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Abstract

Low ionic conductivity, narrow electrochemical window and poor mechanical property are the core problems that poly-
mer solid electrolyte is difficult for practical application. Choosing suitable polymer and regulating the ion transport path
through inorganic fillers is an important method to solve the above problems. Herein, a polymeric matrix composite solid
electrolyte(CSE) was achieved by combining electrospun Li,La;Zr,0,, (LLZO) fibers and highly viscoelastic polypro-
pylene oxide(PPO). The PPO matrix provides the CSE with good mechanical property to 56.75 MPa. While the addition
of fibrous LLZO improves the ion transport channels of the CSE, which boosts the ionic conductivity, electrochemical
window and ion transport number up to 4.59x10™* S cm™! at room temperature, 5.4 V and 0.74, respectively, when
the content of LLZO fiber is 7.5 wt% of PPO polymer. The prepared PPO-LLZO fibers electrolyte can be used in high-
voltage solid-state lithium battery and shows good rate and cycle performances. This composite solid electrolyte film and

its simplified preparation conditions is beneficial for practical applications in solid-state batteries.
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1 Introduction

Solid-state lithium batteries with higher safety and greater
energy density have attracted extensive attention from scien-
tists [1, 2]. Solid electrolyte, as an important component of
solid-state batteries, determines the safety and electrochem-
ical performances of solid-state batteries [3, 4]. However,
it also faces many critical problems, such as low ionic con-
ductivity, narrow electrochemical window, poor mechanical
properties and high interfacial impedance, which hinders
the improvement of solid-state battery’s performances and
its wide application [5, 6].
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Compared with ceramic electrolyte or pure polymer
electrolyte, the organic/inorganic composite solid electro-
lytes (CSEs) combining suitable rigid inorganic fillers and
flexible polymer solid electrolytes not only can improve
the problems of low ionic conductivity and high interfacial
impedance, but also enhance the thermal and mechanical
properties of polymer electrolyte, which are becoming the
most promising technology direction for industrial applica-
tion (7, 8, 9, 10). For instance, Al,0; combined with poly-
ethylene oxide (PEO-AO) [11], Li;La;Zr,0,,(LLZO) with
PEO(PEO-LLZO) [12], LLZO with polyvinylidene fluoride
(PVDF-LLZO) [13], TiO, with propylene polycarbonate
(PPC-TiO,) [14, 15], etc. solid electrolytes were reported
successively. Compared with pure polymer electrolytes,
the thermal, mechanical and electrochemical properties of
these CSEs have been enhanced. However, the enhance-
ment of electrochemical properties is limited, because most
polymers themselves have low ion conductivity and narrow
potential window, and the added inorganic nanoparticles
usually do not form continuous ion transport channels, so
that they will not play a better role in ion transport. Cui and
Hu et al. tried to add LLZO, Li,34La, 54TiO3(LLTO) and
other nanowires or fibers to the traditional polymers [14,
16], they found that the ionic conductivity of the electrolyte
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was more improved compared with that of nanoparticles.
This indicates that the quasi-one-dimensional fillers have
more advantages over the nanoparticles in improving the
ion transport path of the polymer electrolytes. However,
due to the use of the traditional polymer, the mechanical,
thermal and electrochemical properties of the composite
electrolyte still need to be further improved.

In recent years, some new polymers, inorganic fillers and
organic / inorganic composite methods have been explored
[17-19]. Xu et al. [9] found that polypropylene oxide (PPO)
polymer has the advantages of high ionic conductivity at
room temperature, good viscoelasticity, and high heat-
resistance temperature, which is more suitable for solid
electrolyte compared with the traditional polymers such
as PEO [20, 21], PPC [22], PVDF [23, 24]. They prepared
40 pm-thick PPO-ZrO, composite electrolyte with high
ionic conductivity and good thermal and mechanical perfor-
mances. On this basis, Li et al. also developed PPO-LLZO
nanoparticle composite electrolyte [25]. The purpose of this
work is to use high-filling content of LLZO particles to form
continuous ion transport channels, but perhaps because of
the serious agglomeration of LLZO nanoparticles, the actual
performance has not increased significantly.

In our previous work [26] we prepared PPO/Al,O, fibers
CSE, Al,O; fibers use the continuous interface to enhance
the ion transport capacity. But Al,O; is a non-ionic conduc-
tor, so it does not have an effect on the ion transport itself.
LLZO is an ionic conductor, and it is possible to obtain bet-
ter electrochemical properties if replacing Al,O; fibers with
LLZO fibers. [27]. Therefore, in this work, we first prepared
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LLZO nanofibers by electrospinning method, and com-
bined them with PPO to form a composite solid electrolyte
film. Good viscoelastic PPO and porous skeleton provide
high mechanical and thermal properties for the electrolyte,
while LLZO fibers provide continuous ion transport chan-
nels based on their own ion conductivity and the interface.
This organic/inorganic combination design helps to develop
a practical solid electrolyte that integrates high mechanical,
thermal and electrochemical properties, suitable for high-
voltage solid-state batteries.

