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ABSTRACT: The practical application of lithium metal batteries (LMBs) is hindered by the
lithium dendrite formation during cycling. In this work, we report a multilayered solid polymer
electrolyte (SPE) formed by sandwiching a comb-chain crosslinker-based network SPE (ConSPE)
film with linear PEO SPE coating. Benefiting from the drastically different lithium dendrite
resisting properties of the ConSPE and linear PEO SPE, the lithium dendrite growth in the

multilayered SPEs could be tuned, with the linear PEO SPE effectively serving as a sacrificial



layer to accommodate the lithium dendrite growth. Symmetrical lithium cells with the multilayered
SPE exhibited an extended short-circuit time ~ 4.1 times that for the single-layer ConSPE at a high
current density of 1.5 mA cm™. Li/LiFePOs batteries with the multilayered SPEs delivered superior
cycling performance at extremely high C-rates of 2 C and 10 C. Our multilayered SPE architecture,

therefore, opens up a new gateway for advancing SPE design for future LMBs.

1. Introduction

Lithium metal is regarded as one of the most promising anode materials for the next-generation
high-energy-density energy storage systems due to its extremely high capacity (3860 mAh g!) and
lowest anode potential (-3.04 V vs. standard hydrogen electrode). The major roadblocks to the
practical application of lithium metal batteries (LMBs) are the high reactivity of lithium and
uncontrollable dendritic formation during battery cycling.!*? To suppress lithium dendrite growth
during LMB operation, a variety of strategies have been reported, such as tuning the composition

of the electrolytes with tailor-designed solvents, salts, and additives,>” pre-treating lithium
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surface,> 7 surface coating,*! employing solid electrolytes, and constructing three-
dimensional (3D) anodes with lithium-plated matrices.!*! In general, these strategies are designed
to homogenize current distribution, facilitate the formation of stable solid electrolyte interfaces
(SEIs), or mechanically block the lithium dendrite growth.

Replacing liquid electrolytes with solid polymer electrolytes (SPEs) is a promising way to
smooth lithium electrodeposition and resist lithium dendrite growth.??>* Compared with their

ceramic counterparts, SPEs have demonstrated attractive propensities of low flammability, leak-

free, high thermal stability, and enhanced energy density, as well as good flexibility and



processability.'" 1*2% Polymers can also be used as a coating layer to improve LMB performance.
To this end, polymers such as poly(vinylidene fluoride-co-hexafluoropropylene),
poly(dimethylsiloxane),?’ viscoelastic self-healing polymer,”® Nafion/polyvinylidene difluoride
polymer blend,® and cross-linked polymer?® have been used to stabilize the lithium/electrolyte
interface. Compared with inorganic surface coating, the polymer coating is more compatible with
the significant volumetric change of the electrode during cycling and more straightforward to
synthesize and process.*® Studies show that the chemistry of the polymer coating with higher
dielectric constant and lower surface energy would promote larger lithium deposits due to
increased lithium/coating interfacial energy and exchange current.”* In addition, electrospun
polyimide mats were also employed as a matrix in the 3D anode for accommodating lithium
plating, with which uniform lithium stripping/plating was enabled.!” Despite these extensive
efforts, lithium dendrite resistance of SPEs at high current densities remains a major obstacle to
achieving practical dendrite-free LMBs.

To further improve the lithium dendrite resistance and extend the cycling lifetime for SPEs, in
this work, inspired by the 3D anodes that can accommodate lithium deposition, we propose a new
concept of multilayered SPEs with sacrificial coating on preformed homogenous SPEs. The
multilayered SPEs in this design are composed of a robust central SPE membrane that can
effectively hinder lithium dendrite growth and two surface sacrificial layers that are prone to
lithium dendrite formation. The sacrificial layers, therefore, provide a finite space to accommodate
lithium deposition and direct dendrite growth away from the SEI normal direction so that cell
short-circuit can be avoided/delayed. In this study, the comb-chain crosslinker-based network SPE
(ConSPE) developed in our previous work was employed as the standard SPE system due to its

outstanding lithium dendrite resistance compared with other SPEs.*! A SPE membrane composed



of linear polyethylene oxide (PEO) and lithium salt was employed as the sacrificial layer due to
its propensity of lithium dendrite growth compared with the ConSPE. Symmetrical lithium cells
with the multilayered SPE showed prolonged lifetimes compared with the single-layer ConSPE at
high current densities of 1.0 and 1.5 mA cm™, as well as excellent cycling performance and
improved capacity retention for full LMBs. In addition, this concept was demonstrated using two
different lithium salts, namely lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium
bis(fluorosulfonyl)imide (LiFSI).

