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Smart multifunctional fluids for lithium ion batteries: Enhanced rate
performance and intrinsic mechanical protection

Abstract

Lithium ion batteries are attractive power sources for the consumer electronics market and are being
aggressively developed for road transportation. Nevertheless, issues with safety and reliability need to be
solved prior to the large-scale uptake of these batteries. There have recently been significant development and
assessment of materials with resistance to mechanical abuse, with the aims of reinforcing the battery and
preventing puncturing during a crash. Most of the work on battery mechanical safety has concentrated on the
external packaging of batteries, with little attention being paid to the enclosed electrolyte. We report on smart
multifunctional fluids that act as both highly conductive electrolytes and intrinsic mechanical protectors for
lithium ion batteries. These fluids exhibit a shear thickening effect under pressure or impact and thus
demonstrate excellent resistance to crushing. Also, the fluids show higher ionic conductivities and comparable
redox stability windows to the commercial liquid electrolytes. © 2013 Macmillan Publishers Limited.
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Lithium ion batteries are attractive power sources for the consumer electronics market and are being aggressively
developed for road transportation. Nevertheless, issues with safety and reliability need to be solved prior to the
large-scale uptake of these batteries. There have recently been significant development and assessment of
materials with resistance to mechanical abuse, with the aims of reinforcing the battery and preventing puncturing
during a crash. Most of the work on battery mechanical safety has concentrated on the external packaging of
batteries, with little attention being paid to the enclosed electrolyte. We report on smart multifunctional fluids that
act as both highly conductive electrolytes and intrinsic mechanical protectors for lithium ion batteries. These fluids
exhibit a shear thickening effect under pressure or impact and thus demonstrate excellent resistance to crushing.
Also, the fluids show higher ionic conductivities and comparable redox stability windows to the commercial liquid
electrolytes.

Subject terms: Mechanical engineering Nanoparticles Electronic properties and materials Batteries

Introduction

The current safety issue with lithium ion battery technology represents one of the main drawbacks to introducing this system as a
power source for portable electronic devices, hybrid electric vehicles (HEVs), and electric vehicles (EVs), as all these applications
require a high resistance to mechanical abuse. The currently available commercial systems generally use flammable electrolytes
that are commonly based on organic carbonates, such as ethylene carbonate (EC), propylene carbonate (PC), and dimethyl
carbonate (DMC). These electrolytes have the distinct advantages of possessing high conductivities over a wide temperature
range. The abuse of lithium ion batteries, however, such as by crushing likely in an EV/HEV car accident, can trigger
spontaneous heat-evolving reactions, which can lead to fires and explosions1. A general solution to this problem is the addition of
physical protection packages?: 3. Cells constructed with liquids must be hermetically sealed in metallic cases to prevent leakage
and ensure safety in the event of excessive pressure build-up, which adds weight and volume to the batteries. Alternative
solutions include the use of ionic liquids, gel polymer electrolytes, or solid state electrolytes instead of volatile carbonates? or
additives to lower the electrolyte flammability®. Unfortunately, most of these electrolyte formulations show lower conductivities, and
thus, the trade-off is poorer performance of the batteries.

A shear thickening fluid (STF) is a non-Newtonian fluid, in which the shear viscosity increases with an applied shear stress. It is
composed of colloidal particles suspended in a carrier quuid6' 7.8,9 Shear thickening phenomena have been recognized by the
general public through popular videos showing people running across what appears to be water in swimming pools filled with such
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fluids®.Various mechanisms have been proposed for the operation of STFs, including the formation of particle clusters by

