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Abstract

All-solid-state lithium batteries are considered to be the most promising electrochemical energy storage equipment due to
their high safety, high energy density, and simple structure. However, the preparation of solid electrolytes with high lithium-
ion conductivity and superior electrode—electrolyte interface contact is the development needs. In this study, the electronic
structures of garnet-type Li;La;Zr,0,, (LLZO) and Sb-doped LLZO electrolytes were investigated using the first-principles
method based on density functional theory (DFT). Theoretical calculations have confirmed that elemental doping facilitates
the migration of lithium ions in solid-state electrolytes at the micro-atomic level. Based on the theoretical calculations
and analysis results, Lig ;LasZr, ;Sb,, ;0,, (LLZSbO) with high ionic conductivity was synthesized by the conventional
solid-state method. To reduce the interfacial impedance between electrolyte and electrode, the composite solid electrolytes
(CSEs) containing LLZSbO active fillers were prepared by the solution casting method. The prepared CSEs exhibits a high
jonic conductivity of 0.97x10™* S cm™ at 30 °C and a stable electrochemical window of 5.3 V as well as the lithium-ion
transference number up to 0.37. The all-solid-state battery using the CSEs prepared with 20 wt% LLZSbO has excellent rate
performance and cycle stability. The initial discharge specific capacity can reach 148.4 mAh g~! when the rate is 0.1 C. The
capacity can cover 138.8 mAh g~! after 100 cycles at 0.2 C with a capacity retention rate of 97.5%.
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1 Introduction

In recent years, lithium-ion batteries have been widely used
in transportation, electronic equipment and other fields due
to the advantages of high energy density, low self-discharge
and lightweight [1-3]. However, the preparation of solid
electrolytes with high lithium-ion conductivity and supe-
rior electrode—electrolyte interface contact is an urgent need
for development. In order to solve the safety risks of lig-
uid electrolytes in lithium-ion batteries fundamentally, the
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structural design of using solid electrolytes replacing flam-
mable and explosive liquid electrolytes for assembling all-
solid-state lithium batteries (ASSLiBs) is proposed [4-6].
As an important part of SSLiBs, the performance of solid
electrolytes directly affects the electrochemical performance
of ASSLiBs, so the majority of researchers have conducted
extensive research on solid electrolytes [7, 8].

Polyethylene oxide (PEO), as solid polymer electrolytes
(SPEs), is the closest class of solid electrolyte to commercial
production applications due to its good film-forming prop-
erties and good contact between electrode and electrolyte
interface [9-11]. However, the PEO has high crystallinity
and the movement of Li* on the chain segment is hindered
at room temperature, resulting in ionic conductivity of only
10°-10® S cm™! [12-14]. To enhance its electrochemi-
cal properties, the PEO matrix is usually refined by adding
inorganic fillers or plasticizers, blending with polymers [15,
16]. Recently, the composite solid electrolytes (CSEs) pre-
pared by combining PEO matrix with inorganic fillers have
excellent electrochemical properties, this is due to the CSEs
consisting of polymer matrixes and active or inert ceramic
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particles/nanowires combine the excellent flexibility of poly-
mer electrolytes with the high ionic conductivity of inor-
ganic electrolytes [17-19]. Wimalaweera et al. [20] added
inert inorganic fillers Al,O; to the PEO-LiClO, matrix and
the prepared CSEs had an ionic conductivity of 10> S cm™!
at room temperature. The addition of inert inorganic fillers
destroys the regularity of the molecular chain arrangement
of SPEs, so the reduction of crystallinity is beneficial to
the result of Li* migration. Researchers believe that adding
active inorganic ceramic fillers with ion conductivity to the
polymer matrix for preparing CSEs has great advantages in
improving ion conductivity [21-23].

Compared with other inorganic ceramic electrolytes, the
garnet-type Li;La;Zr,0,, (LLZO) has the advantages of a
wide electrochemical window (>5 V) and metal lithium
contact stability, which have attracted widespread attention.
Nevertheless, owing to the different conditions (synthesis
method, sintering temperature, etc.) for the preparation of
LLZO, two crystal structures are obtained: cubic phase and
tetragonal phase. The ionic conductivity of the cubic phase
is two orders of magnitude higher than that of the tetrago-
nal phase [24, 25]. For preparing LLZO with a cubic phase
structure and high ionic conductivity, the doping of Ta, Nb,
Sb, Al, Ga, and other elements in Zr sites and Li sites is a
good strategy, which can increase lithium ion vacancy con-
centration and improve lithium ion transport channels and
stabilize LLZO cubic structure [26, 27]. Although doping of
APP* [28], Ga® [29] elements at the Li site can form lithium
ion vacancies, the doped elements occupy lithium ion sites
and can hinder the transport of lithium ions. In contrast,
doping elements such as Sb>* at Zr sites can increase lithium
ion vacancies, improve lithium ion occupancy, and greatly
improve ionic conductivity. Therefore, we choose to dope
the high-valence element Sb>* at the Zr site to introduce
a higher concentration of lithium vacancies in the crystal,
thus further increasing the mobility of lithium ions [30, 31].

