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Modulating composite polymer electrolyte by lithium closo-borohydride
achieves highly stable solid-state battery at 25°C

Kepan Bao', Yuepeng Pang'’, Junhe Yang', Dalin Sun? Fang Fang®" and Shiyou Zheng!

ABSTRACT Rational composite design is highly important
for the development of high-performance composite polymer
electrolytes (CPEs) for solid-state lithium (Li) metal batteries.
In this work, Li closo-borohydride, Li,B;,H;,, is introduced to
poly(vinylidene  fluoride)-Li-bis-(trifluoromethanesulfonyl)
imide (PVDF-LiTFSI) with a bound N-methyl pyrrolidone
plasticizer to form a novel CPE. This CPE shows superb Li*
conduction properties, as evidenced by its conductivity of 1.43
x 107*Scm™ and Li* transference number of 0.34 at 25°C.
Density functional theory calculations reveal that Li,B;,H;,,
which features electron-deficient multicenter bonds, can fa-
cilitate the dissociation of LiTFSI and enhance the im-
mobilization of TFSI to improve the Li* conduction properties
of the CPE. Moreover, the fabricated CPE exhibits excellent
electrochemical, thermal, and mechanical stability. The addi-
tion of Li,B;,H;; can help form a protective layer at the anode/
electrolyte interface, thereby preventing unwanted reactions.
The above benefits of the fabricated CPE contribute to the
high compatibility of the electrode. Symmetric Li cells can be
stably cycled at 0.2 mA cm™2 for over 1200 h, and Li||LiFePO,
cells can deliver a reversible specific capacity of 140 mAhg™
after 200 cycles at 1 C at 25°C with a capacity retention of 98%.

Keywords: lithium closo-borohydride, composite polymer elec-
trolytes, lithium dendrite, solid-state lithium batteries

INTRODUCTION

Solid-state lithium batteries (SSLBs) have attracted considerable
attention owing to their potential to mitigate safety issues
associated with organic liquid electrolytes, such as leakage,
flammability, and short circuiting (via dendritic growth) of the
batteries [1-4]. Solid electrolytes play a crucial role in the overall
electrochemical performance of SSLBs. Polymer electrolytes
including poly(ethylene oxide) (PEO) [5,6], poly(acrylonitrile)
[7], poly(methyl methacrylate) [8], and poly(vinylidene fluoride)
(PVDF) [9], combined with Li salts such as LiClO4 and Li bis-
(trifluoromethanesulfonyl)imide (LiTFSI)), are among the most
promising types of solid electrolytes that are currently available
because their excellent flexibility and processability render
industrial production feasible [10-12].

Extensive efforts have been exerted to optimize the perfor-
mance of solid polymer electrolytes. One successful strategy
involves the incorporation of polymer electrolytes with inert
inorganic fillers, such as TiO, [13], ALO; [14], and SiO, [15].

This approach can achieve the following: (i) generate rapid Li*
transfer channels by forming a local amorphous region, (ii) free
Li* and immobilize the anion of Li salts via atomic interactions,
and (iii) enhance the mechanical properties of the resultant
material owing to the adhesion effect with polymers. Inorganic
Li* conductors, such as LigsLag;TiOs [16], Li;La;Zr,O1, (LLZO)
(17], Lii3AlosTiy7(PO4)s (LATP) [18], Lij.xAlGer(PO4)s [19],
and LijoGeP,S;; (LGPS) [19], can effectively improve the Li
conduction properties of composite polymer electrolytes (CPEs)
as active fillers. In-depth investigations have revealed that active
fillers can provide additional Li* transfer pathways in CPEs and
elevate the Li* concentration in the space-charge region at the
filler/polymer interface [20]. For example, Zhang et al. [21]
reported that LLZO could significantly improve the Li* con-
ductivity of PVDEF-LiClO, by triggering structural modifications
via the interactions among LLZO, PVDF, and LiClO,. Yang et
al. [22] prepared a CPE composed of LATP, PEO-LIiTFSI, and a
2D planar oligomer. In this work, LATP served as a physical
barrier against Li dendrites and provided rapid transfer path-
ways for Li*, while the 2D planar oligomer enhanced contact
with the electrodes. Pan et al. [23] prepared a flexible CPE of
LGPS/PEO-polyethylene glycol-LiTFSI by introducing a bridge
builder (ie., a silane coupling agent); the resultant materials
exhibited rapid Li* transfer and a high Li* transference number
arising from the strong chemical bonds in the CPE.