9,10 granular dilation!!, or impact activated solidification’2. STFs are drawing continued

hydrodynamic lubrication forces
attention®: 10, 11,12,13,14,15,16 55 their unique material properties make them ideal for many applications®: 17+ 18, including

liquid body armour'® and shock absorbers2?,

We are eager to find out if the dynamic properties of STFs could be adopted into electrolytes to provide additional protection to
battery systems against mechanical impacts. Interestingly, the essential components of STFs are very similar to those of
“colloidal” or “soggy sand” electrolytes, in that both contain carrier fluids and particles. This inspired us to combine functionalities
in a single application by developing novel electrolytes that not only possess the STF protective properties, but also have the
advantages of the “soggy sand” electrolytes. These “soggy sand” or functional electrolytes have been extensively investigated for
use in battery systems, especially for lithium ion batteries2:22:23_ Ceramic particles play a very important role in different types
of electrolytes. In polymer electrolytes, the addition of ceramic particles, such as TiOy, Al,0324 25, silica?5:27, and AISi?8, has
been used to increase conductivity and decrease crystallisation. The additional ceramic particles also resulted in significant
conductivity enhancement in liquid solvents29. Solid polymer-ceramic composite materials such as protonic conductors have also
found application in fuel cell applications3°.

In this paper, we report on the utilization of STFs to generate novel smart fluids with multifunctional performance as a highly
conductive electrolyte, whilst providing intrinsic mechanical protection for lithium ion batteries. These fluids exhibit the shear
thickening effect under pressure or impact and thus demonstrate excellent tolerance to crushing, which could significantly
improve the mechanical safety of batteries. Also, the fluids show higher ionic conductivities than commercial liquid electrolytes
and comparable redox stability. Lithium ion batteries using multifunctional fluids provide higher capacities, especially at high
charge/discharge rates. The smart multifunctional fluids reported in this work can be achieved by the simple addition of fumed
silica to a currently used electrolyte (1 M LiFPg in EC/DMC) in commercial lithium ion batteries. This simple and easily scalable
fabrication method can be applied to commercial lithium ion batteries without significant additional costs.

Results

Introduction of the shear thickening property into commercial electrolytes

Initially, we introduced the shear thickening property into a commercial electrolyte. A series of compositions of a commercial liquid
electrolyte (1 M LiPFg in EC/DMC (1:1)) with different weight fractions of fumed silica nanoparticles were prepared, as described
in the Methods section and the Supplementary Information. The fumed silica used is S5505 (Sigma-Aldrich). Its primary structure
consists of branched aggregates formed by the fusion of nanoparticles (average crystal size of 14 nm), as can be observed by
atomic force microscopy (AFM; see Fig. S1 in the Supplementary Information). This aggregated structure is responsible for the
unique properties of fumed silica®!. Note that the aggregates cannot be disrupted further by shear. This type of fumed silica was
selected, as it has been used to form stable dispersions and facilitate STF's in previous research32. The dispersion stability of
fumed silica in organic media has been extensively investigated32 and their unusual stability has been explored for several
decades3?. In order to keep the particles dispersed in a medium, the forces between particles must be taken into account.
Dispersed nanoparticles frequently undergo collisions due to Brownian motion. Whether or not the particles will separate after
colliding is dependent on the sum of attractive and repulsive forces acting between the particles. There are several typical forces
governing nanoparticle stability, which include van der Waals forces, electrostatic interactions, solvation forces, and osmotic and
entropic interactions related to molecular adsorption35’ 36, Dispersions of hydrophilic fumed silica in a range of organic media and
the formation of stable sols through strong hydrogen bonding have been reported. The fumed silica forms stable, low-viscosity
sols exhibiting shear thickening behavior in a host of liquids32. In our system, the solvent (EC/DMC) is believed to form hydrogen
bond with the silanols on the fumed silica surface, resulting in the formation of a solvation layer around each particle. This leads
to repulsive solvation forces, which stabilize the fumed silica particles so that the system behaves as a stable fumed silica sol. In
addition, both rheological testing and visual observations provided further evidence of the system stability at room temperature,
as described in the Methods section and the Supplementary Information (see Fig. S2 in the Supplementary Information). Although
all the experiments were conducted at room temperature in our system, it is also noted that the temperature could play an
important role in fumed silica dispersions and stability. For instance, temperature worked as an optional and simple way to tailor
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the viscoelastic properties and to control the microstructure of fumed silica dispersions37’ 38,

