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ABSTRACT Succinonitrile (SN) based solid-state elec-
trolytes (SSEs) have potential applications in lithium (Li)
batteries due to their ease of preparation and high ionic
conductivity at room temperature. Here, a novel SSE
consisting of poly(vinylidene fluoride-hexafluoropropy-
lene) (PVDF-HFP), poly(methyl methacrylate) (PMMA)
and Lij3AlosTii7(POs)s with SN is fabricated, where
PMMA is added to serve as a polymer matrix for better

wettability of SN. Due to the addition of PMMA, improved room-temperature ionic conductivity of the SSE is resulted. More importantly, better
interfacial contact as well as more stable solid electrolyte interphase (SEI) layer between SSE and Li anode can be also obtained. As a result,
homo- geneous and dendrite-free Li plating can be achieved for over 1000 h in Li symmetric cells. When coupled with LiNigsMng3C0020-
cathode and Li anode, the proposed SSE delivers excellent cycling stability and rate capability in full-cells. By implementing SSEs with a
polymeric wetting agent, this work provides fresh perspectives on stabilizing the interface between SSEs and Li metal anodes.

Keywords: Li metal, Li dendrite, poly(methyl methacrylate), succinonitrile, composite solid-state electrolyte

n INTRODUCTION

In recent years, lithium metal batteries (LMBs) have been widely
studied in the field of energy storage.l** Meanwhile, solid- state
lithium metal batteries (SSLMBs) with solid-state electrolytes
(SSEs) have attracted much attention because of their ad-
vantages in energy density, safety performance and simplified
structure.571 Exhibiting good mechanical flexibility, interfacial
adaptability and facile preparation processes into thin mem-
branes,® solid polymer electrolytes including poly(ethylene
oxide) (PEO),112 poly(vinylidene fluoride) (PVDF),*315 and poly-
(acrylonitrile) (PAN)1¢l have been widely studied. However, is-
sues such as low room-temperature ionic conductivity, poor
electrochemical stability and flame retardancy have hindered
their practical application.[®1 Succinonitrile (SN) is a solid plastic
crystal that maintains a plastic-crystalline phase between -40 °C
(transition point) and 60 °C (melting point), which means that it
can remain solid state at room temperature, hence exhibiting
high safety.*®] Due to the unique plastic crystalline phase, SN
based polymer electrolytes possess a low flammability, high
anodic oxidization potential, strong coordination ability*®2% and
ultra high ionic conductivity of more than 102 S-cm? at room
temperature.'® Therefore, SN is a promising electrolyte candidate
for safer SSEs.

However, SN has two key problems to be solved. First, after
complexation with lithium salt, it shows a lower melting point and
turns into a viscous liquid-like electrolyte.?! Researchers generally
improve the mechanical strength of SN based SSE through
compositing ceramic filler,?23 polymerization,?42% or the use of
additional support frame.[?6?"] Second, the severe side reaction
between SN and Li metal affects the stability of battery.?8 Solu-
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tions such as composite interlayer,?®3 super concentrated elec-
trolytel?8:31 and additives?®*3 have been employed to form a stable
SEI. For example, Bi and coworkerst! successfully prepared
LLTO/PAN mixed nanofiber matrix by electrospinning. After ab-
sorbing SN based electrolyte, the composite membrane shows
superior thermal stability and good mechanical properties. How-
ever, this preparation method has high cost and complex process,
which limits its further application.

In this work, we use soft poly(vinylidene fluoride-hexafluoropro-
pylene) (PVDF-HFP) as binder and polymer matrix to ensure the
film-forming property of SSE.B43% Li; 3Alg 3Tiy 7(PO4)3 (LATP) with
low cost and good stability is used as ceramic filler to ensure the
mechanical properties of SSE and inhibit the growth of lithium
dendrite.?”:3¢1 By adding poly(methyl methacrylate) (PMMA) as
matrix to absorb the molten SN electrolyte, a composite SSE is
prepared (denoted as PV-PM-LA-SN and the SSE without PMMA
is PV-LA-SN). In addition, we found that SN can form a more
stable SEI layer containing LisN, a fast-ionic conductor, on the
surface of Li metal due to the addition of PMMA, which is bene-
ficial to uniform deposition of Li ions and interfacial stability be-
tween SN and Li. As a result, excellent electrochemical perfor-
mance is achieved by PV-PM-LA-SN.