2 Experimental

The preparation of solid electrolyte in this study is mainly
divided into two steps, including the preparation of LLZO
nanofibers by electrostatic spinning method and the prepa-
ration of composite films by scratch coating method. LLZO
fibers were obtained by a conventional electrostatic spin-
ning method, and the preparation process is shown in
Fig. 1. According to the stoichiometric ratio of LLZO, 0.9 g
of AI(NO;);-9H,0 9.75 g of La(NO,);-6H,0, 7.05 g of
CH;COOL,, 8.59 g of Zr(NO;)4-5H,0, and were dissolved
in 10 g of N, N-dimethylformamide (DMF) and 3.68 g of
acetic acid was added to adjust the pH value of the solution
in order to help the dissolution of metal salts. The solution
was stirred in a magnetic stirrer for more than 10 h until
all the materials were dissolved, and then it was recorded
as solution (A) Then, 6 g of PVP was added to 30 g of
DMF, and it was stirred until the polymer was completely

Three-tier structure Flexible electrolyte membrane

Fig. 1 Preparation process chart of LLZO fibers/PPO composite solid electrolyte
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dissolved, it was recorded as solution (B) Solution B was
placed in a 60 °C water bath stirrer and stirred. A burette
was used to suck up the solution A and add it slowly to solu-
tion B, until two of them were mixed completely to form a
homogeneous solution. The spinning liquid precursor was
obtained. Next, the spinning precursor was electrospun into
a composite fiber precursor at a feed rate of 0.2 ml h™!, a
collection drum diameter of 100 mm, a winding speed of
200 r min~!, and a spinning voltage of 21 kV. Finally, the
precursor fibers were calcined in air atmosphere at 800 °C
for 2 h to obtain the desired LLZO fibers.

For the preparation step of electrolyte film, weighing
LLZO fibers (masses of 2.5, 5, 7.5 and 10 wt% of the total
PPO mass), 0.4 g of LiTFSI, and 0.1 g of LiBOB and dissolv-
ing them in 2.5 g of NMP solution, adding 2 g of PPO and
0.6 g of butanedinitrile to the solution. The homogeneous
slurry was obtained after stirring for 12 h at room tempera-
ture. A certain amount of slurry was poured onto a polytetra-
fluoroethylene (PTFE) plate, and the first layer of slurry was
scraped onto the PTFE plate with a scraper whose thick-
ness was adjusted to 150 um, and then a polyethylene(PE)
film(9 um) was overlaid on the first layer of slurry as a sup-
porting skeleton, and after 5 min of standing, the thickness
of the scraper was adjusted to 200 um, and the second layer
of slurry was scraped onto the PE film. The whole plate and
electrolyte film were put into the 80°C blast drying oven
for 12 h. The electrolyte film was separated from the PTFE
plate, continue drying in vacuum drying oven at 100 °C for
12 h. Last, the film was transferred to the argon glove box,
and cut into a 19 mm round piece for use.

The cathode preparation and all the characterization
methods were described in the supporting file. And all the
tests were implemented at room temperature (25°C).

3 Results and discussion

Figure 2(a, b) shows the SEM images and XRD spectra of
the prepared LLZO fibers. It can be seen that the LLZO
has obvious fiber morphology and the crystalline phase
is pure LLZO. Figure 2(c) shows the surface SEM image
of PPO-LLZO fiber CSE, the LLZO fibers are uniformly
distributed on the electrolyte surface. This result can also
be verified from the distribution mapping of Zr element in
Fig. 2(d). From the figure, it can be seen that the mapping
points are heavily and uniformly distributed in the PPO
polymer matrix. Figure 2(e) shows the cross-section of the
PPO-LLZO fiber CSE, and the thickness of the electrolyte
is about 50 pm, while the distribution of Zr element in the
cross-section of the electrolyte is still distributed uniformly
as seen from the mapping diagram of Zr element in Fig. 2(f),
which suggests that the LLZO fibers penetrate into and are

tightly wrapped by the PPO polymer matrix. This kind of
light and thin composite electrolyte with compact structure
facilitates the shuttle of lithium ions in the electrode/electro-
lyte and improves the ion transport performance [28].

