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Abstract 11 

Solid-state electrolytes (SSEs) formed inside an electrochemical cell by Lewis Acid salt-initiated 12 

polymerization of a liquid precursor provide a promising strategy for overcoming problems with 13 

electrolyte wetting and access to active electrode components in solid-state batteries. Hybrid solid-14 

state polymer electrolytes (HSPEs) created by in-situ polymerization of a conventional liquid 15 

precursor containing electrochemically inert nanostructures that are well-dispersed in the SSE are 16 

of particular interest because they offer a mechanism for selectively reinforcing or adding 17 

functionality to the electrolyte in all components of an electrochemical cell — removing the need 18 

for high degrees of polymerization and long formation times to achieve desirable electrolyte 19 

properties. We report on the synthesis, structure, chemical kinetics, and electrochemical 20 

characteristics of HSPEs created by Al(OTf)3-initiated polymerization of 1,3-dioxolane (DOL) 21 

containing hairy, nano-sized SiO2 particles. Small-angle x-ray scattering analysis reveals the 22 

particles are well-dispersed in DOL. Polymerization kinetics are observed through time-dependent 23 
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mechanical property measurements, which reveal altered macrokinetics of ring-opening reaction 24 

upon addition of hairy nanoparticles (HNPs). Strong interaction between poly(ethylene glycol) 25 

(PEG) molecules tethered to the SiO2 particles and poly(DOL) lead to co-crystallization —26 

anchoring the nanoparticles in their host. It also enables polymerization-depolymerization 27 

processes in DOL to be studied and controlled. To demonstrate the utility of the in-situ formed 28 

HSPE, we first create Li|HSPE|Cu electrochemical half cells in which the HSPE is formed by ring-29 

opening polymerization of DOL in the presence of HNPs, LiNO3, and LiTFSI. These cells manifest 30 

Coulombic efficiencies (CE) values approaching 99% and stable long-term cycling. As a final 31 

proof of concept, we create solid-state Lithium-Sulfur full-cell batteries, which utilize a sulfur-32 

polyacrylonitrile (SPAN) composite material as cathode. The in-situ formed Li|HSPE|SPAN cells 33 

show good cycling stability and thus provide a promising path towards all-solid-state batteries 34 

created by in-situ formation of mechanically strong SPEs. 35 
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Main text begins: 36 

Solid-state rechargeable batteries have in recent years drawn significant attention from researchers, 37 

as well as from investors —globally. An important aspect of their promise is that such batteries 38 

remove fundamental safety and performance barriers to high-energy, low-cost storage of electrical 39 

energy in cells that employ Li metal as anode.[1-3] Limited choices of electrolyte materials able to 40 

simultaneously meet the mechanical and electrochemical requirements of such cells slowed early 41 

progress towards cost-competitive, practical solid-state batteries by at least three decades.[3] This 42 

progress has noticeably quickened over the last decade as a number of solid-state electrolyte 43 

options, including inorganic solids (e.g. ceramics), organic polymers, and organic-inorganic 44 

hybrids, have emerged.[3] Solid state electrolytes (SSEs) based on inorganic glasses are 45 

conventionally thought to be attractive because they provide enhanced safety due to their non-46 

volatile nature, slower chemical reactions with the metallic Li electrode, as well as for their 47 

fundamental ability to mechanically retard non-planar/dendritic growth of the Li anode during 48 

repeated cycles of charge and discharge.[4,5] While significant progress in synthesis and fabrication 49 

of versions of these materials with high room-temperature ionic conductivity and good mechanical 50 

properties is a source for optimism about the future of solid-state batteries, poor/heterogeneous 51 

wetting of the many explicit and implicit interfaces at and in the battery electrodes, and recent 52 

observations that Li dendrites may selectively proliferate into microdefect networks in some solid 53 

ceramic electrolytes to short-circuit battery cells [6,7] continue to pose fundamental barriers to 54 

progress.  55 

An emerging practice is to fabricate the electrodes of solid-state battery cells with in-built ionic 56 

conducting pathways (i.e., fabricate the cell using solid-state catholyte & anolyte, in addition to 57 

the solid-state electrolyte), to enable uniform ion transport. This strategy while satisfying a perhaps 58 
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obvious requirement for maintaining good access to the electrochemically active materials in a 59 

solid-state battery electrode introduce as obvious shortcomings, mostly because it lowers the 60 

volumetric and specific capacity of the electrodes and, by adding new fabrication steps, may also 61 

increase battery cost. Solid polymer electrolytes (SPEs) can be tailored to respond to imposed 62 

stress and thermal fields to overcome the wettability challenges faced by SSEs. They may also be 63 

formulated to achieve low volatility, high chemical & electrochemical stability in contact with Li 64 

metal, while at the same time maintaining good-enough mechanical properties to suppress non-65 

planar/dendritic growth of the Li metal electrode.[5,8,9] Unfortunately, the most successful SPE 66 

(poly(ethylene oxide), PEO) is a semi-crystalline polymer, which crystallizes at temperatures in 67 

the range of 60 – 65°C. SPEs based on PEO polymer are therefore only able to achieve practically 68 

relevant ionic conductivity and meaningful ability to respond to stress or thermal fields to infiltrate 69 

the pores of the battery electrodes at temperatures somewhat above those targeted in the majority 70 

of applications.[10] 71 

As a first step towards a solution, we recently reported a process whereby liquid electrolyte 72 

precursors based on 1,3-dioxolane (DOL) may be transformed to produce a solid-state ion-73 

conducting material inside an electrochemical cell. The transformation is produced by initiating 74 

ring-opening polymerization of the liquid DOL using a Lewis acid salt (AlCl3, Al(OTf)3, etc.) 75 

dissolved in the electrolyte [11-14]. The approach has been shown to be effective in promoting 76 

reversible stripping and plating of Li by simultaneously limiting chemical and electrochemical side 77 

reactions with electrolyte components and promoting formation of stable solid electrolyte 78 

interfaces with Li. The solid-state electrolytes thus formed sustain stable cycling of Li||LFP full 79 

cells, provided suitable steps were taken to slow oxidative degradation of the poly(DOL) at the 80 

cathode and to limit corrosion of the cathode current collector by the Lewis acid initiator.[11]  A 81 
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drawback nonetheless is that the ring-opening polymerization reaction is reversible, meaning that 82 

a broad distribution of macromolecular species is present in the battery cell at any given time,[11,14] 83 

which while beneficial for achieving high room-temperature ionic conductivity, makes it 84 

impossible to create sufficiently high molecular weight polymers to achieve electrolytes with the 85 

mechanical characteristics required for a solid-state battery.  86 

Herein, we report on the synthesis, structure, thermal properties, and electrochemical 87 

characteristics of a family of hybrid SPEs formed inside an electrochemical cell. Created by 88 

Al(OTf)3-initiated ring-opening polymerization of 1,3-dioxolane (DOL)/PEG-SiO2 nanoparticle 89 

dispersions containing LiTFSI-LiNO3 salt mixtures, the hybrid SPEs preserve the favorable 90 

features of the first-generation, in-situ formed poly(DOL) SPEs but also offer enhanced ion-91 

transport, thermal and mechanical properties, which we attribute to the PEG-SiO2 nanoparticle 92 

component. Significantly, the beneficial effects of the PEG-SiO2 particles are already apparent at 93 

SiO2 volume fractions as low as 3%, where the particles result in faster development of poly(DOL) 94 

mechanical modulus and a more than doubling of the room-temperature ionic conductivity of 95 

poly(DOL). Additionally, the PEG-SiO2 nanoparticles produce dramatically lower activation 96 

energy barriers for ion transport — relative to electrolytes composed either of the pure poly(DOL) 97 

or pure PEG-SiO2 materials. Small-angle X-ray scattering, thermal analysis, mechanical 98 

characterizations were used to understand the structural, thermal, and mechanical factors 99 

responsible for these improvements. By means of electrochemical analysis in Li||Cu half cells and 100 