Moreover, through first-principles modeling and simula-
tion based on quantum mechanics can understand the elec-
trochemical stability mechanism of electrolytes from the
atomic point of view and provide theoretically effective tools
for elemental doping of garnet-type electrolytes [32, 33]. KC
et al. [34] studied Li* defects in LLZO by density functional
theory based on first principles. The results show that Li*
vacancy defects are better than interstitial Li* defects in ther-
modynamics, so Li* is more inclined to vacancy migration
in the structure. MIARA et al. [35] mixed Rb and Ta into the
LLZO to construct LLRbZO and LLTaZO models respec-
tively and performed simulation analysis. The research
results show that Ta doping will significantly improve the
ionic conductivity of LLZO, which provides theoretical sup-
port for the experimental preparation. Theoretical analysis
based on first principles understands that elemental dop-
ing is an effective measure to promote the conductivity of
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electrolyte ions and is critical for the improvement of the
electrochemical properties of CSE. Here we propose, design
of Sb-doped LLZO electrolytes based on first-principles cal-
culations for the preparation of CSEs applied to ASSLiBs
provides theoretical support for improving the electrochemi-
cal performance of ASSLiBs. To develop CSEs with high
ionic conductivity, Yang et al. [36] added LLZO, Al-LLZO
and Ta-LLZO prepared by electrostatic spinning method to
PAN-LiClO, matrix, respectively. The ionic conductivity of
all the prepared CSEs could reach 10 S cm™. Li et al. [37]
have prepared CSEs by adding Ga-doped LLZO to the PEO
matrix with a maximum ionic conductivity of 7.2x 107 S
cm~! at room temperature. Ma et al. [38] have studied CSEs
consisting of a PEO matrix with Si-doped LLZO, which
exhibited an ionic conductivity of 2.24x 107 S cm™! at
50 °C. Cheng et al. [39] studied the conductivity of the CSEs
prepared by adding Li, JLa;Zr, ,Ta; 4O, to the PEO-LiCIO,
matrix through the solution casting method. It is reported
that the prepared CSEs have a high ionic conductivity of
4.8x10™ S cm™ at 60 °C. The ASSLiBs assembled with the
CSEs can still reach 140 mAh g~ of specific capacity even
after 500 cycles at a rate of 1 C. Song et al. [40] studied the
effect of adding small particle size inorganic fillers on the
electrochemical performance of CSEs. The CSEs prepared
by mixing 15 wt% of nanoscale Li4 sLa;Zr, ;5Nb, ,50,, and
PEO by ball milling exhibit a high ionic conductivity of
3.6x107*S cm™! at 30 °C. However, most of the studies on
CSEs have focused on improving the electrochemical per-
formance of CSEs from elemental doping, particle size or
filler concentration of inorganic oxide electrolytes. In this
paper, elemental doping, particle size, and filler concentra-
tion are considered together to prepare CSEs by preparing
inorganic fillers with small particle sizes. And we select the
appropriate LLZSbO concentration to provide advantages
for improving the electrochemical performance of CSEs.
Herein, we report the electronic structure of Sb-doped
LLZO electrolyte was studied by the first-principles method
based on DFT. The crystal structure of LLZO was designed
according to the results of theoretical calculation and analy-
sis. The Li; [LasZr, ,Sb,O,, (x=0-0.4) was synthesized
by solid-state method. Subsequently, the solution casting
method was used to prepare CSEs containing LLZSbO
active fillers. The results show that the flexible CSEs pre-
pared with 20 wt% LLZSbO show excellent electrochemi-
cal performance and the assembled solid-state battery also
shows excellent cycle and rate performance. This work aims
to improve the electrochemical performance of all-solid-
state lithium batteries and provide a possibility for subse-
quent improvements in the performance of ASSLiBs.
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2 Experimental section
2.1 Computational methodology

The CASTEP module in Materials Studio (MS) was used
to calculate the interaction potential between ions and
electrons. The Perdew—Burke—Enzerhof (PBE) exchange-
correlation functional based on density functional theory
(DFT) was used theoretical calculations [41]. In this study,
the calculation accuracy is fine, and the valence electrons
selected for atomic pseudopotence calculation are Li 1s?
2s!, O 25% 2p*, Zr 4s? 4p® 4d? 552, La 55 5p°® 5d! 652, Sb
4d'% 552 5p3. The truncation energy is 600 eV, and the
integration of the Brillouin region is calculated using a
4 x4 x4 Monkhorst—Pack k-point grid for iteration.

