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Superionic Fluorinated Halide Solid Electrolytes for Highly
Stable Li-Metal in All-Solid-State Li Batteries

Tianwei Yu, Jianwen Liang, Liang Luo, Limin Wang, Feipeng Zhao, Guofeng Xu,
Xiangtao Bai, Rong Yang, Shangqian Zhao, Jiantao Wang,* Jingiu Yu,* and Xueliang Sun*

The halide solid-state electrolytes (SSEs) have received significant atten-
tion due to their high ionic conductivity and desirable compatibility with
cathode materials. However, the reduction potential of the halide is still
>0.6 V (versus Li/Li*). Reduction stability is still one of the challenges that
need to be addressed. The fluorides have a wide electrochemical stability
window due to the large electronegativity of F~. In contrast, Li;YBrg (LYB)
bromides have a narrower electrochemical window, although they have
high lithium ion conductivity (>10~ S cm™). Herein, a fluorine doping
strategy is employed. The interfacial stability between fluoride-doped
bromides and lithium metal is researched by cycling of lithium symmetric
cells. Li plating/stripping can maintain over 1000 h at 0.75 mA cm™2 Inter-
facial protection mechanisms investigated by X-ray photoelectron spec-
troscopy. A fluoride-rich interfacial layer is formed in situ during the cycle,
which achieves inhibition of the reduction. The Li metal treated fluorine
doping of LYB exhibits significant potential in full cells. In fact, the induc-
tion of a stable in situ interfacial layer by fluorine doping can effectively
improve the interfacial stability of bromides to lithium metal. Fluorine-
doped modification offers a new attempt to realize lithium metal applica-

tions in all-solid-state lithium batteries.

1. Introduction

All-solid-state lithium batteries (ASSLBs) become the focus
of extensive research in order to achieve high energy density

in energy storage technology with excel-
lent safety conditions.l As the main
components of ASSLBs, the solid-state
electrolytes (SSEs) play an essential role
in ASSLBs.2 Over the past few years,
researches on inorganic solid electrolytes
have made significant progress.>

After decades of research effort,
various lithium solid electrolytes with
high ionic conductivity were developed,
including oxide, sulfide, polymer, halide,
etc. Among these materials, oxide solid
electrolytes such as  perovskite-type
LiysSty/16Tas4Zry403,%  sodium  super
ionic conductor type LijsAlysTiy5(POg)s,1°
and garnettype Lig4la;Zri4Tags Ol
could reach the level of =1074-102 S cm™
at room temperature. However, the poor
physical contact due to the inherent
mechanical rigidity of oxide SSEs cause
hindered ion transport at the interface.l®!
At the same time, a high reaction tem-
perature is required in the preparation
process, which makes the manufac-
turing cost high.’ These problems can
be avoided for the ductile sulfide SSEs due to intimate good
ionic contacts. For example, thio-lithium super ionic con-
ductor type Li,5Geg 25Pg75541 glass type Li,S-B,S;-SiO,-Lil, M
glass-ceramic type Li;P3S;,¥ Argyrodite type LigPSsCl1!
Li;0GeP,S1,, and Lig 54Si; 74P1.44S117Cly 5! exhibit superionic
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conductivities (=107-1072 S cm™) without sintering process. The
instability of sulfide SSEs under high potential limit its applica-
tion with 4 V cathode materials."® Buffer coating layer must be
introduced, such as Li TisO,/¥ and LiNbO4."] The main disad-
vantage is that the lower ionic conductivity of the buffer layer
(LiNDO;: 10~ S cm™) may hinder ion transmission.!l

In order to find SSEs that are oxidation stable at high poten-
tials, halides have recently been reconsidered as suitable can-
didates. The newly developed halide SSEs such as Li;InClg
(LIC),0 Li;YCls (LYC)/Li;YBrs,2% Li;Er(Y)Cle2U LizScClg22
Li;Sc;/3Cly, 1% and Li, sErg 5210 sClg* show high level of con-
ductivities (=10*-1073 S cm™). Besides, halide electrolytes have
obvious advantages in electrochemical windows, especially flu-
oride and chloride. Mo et al. reported the calculation and anal-
ysis of electrochemical windows for various electrolytes and
oxidation potential of chloride electrolytes exceeds 4.2 V (versus
Li*/Li).[?"! Besides, Fajan et al. believe that halide electrolytes
have more covalent bonds than sulfide electrolytes. The lattice
structure of halide electrolytes is softer, which mean halide
electrolytes have better machining performance.l?! Therefore,
halide SSEs are regarded as a potential SSEs for ASSLBs.[?/]
Han et al. evaluated crossover experiments on full cells with
single-crystal or poly-crystal LiNijggCoq11Aly 010, (NCA) loaded
with LYC or LigPSsClysBrys electrolytes.?!l By engineering
the electrode preparation, single-crystal NCA particles can
achieve favorable wettability with LYC particles, whose full
cells have an excellent electrochemical stability and achieve an
impressive performance of nearly 97% capacity retention after
200 cycles. The LYC-equipped full cell has potential for com-
mercial application.