2. Experimental Section

2.1. Materials

Poly(glycidyl methacrylate) (PGMA, Mxn 10-20 kDa, poly(ethylene glycol) diamine (PEG, Mn 2
kDa), poly(ethylene oxide) (PEO, average My 300 kDa), lithium bis(trifluoromethane)sulfonimide
(LiTFSI) and tetrahydrofuran (THF) were purchased from Sigma-Aldrich. Lithium
bis(fluorosulfonyl)imide (LiFSI) was purchased from TCI. Lithium foil was obtained from Alfa
Aesar. LiFePO4 and super P were purchased from MTIL.

2.2. Preparation of multilayered SPEs

The comb-chain crosslinker PGMA-based network SPEs (ConSPEs) were prepared according
to the previous report.3! The molar ratio of PGMA monomer/PEG is 2, and molar ratio of EO/Li*
is 16 for ConSPEs. The thickness of the ConSPE films was controlled by changing the total mass
of PGMA, PEG, and LiTFSI on the fixed-size glass slice, and two ConSPE films with a thickness
of 120 and 170 um were prepared.

PEO-LiTFSI and PEO-LiFSI SPEs were prepared by dissolving PEO and LiTFSI/LiFSI (molar

ration of EO/Li = 20) in acetonitrile. The solution was cast on a PTFE slide and dried under vacuum



at 70 °C for over 48 h after evaporating most of the solvent at ambient temperature. The prepared
membranes were stored in a glovebox before tests.

2.3. Characterization

Differential scanning calorimetry (DSC) was conducted under N2 atmosphere using a
heating/cooling rate of 10 °C min™!. X-ray photoelectron spectroscopy (XPS, Physical Electronics
VersaProbe 5000) experiments were conducted to probe the Li/SPE interface. C Is at 284.8 eV
was employed to calibrate the binding energy. lonic conductivity of the SPEs were tested using
AC impedance spectroscopy with a Princeton Applied Research Parstat 2273 Potentiostat. The
electrochemical stability was tested by linear sweep voltammetry (LSV) at 90 °C under a rate of 1
mV s,

Symmetrical Li cells and Li|Cu cells were assembled in the glovebox using 2032-coin cell cases
with single-layer or multilayered SPEs between two Li foils or Li/Cu foils. Celgard 2400
separators with a thickness of 25 pm and a punched hole of 5 mm in diameter were placed between
electrodes as the spacer, and PEO SPEs were placed in the central hole region, as shown in Figure
S1. The cells were annealed at 90 °C for 4 hours before the stripping-plating tests.

LiFePO4 cathodes were prepared using the reported method.?! In brief, the mixture of LiFePOs4,
PGMA-PEG precursor, and super P with a weight ratio of 60/32/8 in THF/H20 was cast onto a
stainless steel plate and dried at 120 °C under vacuum. The active material loading is 2-2.5 mg cm’
2. LiFePO4/Li batteries were assembled in the glovebox with 2032-coin cell cases using lithium
foils with a thickness of 0.75 mm as the anode, annealed at 90 °C for 4 hours and pre-cycled for 3
cycles under 0.2 C before cycling at higher rates between 2.5 and 3.8 V. The theoretical capacity

of 170 mAh g! for the LiFePO4 cathode was employed to determine the C-rate.



