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Solid-state batteries are being vigorously developed to overcome the disadvantages of current
lithium-ion batteries (LIBs)—which contain an electrolyte that is flammable and generates
hydrogen fluoride upon contact with the atmosphere—and further improve their capacity and
durability. However, the electrification of automobiles is being promoted to achieve carbon neutrality,
and the demand for LIB production is expected to increase rapidly. Although major automobile
manufacturers have announced that they aim to install solid-state LIBs in automobiles by 2028,
they will not be able to meet this surge in demand because of several technical issues, including
mass production methods. Therefore, further improvement in the performance of current solution-
based LIBs remains an important development issue. In this study, new lithium borates (Figure 1)
were synthesized, and their physical and electrochemical properties were investigated to improve
the low thermal stability and hydrolysis resistance of lithium hexafluorophosphate, which is
commonly used as an electrolyte in solution-based LIBs. In addition, the usefulness of PFP-F2 and
HHIB-F2 as electrolytes for solution-based LIBs was clarified through battery tests at upper
potentials of 4.3 and 4.8 V, which are comprehensively promising among these lithium borates. The
results of this study are summarized as follows:

Development of novel trifluoromethylated lithium borates
Lithium borates (PFP-F2, PFP-Ox, HHIB:, HHIB-F2, and HHIB-Ox) were successfully
synthesized. The thermal and electrochemical stability of the lithium borates were investigated and

found to have high thermal stability (from 140 to 350 °C) and a potential window equivalent to that
of LiBF4. In addition, the introduction of CF3 groups into the lithium borate improved hydrolysis
resistance and ionic conductivity. The contribution of the CF3 group to this improvement in ionic
conductivity was investigated using 1B NMR and Raman spectroscopy. The results showed that the
dissociation of Li+ was enhanced by a decrease in the electron density of the boron center owing to
the effect of the CF3 group. However, in the 0.8 M solution investigated in this study, the contribution
to the improvement in ionic conductivity was higher for the mobility of Li+ than for the dissociation
of Li+, and the increase in CF3 groups did not directly lead to an increase in ionic conductivity. Finally,
the fact that HHIB-F2 exhibited the highest ionic conductivity, twice that of LiBF4, was thought to
be due to the introduction of two molecules with CF3 groups, which provided an excellent balance
between increased dissociation and decreased mobility.

Application of novel trifluoromethylated lithium borates as electrolytes for LIBs (4.3 V positive

electrode)
The performance of HHIB-F2 and PFP-F: as electrolyte salts was verified.

Electrolyte solutions were prepared, and the cycle performance was evaluated at 4.3 V in a coin cell.
Consequently, the capacity of HHIB-F2 exceeded that of LiBF4 after 100 cycles; however, the capacity
of PFP-F2 decreased rapidly. Although HHIB-F2 had a superior capacity, its resistance was very large,
and both results left unresolved issues. The increase in the resistance of HHIB-F2 and decrease in
the capacity of PFP-F2 were caused by the lack of reduction resistance; therefore, we used LiBOB
(1wt%), which forms a solid electrolyte interphase (SEI) in the negative electrode. As a result, the
capacity after the cycle test improved and the resistance was significantly lower than that without
LiBOB. An investigation of the reason for this performance improvement revealed that the SEI in
LiBOB reduced the amount of Lit+ lost by inhibiting the reductive decomposition of PFP-F2 and
HHIB-F2 and reduced the resistance by suppressing the deposition of reductive decomposition
products on the positive electrode.
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Application of novel trifluoromethylated lithium borates as electrolytes for IIBs (4.8 V positive
electrode)

Cycle tests were conducted at 4.8 V using PFP-F2 and HHIB-F:2 as electrolytes, with the
expectation of performance improvement due to the formation of a cathode electrolyte interphase
(CED on the positive electrode derived from trifluoromethylated borates. LiBOB was added at 1 wt%.
The capacities after 100 cycles increased in the order PFP-F2 > HHIB-F2 > LiBF4, suggesting CEI
formation by PFP-F2 and HHIB-F2. The details were confirmed by X-ray photoelectron spectroscopy
(XPS), and CF3 and boron components derived from the electrolyte salts were observed at the cathode.

Analysis of the oxidative decomposition mechanism of PFP-Fz: and HHIB-F2 suggested that ring-
opening reactions with cleavage of the B—O and C—C bonds proceeded to form three-coordinate boric
acid compounds and hexafluoroacetone. The effect of the CEIs of PFP-F2 and HHIB-F2 was verified
in the EMC solution, and it was found that they not only formed CEI and stabilized the charge-
discharge reaction on the 4.8 V positive electrode, but also formed SEI on the negative electrode,
which has excellent properties to stabilize the insertion/desorption reaction of Li* into graphite.
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