The most promising applications of solid-state batteries are
reliant upon the use of Li metal anodes, which are desirable
due to their high specific capacity of 3860 mAh g and low elec-
trochemical potential. Although halide electrolytes reveal high
ionic conductivity and oxidation stable at high potentials, there
are not any reports about the capacity of usage in Li anode. The
poor stability at the interface of the Li metal and halide SSEs
is still a challenge. The electrochemical window of Li3InClg
halide SSEs is 2.5-4.3 V (versus Li*/Li).?’ Although reduction
stability of the group IIIB elements is much better than that
of the group IIIA metal ions, the electrochemical window of
Li3YClg/Li3YBrg halide SSEs is 0.62—4.21 V/ 0.59-3.15 V (versus
Li*/Li).2% Halide solid electrolytes with group I1IB elements
still cannot achieve stable matching to lithium metal. Riegger
et al. concluded that a reduction reaction between the halide
solid-state electrolyte LIC and LYC and lithium metal is inevi-
table.?”) LiCl and oxides, decomposition products of LIC and
LYC, were found by in situ X-ray photoelectron spectroscopy.
This electrochemical instability precludes the use of halide
solid-state electrolytes in solid-state batteries with lithium
metal anode. Continuous generation of high resistance inter-
face products can severely impede lithium-ion diffusion. At
the same time, degradation of the solid electrolyte leads to the
destruction of the interfacial structure. Cracks or voids occur at
the interface on one side of the solid electrolyte where lithium
dendrites tend to grow. The growth of lithium dendrites would
lead to internal short circuits, eventually.?% Riegger et al. sug-
gested that LigPSsCl can achieve stable solid—electrolyte inter-
phase (SEI) formation.??) However, the introduction of a new
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electrolyte layer would complicate the cell preparation process
and is not conducive to large-scale applications.

According to theoretical predictions, the reduction potential
of the halide solid-state electrolyte is still >0.6 V (versus Li/Li),
showing that these electrolytes can be used in contact with
most high voltage anode such as In, Li,TisOy,, etc., but the
anode interface may be unstable in Li anode. Due to the
expected instability against the Li metal anode, sulfide solid
state electrolyte such as LigPSsCl as a separator layer is mostly
used, and the halide SSEs are primarily used in cathode parts.
Unfortunately, no theoretical and experimental studies on the
design for the interface stability of halide SSEs against the Li
metal anode have been reported.

Here, we report a new metal-halide electrolyte, fluori-
nated Li;YBrs;Fy;, not only with high ionic conductivity
(1.8 x 107 S cm™) but also can directly work with Li metal
anode. Due to the high stability of interface from the in situ for-
mation of F-rich component in Li plating and stripping process,
Li symmetric cells with Li;YBrs,Fg; as electrolyte can exhibit
high stability over 1000 h at 0.75 mA cm™ with the capacity of
0.75 mAh cm™. Detailed analysis suggests that the in situ sur-
face between the Li metal and designed Li;YBrs-F 3 electrolyte
exhibits a high concentration of fluoride. The in situ fluori-
nated layers form better contact area. The in situ fluoride layer
is homogeneously distributed at the interface, which contrib-
utes to high cycle stability. Moreover, all-solid-state batteries by
directly using Li metal as anode and LiCoO, (LCO) as cathode
demonstrate high cycling stability at room temperature. Our
results identify promising oxidation stable halide-based lithium
superionic conductors which also can be used against Li anode.

