F-LATP preparation route. b, STEM image of F-LATP skeleton
with corresponding EDS mapping for P, Ti, F, Al and O elements. ¢, SAED pattern, d, HAADF image (deep blue: Al, cyan: Ti, and purple: P), and e, EELS spectra of F-
LATP. f, XPS profiles of Al 2p, Ti 2p and P 2p for LATP and F-LATP skeletons. g, Thermal imaging captioning the thermal runaway behavior for LATP and F-LATP.

electrolyte skeleton and heated on a hot plate to 300 °C to evaluate the
thermal and chemical stability of the modified F-LATP skeleton toward
lithium metal after this strategic modification. Even under an Ar at-
mosphere, pristine LATP skeleton underwent thermal runaway after
295 s, leading to intense combustion. In sharp contrast, F-LATP skeleton
exhibits significantly delayed thermal runaway, occurring after 627 s of
heating (Fig. 1g, Video S1, Video S2). The LiF protective layer on the F-
LATP surface effectively blocks its direct contact with Li metal. More-
over, F-doping is expected to help enhance the structural stability of the
LATP skeleton [43,44]. Especially under heating conditions, the afore-
mentioned dual modification effects significantly remit the thermody-
namic instability issues caused by direct contact and redox response. To
further validate the effectiveness of this modification strategy, the
chemical stability of dense LATP pellets before and after fluorination
(P_LATP and P_F-LATP) was evaluated under identical conditions. The
results reveal that the thermal runaway time of fluorinated pellets was

almost doubled (Supplementary Fig. 6, Video S3, Video S4), demon-
strating that surface fluorination significantly enhances both the ther-
mal stability and chemical stability of LATP.

Mechanistic investigation of F-doping via theoretical simulations

To fully elucidate the effect of F-doping in LATP, theoretical calcu-
lation and simulation analyses were conducted. The initial configuration
of LATP was determined based on the XRD results (Supplementary
Fig. 7a). The most stable Li; 3Al 3Ti; 7P3012 configuration was selected
as shown in Supplementary Fig. 7b. To investigate the effect of F
substitution, one of the 72 oxygen atoms in the structure was replaced
with F. Based on the crystal structure and atomic environment of LATP,
four potential fluorine substitution sites were identified, F-1: LiOg-AlOg-
POy, F-2: TiOg-POg4, F-3: LiOg-TiOg-PO4, and F-4: AlOg-POy4, as illus-
trated in Fig. 2a. While all four F-doped configurations may coexist in
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Fig. 2. The optimization mechanism analysis of F-doping. a, Visualization of the four distinct F-doping positions within the LATP structure. b, Band structure di-
agrams, ¢, DOS image (The colors at the bottom represent the partial density of states (PDOS) for each element.) d, MSD plot at 1200 K. e, Arrhenius plots. f, The
probability density distribution map of Li-ions obtained from AIMD at 600 K. g, The RDFs plot of Li-Li interactions at 600 K. h, The distribution of the van Hove

correlation function Gy(r, t) for LATP and F-4.
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actual LATP, precise control over specific doping sites within the crystal
lattice remains challenging. First, the impact of F-doping on LATP was
evaluated in terms of its band structure and density of states (DOS). The
calculated band structures for F-LATPs are presented in Fig. 2b, while
the band structure of pristine LATP is shown in Supplementary Fig. 8.
The energy band gaps for LATP, F-1, F-2, F-3 and F-4 are —2.52, —2.58,
—2.62, —2.68, and —2.62 eV, respectively. These results demonstrate
that F-doping increases the band gap, thereby reducing the electronic
conductivity of the material. This is further verified by DOS analysis
(Fig. 2¢). In addition, it is evident that the valence band in both pristine
LATP and F-LATPs is primarily contributed by the O. The conduction
band of LATP is jointly contributed by both O and Ti. However, in F-
LATP, the conduction band is predominantly contributed by the Ti. This
indicates that after F-doping, Ti plays a more significant role in the
conduction process, which may alter the overall electronic properties
and conduction behavior of the material.

