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ABSTRACT: Polymer electrolyte (PE) which possesses improved thermal and
mechanical stability is believed by far one of the most promising electrolytes for

meeting the safety and performance needs of advanced electrochemical devices. Here,



high-performance PEs are fabricated via facile thiol-Michael addition catalyzed by
triethylamine in the presence of lithium salts. The lithium salt functions as both ion
source and co-catalyst, significantly accelerating the thiol-Michael addition reaction.
The PEs exhibits a superior thermal decomposition temperature up to 300 °C.
Additionally, PEs from the thiol-decorated polyhedral oligomeric silsesquioxane
display reversible electrochemical response and stable cycling performance. Our
finding based on a self-catalyzed strategy provides a promising direction for rapidly
fabricating PEs that meet electrochemical requirements for practical solid polymer

batteries.

INTRODUCTION

The increasing demand for electric vehicles and efficient energy storage devices
promotes the development of rechargeable batteries with high energy density and long
cycle life.!"® However, lithium-ion batteries (LIBs) with liquid organic electrolytes have
brought security and reliability concerns owing to inherent limitations such as high
volatility, leaks, and explosions.”® It is thus expected that replacing conventional liquid
organic electrolytes with polymer electrolytes (PEs) can improve the Li-based battery
safety, performance, and machinability.®'?> The poly(ethylene oxide) (PEO) has been
most widely studied for PE systems because of its high dielectric constant and ability
to form complex with lithium salts.'*!* Nevertheless, lithium-salt doped PEO exhibits
low ionic conductivity at room temperature originating from its semi-crystalline nature,

which hampers the transport of lithium ions through the polymer chain segments.'



Building a cross-linked framework'®?! or loading inorganic components into the

polymer matrices**?

can efficiently improve ionic conductivity by inhibiting the
crystallization and simultaneously enhance the mechanical properties of the PEs.

The thiol-ene reaction can generally proceed via either radical-mediated anti-
Markovnikov addition or base- or nucleophile-catalyzed thiol-Michael addition.?*-!
Owing to the rapid reaction kinetics, high efficiency, chemo-selectivity, and benign
reaction conditions, the thiol-ene reaction has become a particularly useful tool in

polymer chemistry and materials science,?>® including polymer network construction,

surface functionalization and dendrimer synthesis. For instance, Saito et al.*°
synthesized poly(dimethylsiloxane)-poly(ethylene glycol) methyl ether acrylate
(PDMS-PEGMEA )-based co-polymer membranes via UV initiated one-pot thiol-ene
reaction to fabricate elastic polymer materials used for gas separation application. Fang
et al*" used thiol-ene reaction to prepare two flexible and colorless phosphorous-sulfide
polymer films based on a phosphorus-containing derivative of aromatic aldehyde (4-
hydroxybenaldehyde). Grewal et al.*® and Suk et al.* reported polymer electrolytes
based on a crosslinked network formed via thiol-ene reaction using a thermal initiator.
However, it is difficult to obtain an ideal 1:1 stoichiometric reactivity through
conventional free radical-mediated addition, which means the simultaneous existence
of thiol-ene and ene-ene reaction will most probably pose difficulties for the acquisition
of well-defined polymer structure.*® To tackle this problem, several approaches are
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proposed by researchers. Bowman and co-workers synthesized visible-light-

sensitive photo-base generators applied in thiol-Michael addition reactions, which



allows a stoichiometric reaction of both thiol and vinyl functional groups and enables
homogeneous network formation. Photopolymerization, as well as the introduction of
allyl groups, has been an effective method to develop a controlled network through
precise design of the polymer structure, but the complicated synthesis and severe
operation condition limit the practical application. Thus, a convenient fabrication
process is necessary to form PEs with improved ionic conductivity, high thermal
stability, and excellent cycling performance, which can be achieved by using thiol-
Michael addition. Thiol-Michael addition is modular in nature, highly efficient, and
exhibits stoichiometric reactivity of 1:1, hence classified as a “click” reaction. By the
adjunction of minimal dosage of catalysts (base or nucleophilic reagent) under ambient
temperature, it can occur without any exposure to heat or light. In recent years, the thiol-
Michael addition bas been employed in a large extent of applications, such as small
molecule synthesis, surface functionalization, bioconjugation, tissue engineering,
dendrimer synthesis, and polymer network synthesis.*

The self-catalyzed strategy is an attractive method to fabricate PEs via a simple
preparation routine with the lithium salts employed as ion sources on one hand and as
catalysts on the other hand. In 2001, Tsutsumi and co-workers* reported that various
lithium salts could initiate the cationic ring-opening polymerization (ROP) of bis-
oxetanes, indicating the potential of self-catalyzed strategy in polymer electrolyte field.
Cui et al.® reported a crosslinked PE by a self-catalyzed strategy and in-situ technology
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via a facile cationic polymerization initiated by lithium salts. Recently, Li ez al.”® used