2. Results and Discussion

By the high-temperature solid-state reaction, YBr; was substi-
tuted with different amounts of YF; to synthesize a series of
Li;YBrg_,F,. The SSEs were protected by Kapton film from air
to conduct the measurements of X-ray diffraction (XRD). The
phase composition of Li;YBrs-F,; is displayed in Figure 1la.
The XRD patterns of Li;YBrs;Fy; are similar with that of
Li;YBrg in literature report.?%) Close-packed-like anion sublat-
tice forms the basic structure of Li;YBrs,F, 3, belonging to the
cubic close-packed (ccp) arrangement. Li;YBrg is isomorphs
of Li;ErBrg (ICSD No. 50182, space group C2/m). The Riet-
veld refinement and crystal structural information is shown
in FigureS2 and Table S1, Supporting Information. With the
increasing of fluorination, no obvious changes in peak distri-
bution. The main characteristic peak around 31.7° of Li;YBrg
shifts to a larger angle when compare with the diffraction peak
of Li3YBrs;F 3. According to the Bragg's Law, F doping leads
to a smaller lattice size, which increases the peak angle (=0.1°)
(Figure 1b). The other ratio of the materials are based on the
chemical composition of Li;YBrg  F, (x = 1,2,3), as shown in
Figure Sla, Supporting Information, when x increases to 1,
the diffraction peaks of LiBr and YF; can be distinguished. As
the fluorine doping continues to increase, the peak intensities
of LiBr and YF; gradually increase. When x = 3, the peaks of
Li3YBrg almost completely disappeared, which indicates that
the fluorine doping is saturated when x > 1. Excessive doping

© 2021 Wiley-VCH GmbH
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Figure 1. Characterizations of electrolytes. a,b) XRD patterns of the LisYBrs ;Fq 3 and Li;YBrg. ¢) SEM image of the Li;YBrs;F 3. d—f) EDS element map-

ping of the image of (c).

leads to the appearance of the impurity phase. Also, the peak
angle shift when x = 1 is similar to x = 0.3(Figure S1b, Sup-
porting Information). It is suggested that fluorine doping is
close to saturation for Li;YBrs,F ;. In order to further confirm
the saturation of the F-doping, density functional theory (DFT)
calculation were taken. The enthalpy changes (AH(F)) of the
Li;YBry_,F, was calculated by the following Equation (1):

AH(F)=E(LiyYBr .F.)— 24E(LiBr) 0

—(8-x/3)E(YBr;)—x/3E(YF,)

The E means the binding energy of the compound. The
AH(F) is 0.33 eV/atom when doping one F atom in a supercell
(2 x 1 x 2), while the average AH(F) of each F atom is 0.29 eV/
atom when doping multiple F atoms, which indicates that F
doping is a non-spontaneous process and requires external
energy. When the reaction temperature range is chosen to be
900-1000 °C, the F doping concentration limit is calculated by
the following Equation (2):

C; = Cy # EXP(~AH (F) ks T), Cy, = C, * EXP(~AH(Br)/k;T)
C;/Csr = x/6, x = 6EXP(~AH (F) [k;T)

The C means the concentration of the element, while the CO
means the initial concentration and the T means the tempera-
ture. The upper limit of F-doping concentration is calculated to
be x = 0.37 and the lower limit is x = 0.25 at 950 °C. Thus, the
average value of the F-doping limit is 0.31, which corresponds
to the XRD results (Table 1). The morphology of the Li;YBr,

Adv. Energy Mater. 2021, 2101915

2101915 (3 of 9)

and Li;YBrs;F, 3 was analyzed by scanning electron microscopy
(SEM). Both SSEs showed spherical particles with micron-
size (Figure S3, Supporting Information). Li;YBrs spherical
secondary particles are composed of primary lamellar particles
the primary particles of Li;YBrs,F,; are much thicker, and the
interlamellar layers are significantly filled, which indicates an
increase in Li;YBrs;F,; densities after doping. The selected
area were studied by energy disperse spectroscopy element
mapping. As shown in Figure 1c—f, the elements Y, Br, and F
are homogeneously distributed in Li;YBrs,F 3. The elements
Y and Br are homogeneously distributed as well in Li;YBrg
(Figure S4, Supporting Information).

The ionic conductivity of Li;YBr;5-F ; was analyzed by electro-
chemical impedance spectroscopy (EIS). As shown in Figure 2b,
the ionic conductivity of Li;YBrg can reach 2.1 X 103 S cm™.
The activation energy is calculated at 0.378 eV (Figure 2b),
which is similar to Asano’s report.?%) The ionic conductivity of
Li;YBrs; Fy5 can still maintain at 1.8 x 102 S cm™. There is
no significant increase in the activation energy, which keeps
at 0.39 eV (Figure 2b). In addition to Li;YBrsF ;, larger fluo-
rine doping electrolytes were also synthesized. Excessive fluo-
rine doping also affects ionic conductivity. When x = 1, the

Table 1. F-doping concentration limits at different reaction temperature.