3. Results and Discussion

The ConSPE layer was prepared by crosslinking a comb-chain crosslinker poly(glycidyl
methacrylate) (PGMA) and bifunctional amine-terminated polyethylene glycol (PEG) as described
in our previous report (Figure 1a).*! Since linear PEO melts at the operating temperature (> 60
°C, Figure S2) and shows a significant difference in mechanical strength and lithium dendrite
resistance compared with the ConSPE, linear PEO SPEs with LiTFSI or LiFSI as the lithium salt

(denoted as PEO-LiT and PEO-LIF, respectively, Figure 1b) were chosen as the sacrificial layer.
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Figure 1. Schematics of (a) ConSPE and (b) PEO SPE, and symmetrical lithium cells with (c)
single-layer ConSPE of 120 um; (d) single-layer ConSPE of 170 um; (e) multi-PEO-LiT/ConSPE;
(f) multi-PEO-LiF/ConSPE, and the corresponding voltage-time profiles at 90 °C under the current
density of (g-j) 1.0 mA ¢cm™ with an areal capacity of 3.0 mAh cm™ and (k-n) 1.5 mA cm with

an areal capacity of 4.5 mAh cm™.

To confirm the sacrificial layer concept, three types of SPE films were prepared, as shown in
Figure 1c-e. The first two control films are the PGMA-based ConSPEs with a thickness of 120,
and 170 ym and are named ConSPE-120 and ConSPE-170, respectively. The third film is a
multilayered SPE comprised of a 120 um PGMA-based ConSPE sandwiched by two 25 pum PEO-
LiT SPE, leading to a total film thickness of 170 um. The multilayered SPE denoted as multi-PEO-
LiT/ConSPE, has the same ConSPE thickness as ConSPE-120 and the same total film thickness
as ConSPE-170. Symmetrical lithium cells were assembled with these SPEs sandwiched by
lithium electrodes on both sides, as shown in Figure 1 and Figure S1, and tested with galvanostatic
charge-discharge cycling. The symmetrical lithium cells with the single-layer ConSPEs and
multilayered SPE were cycled under a constant current density until the voltage suddenly dropped
due to the lithium dendrite-induced short circuit. The corresponding voltage-time profiles of
symmetrical lithium cells with the single-layer ConSPEs and multilayered SPE under 1.0 mA cm’
2 with an areal capacity of 3.0 mAh cm™ and under 1.5 mA cm™ with an areal capacity of 4.5 mAh
cm are shown in Figure 1g-i and Figure 1k-m, respectively. Short circuit time #s. is defined as
the cycling time when a sudden voltage drop (> 50%) occurs. The cells exhibited a #sc of 309 h
under 1.0 mA cm™ and 51 h under 1.5 mA cm™ when a ConSPE-120 was used as the electrolyte

(Figure 1g,k). When a thicker ConSPE-170 was used, ¢ increased to 366 and 85 h, respectively



(Figure 1h,l), 18% and 67% higher than those for the ConSPE-120. The increase of #c with the
SPE thickness is consistent with the lithium dendrite growth model by Monroe and Newman 3% 33
When introducing 25 um PEO-LiT SPEs between the lithium electrodes and the ConSPE-120, i.e.
forming the multi-PEO-LiT/ConSPE, #c increased to 492 h at 1.0 mA cm™, which is 159% of the
single-layer ConSPE-120. When cycled at 1.5 mA cm™, # reached 111 h, over twice the ConSPE-
120. Note that multi-PEO-LiT/ConSPE also showed significantly longer #c at both current
densities compared with ConSPE-170, indicating that the increase of #« is not simply because of
the increased film thickness. To delineate the effect of the sacrificial layer on the cycling lifetime,
a reduced short-circuit time s’ = fse/tsco0 X 100% was plotted in Figure 2a,b, in which #sxo is the
short-circuit time for the single-layer ConSPE-120. For multi-PEO-LiT/ConSPE, #¢’ is 159% and
218% at 1.0 and 1.5 mA c¢cm™, respectively. Therefore, the contribution of the sacrificial layer to

the improvement of lithium dendrite suppression and cycling lifetime is approximately 59% and

118% at 1.0 and 1.5 mA cm, respectively.
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Figure 2. (a-b) Comparison of reduced short-circuit time #.’ for single-layer ConSPE-120, multi-
PEO-LiT/ConSPE and multi-PEO-LiF/ConSPE at the current density of (a) 1.0 mA cm™ with an
areal capacity of 3.0 mAh cm™, and (b) 1.5 mA c¢cm™ with an areal capacity of 4.5 mAh cm™. (c-f)

show schematic of (c,d) the process and (e,f) the force analysis of the dendrite growth for (c,e)

single-layer ConSPE and (d,f) multilayered SPE.

