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Abstract: Poly(vinylidene fluoride) (PVDF)-based composite solid electrolytes (CSEs) are attracting
widespread attention due to their superior electrochemical and mechanical properties. However,
the PVDF has a strong polar group -CF,-, which easily continuously reacts with lithium metal,
resulting in the instability of the solid electrolyte interface (SEI), which intensifies the formation
of lithium dendrites. Herein, Tetrafluoro-1,4-benzoquinone (TFBQ) was selected as an additive
in trace amounts to the PVDF/Li-based electrolytes. TFBQ uniformly formed lithophilic quinone
lithium salt (Lip TFBQ) in the SEL Li, TFBQ has high lithium-ion affinity and low potential barrier and
can be used as the dominant agent to guide uniform lithium deposition. The results showed that
PVDF/Li-TFBQ 0.05 with a mass ratio of PVDEF to TFBQ of 1:0.05 had the highest ionic conductivity of
2.39 x 1074 S em™1, and the electrochemical stability window reached 5.0 V. Moreover, PVDF/Li-
TFBQ CSE demonstrated superior lithium dendrite suppression, which was confirmed by long-term
lithium stripping/sedimentation tests over 2000 and 650 h at a current of 0.1 and 0.2 mA cm™2,
respectively. The assembled solid-state LiNipsCog,Mng,0; | I Li cell showed an excellent per-
formance rate and cycle stability at 30 °C. This study greatly promotes the practical research of
solid-state electrolytes.

Keywords: solid-state lithium battery; polymer electrolytes; solid electrolytes interface;
poly(vinylidene fluoride)

1. Introduction

Lithium-ion batteries (LIBs) are indispensable energy storage devices in daily life and
are widely used in many fields, and the increasing demand in applications has promoted
research on LIBs with high power/energy density and good safety [1,2]. Almost all LIBs
usually use organic electrolytes as ion-conducting media in practical applications; their
flammability brings great challenges to the safety of LIBs. Meanwhile, uneven lithium
deposition and huge volume effect cause the rupture of the SEI layer and the growth of
lithium dendrites, which will reduce the coulomb efficiency and battery life, limiting the
increase in energy density [3-5]. The development and use of solid-state electrolytes can
effectively alleviate these problems and offer possibilities for the development of solid-state
lithium metal batteries [6].

Solid electrolytes are generally classified into three categories [7]: inorganic solid
electrolytes, solid polymer electrolytes (SPEs), and composite solid electrolytes (CSEs).
For inorganic solid electrolytes, studies of Li;LazZr,O1, (LLZO) [8], Li; _xAlTip_x(PO4)3
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(LATP) [8], LijpGeP2S12 (LGPS) [9], e.g., have been reported. For SPEs, polyethylene
oxide (PEO) [6], poly(vinylidene fluoride) (PVDEF) [10], polyvinylidene fluoride hexafluoro-
propylene (PVDF-HFP) [11], polyacrylonitrile (PAN) [12] and polymethylmethacrylate
(PMMA) [13], e.g., can be used as polymer matrices. Through component control and
structural design, composite solid electrolytes (CSEs) that combine the advantages of
different types of electrolytes can improve the overall ionic conductivity and mechanical
strength. Common composite solid electrolytes include polymers and inorganic fillers [14],
polymers and polymers [15], and other synergistic approaches. Polymer electrolytes are
commonly used as matrices, and inorganic fillers play the role of effectively reducing
the crystallinity of polymer matrices, expanding amorphous regions, and increasing the
content of free Li* to improve ionic conductivity [16,17].