T[°C] C [F]=Lower limit C [F]=Upper limit
900 0.22 0.33
950 0.25 0.37
1000 0.28 0.41

© 2021 Wiley-VCH GmbH
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Figure 2. Electrochemical characteristics of electrolytes. a) LSV curve of the Li;YBrg and LisYBrs;Fg3. b) Arrhenius plots of the Li;YBrs; Fo3 and
Li3YBr. c,d) Li symmetric cells. Li plating and stripping in c) Li//Li3YBrs;Fo3//Li symmetric cells at 0.1 mA cm™2 with the capacity of 0.1 mAh cm= and
d) Li//LisYBrg//Li symmetric cells at 0.1 mA cm™2 with the capacity of 0.1 mAh cm2 with LiFSI modified.

ionic conductivity deceases to 8.8 x 107* S cm™. And when x =
2, the ionic conductivity is only 4.6 X 10 S cm™ due to the
excess fluoride remaining (Figure S5a, Supporting Informa-
tion). Continuously decreasing levels of ionic conductivity are
closely linked to an increase in the proportion of impurities.
The results of EIS agree well with the results of XRD. The elec-
tronic conductivity of Li;YBrs,F, 3 was calculated by steady cur-
rent value of direct current polarization curves based on Ohm’s
law. As shown in Figure S5b, Supporting Information, the elec-
tronic conductivity of Li;YBrs;Fg 5 is 477 x 10° S cm™, which
is 10° times lower than the ionic conductivity of Li;YBrs,F ;.
Such a difference between the ionic and electronic conductivity
demonstrates the electronic insulating properties and the high
lithium ion conductivity of the Li;YBrs-F ;.

As exhibited in Figure 2a, the linear sweep voltammetry
(LSV) curve of CNT/Li;YBry //Li3YBrg //Li cell climbs up at
2.0 V, and the current density dramatically increases around
0.5 V. In contrast, CNT/Li3YBrs,Fg3//Li3YBrs,F3//Li cell
maintains a low current density. The absolute value of the
reduction currents for Li;YBrs,Fj; is 0.001A at —0.5 V, which
is lower than Li;YBry of 0.00325A at —0.5 V. Both the absolute
values of the reduction currents of the cells with Li;YBrs-Fq3
or Li;YBry are in the high magnitude range, indicating that
the Li;YBrs;F(; or Li;YBrg are still unstable to lithium metal.
The curves are further integrated (from 2.0 to —0.6 V) to
quantify electrochemical stability. The integrated current of
Li;YBrs;Fg 3 is 5.8 x 107* AV cm™, which is smaller than Li;YBr,
of 2.7 x 107 AV cm™. It is demonstrated that the Li;YBrs,Fg;
have slower polarization than Li;YBr,. F doping suppresses the
processes of reduction reaction effectively.
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The interface stability between Li metal and Li;YBrs;F, 3 was
studied by cycling Li-Li symmetrical cells. As demonstrated
in Figure 2c, under current density of 0.1 mA cm™, the ini-
tial plating/stripping potential of the cell with Li;YBrs-F; is
around 0.05 V. With the initial activation process, the plating/
stripping potential increases to a maximum of 0.09 V due to the
interface reaction. Such a large potential change proves that the
original interface is unstable. The results of cycling Li-Li sym-
metrical cells agree well with the results of linear sweep voltam-
metry (LSV). The plating/stripping potential gradually drops
around 0.05 V as the cycle continues. It is well known that a
solid-solid contact is achieved between the solid-state electro-
lyte layer and the lithium metal electrode. The surface of the
solid phase is extremely rough. Therefore, the physical contact
at the interface of the solid phase is also extremely poor. There
are many micro voids or gaps at the interface between the
solid-state electrolyte layer and the lithium metal electrode. As
mentioned above, the bromides are chemically unstable with
the lithium metal before and after doping and there are violent
interfacial reactions that occur during cycling. The products
of the interfacial reaction tend to fill the micro voids or gaps
at the interface and gradually form an in situ interfacial layer
between the solid-state electrolyte layer and the lithium metal
electrode, which greatly enhances the contact performance of
the solid-state electrolyte layer and the lithium metal electrode.
As a result, polarization and resistance decreased upon cycling
for the symmetric cells due to the formation of the higher area
contact. The plating/stripping potential could maintain at a
steady cycle of 0.05 V. It is mean that the in situ formed inter-
phase between Li and Li;YBrs,F,; is robust, which can limit

© 2021 Wiley-VCH GmbH
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the degradation of electrolyte during cycling. Even reach 1000 h,
the cell remains stable without the increase of polarization. The
plating/stripping potential of the cell with pure Li;YBrg exhibits
a similar trend to the cell with Li;YBrs-F,; at the first 50 h
(Figure S6a, Supporting Information). By contrast, the plating/
stripping potential is gradually increasing after 50 h, which
indicated that the interface reaction is constantly on-going
without inhibition. The plating/stripping potential even reaches
1.0 V around 500 h, which means that the interfacial reaction
is not inhibited. The accumulation of interfacial side products
increases the interfacial transfer resistance, further increasing
the polarization phenomenon. After 500 h, short circuits occur
eventually due to the growth of lithium dendrite.

