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ABSTRACT: High-energy rechargeable Li metal batteries
are hindered by dendrite growth due to the use of a liquid
electrolyte. Solid polymer electrolytes, as promising
candidates to solve the above issue, are expected to own
high Li ion conductivity without sacrificing mechanical
strength, which is still a big challenge to realize. In this
study, a bifunctional solid polymer electrolyte exactly
having these two merits is proposed with an inter-
penetrating network of poly(ether—acrylate) (ipn-PEA)
and realized via photopolymerization of ion-conductive
poly(ethylene oxide) and branched acrylate. The ipn-PEA
electrolyte with facile processing capability integrates high
mechanical strength (ca. 12 GPa) with high room-
temperature jonic conductance (022 mS cm_l), and
significantly promotes uniform Li plating/stripping. Li
metal full cells assembled with ipn-PEA electrolyte and
cathodes within 4.5 V vs Li*/Li operate effectively at a rate
of 5 C and cycle stably at a rate of 1 C at room
temperature. Because of its fabrication simplicity and
compelling characteristics, the bifunctional ipn-PEA
electrolyte reshapes the feasibility of room-temperature
solid-state Li metal batteries.

he increasing demand for energy has facilitated the

development of sustainable storage technologies,' and the
high theoretical specific capacity of Li metal (3860 mA h g™*)
has revived the use of rechargeable batteries with Li metal as
the anode in recent years.” However, the formation of dendritic
Li during Li plating” hinders the development of Li-metal-based
high-energy storage systems.’ Advancements have been made
to restrain dendrite formation and reinforce ?rotection for the
Li anode, including electroly‘ces,5 electrodes,” separators,7 and
current collectors.” Unfortunately, Li is thermodynamically
unstable with liquid electrolytes.” During the process of Li
plating/stripping, the formed solid electrolyte interphase (SEI)
usually cracks as a result of volumetric expansion, thereby
leading to undesired dendrite growth and exposing fresh Li for
further side reactions.

Solid-state Li secondary batteries are regarded as an ultimate
solution to the aforementioned issues because of their
perceived capability to mitigate and block the growth of
dendrite nucleation'® and allow assembly of cells in various
package styles."" To achieve these goals, the solid electrolyte
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must have high ionic conductivity,"” suitable mechanical
strength,”> and favorable electrochemical stability."* In view
of the synthesis and processing difficulties in inorganic solid
electrolytes,”” solid polymer electrolytes are more efficient and
feasible.'® Nevertheless, issues such as the contradiction
between high ionic conductivity and high mechanical
strength'* and the narrow electrochemical stability window
of nitrile- and ether-based electrolytes (4 V vs Li*/Li)"” hinder
the applications of solid polymer electrolytes in high-energy
solid-state Li batteries.

In this study, a novel solid-state polymer electrolyte with an
interpenetrating poly(ether—acrylate) (ipn-PEA) network was
developed via photopolymerization of ion-conductive poly-
(ethylene oxide) (PEO) and branched acrylate to obtain a
rigid—flexible structure (Figure 1). The key is to integrate high
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Figure 1. (a) [lustration of the preparation of the ipn-PEA electrolyte.
(b) Proposed electrochemical deposition behavior of Li metal with
ipn-PEA electrolyte.

Li ion conductivity with high mechanical strength in one solid-
state electrolyte that reconciles the rigidity—conductivity
inconsistency and satisfies the requirements for high-voltage
cathodes and easy processability. The size-adjustable ipn-PEA
electrolyte reveals a bifunctionality of high ion conductivity
(022 mS cm™") at room temperature and high mechanical
strength (ca. 12 GPa) as a result of the ideal combination of
plasticity and rigidity, respectively, inherited from PEO and
PEA. When paired with cathodes with a working potential
within 4.5 V vs Li*/Li, the ipn-PEA electrolyte enables a
powerful cell that effectively operates at a rate of 5 C and
delivers admirable specific capacity and cycling stability at a rate
of 1 C at room temperature. More importantly, the ipn-PEA
electrolyte formed in situ shows a conspicuous effect on
blocking Li dendrite growth. On the basis of its facile synthesis
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and excellent performance, the ipn-PEA electrolyte is a good
reference for designing solid-state electrolytes and advancing
the applications of other solid-state electrochemical energy
storage systems.