PVDF has the advantages of good mechanical properties, non-flammability, strong
solubility of lithium salts and low price, so it is very suitable for use as a polymer matrix
for composite electrolytes [18]. However, PVDF polymer also has obvious shortcomings
in lithium battery research applications; first of all, high crystallinity at room temperature
brings excellent mechanical properties but also hinders the improvement in the ion con-
ductivity. Secondly, the incompatibility of PVDF polymer and lithium metal, PVDF has a
strong polar group -CF;-, lithium metal reacts easily with PVDF and causes the instability
of the contact interface [19,20]. Through extensive attempts and in-depth exploration, it
is scientific and feasible to modify PVDF-based solid electrolytes with different design
strategies. Modification using inorganic fillers can significantly enhance ion conductivity,
mechanical properties, and thermal stability. Zhang et al. [21] used LLZTO as the active
filler in the PVDF-HFP polymer matrix, making lithium salt LiFSI more easily dissociated
and providing more migration Li*; LLZTO can provide additional Li* migration paths,
effectively improving the electrochemical stability of solid-state electrolyte. Li et al. [22] pre-
pared a solid polymer electrolyte with PVDEF, using CA (cellulose acetate) as the matrix and
modified MMT (montmorillonite) as a filler; CA promoted the sufficient spatial conforma-
tion of the polymer molecular segment so Li* could be transferred conveniently, improved
the mechanical strength of the membrane, and restrained the growth of lithium dendrites.
Zeng et al. [23] enhanced the polarization of polymers by copolymerizing trifluoro-ethylene
(TrFE) monomer with PVDF monomer and exhibiting the pure all-trans (TTTT) planar
zigzag conformation at the TrFE content of 20 to 50 mol%, thereby achieving an improve-
ment in ionic conductivity. Liu et al. [24] used PVDF-HFP as the matrix, through ingenious
structural design, to create a novel type of polymer-in-salt solid electrolyte (PISSE), which
can penetrate and grow directly in the three-dimensional (3D) electrode on the current
collector spacing to achieve the most adequate contact between the electrode and the solid
polymer electrolyte.

Like most solid electrolytes, the interface problem of PVDE-based solid electrolytes
remains unresolved, and uneven lithium ion conductivity leads to uneven nucleation of
lithium deposition, exacerbating the formation of lithium dendrites [25]. Higher current
densities result in more susceptible breakage of the SEI, and the fresh lithium metal exposed
under the crack has a lower lithium ion transport barrier, which in turn leads to more
uneven lithium deposition [26], which may lead to low coulomb efficiency, short long-
term operation cycle, and other safety hazards. It greatly affects the improvement in
battery energy density and battery safety [27,28]. Therefore, the SEI layer is crucial to the
overall performance of lithium metal anodes and lithium batteries; it regulates the current
distribution during lithium deposition by changing the physicochemical properties, thereby
fundamentally inhibiting the production of lithium dendrites.

The original SEI layer usually exhibits fragile characteristics, and the method of in
situ formation can be regarded as the most feasible, practical and constructive, showing
outstanding lithium dendrite inhibition ability and promoting the circulation of lithium
metal electrodes [29]. The lithiophilic matrix of the SEI layer reduces the potential barrier
for lithium nucleation, balances the current distribution, and enhances the binding of
lithium ions to other substances. Qian et al. reported an electrolyte additive in lithium
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metal batteries: tetrachloro-1,4-benzoquinone (TCBQ) and found through experiments that
its decomposition product (Li TCBQ) in SEI is more lithiophilic [30]. Specifically, TCBQ can
be neatly stacked and arranged between molecules because of its unique chemical bonds,
and lithium ions are neatly riveted on the surface of TCBQ, and the formed Li, TCBQ, LiF,
and Li;COj3 together form a stable SEI layer [31]. It can be seen that benzoquinone based on
conjugated carbonyl compounds has excellent performance in reaction kinetics, combined
with stable amorphous structure, which is very valuable in the selection of electrolyte
additives. As a similar substance, tetrafluoro-1,4-benzoquinone (TFBQ) contains F-groups
that are more competitive than TCBQ), and the effect of micro-addition plays a significant
role and can be utilized as the high-potential additive for composite electrolyte modification.