FigureS1 in the supporting file shows the FTIR spectra
for PPO, PPO polymer electrolyte without LLZO fibers and
PPO-LLZOcomposite electrolyte. From the enlarged infra-
red spectrum, it is obtained that the characteristic peaks at
1804 and 1778 cm™! are acids produced by the reaction of
LiBOB [29]. In addition, the hydroxyl peak at 1194 cm™!
can prove that it is present on the electrolyte and cannot
come from water, due to the fact that the electrolyte film is
in a dry state. The peaks of TFSI™ in lithium salts appeared
at 740, 1135, and 1333 cm™' and the peak intensity at
1133 cm™ ! increased due to the fact that the Lewis acid pro-
vided by the LLZO fibers interacts with TFSI™ and promotes
the dissociation of LiTFSI [30, 31]. The characteristic peaks
at 990 and 1060 cm™! are due to the symmetric vibrations of
the Si-O-Si bond caused by the polymerization reaction of
PPO. Changes in these peaks indicate that the cross-linking
reaction occurs in oligomeric PPO and forms long chains,
and that the LLZO fibers do not chemically react with the
polymer electrolyte [32].

Figure 3a shows the thermal analysis curve of PPO-
LLZO fiber CSE. There is a slight weight loss of about 3%
from room temperature to 250 °C, which is caused by the
evaporation of solvent molecules adsorbed on the surface.
PPO-LLZO, CSE begins to decompose from about 250 °C,
while PPO-LLZO, s CSE shows an initial decomposition at
about 260 °C until a mass loss of about 91.04% at 460 °C,
the residual weight is the LLZO fibers and lithium salts.
This result suggests that PPO-LLZOF CSE has good ther-
mal stability. Figure 4b shows the stress-strain curves of PE
skeleton, PPO polymer electrolyte without LLZO fibers and
PPO-LLZO, s CSE. The PPO polymer electrolyte without
LLZO fibers has lower tensile strength of 36.27 MPa. After
adding 7.5% LLZO fiber in the PPO matrix, the compos-
ite electrolyte shows better mechanical properties, and the
tensile strength reaches 56.75 MPa, of course, such a high
tensile strength is mainly due to the support of the PE skel-
eton, whose tensile strength is as high as 62.72 MPa, This
high mechanical strength can avoid the short-circuit of the
battery and inhibit the growth of lithium dendrites, thus
improve the safety and stability of the battery [33, 34].

Figure 3¢ shows the electrochemical impedance spectra
(EIS) curves for the ionic conductivity of composite elec-
trolytes at room-temperature with different LLZO fiber con-
tents. The ionic conductivity of the composite electrolyte
gradually increases with the increase of LLZO fiber con-
tent, and the maximum ionic conductivity of CSE is up to
4.59%10™*S cm™! when the LLZO fiber content is 7.5 wt%.
The high ionic conductivity is mainly due to the addition of
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Fig. 2 SEM image (a) and XRD pattern (b) of LLZO fibers, surface and cross-sectional SEM images (¢, €) and corresponding element mapping
of Zr
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Fig.3 (a) TG curves of the PPO SE, and PPO- LLZO; 5, (b) Stress — strain curves of the PE skeleton, PPO SE, and PPO- LLZO; s, (¢) Impedance
spectra of PPO-LLZOF with different LLZO fiber content, (d) Electrochemical window of PPO-LLZOF with different LLZO fiber content

LLZO fibers to the PPO polymer matrix, LLZO as fast ionic
conductor can provide more free lithium ions from itself
and Lewis acid-base reaction between LLZO with LiTFSI
salt [35], meanwhile in comparison with the particles as fill-
ers, one-dimensional linear materials are no longer point-
to-point contacts, can provide continuous Li* transport
channels [36, 37]. A slight increase in impedance can be
observed when LLZO fiber content is up to 10 wt%, leading
to a decrease in ionic conductivity, which may be due to the
cross overlapping of fibers with excessive content, resulting
in coarse surface and poor interface contact between elec-
trode and electrolyte and hindering the ion migration. Fig-
ure 3d shows the electrochemical stability window curves of
the PPO-LLZOF CSE, which follows the same trend as that
of the ionic conductivity, and the PPO polymer electrolyte