n RESULTS AND DISCUSSION

As shown in Figure 1a, PVDF-HFP severs as a bonding polymer
matrix for LATP particles to form a dense and flexible electrolyte
membrane, which contains micro-sized pores to allow SN elec-
trolyte infiltration. By mixing SN and LiTFSI with a mass ratio of
8:1, a high ionic conductivity of SN electrolyte was prepared
while maintaining its solid-state characteristics at room temper-
ature. SN electrolyte would become liquid state with good fluidity
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Figure 1. SEM image of (a) PV-LA and (b) PV-PM-LA framework. Con-
tact angle between (c) PV-LA or (d) PV-PM-LA and SN electrolyte. (e)
The corresponding DFT calculation of the interactions between SN and
PMMA, PVDF-HFP. (f) Conductivity comparison of PV-LA-SN and
PV-PM-LA-SN. (g) Influence of maximum depth on the elastic modulus of
PV-LA-SN and PV-PM-LA-SN.

above the melting point, penetrating the pores in the framework
along the surfaces. After cooling, it is recovered to solid state
(Figure S1), hence the mechanical integrity and flexibility of the
composite solid-state electrolyte can be well retained. However,
the porous and heterogeneous surface of the composite elec-
trolyte shown in Figure S2a suggests that SN electrolyte cannot
fully fill the PV-LA framework, which could be attributed to the
poor interfacial wetting between SN and PV-LA. By sharp con-
trast, a much smoother surface is exhibited after the introduction
of PMMA (Figure S2b). This could be attributed to its ability to form
a blending network with PVDF-HFP to significantly reduce the
porosity of membranes (Figure 1b). More importantly, as shown
in Figure 1c and 1d, the contact angle with SN decreases from
~66° (without PMMA) to ~37° (with PMMA), demonstrating the
excellent compatibility between SN and PMMA.B1 Also, as
shown in Figure S3, compared with pristine PVDF-HFP, PV-PM
shows better swelling effect with SN. Therefore, it can be spec-
ulated that PMMA serves as a flexible sponge, which not only fills
the voids in the film, but also absorbs SN for better Li-ion con-
duction. As is shown in Table S1, after 4 h of soaking, the mass
fraction of SN in PV-PM-LA reaches a saturation value, which is
about three times that of PV-LA. Density functional theory (DFT)
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calculations were performed to further elucidate the interaction
between SN and electrolyte framework.[38-4% As shown in Figure
le, the binding energy between SN and PMMA is calculated to
be -0.256 eV, which is much higher than that between SN and
PVDF-HFP (-0.07 eV), implying the greatly improved SN capture
ability of PMMA.

The Arrhenius plots for ionic conductivity of both composite
electrolytes are compared in Figure 1f. The ionic conductivity
increases with the increase of SN content (Figure S4). After soak-
ing for 4 h, PV-PM-LA-SN shows a room-temperature ionic
conductivity of 1.38 x 10™ S-cm™, the Li-ion conductivity of which
is nearly an order of magnitude higher than that of PV-LA-SN. Al-
though lithium transference number t (Li*) for the composite
solid-state electrolytes reaches the same 0.28 (Figure S5), the
better compatibility between SN and PMMA leads to this dis-
crepancy. In PV-LA-SN, Li-ion conduction mainly depends on the
mobility of SN in the porous structure of PV-LA, which is hindered
by the poor interfacial wetting between SN and PV-LA. In com-
parison, SN can sufficiently swell PMMA, providing abundant
pathways for Li-ion conduction in PV-PM-LA-SN. Moreover, the
Arrhenius plot for PV-LA-SN is linear whereas PV-PM-LA-SN
exhibits an inflection point, further confirming two different Li-ion
conduction mechanisms.