Although the above pioneering studies have made great
contributions to the development of CPEs, further improve-
ment, especially in terms of Li* conduction properties and
electrode compatibility, remains necessary to expand the prac-
tical applications of these materials. The design of novel com-
positions is a promising approach for developing advanced
CPEs. Li borohydrides have recently drawn increased attention
as solid electrolytes on account of their superior Li* conducting
properties [24] and Li metal compatibility [25-28]. For example,
Li;B1,H;, [29] exhibits high Li* conductivity (2.60 x 10™*Scm™)
and critical current density for Li dendrite formation
(2.0mAcm™) at 75°C [30]. More importantly, because the
unique multicenter bonds of Bj,H;,>” present an electron-
deficient nature, this component may be expected to interact
strongly with Li-salt and increase the Li* conductivity and
transference number of the reaction system. Therefore, we
believe that Li borohydrides, especially Li,B;,H;,, may be pro-
mising active fillers for CPEs [31,32].

In this work, Li,Bj,H, is introduced to PVDF-LiTFSI due to
their high mutual stability. The Li,Bi,H»/PVDE-LiTFSI CPE
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(LBH-CPE) shows superior Li* conduction properties and
excellent electrochemical, thermal, and mechanical stability, all
of which contribute to the stable cycling of symmetric Li and Li|
LiFePOy cells at 25°C. Density functional theory (DFT) calcu-
lations reveal that the interaction between Li,Bi,H;, and LiTFSI
is the main contributor to improving the Li* conduction of
LBH-CPE. Moreover, the addition of Li,B;;H;, leads to the
formation of protective interphase, which is very helpful for
improving anode compatibility.

EXPERIMENTAL SECTION

Fabrication of the CPEs

LiTESI (99.95%) and PVDF powders (M, = 530,000) were
obtained from Sigma-Aldrich. N-Methyl pyrrolidone (NMP)
was purchased from Aladdin. PVDF (0.5g) and LiTFSI (0.3 g)
were dispersed into 5mL of NMP and magnetically stirred until
complete dissolution to obtain a homogeneous solution. Then,
Li,B1,H;, was added to the solution at weight fractions of 0.5, 1,
and 2wt%. The solutions were sonicated for 1h, magnetically
stirred for 10h, cast onto glass molds, and dried directly under
vacuum at 60°C for 24h. For comparison, PVDF-LiTFSI was
fabricated under the same conditions but without the addition of
Li,Bi,His.

Structural characterization

Scanning electron microscopy (SEM) images were obtained with
the Quanta FEG 450 instrument (FEI, USA). X-ray diffraction
(XRD) patterns were characterized by an Ultima IV instrument
(Rigaku, Japan) with a scan rate of 5°min". Fourier transform
infrared (FTIR) spectra were acquired from a Nicolet iS5 system
(Thermo Scientific, USA). Thermogravimetric analysis (TGA)
was performed with a Discovery TGA5500 system (TA, USA)
under a N, atmosphere and a heating rate of 10°C min™". Stress-
strain curves were obtained by a CMT6103 universal testing
machine (MTS, USA).

Electrochemical measurements

The fabricated materials were assembled into a CR2032-type cell.
Steel foil, Li foil, and LiFePO,-based composite pellets (LiFePO,:
C:PVDF = 8:1:1 on Al foil) were used as electrodes. Electro-
chemical impedance spectroscopy (EIS) and direct current (DC)
polarization were performed using an Interface 1000E system
(Gamry, USA). The DC polarization voltages were set to 1V for
the electronic transference number tests and 10 mV for the Li*
transference number tests. Linear sweep voltammetry (LSV)
curves were obtained using a CHI660E workstation (Chenhua,
China) with a scan rate of 10mV s™'. Galvanostatic charge/dis-
charge (GCD) measurements were performed using a CT2001A
test system (Land, China).