LiPFs to induce the cationic polymerization of the ether-based 1,3-dioxolane and 1,2-



dimethoxyethane liquid electrolyte and fabricated quasi-solid gel PEs. Archer et al.¥’
reported cationic aluminum species-initiated ROP of 1,3-dioxolane inside an
electrochemical cell to produce PEs. The self-catalyzed strategy offers incomparable
advantages including facile preparation procedure, efficiency, high production and low
costs. Yet, the uncontrollability of chain-growth polymerization is hardly satisfactory if
the formation of a well-defined polymer electrolyte network is desired. More
importantly, compared with electrolytes formed via the self-catalyzed strategy, which
are neat polymer matrices, preparing composite polymer electrolytes with inorganic
nanofillers introduced is an effective strategy to enhance the ionic conductivity and
cycling stability of LIBs. Several studies on organic-inorganic hybrid polymer
electrolytes have certificated the mechanism of ionic conductivity enhancement, the
interactions between polymer matrix and inorganic fillers at the interface.*® First, due
to chemical or/and physical interactions, polymer segments can be attracted by the
surface sites of ceramic fillers, providing amorphous-rich areas as Li" transport
channels near surface region of inorganic fillers. Second, there are intense interaction
between anionic groups of lithium salts and chemical groups of ceramic fillers,
promoting the lithium salts dissociation and leading to the increase of free Li"
concentration at the interface. Third, the interaction between polymer chains and
inorganic fillers could influence the local conformation of segments in polymer, which
probably provides Li"-conductive substructures for polymer matrix. Moreover,
compared with neat polymer matrix, the cycle stability of composite polymer

electrolytes could be improved because the mechanical strength inorganic fillers



provided is helpful to prevent the growth of lithium dendrites.** Cui et al.>® reported a
composite polymer electrolyte with vertically aligned ceramic-polymer interfaces,
achieving high interfacial ionic conductivity and long cycle life when compared to the
PE without nanofillers.

Herein, we applied the thiol-Michael addition as a platform to fabricate cross-
linked electrolytes with well-defined network by employing a selection of
multifunctional thiols, poly(ethylene glycol) diacrylate (PEGDA, M, =200, 400, or 600)
with triethylamine (TEA) as a catalyst in the presence of lithium salts (Figure 1).
Studies on the polymerization kinetics denote that lithium salts (lithium perchlorate,
lithium bis(trifluoromethanesulfonyl)imide and lithium trifluoromethanesulfonate) are
capable of significantly accelerating the base-catalyzed thiol-Michael addition, which
enables them to act as ion sources as well as co-catalysts in the polymerization.
Moreover, some other alkali metal salts including sodium perchlorate and potassium
perchlorate have also shown the same effect as the lithium salts. The novel self-
catalyzed strategy for the base-catalyzed one-pot thiol-Michael addition reaction under
ambient temperature described in the present work provides a facile fabricating
procedure of PEs. Furthermore, we introduce the thiol-decorated polyhedral oligomeric
silsesquioxane (POSS-SH, Figure S1, Supporting Information) into electrolyte
networks, which plays an important role in promoting the thermal performance and
decreasing the crystallinity of PEs because of the intramolecular organic-inorganic
hybrid structure. Moreover, the ideal 1:1 stoichiometric reactivity of thiol group and

acrylate group will be conducive to the uniform dispersion of POSS and effectively



avoid agglomeration of nano-particles, which can lead to negative impact on polymer
electrolytes, including growth of lithium dendrite, poor interfacial contact between
electrode and polymer electrolytes, and increase of interfacial impedance. As a result
of the cross-linked structure and presence of the inorganic component, the ionic
conductivity and mechanical property of PEs are also enhanced. The constructed LIBs
on the basis of these PEs as separators, lithium iron phosphate (LFP) as cathode and
lithium metal as anode show impressive electrochemical performances including a

stabilized plating/stripping process and promising cycling property.
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Figure 1. Schematic illustration of the formation of PEs using PEGDAgo and POSS-SH catalyzed
by TEA in the presence of lithium salts.

EXPERIMENTAL SECTION

Materials. (3-Mercaptopropyl)trimethoxysilane  (KH-590, 95%,  Aladdin),
trimethylolpropane tris(3-mercaptopropionate) (TMPTMP, 95%, Sigma-Aldrich),
pentaerythritol tetra(3-mercaptopropionate) (PETMP, 90%, Aladdin), 1-hexanethiol
(HT, 96%, Aladdin), and poly (ethylene glycol) diacrylate (PEGDA, M, = 200, 400, or

600, Aladdin) were used as received. Triethylamine (TEA) and tetrahydrofuran (THF)



were dried with calcium hydride and distilled under reduced pressure before use.
Lithium perchlorate (LiClO4, 99.9%, Aladdin), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, 99%, Aladdin), lithium
trifluoromethanesulfonate (LiCF3SO3, 98%, Aladdin), sodium perchlorate (NaClOs,
99.5%, Aladdin), and potassium perchlorate (KClO4, 99%, Aladdin) were dried under
vacuum and stored in argon-filled glovebox before use. Other chemicals, including
hydrochloric acid (HCI), methanol, dichloromethane (CH2Cl), lithium iron phosphate
(LiFePOs4, LFP), acetylene black (AB), poly-(vinylidene fluoride) (PVDF), and N-
methyl-2-pyrrolidone (NMP) were purchased locally.