To investigate F-doping effect on Li diffusion, AIMD calculations
were performed. The mean square displacement (MSD) diagram at 1200
K is shown in Fig. 2d, while MSD diagrams for other temperatures are
provided in Supplementary Fig. 9. Notably, the Li-ion diffusion coef-
ficient increases after F-doping. Arrhenius plot (Fig. 2e) was analyzed to
further evaluate the effect of F-doping on ionic conductivity and acti-
vation energy in LATP. Extrapolating from the Arrhenius relationship,
the ionic conductivities at 300 K for the pristine LATP and F-doped
LATPs (F-1, F-2, F-3, and F-4) were calculated to be 1.59 (LATP), 0.38 (F-
1),1.97 (F-2), 1.68 (F-3), and 38.33 (F-4) mS cm’l, respectively. Most of
the F-doped sites exhibit an enhancement in ionic conductivity, which
aligns with experimental findings that F-doping improves the ionic
conductivity of LATP. The activation energies for LATP, F-1, F-2, F-3,
and F-4 were calculated to be 0.24, 0.32, 0.26, 0.26, and 0.14 eV,
respectively. Notably, the F-4 structure exhibits a significantly lower
activation energy. Even if all four F-doped configurations coexist within
the actual LATP system, the pivotal role exerted by the F-4 structure can
still endow the F-doped LATP with a higher ionic conductivity and a
lower activation energy in comparison to LATP. To further explore the
diffusion pathways and mechanisms of Li-ions, at 600 K, the probability
density distributions of Li-ions in F-LATPs and LATP are demonstrated in
Fig. 2f and Supplementary Fig. 10, respectively. The interstitial Li-ion
diffusion mechanism is clearly evidenced. In contrast to the pristine
LATP, where Li-ions primarily diffuse through unidirectional channels,
F-doping activates interconnected channels, forming a 3D diffusion
network (Supplementary Fig. 11). This enhancement in ion migration
rate is attributed to the activation of migration channels at the sub-
lattice scale following F-doping.

Fig. 2g illustrates the radial distribution function (RDF) for Li-ions at
600 K, demonstrating attenuated peaks corresponding to Li-Li pair in-
teractions at Wyckoff positions 36f-36f (or 6b-18e) and 6b-6b after F-
doping. This observation signifies heightened Li-ion mobility. Addi-
tionally, the van Hove correlation function Gs(r, t) was analyzed for both
pristine LATP and F-doped LATPs, as shown in Fig. 2h and Supple-
mentary Fig. 12. The function G(r, t) gives the probability that the
distance between the positions of the same particle at time ¢t and ¢ty is R.
For undoped LATP, a peak appears between 0 and 2 A with weak time
dependence, indicating that atoms are more inclined to vibrate near the
equilibrium position. In contrast, for F-doped LATPs, the peak intensity
is significantly lower and becomes more dispersed over time, suggesting
faster Li-ion migration capability compared to the undoped LATP.

Electrochemical characteristics of Li-ion transport kinetics

To assess the impact of this modification strategy on battery per-
formance, hybrid ceramic-LE electrolytes were prepared and referred to
as LATP-LE and F-LATP-LE, respectively. The electrochemical stability
window (ESW) of LATP-LE and F-LATP-LE was evaluated in stainless
steel (SS)||Li cells using linear sweep voltammetry at a scan rate of 0.2
mV s}, over a voltage range of —1 V to 6 V (Supplementary Fig. 13).
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The ESW of the F-LATP-LE system is nearly identical to that of the LATP-
LE system. However, when the voltage exceeds the decomposition po-
tential (4.75 V), the construction of the LiF interfacial layer and the
effect of surface F doping effectively suppress the electrochemical re-
actions at the interface. This results in a significant reduction in the
current within the F-LATP-LE system, demonstrating the positive effect
of this strategy at the interface.