Li||SPAN (Sulfur/polyacrylonitrile) full cells, we report further, that the hybrid SPEs facilitate 101 

stable electrochemical cycling of batteries that employ Li metal anode.  102 

Polymer-ceramic hybrid materials provide a well-researched route for achieving free-standing 103 

SPEs with high mechanical strength and improved room temperature ionic conductivity (𝜎!").[5,15-104 



6 
 

17] While the first of these features is intuitive, the second is not —it is believed to originate from 105 

suppression of crystallization of the polymer component, which promotes wetting and ion 106 

transport. The notoriously poor colloidal stability of small inorganic particles in polymers render 107 

most hybrid SPE designs impractical.[15,18-21] SiO2 nanoparticles tethered with short (< 10 kDa 108 

molecular weight) PEG chains have been observed to form stable dispersions in polymers due to 109 

specific interactions between the dispersing medium and the tethered chains, enhanced particle 110 

curvature, and the fact that the space-filling constraint between tethers provides a strong 111 

thermodynamic incentive for polymer molecules not attached to the nanoparticles to fill the space 112 

between the cores.[22-25]  113 

Nanoparticles composed of high dielectric constant SiO2 nanocores (e = 3.6; dSiO2 ≈ (10 ± 2) nm) 114 

densely grafted with 5 kg/mol PEG chains were selected as candidates for the in-situ formed hybrid 115 

SPEs of interest in the present study. This choice was motivated by a number of considerations. 116 

The most important is that prior to ring-opening polymerization of DOL, it is essential to preserve 117 

simple, liquid-like flow properties in the DOL/PEG-SiO2 hybrid liquid electrolytes to facilitate 118 

complete wetting of all interfaces inside a battery cell. A colloidally stable, unform dispersion of 119 

nanoparticles in a liquid host is a requirement for achieving this goal. Additionally, the PEG chains 120 

may serve at least three beneficial purposes. First, a densely grafted layer of PEG chains on each 121 

SiO2 nanoparticle will enhance particle dispersion both by mechanisms outlined above and by the 122 

more obvious fact that the tethered chains will provide a steric barrier to prevent formation of 123 

particle aggregates. Second, by co-crystallizing with the host SPE molecules, the PEG chains will 124 

introduce disorder in crystalline domains of the host, reducing crystallite size and potentially 125 

lowering the SPE’s melting temperature; we will show later that this is consistent with what is 126 

observed in our experiments. Third, the tethered PEG oligomers are themselves capable of 127 
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conducting Li ions. It means that the hybrid SPEs will present both bulk and interfacial pathways 128 

for ions to move in the electrolyte, which could provide synergistic enhancement in ionic 129 

conductivity. We note further that the SiO2 cores impart other beneficial attributes. SiO2 particles 130 

are known, for example, for their ability as additives in polymeric systems as they improve 131 

mechanical strength [26,27,29], electrical and dielectric properties [28,30,32], and flame resistance [31,32]. 132 

As a final consideration, we point to studies on PEG-SiO2 hairy nanoparticles (HNPs) dispersed 133 

in poly(methyl methacrylate) (PMMA) which showed that the negative Flory-Huggins parameter, 134 

𝜒 < 0, between PEG and PMMA leads to very large enhancements in colloidal stability relative 135 

to what is achieved from the curvature and space filling effects discussed earlier.[33] Although the 136 

𝜒 parameter for PEG/poly(DOL) mixtures has not been reported,  results from thermal and small-137 

angle scattering measurements in a chemically similar system, poly(ethylene glycol) dimethyl 138 

ether (mPEGm)/PEG-SiO2 [34,35], reveal propensity for co-crystallization between the two 139 

chains.[36] 140 

 141 

Ionic conductivity and activation energy of hybrid Poly(DOL)/SiO2-PEG SPEs 142 

Figure 1 reports the ionic conductivity of SPEs composed of poly(DOL), PEG-SiO2, and 143 

poly(DOL)/ PEG-SiO2 hybrids as a function of temperature. In every case the electrolytes were 144 

doped with 2 M LiTFSI salt and conductivity measured through dielectric relaxation spectroscopy 145 

(DRS) in coin 2032 cells. The main finding is that the room-temperature conductivity increases by 146 

1.5 mS/cm (i.e., is more than doubled) upon introduction of PEG-SiO2 at a relatively moderate 147 

SiO2 core particle loading, 𝜙# = 2.7 vol.%. High room-temperature (RT) ionic conductivity 𝜎!" 148 

values have previously been reported for poly(DOL) [11], our observation is that  it is possible to 149 

further enhance these values by adding PEG-SiO2 nanoparticles to the materials. 150 
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We wondered whether the improvements in room temperature ionic conductivity for the 151 

poly(DOL) SPEs are a consequence of changes (e.g., slow-down) in the kinetics of ring-opening 152 

polymerization of DOL in the presence of the PEG-SiO2 nanoparticles. We evaluated how the 153 

ionic conductivity for the hybrid SPEs evolve during the polymerization reaction for a fixed 154 

concentration (10 mM) of the Al(OTf)3 initiator and fixed value of 𝜙# = 2.7 vol.%. In parallel we 155 

also studied how the dynamic elastic/storage, G’, and loss, G”, moduli of the hybrid SPE’s evolve 156 

with time. The results reported in Figure 1b show that within 1 hour of initiation, both moduli 157 

increase by nearly four orders of magnitude and reach stable steady-state values, indicating that at 158 

10 mM Al(OTf)3 the polymerization reaction progresses quite efficiently, at least in comparison 159 

to the pure poly(DOL) case reported later in Figure 3a. This behavior is like what is observed for 160 

𝜎!", which reaches a value of approximately 0.36 mS/cm after 1 hour and maintains conductivities 161 

close to that value (e.g., 0.32 mS/cm) after ten days. 162 

More remarkable, however, is how the temperature-dependent ionic conductivity 𝜎(T) evolves 163 

with time. Specifically, we observe a gradual transition from Volger-Fulcher-Tammann (VFT) to 164 

Arrhenius behavior as time increases. To understand this behavior, we note first that the VFT 165 

(log 𝜎 = log𝜎$ −
%

&!("(""#)
) and Arrhenius (log 𝜎 = log 𝜎$ −

*$
&!"
) models for ionic transport in 166 

SPEs differ primarily in the assumed mechanisms by which ions move in materials. The 167 

differences are reflected in the activation energy, 𝐸+, and apparent activation energy, B, barriers 168 

for the transport. Here 𝜎$ is a preexponential factor, 𝑇 is the absolute temperature, 𝑘% 	the 169 

Boltzmann constant, 𝑇,- ≅ 𝑇. − 50, is termed the Vogel-Fulcher temperature, 𝑇. being the glass 170 

transition temperature of the SPE, which is determined to be 183 K for poly(DOL) with 10 mM 171 

Al(OTf)3. It is apparent that the two models approximately converge when the thermodynamic 172 

temperature is recast as the temperature distance from the glass transition. Thus, while the VFT 173 
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model assumes that ions in a SPE move by a combination of normal diffusion through the medium 174 

and by coupled glassy motions of polymer chain segments, the Arrhenius model imagines that 175 

diffusion alone governs ion transport. This can be understood in physical terms by noting that 176 

when a material is cooled, density increases and the free volume decreases. Consequently, 177 

segmental motion is arrested, and ions can only move via diffusion.[37-39] The transition from VFT 178 

to Arrhenius within 24 hours of polymerization can then be understood to reflect gradual arrest of 179 

the segmental motions such that the coupled ion and chain dynamics characteristic of VFT changes 180 

to a dominantly ion-hopping/diffusion- based transport process. 181 

Although both Arrhenius and VFT models can fit the 𝜎(T) curves well at all times, the VFT model 182 

fits the data best for the first 5 hours of polymerization, and the Arrhenius expression is best 183 

employed thereafter. In the first 5 hours, 𝐸+ is 0.71 ± 0.01 kJ/mol and is analyzed best using VFT 184 

fit. There is an increase in 𝐵 ≈ 𝐸+ post 5 hour of polymerization along with a shift from VFT to 185 