The cubic LLZO (CC: 422,259) structure was created
based on the International Crystal Structure Database
(ICSD). Its space group is la3d, and the cell parameters
area=b=c=12.983 A. The crystal is connected by octa-
hedral [ZrOg] and dodecahedral [LaOg] to form a skeleton
structure, and Li ions are located at the position of 24d of
tetrahedron and 96 h of dodecahedral, respectively. The
model structure contains 256 ions and satisfies the stoichi-
ometric formula Li,,;Og¢ZrcLa,,. In order to reduce the
amount of calculation and calculation time, the supercell
is changed into the primitive cell according to the principle
of symmetry. The Zr position (3.25, 3.25, 3.25) is replaced
by element Sb to generate the calculation model of dop-
ing: LigyOygla;,ZreSb,e (LLZO-Sb). The structure of the
doped and undoped crystals was optimized. The optimized
crystal structure is shown in Fig. S1(a, b).

Fig. 1 Schematic pattern of the I
preparation process of the CSEs

————

2.2 Preparation of Sb doped Li, La;Zr, ,Sb,0,,
(x=0-0.4)

The Li, LasZr, Sb O,, (x=0-0.4) samples were synthe-
sized by conventional solid-state method. During the prepa-
ration process, LiOH-H,O (Aladdin 98%), La,05 (99.99%,
Sinopharm Chemical Reagent Co., Ltd., China), ZrO,
(Aladdin 99.99%) and Sb,O5 (Aladdin 99%) were mixed
and ball-milled was conducted for 12 h [42]. The mixed raw
materials were dried and sintered at 900 °C for 6 h to syn-
thesize precursor powders. The got precursor powders were
ball-milled for the second time in the same way to obtain
the precursor samples with uniform particle size. After the
precursor samples were dried, they were pressed into a cir-
cular block by cold isostatic pressing. The circular block was
put into an alumina crucible containing the same precur-
sor samples and sintered at 1100 °C for 10 h to synthesize
Li; La;Zr, Sb O, (x=0-0.4).

2.3 Synthesis of CSEs

As shown in Fig. 1, the preparation of CSEs by the solu-
tion casting method: Before use, PEO (Sigma-Aldrich) and
LiClO, (Sigma-Aldrich) respectively were vacuum-dried at
60 °C and 100 °C for 24 h. PEO and LiClO, were weighed
according to the PEO: LiCIO, molar ratio of 18:1 and dis-
solved in an appropriate amount of acetonitrile solution, then
the solution was stirred at a constant temperature of 55 °C.
After complete dissolution, inorganic fillers with different
weight ratios (10-25 wt%) were added and stirred for 12 h to
obtain a homogeneous solution, which was then poured on a
polytetrafluoroethylene template and dried at 60 °C for 24 h.

solution
castinng
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2.4 Material characterization

The crystal structure of Li, Las;Zr, Sb O, (x=0-0.4) pow-
ders and CSEs was characterized by X-ray diffraction (XRD,
D8-Advance) with Cu-Ka as the radiation source and scan-
ning angle from 10° to 80°. Scanning electron microscopy
(SEM, £IGMA) was used to characterize the surface mor-
phology of the samples. Thermal performance analysis of
CSEs with different ceramic fillers by differential scanning
calorimetry (DSC, DSC25 TA Instruments) at a temperature
range of —80-100 °C with the rising rate of 10 °C min~".
AC impedance measurements were performed using an elec-
trochemical workstation (DH7000, Jiangsu Donghua Analy-
sis Instruments Co., Ltd) in the range of 0.01-1 MHz, and
Eq. (1) is used to calculate the ionic conductivity:

o= L |

Here, 6 (S cm™!) represents the ionic conductivity of the
solid electrolyte, L (cm) represents the thickness of the solid
electrolyte, R (€2) represents the resistance measured by AC
impedance and S (cm?) represents the cross-sectional area
of the solid electrolyte.

The lithium-ion transference number () of CSEs were
fabricated into a blocking battery using double lithium
sheets as symmetric electrodes under a 60 °C environment,
and the DC polarization test and AC impedance test were
performed under the condition of a polarization voltage of
10 mV and then calculated by Formula (2):

. Iss(AV =Ryl -
1()(AV - RSSISS)

Here, I, (mA) and Iqg (mA) were the initial polariza-
tion current obtained from the DC polarization test and the
steady-state polarization current, respectively. R, (€2) and
Rgg (Q2) were the pre-polarization resistance and post-polar-
ization resistance, which obtained from the AC impedance
test in the range of 0.01-1,000,000 Hz.