Linear PEO-based SPEs are known to have poor performance in symmetric cell tests; #c for the

single-layer PEO-LiT SPE (Figure S3) are only 0.3 and 0.1 h at 1.0 and 1.5 mA cm?, respectively,



making little contribution to the #c for the multilayered SPE. This has been attributed to the plastic
deformation of PEO melt because without crosslinking, linear PEO undergoes large
deformation/flow above its melting temperature. Lithium dendrites can therefore readily pierce
through the loosely entangled PEO melt and cause short-circuit, which is precisely the reason we
chose PEO SPE as the sacrificial layer. The proposed mechanism for the sacrificial layer to
suppress the dendrite growth and extend the cycling lifetime is displayed in Figure 2¢c-f. For the
single-layer ConSPE, although its excellent lithium dendrite resistance has proven to represent the
state-of-the-art,’! the formation of uneven lithium deposition does occur. Lithium dendrite
proliferation continuously takes place at the tip of the deposited lithium on account of the higher
local current density.>* The lithium deposition and dendrite growth are driven by the applied
electric field (£ in Figure 2e,f) and hindered by the electrically resistive SPE. In a homogeneous
ConSPE, the lithium dendrite grows in the direction (shown as D with the green arrow in Figure
2e,f) with the steepest potential decay, which is generally perpendicular to the lithium electrode
surface.

For the multilayered SPE, however, two interfaces were generated at the linear PEO SPE and
ConSPE, where mechanical properties (at the testing temperature of 90 °C) of the SPEs
significantly changed from a plastic linear PEO to an elastic ConSPE. As previously discussed,
the PEO SPE can be readily penetrated by the lithium dendrite in a short time (Figure 2d, Figure
S3). When the dendrite reached the interface of PEO SPE/ConSPE, the resistance to dendrite
growth from PEO SPE (Rrro) is weaker than that from ConSPE (Rcon). Therefore, the lithium
dendrites are directed to grow along with the interface (Figure 2f). In this case, the PEO SPE acts

as a sacrificial layer and provides space to accommodate the lithium dendrite growth, hence the
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cycling life of the cell could be extended (Figure 2d). Note that this scenario closely mimics the
reported 3D electrode design.!*%!

In this study, multi-PEO-LiF/ConSPE using LiFSI instead of LiTFSI as the lithium salt in the
PEO SPEs was also prepared. LiFSI has proven to be beneficial for a LiF/sulfur compounds-rich
SEI formation,>> which helps homogenize lithium electrodeposition and achieve more stable
cycling.*>3% As shown in Figure 1j,n, tsc of multi-PEO-LiF/ConSPE increased to 801 h at 1.0 mA
cm? with an areal capacity of 3.0 mAh cm™, which is a 259% increase of the single-layer ConSPE-
120. When cycled at 1.5 mA cm™ with an areal capacity of 4.5 mAh cm™, . reached 210 h, over
four times of the ConSPE-120. Compared with multi-PEO-LiT/ConSPE using LiTFSI as the salt,
multi-PEO-LiF/ConSPE using LiFSI as the salt exhibited a much longer cycling lifetime, which
is consistent with the previous reports that replacing LiTFSI in the SPEs with LiFSI could extend
the cell lifetime.** 3® This improvement is attributed to the more stabilized LiF/sulfur compounds-
rich SEI from FSI" anions as previously reported.*-*® Therefore, compared with the single-layer
ConSPE, the superior performance of multi-PEO-LiF/ConSPE on the cycling lifetime could be
attributed to the synergistic effect of the linear PEO sacrificial layer and further stabilized SEI.
The reduced short-circuit time #sc” plotted in Figure 2a,b can be used to delineate these two factors
on the cycling lifetime. For multi-PEO-LiF/ConSPE, ¢’ 1s 259% and 412% at 1.0 and 1.5 mA cm’
2, respectively comparing with ConSPE-120. Since the contribution of the sacrificial layer to the
cycling lifetime improvement obtained from #c” of multi-PEO-LiT/ConSPE is 59% and 118% at
1.0 and 1.5 mA cm™, the contribution of stabilized SEI could be calculated to be 63% and 89% at
1.0 and 1.5 mA cm?, respectively through the comparison between multi-PEO-LiF/ConSPE and

