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Abstract

For all-solid-state lithium-ion batteries (ASSBs), they have two key parameters including ionic conductivity and interfacial
properties. Considering the previous studies focused more on single property, we aimed to investigate the effects of lithium
salts on comprehensive properties of PEO-based SPEs and find out the optimal lithium salts. For the SPE with LiTFSI,
it has the highest ionic conductivity (5.3 x 107 S cm™! at 25 °C and 2.4 x 10™* S cm™! at 60 °C) and discharge capacity,
mainly due to the lowest crystallinity and the highest lithium-ion transference number. For the SPE with LiFSI, it has the
best interfacial properties and cycling performance, mainly due to the denser and flatter LiF SEI layer after cycling. Our
work indicates that as for PEO-based ASSBs, LiTFSI can be used to get higher discharge capacities, and LiFSI can be used

to get higher retention rate.

Keywords PEO-based solid polymer electrolytes - All-solid-state lithium-ion batteries - Ionic conductivity - Interfacial
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Introduction

All-solid-state lithium-ion batteries (ASSBs) have been con-
sidered in order to improve the energy density and the safety
of lithium-ion batteries. ASSBs use solid electrolytes (SEs)
instead of liquid electrolytes, but the resulting problems of
rate performance and cycling stability need to be solved
[1-3]. Among these problems, SE-electrode interfacial prop-
erty is addressed as one of the key issues [4].
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SEs can be classified into three groups, including pol-
ymer-based, sulfide-based, and oxide-based [5]. For solid
polymer electrolytes (SPEs), previous studies focus more on
how to increase the ionic conductivity, such as adding nan-
oparticles and modifying polymer chains [6-8]. However,
the comprehensive performance of SPEs and their ASSBs
depends on not only ionic conductivity, but also interfacial
properties [9]. Therefore, in order to make ASSBs commer-
cialized successfully, interfacial properties should be further
improved.

Interfacial phenomena of SE-electrode interface can be
classified into two aspects [10]. One aspect is due to physi-
cal factors, mainly caused by rigid contact. In this aspect,
SE-electrode interface is not fully contact, even when there
is point-contact interface, especially for oxide-based elec-
trolytes [11, 12]. The other aspect is due to chemical fac-
tors, mainly caused by the reaction in the interface and the
decomposition of SEs [13—15]. In terms of other previous
studies, physical factors of PEO-based SPEs can be solved
by hot pressed or interface engineering, so they can fit on
electrodes tightly [16—18]. As a result, chemical factors can
dominate interfacial properties, and lithium salts have sig-
nificant effects on chemical factors, especially for the SPEs-
anode interface [19, 20].
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For PEO-based ASSBs, their compatible lithium
salts are different with liquid lithium-ion battery
(LIB). This is due to that inorganic lithium salts, such
as LiPF¢ and LiBF,, have bad thermal stability; some
irreversible reactions take place easily above 50 °C,
resulting in decomposition during cycling [21]. For
organic lithium salts, their decomposition temperature
is above 200 °C, indicating they have good thermal
stability [22-24]. As a result, it is necessary to find
out optimal lithium salts and their effects on PEO-
based SPEs. Previous studies have investigated the
interfacial properties of liquid lithium-ion battery and
found out that LiFSI is the best lithium salt, because
its decomposition product is LiF, which can induce
the construction of stable solid electrolyte interface
(SEI) [25]. However, there is less research on whether
LiF has such an effect on ASSBs and the formation
of SEI for different lithium salts in ASSBs. Besides,
previous works focus more on single properties of
SPEs; there is less research about the effects of lith-
ium salts on comprehensive properties of PEO-based
SPEs. Consequently, effects of lithium salts on PEO-
based electrolytes were systematically explored in this
work. For organic lithium salts, LiTFSI, LiFSI, and
CF;SO;Li have high ionic conductivity and ease of
preparation, so three lithium salts are wildly used in
PEO-based SPE, and we chose these three in our work
[22-24].

Experimental procedures
Preparation of membranes

For PEO-based SPEs with different lithium salts, they
were prepared by solution casting. First, polyethylene
oxide (PEO, 1 x 10° g mol~!, Aladdin), bis (trifluo-
romethanesulfonyl) imide lithium (LiTFSI, Aladdin),
bis (fluorsulfonyl) imide lithium (LiFSI, Aladdin), and
lithium trifluoromethanesulfonate (CF;SO;Li, Aladdin)
were dried for 24 h at 60 ‘C. Then, PEO and different
lithium salts with a fixed molar ratio of 16:1 were added
into acetonitrile (ACN, Aladdin), which was packed in
a closed container to avoid the mixture contact with air
and water. After stirring for 24 h, the mixture was cast
into a Teflon plate and dried for 48 h. Finally, SPEs were
peeled off and then hot pressed at 60 ‘C to make them
smooth and flat.