First-principles calculations

All first-principles calculations conducted in this work were
performed using the Vienna Ab initio Simulation Package [33].
The plane-wave basis set method based on DFT was adopted
with ultra-soft pseudopotentials [34] and Perdew-Burke-Ern-
zerhof (PBE) parameterization [35,36] of the generalized gra-
dient approximation. vdW-D3 was invoked as a non-local
correlation functional in all calculations to account for disper-
sion interactions between different ions and substrates [37]. An
energy cutoff of 500 eV was used for the plane-wave basis set,
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and a 1 x 1 x 1 Monkhorst-Pack mesh grid for sampling k points
was established for the Brillouin zone integration of the different
systems. These settings were verified by obtaining a total energy
convergence of less than 1 meV atom™. Geometry relaxation was
conducted prior to examining the structural properties and total
energies, and it revealed that the force on each atom converged
below a threshold of 0.01eV A",

RESULTS AND DISCUSSION

Fig. 1a schematically illustrates the preparation procedure and
composition design of LBH-CPEs. Our design is expected to
promote rapid Li* conduction, considering the unique interac-
tions among the material components. Optical photographs of
PVDF-LIiTFSI and LBH-CPEs with different Li,B;,H;, contents
are displayed in Fig. 1b. PVDF-LiTFSI without Li,B1,H,, is white
and transparent. When Li;B1,H; is introduced to the reaction
system, the LBH-CPEs turn yellow, and the intensity of their
color increases with increasing Li,B,H;, content. The optical
photograph (Fig. 1c) of bent LBH-CPE shows that this film is
highly flexible. Fig. 1d, e present the top-view and cross-sec-
tional SEM images of 1 wt% LBH CPE (1LBH-CPE). A smooth
surface with few pores can be observed in the top-view SEM
image, which is a typical morphology of tape-casting films
(Fig. S1).

Li,B;,H,, particles are not found on the surface of the CPE
because they are buried in the PVDF-LiTFSI matrix. In the
cross-sectional image, Li,Bi,H;, particles with diameters of 2—
10um are implanted in the PVDEF-LiTFSI matrix, and the
thickness of the LBH-CPE is 130 um.

Fig. 1f shows the XRD patterns of LBH-CPE and the reference
Samples (i.e., LizBlelz, PVDF, and PVDF-LITFSI) LizBlelz
exhibits typical diffraction peaks at 15.3° and 17.7° without
impurity signals. The XRD pattern of PVDF reveals a strong
peak and a shoulder peak at 20.8° and 19.2°, respectively, which
correspond to the (110) and (020) planes [38]. After the addition
of LiTFSI, no peak was observed that could be attributed to
LiTFSI and the peaks of PVDF weakened, thereby indicating the
complete dissolution of LiTFSI in PVDF and a significant
reduction in PVDF crystallinity. The XRD profile of LBH-CPE
only shows weak PVDF peaks, which suggests that the addition
of Li,B;,H;, can reduce the crystallinity of PVDF further. No
signal for Li,Bj,H,; is visible because of its low content (1 wt%).
FTIR measurements (Fig. 1g) were then performed to identify
the compositions of LBH-CPE and the reference samples.
Typical absorbance bands can be detected for Li,Bi,H;, and
PVDF. The additional bands noted in the FTIR spectrum of
PVDF-LIiTFSI correspond to LiTFSI and residual NMP. After
addition of Li,Bi,Hi,, a weak but clear absorbance signal at
2480 cm™! appears (inset, Fig. 1g), thus indicating the existence
of Li,B;,H;, in LBH-CPE [39]. The above results confirm that no
chemical reaction occurs between Li,B,H;,, PVDF, LiTESI, and
NMP during the preparation of the CPE (Fig. S2).