Synthesis and Characterization of POSS-SH. 15 mL KH-590 and 30 mL HCI were
dissolved in 350 mL methanol. Then the mixture was stirred vigorously under reflux
with oil bath at 90 °C for 24 h. The reaction product was separated by centrifugation to
obtain white precipitate and washed with methanol to give the crude product. The crude
product was poured into H2O and extracted with CH2Cl,. The organic layers were
washed with H>O for several times, and then dried with Na;SOs. Finally, the product
was evaporated on a rotary evaporator and dried under vacuum at 60 °C for 24 h. The
'H NMR spectra of prepared POSS-SH is listed in Figure S1. The characteristic peaks
at 0.77, 1.71 and 2.57 ppm represent protons of three different methylene respectively.
Meanwhile, the characteristic peak at 1.38 ppm is assigned to the proton of thiol group.
And the mass spectroscopy of POSS-SH is shown in Figure S2, which suggests that
the polyhedral oligomeric silsesquioxane conform to the m/z of Tg conformation plus

Cl.



Fabrication of Polymer Electrolytes. PEs were prepared through a solution casting
technique and thiol-Michael addition with TEA as the catalyst and LiClO4 as the co-
catalyst. PEGDA (M, = 600, 2.5 mmol), POSS-SH (thiol/vinyl = 1:1, 0.625 mmol) and
LiClOs (EO/Li" = 16:1, 1.68 mmol) were dissolved in THF (10 mL) in a round flask
and stirred for 3 h at room temperature. TEA (1 wt%, 30 uL) was then dripped into the
flask. The solution was stirred vigorously for 10 s and then cast in a
polytetrafluoroethylene (PTFE) mold. The reaction occurred under air atmosphere and
at room temperature, and the membranes were dried under vacuum at 60 °C for 24 h to
remove THF. The PEs were obtained and stored in a glove box.
Characterization of Polymer Electrolytes. NMR spectra was measured with CDCl3
as solvent by a Bruker AV400 NMR spectrometer. FT-IR spectroscopy was performed
on an FT interferometer (Equinox 55, Bruker, Germany) over the range of 4000-400
cm’!. The homogeneity of PEs was estimated by scanning electron microscopy (SEM)
and energy dispersive X-ray (EDX) mapping (Nova NanoSEM450, FEI, Netherlands).

Thermogravimetric analysis (TGA, 4000 PerkinElmer, USA) under N> with a
heating rate of 10 °C min™!' from 30 to 800 °C and different scanning calorimetry (DSC,
Q2000, TA, USA) under N, atmosphere with a ramp rate of 10 °C min™! from -90 to 90
°C were employed to characterize the thermal performance of the PEs.

The ionic conductivity of PEs was determined using an electrochemical test
system (Autolab PGSTAR302N, Netherlands) via electrochemical impedance (EIS)
analysis. The data were collected with temperatures ranging from 30 °C to 110 °C at 10

°C intervals over a frequency range from 1 MHz to 100 Hz. The PEs membranes were



sandwiched between two stainless steel (SS) electrodes. The ionic conductivity was
calculated via the equation ¢ = L/(SRy), where L is the thickness of the polymer
electrolyte membrane, S is the contact area between SS electrode and electrolyte, and
Ry is the bulk electrolyte resistance.

The electrochemical stability of PEs was estimated via linear sweep
voltammograms (LSV) using the Li | PEs | SS cells at a scan rate of 0.1 mV s over
the range of 0-6 V at 60 °C. The Li | PEs | Li cells were applied to evaluate the lithium
ion transference number (71i+) by the equation f1;" = Is(AV — IoRo)/Io(AV — IsRs). The
cell was polarized at 10 mV (AV) to determine the currents including the initial (/o) and
the steady state (/s) until the current was steady. Interfacial resistances were obtained
before (Ro) and after (Rs) the polarization.

The lithium electrodeposition was employed to investigate the interfacial stability
between PEs and lithium metal using Li | Li CR2032 coin cells. The plating/stripping
efficiency of Li metal was tested with a current density of 0.05 mA cm™ at 60 °C.

LiFePOs, carbon black, and PVDF were mixed with a weight ratio of 8:1:1. The
slurry was coated on aluminum foil and dried under vacuum at 85 °C for 24 h. The
CR2032 coin cells were assembled with PEs, Li anode and LFP cathode in an argon-
filled glovebox. The charge-discharge and cycling performances were tested at 60 °C
under the potential window of 2.5-4.2 V by a battery testing system (LANHE
CT2001A).