Therefore, in this study, PVDF was selected as the polymer matrix, a high-concentration
of lithium salt (LiTFSI) was added, and TFBQ was selected as the additive, in the hopes
that a trace amount of TFBQ added to the PVDF/Li-based electrolyte could uniformly
form a new lithiophilic quinone lithium salt (Li; TFBQ) component in the SEI layer. Due
to its strong lithium-ion affinity and relatively low potential barrier, Li; TFBQ can be used
as a guiding agent of SEI layer to promote uniform lithium deposition. This has been
proven in this experiment through related physicochemical performance characterization
and electrochemical testing. PVDF-based composite solid electrolytes with trace TFBQ
have excellent stability coupled to symmetric lithium electrodes, and under the current
density gradient of 0.1-0.4 mA cm~2, lithium symmetric cells can stabilize the cycle with
stable polarization voltage and without short circuits. In addition, the PVDF/Li-TFBQ
CSE confirmed the significant suppression of lithium dendrite growth through long-term
lithium stripping/deposition tests for more than 200 h. It was worth emphasizing that the
assembled solid-state LiNip sCogMng2O; | | Li cells exhibited excellent rate performance
and cycle stability at 30 °C. In this experiment, the effect of trace benzoquinone additives
on the anode interface of composite solid electrolytes was explored, opening up a new idea
for the modification of solid electrolyte interfaces.

2. Materials and Methods
2.1. Material Synthesis

In this work, through the solution casting method of synthesized PVDF/Li-TFBQ
CSEs membranes: First, polyvinylidene fluoride (PVDF, HF-Kejing, Hefei, China), lithium
bis(trifluoromethane sulfonyl)imide (LiTFSI, 99.99%, Sigma-Aldrich, St. Louis, MI, USA),
and a certain amount of tetrafluoro-1,4-benzoquinone (TFBQ, Sigma-Aldrich) were dis-
solved in N, N-dimethylformamide (DME, 99.8%, Sigma-Aldrich) solution. Next, we stirred
the obtained solution continuously at 60 °C for 12 h to form a homogeneous solution. Then,
we evenly coated the slurry on the clean polytetrafluoroethylene(PTFE) mold and placed it
horizontally to be evaporated and shaped and vacuum-dried at 80 °C for 12 h to obtain
a membranes thickness of about 100 um. In subsequent characterization and testing, the
electrolyte membranes were cut to the appropriate size as required (the diameter of all
electrolyte membranes assembled into the button cell was 16 mm).

2.2. Preparation of LiNiy Cop 2Mng 0, Cathodes

The components of the cathode are LiNipsCogMng 0, powder, poly(vinylidene
fluoride) (PVDF), and carbon black (super P); the three components were added to the
N-methyl pyrrolidone (NMP) solution in the mass ratio of 8:1:1 and stirred vigorously, the
obtained slurry was coated on aluminum foil, and vacuum-heated at 80 °C for 12 h, and
then cut into small discs with the diameter of 12 mm, and the average mass loading of the

active material on the cathode is approximately 2.0-2.3 mg cm 2.

2.3. Material Characterization

The purity of the samples was identified by XRD, and the crystallinity changes of the
composite electrolyte membranes were analyzed with a test angle of 10-70% and a test step
size of 0.010 (Cu K radiation). The micro-morphology and thickness measurements of
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the composite electrolyte membranes were analyzed by SEM and EDS, and the electrode
materials before and after cycling were also micro-characterized. Electrolyte membranes
stability was analyzed by thermogravimetric analysis (TGA). The change of melting tem-
perature point (T;;) of the composite electrolyte was analyzed by DSC, and then the change
of crystallinity was reflected. The heating rate was 10 °C min !, the test temperature range
was 70-200 °C, and the protective atmosphere was argon atmosphere. The transformation
of the chemical bond of the samples were characterized by Fourier transform infrared
spectroscopy (FTIR), and the test wavelength range was 4000-600 cm~!. The interface
between the electrolyte and the lithium metal anode was tested by XPS on a Thermo K-
Alpha XPS spectrometer equipped with a monochromatic Al-K X-ray source to analyze
the composition and content change of the main phase substances in the interface layer.