Fig. 3a shows the Arrhenius plots of LATP-LE and F-LATP-LE. At 25
°C, the ionic conductivities of these systems are 4.48 x 10~*S cm™! and
2.47 x 1073 S em™?, respectively. Electrochemical impedance spec-
troscopy (EIS) plots measured at various temperatures are shown in
Supplementary Fig. 14. Given the inherently high ionic conductivity of
LE in hybrid solid-liquid systems, it is essential to assess the specific
contributions to ion transport. To this end, we conducted a comparative
analysis by separately evaluating the ionic conductivity of the LATP
skeleton in two specific configurations: with lithium salt-free liquid
electrolyte solvents (denoted as LATP-Solventsg ,1) and with excess LE
(denoted as LATP-LE150 u1). To clearly compare the differences between
LATP-LE system with different addition amounts of LE, we denote the
LATP-LE systems mentioned earlier as LATP-LE5qo 1, in this section.
Evident from Supplementary Fig. 15, the LATP-Solventsq 1, system,
which reflects a single-ion conduction pathway via the LATP skeleton,
exhibits an ionic conductivity of 1.38 x 10™*S em ™. In addition, LATP
pellets before and after surface fluorination were wet with 5 pL of LE
(denoted as P_LATP-LEs ,; and P_F-LATP-LEs ;1) and examined. Notably,
the P_LATP-LEs 1, system demonstrates a conductivity representative of
solid-phase ion transport (ca., 4.81 X 10~* S em™!), whereas the P_F-
LATP-LEs . system showed an enhanced lithium-ion conductivity of
891 x 10°* S cm ! This result further confirms the synergistic
enhancement effect of this modification strategy on Li™ transport per-
formance. To comprehend this phenomenon, first, we performed a true
density analysis of the LATP skeleton. Notably, the rather high value of
2.80 g cm ™ close to the theoretical density of 2.94 g em ™2, suggests that
a compact structure of 3D LATP skeleton is conducive to efficient ion
transport. In contrast, the LATP-LE;50 1 system, in which excess LE
forms more continuous pathways, achieves a significantly higher ionic
conductivity of 1.56 x 1073 S cm™! (vs. 4.48 x 10™* S cm™! of LATP-
LEsp y1)- These results indicate that the ion conduction capability of LE
within LATP skeleton only manifests when sufficient LE is present to
form continuous ion transport channels throughout the composite.

To further validate this interpretation, we additionally measured the
ionic conductivity of pure LE and LE confined within an inert MgO
skeleton (MgO-LE). Digital photographs of the MgO skeleton (Supple-
mentary Fig. 16a, 16b) reveal a disk of approximately 1.3 mm thick-
ness and 16 mm diameter. To ensure scientific rigor, we introduced 85
pL of LE into the MgO skeleton, calculated based on its volume (0.2376
em®) and porosity (46.7 %). Owing to its relatively low true density
(2.66 g cm ™3 vs. 3.58 g cm > theoretical), the MgO skeleton allows for
more accessible pore space for LE, enabling the formation of continuous
LE transport channels even when LE is introduced in proportional
amounts. As a result, the Nyquist plots of MgO-LE and pure LE exhibit
similar impedance profiles, whereas those of LATP-LE and LATP pellets
remain closely aligned, highlighting LATP-LE limited LE-based con-
duction. Notably, even when varying the LE content, the impedance
profiles of MgO-LE remain comparable to those of the pure LE system
(Supplementary Fig. 16c). The measured ionic conductivities further
support this interpretation: pure LE and MgO-LEgs 1, exhibit high values
of 1.19 x 1072 S em™! and 3.56 x 1072 S cm™}, respectively — both
significantly higher than those of the LATP-LE5 1. (4.48 x 107*Sem™)
and LATP pellet systems (4.81 x 10~*S cm ™). A statistical comparison
of ionic conductivity across systems (Supplementary Fig. 17) re-
inforces these observations. Overall, these results confirm that the solid
electrolytes, liquid electrolytes, and solid electrolyte|liquid electrolyte
interface themselves are all involved in ion transport. Among these, the
dominance of the liquid phase increases with the increasing content of
liquid electrolytes. In hybrid solid-liquid systems with discontinuous
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Fig. 3. Electrochemical analyses reveal the modification effects. a, Arrhenius plots of F-LATP-LE and LATP-LE. b, Comparison of EIC and EC between the two
systems. c, Tafel curves of F-LATP-LE and LATP-LE. d, Ratio of free EC solvent to EC-Li* based on Raman spectroscopy data. e, Activation energy for Li-ions des-
olvation and interfacial migration. f, The concentration distribution map of Li* during the deposition process. CCD of the Li||Li cells in g, constant-time mode and h,
constant-capacity mode (1 mAh cm™2). i, OM snapshots illustrating lithium growth under varying current densities.

liquid-phase conduction, the solid electrolytes provide stable and
indispensable ion conduction channel.