The cell with Li;YBrs,Fg; can effectively limit interface reac-
tion and guarantee long cycling durability due to the robust
Li/Li;YBrs,F, 3 interface. In order to assess the limits of the
lithium plating/stripping capacity of the Li;YBrsF 3, the critical
current density (CCD) was measured for lithium symmetric cells
under different multiplicity conditions. As shown in Figure S6b,
Supporting Information, the lithium symmetric cell of
Li//Li;YBrs;F, 3//Li was constructed at an initial current density
of 0.05 mA cm™2. The multiplication rate was increased in steps of
0.05 mA cm™ before the current density increased to 0.5 mA cm™.
The subsequentincrease in multiplicity was in steps of 0.1mA cm 2.
The lithium plating/stripping time of single step was 1 h. With
a gradual increase in current density, the polarization voltage
gradually grows. At a current density of 1.0 mA cm™, the polari-
zation voltage drops off, indicating a micro-short circuit in the
lithium symmetric cell. The CCD value of the Li;YBrs,Fg; is
=0.9 mA cm™. In order to verify the electrochemical cycling
stability of the Li;YBrs,F,3 for lithium metal at large lithium
plating/stripping capacities, the behavior of cycling Li-Li sym-
metrical cell at 0.75 mA cm™ with the capacity of 0.75 mAh cm™
is displayed in Figure S6c, Supporting Information. This sym-
metric cell experiences a same activation process with the cell
at 0.1 mA cm™. The overpotential increases from around 0.1 to
0.3 V in the initial 70 h. The cell exhibits a more intense inter-
facial response at 0.75 mA cm compared to the lower current
density. Until 300 h, the overpotential is gradually decreasing and
keeping at a low level around 0.07 mV. This Li//Li;YBrs;F, 3//Li
symmetric cell can still display a stable cycling over 1000 h. In con-
trast, the CCD was at a lower level for Li//Li;YBrs//Li, reaching
only 0.3 mA cm™ before a short circuit occurs (Figure S6d,
Supporting Information). At the same time, the lithium plating/
stripping potential was at a high level, indicating the continuous
side-reaction taking place at the interface and the accumulation
of interfacial impedance. The poor cycling performance demon-
strates that the instability of Li;YBrg to the lithium metal.

To understand the process of formation of the interfacial
layer between the electrolyte and lithium metal, time-resolved
EIS was conducted. The semicircle region represents the
impedance of the electrolyte at the interface with the lithium
metal. The trend of the two electrolytes in first 50 h was almost
the same as the time increases (Figure S7a,b, Supporting
Information). At 15 h, the interface resistance of both electro-
lytes is at a high level. And then, the resistance dropped due
to the improvement of contact. With the cycle continuing, the
interfacial resistance of the symmetric cells with Li;YBrs;Fj 3
returns to a lower level around 200 Q (Figure S7b, Supporting
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Information). In contrast, the interfacial resistance of the sym-
metric cells with Li;YBrs gradually increases to over 900 Q
(Figure S7a, Supporting Information). This result also confirms
the trend of the curve in the symmetrical cells.

To research the protective mechanism of the reticular sheet
at the interface, the chemical characterization of the interface
after cycling was studied by XPS depth profiling. Figure 3 pre-
sents the overall spectra evolution of Li 1s, Y 3d, and F 1s from
the interface to Li metal with Li;YBrs,Fg ;. The spectra evolu-
tion of Li 1s in different etch levels are exhibited as Figure 3a.
The peaks at =56 eV mean binging energy of the Li in the
Li;YBrs,Fy;. With the etch level increasing continually, the
strongest signal intensities gradually shift to Li—F bonds at
=55 eV and eventually shift to Li® at =54 eV. F 1s spectra exhibit
the same evolution trend as Li 1s (Figure 3c). The characteristic
peaks at =686.1 eV assigned to the F 1s in the Li;YBrs;F, 3. The
characteristic peaks at =684.7 eV of Li—F bonds rise up gradu-
ally due to the formation of LiF compounds at the interface.
The overall spectra evolution of Y 3d is shown as Figure 3e.
The characteristic peaks of Y 3d in the Li;YBrs,F; (Y3d3/2 at
=~160.6 eV and Y3d5/2 at =158.4eV) and Y—F bonds (Y3d3/2 at
=161.6 eV and Y3d5/2 at =159.5 eV) both occur in the interface.
With the etch level increasing, the characteristic peaks of Y—F
bonds are gradually stronger, which indicated the formation of
YF, compounds at the interface.