Arrhenius-like behavior, with a constant 𝐵 of 0.38 ± 0.021 kJ/mol observed over a period of 10 186 

days, post the 5th hour. Curiously, decreasing the initiator content by ten-fold causes the 187 

conductivity value to increase by ten-fold, as seen in the case of 1 mM Al(OTf)3 poly(DOL) with 188 

𝜎!" = 3.75 mS/cm. As will be observed in the mechanical responses, lowering initiator content 189 

increases the molecular weight of the resulting poly(DOL), which in turn makes chains more 190 

flexible and less crystalline. Previous studies reported that the addition of 1 mM Al(OTf)3 resulted 191 

in poly(DOL) with 𝑀/ of 8.5 kg/mol, 𝑀0 of 15 kg/mol (Polydispersity, 𝑃𝐷𝐼 = 𝑀0/𝑀/ ≈ 1.8), 192 

and DOL/poly(DOL) ratio of 14%.[11] The remaining unreacted DOL fraction in the system has 193 

been reported to further enhance the room-temperature ionic conductivity. Compared to 194 

poly(DOL) at the same 1mM initiator concentration and self-suspended PEG-SiO2 (𝜙# = 15 195 

vol.%), the hybrid SPE with 𝜙# = 2.7 vol.% possesses the highest RT conductivity 𝜎!" = 3.75 196 
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mS/cm as well as the lowest activation energy 𝐸+ = 4.6 kJ/mol and maintain the highest 𝜎!" out 197 

of the three electrolyte systems within the experimental 50 K window. Addition of LiNO3 198 

expectedly increases 𝜎!" to 4.55 mS/cm and decreases 𝐸+ to 4.2 kJ/mol (Figure S3) due to higher 199 

mobile DOL fraction, as reflected in the lower moduli 𝐺11 and 𝐺1 (Figure 3d). In contrast, self-200 

suspended PEG-SiO2 possess extremely low 𝜎!" of 0.2 nS/cm and significantly higher 𝐸+ of 32 201 

kJ/mol. It has been reported that self-suspended PEG-SiO2 behave as so-called soft glassy 202 

solids.[22,24,34,35,40] Two of the reported consequences include the change in PEG tethers to stretched 203 

conformation[24,34] as well as the caging phenomenon that is seen in strain-dependent mechanical 204 

property measurements (Figure S11).[22,24,35,40]  205 
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Figure 1. Temperature-dependent conductivities of neat and hybrid samples probed through 207 

dielectric relaxation spectroscopy (DRS). (a) The conductivities of poly(DOL) (1 mM Al(OTf)3, 208 

green open circles and 10 mM Al(OTf)3, blue open stars), self-suspended PEG-SiO2 HNPs (𝜙# = 209 

15 vol.%, orange closed circles), and hybrid system composed of both (𝜙# = 2.7 vol.%, red open 210 

diamonds). All samples include 2 M LiTFSI salt. (b) Temperature-dependent DC conductivity of 211 

hybrid system (𝜙# = 2.7 vol.%) polymerized with 10 mM Al(OTf)3 for the 1st and 5th hour (as 212 

insets, shown with respect to time sweep result from Figure 2c), 24th hour, 29th hour, 48th hour, 213 

and 10th day of polymerization. Conductivity values shown in plots are room temperature 214 

conductivity and 𝐸+ values were fit either by Volger-Fulcher-Tammann (VFT) fit or Arrhenius 215 

depending on the best fit. Some error bars are smaller than the size of the scatter plot data points. 216 

Each DRS measurement was done over two samples and three iterations. 217 

 218 

Structure and nanoparticle dispersion in hybrid SPEs 219 

We used small-angle X-ray scattering (SAXS) to study the dispersion of PEG-SiO2 nanoparticles 220 

in the hybrid poly(DOL)/PEG-SiO2 SPEs. Figure 2 reports our findings for HSPEs at different 221 

Al(OTf)3 initiator concentrations. The results in Figure 2a shows that the scattered intensity 𝐼(𝑞) 222 

exhibits a plateau in the low 𝑞 region and a scaling of 𝑞(2 in the high 𝑞 region, for all initiator 223 

contents. Both characteristics are known features of scattering from dispersions well-distributed 224 

and unaggregated spheres.[34,41] Further insight on the dispersion state can be obtained by analyzing 225 

the structure factor 𝑆(𝑞). Based on previous experimental and theoretical studies[42-44], the peak in 226 

𝑆(𝑞) at the lowest 𝑞 = 𝑞3 value reflects the repulsive interactions between hairy nanoparticles, 227 

while the peak at the next lowest 𝑞 = 𝑞4 reflects entropic attractions between PEG tethers. The 228 

interparticle distance is then defined as 𝑑5(5 = 2𝜋/𝑞3 while distance between tethers can be 229 

estimated as 2𝜋/𝑞4.  230 

Figure 2c indicates that both distances increase with increasing initiator content. This trend is 231 

typically observed with the dilution of homogeneous particle suspension, with larger interparticle 232 
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distances caused by less correlated cores.[35] The entropic attraction between tethers naturally 233 

decreases with dilution as it weakens the space-filling constraint of the tethers.[35] The increasing 234 

initiator concentration possesses similar effect as dilution, with both 2𝜋/𝑞3 and 2𝜋/𝑞4 increases 235 

with Al(OTf)3 content. Radical polymerization including the ring-opening polymerization of DOL 236 

monomers is known to have the resulting polymer chain numbers depending significantly on 237 

initiator content. With higher initiator content, more radical sites are introduced during initiation 238 

process and during polymerization, higher termination rate at lower chain length is typically 239 

achieved.[45,46] This creates a greater number of shorter chains distributed throughout the system. 240 

These chains can behave similarly to solvent molecules surrounding the HNPs, thus increasing 241 

Al(OTf)3 content has a similar effect to dilution. The polymerization process and kinetics of this 242 

hybrid system is further discussed through time sweep rheology measurement. The interparticle 243 

distance of self-suspended HNPs with 𝜙# = 11 vol.% is also presented in Figure 2c. It indicates 244 

that at the solvent-less, self-suspended form, the interparticle distance is 𝑑5(5 = 19 nm. This value 245 

is in a good agreement with estimated value from random close-packing model (𝑑5(5 = 18 nm, 246 

Equations S3,S4). 247 
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 248 

Figure 2. Small angle X-ray scattering (SAXS) profiles to determine structure of PEG-SiO2 249 

HNPs/poly(DOL) hybrid material. (a) Intensity profile and (b) structure factor of 250 

HNPs/poly(DOL) with 𝜙# = 2.7 vol.% with initiator Al(OTf)3 content varying from 10 to 50 mM. 251 

(d) Structure factor analysis gives interparticle distance 𝑑5(5 (red data points) and distance 252 

between tethers (green data points) as described in the diagram (c), as well as structure factor at 𝑞 253 