without LLZO fibers starts to show fluctuations at 4.0 V
with very poor stability. The electrochemical window of
CSE has a maximum value of 5.4 V when the LLZO fiber
content is 7.5 wt%. Fig. S2 shows the steady-state polariza-
tion curve of the PPO-LLZO, 5 CSE, and the inset shows
the impedance spectra before and after polarization of the
Li/PPO-LLZO, s/Li cell. Calculation from ion transport
number equation shows that the PPO-LLZO, 5 CSE has an
ion transport number up to 0.74. The ion transport numbers
of CSEs with other LLZO fiber contents are also listed in
Table S1 in the supporting information. From the results,
it can be concluded that the introduction of LLZO fibers
greatly improves the ion transport ability of PPO-based
polymer electrolytes. These characteristic performances
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Fig. 4 Performances of NCM622/ PPO-LLZO CSE/Li cells at room
temperature, (a) EIS curves, (b) Cyclic performance, (¢) Charge-dis-
charge curves at different rates, (d) Rate performance, (e) Voltage-time

have obvious advantages over the relevant literatures (Table
S2 in the supporting file) [9, 10, 12, 27].

The assembled NCM622/PPO-LLZO CSE/Li cells were
further investigated for their electrochemical performances.
The corresponding EIS curves are shown in Fig. 4(a). The
cell without LLZO fibers has a maximum impedance up to
357 Q, which also determines poor rate performance and

@ Springer

curves of Li plating/stripping cycle for Li/ CSE/Li cells, (f) XPS curves
of F 1s on lithium sheet after cycle of the cell with PPO-LLZO, s CSE

cycling performance. However, for cells with composite
solid electrolytes containing LLZO fibers, the impedance
decreases obviously with the increasing content of LLZO
fibers, and the cell has the smallest impedance (~ 80 Q) at a
content of 7.5 wt %, which corresponds to the highest ionic

conductivity as described previously.
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Figure 4b shows the cycling performance of the cells with
different LLZO fiber contents at a current density of 0.3 C. It
is clear observed that the discharge specific capacity of the
cell with the electrolyte without LLZO fiber decays rapidly
after only several charging/discharging cycles. While the
cell containing PPO-LLZO, 5 CSE shows the best cycling
performance with a first discharge capacity of 168.1 mAh
g~ ! at a current density of 0.3 C and a capacity retention of
78% after 120 cycles, which further suggests that continu-
ous Li* channels constructed by LLZO fibers improves the
cycling performance of the cell [36, 37].

Rate performance tests were performed on cells contain-
ing CSE with 0% and 7.5% LLZO fiber contents (as shown
in Fig. 3d). Obviously, the cell with 7.5 wt% LLZO CSE
had better rate performance. The discharge specific capaci-
ties reached 174.4, 161.8, 155.5, 147.6 and 125.1 mAh g~!
at0.1,0.2,0.3, 0.5 and 1 C, respectively. When returning to
0.1 C again, the capacity is basically back to the initial state,
representing good reversibility of the solid-state battery. In
contrast, the discharge specific capacity of the cell without
LLZO fibers decays to 67.9 mAh g~ ! at a current density of
1 C, which is not conducive to stable cycling at high rate.

Figure 4e shows the Li plating/stripping cycle profile of
Li/ PPO-LLZO CSE /Li symmetric cell. Compared with
the PPO polymer electrolyte without LLZO fibers, the cell
containing PPO-LLZO, s CSE can be stably cycled for
about 850 h without significant change in overpotential,
which indicates that the composite electrolyte film filled
with LLZO fibers has a good stability to lithium metal.
The inset image shows the SEM pictures of lithium sheets
recycled from the cells containing PPO-LLZO, CSE and
PPO-LLZO, 5 CSE after cycling. The surface of lithium
sheet corresponding to PPO polymer electrolyte without
LLZO fibers becomes very rough, and many dead lithium
produced from dendrites can be observed. In comparison,
the lithium sheet corresponding to PPO-LLZO, 5 CSE is
smooth and looks metallic lustre. This difference is mainly
attributed to the high mechanical strength of the compos-
ite electrolyte and the generation of a relatively stable SEI
interface between the CSE and lithium metal, which inhib-
its the growth of lithium dendrites. Moreover, the LiF and
CF; compositions in the SEI layer are also confirmed by the
XPS analysis in Fig. 4d, which have been proved be helpful
to avoid the destruction of the interfacial layer by lithium
dendrites [38—40].

4 Conclusions

In summary, a LLZO fiber/PPO composite solid electro-
lyte film was successfully prepared. The LLZO fibers play
a great role in facilitating the transport of lithium ions,

make the CSE possessing high electrochemical window, ion
transport number, and an ionic conductivity. While the vis-
coelastic PPO provides high mechanical and heat-resistance
properties for the electrolyte. This design is helpful for the
preparation of high-performance solid electrolyte in high-
voltage lithium battery.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00339-
024-07815-x.
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