2.5 Preparation and electrochemical analysis
of ASSLiBs

LiFePO, (LFP), polyvinylidene fluoride (PVDF), and con-
ductive carbon black were used as raw materials for the
preparation of cathode materials. According to the mass
ratio of 8:1:1, the cathode was dissolved in N-methyl pyr-
rolidone (NMP) solvent. Then the obtained slurry was
coated on the surface of aluminum foil and dried for 48 h at
a vacuum temperature of 60 °C. The LFP/CSEs/Li batteries
were assembled in an argon-filled glove box. The assembled
coin cell was charged and discharged at different current
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densities in the voltage range of 2.8—4.0 V. Meanwhile, the
AC impedance test was carried out in the frequency range of
0.01-100,000 Hz, and the AC amplitude was 5 mV.

3 Results and discussion

Figure 2a, b shows the partial state densities of elements
near the Fermi surface. The peak strength and peak posi-
tion in different regions are different, which is caused by the
appearance of the electron orbital of Sb. The partial densities
of states peaks at — 10 to —4 eV and —23-17 eV below the
valence bands of the two crystal structures are due to the
effect of the s, p orbitals of Li—O, La-0O, and Zr-O. After
doping, there is no effect on the peak position, and only
the energy is slightly decreased, indicating that there is a
strong covalent bond between Li 2 s, La 5 s, 5p, Zr 4p, and
O 2 s, 2p. In the partial density map of LLZO-Sb, a new
peak position is added at the low energy level —31.5 eV, and
the peak value is 19.4 eV. The resulting peak position is the
function of the Sb d orbital. It is precisely the function of
the d orbital of Sb that the electronic structure of LLZO-Sb
changes fundamentally, which affects the electrochemical
performance of LLZO.

The distribution of electrons in each atomic orbit is dif-
ferent and the bonding of atoms in the molecule can be
understood through overlap population analysis. The atom
overlap population calculation results are shown in Table 1
that the number of electrons in the s and d orbitals of Li,
Zr, and La decrease after Sb doped, but the number of net
charges of Li, Zr, and La increase, indicating that the degree
of Li ionization grew and thus more Li* can transfer freely
in the structure. The increase in La and Zr in the net charge
number reflects that the interaction with O~ is enhanced and
improves the stability of the structure. Meanwhile, Sb occu-
pies part of the electrons of O to form Sb-O bonds, resulting
in reducing the charge of O. Due to the formation of Sb-O
bonds has greater binding energy than doping other elements
[43, 44]. The binding energy of the electrolyte LLZO is
larger, the more stable the crystal structure [45]. Therefore,
Sb-doped LLZO is beneficial to improve the stability of the
structure. In Table S1, the decrease in the overlap population
number of Li—O after doping indicates that the covalency
between Li—O is weakened and therefore the mobility ability
of Li* is improved. In addition, the improvement in the O-La
population number after doping suggests that the covalency
between O-La is enhanced, which enhances the stability of
the structure.

The ease of Li* transference in the electrolyte material
directly determines its electrical conductivity. If Li* has
a smaller energy barrier in the electrolyte, the Li* migra-
tion rate can be increased, thereby improving conductivity
[46, 47]. DMol? is used to study the energy barrier of Li*
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transference in the two crystals, and position 1 (0.347176,
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0.406762) is selected as the research path (Fig. S2). As
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LLZO-Sb is 14.022 eV, which is lower than that of LLZO
(16.984 eV). The results explain Sb doped the Zr site of
LLZO can improve the conductivity of the electrolyte, which
is consistent with the above analysis results.
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Table 1 Atomic population values of LLZO and LLZO-Sb

Orbital and charge LLZO LLZSbO
Li s 24 2.07

Charge 0.6 0.62
(6} s 1.84 1.84

p 5.11 5.12

Charge —0.95 -0.96
La s 2.19 2.19

p 6.0 6.03

d 2.07 2.0

Charge 0.73 0.76
Zr S 2.31 2.28

p 6.32 6.63

d 3.23 3.65

Charge 0.13 0.14

According to the above theoretical calculation, the syn-
thesis of garnet-type electrolyte was designed reasonably
through experiments. To verify LLZO with cubic structure,
the XRD of different Sb>* doping levels is shown in Fig. 2d.
The diffraction peak of Li, ,La;Zr, Sb O, (x=0-0.4) is
shown in the figure corresponds to the standard peak posi-
tion of a cubic garnet-like structure (PDF NO.45-0109),
indicating that the Li; La;Zr, Sb O,, (x=0-0.4) are a pure
cubic garnet structure. However, the Li, La;Zr, ,Sb,O,, pre-
pared at x=0.4 shows a weak diffraction peak corresponding
to the impurity phase LaZrSbOg, indicating that the high
content of doping elements is easy to produce impurities
[25].