= 0. Dashed lines in (d) represent result for self-suspended HNPs with 𝜙# = 11 vol.%. Each 254 

measurement was done over two samples and three iterations. 255 

 256 

The Structure factor in the limit of zero wave vector 𝑆(0) is related to the isothermal 257 

compressibility of the material, which in the case of the hybrid SPEs reflects the ease with which 258 

long-range fluctuations in particle density can grow.[47,48] The results reported in Figure 2d 259 

indicate that density fluctuations initially decrease with increasing Al(OTf)3 concentration, but 260 
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thereafter are largely insensitive  to the initiator concentration. It was previously observed that the 261 

largest effect on 𝑆(0) comes from two main sources: (i) poor dispersion of hairy nanoparticles in 262 

a host material [49]; and (ii) polydispersity in grafting density [42] of the hairy nanoparticles, i.e., 263 

particles are composed of different number of tethers and this difference has a small but observable 264 

effect on the long-range density fluctuations. As the PEG-SiO2 particle chemistry and 265 

concentration of DOL remains essentially unchanged with the changing initiator content, our 266 

results indicate that the SiO2 nanocore dispersion in the poly(DOL) host remains largely 267 

unchanged. This result is consistent with the gross behaviors observed in 𝐼(𝑞) as well as 𝑆(𝑞) and 268 

confirm the anticipated benefits of constructing hybrid SPEs using polymerizable DOL and PEG-269 

SiO2 hairy nanoparticles as the structural building blocks.  270 

 271 

Ring-opening polymerization kinetics 272 

Considering the beneficial effects of the PEG-SiO2 nanoparticles on room temperature ionic 273 

conductivity of the hybrid SPEs, an open question is whether nanoparticles achieve this effect by 274 

interfering in some way with the ring-opening polymerization of DOL. We investigated the 275 

polymerization reaction kinetics of 1,3-dioxolane (DOL) at room temperature by measuring the 276 

time-dependent evolution of the mechanical loss, 𝐺11,  and storage, 𝐺1, moduli (Figure 3a). Similar 277 

so-called “time sweep” mechanical measurements have been used to observe processes such as 278 

polymer degradation, crosslinking, and phase separation[50-52] that lead to time-dependent changes 279 

in polymer molecular weight and/or structure. A similar approach was also reported in our previous 280 

work for interrogating time-dependent growth of poly(DOL) when DOL is exposed to Al(OTf)3.[11] 281 

As DOL monomers propagate to create longer poly(DOL) chains, both the elasticity, as measured 282 

by 𝐺1, and the fluidity, as measured by  𝐺11, of the hybrid SPEs are expected to change as a function 283 
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of time. The results reported in Figure 3 indicate that both  𝐺11 and 𝐺1 rise rapidly at first and 284 

plateau after approximately 20 minutes, with the 𝐺11 plateau typically larger than the plateau in 𝐺1. 285 

This observation indicates that the fully polymerized SPEs are likely composed of low-molar-286 

mass, unentangled polymer chains. It is also considered favorable for an electrolyte because 287 

viscous rather than elastic properties of the materials dominate, creating a structure with relatively 288 

low resistance to ion motion and deformation.[53-55] The inset to Figure 3a reports the effect of 289 

shear strain, 𝛾, on 𝐺11 and 𝐺1after the plateau is observed, at the 30-minute time point during the 290 

polymerization reaction. The results show that irrespective of the imposed strain, the hybrid SPE 291 

response is dominated by viscous stresses that become less strain dependent as shear strain rises. 292 

This leads to so-called shear-thinning behavior, which is a commonly seen characteristic of 293 

amorphous, linear polymers.[53]  294 

It is known, however, that ether-based polymers like poly(DOL) are semi-crystalline materials at 295 

room temperature.[10] Crystallization creates discrete domains in the materials in which many 296 

individual polymer chains are localized. This yields entanglement-like effects and elasticity in a 297 

macroscopic material. Evidence of both behaviors are seen in long-time moduli measurements 298 

reported in Figures 3a and 3b where a cross-over from viscous to elastic dominant behavior is 299 

observed, which is followed by another plateau regime where 𝐺1 > 𝐺11. In this latter regime moduli 300 

values reach 106 Pa and are comparable to those expected in melts of very high molecular weight 301 

polyethers.[56] The second-stage moduli growth, and enhanced elasticity coincides with 302 

observations of a recrystallization peak in differential scanning calorimetry (DSC) measurements 303 

(Figure S4), consistent with its connection to crystallization of the poly(DOL). 304 

As higher initiator content is often correlated to faster polymerization kinetics and shorter polymer 305 

chains[46], the characteristic times for appearance of the first plateau would be expected to decrease 306 
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with increasing Al(OTf)3 concentration, which is precisely what is observed (Figure S9). We 307 

define two characteristic times for the process. The first corresponds to the time (𝑡5) at which the 308 

first plateau is formed, and is considered a feature of the amorphous poly(DOL) polymer; the 309 

second time-scale (𝑡#) at which the second, elasticity-dominant, plateau is observed is attributable 310 

to formation of  semicrystalline domains in the polymer. Indeed, while shorter polymer chains tend 311 

to crystallize more readily, they are known to possess lower mechanical strength (Figure S5).[55] 312 

 313 

Figure 3. Time-dependent dynamic shear flow measurements are used to study changes in 314 

polymerization kinetics induced by PEG-SiO2 HNPs in a poly(DOL) SPE. (a) Time sweep 315 

measurement of DOL monomers polymerized with 10 mM Al(OTf)3 with the addition of: (b) 10 316 

mM LiNO3, (c) PEG-SiO2 HNPs (𝜙# = 2.7 vol.%). (d) DOL polymerized with 1 mM Al(OTf)3 317 

with PEG-SiO2 HNPs (𝜙# = 2.7 vol.%). This sample was measured using 25 mm cone and plate 318 
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geometry to ensure torque values above instrument’s lower limit. The inset in (d) shows hybrid 1 319 

mM initiator system with the addition of 2 M LiTFSI. The inset in (a) represents a strain sweep at 320 

30-minute time-point during polymerization. The schematics of polymerization process going 321 

from monomers to amorphous polymer to polymer crystals were displayed in (a). Dashed line in 322 

(b) shows data point from (a) as a comparison between poly(DOL) polymerization with and 323 

without LiNO3. The inset in (c) shows clearer peaks in 𝐺11 and 𝐺1 at early time. All room 324 

temperature time sweep measurements were carried out at angular frequency of 𝜔 = 10 rad/s and 325 

strain of 𝛾 = 5%. Strain sweep was measured also at RT and 𝜔 = 10 rad/s. Al(OTf)3 contents of 1, 326 

20 – 50 mM for each type of sample are shown in Figures S5 and S6. 327 

 328 

The results reported in Figure 3c indicate that hairy PEG-SiO2 HNPs have profound effects on the 329 

evolution of both 𝐺11 and 𝐺1 during polymerization of DOL. Specifically, as seen in the inset to 330 

Figure 3c, peaks in 𝐺11 and 𝐺1 are observed at early times before either modulus reaches the first 331 

plateau. The number of peaks is reduced and the spacing between peaks lowered with increasing 332 

Al(OTf)3 concentration (Figure S6), such that at 50 mM Al(OTf)3 only a single modulus peak is 333 

observed. It is conjectured that the strong interaction between PEG tethers and poly(DOL) is 334 

responsible for both observations. In the first place (i.e., before the formed poly(DOL) 335 

crystallizes), such interactions retard poly(DOL) chain growth by extending the observational 336 

window for the reversible polymerization – depolymerization reaction. This effect should 337 

disappear as the initiation rate for the ring-opening reaction becomes higher at higher Al(OTf)3 338 

concentration, which is consistent with what we observe.   339 

The time at which the first 𝐺′ peak (𝑡5&) is observed is reported in Figure S9. The results show that 340 