The rheological properties of the electrolytes were investigated using a rotating parallel plate rheometer (MCR 301, Anton Paar,
Germany). The measurements were conducted by varying the shear rate from 1.00 to 1000 s~ undera 1 mm gap between the
measurement geometry and the base. The bare electrolyte behaves in an approximately steady way as a Newtonian fluid with
0.004 Pa-s viscosity (Fig. 1). The electrolyte containing a lower amount of fumed silica (weight fraction 6.3% silica in the
commercial electrolyte) does not show any obvious shear thickening region, although its viscosity is much higher than that of the
bare electrolyte. The shear thickening phenomenon can be observed, however, with a higher fumed silica content (weight fraction
9.1% silica in the commercial electrolyte), and such samples show an obvious shear thickening regime. There is, however, an
initial shear thinning regime before the shear thickening, but at the critical shear rate value of 3.6 s71 the electrolyte viscosity
increases from 10.8 Pa-s to 73.8 Pa-s, although there is also a subsequent shear thinning regime at very high shear rates.
Compared with the bare electrolyte, it can be concluded that the shear thickening is due to the fumed silica and that the fumed
silica nanoparticles contribute to the increased viscosity of the new electrolyte. A higher weight fraction of 10.7% silica in the
commercial electrolyte was also tested, which exhibited similar rheological properties as that of 9.1% weight fraction sample. But it

shows a slightly higher viscosity in the shear thickening region.

Figure 1: Rheology graph of bare electrolyte and composite electrolytes with 6.3 wt.% SiO5,, 9.1 wt.%SiO, and 10.7
wt.%SiO,.
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Insets (a), (b), and (c) at the bottom of the figure show the distributions of fumed silica particles in the liquid electrolyte at different status at

the top of the figure.

Figure 1 provides possible theoretical representations of fumed silica particles at different shear stages. At the initial state of
liquid flow, the fumed silica particles are suspended in the electrolyte. In the first shear thinning regime layered structures of
fumed silica particles are formed. Then, in the shear thickening regime, the fumed silica particles form hydroclusters that impede
flow. The shear thickening indicates a possible transition from a thermodynamic Brownian dominated regime to a
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hydrodynamically dominated regime, where fumed silica particles form hydroclusters that become structurally more effective for
dissipating mechanical energy. The rheological representation is a rapid increase in bulk viscosity at a high shear rate39. It is also
possible that the change from shear thickening to shear thinning at very high shear rates is naturally due to a limiting mechanical
modulus of the hydroclusters of fumed silica nanoparticles, namely the elastohydrodynamic lubrication limit of shear thickening*P.
So, in the highest shear rate range, the hydrodynamicity dominates and pushes all the hydroclusters along with the flow, resulting
in the decrease in the viscosity.

Electrochemical properties of the batteries with shear thickening electrolyte

Secondly, the ionic conductivities of the composite electrolytes were tested (Fig. 2). The performance of the commercial
electrolyte with fumed silica (1 M LiPFg in EC/DMC) highlights a significant variation in the effective overall ionic conductivity with
the fumed silica weight fraction (w). The composite conductivity exhibits typical percolation behaviour, which is expected for a
composite with enhanced interfacial conductivity‘”, i.e., low conductivity at low oxide content, which increases to a marked
maximum, before decreasing at higher weight fractions. Similar phenomena have been reported by Maier's group?®-42. The
conductivity enhancment generated by the addition of fumed silica is likely to be attributable to an adsorption of the anion (PFg)
by the acidic oxide and the subsequent break-up of the ion pair, thereby increasing the Li* concentration in the space charge
layer surrounding the oxide particles. At a lower fumed silica fraction, the composite exhibits colloidal behavior, with double layer
repulsion reducing percolation, resulting in very poor conductivity. When the particles are forced into a sufficiently narrow
spacing, the interfacial conductivity is percolative?®. At very high weight fractions, the fumed silica particles could be in direct
contacts, thereby introducing porosity effects that eventually cause a blocking of the pathways by “dry” oxide particles. The
maximum conductivity enhancement for 1 M LiPFg in EC/DMC (1:1) was observed for the STF fluid with 10.7 wt.% silica, with a
value of 0 = 1.93 x 1072 S cm™1, which is significantly higher than for the commercial electrolyte without fumed silica addition (o =
2x1073 S cm™! ). The inset to Fig. 2 shows that the excellent conductivity of the STF composite electrolyte is reversible after
impact tests. For example, the conductivity of the STF electrolyte with 9.1 wt.% silica is stable at 4.5 x 1073 S cm™" after 5
continuous impact tests with crush (impact) energy of 0.568 J.