The lattice constant is obtained by refined processing of
the XRD data of Li; La;Zr, Sb,O,, (x=0-0.4) in Fig. 2e.
The lattice constant of LLZO (a=b=c=12.953) is close to
the lattice constant of cubic phase LLZO obtained from the
database and the error is only 0.23%, indicating that LLZO is
successfully prepared by the solid-state method. The lattice
constants of Li, [LasZr, Sb O, (x=0.1-0.4) are all smaller
than LLZO. This is because the fact that the Sb>* ion radius
(0.61 A) is smaller than the Zr** ion radius (0.72 A) and
the replacement of Zr** by Sb>* causes the crystal volume
to become smaller. The decrease in the lattice constant can
prove that the element Sb successfully replace the Zr site.
However, the lattice constant of the sample composed of
x=0.4 is higher than that of other components, which may
be due to the abnormal increase in lattice constant caused by
the LaZrSbOg4 impurity phase produced by the high amount
of element Sb doping. The similar phenomenon also occurs
in the experiment of preparing LLZO by doping with other
elements [48, 49].

Figure 2f shows that all the samples (Li, La;Zr, Sb,O,,
(x=0-0.4)) demonstrate the similar Nyquist plots composed
of a semi-circular arc and sloping straight line approximately
45°. The intersection of the semi-circular arc and the Z' axis
in high frequency range, the diameter of the semi-circular
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arc and sloping straight in low frequency range represent
the grain impedance, the grain boundary resistance and the
diffusion process of Li* in the electrolyte [50, 51], respec-
tively. As can be seen from Fig. 2f, the grain impedance
and grain boundary impedance of Li, La;Zr, Sb,O,, pre-
pared by x=0.2 is about 1244.5 Q, 2672.4 Q, respectively.
And the grain impedance of Li; [La;Zr, Sb O,, prepared
by x=0.2 is larger than that of other materials, but the total
resistance value of the electrolytes Li; LasZr, Sb O,
prepared by x=0.2 is smaller. The grain impedance of
Li; LasZr, Sb O,, prepared at x=0.2 is significantly
shifted to low frequency range, which may be caused by
the low relative density of the electrolyte resulting in insuf-
ficient contact between the grains [50, 51]. As shown in
Table S2, the Li, LasZr, Sb O, with x=0.3 exhibits a
highest conductivity of 1.87 x 10™* S cm~!. Compared with
doping with other elements, the ionic conductivity of gar-
net-type LLZO prepared by the same method is higher than
that of other elements [42]. It is shown that Sb can stabilize
the cubic phase LLZO and improve its ionic conductivity.
When the Sb>* concentration continues to increase to 0.4
the corresponding ion conductivity is dropped. The further
increase in Sb>* concentration leads to the decrease in ionic
conductivity, which may be attributed to the higher content
of heterophase LaZrSbBOy in the system caused by Sb>*
excess. According to the analysis of the above results, when
x=0.3, Lis ;La3Zr, ;Sb, ;0,, shows the best electrochemi-
cal performance. Therefore, Li¢ ;La,Zr, ;Sb, ;0,, (LLZSbO)
was selected as inorganic ceramic fillers for the preparation
of CSEs in this experiment.

The prepared LLZO, LLZSbO and CSEs were charac-
terized microscopically by SEM and the elemental surface
distribution was tested as shown in Fig. 3. It can be seen
that the Sb-doped LLZO particles had good dispersion with
particle sizes in the range of 1-3 pm and close alignment
between the particles (Fig. 3a, b), indicating that the sub-
stitution of Sb>* contributes to the increased denseness of
the samples. The surface of CSEs prepared with 20 wt%
LLZSbO is shown in Fig. 3c, the CSEs is uniform without
voids and has good film-forming property. The cross-section
SEM image of CSEs prepared with 20 wt% LLZSbO is dis-
played in Fig. 3d, the thickness is approximately 105 pm.
Moreover, the corresponding EDS elemental mappings indi-
cate that C, O, F, La and Zr elements are homogeneously
dispersed in CSEs (Fig. 3e—i), the good distribution of the
elements indicates that LLZSbO particles can be uniformly
distributed on the PEO matrix without agglomeration, which
is beneficial to improve the ionic conductivity of CSEs.

