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ABSTRACT: As the demand for higher energy density grows o 45VASSLB o

rapidly, the development of high-voltage all-solid-state lithium Fluotination of SE | B ] LiF-Rich CEI
batteries (ASSLBs) becomes essential. However, most existing R RS - ~j‘ ..
solid electrolytes (SEs) are still incapable of stable operation at R - $ b,
high voltages. Herein, we report a series of fluorinated lithium / o z §o \
tantalum oxychlorides (LTOC-F) as amorphous SEs for high- |  5;°F 9 ¢ O SE
voltage ASSLBs. The optimized LTOC-10%F SE exhibits “C|0 % %0 y ;
remarkably improved high-voltage stability and a high ionic * o =" , 3477 ' O y
conductivity of 2.3 mS cm™' at 25 °C. The ASSLB using an ST et f(;yg{ -7

LCO cathode and LTOC-10%F SE achieves a high capacity of Electrochemical Interfacial

180 mAh g~! with a cutoff voltage of 4.5 V and high-capacity Stability . IndLi : Stability
retention of 81% after 300 cycles. Furthermore, the underlying

mechanisms for enhanced performance are identified as the intrinsically extended electrochemical window of SE and the in-
situ-formed LiF-rich cathode-electrolyte interface (CEI). Overall, this work provides a fluorination strategy for high-voltage
ASSLBs and also offers insights into the analysis of amorphous SEs and CEIs.

portation has posed challenges for traditional lithium- voltage.24’25 Unfortunately, most previously reported halide

ion batteries (LIBs) in terms of safety, energy density, SEs could only provide a limited cutoff voltage of about 4.2—
and operating temperature.' Unlike conventional LIBs, all-
solid-state lithium batteries (ASSLBs) that employ nonflam-
mable solid electrolytes (SEs) offer enhanced safety, the
potential to use lithium metal as an anode, a wide operating
temperature range, and reduced packaging requirements,
making them a promising candidate for next-generation battery
technology.”™ As the key component in ASSLBs, SEs have and sulfides, with stability even exceeding 6 V vs Li*/Li, as

T he global trend toward the electrification of trans- when charged to 4.5 V with an elevated average working

43 V vs Li"/Li, since they would be oxidized, potentially
forming metal chlorides and Cl, when the voltage exceeds this
level.””

Theoretical calculations suggest that fluorides possess

superior oxidation stability compared to other halides, oxides,

been taking center stage in this research field.” To date, some fluorine has the strongest electronegativity, which renders it
sulfide SEs (e.g., Li;¢GeP,S,) have attained impressive high resistant to oxidation.”””” Meanwhile, in situ formed fluorine-
ionic conductivity exceeding 10 mS cm™, but most of them containing or fluorinated cathode-electrolyte interfaces (CEls)
suffer from a narrow electrochemical window and incompat- are generally regarded as beneficial to high-voltage cathode

ibility with prevalent cathode materials like LiCoO,
(LCO).”7'® To address these issues, a series of halide SEs
have been developed, showing competitive ionic conductivity
(>1 mS cm™) and good electrochemical stability with coating-
free 4 V-class cathode materials.'’~** Received:  October 19, 2023
Despite these advances, the growing demand for higher Revised:  March 8, 2024
energy density is driving the pursuit of higher working voltages. Accepted:  March 11, 2024
For example, conventional LCO cathodes can deliver only Published: March 25, 2024
about 120 mAh g_1 when charged to 4.2 V, while modified
high-voltage LCO cathodes can achieve about 180 mAh g~!

materials due to their electrochemical stability and ability to
transport Li* ions.”*™** Therefore, fluorinating SEs has been
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Figure 1. (a) XRD patterns of LTOC-x%F (x = 0, 5, 10, 15, and 20) SEs. (b) SEM image and (c) EDS mapping of Ta, Cl, and F elements of a
cold-pressed pellet of LTOC-10%F SE. (d) STXM image of an LTOC-10%F SE particle at 690 eV. (e) F K-edge STXM XAS spectra at
different regions (a—e) of the LTOC-10%F SE particle. (f) F K-edge bulk XAS spectra of the LTOC-10%F SE, LiF, and TaF.