2.4. Electrochemical Measurements

The ionic conductivity of electrolytes in the stainless steel (SS) | | CSE | | SScell was
measured by Electrochemical impedance spectroscopy (EIS) in the temperature range
of 10-80 °C with alternating current (AC) amplitude of 0.01 V and frequency range of
1-106 Hz. The linear sweep voltammetry (LSV) of the electrolyte was tested by Lil | CSE
Licell with a voltage range of 2-6 V and a scan rate of 0.001 V s~!. The lithium-ion
transference number (t1;,) of the electrolyte was calculated from direct current polarization
and alternating current impedance measurements using Li| |CSE| |SS cells at 25 °C. At
30 °C, the electrochemical properties of all lithium symmetric cells Lil ICSE| |SS and
LiNig 4Cop2Mng 05 | | Li solid-state cell were measured by the LAND charge—discharge
test system. All cells were assembled into CR 2025 coin cells in a glove box filled with argon
gas with lithium metal foil as the anode, using only CSE as the electrolyte and no liquid
electrolyte added.

3. Results

In this work, PVDE/Li-TFBQ CSE membranes were synthesized via solution casting
method, and a series of PVDF/Li-TFBQ samples with different additive contents were pre-
pared; the mass ratio of PVDF to LiTFSI was 1:1.25, and the mass ratio of PVDF to additive
TFBQ were 1:0.1, 1:0.05, and 1:0.01, respectively, named PVDF/LiTFSI, PVDF/Li-TFBQ 0.1,
PVDEF/Li-TFBQ 0.05, and PVDEFE/Li-TFBQ 0.01, respectively, in which the PVDF/LiTFSI
was the control test group without any additives.

The X-ray diffraction (XRD) pattern of Figure 1a shows the phase and crystallinity of
LiTFSI, TFBQ, and PVDF/Li-TFBQ CSE membranes. After adding LiTFSI and TFBQ, the
characteristic peaks of PVDF at 20° and 40° showed a decrease in diffraction peak intensity,
and the position of the diffraction peak did not shift, indicating that the degree of the
amorphous state of PVDF was strengthened after mixing with lithium salt and additives.
This shows that the addition of TFBQ additive and LiTFSI can increase the amorphous
region of the PVDF matrix and reduce crystallinity. At the same time, in the composite
electrolyte, neither lithium salt nor additive shows their corresponding characteristic peaks,
which indicates that the lithium salt and additive added to the system were homogeneously
mixed with the PVDF matrix rather than in a dispersed form. As shown in Figure 1b, the
crystallinity of PVDF decreases with the addition of LiTFSI and TFBQ by analyzing the
differential scanning calorimetry (DSC) curves of pure PVDE, PVDF/LiTFSI, and PVDF/Li-
TFBQ membranes. The endothermic peak of the pure PVDF membranes appeared at
154 °C, that is, the crystalline-amorphous transition temperature (T;). Due to ensuring the
appropriate usage of LiTFSI, the endothermic peak of the electrolyte obviously decreased to
148 °C and decreased more significantly with the addition of TFBQ, which also proved that
the addition of LiTESI and TFBQ could effectively reduce the crystallinity of PVDF polymer,
among which PVDF/Li TFBQ 0.05 showed the lowest endothermic peak temperature of
130 °C, which means that there were more amorphous regions in this sample, which is
more conducive to the formation of lithium ions. In order to further explore the effect
of additives and lithium salts on the composite electrolyte, the chemical bond transition
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of these samples was investigated by FTIR spectroscopy. In the FTIR spectra shown in
Figure 1c, the characteristic peaks of 761 and 1402 cm~! correspond to the a-phase crystals,
and the characteristic peaks of 835 and 876 cm ™! correspond to the amorphous phases. It is
worth noting that the absorption peaks of -CF,-, located at 1072 and 1171 cm !, were shifted
after adding LiTFSI, and a new absorption peak was also generated at 1660 cm ™! due to the
interaction between the PVDF matrix and LiTFSL. The amorphous phase peak at 876 cm !
also weakened in intensity after adding TFBQ, which corresponds well to the results of
DSC and XRD. At the same time, a new characteristic peak appeared at 957 cm ™! in the
experimental group samples, which strengthens with the increase in additive addition,
which is the characteristic peak of the C-F bond in TFBQ, which indicates that the TFBQ
additive is successfully mixed inside the composite electrolyte.