The ipn-PEA electrolyte is obtained by photopolymerization
of ethoxylated trimethylolpropane triacrylate in the existence of
LiPFs and PEO (for synthesis details, see the Supporting
Information). Taking @ = 12 mm and @ = 40 mm as examples,
the ipn-PEA electrolyte exhibits outstanding flexibility and
freely adjustable size (Figure 2ab). The thickness of the ipn-
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Figure 2. Photographs of ipn-PEA electrolytes with diameters of (a)
12 and (b) 40 mm. (c) Cross-ection and (d) top-view SEM images of
the ipn-PEA electrolyte. (e) XRD spectra and (f) DSC curves of PEO,
polyacrylate, and the ipn-PEA electrolyte.

PEA electrolyte is approximately 35 ym with a smooth surface
and without phase separation (Figure 2c,d). The X-ray
diffraction (XRD) pattern of pure PEO consists of two intense
peaks (20 = 19° and 23°) (Figure 2e), corresponding to the
essential characteristics of the crystalline PEO. After polymer-
ization, these crystalline peaks disappear, implying the
amorphous phase of PEO, which was further verified by the
Fourier transform infrared spectra (Figure S1). The reason
could be that the branched acrylate forms interconnected
“cages” that spatially besiege the PEO molecules and restrain
PEO crystallization effectively."

The designed ipn-PEA electrolyte possesses an amorphous
structure with a low glass transition temperature (T,), which is
evidenced by the lack of a melting-point peak in differential
scanning calorimetry (DSC) curves over the temperature range
from —100 to 100 °C (Figure 2f). The T, of approximately
—52.6 °C for pure PEO shifts negatively to approximately
—64.2 °C in the ipn-PEA electrolyte. Meanwhile, no phase
separation is observed by atomic force microscopy (Figure S2).
This result portends the possession of fine chain mobility and
low activation energy (E,) for ion transport in the ipn-PEA
electrolyte."*

The Li-ion transference number (#;") of the ipn-PEA
electrolyte is approximately 0.65 (Figure S3a), which over-
matches those of common liquid electrolytes (t;" = 0.2—0.5)."”
The high #;" is efficient in preventing the formation of a large
electric field within the space-charge region by immobilizing
anions.”’ The room-temperature ionic conductivity () attains
220 X 107* S ecm™" (Figure S3b). Moreover, ¢ increases with
temperature (T) elevation and presents a temperature
dependence, with the linear shape of the plot exhibiting a
typical Arrhenius-type behavior with an E, of approximately
0.39 eV (Figure S3c). All of the above results imply that no
distinct structure change occurs in the ipn-PEA electrolyte

within the testing temperature range and are beneficial for Li
deposition and the rate capability of the battery.

The long-time cycling stability verifies the interfacial stability
between the ipn-PEA electrolyte and Li metal (Figure S3d—f).
The Li deposition behaviors with the ipn-PEA and liquid
electrolytes are vastly different (Figure S4). Compared with the
scanning electron microscopy (SEM) images of deposited Li in
the liquid electrolyte (Figure 3a—d), the overall morphology of
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Figure 3. (a—h) SEM images of Li plating and stripping on Cu foil
with liquid and ipn-PEA electrolytes for 2 mA h cm™ at 0.5 mA cm ™
Panels (a—d) and (e—h) are for the liquid and ipn-PEA electrolytes,
respectively. Panels (a, b, ¢, f) and (c, d, g, h) are SEM images of Li
plating and Li stripping, respectively. (i) Young’s modulus mapping of
the ipn-PEA electrolyte. (j) Illustration of the proposed Li deposition
behavior using liquid and ipn-PEA electrolytes.