Furthermore, interfacial ion transport also plays a crucial role in
determining overall performance. The activation energy across the
solid-liquid interface for the F-LATP-LE system was calculated to be only
0.19 eV, which is significantly lower than that of the LATP-LE system
(0.35 eV), consistently with our AIMD results. The Li" transference
number (#;) is 0.32 for F-LATP-LE and 0.21 for LATP-LE

(Supplementary Fig. 18), indicating that a larger proportion of Li*
migrates through the solid electrolyte in the F-LATP-LE system along
with faster kinetics. This improvement is attributed to higher ionic
conductivity of F-LATP skeleton as well as reduced energy barrier at the
liquid-solid interface, due to the LiF buffer layer and enhanced Li-ion
transport kinetics after F-doping. Electronic conductivity (EC), critical
for preventing the growth of Li dendrites [19], was measured (Sup-
plementary Fig. 19). Thanks to the excellent electronic insulating
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property of LiF, the F-LATP-LE exhibits a lower value compared to the
LATP-LE counterpart, ca., 5.78 x 10 vs. 1.16 x 108 Scem L Fig. 3b
compares the effective ionic conductivity (EIC) and EC of both systems.
The synergistic effect between the interfacial and bulk phases results in a
nearly tenfold enhancement in Li* ionic conductivity for F-LATP-LE,
which is expected to facilitate rapid dis-/charge capability. Taken
together, the substantially enhanced EIC and decreased EC demonstrate
the effectiveness of this modification strategy.

To further examine Li-ion transport kinetics and interfacial charge
transfer, Tafel plots of Li|F-LATP-LE|Li and Li|LATP-LE|Li cells were
compared, as shown in Fig. 3c. The results reveal that the cell with the F-
LATP-LE exhibits a significantly higher exchange current density (0.11
mA cm™2) compared to the one employing LATP-LE (0.01 mA cm™2).
This substantial improvement demonstrates that the in situ generated LiF
buffer layer effectively reduces interfacial impedance, thereby promot-
ing faster charge transfer at the interface [45].

To investigate the influence of the LiF buffer layer and F-doping on
the Li* bonding environment with LEs, Raman spectra of LATP and F-
LATP pieces immersed in LEs were analyzed (Supplementary Fig. 20).
Compared with LATP-LE, F-LATP-LE exhibits noticeable red shifts in the
EC and EGC-Li" peaks, attributed to altered interactions between the F-
doped LATP skeleton and the solvent. This shift reflects weakened EC-
Li" coordination, likely due to solvent ring deformation and electron
redistribution at the interface [46]. Furthermore, integral area analysis
reveals a notable increase in the ratio of free solvent to solvent-Li*
complexes. This indicates a higher degree of free Li-ions, which is ad-
vantageous for homogenizing Li" flux (Fig. 3d) [47]. Typically, Li"
needs to overcome a desolvation energy barrier (Eg ino) to cross the solid-
liquid interface and enter into the ceramic skeleton. The E, j,; decreases
from 127.36 KJ mol ! to 112.88 KJ mol ! after modification (Fig. 3e)
[48]. To exclude the potential influence of complex interfacial effects
inherent in the 3D skeleton, additional verification tests were conducted
on P_LATP-LEs i system and P_F-LATP-LEs ,; system. According to
Supplementary Fig. 21, a similar trend is evident, with a reduced Eg int
value from 77.95 KJ mol~! to 64.63 KJ mol L. In case of the LATP-LE
system, Li-ions preferentially migrate through the LE, while the LATP
skeleton exhibits tortuous continuous pathways with numerous dead
ends. This leads to ion accumulation in the enclosed regions of the
skeleton, resulting in significant polarization. By contrast, F-LATP-LE
not only exhibits reduced Eg j;, but also achieves significantly enhanced
likelihood of Li* transport through the bulk LATP. Finite element sim-
ulations corroborate these findings by modeling Li* concentration and
current density distribution in LATP-LE and F-LATP-LE systems (Sup-
plementary Fig. 22a). As shown in Fig. 3f, the severe accumulated Li-
ions within pores observed in LATP-LE is substantially mitigated after
PECVD treatment, an indication of increased proportion of Li" passing
through the ceramic skeleton and minimized polarization. Furthermore,
uniform Li* flux achieved in F-LATP-LE reduces current density polar-
ization within the system, which helps to prevent uneven Li deposition
(Supplementary Fig. 22b, 22c).