The elastic modulus of SSE as a function of the maximum in-
dentation depth is shown in Figure 1g. In general, measurements
of the elastic modulus decrease with increasing the penetration
depth.*1 The lower elastic modulus for PV-PM-LA-SN not only
explains its better flexibility (Figure S6), but also suggests better
interfacial contact with electrodes. In addition, the non-linear
curve for PV-LA-SN membranes indicates the non-uniformity of
surface, such as immiscibility of the filler and the matrix or po-
rosity.*? Thermogravimetric analysis (TGA) curves of PV-LA-SN
and PV-PM-LA-SN are shown in Figure S7, indicating SN elec-
trolyte and PMMA polymer which possess enough thermal sta-
bility start thermal decomposition at about 150 and 270 °C, re-
spectively.

Since SN is unstable with Li metal,?8ILi metal anodes are pre-
treated by fluoroethylene carbonate (FEC) for better interfacial
stability. Figure 2a shows the voltage-time profiles of the Li/Li
symmetric cell in PV-PM-LA-SN and PV- LA-SN at a current
density of 0.1 mA-cm2 with an areal capacity of 0.1 mAh-cm=2,
The Li/PV-PM-LA-SN/Li cell cycle exhibits a lower voltage po-
larization of 20 mV over 500 h, whereas PV-LA-SN displays a
higher polarization voltage of 90 mV, and short-circuited after 90
h. By comparing the cycling performance of PV-LA-SN and
PV-SN, it is also found that the addition of LATP can effectively
block the growth of lithium dendrites due to its high shear mod-
ulus (Figure S8).3 Under an elevated current density of 0.5
mA-cm~2 with an areal capacity of 0.5-mA cm™, the Li/PV-PM-
LA-SN/Li cell displays a cycle life up to 1000 h (shown in Figure
2b).

The EIS measurements show the comparison of interfacial re-
sistance of the Li symmetric cells before and after cycling for 80 h
(Figure 2c and 2d). As is shown in Figure 2c, the inset is the
equivalent circuit of the EIS data. Ry, Ry, and R respectively
represent the bulk resistance of SSE, the interfacial resistance,
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Figure 2. (a) The voltage-time profiles of Li symmetrical cells at a current
density of 0.1 mA-cm2 with a capacity of 0.1 mAh-cm™ and (c) at a cur-
rent density of 0.5 mA-cm? with a capacity of 0.5 mAh-cm2. (b) Nyquist
plots of the Li symmetrical cells before and (d) after 80 h cycling at 0.1 mA
cm2. (e) Li anode of PV-PM-LA-SN and (f) PV-LA-SN after 80 h cycling at
0.1 mAcm=

and the charge transfer resistance. The R, in Li/PV-PM-
LA-SN/Li cell is initially about 18 Q, showing a higher ionic con-
ductivity of PV-PM-LA-SN. The initial Rf and R for Li/PV-PM-LA-
SN/Li cell are also significantly lower than that of Li/PV-LA-SNI/Li,
which indicates a thinner SEI and better physical contact with Li.
The lower overall impedance of Li/PV-PM-LA-SN/Li cell explains
its lower voltage polarization in Figure 2a. After 80 h of cycling,
the Rf and R in Li/PV-PM-LA-SN/Li cell become even lower
(Table S2), suggesting improved contact between Li and SSE.
The surface morphology of cycled Li anodes with PV-PM-LA-SN
(Figure 2e) is much denser than that with PV-LA-SN where
massive cracking can be observed. Therefore, it can be inferred
that the low interfacial impedance not only lowers the overpoten-
tial, but also facilitates the uniform Li deposition, which greatly
suppresses Li-dendrite formation. With the extension of cycle time,
the impedance of Li/PV-PM-LA-SN/Li cell decreases gradually,
while the cell using PV-LA-SN shows short circuit (Figure S9).