Li is smoother in the ipn-PEA electrolyte-modified Li foil”'

(Figure 3e—h) (see Figure S3 in the Supporting Information
for details of Li depositon in the liquid and ipn-PEA
electrolytes). On the basis of the Young’s modulus (ca. 12
GPa)** (Figure 3i), we speculatively propose the illustration of
Li deposition in liquid and ipn-PEA electrolytes shown in
Figure 3;j.

The ipn-PEA electrolyte is stable within 4.5 V vs Li*/Li
(Figure S5) with low electronic conductivity (1.56 X 107 S
cm™") (Figure S6) and shows good thermal stability (Figure
S7). Besides, the ipn-PEA electrolyte can be used to assemble
batteries with close contact without a separator (Figure S8),
which was verified by the energy-dispersive X-ray spectra
(Figure S9) and cyclic voltammogram (Figure S10) of the
LiFePO, (LFP) cathode.

The specific capacities of cells using the ipn-PEA electrolyte
were approximately 141 and 66 mA h ¢! at 0.5 and S C,
respectively (Figure 4a,b). After 200 cycling tests at 1 C, the
capacity remained at nearly 85% of its initial capacity (Figure
4c). A solid-state battery with the ipn-PEA electrolyte working
at such a high rate (5 C) is rare. The ipn-PEA electrolyte
exhibited no morphology change or mechanical failure after 200
cycles (Figure S11), and the overpotential increased by only
0.18 V (Figure S12), which supports its excellent stability. The
ipn-PEA electrolyte also satisfies safety and flexibility require-
ments, and no short circuit appears even after the pouch cell is
cut (Figure 4d). Moreover, the pouch cell maintains the
capability of lighting the LED device before (Figure 4e) and
after bending tests (Figure 4f). In addition, the ipn-PEA
electrolyte can be used in other cathodes with high working
potential, such as LiNiysCoy,Mng30, (Figure S13). The ipn-
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Figure 4. (a) Rate capabilities and (b) corresponding galvanostatic
discharge/charge voltage profiles for a Lilipn-PEA electrolytelLFP
battery. (c) Cycling performances for the solid battery at a rate of 1 C.
All of the above tests were conducted at room temperature (25 °C).
(d) Photograph showing the voltage of a Lilipn-PEA electrolytelLFP
pouch cell after being cut. The LED device can be lighted before (e)
and after (f) the bending test.

PEA structure is compatible with other Li salts (Figure S14).
The effects of the ipn-PEA electrolyte on the Li plating/
stripping behavior were characterized by SEM (Figure S15) and
X-ray photoelectron spectroscopy (Figure S16). These results
together with Table S1 indicate that the ipn-PEA electrolyte is
satisfactory and favorable for reducing side reactions, sustaining
a stable SEI, and obtaining uniform Li plating/stripping during
cycling.

In conclusion, a novel rigid—flexible structure of polymer
electrolytes is proposed and demonstrated by the ipn-PEA
electrolyte for room-temperature solid-state Li metal batteries.
The remarkable characteristics of the ipn-PEA electrolyte are
attributed to the following aspects: the ductile PEO softens the
rigid PEA network to ameliorate the contact between the
electrodes and electrolyte and reduce the interfacial resistance;
the interconnected “cages” in the PEA network spatially besiege
the PEO and inhibit PEO crystallization to guarantee fast
transport of Li'; and the Li dendrite is blocked by pressure
exerted from the rigid PEA network. Consequently, the ipn-
PEA electrolyte formed on the Li surface realizes the dual
function of suppressed dendrite growth for stable battery
cycling and enhanced kinetics for high-rate operation of the
battery. The ipn-PEA electrolyte developed in this study
reshapes the feasibility of room-temperature solid-state Li metal
batteries and will further advance the comprehension of
interface compatibility between the constituents and structural
features in the design of other solid-state electrochemical
energy storage systems.
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