DFT Calculations. The computational work was carried out using the Gaussian(09 suite

51

of programs.”’ Gas-phase geometry optimizations were performed without any

10



symmetry constraint using the B3LYP functional and the 6-31G(d,p) basis functions for
all atoms. Dispersion interactions were taken into account by Grimme’s D3 empirical
method during the geometry optimizations (B3LYP-D3).7? All final geometries were
characterized as stationary points by verifying that all second derivatives of the energy
were positive. Thermochemical corrections were obtained at 298.15 K on the basis of
frequency calculations, using the standard approximations (ideal gas, rigid rotor and
harmonic oscillator). A solvation correction was carried out on the gas-phase optimized
molecules by fixed-geometry calculations in the presence of a polarizable continuum
with the Gaussian(09 library values for the permittivity of chloroform (¢ = 4.7113) or
THF (e = 7.4257). A further correction of 1.95 kcal mol™! was applied to bring the G
values from the gas phase (1 atm) to the solution (1 mol L") standard state.’* The NMR
spectra in chloroform solution were calculated by the Gaussian09 package using the
standard Gauge-Independent Atomic Orbital (GIAO) method.>*

RESULT AND DISCUSSION

Physical Structure and Characterizations. Figure S3 presents typical images of the
ultrafast formation of a cross-linking network by PEGDAs00 and pentaerythritol tetra(3-
mercaptopropionate) (PETMP) via TEA-catalyzed thiol-Michael addition in the
presence of several types of alkali metal salts within 30 seconds at room temperature.
Continuous observation of the reaction catalyzed only by TEA shows that no cross-
linked network forms after 3 hours. Images of the corresponding reaction of PEGD Ao
and POSS-SH are depicted in Figure 2a, where 5 mL of THF was added in each

experiment to guarantee full dissolution of POSS-SH. The reaction is slower than that
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with PETMP, but the gelification was achieved within 10 min in the presence of LiClO4
and LiTFSI, whereas the solution containing TEA only changed from the liquid to the
solid state after 60 h. It is obvious that this self-catalyzed strategy via thiol-Michael
addition allows the rapid construction of PEs. The Fourier transform infrared (FT-IR)
analysis shows that the characteristic peaks of the POSS-SH thiol groups at 2550 cm’!
and of the PEGDAgoo vinyl moiety at 1630 cm™! fade away after the thiol-Michael
addition (Figure S4), confirming that the PEGDAgo and multifunctional thiols
monomers have reacted completely. The uniform distribution of carbon, oxygen, silicon,
and sulfur elements, shown by the energy dispersive X-ray (EDX) analysis of cross-
section (Figure 2b), suggests that no significant inorganic nanoparticles aggregation
occurs (the original SEM image is shown in Figure S5). This good dispersibility of

inorganic fillers is beneficial for the improvement of the mechanical properties.>

LiClO, LiTFSI LIiCF;SO; NaClO, None

Figure 2. (a) Digital images of PEGDAgoo and POSS-SH mixed with alkali metal salts. (b) EDX
maps of PEGDAgo-S-POSS.

The real-time FT-IR spectroscopy was also employed to reveal the reaction
kinetics of the TEA-catalyzed thiol-Michael addition using PEGDA2p and 1-

hexanethiol (HT) as model substrates by monitoring the disappearance of acrylate and
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thiol peaks (Figure S6). In the absence of LiClO4, this addition reaction proceeded
slowly, reaching only about 3% conversion of both vinyl and thiol groups in 30 min,
whereas the reaction proceeds to nearly full conversion in 30 min in the presence of the
salt (Figures 3a and 3b). The kinetics of the reaction does not strongly depend on the
PEGDA200:LiClO4 ratio (Figure S7). Figure S8 shows that no significant conversion
of the thiol and vinyl groups for the mixture of PEGDA¢0 and HT takes place after 1 h
in the absence of TEA, even if LiClO4 is present (PEGDA2oo : LiClO4 = 20:1). This
result clearly establishes that both TEA and LiClO4 are essential to accelerate the
reaction. The time-conversion curves for the reactions carried out in the presence of a
few other alkali metal salts, including LiTFSI, LiCF3SO3, NaClO4, and KCIO4 (Figures

3a and 3b) illustrate that they also function as co-catalysts, especially LiTFSI,