PEO includes crystalline and amorphous areas, while
Li* mainly relies on the movement of Li* in the amorphous
zone to realize the migration of Li* in the whole process
[52]. The impact of LLZSbO ceramic fillers on the crys-
tallinity of the PEO matrix was explored and the XRD of
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60 pm

Fig.3 The surface SEM images of the Li7-xLa3Zr2-xSbxO12 with composition a x=0 and b x=0.3, ¢ SEM images of CSEs with 20 wt%
LLZSbO, d-i The cross-section SEM image of CSEs with 20 wt% LLZSbO and the corresponding EDS element mappings of C, O, F, Zr and La

CSE:s prepared by adding different amounts of LLZSbO are
shown in Fig. 4a. The XRD pattern of the PEO-LiCIO, elec-
trolyte shows two intense diffraction characteristic peaks at
20=19.1° and 23.2°, which indicate that the PEO matrix is
in a crystalline state at room temperature. With the increase
in LLZSbO concentration, the intensity of diffraction peaks
of the PEO matrix gradually reduced, indicating that the

o g "
(a) ‘ 1 » .ZASA/O.}LZSI)O PEO-LiCIO,
20% LLZSbO-PEO-LiCIO,
A A A A A
—_ 15% LLZSbO-PEO-LiCIO,
= A e A A A A, A
g
> 10% LLZSbO-PEO-LiClO,
E e A A A A A
=
2
=
Ll
" _ PEO-LiCIO,
L bl . Ltzso

10 20 30 40 50 60 70 80
2Theta (degree)

addition of LLZSbO could effectively inhibit the crystal-
lization of PEO to increase the amorphous region, which
is of great practical significance to improve the lithium-ion
migration of CSEs [53].

The effect of LLZSbO concentration on the thermal
behavior of the PEO matrix was further determined by DSC,
as shown in Fig. 4b. Table S3 shows the thermodynamic

(b)

25% LLZSbO-PEO-LiClO,

20% LLZSbO-PEO-LiCIO,

15% LLZSbO-PEO-LiClO,

Endothermic

10% LLZSbO-PEO-LiCIO,

PEO-LiCIO,

T
-60 -40 20 0 20 40 60 80
Temperature (°C)

Fig.4 a XRD patterns and b DSC curves of the CSEs with various LLZSbO contents
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parameters of the tested. It shows that the glass transition
temperature (7,) and the melting temperature (7,,) of PEO-
LiCIO, are —52.84 °C, 54.97 °C, respectively. By adding
different concentrations of LLZSbO fillers to the PEO-
LiClIO, matrix, the Tg and T, gradually decrease, indicat-
ing that the presence of LLZSbO can effectively destroy the
polymer crystallization and enhance the lithium-ion mobil-
ity performance [54]. The CSEs prepared with LLZSbO at
20 wt% have the lowest 7,, (53.53 °C,), suggesting that the
CSEs have a high proportion of amorphous phase internally,
which is favorable to ionic transfer at low temperature and
improve the ionic conductivity of the CSEs. However, the T,
of CSEs prepared with 25 wt% LLZSbO increase from 53.53
to 54.07 °C, which may be caused by the high LLZSbO
content in CSEs. The high concentration of CSEs prepared
by LLZSbO leads to internal particle agglomeration, which
limits the mobility of lithium ions.

The ionic conductivity of CSEs at room tempera-
ture directly affects the practical application of CSEs in

Temperature(°C)
80 70 60 50 40 30
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5 3.6- \s.\‘
wn
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Fig.5 Electrochemical properties of CSEs. a Arrhenius curves of
temperature-dependent logo the CSEs with various LLZSbO con-
tents. b LSV curves of the CSEs with various LLZSbO contents at

@ Springer

ASSLiBs. Figure 5a shows the Arrhenius diagram of CSEs
prepared by adding different LLZSbO contents at a tempera-
ture of 30-80 °C. Meanwhile, the ionic conductivity of CSEs
prepared with different contents of LLZSbO at 30 °C and
60 °C is shown in Table S4. The ionic conductivity of CSEs
prepared with 20 wt% LLZSbO is the highest, and the ionic
conductivity can reach 0.97x 10 S cm™' and 9.46x 10™* S
cm~! at 30 °C and 60 °C, respectively, and when compared
with CSEs prepared by inorganic fillers Al,O5, the ion con-
ductivity has been improved [20]. It shows that LLZSbO
prepared by Sb doping has higher ionic conductivity and
can be used to prepare CSEs, while the ionic conductiv-
ity of PEO-LiClO, electrolyte at 30 °C and 60 °C is only
6.43%10°S cm™" and 8.31x 107 S cm™, respectively. The
higher ion conductivity of CSEs prepared with LLZSbO is
because the addition of inorganic ceramic fillers promotes
the dissolution of lithium salts in CSEs and reduces the crys-
tallinity of PEO, which is consistent with the interpretation
of DSC test results. However, when the content of LLZSbO

0.35
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60 °C. c—d The measurement of DC polarization and AC impedance
curves for PEO-LiClO4 electrolyte and 20% LLZSbO-PEO-LiClO4
electrolyte at 60 °C
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continues to increase, the ionic conductivity of CSEs pre-
pared with LLZSbO decreases, which may be due to the
high grain boundary impedance of LLZSbO particles them-
selves and excessive LLZSbO will increase the impedance
of composite polymer electrolyte and lead to the decline of
its conductivity.