Characterization

X-ray diffraction (XRD, Rigaku 2500, Kyoto, Japan) was
performed with Cu Ko radiation (A =1.5418 A) over the 20
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range of 10°-~70°. In order to determine the crystallinity (y,)
of SPEs, differential scanning calorimeter (DSC, Netzsch,
Selb, Germany) measurement was performed in the tempera-
ture range of 20 to 80 °C, and values of crystallinity were
calculated as the Eq. 1:

AH, /¢

Xe= x 100% (D

In this equation, AH,, is the melting enthalpy of each SPE,
AH, is the melting enthalpy of fully crystallized PEO with
the value of 177.8 ] g_l, and ¢ is the mass fraction of PEO
matrix [26].

Ionic conductivity (o) is one of the most important param-
eters of SPEs, and it was measured by an electrochemical work
station (CHI660D, Shanghai Chenhua instrument Co., Ltd.,
China) in the frequency range of 0.1 Hz to 1 MHz. The meas-
urement was performed with the stainless-steel (ss)//SPE//ss,
and values of ionic conductivity were calculated as following:

L
=% @

S
As shown in Eq. 2, L, R, and S are thickness, bulk resist-
ance, and area of SPEs respectively [27].
The activation energy (E,) of SPEs was evaluated to find
out the relationship between ionic conductivity and tempera-
ture, and values were calculated by the Eq. 3:

-E,
o= Aexp(ﬁ) 3

where A, K, and T are pre-exponential constant, Boltzmann
constant, and absolute temperature respectively [28].

In order to determine the electrochemical stability window,
linear sweep voltammetry (LSV) measurement was performed
in the voltage range of 0 to 6 V at 60 °C.

In order to determine the interfacial properties, galvano-
static cycling was measured in different currents at 60 °C.
In this measurement, Li//SPEs with different salts//Li sym-
metry cells were assembled, and charge/discharge cycling
was periodically changed per 0.5 h. Later, X-ray photo-
electron spectroscopy (XPS, ESCALAB 250Xi, Thermo
Fisher, America) measurement was performed to find out
the changes in the interface.

Cycling performance of ASSBs was measured on a
battery testing instrument (CT3001K, LANHE, Wuhan)
at 60 °C. First, LiFePO, (LFP) cathode material was
made up of 70 wt% LFP powder (with the tap den-
sity of 1.1 g cm™2, Aladdin), 20 wt% Super-P (Alad-
din), and 10 wt% Polyvinylidene fluoride (PVDF, 1 x
10° ¢ mol™!, Aladdin), which the cathode loading was
2 mg cm™~2. Then, LFP//SPEs//Li cells were assembled.
Finally, charge/discharge cycling was tested to find out
the effects of lithium salts on SPEs.
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Fig. 1 a XRD patterns and b
DSC curves of SPEs with dif-
ferent lithium salts
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Table 1 Values of AH,, and y, of different SPEs

SPEs AH, /T g7} 2d%

PEO —147.40 82.90
PEO-LITFSI -50.28 28.29
PEO-LiFSI —-60.31 33.93
PEO-CF,SO;Li —-80.21 45.12

Results and discussion
Phase structure and crystallinity analysis

Figure 1a shows the XRD patterns of SPEs with different
salts. From the patterns, each SPE has the same charac-
teristic peak position (20 =19.2°). Meanwhile, diffraction
peak intensity of each PEO matrix is mutually different,
indicating crystallinity of each SPE is different. DSC
curves are shown in Fig. 1b, and values of crystallinity are
shown in Table 1. Consisting with the results from XRD
patterns, crystallinity of PEO-LiTFSI is the lowest, so it
has the weakest characteristic diffraction peak in Fig. 1a.

Electrochemical measurement of SPEs

As mentioned above, ionic conductivity is one of the key
parameters of SPEs. Figure 2a shows the ionic conductiv-
ity of SPEs with different lithium salts; all the values are

Fig.2 a Ionic conductivity and
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shown in Table 2. From Fig. 2a, SPEs with LiTFSI have
the highest ionic conductivity, mainly caused by the follow-
ing reasons: On the one hand, according to the results from
XRD and DSC measurement, SPEs with LiTFSI have the
lowest crystallinity, due to the plasticizing effect caused by
the high flexibility of TFSI™ [29]. Previous studies demon-
strate that pathways of lithium-ions conduction are mainly
in amorphous regions of PEO-based SPEs [30]. As a result,
the lower the crystallinity is, the higher the ionic conductiv-
ity will be. On the other hand, according to the results from
Table S1 and Fig. S1, SPEs with LiTFSI have the highest
lithium-ion transference number (¢ ;+), further improving the
ionic conductivity.