regarded as a promising solution to stability issues, with several
exploratory efforts having been made on various SEs.”>*'

However, the fluorination of SEs consistently encounters
challenges. Despite predictions that a few fluorides could
exhibit high lithium-ion conductivity, no practical fluoride SEs
have been developed to date.*” Most reported fluoride SEs
struggled with low ionic conductivity (<107 mS cm™),
possibly because of the strong ionic bonding between F~ and
Li* ions that hinders the mobility of Li* ions in crystal
structures.””**~* Even the conductivities of those dual-
halogen SEs partially doped with F~ ions dropped to an
insufficient level of 107" mS cm™'.******7% Moreover,
although enhanced electrochemical stability was observed in
some fluorinated ceramic SEs, the application of high-voltage
cathodes such as 4.5 V LCO in ASSLBs with satisfactory
performance has been rarely reported.”**’

Herein, we report a series of fluorinated superionic
oxychloride electrolytes for high-voltage ASSLBs based on
the recently developed amorphous nLi,O-TaCl; (LTOC) SEs.
The highly disordered local structures and the wide range of Li
site distortions in LTOC SEs are expected to facilitate the
chemical doping of F~ ions into the anion framework and
provide adequate lithium-ion mobility post the fluorina-
tion.*** As a result, the fluorinated SE with a substitution
ratio of 10% (LTOC-10%F) showed a remarkable improve-
ment in electrochemical stability toward high voltage while
maintaining a high ionic conductivity of 2.3 mS cm™}, which
sets a new record in fluorinated SEs. The ASSLBs using
coating-free high-voltage LCO cathodes and the LTOC-10%F
SE achieved high performance in the voltage range of 2.6—4.5
V vs Li*/Li, including a high capacity of 180 mAh g™ and a
good capacity retention of 81% after 300 cycles. Besides, the
amorphous structure of SEs and the structure evolution
induced by fluorination were studied by a variety of advanced
characterization methods. The interface between the LCO
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cathode and the fluorinated SE LTOC-10%F was also
investigated and visualized, revealing a LiF-rich interlayer.
The LTOC-x%F (x = 0, S, 10, 15, and 20) SEs were
synthesized by a ball-milling method based on the newly
developed amorphous LTOC SEs, with Li,O, TaCls, and TaF;
powder at a ratio of 1.5:1-x:x used as raw materials.*® All the
as-synthesized LTOC-x%F (x = 0, S, 10, 15, and 20) SEs were
highly amorphous materials, as evidenced by the presence of
only broad and weak peaks primarily attributed to Kapton
sealing tapes in each lab-based powder X-ray diffraction
(XRD) pattern (Figures 1a and S1). The further synchrotron-
based XRD patterns (Figure S2) revealed that the SE samples
also have wide peaks around 14°, implying the existence of
some locally ordered structures. Interestingly, a minuscule
amount of LiCl and Li,O impurities were identified by
synchrotron XRD, and the intensity of their signals increased
along with a small left shift of the wide peak in the pattern of
LTOC-20%F. It meant the 20% ratio might be close to the
limit of doping. The scanning electron microscope (SEM)
images of the fluorinated SEs (Figures 1b and S3) further
disclosed their microscopic morphology that consisted of
irregular nanoparticles to microparticles and a decreasing trend
in average particle size as the degree of fluorination increased,
potentially resulting in a denser cold-pressed pellet with lower
porosity (Figure §4).%%* The energy dispersive spectroscopy
(EDS) elemental mapping images (Figure 1c) that clearly
displayed the uniform distribution of Ta, Cl, and F proved that
the SEs were chemically fluorinated rather than physically
mixed with fluorides. The scanning transmission X-ray
microscopy (STXM) technique was then employed to
investigate a single SE particle (Figure 1d). We found that
the F K-edge X-ray absorption spectroscopy (XAS) spectra at
regions a—e of the LTOC-10%F SE particle showed good
consistency (Figure le), providing convincing evidence of the
uniform fluorine substitution in the chemical structure.
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Figure 2. (a) PDF analysis, (b) Ta L;-edge XANES spectra, and (c) k>-weighted EXAFS spectra in the R space of fluorinated LTOC SEs with
different doping ratios; wavelet transformed EXAFS spectra of (d) LTOC-0%F, (e) LTOC-10%F, and (f) LTOC-20%F. The R range was set
as 1-3 A, and the k weight was 2. The Morlet wavelet was employed for the calculation. The color mapping from blue to red was used to
represent the magnitude of the wavelet coefficient from low to high.