The electrochemical windows of CSEs with different
LLZSbO contents were tested using linear scanning vol-
tammetry (LSV), as shown in Fig. 5b. It can be seen that
the PEO-LiClO, electrolyte has an obvious current reaction
when the voltage reaches above 4.2 V, which is mainly due
to the oxidation decomposition of the PEO matrix at high
potential. However, the electrochemical stability window of
CSEs prepared by adding LLZSbO all reaches above 5 V.
The electrochemical window of CSEs prepared with 20 wt%
LLZSbO is as high as 5.3 V, and there is no obvious cur-
rent reaction at low potential. The improvement in electro-
chemical stability of CSEs may be attributed to the good
electrochemical stability of LLZSbO (> 5 V) and the strong
Lewis acid-base interaction between the acid surface site of

LLZSbO [55]. The CSEs prepared with 20 wt% LLZSbO
have high electrochemical stability and can be well fitted to
the cathodes of high-energy-density batteries.

The solid electrolyte with a high lithium-ion transference
number (t*) can reduce anion movement and inhibit side
reactions. The DC polarization and AC impedance were used
to test the t+ of PEO-LiC1O, and CSEs at 60 °C as shown in
Fig. 5c, d, and the results are summarized in Table 2. The
results show that t+ of CSEs prepared with 20 wt% LLZSbO
was 0.37, much higher than that of PEO-LiClO, (0.23). This
enhancement could be explained by the fact that LLZSbO
has a Li* transference number close to 1 as well as Li* can
migrate in both PEO and LLZSbO channels so that the rapid
migration of lithium ions in CSEs can be achieved. Conse-
quently, CSEs prepared by adding 20 wt% LLZSbO have a
positive effect on improving the migration of Li*.

Critical current density (CCD) is generally defined as
the maximum current density that the solid electrolyte can
endure, which is an important parameter for evaluating the
inhibition of lithium dendrites [56]. Figure 6a displays the

Table 2 Test parameters and calculation results of lithium-ion transferences number of the PEO-LiClO, and 20% LLZSbO-PEO-LiClO, electro-

lyte
Electrolytes Iy/pA Iss/pA RyQ Rss/Q AV/mV t
PEO-LiCIO, 8.48 3.15 590.39 688.02 10 0.23
20% LLZSbO-PEO- 16.71 10.20 392.57 423.48 10 0.37
LiClO,4
Fig.6 a The CCD of the Li/ 2
PEO-LiClO4/Li and Li/20 0.8{(a) —— PEO-LiCIO, _ o~
wt% LLZSbO-PEO-LiCIO4/Li 20% LLZSbO-PEO-LiCIO, g
cells at 60 °C. b Galvanostatic 0.4 M o«
cycling of the Li/PEO-LiClO4/ i~ g
Li and Li/20 wt% LLZSbO- < 0.0 Lo &
PEO-LiClO4/Li cells at current E‘) £
densities of 0.1 mA-cm at S -0.4 =
60 °C - o L1 £
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0.3
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0.2 ——20% LLZSbO-PEO-LICIO,
3
o 0.1
1
8
§ 0.0
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CCD of the Li/PEO-LiClO,/Li cell is only 0.05 mA cm™
due to the poor interface, while the CCD of the Li/20%
LLZSbO-PEO-LiClO,/Li cell is substantially improved to
0.6 mA cm™2. In order to further study the interface compat-
ible between the electrolyte and metal lithium electrodes, the
galvanostatic cycling performance tests of PEO-LiClO, and
20% LLZSbO-PEO-LiClO, were performed at 0.1 mA cm™
and 60 °C, as shown in Fig. 6b. The voltage of the PEO-
LiClO, polymer electrolyte is unstable, and a short circuit
exists during the stripping and plating process in Fig. 6b,
and this may be due to the side reaction that occurs between
PEO-LiClO, and Li metal, which leads to the lithium den-
drites are pierced. However, it shows the symmetric cell
assembled by CSEs prepared with 20 wt% LLZSbO gradu-
ally stabilizes the voltage at 0.024 V during galvanostatic
cycling and can continue to cycle steadily over 500 h with-
out a short circuit. Meanwhile, as the galvanostatic cycling
exceeds 450 h, the voltage gradually decreases, possibly

4.2

(a) LFP/20% LLZSbO-PEO-LiClO,/Li
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Fig.7 Electrochemical performance of LFP/20% LLZSbO-PEO-
LiClO4/Li and LFP/PEO-LiClO4/Li cells at 60 °C. a Charge and dis-
charge voltage profiles at different rates. b Rate performance at 0.1-1
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owing to the improvement in the interface between the CSEs
and the lithium metal during the striping and plating process
[54]. It indicates that the addition of LLZSbO to prepare
CSEs has better mechanical properties, which can hinder the
side reaction between PEO and metal Li anode to restrain
the growth of lithium dendrite.