𝑡5& manifests an appreciable change with initiator content, which is again in line with our 341 

hypothesis that interactions of the PEG tethers and the poly(DOL) hinders polymer chain growth 342 

in the amorphous regime. Previous studies of radical polymerization in the presence of inorganic 343 

fillers, [57-59] show that there is normally a decrease of polymerization rate in the presence of filler 344 
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particles, attributed to interactions between fillers and monomers/polymers. Results reported in 345 

previous study[57] reveal, further, that fractions of macroradicals are immobilized in the interface 346 

region. The reduced compatibility between filler particles and growing macroradicals produces 347 

polymer chains with higher average molecular weight. This finding is consistent with our 348 

observation of increasing 𝐺11 and 𝐺1 with increasing Al(OTf)3 concentration as opposed to the 349 

opposite trend for poly(DOL) without PEG-SiO2 nanoparticles. Other studies[58,59] made similar 350 

observations, noting that polymers adsorption on ceramic filler particles can drive spontaneous de-351 

wetting of the particles by the suspending medium, producing phase separation near the filler 352 

surface. 353 

Normally an increase in initiator concentration would lead to enhanced polymerization rate along 354 

with decreasing mechanical strength [45,46,60,61]. For the hybrid SPEs, however, we find more 355 

complex behaviors. In Figure S10, equilibrium moduli  𝐺7811  and 𝐺781 , normalized to initial moduli 356 

𝐺$11 and 𝐺$1 , reveal that 𝐺7811 /𝐺$11 and 𝐺781 /𝐺$1  both increase with Al(OTf)3 concentration. There is 357 

also a more rapid increase in 𝐺1 compared to 𝐺11; the difference becomes larger as the Al(OTf)3 358 

concentration increases. As the viscous portion of bulk material is reflected in the loss modulus, 359 

𝐺11, we infer that there is a gradual arrest to the viscous dynamics in the system as initiator content 360 

is raised. This agrees with the observation of higher crystallinity in poly(DOL) synthesized at 361 

higher Al(OTf)3 concentration, as well as with the lack the entanglements of the relatively shorter 362 

polymer chains.[54,55] Increasing Al(OTf)3 concentration also causes a longer equilibrium time (𝑡78) 363 

(Figure S9). For the SPE with 1 mM added Al(OTf)3, however, the normalized moduli are higher 364 

in comparison to the 10 mM case. It is conjectured that as polymerization proceeds, 𝑀0 in the 365 

orders of 15 kg/mol is reached.[11] This value is larger than the predicted entanglement molecular 366 
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weight of poly(DOL) (𝑀7 ≈ 1.2 kg/mol [11]), resulting in an entangled poly(DOL) that expectedly 367 

has larger moduli than the shorter, unentangled poly(DOL) chains. 368 

PEG chains tethered to particles facilitate mixing with host polymers such as PMMA, which 369 

exhibit strong enthalpic interactions with PEG.[62] These interactions have been reported to lead to 370 

slower dynamics of the host material, increasing the average relaxation time of PEG-371 

SiO2/PMMA[62] composites. They also alter the melting point and recrystallization temperature of 372 

PEG-SiO2/mPEG due to co-crystallization of mPEG hosts and the tethered PEG chains.[35,36] Co-373 

crystallization is observed in our PEG-SiO2/poly(DOL) hybrids as  a single recrystallization peak 374 

in DSC measurements reported in Figure S4. The results show further that both the crystallization 375 

and melting peaks are shifted to lower temperatures than seen in either pure poly(DOL) or the self-376 

suspended PEG-SiO2, indicating the inhibition of crystallization is mutual and strong. These 377 

findings confirm that the tethered chains interact strongly with the poly(DOL), providing a 378 

straightforward explanation for the uniform  distribution of particles observed from the SAXS 𝐼(𝑞) 379 

profile (Figure 2a). 380 

The role of Lithium nitrate (LiNO3)  as an electrolyte additive for stabilizing the interfaces formed 381 

between ether-based electrolytes, including DOL and dimethylether (DME), and metallic Li 382 

anodes is well-known [63,64,76] and extensively studied, particularly in the context of Lithium-Sulfur 383 

(Li-S) batteries.[63,64,69] LiNO3 is also thought to be advantageous in Li-S batteries because it 384 

inhibits lithium polysulfide (LiPS) shuttling,[67,68] which improves the cell-level cycling efficiency 385 

in ether-based electrolytes.[69,70] Although the source of these improvements is conventionally 386 

thought to be the unique chemistry and physical properties of the interfacial materials phases 387 

(interphases) ether-LiNO3-LiPS mixtures form upon chemical and electrochemical reduction at a 388 

Li electrode, our recent study indicates that LiNO3 may also produce strong coupling between 389 
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ether oxygens to produce polymer-like bulk material behavior in liquid ethers.[11,65] Paired with 390 

LiFSI, infrared spectroscopy in fact shows that cyclic DOL molecules are highly strained in the 391 

presence of LiNO3 and appear less prone to undergo ring-opening polymerization. Figure 3b 392 

compares the time-dependent growth of  𝐺11 and 𝐺1 in Al(OTf)3-initiated polymerization of DOL 393 

in systems with (data points) and without (dashed line) LiNO3. We find that the greatest effects of 394 

LiNO3 is in increasing the induction time before the moduli begin to grow. Once the growth starts, 395 

LiNO3 does not appear to have any significant effect on the polymerization reaction kinetics. The 396 

plateau 𝐺1′ and 𝐺1values are also largely insensitive to LiNO3, implying that the poly(DOL) 397 

structure in both the amorphous and crystalline state are unaffected by LiNO3. Our results therefore 398 

imply that LiNO3 is perhaps better thought of as a retardant than an inhibitor for the ring-opening 399 

polymerization of DOL. Importantly, we show in Figures S7 and S8 that these findings hold true 400 

for all measured Al(OTf)3 concentrations. Retarders typically produce slightly larger rate of 401 

secondary radical generation, compared to primary radical generation (𝑘!4 𝑘!3⁄ < 10), resulting 402 

in secondary radicals with chemical and electronic structure, polarity, and stereochemical 403 

properties different than those of the propagating radicals.[66] This also means that they have 404 

different reactivity, which  may alter macrokinetics depending on the rate of reaction between the 405 

secondary radicals and monomer molecules, features that will require further study. 406 

Figure 3d reports the time-dependent moduli during polymerization of DOL in electrolytes 407 

containing both LiNO3 and PEG-SiO2 hairy nanoparticles. At low Al(OTf)3 concentration (i.e., 1 408 

mM), the depolymerization reaction dominates over ring-opening polymerization, and the moduli 409 

are low. As the Al(OTf)3 concentration is increased, the forward polymerization begins to 410 

dominate and an equilibrium elastic modulus, 𝐺1 of 109 Pa is achieved at 50 mM Al(OTf)3. We 411 

employ hybrid poly(DOL) synthesized with 1 mM Al(OTf)3 initiator for all electrochemical 412 
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studies to follow. This initiator concentration is twice that used by Zhao, et al.[11] and is deliberately 413 

chosen to  achieve larger degrees of ring-opening polymerization. We will show later that LiNO3 414 

plays a crucial role as a salt additive in such electrolytes, allowing Li to achieve highly reversible 415 

cycling when poly(DOL)/PEG-SiO2 hybrid SPEs are employed as electrolytes in battery cells. 416 

   417 

Electrochemical cycling of Li anodes in poly(DOL)/PEG-SiO2 hybrid SPEs 418 

Results in Figure 4a indicate that the coulombic efficiency (CE) of hairy nanoparticles-containing 419 

hybrid electrolyte (orange circles) in Li||Cu electrochemical cell is improved markedly to values 420 

as high as 99% upon addition of LiNO3 to these electrolytes. A similar effect is seen for liquid 421 

DOL electrolyte (black circles), where addition of LiNO3 also produces an increase of the CE to 422 

values as high as 97%. In the case of DOL, it was reported [65] that CE values as high as 99% could 423 

be achieved in dual-salt electrolytes containing both LiTFSI and LiNO3. This effect was also 424 

observed for other electrolytes such as ethylene carbonate (EC), dimethyl carbonate (DMC), and 425 

dimethoxyethane (DME).[65] Polymerization from DOL to poly(DOL) reportedly also increases 426 

the CE.[11] The addition of LiNO3 has been reported to lower DOL reactivity over a wide potential 427 

range, which is likely also partially responsible for the large improvements in CE observed. 428 