The Li* conduction properties of PVDF-LiTFSI and LBH-
CPEs with different Li;B;,H;, contents were investigated. Fig. 2a
shows the EIS of PVDF-LiTFSI and LBH-CPE-based blocking
cells measured at 25°C; semicircles at high frequencies and linear
tails at low frequencies can be found in the plots. The chord
length of the semicircle corresponds to the resistance of the
electrolyte according to the equivalent circuit. Between the two
samples, 1LBH-CPE exhibits a lower resistance of 1200,
whereas PVDF-LIiTFSI reveals a resistance of 700 Q).
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Figure 1 (a) Schematic illustration of the design principle of LBH-CPEs. (b) Optical photographs of the PVDF-LiTFSI membranes with 0, 0.5, 1 and 2 wt%
Li,B1;Hi. (c) Optical photograph of bent 1LBH-CPE showing good flexibility. (d) Top-view and (e) cross-sectional SEM images of 1LBH-CPE. (f) XRD
patterns and (g) FTIR spectra of Li,B,H», PVDF, PVDF-LIiTFSI, and 1LBH-CPE.

The conductivity (o) of these materials can be calculated
according to the equation:

d

<R 1

o=
where d is the film thickness, A is the contact area, and R is the
film resistance. The temperature-dependent ¢ values of PVDEF-
LiTFSI and LBH-CPEs are shown in Fig. 2b. Among the samples
tested, ILBH-CPE shows the highest ¢ value, 1.43 x 10™*Scm™
at 25°C and 1.22 x 10°Scm! at 95°C. Adding 0.5 and 2 wt%
Li,B,Hi, to PVDF-LIiTFSI increases the o of the material from
246 x 107 to 8.05 x 107 and to 4.93 x 10°Scm™, at 25°C,
respectively, but these o values are lower than that of the 1 wt%
Li;B1,Hiz-added sample. This phenomenon suggests that the
percolation threshold of LBH-CPE is only 1wt% and that
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increases in Li,Bj,H;, content may lead to particle agglomera-
tion and surface degradation [40-42]. The formation of rapid Li*
transfer pathways at the interface between Li,B;,H;, and PVDF-
LiTFSI may be responsible for the o improvement observed in
the tested samples.

Fig. 2c illustrates the DC polarization curves of PVDF-LiTFSI
and 1LBH-CPE-based blocking cells at 25°C. The steady-state
currents were derived from the electron conductivity for PVDE-
LiTFSI and 1LBH-CPE, which were calculated to be 6.13 x 10~
and 8.28 x 107 S cm™!, respectively. These values are suitably low
for SSLBs. The Li* transference numbers of PVDE-LiTFSI
(Fig. S3) and 1LBH-CPE were determined using DC polarization
and EIS measurements on symmetrical Li cells (Fig. 2d). The
calculation of Li* transference number (7;;+) was based on the
following equation [43,44]:
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Figure 2 (a) EIS profiles of PVDF-LiTFSI and CPEs with 0.5, 1, and 2 wt% Li,B;,H;, at 25°C. (b) Ionic conductivities of PVDF-LiTFSI and CPEs with 0.5, 1,
and 2 wt% Li,Bj,H;, at different temperatures. (c) Electronic conductivities of PVDF-LIiTFSI and 1LBH-CPE. (d) Li* transference number measurement of

1LBH-CPE.
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where R; and R, are the interfacial resistances acquired from the
diameters of the second semicircles in EIS before and after
polarization, respectively; I, is the initial current; I; is the steady-
state current; and AV is the applied voltage. The calculated Li*
transference number of 1LBH-CPE, at 0.34, is nearly two times
that Of PVDEF-LiTFSI (019) The ablhty Of the added LizBlelz to
remarkably enhance the Li* transference number may be
explained from two perspectives. First, Li,B,H;, is a single Li*
conductor that provides additional transfer pathways for Li¥,
thus increasing the Li* transference number [45,46]. Second, the
Bi,H;,*~ anion possesses electron-deficient multicenter bonds
that can immobilize TFSI™ through charge exchange.

DFT calculations were performed to verify the interaction
between Li,Bi,H;, and LiTFSL. The most stable structures of a
single LiTFSI molecule and an adsorbed LiTFSI molecule on the
Li,Bi,H;, surface are optimized, as shown in Fig. 3a, b. The
B,H,*> -terminated (100) surface is an energetically stable
adsorption surface. The binding energies of Li* with isolated
TFSI” and in adsorbed LiTFSI onto the Li,B;;H;, (100) surface,
as well as the energies between adsorbed TFSI™ and the Li,B;,H;,
(100) surface are calculated according to the following equation:

()

where Eio is the total energy of the total system, E, is the energy
of a substance A, Ep is the energy of a substance B, and Epinding is
the binding energy of A with B.