Figure 2: Room temperature variation of ionic conductivity of composite electrolytes (SiO,/LiPFg in EC/DMC) versus
weight fraction (w) of fumed silica.
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Inset: lonic conductivity of composite electrolyte with 9.1 wt.% SiO, after impact tests.
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In order to determine if the electrolyte with shear thickening fluid (STF) would continue to function in a lithium ion battery, 2032
type coin cells using both commercially available cathodes (LiFePO,4 or LiCoO,) and anode (graphite) as the working electrodes,
Li foil as the counter electrode, and the STF as the electrolyte were assembled in an argon-filled glove box. The rate capabilities
of LiFePOy half cells using the commercial electrolyte (1 M LiPFg in EC/DMC) with or without fumed silica (9.1 wt.% silica) were
compared (Fig. 3(a)). At lower current rates, e.g. 0.1 C, both cells display a similar capacity. When the current rate is greater than
0.2 C, the rate capability of cells using the STF electrolyte is enhanced compared to that of cells using the neat commercial
electrolyte, again demonstrating that the fumed silica nanoparticles facilitate lithium ion transport in the electrolyte, in a good
agreement with the ionic conductivity results. The discharge capacity of cells using the commercial electrolyte was 145 mAh g'1
at 0.1 C, but decreased to 134 mAh g~' at 0.5 C, 120 mAh g~' at 2 C, and 102 mAh g™! at 5 C. In contrast, the cells using the
STF electrolyte maintained 140 mAh g~' at 0.5 C, 124 mAh g~' at 2 C, and 110 mAh g~ ! at 5 C, demonstrating that the STF
electrolyte enhances the rate capability of the LiFePO, cells. A significant enhancement effect of the STF electrolyte on the rate
performance of graphite half cells was also observed (Fig. 3(b)). Furthermore, the charge/discharge cycling performances of cells
using the two electrolytes were also compared (Fig. 3(b), inset). The cell using the STF electrolyte shows a slightly higher
reversible capacity, although the cells with both electrolytes (with/without silica particles) exhibit excellent cycling performance. No
apparent change (Fig. 3(c)) between the Nyquist plots of the cell using the STF electrolyte before and after impact testing was
observed, indicating that the STF electrolyte behaves reversibly if given enough relaxation time following impact. The cell using
the STF electrolyte maintained its electrochemical capacity after a series of impact tests (Fig. 3(d)). Note that an impact was
applied at the end of the 47th charge-discharge cycle. Only in the 48th cycle (the following cycle after impact) did the capacity
slightly decrease, which was likely due to a shear thickening response of the electrolyte under impact that generates increased
viscosity and lower conductivity. After the external impact was removed, the electrolyte gradually returned to its pre-impact state,
as demonstrated by the stable cell performance in the post impact cycles. The charge/discharge curves of the cell in the 47th
cycle (the last cycle before the impact test) and the 48t cycle (the first cycle after the impact test) are both shown (Fig. 3(d),
insets). The partial discharge curve during the impact test with a crush energy of 0.284 J is also shown in Fig. S3. It can be seen

that the cell was still working effectively after the impact test.