Chronoamperometry measurements using HSPEs with 𝜙# = 2.7%, with and without the addition 429 

of 0.5 M LiNO3 (Figure S12), support these conclusions. In these experiments we held the voltage 430 

fixed at progressively lower values, approaching the Li electrode reduction potential. The 431 

measured leakage current at the intermediate voltages reflect reduction of electroactive species in 432 

the electrolyte, including the PEG chains tethered to the HNPs our case.[75] The results show that 433 

the leakage currents from the in-situ formed poly(DOL) hybrid electrolytes containing LiNO3 are 434 

generally lower. 435 
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Previous works highlight the role of LiNO3 additive in creating a stable layer that limit contact 436 

between electrolyte and Li-metal.[44,67,69,76] This passivation layer allows for a more homogenenous 437 

SEI.[77-78] To evaluate the first effect, electrochemical impedance spectroscopy (EIS) was 438 

performed for both systems  in Li||Cu electrochemical cell upon holding potential for 1000 s at 0.2 439 

V (Figure S12). It is seen that interfacial impedance of HNPs/PolyDOL with LiNO3 is lower 440 

compared to the hybrid system without LiNO3, indicated by the smaller semicircle in the imaginary 441 

impedance 𝐼𝑚(𝑍) – real impedance 𝑅𝑒(𝑍) plot. This Nyquist plot shows a single semicircle for 442 

both systems, and the bulk resistance can be fitted in series with a charge-transfer resistance that 443 

is in parallel with a double-layer capacitance.[79] This results in interfacial resistance of 107 Ω for 444 

hybrid without LiNO3 and a lower value of 76.5 Ω for hybrid electrolytes the contain LiNO3. When 445 

the impedance is evaluated after different potential steps in chronoamperometry (Figure S12), 446 

hybrid electrolyte containing LiNO3 is seen to possess high interfacial stability with a uniform 447 

value of impedance while the electrolyte without shows increasing value of interfacial impedance 448 

with more reduction at lower potential. There is an increase in the interfacial impedance of HSPEs 449 

compared to poly(DOL) SPEs in Li||Li electrochemical cell due to the addition of PEG-SiO2 HNPs 450 

(Figure S13). It is expected that HNPs add to the thickness and composition of the SEI, thus adding 451 

to the interfacial resistance. Results from scanning electron microscopy (SEM) paired with energy-452 

dispersive X-ray spectrosopy (EDS) on lithium plated on copper foil at 10 mAh/cm2 indicates the 453 

presence of well-distributed elemental silicon without any large aggregates observed (Figure S14).  454 

As an initial proof of concept and to illustrate the potential practical benefits of our HSPEs we 455 

fabricated Li-S batteries composed of Sulfur/polyacrylonitrile (sPAN) cathode (Figure 4c), 456 

metallic Li foil as anode, and the HSPE (𝜙# = 2.7%) with and without 0.5 M LiNO3 as electrolyte.  457 

The results show that, but for the first cycle, the CE for the HSPEs is high and stable. After an 458 
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initial period of decay, the discharge capacity (Figure 4c) also shows good stability at constant 459 

current density, as well as good responsiveness to changes in current density (Figure 4d)  in the 460 

range 0.1 mA/cm2 (=0.1C) to 1 mA/cm2 (=1.0C). Notably, when the C-rate is reduced to its original 461 

value of 0.1C following higher rate cycling, a good capacity retention of ~90% is seen compared 462 

to the steady value of the first few cycles. Previous Li||sPAN results for DOL/DME electrolyte 463 

resulted in more than 60% capacity loss within the first 50 cycles[81]. A decay in capacity was also 464 

observed in Li||sPAN for HSPEs due to DOL electrolyte reaction with sPAN, which produces 465 

lithium polysulfides that are observable under UV-Vis spectroscopy[81]. The amount of polysulfide 466 

products could be reduced by coating sPAN cathode with thin Nafion coating (Figure S15). As a 467 

second example, we also investigated the electrolytes in Li||LFP cells (Figure S16). It is shown 468 

that despite larger capacity fade in HSPEs before stabilizing, hybrid electrolyte possesses higher 469 

discharge capacity throughout the cycle range presented as well as a more stable overpotential 470 

value. Stable plating and stripping for symmetric Li||Li cell for > 250 hours and electrochemical 471 

stability up to 4.75 V in Li||SS cell were also observed (Figure S17). 472 
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Figure 4. Electrochemical performance of HNPs/poly(DOL) hybrid electrolyte. (a) Schematic of 474 

in-situ polymerization of DOL in the presence of HNPs. Slurry of HNPs, monomer, and initiator 475 

was added, ensuring good wettability before the mixture was let sit for at least 24 hours of 476 

polymerization process. (b) Coulombic efficiency (CE) of various poly(DOL) electrolyte and 477 

hybrids containing PEG-SiO2 HNPs (𝜙# = 2.7%) with and without 0.5 M LiNO3 at 0.1 mA/cm2 in 478 

Li||Cu cells (c) Galvanostatic cycling profile for Li||sPAN cell with hybrid electrolyte containing 479 

𝜙# = 2.7%, 2 M LiTFSI, and 0.5 M LiNO3, with discharge capacity and Coulombic efficiency 480 

(CE) over cycle shown in (d). Rate performances for the Li||sPAN cells at different c-rates are 481 

shown in (e) with 1.0C is current density of 1 mA/cm2. All electrolytes include 2 M LiTFSI salt 482 

and all PolyDOL electrolytes were polymerized with 1 mM Al(OTf)3. Galvanostatic cycling 483 

profile for Li||LFP cell with the same electrolyte along with its discharge capacity profile and 484 

Coulombic efficiency (CE) is presented in the Figure S16. 485 

 486 

Conclusions 487 

It is reported that ring-opening polymerization of DOL containing PEG-SiO2 hairy nanoparticles 488 

can be used to synthesize hybrid solid-state poly(DOL) electrolytes inside a battery cell at various 489 

initiator contents. The PEG-SiO2 structures hinder crystallization of poly(DOL), which leads to a 490 

substantial increase in room-temperature ionic conductivity 𝜎:;  of the hybrid electrolytes, relative 491 

to the neat (particle-free) poly(DOL) SPE. The effect is synergistic in that the hybrid electrolyte 492 

also manifests a dramatically higher 𝜎:;  — from nS/cm-scale to mS/cm scale values, in 493 

comparison to SPEs composed entirely of the PEG-SiO2. The structure of dispersion was studied 494 

through small-angle X-ray scattering (SAXS), and it is observed that  the PEG-SiO2 particles are 495 

well dispersed in their poly(DOL) host. Analysis of the  structure factor 𝑆(𝑞) deduced from SAXS 496 

indicates that both the distances between nanoparticles and PEG tethers increase with increasing 497 

initiator content. Increasing initiator content is thus seen to have an effect analogous to dilution of 498 

nanoparticles in a suspending host. SAXS also reveals a decrease in long-range density 499 

fluctuations, as reflected in the decreasing value of 𝑆(0) with increasing initiator content. Time-500 
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dependent mechanical shear analysis  indicate that the SiO2-PEG particles alter polymerization 501 

kinetics and that this effect is enhanced by addition of LiNO3 salt additive. These measurements 502 

also reveal a competition between polymerization-depolymerization processes, which manifests 503 

as peaks in moduli 𝐺11 and 𝐺1 at early times. Eventually, at high initiator content, the maxima 504 

coalesce, consistent with a polymerization process in which the forward ring-opening reaction 505 

dominates the reverse reaction, resulting in higher molecular weight poly(DOL). Inclusion of 506 