Figure 2b shows the linear sweep voltammetry of SPEs
with different salts. As shown in Fig. 2b, the electrochemi-
cal window of SPEs with different salts is below 4.0 V;
as a result, they cannot match LiCoO, (LCO) and NCM
cathodes.

Interfacial properties analysis

The interfacial property is another key parameter of SPEs.
In order to find out the effects of lithium salts on interfacial
properties, the relationship between interfacial resistance of
each SPE and storage days was measured, and results are
shown in Fig. 3. It can be seen that interfacial resistance
of each SPE decreases during the first day, which is due
to the contact improvement between SPEs and Li metal.

b linear sweep voltammetry of
SPEs at 60 °C
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Table 2 Values of the o and E,
of different SPEs at 60 °C

SPEs 6(25 °C)/S cm™! 6(60 °C)/S cm™! E, (below 50 °C)/  E,(above
KJ mol™! 50 °C)/KJ
mol~!
PEO-LiTFSI 5.3x107° 24x107* 93.9 33.5
PEO-LiFSI 24x%107° 1.8%x 107 101.1 38.0
PEO-CF,SO,Li 13x107° L.ox 107 102.6 40.2

Later, interfacial resistance of each SPE increases continu-
ally, which is due to the decomposition of lithium salts, and
the related mechanism is analyzed in the following. Besides,
PEO-LiFSI has the lowest interfacial resistance in each
storage day, indicating PEO-LiFSI has the best interfacial
property. Furthermore, galvanostatic cycling was meas-
ured at different currents (0.1 mA cm™2, 0.2 mA cm™2, and
0.5 mA cm™2) at 60 °C. In this measurement, symmetry cells

were assembled with the structure of Li//SPEs with different
lithium salts//Li. Figure 3b shows the voltage profiles at a
current density of 0.1 mA cm™2 On the one hand, polari-
zation voltages of all SPEs remain stable in 1000 cycles,
which means cycles of all ASSBs lasted for 1000 times. On
the other hand, polarization voltages of SPEs with LiFSI
are always the lowest, indicating the lowest interface resist-
ance. Figure 3¢ shows the voltage profiles at 0.2 mA cm™2,
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Fig.3 a The relationship between interfacial resistance and storage days; voltage profiles of galvanostatic cycling for Li//SPEs with different
salts//Li symmetry cells at the current density of b 0.1 mA cm™2, ¢ 0.2 mA cm™2, and d 0.5 mA cm™2 at 60 °C
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cycles of SPEs with LiTFSI and LiFSI lasted for 1000 times,
and the former is fluctuant during cycling, and the latter is
always stable. However, the polarization voltage of SPEs
with CF;SO;Li increases rapidly in the first 30 cycles, indi-
cating they cannot be used under larger current density.
Figure 3d shows the voltage profiles at 0.5 mA cm™2, and
both SPEs have similar phenomena: cycles of SPEs with
LiTFSI and LiFSI lasted for 300 times with fluctuation and
decreased rapidly after 300 cycles, indicating both ASSBs
were short-circuited caused by lithium dendrites.
Furthermore, in order to determine the mechanism of
these phenomena, XPS measurements were performed on
pristine SPEs and cycled SPEs to explore the change of
SPEs-Li interface after galvanostatic cycling. Figure 4a—d
show the XPS spectraof C1s,0 15s,F 1s,andS 2p of
pristine SPEs and cycled SPEs. In Fig. 4c, F atom exists
as LiF and LiFSI, and peaks of FSI™ nearly disappear after
Ar sputter, indicating FSI™ has broken down in the inter-
face. Meanwhile, peaks of Li,COj3, LiF, and Li,S are more
significant after Ar sputter, indicating the decomposition
materials of LiFSI are LiF, Li,CO;, and Li,S. As shown
in Fig. S2 to S3, LiTFSI and CF;SO;Li also break down
into different lithium salts in the interface. Previous stud-
ies identified the formation of the SEI layer is related to

() (b)

the decomposition of PEO and determined by the decom-
position of lithium salts [31, 32]. Corresponding to the
mechanism of lithium salt decomposition in the interface,
chemical equations are shown as Eqgs. 4, 5, and 6 respec-
tively, resulting in the difference of interfacial resistance
[33-35]:

LiN(SO,CF;), + ¢~ + Li* — Li3N + Li,S + Li,O + LiF + C,F, Li,
“)
LiN(SO,F), + e~ + Li* — Li3N + Li,S + Li,O + LiF  (5)

CF;SO;Li +e™ + Li* — Li,S + LiF + CF Li, + Li,O (6)