Moreover, the F K-edge bulk XAS spectrum of the fluorinated
SE exhibited characters of both LiF and TaF; reference
samples (Figure 1f). The pre-edge feature at 686.1 eV in the
spectrum of TaF was assigned to the transitions from F s to
the mixing state of F 2p and Ta 5d.*’ It was retained in the
spectrum of LTOC-10%F, suggesting the Ta—F hybridization
still existed in the fluorinated SE. On the other hand, the
features in the range of 692.8—698.3 eV of LTOC-10%F were
inconsistent with those of TaF; but agreed with the features of
LiF. Therefore, the coexistence of Li—F bonding and Ta—F
bonding was confirmed in the structure of LTOC-10%F SE.
Furthermore, the local structures of the glassy LTOC-x%F
SEs were investigated by pair distribution function (PDF), X-
ray absorption near edge structure (XANES), and extended X-
ray absorption fine structure (EXAFS). The peaks representing
Ta/Li—O and Ta/Li—F bonds at ~1.9 A and the peaks
representing Ta/Li—Cl bonds at ~2.4 A became stronger and
weaker, respectively, with increasing fluorination in PDF,
demonstrating the substitution of chlorine by fluorine in the
structure (Figure 2a). As the fluorine proportion increased in
the LTOC-x%F SEs, the rising edge feature in Ta L;-edge
XANES shifted to a higher photon energy with a slight
enhancement of the intensity (Figure 2b). Concurrently, the
first derivative absorption peaks of the LTOC-0%F, 10%F, and
20%F SEs were located at 9882.0, 9882.4, and 9882.6 eV
respectively, showing a trend toward higher energy (Figure
SS). This trend agreed with the difference among the TaCl;,
Ta,0;, and TaF; reference samples (Figure S6a,b). The right
shift could be explained by the stronger electronegativity of
fluorine compared to that of chlorine, and the slight increase of
intensity corresponded to the feature of TaFs. Additionally, the
intensified peaks at ~1.5 A and the slightly attenuated peaks at
~2.0 A in EXAFS could be attributed to the increase of Ta—
O/F paths and decrease of Ta—Cl paths, respectively (Figures
2c and S6¢). To further distinguish between Ta—O and Ta—F
paths, which are at very similar distances, the wavelet
transformation was performed.”””' The Ta—F feature with
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stronger intensity in the higher k space was observed
accordingly in the spectra of fluorinated SEs, verifying the
presence of F atoms in the first shell of Ta atoms (Figures 2d—
f and $7).°>°® The semiquantitative EXAFS fitting results also
supported the above inferences and revealed a rise in the total
coordination number of Ta after fluorine doping (Figure S8
and Table S1). In the Cl K-edge XAS spectra, the Ta—Cl---Li
features of LTOC SE were still preserved after fluorination,
indicating that the coordination environment of Cl favorable
for Li-ion transport was not disrupted (Figure S9).

Overall, F~ ions entered the anionic framework of the
amorphous SEs with the replacement of equivalent amount of
CI” ions, resulting in the emergence of Ta—F and Li—F bonds
and the evolution of Ta-centered polyhedra in the local
structure, which could improve the stability of SEs.
Simultaneously, the bulk of the disordered structure persisted,
along with an abundance of unsaturated Ta—Cl---Li bonds,
potentially maintaining the lithium-ion mobility at a high
level.*