~
&
-

b o C
( ) PVDF/Li-TFBQ 0.05 ( ) |—— Pure PVDF PVDF/Li-TFBQ 0.1
PVDF/LiTFSI ——PVDF/Li-TFBQ 0.05

e _PVDF/Li-TFBQ 0.1

T, =130 °C

2 ——— PVDF/Li-TFBQ 0.05
5 l :
e L =
~ ~ PVDF/Li-TFBQ 0.01 2 & 95
= = :
2 [ .‘. andia TFBQ $ |PVDF/LI-TFBQ 0.1 B
Y = =
= . ) 1 [PVDF/LITFSI T, = 143°C 2
= PVDF/LiTFS =
—— T, =148°C
wides o L1 Lites: Pure PYDE
1660
M — Pure PVDF T, =154°C 1402 1072 761
L L L L L ; . . ’ ) . ) ) |‘|7| 87 83.5
10 20 30 40 50 60 70 60 80 100 120 140 160 1800 1600 1400 1200 1000 800 600
20 (deg.) Temperature (°C) Wavenumber (cm™)

Figure 1. (a) X-ray diffraction (XRD) patterns of TFBQ, LiTFSI, pure PVDF, PVDF/Li, and PVDE/
Li-TFBQ CSE membranes, DSC profiles (b) and FTIR spectra (c) of pure PVDF, PVDF/Li, and
PVDF/Li-TFBQ CSE membranes.

To explore the appropriate amount of TFBQ, we measured the ionic conductivity of dif-
ferent samples at room temperature, as shown in Figure 2a,b, PVDF/Li-TFBQ 0.05 showed
the highest ionic conductivity (2.39 x 10~% S cm™!) at 25 °C after multiple tests and cal-
culations with the same repeatability. To further verify the scientific conclusion, we also
tested and summarized the ionic conductivity performance at different temperatures; as
shown in Figure 2c, it can be clearly found that PVDF/Li-TFBQ 0.05 has the highest ionic
conductivity at different temperature points in the entire temperature range. According
to the approximate slope of its curve, it can also be seen that the sample has a low ionic
migration barrier. Therefore, PVDF/Li-TFBQ 0.05 was the optimal sample according to the
performance of ionic conductivity; that is, when the mass ratio of PVDF to TFBQ was 1:0.05,
it was the optimal micro-addition amount of additive, and subsequent characterization and
testing were carried out on this sample.

To characterize the thermal stability of the composite electrolyte, the thermo-gravimetric
loss of the electrolyte membranes was detected in the temperature range of 40-700 °C by
TG, as shown in Figure 2d, after adding lithium salt and TFBQ, the thermal stability of CSE
is not destroyed, it still has excellent thermal stability in a wide temperature range as the
pure phase PVDF membranes, indicating that the PVDF/Li-TFBQ 0.05 CSE membranes
also have better safety performance.