LiCF3S0Os3 and NaClOs.
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Figure 3. Conversion against time of vinyl (a) and thiol (b) group for the TEA-catalyzed thiol-
Michael addition of PEGDA»o and 1-hexanethiol (HT). [HT] : [PEGDA2u] : [TEA] = 2:1:0.043
(thiol : vinyl = 1:1) in the presence of different alkali metal salts ([PEGDAxo] : [salts] = 20:1). (¢)
"H NMR spectra (CDCls) of PEGDAgqo with different alkali metal salts ((PEGDAeoo] : [salts] = 1:2).
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DFT Calculations and Mechanistic Aspects. It is known that the double bond
conjugation in acrylate substrates renders the vinyl group electron deficient and
therefore suitable for the thiol-Michael addition because the nucleophilic attack by a
thiolate anion is accelerated. In addition, stronger electron withdrawing groups should
lead to greater electron deficiency and therefore to higher reactivity. We can imagine
that coordination of Li" to the oxygen from carbonyl moiety of the acrylate group
decreases the vinyl group electron density, thus leading to a faster reaction. To evaluate
this hypothesis, we tested the interaction between different salts and the acrylate group
by 'H NMR spectroscopy in CDCls (Figure 3c¢), where all salts were fully dissolved.
In comparison with pure PEGDAegoo, the methylene proton signals of the
PEGDAG00/LiClO4 mixture shift to lower field, suggesting a decreased electron density
for the vinyl group. The resonance shifts are greater for greater LiClO4 to PEGDAsoo
ratios (Figure S9a). The resonance shift is also evident for the other lithium salts,
particularly for LiTFSI where the larger anion may favor a stronger salt dissociation,
and also for NaClO4, whereas KCIO4 has a negligible effect. The position of methylene
proton signals also remains essentially unchanged when PEGDAgoo is mixed with TEA
only (Figure S9c¢), indicating that TEA does not have the same effect of decreasing the
vinyl electron density.

The above hypotheses were also supported by density-functional theory (DFT)
calculations, which provided, in addition, an insight into the reaction mechanism. The
effect of the salt interaction with the acrylate function was probed by performing

calculations on adducts of methyl acrylate, as a model substrate, with MtClO4 (Mt = Li,
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Na, K) in the presence of a polarizable continuum to model the chloroform solvent. Full
details are provided in the Supporting Information. Since chloroform has poor
coordinating properties, the salt was introduced in the calculation without explicit
solvent molecules. In addition to showing a favorable interaction in the order Li > Na >
K (AGpsosk.cuei = -19.1, -15.7 and -10.8 kcal mol™!, respectively), the calculations
predict that the O---Mt interaction lengthens the O=C bond and slightly shortens the
(O)C-C bond, whereas the vinyl C=C bond remains practically unaltered, while
increasing the Mulliken charge on all three vinyl H atoms (details in Table S1). These
effects are again decreasing in the order Li > Na > K. Finally, the calculations predict a
downfield shift of the '"H NMR resonance for all three vinyl H atoms, relative to free
MA, in agreement with the experimental trend (Table S1).

The DFT calculations cannot pinpoint the role of the cation on the activation
barrier for the thiol-Michael addition, because the effects of the explicit coordination
of solvent molecules (THF) to the alkali cation and of ion pairing cannot be easily
modelled computationally. The calculations have provided, however, useful
information on the reaction mechanism, which allow the suggestion of the possible role
of the cation. The reaction pathway was probed using again MA as a model substrate
and MeSH as a computational model for the thiol reagent. A polarizable continuum
model with the permittivity of THF, which was the reaction solvent, was used in this
case. Michael additions are known to proceed by nucleophilic attack at the Cp and yield
an enolate intermediate, followed by quenching by protonation, see Scheme S1a. In the

absence of base, the nucleophile (MeSH) is too weak and cannot yield the enolate
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intermediate. Rather, the assistance by a second MeSH molecule is necessary and the
reaction proceeds by a concerted mechanism, with the simultaneous delivery of the
thiolate from one MeSH molecule to Cp and the proton from the second MeSH molecule
to Cq, with a high barrier (AGaos trim = 36.1 kcal mol ™). The mechanism is presented
in Scheme S1b and the energy profile is shown in Figure S10.

The energy barrier for the thiol addition is greatly reduced upon thiol
deprotonation. The putative free enolate MeSCH,CH=C(OMe)O™ product resulting
from addition of the thiolate anion (MeS~) could not be obtained as a local energy
minimum, converging instead to a loose MA---SMe™ adduct with a S---Cg contact of
2.888 A, which is much longer than in the final MeS-CH>CH>COOMe product (1.834
A). This adduct is destabilized relative to the sum of the reagents by 3.0 kcal mol™'.
Addition of the proton-delivering thiol molecule to the system further raises the free
energy, although only slightly (3.2 kcal mol ') and produces a van der Waals adduct
between MA and the homoconjugate thiol-thiolate pair, [MeSH:--SMe]", without any
MeSH:---MA interaction. The nucleophilic attack is very facile, with a free energy
barrier of only 6.9 kcal mol™! relative to the sum of all reagents, to yield an intermediate,
[MeSCH>CH(COOMe)] - --HSMe, which is located at essentially the same free energy
as the transition state. In this intermediate, a significant negative charge is localized on
the Cy atom, which is slightly pyramidalized, and the proton delivering MeSH molecule
establishes a Cq --H-SMe interaction. Then, proton transfer to this intermediate is
essentially barrierless, as shown by a relaxed scan (the transition state could not be