LiNO3 retards ring-opening polymerization and manifests as a longer induction time, but otherwise 507 

has no effect on the polymerization process. 508 

The enhancement in room-temperature ionic conductivity relative to SPEs composed of self-509 

suspended PEG-SiO2 is attributed to the shift from arrested soft-glassy dynamics to polymer-like 510 

behavior. Hybrid SPEs with 𝜙# = 2.7 vol.% are found to exhibit lower energy 𝐸+ = 4.6 kJ/mol, 511 

compared to poly(DOL) at the same initiator content and self-suspended PEG-SiO2 HNPs. 512 

Addition of LiNO3 increases 𝜎!" to 4.55 mS/cm and decreases 𝐸+ to 4.2 kJ/mol. The higher 513 

fraction of mobile ion carriers is thought to be the reason to this high 𝜎:;  and low 𝐸+. Evaluation 514 

of the in situ-formed PEG-SiO2 HNPs-poly(DOL) electrolytes in Li||Cu half cells, revealed high 515 

Coulombic efficiency (CE) and excellent Li reversibility, particularly in electrolytes where LiNO3 516 

is used as an additive. The resulting hybrid PolyDOL electrolyte was finally evaluated in  Li||SPAN 517 

full cells and demonstrated to support enhanced battery cycling. 518 

 519 

Materials and Methods 520 

Material Preparation 521 

Synthesis of PEG-tethered SiO2 nanoparticles 522 
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Silica nanoparticles (LUDOX SM30, 10 ± 2 nm), poly(ethylene glycol) monomethyl ether 523 

(mPEG-OH) with 𝑀/ = 5 kDa, 3-(triethoxysilyl)propyl isocyanate, 1,4-diazabicyclo [2.2.2.]-524 

octane (DABCO), and anhydrous dichloromethane were purchased from Sigma-Aldrich. PEG-525 

tethered silica nanoparticles were synthesized according to a previously reported method.[34,35] 526 

mPEG-OH (10.0 g, 2.00 mmol), 3-(triethoxysilyl)propyl isocyanate (0.495 g, 2.00 mmol), and 527 

DABCO (0.336 g, 3.00 mmol) were dissolved in anhydrous dichloromethane (10.0 mL) and 528 

reacted at 50°C for 48 hours. The resulting mixture was precipitated into excess hexanes. mPEG-529 

silane was isolated by decantation before drying in vacuo at room temperature. The resultant dry, 530 

pure mPEG-silane was stored at 2 – 8°C prior to usage.  531 

The silica nanoparticles (1.82 mL) were diluted in excess deionized water (400 mL) and a solution 532 

of mPEG-silane (2.00 g) in deionized water (50.0 mL) was added dropwise. The mixture was 533 

reacted at 70°C for 48 hours. The reacted mixture was dried partially in a convection oven at 45°C 534 

for 24 hours before further purification by repeated centrifugation in a 1:4 (v/v) 535 

chloroform/hexanes at 8500 rpm. Self-suspended hairy nanoparticles were dried further in vacuo 536 

at room temperature before storage under argon atmosphere. Differential scanning calorimetry 537 

(DSC) shows that self-suspended HNPs forced PEG chains to only adopt extended conformation 538 

due to space-filling constraint [24] (Figure S1). The grafting density and core volume fraction can 539 

be varied by adjusting the ratio of SiO2 nanoparticles to the mPEG-silane. Thermogravimetric 540 

analysis (TGA) was employed to determine the weight fraction of the undegraded inorganic 541 

content, which can be translated to the core volume fraction of SiO2 and grafting density (Figure 542 

S2 and Equations S1,S2). 543 

Dispersion of HNPs in poly(DOL)  544 



29 
 

1,3-dioxolane (DOL) and Aluminum trifluoromethanesulfonate (Al(OTf)3, 99.9% metals basis) 545 

were purchased from Sigma-Aldrich, and Lithium nitrate (LiNO3, 99.9% metals basis) was 546 

purchased from Chem-Impex Int’l, Inc. Due to aggregation of self-suspended HNPs and 547 

hydrophilicity of DOL, room-temperature ultrasonification of HNPs in DOL was not an accessible 548 

method. HNPs were dispersed in deionized water (15.0 mL) and dispersion was freeze-dried for 549 

72 hours to ensure minimal water content. The resulting HNPs were no longer aggregated and can 550 

be easily dispersed in PolyDOL precursors through mechanical shaking. The unaggregated, flake-551 

like HNPs were dried in vacuo at room temperature for at least 24 hours before stored under argon 552 

atmosphere. HNPs (0.10 g) and Al(OTf)3 initiator were added to DOL (1.00 mL) and DOL was 553 

let polymerized in presence of HNPs. Various initiator content was employed for X-Ray scattering 554 

and rheology measurements, ranging from 1 mM (1.89 mg in 4.00 mL DOL) to 50 mM (23.7 mg 555 

in 1 mL DOL). For time-dependent measurement involving LiNO3, LiNO3 (0.69 mg, 10 mM) was 556 

similarly added to DOL (1.00 mL) precursors. Core volume fraction for 0.10 g HNPs in 1.00 mL 557 

poly(DOL) was evaluated through TGA in Figure S2. 558 

Electrolyte preparation 559 

All electrolytes were prepared in argon glove box (Inert Inc.) with O2 and H2O content lower than 560 

0.5 ppm. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, puris., ≥ 99.0%) was purchased 561 

from Sigma-Aldrich. All electrolytes containing HNPs were further dried chemically with Li-562 

strips, reacted in electrolyte solution at 60°C for 1 hour. All electrochemical tests utilized coin 563 

2032 cells with Lithium foil as the anode and Celgard 3501 as the separator. Half cells were 564 

assembled with copper foil as the cathode and full cells were assembled with 565 

sulfur/polyacrylonitrile (sPAN) and lithium iron phosphate (LFP). LFP cathodes were prepared by 566 

a procedure previously outlined[11] with LFP loading of 4 mg/cm2 and the preparation of sPAN 567 
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cathodes was previously done[81] with Sulfur loading of 0.5 mg/cm2. sPAN cathodes were coated 568 

by dropping ~20μL diluted 1:10 Nafion:ethanol solution onto 3/5” sPAN and vacuum drying at 569 

60°C. 570 

Characterization Methods 571 

Small-angle X-Ray scattering (SAXS) 572 

SAXS measurements were conducted using Anton Paar SAXSess bench-top X-ray scattering 573 

system. The system employed a line collimated beam at 0.1542 nm and a block camera setup for 574 

data collection. All samples were measured at 70°C, which is above the melting point of samples. 575 

The experimental line collimated intensity 𝐼7<5(𝑞) is a function of point collimated intensity 𝐼$(𝑞) 576 

[41,47] such that, 577 

𝐼7<5(𝑞) = ∫ ∫ 𝑊<(𝑥)𝑊=(𝑦)𝐼$ RST
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𝑊<(𝑥) and 𝑊=(𝑦) are the horizontal and vertical X-ray beam, 𝑥 and 𝑦 are the horizontal and 579 

vertical dimensions, 𝑞 is the scattering wave vector, and 𝑎 is the sample-to-detector distance. 580 

Generalized indirect Fourier transformation (GIFT) was utilized to desmear 𝐼7<5(𝑞) in obtaining 581 