The LiF and YF, generated at the interfacial layer play a
protective role on the solid electrolyte after cycling of the sym-
metric cell with Li;YBrs;F 3. The F-rich robust layer inhibits
the degradation of the SSE and significantly slows down the
reduction process.

However, the Li;YBry overall spectra evolution trend of Li 1s,
Y 3d, and F 1s at the interface is different compared with the
Li3YBrs ;F 3 overall spectra. As shown in Figure S8a, Supporting
Information, the characteristic peaks of Li—Br bonds appear
in the interface (=56.9 eV). The formation of LiBr compounds
indicates that Li;YBrg is degraded. The characteristic peaks of F
1s not occur (Figure S8¢, Supporting Information). The overall
spectra evolution of Y 3d is shown as Figure S8e, Supporting
Information. In particular, only the characteristic peaks of Y 3d
in the Li;YBr clearly occur. It is proved that no fluoride is formed
at the interface. With the etch level increasing, signal intensities
gradually reduce due to being close to the Li metal layer.

The morphology of Li metal after cycling 1000 h was studied
by SEM. As shown in Figure S9, Supporting Information, the Li
surface before cycling is very smooth (Figure S9a, Supporting
Information). The Li surface of the cell with Li;YBrs-F(;3 is
consecutive and homogeneous (Figure S9b, Supporting Infor-
mation). Reticular sheets coating on the Li metal surface can
be observed. These dense sheets at the interface protect SSE
from reduction by Li metal and make the interface structure
more stable, which allows the cell to maintain a stable cycle
with less polarization. On the contrary, the Li surface of the cell
with Li;YBr is cracked (Figure S9c¢, Supporting Information).
The unlimited interfacial side reactions prevent the homoge-
neous deposition of lithium ions, which leads to excessive local
stresses at the interface and eventually leads to the destruc-
tion of the interfacial structure. The lithium dendrite will grow
along these cracks. The Li;YBrg at the interface experience
degradation with the cycling due to the successive interfacial

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Lils
Li0

(a)

Etch level 3"

Intensity(a.u.)

Binding Energy (eV)

Fls

(©)

Li-F SSE-F

Etch level 2"

Etch level 0

| Pristine SSE_____~_

680 682 684 686 688

Binding Energy (eV)
Y3d

Intensity(a.u.)

(e)

SSE-Y 3d5/2 SSE-Y 3d3/2
Y-F 3d5/2 Y-F 3d3/2

Etch level 3"

[Etch level 2
|Etch level 1

[Etch level 0"

Intensity(a.u.)

[Pristine SSE

156 160 164
Binding Energy (eV)

152

www.advenergymat.de

Intensity(a.u.)

52 54 56 58 60
Binding Energy (eV)
F1s
(d)
Li-F SSE-F
- :
=
S
~
g
172}
b
= U
680 682 684 686 688 690
Binding Energy (eV)
Y3d
(f) SSE-Y 3d5/2 SSE-Y 3d3/2
L Y-F3ds2 | Y-F3d32
~~ O ‘
3 -
g
£
<
=
[C=| o
SV
154 156 158 160 ‘ 162 164
Binding Energy (eV)

Figure 3. XPS depth profiling analysis. a,c,e) overall spectra evolution of Li 1s, F 1s, and Y 3d with different etch level at the Li/Li;YBrs;Fq ; interface.

b,d,f) XPS spectra of Li 1s, F 1s, and Y 3d at the Li/Li3YBrs;Fq 3 interface.

side reactions. The results of SEM agree well with the results of
the curve of cycling Li-Li symmetrical cells.