located). Hence, the anionic addition pathway indeed occurs in a stepwise manner, but
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the intermediate is better described as a carbanion than as an enolate, see Scheme Slc.
However, we must keep into account that the generation of the thiolate anion is
thermodynamically unfavorable, because the conjugate acid of NEts;, namely the
ammonium cation EtzNH", is a stronger acid than the thiol. Indeed, a 'H investigation
of the reaction between 1-hexanethiol and NEt; gave no evidence of proton transfer
(Figure S11). The DFT calculations indicate that NEt; and the model thiol MeSH
produce an H-bonded MeS-H:--NEt; adduct, located 0.4 kcal mol! higher in free
energy, and the subsequent proton transfer is highly endoergic (AGa9s,tHE 1M = 25.3 kcal
mol™! for the sum of the separated ions, NHEt;" and MeS"). The NHEt;"---"SMe ion pair
did not yield a stable minimum, reverting back to the H-bonded adduct during the
optimization. Hence, the overall barrier for the NEts;-catalyzed thiol Michael addition
to acrylate is only slightly decreased (to 32.2 kcal mol™!, see Figure S10) when also
considering the cost of the thiol deprotonation.

The experimental results clearly demonstrate that the presence of an alkali metal
cation reduces the reaction energy span. However, the computational quantification of
this effect is not straightforward because, as stated above, solvent coordination and ion
pairing/free ion equilibria are not trivial to model. Optimization attempts of the
intermediate enolate, MeS-CH>CH=C(OMe)(O™--"Cat) converged in all cases to the
sum of the reagents (MA---Cat(SMe)), whether a naked metal ion (Mt") or a more
realistic model of the solvated cation ([Mt(Me20)3]", with the Me>O ligands used as the
computational model for THF), was used as cation. A stable local minimum could only

be obtained for the anti-conformation of the Co-Cp bond, separating the MeS group
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from the cation. The MeSCH,CH=C(OMe)[OMt(Me>O)s3] enolates were weakly
destabilized relative to the sum of the MA and MeS[Mt(Me>O);] reagents by about the
same amount for the three cations (Li, 2.0; Na, 1.7; K, 2.1 kcal mol™). Local minima
could be located, however, after adding a MeSH molecule to the systems with the naked
cations, which also corresponds to the addition of Mt" to the intermediate of the anionic
pathway presented above. The optimized geometries of all these intermediates are
comparatively shown in Figure S12. All of them show a relatively strong Mt"--O
interaction, but also feature Mt™--S interactions involving both the free MeSH
molecules and the MeS group that is already incorporated in the enolate intermediate.
In addition, the Na and K systems also show an additional S-H---C, hydrogen bond,
like in the cation-free intermediate.

The reaction pathway for the thiolate Michael addition in the presence of Mt"
could also be investigated starting from MA, Mt (SMe") and MeSH and the results are
shown in Figures S13-S15. In these cases, the transition states for the final proton
transfer step from MeSH to the C, atom could be optimized, whereas those of the first
step (MeS™ addition to the Cp atom) could not. All these reactions have relatively low
barriers, at about the same energy relative to the sum of the three separate fragments.
The initial addition of Mt"(SMe’) to MA is exoergic in the order Li > Na > K. Placing
these pathways on the same scale relative to MA (plus MeSH, NEt; and Mt"ClOy)
requires however assessment of the ion metathesis between Mt C104 and EtsNH MeS".
This was probed using again the naked cation, yielding the results shown in Figures

S13-S15. The most interesting result is that the ion metathesis is quite favorable, thus
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the proton transfer from MeSH to NEts in the presence of Mt 'ClO4™ (leading to MtSMe
+ EtsNH'ClOy) is less energetically costly than in the absence of salt. These results
should not be considered as quantitatively reliable, because of the unrealistic model
with neglect of solvent coordination to the alkali cation. Another drastic approximation
is the neglect of the ion pair dissociation to the free ions. This dissociation likely
becomes more favorable for the larger cations (K > Na > Li), thus the energetic cost of
the initial proton transfer, which also reflects onto the energy of the rate-determining
transition state, is probably greater than what is shown in Figures S13-S15,
approaching the energetic cost calculated in the absence of salt in Figure S10. In spite
of all these approximations, the study qualitatively suggests that the reaction is
accelerated, because the energy needed to bring together the anionic nucleophile and
the substrate is lowered, which is owing to the more favorable ion pairing in the
EtsNH'ClOs and Mt'SMe™ salts than in the metathesized pair (Mt'ClO4 and

Et;NH'SMe).

Weight Remaining (wt.%)

150 300 450 600 750

Temperature (°C)

Figure 4. Thermogravimetric analysis (TGA) curves of PEs.
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Figure 5. Different scanning calorimetry (DSC) analysis of PEs.