Critical current density (CCD) serves as a benchmark for evaluating
the suppression of Li dendrite growth, representing the maximum
tolerable current density [49]. As shown in Fig. 3g, in constant-time
mode, the LATP-LE cell experiences a short circuit at 0.8 mA cm 2,
whereas the F-LATP-LE cell maintains stability without short-circuiting
up to 2.2 mA cm 2. Additionally, in constant-capacity mode with a fixed
capacity of 1 mAh em ™2, the F-LATP-LE achieves a CCD of 4 mA cm 2
(Fig. 3h). In stark contrast, the LATP-LE only delivers a value of 0.6 mA
cm~2 (Supplementary Fig. 23). Subsequently, the Li deposition
behavior under varying current densities was studied using an in situ
optical microscope (OM). As depicted in Fig. 3i, in the LATP-LE, fine Li
wires form at a current density of 0.3 mA cm ™2, and a thick layer of dead
Li appears at 0.7 mA cm™2. In contrast, F-LATP-LE exhibits no visible
dendritic Li growth until the current density reaches up to 2.4 mA cm 2.
This enhancement highlights the faster Li* transport kinetics and su-
perior Li deposition behavior of the F-LATP-LE system, validating the
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effectiveness of this modification strategy in mitigating Li dendrite
growth.

Evaluation of interfacial stability in symmetric cells

The cycling stability of Li|LATP-LE|Li and Li|F-LATP-LE|Li sym-
metric cells was evaluated by subjecting fresh cells to lithium stripping
and plating test at 0.1 mA(h) cm~2. As shown in Fig. 4a, the polarization
voltage of Li|LATP-LE|Li gradually increases over time, but it suddenly
drops after 2310 h due to cell short-circuiting. In contrast, the polari-
zation voltage of Li|F-LATP-LE|Li remains below 1 V even after 9000 h
of cycling. Impressively, the CCD and long-term cycling performance
herein reported, to the best of our knowledge, represent the best results
in the field of LATP interface modification (Supplementary Fig. 24).

To further investigate the mechanism behind these improvements,
EIS measurement, a powerful non-invasive method that enables the
capture of various relaxation processes, was performed [50]. Cyclic EIS
tests were conducted upon lithium stripping-plating at 0.3 mA(h) cm 2
(Supplementary Fig. 25). The Li|LATP-LE|Li symmetric cell short-
circuits after approximately 20 cycles due to severe interfacial side re-
actions, following an activation process of 10 cycles at 0.1 mA(h) em 2
The Nyquist plots measured before and after activation are shown in
Supplementary Fig. 26. To analyze the impedance evolution upon
cycling, Nyquist plots were recorded every 50 cycles up to 500 cycles
(Fig. 4b). The Li|F-LATP-LE|Li symmetric cell exhibits minimal changes
in impedance at the initial stages of cycling. However, over time, the
impedance gradually increases, being the reason for the increased
voltage polarization.