The impact of fluorination on the electrochemical window
was subsequently evaluated by linear sweep voltammetry
(LSV) tests with SE/carbon composites as working electrodes
(Figures 3a and $10).>* It was clear that the anodic peak was
remarkably weakened as more fluorine was introduced into the
SEs. For the LTOC-x%F (x > 10) SEs, their anodic peaks were
even imperceptible compared to that of the original LTOC SE.
Furthermore, we calculated the integral area under the LSV
curves to qualitatively describe the degree of the decom-
position side reaction. As shown in Figures 3b and S11, there
was a growing tendency in both the onset potentials and the
anodic peak potentials (E,,) and an opposite one in the area
under the LSV curves, indicating the fluorinated strategy is
effective in improving high-voltage stability. Besides, the room-
temperature ionic conductivities of the LTOC-x%F (x = 0, S,
10, 15, or 20) SEs were determined using EIS measurements
(Figure 3c). Although fluorine doping usually has a negative
influence on the ionic conductivity, the LTOC-x%F SEs here
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Figure 3. (a) LSV curves of the fluorinated LTOC SEs with different doping ratios at 0.1 mV s™". (b) The corresponding areas of the regions
under the LSV curves and the anodic peak potentials (E,,,); the dotted lines are guides for the eye. (c) Nyquist plots of the fluorinated LTOC
SEs with different doping ratios and the corresponding ionic conductivities at room temperature. (d) Voltage curves of the LCO cathode
with LTOC-0%F and LTOC-10%F SEs in the first cycle at 0.1 mA cm™2. (e) Cycling performance of the LCO cathode with LTOC-0%F and
LTOC-10%F SEs at 0.25 mA cm™2. (f) Voltage curves of the LCO cathode with LTOC-10%F SE at different rates. (g) The corresponding
cycling performance at different rates. (h) Long-term cycling performance of the LCO cathode with LTOC-10%F SE at 1.0 mA cm™2.

still showed acceptable ionic conductivities (>0.4 m$
em™!).?»"7% The activation energies (E,) of these SE
materials were found to be 0.28—0.35 eV based on the
temperature-dependent EIS results (Figure S12). The minute
growth in activation energy matched up with the moderate loss
of ionic conductivity and indicated that the favorable lithium-
ion transport paths were possibly retained in the fluorinated
SEs.

Taking the ionic conductivity and electrochemical stability
into consideration together, the LTOC-10%F SE was selected
as the optimized sample to fabricate high-voltage ASSLBs with
LCO cathodes. In the voltage range of 2.6 to 4.5 V vs Li*/Li,
the LCO cathode with LTOC-0%F SE delivered 183.4 mAh
¢! with an initial Coulombic efficiency (CE) of 90.0% at 0.1
mA cm™ (0.1 mA cm™> = 0.1 C). By comparison, the LCO
cathode with the LTOC-10%F SE delivered a similar capacity
of 180.2 mAh g™ but with a higher initial CE of 91.1% (Figure
3d). The high capacity was contributed by LTOC-10%F’s high
ionic conductivity (2.3 mS cm™), and the superior initial CE
could be explained by the less decomposition side reactions of
SEs. The cycling performance at a moderate current rate of
0.25 mA cm™? also demonstrated the advantage of LTOC-10%
F SE (Figure 3e). The capacity retention of the LCO cathode
with LTOC-0%F SE was only 50%, but it markedly rose to
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75% when using the LTOC-10%F SE. Similarly, the ASSLBs
using LTOC-20%F SE showed distinct improvement on the
cycling stability as well (Figure S13). Moreover, the LTOC-
10%F SE could provide an acceptable rate performance for
ASSLBs (Figure 3f). The ASSLBs released capacities of 177,
158, 133, and 96 mAh g_l under increased current rates of 0.1,
0.2, 0.5, and 1.0 mA cm™?, respectively. When the current
returned to a small density of 0.1 mA cm™ the reversible
capacity recovered as well (Figure 3g). At the current rate of
1.0 mA cm™?, the ASSLBs using LTOC-10%F SE charged to
4.5 V achieved excellent long-term cycling performance
including a notable capacity retention of 81% and a high
average CE of 99.9% (Figure 3h). In light of the above, the
fluorinated LTOC-10%F SE exhibited superior comprehensive
performance compared to the previously reported high-voltage
ceramic SEs in terms of ionic conductivity, intrinsic electro-
chemical stability, and cycling stability and capacity of the
ASSLBs (Table S2).