In order to find out the reason for interfacial property
differences of SPEs with different salts, atomic abundance
of the cycled SPEs have measured. For SPEs with different
lithium salts, the abundance of F and LiF can be deter-
mined from XPS spectra, and values are shown in Table 3.
From Table 3, no matter how long the sputter time is, the
order of LiF abundance is LiFSI > LiTFSI > CF;SO;Li in
the interface. Based on previous research, LiF has the larg-
est bandgap (13.6 eV), so LiF SEI layer can stop electron
tunneling and increase the interfacial properties [36, 37].
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Fig.4 XPS spectraofaC1s,bO1s,cF1s,andd S 2p of pristine SPEs and cycled SPEs with LiFSI after Ar sputter for different times
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Table 3 LiF abundance of cycled SPEs with different lithium salts

SPEs Sputter time Molar Molar ratio of LiF
ratio of F
atom

SPEs with LiTFSI 0s 5.17% 0.71%

SPEs with LiTFSI 120's 12.84% 8.66%

SPEs with LiFSI 0s 4.87% 4.41%

SPEs with LiFSI 120's 10.91% 10.91%

SPEs with CF;SO;Li O's 5.14% 3.78%

SPEs with CF;SO;Li  120's 7.60% 591%

Therefore, the more the content of LiF is, the better the
interfacial properties will be. Besides, LiF SEI layer is
dense and flat, resulting in the closer contact between Li
foils and SPEs [25]. Post-mortem analysis was made to
investigate the mechanism of interfacial performance dif-
ferences of PEO-based SPEs with different lithium salts,
and SEM micrographs of cycled SPEs are shown in Fig. 5.

Surface morphology of the cycled SPE with LiFSI and its
matching Li foil is denser and flatter than others, indicat-
ing the SEI layer of LiFSI is denser and flatter than others,
caused by the uniform deposition of LiF. As a result, SPEs
with LiFSI have the best interfacial properties.

Cell performance of SPEs

In order to investigate the cell performance, LiFePO,/SPEs
with different lithium salts/Li ASSBs were assembled. Fig-
ure 6a shows the cycling performance of ASSBs at 0.1 C
rate. In Fig. 6a, the cell with LiTFSI always has the highest
discharge capacities, due to the highest ionic conductivity.
For the cell with LiFSI, although its discharge capacities
are lower than the former, it has the highest retention rate
(84.3%, corresponding to 78.8% for the former), caused by
the best interfacial properties.

Figure 6b and c show charge/discharge curves after first
and 100 cycles respectively. For initial charge/discharge
cycle, polarization voltages of all SPEs are nearly same,

Fig.5 SEM micrographs of cross-section of Li//SPEs//Li symmetric
cells at the current density of 0.1 mA cm™ after 100 cycles with a
LiTFSI, b LiFSI, and ¢ CF;SO;Li. SEM micrographs of Li foils of
Li//SPEs//Li symmetric cells at the current density of 0.1 mA cm™
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after 100 cycles with d LiTFSL, e LiFSI, and f CF,;SO;Li. SEM
micrographs of SPEs of Li//SPEs//Li symmetric cells at the current
density of 0.1 mA cm~2 after 100 cycles with g LiTFSI, h LiFSI, and
i CF;SO;Li
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Fig.6 a Cycling performance of ASSBs with different SPEs, b initial charge/discharge curves, and ¢ charge/discharge curves after 100 cycles of

different ASSBs

indicating the same interface resistance after the first cycle.
After 100 cycles, polarization voltage of the cell with LiFSI
is the lowest, consisting with the highest retention rate in
Fig. 6a. These phenomena reveal that retention rate and
cycling stability mainly depend on interfacial properties,
which is determined by lithium salts. Also, LiTFSI can be
used to get higher discharge capacities, and LiFSI can be
used to get higher retention rate.

Conclusion

In this work, we aimed to find out the effects of lithium salt
on PEO-based SPEs and their ASSBs. PEO-based SPEs with
different lithium salts were synthesized by solution casting;
Li//SPEs//Li symmetry cells and LFP//SPEs//Li ASSBs
were assembled to investigated the cycling performance.
Based on our study, for the SPE with LiTFSI, it has the
highest ionic conductivity (5.3 x 1076 S cm™! at 25 °C and
2.4x107*S cm™! at 60 °C) and discharge capacity, mainly
due to the lowest crystallinity and the highest lithium-ion
transference number. For the SPE with LiFSI, it has the best
interfacial properties and cycling performance, mainly due
to the denser and flatter LiF SEI layer after cycling. Our
work indicates that as for PEO-based ASSBs, LiTFSI can
be used to get higher discharge capacities, and LiFSI can be
used to get higher retention rate.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11581-022-04525-3.
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