Subsequently, the EIS data were decoupled using distribution of
relaxation times (DRT) analysis to gain insight into the microscopic
physical and chemical behaviors at different relaxation times, thereby
verifying the evolution mechanism of LiF buffer layer and F-doping [48].
Based on previous reports [51-53], the peaks at time constants (z = RC)
of approximately 10™%s, 10> s, and between 10~ to 107> s correspond
to the transport processes of Li-ions between the crystalline grain (Rpyx),
grain boundary (Rg), and Li|SSE-LE interface (Rsgp), respectively.
Additionally, the peak observed between 10> to 10™* s is attributed to
the presence of the LiF buffer layer (R0 [48]. As shown in Fig. 4c, while
the LiF layer offers partial protection to the overall LATP, prolonged
lithium stripping-plating at higher current densities lead to a gradual
increase in Rpyx and Rg, ultimately causing a deterioration in overall
impedance. With the progression of cycles, the peaks of Rggr and Rins tend
to stabilize, suggesting that the in situ generated LiF gradually activates
to form a stable interface. Fig. 4d provides a visual representation of the
peak changes at these four positions. As the number of cycles increases,
the stabilization of Rggy and R, peaks highlights the remarkable intrinsic
stability of the interfacial layer achieved by this strategy.

For the investigation of the capability in inhibiting the reduction of
Ti**, ex situ XPS analysis was performed to examine the chemical state of
recovered LATP skeleton after 20 h of cycling in symmetric cells. As
shown in Fig. 4e, the Ti 2p XP spectrum of recovered F-LATP exhibits
only two peaks corresponding to Ti**, indicating that the LATP structure
remains intact. Additionally, the Li 1s XP spectrum of cycled F-LATP
reveals the presence of Li—F, confirming the stability of the buffer layer
(Supplementary Fig. 27). In contrast, no Ti signals can be detected in
case of the LATP recovered from cycled Li|LATP-LE|Li cell, predomi-
nantly due to the formation of thick reaction layer (Supplementary
Fig. 28). This is further supported by the rough Li metal surface, along
with visible cracks, and sharp, gravel-like Li dendrites (Supplementary
Fig. 29a), which are clearly absent in case for the lithium metal
recovered from cycled Li|F-LATP-LE|Li (Supplementary Fig. 29b).

To demonstrate the role of the LiF buffer layer in suppressing side
reactions, the charge density difference at the LiF|LATP interface was
calculated. This method visually reveals the flow of electrons following
the interaction between the two interfaces [54]. As shown in Fig. 4f,
there is a significant accumulation of positive charge at the LiF|LATP
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Fig. 4. Evaluation of interface stability in symmetrical cells. a, The cycling performance of Li symmetric cells cycled at 0.1 mA(h) cm~2 (with inset showing the
magnified details). b, Nyquist impedance plots of F-LATP. ¢, DRT plot obtained by deconvolution of the EIS data shown in b. d, Contour map of the DRT data peak
(CN: cyclic number). e, XP spectrum of Ti 2p in F-LATP after cycling. f, Charge density difference map (purple: positive electron cloud, yellow: negative electron
cloud). g, Schematic diagram of the mechanism through which the LiF interface layer inhibits Li dendrite growth.

interface, indicating that electrons have difficulty in crossing the LiF
buffer layer to reach the LATP. Due to its excellent electronic insulation
properties, the LiF interfacial layer can significantly suppress the side
reaction of LATP skeleton being reduced by metallic lithium. Moreover,
LiF is known for its high Young’s modulus of 69.9 GPa [55]. Thus, the
electronic insulating property and robust mechanical performance of LiF
buffer layer can effectively prevent interfacial side reactions and inhibit
the growth of Li dendrites [56]. A schematic illustration of its role at the
interface is shown in Fig. 4g, highlighting the significant impact of the
LiF buffer layer in ensuring long-term cycling stability and preventing
undesirable reactions that could compromise the overall electro-
chemical performance.