As seen in Table 1, the binding energy between Li* and TFSI™

Ebinding = E o~ (Ex+ Ep),

total
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is calculated to be —5.18 eV in LiTFSI adsorbed on the Li,B,H;»
(100) surface; this value is much lower than that in isolated
LiTFSI (=5.93 eV). This result indicates that LiTFSI can be dis-
sociated by the addition of Li,B;,Hi,, which leads to a significant
increase in the free Li* concentration in the reaction system
[47,48]. Moreover, the binding energy between TFSI™ and the
Li,B;,H;, (100) surface was calculated to be —0.89 eV, indicating
strong adsorption. The effect of the Li,Bi,H;, (100) surface on
the differential charge density of LiTFSI is displayed in Fig. 3¢, d,
to illustrate the interaction between Li,Bi,H;, and LiTFSI fur-
ther. From these results, we find that the charge depletion region
(blue) around Li shrinks when LiTFSI is adsorbed onto the
Li,B,H;, (100) surface, which suggests a weakening of the
Coulombic force between Li* and TFSI". A second finding is that
charge exchange occurs between Li,B;,H,, and TFESI', indicating
a relatively strong adsorption force between TFSI™ and the
Li,B;,Hi, (100) surface; this finding agrees well with the calcu-
lated binding energy between TFSI” and Li,B1,H;,. These results
reveal that Li;B;,Hjp, which features unique electron-deficient
multicenter bonds, can facilitate the dissociation of LiTFSI to
provide more free Li* and enhance the immobilization of TFSI”
by charge exchange. These benefits are mainly responsible for
the remarkable improvement in Li* conduction properties
observed in the studied system.

The electrochemical, thermal, and mechanical stabilities of
1LBH-CPE were examined. The electrochemical stability win-
dows of PVDF-LiTFSI and 1LBH-CPE were obtained by the LSV
method. Fig. 4a presents the LSV curves of PVDF-LiTFSI and
1LBH-CPE in Li|electrolyte|steel cells at 25°C. After introducing
Li,B;,H;,, the upper limit of the electrochemical stability win-

January 2022 | Vol.65 No. 1
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Figure 3 (a) Molecular structure of LiTFSI. (b) Adsorption of LiTFSI on the Li,B;,H;, (100) surface. Computed charge density difference of (c) LiTFSI and

(d) LiTFSI adsorbed on the Li,B;,H;, (100) surface.

Table 1 Binding energies between Li* and TFSI", Li* and TESI” on Li,Bj;Hy,, and TFSI™ and Li,B;;H,, obtained by DFT calculations
Bonds Eioa (€V) E4 (eV) Eg (eV) Ebinding (€V)
[Li*]a + [TFSI ] —87.99 —0.29 —81.77 —5.93
[Li*]a + [TESI on Li;By;Hiuls —1241.42 -0.29 ~1235.94 -5.18
[TESI']4 + [Li;B12Hiols —1235.94 —81.77 —1153.35 —0.89

dow remains nearly unchanged, as apparent oxidation currents
can be observed at >4.0V for both PVDF-LiTFSI and 1LBH-
CPE. Repeated LSV curves obtained over the scanning range of
open circuit voltage (OCV) to 0V are presented in Fig. 4b,
which were used to evaluate the electrochemical stability of
1LBH-CPE at low potentials. In the first scan, the reduction
current can be detected at <1.5V and the maximum current
reaches 71.0 pA.