𝐼$(𝑞). Particle scattering intensity 𝐼5+ABC#D7 is defined in terms of the scattering intensity of particles 582 

in suspending medium 𝐼5+ABC#D7/F7GCHF, scattering intensity of suspending medium 𝐼F7GCHF, and 583 

volume fraction of suspending medium 𝜙F7GCHF.[82]  584 

𝐼5+ABC#D7 = 𝐼5+ABC#D7/F7GCHF − 𝜙F7GCHF𝐼F7GCHF    (2) 585 

For spherical particles [41,40], scattering intensity of particles is 586 

𝐼5+ABC#D7(𝑞) = 𝜙#Δ𝜌74𝑉𝑃(𝑞)𝑆(𝑞)     (3) 587 

where 𝜙# is the core volume fraction, 𝑉 is the volume of a single particle, Δ𝜌7 is the electron 588 

density contrast, 𝑃(𝑞) is the form factor, and 𝑆(𝑞) is the structure factor. The interparticle 589 
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correlations vanish at the dilute limit, causing the structure factor to be 𝑆(𝑞) → 1 and the form 590 

factor 𝑃(𝑞) can be obtained directly from the scattering intensity. Bare charge-stabilized SiO2 591 

nanoparticles (LUDOX SM30) was measured in a diluted aqueous suspension to obtain the 𝑃(𝑞). 592 

𝑆(𝑞) was then obtained through GIFT method involving the Percus-Yevick closure relation that 593 

utilized a hard sphere structure factor model. 594 

Thermogravimetric analysis (TGA) 595 

The inorganic SiO2 content of self-suspended PEG-SiO2 hairy nanoparticles and their suspensions 596 

was estimated using thermogravimetric analysis (TGA) (TA Instruments Q500). TGA was 597 

performed under a nitrogen atmosphere from 20°C to 600°C at 10°C/min ramping rate. The self-598 

suspended HNPs used for SAXS measurement were found to have 17 wt.% inorganic weight 599 

fraction, translating to 11 vol.% core volume fraction. The hybrid used in SAXS were found to 600 

have 4.2 wt.% inorganic weight fraction, translating to 2.7 vol.% core volume fraction. A sample 601 

calculation for the former is provided under Equations S1,S2 along with the estimation of tether 602 

density. 603 

Mechanical rheology measurements 604 

Oscillatory shear measurements were performed using a strain-controlled ARES-LS rheometer 605 

(Rheometric Scientific) with a cone and plate geometry (10 mm, 4° cone angle) or otherwise stated. 606 

Time-dependent measurements were carried out at room temperature with angular frequency of 𝜔 607 

= 10 rad/s and strain of 𝛾 = 5%. Strain-dependent measurements were measured at 70°C with 𝜔 = 608 

10 rad/s. Self-suspended HNPs were also measured at 70°C, above their melting point, with 𝜔 = 609 

0.25 rad/s. Reaction components were mixed inside glove box and loaded on the rheometer only 610 

after induction time ends, which is signaled by an apparent change in viscosity. 611 

Dielectric relaxation spectroscopy (DRS) 612 
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DC conductivity measurement was carried out using a Novocontrol broadband 613 

dielectric/impedance spectrometer. The same coin 2032 cells without electrodes were utilized, 614 

with Teflon ring containing the dried electrolytes. Conductivity was measured at room temperature 615 

before temperature was increased from 30°C to 70°C, and measurement with frequency of 107 – 1 616 

Hz was done every 10°C. The conductivity value was taken to be the value at the frequency at 617 

which the maximum of tan(𝛿) was seen. Arrhenius or Volger-Fulcher-Tammann (VFT) equations 618 

were used to fit the conductivity of the electrolytes, depending on the case as shown in results and 619 

discussions. 620 

Differential scanning calorimetry (DSC) 621 

DSC (TA Instruments Q2000) was adopted to evaluate thermal transitions of the self-suspended 622 

HNPs and hybrid samples. Thermal transitions were measured under nitrogen flow at a fixed ramp 623 

rate of 5°C/min. Hybrid materials were first heated to 70°C to remove thermal history before 624 

brought down to -100°C and heated back up to 70°C. Thermal history erasure of self-suspended 625 

HNPs was done by first heating to 100°C, followed by data collection in the second cycle with 626 

cooling to -150°C and subsequent reheating to 100°C. Measurements during the second heating 627 

cycle were used to evaluate the melting temperature 𝑇F, recrystallization temperature 𝑇#, and heat 628 

of melting ∆𝐻F that translates to crystallinity.  629 

Electrochemical Measurements 630 

Galvanostatic lithium stripping/plating tests were operated using Neware CT-3008 battery tester 631 

at room temperature, with current density of 1 mAh/cm2 for asymmetric Li||Cu cells. Galvanostatic 632 

discharge/charge tests for Li||sPAN cells were done under also done under room temperature with 633 

current density of 0.1 mAh/cm2. Li||LFP cells were charged and discharged at 0.1 mAh/cm2 for 634 

the first cycle and 0.2 mAh/cm2 for the following cycles. Chronoamperometry profiles and linear 635 
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sweep voltammetry were obtained using CH 600E electrochemical workstation at room 636 

temperature. Potentials were held at 2.0, 1.8, 1.6, …, 0.2 V for 500 seconds in chronoamperometry 637 

measurement. Plateaus were observed by the end of the 500-s mark. Potentials were varied from 638 

2.5 V to 5.5 V with 1 mV/s scan rate on Li||SS (stainless steel) cell in linear sweep voltammetry 639 

measurement. Electrochemical impedance spectrometry (EIS) measurements were performed 640 

using a Solartron Frequency Response Analyzer (Model 1252) with frequencies ranging from 50 641 

kHz to 10 mHz and at an amplitude of 10 mV. 642 

Scanning Electron Microscopy (SEM) 643 

Scanning electron microscopy (SEM) was done on Zeiss Gemini 500 scanning electron 644 

microscope with energy-dispersive X-ray spectroscopy (EDS) installed. The surface of 645 

characterized Lithium was plated on copper foil for 10 mAh/cm2.  646 

UV-Vis Spectroscopy 647 

UV-Vis spectra were obtained through the use of Molecular Devices SpectraMax M2. sPAN and 648 

Nafion-coated sPAN were immersed in DOL electrolyte containing 2 M LiTFSI and 0.5 M LiNO3 649 

for 10 days before spectroscopy measurement. 650 

Statistical Analysis 651 

All data processing and statistical analyses were performed using the Origin software. With the 652 

exception of the Small-angle X-ray scattering (SAXS) data reported in Figure 2, there was no pre-653 

processing of data prior to the analysis in Origin. All data was transported as comma-separated 654 

values (CSV) from software connected to each instrument. Arrhenius and Volger-Fulcher-655 

Tammann (VFT) equations were used to fit the conductivity data, as detailed in the discussions 656 

related to results reported in Figure 1. The SAXS data in Figure 2 was fitted to determine the form 657 

factor and to remove background scattering; the procedure is discussed in the SAXS experimental 658 
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method section. No statistical analysis was done on the rheology data (Figure 3) or electrochemical 659 

performance data (shown in Figure 4).  Replicate analysis of results from SAXS and DRS 660 

measurements were performed for two samples with three measurements each. The resulting mean 661 

± SD values are indicated as confidence intervals/error bars in Figures 1b and 2d.  662 

Associated Content 663 

The effect of tethering PEG to SiO2 on the melting point of self-suspended HNPs is compared with 664 

the analagous effects for the HSPEs. The procedures for determining the SiO2 core volume fraction 665 

and for estimating the PEG grafting density on the SiO2 particles is presented. Temperature-666 

dependent ionic conductivity of hybrid SPEs containing LiNO3 is reported. Time-dependent 667 

rheology measurements at different Al(OTf)3 concentrations complementary to those presented in 668 

Figure 2. Characteristic times in DOL polymerization kinetics and the effects of initiator 669 

concentration on PolyDOL polymerization. Electrochemical impedance spectroscopy (EIS) and 670 

chronoamperometry results with HNPs and LiNO3 addition. Surface images of Lithium plated at 671 

10 mAh/cm2. Galvanostatic cycling profile of hybrid electrolyte in Li||LFP cell. UV-Vis 672 

spectroscopy of electrolyte post sPAN immersion. Electrochemical stability window and 673 

symmetric Li||Li plating and stripping. 674 
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