Electrochemical performance in full cell configurations

Building on these encouraging findings, we further examined the
compatibility of the hybrid electrolytes with the mainstream cathode
materials, LFP and NCM811, through cyclic voltammetry (CV) and
galvanostatic cycling tests. The CV profiles obtained at 0.1 mV s~ show
a high degree of reversibility in both Li|LATP-LE|LFP and Li|F-LATP-LE|
LFP cells (Fig. 5a). Notably, the latter exhibits higher peak currents with
smaller redox peak potential differences, indicating faster Li* diffusion
and lower polarization. However, CV tests at different sweep rates reveal
significant distortion in the oxidation peaks of Li|LATP-LE|LFP as the
sweep rate increases, reflecting intense side reactions and pronounced
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Fig. 5. Electrochemical performance of full cells paired with LFP and NCM811 cathodes. Comparative a, CV curves, b, Rate performance, and galvanostatic cycling
performance at ¢, 0.5 C and d, 2 C of Li||LFP full cells. (SC: specific capacity, CE: coulombic efficiency). e, Rate performance and f, galvanostatic cycling performance
at 0.5 C of Li||[NCM811 full cells. g, Schematic diagram of the mechanism by which the LiF buffer layer and F-doping enhance the performance of the full cell.

equation were calculated (Supplementary Fig. 31le, 31f) [57-59].
The results reveal a higher apparent Li" diffusion coefficient achieved in
the Li|F-LATP-LE|NCM811 cell, with values for the de-/lithiation pro-

irreversible capacity loss. In contrast, when pairing with F-LATP-LE as
the electrolyte, full cells maintain well-defined peak shapes and higher
peak currents, signifying that the modification effectively alleviates
polarization while enhancing cell capacity and stability (Supplemen- cesses being 8 x 1078 em? s  and 5 x 1078 em? s, respectively. This
tary Fig. 30). Similarly, when F-LATP-LE and LATP-LE are paired with enhancement confirms that the LiF buffer layer and F-doping play a
NCM811 cathodes, the Li|LATP-LE[NCM811 full cell shows poor positive effect on Li* diffusion kinetics.

reversibility in the first four cycles at a sweep rate of 0.1 mV s~. In Rate capability tests demonstrate the superiority of the F-LATP-LE
contrast, the Li|F-LATP-LE|[NCM811 full cell displays superior revers- system (Fig. 5b). During the initial low-rate stage, both cells exhibit
ibility (Supplementary Fig. 31a, 31b). Furthermore, to further study similar specific capacity (SC) values. However, above 0.5 C, the Li|F-
the de-/lithiation kinetics of the systems, both cells were subjected to CV LATP-LE|LFP cell demonstrates more distinct advantage upon
tests at different sweep rates (Supplementary Fig. 31c, 31d). The increasing current densities. Specifically, only 5 mAh g~! of capacity is
apparent diffusion coefficients of Li-ions using the Randles-Sevcik delivered at 5 C, while the Li|F-LATP-LE|LFP cell delivers a capacity of
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55 mAh g~ 1. Furthermore, when the rate gradually returns to the initial
value, the Li|F-LATP-LE|LFP cell shows much better reversibility, veri-
fying its superior rate performance.

Fig. 5¢c compares the cycling performance of Li|F-LATP-LE|LFP and
Li|LATP-LE|LFP full cells at 0.5 C. After 300 cycles, SC of the Li|LATP-
LE|LFP cell decreases from an initial ~ 145 mAh g ! to 33 mAh g,
corresponding a capacity retention rate of 23.1 %. In stark contrast, over
the same period, 81.3 % of initial capacity is retained by the Li|F-LATP-
LE|LFP full cell. Even after 400 cycles, this latter cell delivers a capacity
of ~ 100 mAh g1, which is 5 times that of the Li|LATP-LE|LFP cell.
Additionally, at 2 C, the Li|F-LATP-LE|LFP cell delivers an initial ca-
pacity of 112 mAh g~!, and manages to remain 70.3 mAh g~! capacity
after 400 cycles, achieving a capacity retention ratio of 62.8 % (Fig. 5d).
In comparison, the Li|LATP-LE|LFP cell delivers much lower initial ca-
pacity (62 mAh g~!) and experiences stronger capacity decay, ending up
with a capacity retention of only 20 %.