Figure 3
e Dwithout S10; b @ 9.1 wt.% S0,
-'E':"-‘ 180 |- @91 wt.% Si0, 5001 O without 510,
S 180 L01C 02C oo 04c
E 10 10C J0c WSS — 40l 01C 02¢ g4
= 120 500 o FIIIID = 05cC
& . . & 2000008 BBAARRe g,
2 100 | L £ 300 _ 982aq 20C
8 w0l E '“;sua ~9.1 wh.% 560, ik 500
[F] | g 400 Dog L
g ot E = im R — D eeecs
40 200
1 S 100} F1o =REER
a L
0 . " . . . . . olu L i ; i
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
Cycle number Cycle number
50 = T =
4| C T~ Afterimpact : N o cycedcharge
—— Before impact 700 271 ="
40 | =] s ?D |_. Em )
E‘ EE f mo GOOF ?’ '\__\_ EH '\_1
f é 5 —— o T e——
5 30k E 500 F B0 0 18 300 H 300 388 ® 3 100 130 200 230 00 0
2 P E Capatity [mAk-g ') Capacity (mahg’)
S nf ; z LV
—g 15k .;:’ E S0k @ Charge
0L 4 < 200k @ Discharge
Rgae LEIEEILL i3 gy i
st &7 St 100
u F i A L i L i A L i i i L i i i i i i i
0 10 20 30 40 50 &0 TO B8O 90 100 ¢ 0 10 20 30 40 50 60 70 80 90 100
Re(Z) (Ohm) Cycle number
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electrode with STF electrolyte (SiO, weight fraction is 9.1%) or normal 1 M LiPFg in EC/DMC electrolyte at different current rates. Inset in
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(b) compares the cycling performance of graphite electrode in normal electrolyte and in STF electrolyte. Both cells show excellent cycling
stability, while the electrode in STF electrolyte exhibits slightly higher capacity. (c) Electrochemical impedance spectra (EIS) of graphite
electrode in STF electrolyte before and after impact test. (d) Cycling performance of graphite anode in STF electrolyte. Impact with energy
of 0.284 J was applied to the testing cell at the end of the 47t cycle.

The effect of the shear thickening fluids on the anti-crushing capability of the batteries

The effect of the shear thickening fluids on the battery mechanical integrity was also tested. Specially designed safety tests
mimicking crushing conditions were conducted using lithium cells containing STF or commercial LiPFg in EC/DMC (1:1) as
electrolytes, to test the mechanical protection feature of the STF. Figure 4(a) reveals that LiFePOy4 cells using commercial
electrolyte and composite electrolyte without any STF effect (showing a shear thinning effect) were crushed and short circuited at
the low impact energy of 0.426 J. The electrolyte with 6.3 wt.% silica particles, which doesn't show the shear thickening effect (as
demonstrated in Fig. 1), cannot offer improved protection; therefore, any possible effect of fumed silica particles as an inhibitor
(separator) to prevent a short circuit from the electrodes that are crushed into contact can be excluded. In contrast, the cells
using STF electrolyte tolerated impact energy of up to 0.568 J, higher than the energy that the normal electrolyte cells can safely
tolerate. Similar effects were also observed for the graphite cells (Fig. S4) and LiCoO, cells (Fig. S5), suggesting that using STF
electrolyte could be a very effective way to improve not only the battery performance, but also battery safety. In order to confirm
the effects of the shear thickening properties on the mechanical properties of the batteries, similar impact tests were conducted
using a different cell configuration. The repeatable findings have further confirmed that the cells using STF electrolyte tolerate
higher impact energy (Figs. S4, S5, and S6).

Figure 4
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electrolyte of EC/DMC/LiPFg with 9.1 wt.% SiO,. Impacts with different energies were

applied to the cell during the discharge. For comparison, the discharge curves of LiFePO, electrode in bare EC/DMC/LiPFg electrolyte and
composite electrolyte of EC/DMC/LiPFg with 6.3 wt.% SiO, (showing shear thinning effect) are also shown in the inset of (a). The STF

electrolyte provides intrinsic protection to the cell, tol

erating impact energy as high as 0.568 J, while the cells with the bare or composite

electrolyte without shear thickening are short-circuited at the low impact energy of 0.426 J. (b—d) Schematic representation of the protective

mechanism of STF electrolyte.