In addition, the maximum current decreases to 15.0 and
10.6 pA in the second and third LSV curves, respectively, which
indicates the formation of a solid electrolyte interphase (SEI)
during scanning. This interphase may help protect the electro-
lyte from further decomposition. The maximum currents in the
first and third OCV-t0-0V scans for PVDF-LIiTFSI are 26.0 and
17.0 uA, respectively (Fig. S4). A lower current in the first scan
suggests insufficient SEI formation, and a higher current in the
third scan suggests poor SEI protection [49]. The above results
may be attributed to the formation of a highly protective and
conductive LiH-containing SEI through the partial lithiation of
added LizBlelz (Flg 85)

The thermal stability of the materials is represented by the
TGA curves in Fig. 4c. PVDF exhibits no weight loss until
400°C, which indicates its typical decomposition behavior. In
addition, no appreciable weight loss of PVDF-LiTFSI and 1LBH-
CPE can be observed at temperatures below 100°C, which
confirms that these electrolytes are stable below 100°C. A slow

January 2022 | Vol.65 No.1

weight loss of 23 wt% can be detected in the temperature range
of 100-300°C (Fig. S6), which corresponds to the gradual des-
orption of residual NMP bound to PVDF-LiTFSI (Figs S7 and
S8). The residual NMP mainly acts as a plasticizer to enhance the
chain mobility of PVDF, which benefits the Li* conductivity of
the system (Fig. S9). Although this phenomenon remains
unclear [50,51], we postulate that this type of CPE is a solid
electrolyte, not a gel (Fig. S10). Sharp and slow weight losses
successively occur above 300°C, and these weight losses corre-
spond to the decomposition of PVDF and LiTFSI. The addition
of Li,B;,Hj, reduces the decomposition temperatures of PVDF
and LiTFSI because of an increase in the amorphous fraction of
PVDF and enhancement of the dissociation/immobilization of
LiTFSI.

Fig. 4d displays the stress-strain curves of PVDF-LIiTFSI and
1LBH-CPE. The introduction of Li,Bi,H;, greatly improves the
tensile strength of PVDEF-LiTFSI, which increases from 4.9 to
8.4 MPa. In addition, the maximum strain of 1LBH-CPE exceeds
300%. This enhancement in mechanical stability may be ascribed
to the ability of Li,B1,H;, to enhance the dispersion of inorganic
particles in the PVDF-LIiTFSI polymer matrix.

The excellent Li* conduction property and electrochemical
and mechanical stability of 1LBH-CPE imply that the material
exhibits superior electrode compatibility. Symmetric Li cells
were assembled and tested at various current densities and
temperatures to evaluate the Li anode compatibilities of PVDF-
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Figure 4 (a) LSV curves of Li||steel cells based on PVDF-LiTFSI and 1LBH-CPE. (b) Repeated LSV curves of Li|ILBH-CPE|steel from the OCV to 0'V.
(c) TGA curves of PVDF, PVDF-LiTFSI, and 1LBH-CPE. (d) Stress-strain curves of PVDF-LiTFSI and 1LBH-CPE.

LiTFSI and 1LBH-CPE. Fig. 5a shows the GCD curves of sym-
metric PVDF-LiTFSI and 1LBH-CPE-based Li cells measured at
0.2mA cm 2 and 25°C. The Li|PVDF-LiTFSI|Li cell can only be
stably cycled for less than 70h, beyond which its polarization
voltage begins to increase sharply from 200mV to over 1.5V
until the cell eventually short-circuits. By comparison, the
1LBH-CPE-based Li cell can be stably cycled for over 1200h
under identical conditions without apparent polarization voltage
fluctuation. The polarization voltage of the cell in the initial 20h
of cycling is flat and ranges from 94 to 120 mV, after which it
increases to 160 mV after 1000 cycles (Fig. 5b, ¢). The GCD
curves of these symmetric Li cells at higher temperatures and
current densities (Fig. S11) also demonstrate that Li,B;,H;,
addition can effectively improve the Li compatibility of PVDEF-
LiTFSI. Specifically, the 1LBH-CPE-based Li cell shows stable
cycling at up to 3 mA cm ™ and 65°C, two times as large as that of
the PVDF-LiTFSI-based Li cell. The continuous increase in the
polarization voltage of PVDF-LiTFSI, which indicates poor Li
compatibility, may be ascribed to the occurrence of supple-
mentary reactions between Li and PVDEF-LiTFSI and the
thickening of the SEL

Li,B;,H;; in the 1LBH-CPE-based cell can help form a highly
stable LiH-containing SEI, which prevents the development of
side reactions at the anode/electrolyte interface during cycling.