The rate performance of Li|F-LATP-LE|NCMS811 and Li|LATP-LE|
NCMS811 full cells was also evaluated (Fig. 5e and Supplementary
Fig. 32). At 0.1 C, the Li|F-LATP-LE|NCMB811 cell exhibits a higher ca-
pacity, ca., 194.9 vs. 181.8 mAh g~! (Li|LATP-LE|NCM811). Even at a
high rate (2 Q), it still maintains a capacity of ~ 105 mAh g’l. However,
no capacity can be delivered at such a C-rate in case of the Li|LATP-LE|
NCM811 cell, showcasing superior rate performance of Li|F-LATP-LE|
NCM811. Additionally, a superiority in terms of cycling stability of Li|
F-LATP-LE|NCM811 cell is revealed, evidenced by a much higher ca-
pacity retention ratio, i.e., 67.2 % vs. 33.5 % (Li|LATP-LE|NCM811) after
300 cycles (Fig. 5f).

To investigate the compatibility of the F-LATP-LE system with high-
mass-loading cathodes, LFP cathodes with increasing mass-loading were
subjected to cycling at 0.5 C after initial activation cycles (Supple-
mentary Fig. 33). After 100 cycles, the Li|F-LATP-LE|LFP cell with a ~
10 mg cm 2 cathode retains 88.3 % of its initial capacity, significantly
outperforming the Li| LATP-LE|LFP counterpart, which retains only 50.9
%. Remarkably, even at higher loadings of ~ 15 mg cm~2 and ~ 18 mg
em ™2, the F-LATP-LE-based cells maintain capacity retention ratios of
74.1 % (after 100 cycles) and 83.8 % (after 50 cycles), respectively.
Furthermore, the Li|F-LATP-LE|LFP cells achieve superior rate capa-
bility even at a high mass-loading of ~ 15 mg cm ™2, recovering 93.6 %
of its initial capacity at 0.5 C (ca., 130.3 mAh g~ ') after undergoing
high-rate cycling tests (up to 3 C) (Supplementary Fig. 34). These re-
sults showcase exceptional structural robustness and ion transport effi-
ciency of F-LATP-LE, confirming its excellent compatibility and stability
with high-loaded cathodes.

Based on these results, it can be concluded that modifying the LATP
skeleton through PECVD technology significantly improves both the
compatibility with Li and electrochemical performance within the cell
system. The in situ generated LiF interfacial buffer layer plays a critical
role by effectively preventing interfacial side reactions and suppressing
the growth of Li dendrites. Additionally, the presence of LiF at the
interface reduces the desolvation energy, facilitating smoother Li*
transport. Moreover, the surface doping of fluorine into the LATP skel-
eton activates and expands potential migration pathways within the
LATP bulk phase, enhancing the proportion of Li" transport through the
bulk. These synergistic effects result in outstanding Li" transport ki-
netics, as depicted in the mechanism diagram in Fig. 5g. Collectively,
these advancements enable the F-LATP-LE system to deliver exceptional
electrochemical performance.

Conclusions

This study, for the first time, successfully developed a strategy for the
simultaneous construction of interface LiF buffer layer and F-doping of
LATP skeleton using PECVD technology. AIMD calculations reveal that
F-doping activates potential Li-ion migration paths in the sub-lattice
scale, contributing to enhanced ionic conductivity and deepening the
understanding of how F-doping improves LATP’s performance. The in
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situ generated LiF layer, which is electronically insulating, effectively
mitigates side reactions at the Li|LATP interface. Furthermore, it
significantly reduces desolvation energy, allowing for increased pro-
portion of Li* migration through the solid phase. The combination of F-
doping and LiF buffer layer markedly enhances interface stability and Li-
ion transport kinetics. Consequently, the F-LATP-LE achieves 2.7 times
higher effective ionic conductivity, and exhibits CCD values as high as
2.2 mA c¢cm 2 (constant-time mode) and 4 mA cm 2 (constant-capacity
mode). Notably, the Li|F-LATP-LE|Li symmetric cell operates impres-
sively for 9000 h at 0.1 mA(h) cm 2 without short-circuiting. Further-
more, the hybrid electrolytes based on F-LATP-LE achieve superior rate
capability and cycling stability when coupled with both LFP and
NCMS811 cathodes. While the full cell performance still has room for
optimization, the strategy of simultaneously improving both the inter-
face and bulk phase holds significant commercial potential. This work
offers valuable insights into addressing challenges associated with SSEs
and their interfaces with Li metal, paving the way for advancements in
the development of next generation high-performance lithium metal
batteries.
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