multi-PEO-LiT/ConSPE. Both contributions from the sacrificial layer and stabilized SEI were

increased when the current density was increased from 1.0 mA ¢cm™ to 1.5 mA cm™, highlighting
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a more significant improvement in the cycling lifetime under a higher current density. To further
verify the contribution of stabilized SEI effect from LiFSI, the cycling performance of ConSPE
with LiFSI (denoted as ConSPE-LiF) was also tested. As shown in Figure S4, tsc for ConSPE-LiF
is 107 h under the current density of 1.5 mA cm™, 110% higher than ConSPE with LiTFSI (Figure
1k, 51 h), which is slightly lower than the performance improvement from sacrificial layer effect
(118%). This is further evidence that the contribution of stabilized SEI effect is close to or lower

than that of sacrificial layer effect.

multi-PEO-
LiF/anSPE

Li

200 pm §

Figure 3. SEM images of symmetrical lithium cells after cycling at 90 °C under 1.5 mA cm™ with
an areal capacity of 4.5 mAh cm™: (a,b) cross-section and (c,d) lithium electrode surface for single-

layer ConSPE,; (e,f) cross-section and (g,h) lithium electrode surface for multi-PEO-LiF/ConSPE.

The symmetrical lithium cells after cycling were disassembled and investigated with scanning
electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) to check the lithium and
SPE surface morphology and the interface chemistry. Compared with the single-layer ConSPE
(Figure 3a,b), multi-PEO-LiF/ConSPE showed a more intimate contact and binding with the
lithium electrodes (Figure 3e,f), which is important for lowering the interfacial resistance and the

overpotential (Figure 4) during the cell cycling. The lithium electrode surface for the single-layer
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ConSPE (Figure 3c,d) exhibited nodular lithium deposition after cycled under a high current
density of 1.5 mA cm™. While for multi-PEO-LiF/ConSPE (Figure 3g,h), the deposited lithium
formed a smoother and more compact layer together with the PEO SPE, which further confirms
our sacrificial layer hypothesis. SEM images in Figure S5 show that the surface of ConSPE in the
cell with single-layer ConSPE is rough, with several large lithium aggregations. While the surface
of ConSPE in the cell with multilayered SPE is smoother. Combining with SEM images of lithium
electrode surface in Figure 3g,h, the proposed mechanism for the sacrificial layer in Figure 2d
could be further verified. Because of the relatively small thickness of the sacrificial layers, for the
multilayered SPE, the lithium dendrites are confined in the PEO SPE, forming a smooth and
compact layer on the lithium electrode surface (Figure 3g,h). XPS spectra in Figure S6 and atomic
abundance in Table S1 show that the SEI for ConSPE and multi-PEO-LiT/ConSPE exhibit similar
components containing C-C, C-OR, COOR, Li2COs, LiOH, Li20, and LiF; while for multi-PEO-
LiF/ConSPE, the content of LiF and nitrogen/sulfur compounds in the SEI is higher, which is the

origin of stabilized SEI from FSI™ anions.
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Figure 4. (a-d) Lithium plating-stripping performance on a Cu electrode at 90 °C under 0.5 mA
cm? with an areal capacity of 0.5 mAh cm™: (a) Coulombic efficiency and voltage profiles for (b)
single-layer ConSPE, (c¢) multi-PEO-LiT/ConSPE and (d) multi-PEO-LiF/ConSPE. (e-f)
Li/LiFePOs4 battery performance of single-layer ConSPE and multi-PEO-LiF/ConSPE at 90 °C

under (a) 2 C and (b) 10 C rate.