To further reveal the impact of PMMA on stabilizing the Li-
electrolyte interface, XPS analysis was carried out for cycled
cells to obtain chemical information of the SEI. Figure 3a and 3b
show that for the SEI layer formed between Li and PV-PM-LA-SN,
a peak corresponding to LisN at 398.4 can be observed, while
such peak cannot be observed without PMMA. LisN is widely
recognized as an excellent ionic conductor, which can promote
the interfacial ion transfer and stabilize SEI.[244 This can be
attributed to the dipole-dipole interaction between locally nega-
tively charged N atom of -C=N in SN and locally positively
charged C atom of -O-C=0 in PMMA, which promotes the elec-
trochemical reduction of -C=N into LisN in the SEI layer.#5461 |n
contrast, the C=N peak observed at 286.5 eV (Figure 3c and 3d)
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represents LICN specie resulted from the spontaneous reaction
between SN and Li, which leads to unstable Li anodes.?8 As
expected, a much lower amount of C=N is observed on the Li
surface in the presence of PMMA due to its inhibiting effect on
the side reaction between Li and SN. In the F 1s spectra (Figure
3e and 3f), the peaks at 684.8 and 688.3 eV correspond to -CF3
and LiF, respectively. As shown in the XPS in Figure S10, LiF is
the main component of SEI on Li after pre-treatment with FEC.
For PV-LA-SN, the peak intensity of LiF is weaker than that of
PV-PM-LA-SN, indicating a less stable SEI. Owing to the for-
mation of LisN, LiF component in the SEI for PV-PM-LA-SN is
well preserved, which also contributes to the homogeneous Li
plating.#

Figure 3g and 3h schematically illustrate the role of PMMA in
SN-based SSE for Li metal batteries. On one hand, owing to the
excellent infiltration between SN and PMMA, voids in the bulk
and interfaces are filled, facilitating soft contact between Li and
SSE. On the other hand, the addition of PMMA induces the elec-
trochemical reduction of SN into LisN, leading to a more stable
SEI layer. Consequently, uniform Li deposition as well as better
interfacial stability can be achieved simultaneously.®8

To test the electrochemical performance of SSE in full cells,
both PV-PM-LA-SN and PV-LA-SN were assembled with Li
metal anode and LiNigsMng3C0020, (NMC532) cathode. Alt-
hough the electrochemical window of SSE is not high enough
(Figure S11), the cathode-electrolyte interphase (CEI) skin may

Figure 3. XPS of the Li metal surfaces after cycling in PV-LA-SN (a, c, e)
and PV-PM-LA-SN (b, d, f). Schematic illustration of the electrochemical
behavior of lithium metal anode using SSE (g) without PMMA and (h) with
PMMA.
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Figure 4. Electrochemical characterization. Cycling performance of
LI/NMC532 cells. (a) Discharge capacities and Coulombic efficiency of
LI/NMC532 cells at 0.2 C. (b) Voltage profiles of LI/NMC532 cells. (c)
Rate capability of LI/NMC532 cells. (d) Discharge/charge curves of
LI/NMC532 cells at different current densities with the PV-PM-LA-SN and
(e) PV-LA-SN.

enhance the stability of cells at high voltage. Due to the better
Li-electrolyte stability demonstrated above, the full cell with
PV-PM-LA-SN exhibits a higher capacity retention of 77.4%
compared with PV-LA-SN (50.6%) after 100 cycles at 0.2 C
(Figure 4a), and the contrast becomes more obvious after 120
cycles (Figure S12). The voltage curves of the 2nd cycle and
100th cycle indicate that at the initial state of the 2nd cycle, the
polarization voltage of full cell with PV-LA-SN is almost the same
as PV-PM-LA-SN (Figure 4b). However, its capacity decreased
rapidly and exhibited an extremely high polarization voltage at the
100th cycle. The poor capacity retention and high polarization
voltage of PV-LA-SN can be attributed to the side reaction and
the resulting unstable SEI. In addition, the rate capability of the
two cells is shown in Figure 4c. For the full cell using PV-PM-
LA-SN, the average specific capacities are 169 and 159 mAh-g?,
respectively. By contrast, the full cell using PV-LA-SN delivers
lower capacities (164, 153, and 140 mAh-g™), especially at 1 C.
The greater difference at high rate can be attributed to the high
Li-ion conductivity of LisN, which further reduces the polarization
voltage. However, the cell using PV-LA-SN at high rate will facili-
tate nonuniform Li deposition, making the interface contact worse,
which can cause the changes of the average specific capacity at
the rate of 0.2 C. The charge and discharge voltage-capacity
curves of the full cell of PV-PM-LA-SN at different rates (Figure
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4d) also exhibit lower voltage polarization compared with PV-LA-
SN (Figure 4e). This result from the higher conductivity of
PV-PM-LA-SN and its better interfacial contact with Li.