In order to study the electrochemical performance of
as-prepared material, we have carried out a comparative
experiment by using PEO-LiClO, electrolyte and CSEs
with 20 wt% LLZSbO to assemble a full battery for elec-
trochemical testing, respectively. Figure 7a and Figure S3
show that the charge and discharge voltage profiles of the
LFP/20% LLZSbO-PEO-LiClO,/Li and LFP/PEO-LiClO,/
Li cells with various rates from 0.1 to 1 C at 60 °C. The
cell with CSEs prepared with 20 wt% of LLZSbO has a
smaller voltage platform gap than that with PEO-LiClO,,
which is attributed to the high ionic conductivity of CSEs
in LFP/20% LLZSbO-PEO-LiClO,/Li and the excellent

4(b
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interface stability between the CSEs and the metal Li
anode. Figure 7b shows that the rate performance of the
LFP/20% LLZSbO-PEO-LiClO,/Li cell is 148.4 mAh g™/,
138.1 mAh g7}, 126.9 mAh g~!, 102.6 mAh g~ from 0.1 to
1 C, respectively. However, the capacity of the LFP/PEO-
LiClO,/Li battery is only 122.5 mAh g~! at 0.1 C. When
the rate increases to 0.5C, the specific capacity of the bat-
tery begins to decrease significantly to 75.8 mAh g~!, which
indicates that the PEO-LiClO, electrolyte is difficult to meet
the charge and discharge behavior of the battery at high
rates. Figure 7c shows the cycling performance curves of
two batteries at 0.2 C, and it can be seen that the discharge
specific capacity of the LFP/20% LLZSbO-PEO-LiClO,/Li
cell increases during the initial five cycles because of the
adjustment of the interface between the metal lithium anode
and the CSEs. During this process, the CSEs and the elec-
trode will gradually open and form a stable Li* channel [16].
After five cycles, the discharge specific capacity increases
from 138.1 mAh g~! to 142.3 mAh g~!'. Meanwhile, the
capacity retention of LFP/20% LLZSbO-PEO-LiClO,/Li
cell is 97.5%, while the capacity retention of PEO-LiClO,
electrolyte is only 6.4% after 100 cycles. This indicates that
the CSEs prepared by adding LLZSbO to PEO-LiCIO, have
excellent cycling stability for ASSLiBs. Figure 7d shows the
AC impedance spectra of the two cells before and after 100
cycles at 0.2 C. The impedances of before and after the cycle
the LFP/20% LLZSbO-PEO-LiClO,/Li cell are 301.4  and
465.5 Q, while the LFP/PEO-LiClO,/Li cell’s impedance are
414.3 Q and 846.5 Q, respectively. Compared with the LFP/
PEO-LiClO,/Li cell, the average increasing impedance per
cycle of the cell with CSEs prepared with 20 wt% LLZSbO
is less than 2 Q, indicating that the CSEs and the electrode
interface maintain good contact during the cycles. Based on
the above analysis, the excellent cycle and rate performance
of the LFP/20% LLZSbO-PEO-LiClO,/Li battery indicate
that CSEs with 20 wt% LLZSbO is feasible to be used in
ASSLiBs.

4 Conclusion

In summary, we have reported the electronic structure and
ion migration of garnet-type LLZO and Sb-doped LLZO
electrolytes were studied by the first-principles method
based on DFT. It indicates that the structure of the Sb-
doped LLZO is stable and more favorable for improving
ionic migration. On the basis of theoretical calculations and
experiments, CSEs prepared by adding Li, ;La;Zr, ,Sb, 50,
(LLZSbO) to the PEO-LiClO, matrix can reach 0.97 X 10*S
cm™! at 30 °C with a wider electrochemical window of
5.3 V. The thermal behavior of CSEs was characterized
by DSC, which shows that adding 20 wt% LLZSbO to the
PEO-LiClO, matrix can effectively increase the proportion

of the amorphous phase of CSEs. The CSEs prepared with
a concentration of 20 wt% LLZSbO to has a high lithium
ion transference number of 0.37. The results of the Li/20%
LLZSbO-PEO-LiClO,/Li cell can cycle stably for nearly
500 h at a current density of 0.1 mA cm™2. Moreover, the
ASSLiBs assembled with CSEs prepared with 20% LLZSbO
delivers a high initial discharge capacity of 148.4 mAh
g~!at 0.1 C and has relatively stable specific capacity of
138.8 mAh g~! even after 100 cycles at 0.2 C. Therefore,
the design of solid-state electrolyte according to the first-
principles calculation is applied to the all-solid-state battery,
which can provide theoretical support for the improvement
of the electrochemical performance of the all-solid-state
battery.
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