In summary, dense and reticular structures were formed in
situ at the interface between Li;YBrs,F;3; and Li metal during
cycling, which indicates that the Li;YBrs;Fg ;3 can protect lithium
metal against reduction. At the same time, the existence of robust
fluorinated interface can inhibit the reduction reaction and
protect the interface structure between Li metal and SSE. The
favorable stability of Li;YBrs ;F ; against Li metal guarantees long
cycling of the symmetric cell. In contrast, the Li;YBr, without
fluorine doping was unable to form a stable interface with the Li
metal. The continuous side reactions lead to a large polarization
at the interface. Degradation of the solid electrolyte occurs. The
deterioration of the interface structure leads to interfacial contact
failure. As a result, the interfacial resistance increases, which is
not friendly to the stable cycle of the symmetric cell.
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To demonstrate the advantages of in situ fluorinated passi-
vation layers over artificial fluorinated passivation layers, artifi-
cial fluorinated modified Li symmetric cells with Li;YBrg were
assembled. The formation of an artificial fluorinated interfacial
layer in the lithium symmetric cell is achieved by the introduc-
tion of an extra artificial source of fluorine in cycle. By adding
a drop of high-concentration electrolytic solution with LiFSI on
the Li metal pieces and drying under vacuum, a fluoride-based
interface layer will be formed in Li symmetric cells. As shown
in Figure 2d, under current density of 0.1 mA cm™2, the initial
plating/stripping potential of the Li symmetric cell with artificial
fluorinated layer is around 0.05 V. With the initial activation pro-
cess, the plating/stripping potential increase to a maximum of
0.2 V due to the interface reaction. And then, the plating/strip-
ping potential dropped to 0.01 V. The early cycling process was
similar to the cell with Li;YBrs;F,3; shown in Figure 2c, which

© 2021 Wiley-VCH GmbH
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suggests that artificially fluorinated interfacial layers can achieve
a passivation process similar to that of in situ interfacial layers.
However, after cycling to 200 cycles, the plating/stripping poten-
tial occurs as an uninhibited increase of more than 2.0 V. The
artificially fluorinated interface cannot achieve a homogeneous
distribution of fluoride. The solid contact at the interface is poor.
A high number of gaps exist at the interface, where lithium den-
drites appear to grow. As the cycle proceeds further, the lithium
dendrites gradually pass through the fluorinated layer and come
into direct contact with the solid electrolyte directly, thus acti-
vating a new uninhabitable reduction. The in situ fluorinated
interfacial layer is more conducive to long-cycle interfacial pro-
tection. At the same time, the adoption of fluorinated electro-
lytes reduces the processes involved in cells assembly, which is
an important advantage in practical applications.

In order to understand the polarization of the artificial fluo-
ride interface during different cycles, the symmetric cells with
200 and 500 h cycles were disassembled for XPS testing (Figure S10,
Supporting Information). Compared to the pristine Li;YBrg, a
significant fluoride response appears at the interface after 200 h
of cycling. The characteristic peaks of Li—F bonds at =55 and at
~684.7 eV in the spectra evolution of Li 1s and F 1s are occurred
(Figure S10a,b, Supporting Information), which indicated that
a fluoride-rich passivation layer is generated at the interface to
inhibit the reduction process. The results are consistent with the
symmetric cells of the in situ fluoride interface at the same cycles.
However, the inhibition effect of artificial fluorinated interfacial
layers is still limited compared to in situ fluorinated interfacial
layers. When 500 h of cycling, the characteristic peaks of Li—Br
bonds appear in the interface although fluoride is still present.
The characteristic peaks of Li—Br bonds at =56.9 eV indicates
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that Li;YBrg is degraded (Figure S10d, Supporting Information).
The decomposition of the Li;YBry proves the failure of the artifi-
cial fluoride passivation layer to achieve inhibition of the reduc-
tion reaction under long cycling conditions.

In order to have a further understanding of the in situ inter-
face between Li;YBrs;F(; and lithium metal, DFT calculations
were performed on the constructed fluorinated interface model.
Different linear combinations of electrolyte components were
performed. The different combinations of the equilibrium-
stable phases are evaluated quantitatively by calculating the
normalized energy of each atom (E-hull). The composition of
the electrolyte after F-doping can be interpreted as Equation (3):

LisYBr,_F, = x/6(Li;YF,)+(1—x/6)(Li;YBr,) (3)

As shown in Table S2, Supporting Information, the stability
of the Li;YFs component is significantly lower than that of
the Li;YBrg component. When x < 0.3, the F-doped electrolyte
remains in the equilibrium stable phase. However, at the begin-
ning of the electrochemical cycle, there is a large polarization
at the interface, which causes the unstable fluoride component
to be prone to decomposition, thus gradually forming a fluori-
nated interfacial layer.