n CONCLUSION

In summary, a novel SSE (PV-PM-LA-SN) is prepared for solid-
state Li metal batteries, where the PMMA serves as a sponge for
absorbing SN electrolyte. Due to the addition of PMMA, the flexi-
ble composite electrolyte exhibits an improved room-temperature
ionic conductivity, better interfacial contact with Li and a more
stable SEI. As a result, PV-PM-LA-SN not only enables dendrite-
free Li deposition with lower polarization voltage, but also deliv-
ers higher capacity retention and rate capability in full-cells. By
fully utilizing the physicochemical properties of PMMA, this work
provides fresh perspectives on stabilization of the interface be-
tween SSEs and Li metal anodes.

n EXPERIMENTAL

Preparation of PV-PM-LA-SN Electrolyte. PV-PM-LA-SN elec-
trolyte was prepared according to the following steps: First,
PVDF-HFP (MW = 0.4 M, Sigma-Aldrich), PMMA (MW = 4 M,
Acros), and LATP (300 nm, MTI) were dissolved in N-methyl-
pyrrolidone (NMP, Aladdin) at a mass ratio of 3:6:2, and then the
above samples were ball-milled for 8 h. Using a 500 uym doctor
blade casts the solution on the glass pane, drying it on a heating
plate at 60 °C for 24 hours. After evaporation of the solvent, the
membrane was stripped and punched into 19 mm diameter
plates and then transferred to a vacuum oven (60 °C) for 12
hours before use. SN (Tci) electrolyte was prepared by mixing
SN and LiTFSI (Aladdin) with a mass ratio of 8:1, and the mixture
was heated to more than 80 °C to melt into liquid state, while
about 1wt% anhydrous acetic acid was added to SN electrolyte
to prevent electrolyte polymerization.?® Then, we immerse the
PV-PM-LA framework in the SN electrolyte for 4 h. After wiping
and drying the excess SN electrolyte with filter papers, the
PV-PM-LA-SN SSE is obtained. The preparation of PV-LA-SN
and PV-SN is similar to that of PV-PM-LA-SN. All water sensitive
operations are carried out in a glove box filled with argon, in
which the content of H,O and O; is less than 0.1 ppm.

Preparation of Protected Lithium Anode. Li disks (15.6 mm in
diameter, from China Energy Co.) were soaked into 5 mL FEC
(Aladdin) for 4 hours in an Ar-filled glove box, and then dried at
room temperature.

Preparation of Cathode. The cathode slurry was prepared by
mixing NMC532, acetylene black and PVDF binder in NMP at a
weight ratio of 8:1:1. The slurry was then applied to the carbon-
coated aluminum foil with a doctor blade and dried in a vacuum
oven at 80 °C for 24 h to remove the remaining solvents. Then,
the cathode material was punched into disks with a diameter of
10 mm, and the active material loading was about 2 mg-cm™2.

Electrochemical Measurements. CR2032 coin cell was as-
sembled in an argon filled glove box for all electrochemical tests.
The full cells were tested from 2.7 to 4.3 V with NEWARE multi-
channel battery testing system (Shenzhen NEWARE Electronics
Co., Ltd.). And five cycles of activation shall be carried out before
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the rate performance test. The electrochemical impedance
spectroscopy (EIS) was performed in the range of 106 to 1 Hz in
a Solartron 1470E electrochemical workstation (Solartron Ana-
lytical, UK). The linear sweep voltammetry (LSV) was performed
in lithium/SSE/stainless steel (SS) cells at a scan rate of 0.1
mV-s~* from 3.8 to 4.8 V. Direct-current (DC) polarization with
alternating current (AC) impedance in a Li/SSEI/Li cell was ap-
plied to measure the lithium ion transference number t (Li*),
which can be calculated with equation (1)

t (Li*) = Iss(AV - 1oR1%)/1o(AV - 1ssR155) 1)
where AV is the constant voltage applied (10 mV); lo is the initial
current; lss is the steady current; R° and R/ are the initial im-
pedances removing the bulk resistance and steady impedances
removing the bulk resistance, respectively.