Thermal and Mechanical Properties. Thermal stability is one of the most critical
criteria to assess the potential application of PEs in LIBs. As shown in Figure 4, the
PEs with the cross-linking structure possess a high decomposition temperature (~ 300
°C), which is advantageous to the safety performance of LIBs. The glass transition
temperature (7y) is also a crucial performance standard to evaluate the ionic
conductivity of the PEs. In particular, owing to the cation-oxygen complexation in the
PEO/Li-salt mixture, the transient physical cross-linking between different PEO
segments leads to slower chain relaxation, higher T,, which is to the disadvantage of
improvement of ionic conductivity.’® T, decreases with an increase of the PEGDA
molecular weight, as shown by the different scanning calorimetry (DSC) analyses
(Figure S and Table S3), because longer PEGDA chains are capable of promoting the
molecular relaxation of the PEs. Besides, the 7y values of PEGDAgo-TMPTMP
(TMPTMP refers to trimethylolpropane tris(3-mercaptopropionate)) and PEGDAsoo-

PETMP are also lower. The toughness of PEs is important to restrain growth of lithium
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dendrite and prevent from penetration, which can be characterized by tensile test. In
general, tensile stress is utilized to assess intrinsic resistance for fracture of polymer
materials.’” Thus, the tensile stress is available to estimate the resistance for fracture
when lithium dendrites penetrate the PEs.>® The tensile stress of the PEGDAgoo-S-POSS
PE reaches 310 kPa (Figure S16), demonstrating good mechanical strength and

suggesting that this PE can meet the requirements for their practical applications in

LIBs.
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Figure 6. (a) Temperature dependence of the ionic conductivity of PEs. (b) LSV curve of
PEGDA00-S-POSS at 60 °C. (c) Galvanostatic cycling performance of Li | PEGDAg0-S-POSS |
Li symmetric battery measured at 60 °C with current density of 0.05 mA cm? with capacity of 0.15
mAh cm, Insets: enlarged profiles of the first 10 cycles and last 10 cycles.
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Electrochemical Performances. Generally, only the amorphous fraction of PEO is
beneficial to ionic conduction because cation transport is coupled with the PEO
mobility.’® The ionic conductivity was investigated by electrochemical impedance
spectroscopy (EIS), which is a particularly important parameter to estimate the
electrochemical performance of PEs. Figure 6a and Figure S17 show that the ionic
conductivity increases with an increase of PEGDA chain length. The ionic conductivity
of the PEGDA&o0-S-POSS with a longer PEG crosslinking chain and the controlled
networks formed via the thiol-Michael reaction is 5.0 x 10> S cm™ at 30 °C and 2.3 x
104S cm! at 60 °C, which is far higher than that of PEGDA00-S-POSS. This is because
the PEO chain segment motion depends on the ability to undergo conformational
changes. The PEGDA200-S-POSS with the short PEG chain possesses the rigid cross-
linked network, which is not beneficial to conducting the lithium ions effectively. The
ionic conductivity results are in accordance with the 7, change shown in DSC curves,
which further indicates that the controlled and flexible cross-linked PEG chain
contribute to the ion conduction. Besides the polymer chain length, the inclusion of
inorganic components in the polymer electrolytes is also an important avenue to
influence ionic conductivity. The observed high ionic conductivity and good
mechanical strength in the PEGDAg0o-S-POSS could be attributed to the uniform
hybrid network structure. For PEs based on PEGDA 00, PEGDAg00-S-POSS is the one
giving the highest ionic conductivity below 80 °C. At high temperatures (> 80 °C), all
PEs arrive the similar conductivity, implying that polymer chains in the PEs have

similar dynamics.
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The linear sweep voltammetry (LSV) curve of PEGDAs00o-S-POSS, which is
sandwiched between Li metal and SS, shows a stabilized current density up to 4.5 V
(Figure 6b), indicating that the PEGDAg0o-S-POSS PE exhibits a major anodic
decomposition potential at 4.5 V vs Li"/Li. This performance suggests a possible
application of the PEGDAs00-S-POSS in the working charge-discharge potential
window between 2.5-4.2 V because there is no significant decomposition reaction in
this voltage range, which is able to satisfy the demand of extensively used LiFePOg4
cathode in lithium ion batteries. In addition, the LSV shows an extremely slight and
broad reduction profile in the 0.7-1.4 V range, revealing that a solid electrolyte interface
(SEI) layer is formed. From the chart of the AC impedance and DC polarization (Figure
S18), the Li" transference number (fri+) of PEGDAgo-S-POSS at 60 °C can be
calculated as 0.25. In order to explore the lithium electrodeposition in PEs, Li |
PEGDAGs00-S-POSS | Li cells were prepared to execute galvanostatic cycling
experiments at 60 °C. To evaluate the long-term cycling stability of the LIBs based on
the polymer electrolytes fabricated via lithium salt-induced thiol-Michael reaction, the
symmetric Li | PEGDAg00-S-POSS | Li cells were prepared to execute galvanostatic
cycling experiments at 60 °C. To simulate the lithium stripping/plating process, we
designed a cycling procedure of three-hours for both charge and discharge with a
current density of 0.05 mA cm (Figure 6¢). The voltage-time curve is flat and stable,
no decrease in the voltage and no short circuit were observed with a constant
polarization for up to 1270 h, demonstrating the good compatibility between the PE and