Beyond the electrochemical stability of SEs, a favorable CEI
is also a critical factor in achieving high-performance ASSLBs.
The EIS data of an ASSLB utilizing an LCO cathode and
LTOC-10%F SE were gathered in the initial charge and
discharge cycles (Figure 4a). During the charging process, the
cathode-related resistance (colored in yellow) first remained
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Figure 4. (a) Voltage curves of the LCO cathode with LTOC-10%F SEs in the first cycle. The red balls indicate the measurements of EIS. (b)
The corresponding in situ EIS spectra of the full cell. (c) STXM image at 690 eV, (d) the corresponding Co mapping, and (e) the
corresponding F mapping of an LCO cathode particle after cycling using LTOC-10%F as SE. The white lines are guides for the eye. (f)
STXM F K-edge and Co L, ;-edges XAS spectra of the different regions (a—e) on the LCO cathode particle with LiF and pristine LCO as

reference samples.

steady at around 20 €, signaling good compatibility between
the LCO active material and the LTOC-10%F SE.'”'®3%3¢
Upon reaching a high voltage of 4.5 V, the cathode-related
resistance slightly increased to around 60 Q and remained
relatively stable in the subsequent discharge process (Figure
4b). This could partially be ascribed to the evolution of the
contact between cathode and SE upon deep deintercalation of
lithium and also implied the formation of a stable CEL'®°
The second and third LSV curves of LTOC-10%F SE showed
significantly reduced current densities and nearly linear
behaviors, agreeing with the deduction that the passivating
interface was in situ generated during the initial charging
process (Figure S14). Furthermore, an LCO cathode particle
after cycling with LTOC-10%F SE was studied by STXM
(Figure 4c). The strong signal of cobalt across the entire
particle eliminated the possibility of it being an SE particle
(Figure 4d). Subsequent STXM F mapping on the same
particle clearly indicated that the LCO cathode was covered by
a F-containing CEI after cycling (Figure 4e). The consistency
of these XANES spectra at different points demonstrated the
homogeneity of this CEI layer (Figure 4f). The similarity
between all of the rising edge features of a—e and the entire
region to that of LiF revealed that the CEI was LiF-rich. In
parallel, the uniformity of the cathode redox reaction after
cycling was verified by the Co L,;-edge XAS spectra of bulk
and different points on the particle, suggesting the advanta-
geous function of the CEI (Figure 4g). Besides, the Co XAS
spectra of the LCO cathode with varying cycle numbers were
also collected, and their features were in line with the pristine
one (Figure S15). Therefore, we could speculate that the LiF-
rich CEI in situ formed on the surface of LCO cathode, which
served to protect the cathode from further side reactions and
deterioration at high voltages.

In summary, a series of fluorinated oxychloride LTOC-x%F
SEs were successfully synthesized by a ball-milling method.
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The fluorine was confirmed to be introduced into the
amorphous structure with the formation of Ta—F and Li—F
bonding. The evolution of the coordination environment
surrounding Ta atoms was investigated in detail, and the
increase in Ta—F bonding and total coordination number with
a slight reduction in Ta—Cl and Ta—O bonding were
observed. The fluorinated SE LTOC-10%F showed a
remarkable improvement on the electrochemical stability
toward high voltage, and it still had a high ionic conductivity
of 2.3 mS cm™! at the same time. The ASSLBs using the LCO
cathode and LTOC-10%F SE achieved high performance in
terms of specific capacity, rate performance, and cycling
stability. Besides, the mechanisms for the superior performance
were concluded to be the intrinsically extended electro-
chemical window and the in situ formed LiF-rich CEI that
could further protect the cathode. We believe this work not
only proposed and achieved a fluorinating strategy for high-
voltage ASSLBs but also provided deep insights into the
analysis of SE’s amorphous structure and the interface between
SEs and electrodes.
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