In addition to being expected to play a positive role at the electrolyte interface, the
additive TFBQ can also facilitate the dissociation of LiTFSI and improve the ionic conduc-
tivity, as demonstrated in additive exploration experiments. At the same time, whether
the dissociation of lithium salt is further facilitated can also be reflected by the number
of electrolyte ions. Therefore, the results of the lithium-ion migration number test and
calculation of the sample are shown in Figure 2e, the lithium-ion migration number of
PVDE/Li-TFBQ 0.05 at room temperature can reach 0.42, which is much higher than the
ion migration number of ordinary PVDF-based composite solid electrolytes (about 0.3),
which further confirms that the addition of TFBQ can facilitate the dissociation of LiTFSI
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and upgrade the overall electrochemical performance of the composite solid electrolyte. To
characterize the adaptability of the composite solid electrolyte to the cathode material, the
electrolyte samples were tested for LSV to characterize the electrochemical stability window,
and the results are shown in Figure 2f; the overall electrochemical stability of the composite
solid electrolyte also improved after TFBQ addition, and the electrochemical window of
the PVDF/Li-TFBQ 0.05 reached 5.0 V, possibly because TFBQ not only promoted the
dissociation of lithium salt but also made the distribution of lithium salt more uniform and
also absorbed some impurities in the electrolyte as a cross-linking center, thus improving
overall antioxidant resistance.
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Figure 2. Impendence spectra (a) and ionic conductivities (b) of PVDF/Li-TFBQ CSE membranes with
different contents of TFBQ at room temperature, (c) Arrhenius plots of ionic conductivities of PVDF/Li
and PVDEF/Li-TFBQ CSE membranes. (d) TG curves of pure PVDF and PVDF/Li-TFBQ 0.05 CSE
membranes. (e) Direct current polarization result for the Li| I PVDF/Li-TFBQ 0.05| | Li symmetrical
cell and its EIS variation before and after polarization (inset), (f) linear sweep voltammetry plot of
PVDEF/Li and PVDE/Li-TFBQ 0.05 CSE membranes at 25 °C.

The interfacial compatibility and stability of electrolyte and lithium metal have great
influence on cell performance. To directly demonstrate the contact stability between lithium
metal and electrolyte, the EIS experiment of the lithium-symmetric cell was designed, and
then the interface compatibility and stability of PVDE/Li-TFBQ 0.05 CSE and lithium
electrode after long-term contact between the electrolyte membranes and lithium metal at
room temperature was analyzed. As shown in Figure 3a, the interface between the CES
membranes and lithium metal tends to balance and stabilize after three days of contact,
with no significant increase in interface resistance, indicating good interface stability. The
electrochemical stability of the CSE under high voltage was further evaluated by applying
a constant voltage of 4.5 V to the cell for 150 h and performing impedance measurements.
Figure 3b shows Lil [IPVDF/Li-TFBQ 0.051 |SS asymmetric cell impedance spectrum
over time. Through the analysis of experimental results, the almost constant resistance
at constant voltage proves the significant electrochemical stability of CSE. The stability
of long-term battery cycling is significantly affected by the interface state between the
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electrolyte and the lithium metal electrode, so the deposition/stripping process of the
lithium symmetric battery was analyzed to evaluate the stability between the electrolyte and
the lithium metal anode. Figure 3c shows the rate performance of lithium-symmetric cells
for different current magnitudes at room temperature. Under the current density gradient
of 0.1-0.4 mA cm~2, lithium-symmetric cells can cycle stably with stable polarization
voltage and no short circuit. In addition, as shown in Figure 3d,e, PVDF/Li-TFBQ CSE
shows outstanding lithium dendrite suppression ability, which can stably cycle for more
than 2000 and 650 cycles, respectively, under the current of 0.1 and 0.2 mA cm 2, and the
voltage polarization change is small before, during, and after the cycle, which indicates that
the interface condition between the electrolyte and lithium metal remains stable throughout
the cycle. It can be seen that the addition of TFBQ can improve the interfacial stability of
electrolyte and lithium metal.
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Figure 3. (a) Impedance spectra of Lil |PVDF/Li-TFBQ 0.05| | Li symmetrical cell for different
aging times. (b) Impedance spectra of Li| IPVDF/Li-TFBQ 0.05| | SS unsymmetrical cell at bias
voltage 4.5 V. (¢) Galvanostatic rate performance of the Li symmetrical cell with a current density of
0.1-0.3 mA cm—2 at 30 °C. Galvanostatic long-term cycling of Li| | PVDF/Li-TFBQ 0.051 | Li symmet-
rical cell with a current density of 0.1 mA cm 2 (d) and 0.2 mA cm~2 (e).