the lithium metal surface. Besides, the impedance evolution is used to evaluate the
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interfacial stability of the polymer electrolytes. Figure S19 shows the nyquist plot of
Li | PEGDAg0-S-POSS | Li symmetric cell at 60 °C with varying storage time. The
diameter of distorted semicircle corresponds to the interfacial resistance (R;) of
PEGDAG00-S-POSS | Li. R decreased as the storage time increased, and stabilized after
7 days, suggesting a good interfacial stability between PEGDAgoo-S-POSS and Li
electrodes.®® The stable interface is beneficial to reducing the solid-state interface
impedance and improving the embedding/de-embedding efficiency of lithium ions on

the electrode, and the cycle stability of LIBs can be thus improved.
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Figure 7. (2) Cycle performance of Li | PEGDAgo-S-POSS | LFP cell under galvanostatic cycling
at 0.1C and 0.5C rates. (b) Charge-discharge curves at 0.1C with PEGDAs00-S-POSS electrolyte
showing low capacity loss and little overpotential. (c) Charge-discharge curves at 0.1C (15 mA g!),
0.2C (30 mA g), 0.5C (75 mA g, and 1C (150 mA g!), which respectively shows a discharge
capacity of 149 mAh g, 145 mA h g, 134 mAh g, and 112 mAh g'. (d) Cycling of Li |
PEGDA00-S-POSS | LFP battery at 0.1C, 0.2C, 0.5C, and 1C. All experiments were conducted at
60 °C.
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To study the potential of the PEGDAs00-S-POSS PE, LIBs were assembled by
combining it with LiFePO4 (LFP) as cathode and lithium metal as anode. Galvanostatic
cycling measurements were conducted under 60 °C at a specific current of 0.1C to
explore the cycle performance of the PE in the 2.5-4.2 V voltage range (Figure 7a).
The PE maintained a specific capacity of 146 mAh g™ and a coulombic efficiency of
99.8% after 210 cycles. Moreover, the performance of galvanostatic cycling at 0.5C
shows little capacity decay and maintains a high coulombic efficiency (99.9%) after
200 cycles. The charge-discharge performance under a constant current (0.1C) at 60 °C
is shown in Figure 7b. The charge and discharge plateaus are observed at 3.49 V and
3.38 V vs Li'/Li, respectively, demonstrating the de-intercalation and intercalation of
lithium ion. The charge specific capacity is slightly higher than the discharge specific
capacity. However, the difference between charge and discharge plateaus decreases as
the charging/discharging process keeps going, illustrating that the reversible reaction
contributes to the stabilization of the interface. Figure 7¢ shows the discharge profiles
of Li | PEGDAG0o-S-POSS | LFP with charge-discharge current densities over the 0.1-
1C range. A discharge capacity of 149 mAh g™ and a coulombic efficiency of 99.8%
are obtained at 0.1C. As the current density increases, the discharge capacity slightly
decreased but was nevertheless maintained at relatively high levels (145 mA h g™ at
0.2C, 134 mAh g! at 0.5C, and 112 mAh g at 1C). The lithium battery was tested at
different rates to study the durable rate capacity of the PE. The specific capacity at each
current density of the Li | PEGDAg0-S-POSS | LFP battery is depicted in Figure 7d.

The reversible capacity at 0.2C is 145 mAh g!, which is comparably high and nearly
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equal to the capacity of 0.1C. The reversible capacity at 0.5C and 1C is 134 mAh g!
and 112 mAh g'! respectively, which is approximately 90% and 75% of that at 0.1C.
More importantly, when the charge-discharge current densities returned to 0.1C, a
reversible discharge capacity around 148 mAh g™! was recovered, demonstrating that

the LIBs prepared by using the PEGD As00-S-POSS PE have outstanding rate capability.

CONCLUSIONS

As evidenced above, well-defined cross-linked polymer electrolytes based on PEGDA
were successfully prepared by a self-catalyzed strategy using base-catalyzed thiol-
Michael addition in the presence of lithium (or other alkali metal) salts. In this reaction,
the lithium salts act as ion sources and co-catalysts simultaneously. The accelerating
action could be correlated with the decrease of electron density in the acrylate vinyl
group caused by the interaction between the alkali metal cation and the carbonyl oxygen
from acrylate group. This interaction assists the simultaneous delivery of the
nucleophilic thiolate anion to the vinyl Cp atom and of a proton from a free thiol to the
C. atom. The different equilibria between the ion pair and the free ions for the salts of
different alkali metal cations seems responsible for the stronger accelerating factor
exhibited for the salts of the smaller Li cation. The PEs exhibited improved ionic
conductivity and thermal stability. Moreover, the Li | PEGDAe00-S-POSS | LFP cells
possessed stable cycling performance. This work paves the way to the development of

high-performance polymer batteries via a reliable self-catalyzed strategy.
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