Li|Cu cells with these SPEs were assembled to further investigate their lithium plating-stripping
behavior. A current density of 0.5 mA cm with an areal capacity of 0.5 mAh cm™ was employed
in the test. As shown in Figure 4a, the Coulombic efficiency (CE) of the lithium plating-stripping

for the single-layer ConSPE and multi-PEO-LiT/ConSPE reached about 88% after the initial
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interface optimization of about 15 cycles and then started to fluctuate after 50 cycles, indicating
that the SEI formed on the Cu surface became unstable and there was continuous SEI
decomposition/formation or dead lithium.? * For multi-PEO-LiF/ConSPE, due to the well-formed
SEI, the CE could stabilize at around 97% even after 100 cycles, showing excellent performance
among the previously reported SPEs (Table S2). The overpotential of the plating-stripping profiles
for multi-PEO-LiF/ConSPE (48 mV at 50th cycle, Figure 4d) is also lower than those of the
single-layer ConSPE (75 mV at 50th cycle, Figure 4b) and multi-PEO-LiT/ConSPE (93 mV at
50th cycle, Figure 4c¢), further confirming the favorable SEI with low resistance between the
electrode and electrolyte.’***! Moreover, the deposited lithium on the Cu electrode surfaces after
plating for the single-layer ConSPE (Figure S7a,b) and multi-PEO-LiT/ConSPE (Figure S7¢,d)
showed a rough and granular morphology; while the Cu electrode surface for multi-PEO-
LiF/ConSPE (Figure S7e,f) was more flat and composed of monoliths, demonstrating that the
PEO-LiF SPE can homogenize the lithium electrodeposition. The comparison among three SPEs
also suggests that the excellent CE of multi-PEO-LiF/ConSPE arises from the favorable SEI from
LiFSI rather than the sacrificial layer effect.

To evaluate the effect of the introduced PEO-LiF SPE on the practical LMB performance,
Li/LiFePOs4 batteries were assembled and tested with the single-layer ConSPE and multi-PEO-
LiF/ConSPE. Compared with the single-layer SPE, multi-PEO-LiF/ConSPE shows a slightly
higher ionic conductivity (0.99 vs. 0.85 mS cm™) at 90 °C (Figure S8), and higher lithium ion
transference number (0.29 vs. 0.19); while the anodic stability is reduced (Figure S9) due to
introduced PEO-LIF layers. Even so, the oxidation voltage of 4.5 V versus Li/Li" for the
multilayered SPE can ensure the successful application of LiFePO4 cathode. As shown in Figure

4e, when cycled at 90 °C under a 2 C rate, the battery with the single-layer ConSPE delivered an
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initial discharge capacity of 141.7 mAh g with a capacity retention of 39.8% after 700 cycles; for
multi-PEO-LiF/ConSPE, the initial discharge capacity was 140.0 mAh g, and the capacity
retention after 700 cycles could be 74.6%, which is nearly twice as high as that for single-layer
ConSPE. The cycle life, defined as when the capacity retention is reduced to 80%,* is 473 cycles
for multi-PEO-LiF/ConSPE, which is threefold that for single-layer ConSPE (155 cycles), and
also higher than that for multi-PEO-LiT/ConSPE (220 cycles). When tested at an even higher rate
of 10 C (Figure 4f), the battery with multi-PEO-LiF/ConSPE could still deliver stable cycling,
with an initial discharge capacity of 69.1 mAh g™!, and capacity retention of 73.5% after 150 cycles,
which is also significantly higher than that for the single-layer ConSPE (52.6%). The battery
performance of the multilayered SPE is also superior to that of previously reported SPEs,
representing the state-of-the-art (Table S3). To the best of our knowledge, this is the first report
on solvent-free SPE that delivers stable cycling at such a high current rate. This excellent battery
performance for the multilayered SPE can be attributed to its superior lithium dendrite resistance
and stabilized SEI formed on the lithium anode, both arise from the sacrificial polymer layer

design.

4. Conclusions

In this work, we developed a new design platform of multilayered SPE with polymer sacrificial
coating, which directs the growth of lithium dendrites within the sacrificial layer and delays cell
short-circuit. Symmetrical lithium cells with the multilayered SPE exhibited more stable cycling
with a significantly extended e of 801 and 210 h at 1.0 and 1.5 mA ¢cm™, respectively, which is
2.6 and 4.1 times that for the single-layer ConSPE. The performance improvement is attributed to

the synergistic effect of the sacrificial layer and stabilized SEI, which was confirmed by SEM and
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lithium plating-stripping tests. Li/SPE/LiFePO4 LMBs with the multilayered SPE delivered
significantly more stable cycling at high C-rates of 2 C and 10 C, demonstrating that this novel

multilayered SPE concept opens a gateway to new SPE design for LMB applications.
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