The cathode compatibility of 1LBH-CPE was evaluated by
assessing the electrochemical performance of the Li|1ILBH-CPE]|
LiFePOy cell at 25°C. All cells were activated prior to the mea-
surements (Fig. S12). Fig. 6a shows the rate performances of
PVDEF-LIiTFSI and 1LBH-CPE-based cells in the voltage range of

100
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2.8-3.8V. The reversible specific capacity (based on LiFePO,) of
the Li|ILBH-CPE|LiFePOy cell reaches 152, 149, 145, 139, 127,
115,and 90mA hg ' at 0.1, 0.2, 0.5, 1, 2, 3, and 5 C, respectively,
and recovers to 153 mA hg™! when the current density returns to
0.1 C. The rate performance of the Li|PVDF-LiTFSI|LiFePO, cell
is much lower than that of the Li|ILBH-CPE|LiFePO, cell;
specifically, the Li|PVDF-LiTFSI|LiFePO, cell generates a
reversible specific capacity of only 42 mAhg™ at 5C, which is
less than half of that achieved by the Li|ILBH-CPE|LiFePOy cell
under the same condition.

Long-term cycling at 1 C was performed to demonstrate the
cycling stability of the PVDF-LiTFSI and 1LBH-CPE-based Li|
LiFePOy cells. Fig. 6b presents the GCD curves of the Li|ILBH-
CPE|LiFePO, cell at different cycles. Typical charge and dis-
charge plateaus near 3.45V with a voltage hysteresis of 180 mV
can be observed in the first cycle, which indicates an acceptable
internal resistance in the cell [52]. Moreover, the regular overlap
of the GCD curves in the following cycles suggests excellent
interfacial stability between the electrode and electrolyte. By
comparison, the voltage hysteresis of the Li|PVDF-LiTFSI|
LiFePO, cell is higher, and its interfacial stability appears to be
poorer (Fig. S13). The cycling performance plots in Fig. 6¢ reveal
that the Li|ILBH-CPE|LiFePO; cell produces an initial reversible
specific capacity of 139 mAh g™ with a Coulombic efficiency of
98%. The reversible specific capacity of the cell remains nearly
unchanged in the following cycles, with a Coulombic efficiency
close to 100%, which corresponds to a capacity retention of 98%
after 200 cycles. By comparison, the initial reversible specific
capacity of the Li|PVDF-LiTFSI|LiFePO, cell is lower
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(118mAhg™) and its capacity retention is only 95% after 200
cycles. The superior electrochemical performance of the Lj
1LBH-CPE|LiFePO; cell can be attributed to the presence of
Li,B;,H1,, which improves the Li* conductivity of the reaction
system by providing rapid transfer pathways and enhances the
electrochemical stability of the cell by forming a protective SEL

CONCLUSIONS

In conclusion, flexible LBH-CPEs were successfully prepared via
the conventional solution-casting method. Bounded NMP,
which acts as a plasticizer for PVDF, is detected in the CPEs
after drying. Among the LBH-CPEs fabricated, 1LBH-CPE
exhibits the highest conductivity (1.43 x 10*Scm™) and Li*
transference number (0.34) at 25°C. The significant improve-
ment in the Li* conduction performance of the LBH-CPEs may
be attributed to the interaction between Li,Bj,Hi, (via its elec-
tron-deficient multicenter bonds) and LiTFSI, which facilitates
the dissociation of LiTFSI to provide more free Li* and enhance
the immobilization of TFSI™ by charge exchange. The sample
1LBH-CPE demonstrates an apparent electrochemical stability
window of 0-4.0V, good thermal stability below 100°C, and
tensile strength of 8.4 MPa. The anode compatibility of LBH-
CPE is significantly improved by the formation of a protective
SEI at the anode/electrolyte interface, which prevents the
occurrence of side reactions. The Li|]ILBH-CPE|Li cells present
superior performance over 1200 h of cycling at a current density
of 0.2 mA cm? and temperature of 25°C. Moreover, the Li|LBH-
CPE|LiFePOy cells exhibit good rate performance and excellent
cycling performance, as evidenced by their generation of a
reversible specific capacity of 140 mAhg™ at 1 C and 25°C after
200 cycles.
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