To prove the application potential of Li;YBrs,F, 3 with Li metal,
the ASSLBs were constructed by using Li metal, LIC coated LCO
(LCO@LIC) mixed Li3YBrs;Fg; as the cathode, and Li;YBrs,Fg;
as the SSE layer. The mass of the LCO is =10 mg cm™2. The voltage
window of =2.5-4.2 V (versus Li/Li*) was employed in charge
and discharge at 0.14 mA cm™. The first curve are displayed as
Figure 4a. Before the charging plateau of 3.78 V, there is only a small
slope due to the effect of inevitable space charge. No extra voltage
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plateau/slope can be found, which indicate that there is no side
reaction on cathode or anode. In the Li//Li;YBrs//LCO@LIC cell,
the first discharge specific capacity is up to 126.7 mAh g The first
coulombic efficiency reaches 89%. In the Li//Li;YBr5;F 3/ /LCO@
LIC cell, the first discharge specific capacity is 121.6 mAh g
and the first coulombic efficiency reaches 90%, which reaches
the close level of the Li//Li;YBrg//LCO@LIC cell. The discharge
capacity of the Li//Li;YBrs;Fy3//LCO@LIC cell is stable in
70 cycles with the capacity retention stands at 60% (Figure 4b).
The coulombic efficiency remains around 99%. By contrast, the
discharge capacity of the Li//Li;YBrs//LCO@LIC cell is false in
70 cycles with the capacity retention standing at 12%. Without the
protection of the robust layer, the interface reaction is continuous.
The resultant degradation of Li;YBr eventually causes the destruc-
tion of the interface structure and the loss of solid—solid contact,
which affects the cycle performance of the cell. The full cell with
Li;YBrs,F 3 suffers from instability problems as well as a large
capacity degradation. The continuous and irreversible lithium loss
should occur during the cycling of the full cell, resulting in a con-
tinuous capacity degradation. The exact reason of the instability of
the full cell is subject to further experimental investigation.

The EIS evolution at different cycles is shown in Figure 4c,d.
Two obvious semicircles can be observed in each plot. It is
reported that LIC is stable with LCO,!l so the high-frequency
semicircle is mainly contributed by the interfacial resistance
between composite cathode and SSEs. The middle-frequency
semicircle is contributed by the interfacial resistance between
Li metal and SSEs. The interfacial resistance of cathode and
SSEs in each plot remains the level at 314 Q. But the interfa-
cial resistances of anode and SSEs in each cell with different
SSEs display different results. The interfacial resistance of
anode and Li;YBrg increases obviously (Figure 4c). At the
50th cycle, the resistance reaches around 3000 Q, which is the
reason why the capacity of the cell of Li//Li;YBrg//LCO@LIC
decreased quickly. However, the interfacial resistance of anode
and Li;YBrs;F, 3 shows slow growth (Figure 4d); only a 300 Q
increase from the first to the 50th cycle. The almost unchanged
interfacial resistance reflected that a stabilized interface grad-
ually formed during cycling. So the capacity of the cell of
Li//Li3YBrs5,F 3/ /LCO@LIC decreased more slowly.

The above results demonstrate that a fluoride-rich interfacial
layer is formed in situ between the lithium metal and the elec-
trolyte during the cycling process of a cell loaded with a fluorine-
containing electrolyte. The fluoride-rich interfacial passivation
layer effectively hinders the interfacial reaction process. Due to
the protection of the passivation layer, a high solid—solid contact
area is achieved at the interface. The improved solid—solid con-
tact facilitates the transport of lithium ions. The cycling perfor-
mance of the cell is enhanced in this way.

3. Conclusions

In conclusion, a new metal-halide electrolyte, fluori-
nated Li;YBrs;F;3;, not only with high ionic conductivity
(1.8 x 107 S cm™) but also can directly work with Li metal
anode have been proposed. The fluorinated Li;YBrs-F,; has a
similar structure to Li;YBrg, while it shows much better stability
when contact to Li anode. The Li plating/stripping can main-

Adv. Energy Mater. 2021, 2101915

2101915 (8 of 9)

www.advenergymat.de

tain over 1000 h at 0.75 mA cm™ by only using Li;YBrs,F
as electrolyte. Detail analysis suggests that the high stability
of Li;YBrs,F,; electrolyte with Li metal is originated from
the in situ formed fluoride-containing interface layer, which
is dense and reticular. The homogeneous morphology in the
in situ formed fluoride-containing interface layer inhibits the
growth of Li dendrites and stabilizes the interface attaching,
so as to guarantee long term protection. Compared to artificial
fluorinated layers on the surface of Li, the formation of in situ
fluorinated layers in the cycling process exhibit higher contact
areas and uniform distribution, which contributes to high cycle
stability. Furthermore, an improved performance is obtained
in Li//Li;YBrs;F,3//LCO@LIC full battery, which can charge
and discharge stably over 70 cycles with the capacity retention
higher than 60%. The fluorinating halide SSEs is expected to
make an important exploration towards the development of
electrolyte materials and high performance ASSLBs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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