The microscopic morphology of the electrolyte can be intuitively analyzed through
SEM images. Due to the absence of inorganic fillers, the PVDF/Li TFBQ 0.05 CSE mem-
branes have a smoother and more uniform surface, as shown in Figure 4a,b, which can
bring positive effects on the ion transport inside the electrolyte and the stability of the
interface between the electrolyte and the electrode. At the same time, as shown in Figure 4c,
the cross-section shows that the thickness of the electrolyte is about 100 um. The thinner
electrolyte shows that the migration path of lithium ions is shortened during cell operation,
which has a positive significance for reducing cell polarization and improving the ionic
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conductivity of the electrolyte. The thinner thickness of the electrolyte is an encouraging
sign for the application of all solid-state batteries. The EDS analysis provides insight into
the distribution of various elements inside the electrolyte. As shown in Figure 4d-g, N, E S,
and O are characteristic elements of LiTFSI, and it can be intuitively found that various
elements are uniformly distributed in the electrolyte section, which indicates that although
the composite electrolyte is added with high concentrations of lithium salts, it is still com-
pletely dissolved and evenly distributed inside the electrolyte matrix. It can be seen that
the simple solution casting method can also obtain high-quality electrolyte membranes
with uniform composition and smooth morphology.

Figure 4. Surface (a,b) and cross-sectional (¢) SEM images of PVDF/Li-TFBQ 0.05 CSE membranes,
corresponding EDS mapping of nitrogen (d), fluorine (e), sulfur (f), and oxygen (g).

The lithium metal interface of Li| |PVDF/LiTFSI| |Liand Lil| IPVDF/Li-TFBQ0.05 | | Li
symmetrical cell after 100 cycles at 0.1 mA cm~2 current were analyzed by SEM images. As
shown in Figure 5c,d, after contact with PVDF/LiTFSI electrolyte membranes and deposi-
tion/stripping 100 times, the surface of the lithium metal electrode plate obviously shows
uneven lithium deposition, which is characterized by rough and loose interface and irregular
lithium dendrites. In contrast, the surface of the lithium metal electrode after PVDF/Li-TFBQ
0.05 CSE contact, shown in Figure 5a,b, is flatter and smoother, and no lithium dendrite is
observed. This indicates that lithium-ions are deposited more uniformly on the surface,
which also confirms our assumption that the TFBQ additive can spontaneously form a
stable SEI layer on the surface of lithium metal and guide the uniform deposition of lithium
ions. To further verify the influence of TFBQ additive on the interface layer of electrolyte
and lithium metal, we performed in situ XPS characterization on the lithium metal surface
of the lithium symmetric cell after cycling to determine the chemical composition informa-
tion in the electrochemical process. Figure 5e shows the XPS spectra of F, O, and C elements.
After the addition of TFBQ, a more stable interface layer mainly composed of LiF, Li,COs,
and Li, TFBQ was formed on the lithium anode due to the interface reaction between TFSI-
and TFBQ and lithium metal, providing good ion conductivity. At the same time, electronic
insulation and mechanical properties were improved, thereby achieving the suppression of
side reactions and uniform lithium deposition/stripping.
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Figure 5. SEM images and XPS spectra of cycled Li metal collected from symmetrical Li cells utilizing
PVDEF/Li-TFBQ 0.05 (a,b,e) and PVDF/Li (c,d,f).