Discussion

The schematic diagram in Fig. 4(b—d) describes the possible changes in the electrolytes with/without any influence from the
shear-thickening property when an impact is applied. Fig. 4(b) shows the condition of the electrolyte before the impact, where the

particles repel each other slightly and the fumed silica ceramic particles enhance ionic conductivity. The low viscosity colloidal

suspension acts as a lubricant for the particles, which makes them disperse ‘uniformly’ throughout the liquid without clumping

together or settling to the bottom. When the impact force is applied to the electrolyte (Fig. 4(c)), it overcomes the repulsive

interparticle forces to promote ceramic particle clustering (or an impact-jammed solid)m’ 12 within the electrolyte. This causes the

electrolyte to adopt a solid-like state and becomes less penetrable. The concentrated fumed silica-filled electrolyte shows a

typical shear thickening performance, as well as the formation of hydrodynamic clusters of fumed silica particles and associated

increase of suspension viscosity. Note that shear

stress is a product of the viscosity and the shear rate; and a product of the

shear stress and the shear rate represents the capacity for mechanical power dissipation. According to Hooke's model the

increased viscosity would slow the energy dissipation due to the elementary work of the restoring force. In other words, the

increased viscosity in the electrolytes with a significant shear thickening property has produced a slower conversion of the work

www.nature.com/srep/2013/130821/srep02485/full/srep02485.html
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done by the restoring force into heat compared to the electrolytes without the fumed silica particles. Although the increased
viscosity may have increased the energy transfer from the work of the resistant force to heat, compared with the work of the
restoring force, it would be small. The overall effect of the phenomenon is the effective enhancement of the rigidity of the cell,
along with a slow increase in temperature in the electrolyte after the impact. When the energy from the impact dissipates (Fig.
4(d)), the particles repel one another again, and the hydroclusters fall apart, so that the pseudo-solid substance reverts to the
original liquid status. Conversely, upon impact, the battery system without a shear thickening effect easily experiences a large
deformation and a rapid increase in temperature during the impact that could ignite the solvents.

The fluids are field responsive and can undergo a sudden fluid-solid transition within a certain range of shear rates. At a critical
shear rate, the fluid experiences mesostructural reorganization and the formation of clustered particles, leading to enhancement
of the mechanical properties of the fluid, however, the impact resistance of STF depends on not only the fluid shear thickening
property, but also the particle strength. At higher impact velocities, the impact resistance of STF is governed by particle
strength®3. When the impact rate is beyond the critical rate, the dynamic strength of the particles is overcome, and local particle
fracture and deformation would therefore result in a loss of strength in the stiffened fluid. At this stage, the material response is
dominated simply by its bulk density. This feature of STF has been reported in its application to ballistic impacts and puncture
resistance. Previous results demonstrated a significant enhancement in ballistic penetration and different puncture resistances
(such as under spike and stab) due to additional shear thickening of the fluid**4, and they also indicated the loss of ballistic
resistance of STFs at high impact velocities*®. The strength variations of STFs at high strain rates and stresses were also
investigated8. Our results are consistent with those studies and illustrate that the STF electrolyte under the investigated shear
rates developed an excellent resistance to crushing, which could significantly improve the mechanical safety. We are also aware
of the limitation of STFs in terms of their impact resistance. We believe, however, that with a careful selection of suspended
particles, electrolytes, and other parameters of particles and electrolytes, such as concentration, size, distribution, shape and
interaction of particles, and viscosity of electrolytes, the resistance range can be controlled, and therefore, the STF would be able
to enhance the safety of the electrolyte under certain conditions. The information reported here indicates that electrolytes based
on STFs improve the functional capacity of batteries. The multifunctional role of electrolytes could be extended to other
electrolytic cells, capacitors or fuel cells, in which the electrolyte not only serves as the medium for charge transfer, but also
provides protection from crash impacts. Batteries with these characteristics will revolutionize vehicular transportation and military
energy requirements. The use of STF electrolytes will eliminate the need to include extra weight or volume to achieve protection,
and therefore, fewer trade-offs will be needed to optimize energy density and simple manufacturing. The concept is also under
evaluation in other electrolyte systems, such as polymers, gels, and ionic liquids.