Material Characterization. The ionic conductivities of electrolyte
were calculated in SS symmetrical cell by the equation (2)

p = L/(RxS) o)
where R is the total resistance, S the area of SSE, and L the
thickness of sample.

To measure the absorption of SN, the membrane was im-
mersed in liquid SN electrolyte for 4 h. Excess liquid was then
removed from the saturated membrane. The absorbility (n) can
be calculated:

n = (M1 - Me)/Mex100% ?3)
where mgis the weight of the framework and m; is the weight of
composite electrolyte after reaching saturation.

Scanning electron microscopy (SEM) was used to observe the
surface morphology of the lithium anode and SSE (Zeiss SU-
PRAS55). The X-ray photoelectron spectroscopy (XPS) was per-
formed at a scan rate of 0.1 eV (ESCALAB 250XL). The elastic
modulus of nanocomposite membranes can be determined by
nanoindentation testing using a G200 Nano Indenter (Agilent
Technologies). The contact angle was measured on a PT-705B
dynamic system using liquid high concentration SN electrolyte
under ambient condition. The water droplet volumes are 10 pL.

The thermogravimetry analysis (TGA) tests were performed
with a scan range of 30-350 °C at a heating rate of 10 °C-min™*
(METTLER TOLEDO).

Computational Studies. All studies were on the basis of
Gaussian 09 packagel® by the DFT method. We used B3LY P3040
/6-311+G** level to optimize the molecular structure and calcu-
late the binding energies. The split-valence-shell Gaussian basis
set 6-311+G** was used for the C, H, O, N, and F atoms. We
used GaussView software to calculate data and draw the sche-
matic diagram. The binding energy (AEinq) Was calculated to
measure the binding strength of Succinonitrile (SN) and the
polymer X (PVDF-HFP/PMMA). It was defined by equation (4)

AEping = Esnex - Esn - Ex + Essse 4)
in which Esn:x represents the total energy of SN/X; Esy and Ex
represent the independent energy of SN and PVDF-HFP (PMMA)
respectively; Egsse is the energy of the basis set superposition
error (BSSE) by the counterpoise method.
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Table S1. Variation of Succinonitrile Content with Infiltration Time
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Inliltration PV-PM-LA PV-LA
1h 20 11
2h 31 13.5
3h 33 13.5
4h 37 135
5h 37 13.5
6h 37 135
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Table S2. Impedance Information Rct before and after Cycling

Cycling PV-PM-LA-SN PV-LA-SN

before 38.2 138.7

after 0.9 69.8
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Figure S1. Photographs of SN electrolyte at 25°C.
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Figure S2. Scanning electron microscopy image of (a) PV-LA-SN and (b) PV-PM-LA-SN.
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Figure S3. Cross-section view of the membranes before and after absorbing SN. (a) PV and (b) PV-PM.
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Figure S4. The relationship between the infiltration time and room-temperature ionic conductivity of PV-PM-LA-SN.
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Figure S5. Polarization curve and initial and steady-state impedance diagram (the inset) for (a) PV-LA-SN and (b) PV-PM-LA-SN.
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Figure S6. Photographs of PV-PM-LA membrane.
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Figure S7. Thermogravimetric analysis curves of PV-LA-SN and PV-PM-LA-SN.
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Figure S8. The voltage-time profiles of Li symmetrical cells at a current density of 0.1 mA-cm2 with a capacity of 0.1 mAh-cm-2,
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Figure S9. Nyquist plots of the symmetric Li cells measured at different cycling time for (a) PV-LA-SN and (b) PV-PM-LA-SN.
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Figure S10. The X-ray photoelectron spectroscopy spectrum of the surface of Li-FEC.
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Figure S11. Linear sweep voltammetry for PV-LA-SN and PV-PM-LA-SN.
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Figure S12. Discharge capacities and coulombic efficiency of LIINMC532 cells at 0.2 C.
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