To verify the performance of the PVDF/Li-TFBQ 0.05 composite electrolyte cell, we
assembled solid LiNip¢Cop2Mng20; | | Li button cells and tested the rate and cycle per-
formance of the cells at 30 °C. As shown in Figure 6a, at currents of 0.2, 0.3, 0.5, 1,
and 1.5 C, the cells show good discharge specific capacities of 160, 152, 140, 110, and
90 mA h g~ !, respectively, which is comparable to the rate performance of most conven-
tional electrolyte cells. The charge—-discharge curve of these cells is shown in Figure 6d.
Under the current condition of low rate, the voltage polarization is small, while under
the condition of high rate, although the polarization is increased, it can still maintain a
high-capacity performance. As shown in Figure 6b, in the long-term cycle of the cell,
the capacity of nearly 150 mA h g~! can be kept stable for more than 180 cycles under a
current of 0.2 C, the capacity retention rate is more than 80%, and the coulomb efficiency
also remains at a high level during the cycle. According to the charge-discharge curve in
Figure 6e, the capacity of the cell gradually increased to the highest level within the first
50 cycles. The reason is that there is a homogenization process in the initial charge—
discharge cycle of the cell, and the internal ion conduction and interface contact conditions
of the cell gradually stabilize with the progression of the charge—discharge cycle. As
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shown in Figure 6e,f, LiNig sCog2Mng 20, | | Li cell can stably cycle the capacity of nearly
125 mA h g~! for about 100 cycles under a current of 0.5 C, and the capacity retention rate
can also reach 65% after 300 cycles and maintain a high coulomb efficiency of nearly 100%
in the whole process. It can also be seen from the charge-discharge curve of the cell that
voltage polarization is large during the high-current cycle, but it is worth affirming that
the cell can still guarantee high-quality capacity output in the first 100 cycles, which is
of positive significance to the research of solid-state high-voltage high-capacity lithium
batteries. Through the test of LiNig ¢Cop2Mng 0O, | I Li cell assembled by PVDEF/Li-TFBQ
0.05 composite electrolyte, it can be seen that the electrolyte ensures the overall excellent
multiple and cycle performances of the cell with its good electrochemical performance.
In a word, the cell performance of PVDF-based composite electrolyte can be significantly
improved by adding the appropriate amount of TFBQ.

a
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Figure 6. (a) Rate performance at rates of 0.2-1.5 C of LiNigCop,Mng 0, cells. (b,c) Cycling
performance of cells at different rates. (d—f) Selective charge-discharge curves after different cycles of
cells at different rates, cycled at 30 °C.

4. Conclusions

In summary, the addition of benzoquinone additive TFBQ to PVDF-based composite
electrolytes can promote the uniform deposition of lithium. In the electrochemical process,
due to its unique chemical bonds, the molecules can be neatly stacked and arranged, and it
has strong lithiophilicity, and then lithium-ions are neatly riveted on the surface of TFBQ.
That is, a small amount of TFBQ in the electrolyte can be sacrificed and decomposed
to form a uniform Li, TFBQ layer in the SEI layer on the surface of the Li anode. This
component exhibits a relatively low energy barrier, thus effectively improving the stability
of the lithium metal anode surface by regulating the deposition of lithium metal, thereby
further reducing the side reaction resistance between the electrolyte and lithium metal. The
results show that the lithium symmetrical cell assembled with the electrolyte containing an
appropriate amount of TFBQ can cycle stably under the condition of stable polarization
voltage and no short circuit under the current density gradient of 0.1-0.4 mA cm 2. In
addition, PVDF/Li TFBQ CSE exhibits outstanding lithium dendrite suppression ability,
which has been demonstrated by long-term lithium stripping/deposition tests conducted
at currents of 0.1 and 0.2 mA cm~2 for over 2000 and 650 h, respectively. The solid
LiNi 6Cop2Mng 20, | | Li cell assembled with the CSE also shows outstanding rate and
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cycling performance at room temperature. Therefore, TFBQ is a promising additive in the
composite solid electrolyte system.
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