Methods

Synthesis of composite electrolytes

The composite electrolytes were synthesized by mixing different weight ratios of fumed silica particles (S5505, Sigma-Aldrich), in a
commercial electrolyte consisting of ethylene carbonate/dimethyl carbonate (EC/DMC) (volume ratio 1:1) with 1 M LiPFg (Jiangsu
Guotai) in an argon-filled glove box. Stable suspensions of EC/DMC/LiPFg with 6.3 wt.% SiO,, EC/DMC/LIiPFg with 9.1 wt.% SiO»,
and EC/DMC/LiPFg with 10.7 wt.% SiO, were obtained and then kept in the glove box until ready for use. The fumed silica
particles were dried by vacuum suction before using. The fumed silica primary particles are irreversibly fused into large
aggregates that cannot be disrupted by shear. The suspensions were transparent and showed no visual evidence of phase
separation, precipitation, or increases in turbidity over long periods of time. Such a phenomenon has also been observed by
other groups33.

Electrochemical measurements

The cell performance was tested galvanostatically at different current densities at room temperature using coin-type half cells
(2032 type). The cells were assembled in an argon-filled glove box, in which commercial LiFePO,4 and graphite electrodes (MIT
Corporation), and homemade LiCoO, electrodes were utilized as working electrodes, respectively; Li metal was used as the
counter electrode; microporous polyethylene (Celgard 2500) was used as the separator; and the synthesized composite solutions
(the bare EC/DMC/LiPFg, EC/DMC/LIiPFg with 6.3 wt.% SiO,, EC/DMC/LiPFg with 9.1 wt.% SiO,, and EC/DMC/LiPFg with 10.7
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wt.% SiO5) were used as electrolytes, respectively. The LiCoO, electrodes were prepared from the active materials (LiCoO,),
carbon black, and polyvinylidene fluoride binder (PVDF, Sigma-Aldrich) at a weight ratio of 8:1:1. The coated electrodes were
dried at 100°C for 20 hours and then roll-pressed before using. The thickness of the LiCoO, electrodes was around 0.1 mm. The
cells were cycled in the voltage range of 2.2-3.8 V (versus Li/Li*) for LiFePO, half cells, 3.0-4.3 V (versus Li/Li*) for LiCoO, half
cells, and 0.01-1.5 V (versus Li/Li*) for graphite half cells. The impedance changes of the cells before and after impact were
measured using an electrochemistry workstation (CHI604C). Specifically, for ionic conductivity analysis, electrochemical
impedance spectra (EIS) tests of the bare electrolyte and the electrolytes with different weight ratios of SiO, were carried out in a
two platinum electrode conductivity cell in a glove box using an electrochemistry workstation (CHI604C) over the frequency range
from 1 Hz to 0.1 MHz. The ionic conductivity of all samples was calculated from the intercept of the linear curve spike with the real

axis obtained from the impedance data.

Impact tests

The coin-type cells (2032 type) were also used for the impact tests. The LiFePO, electrodes, LiCoO, electrodes, and graphite
electrodes were assembled respectively into the three types of half cells in an argon-filled glove box along with the electrolytes:
bare EC/DMC/LiPFg, EC/DMC/LIiPFg with 6.3 wt.% SiO,, EC/DMC/LiPFg with 9.1 wt.% SiO, and EC/DMC/LiPFg with 10.7 wt.%
SiO,. Once the cells were assembled, they were taken out of the glove box and then placed in an oven at 40°C for 4 hours to
allow the electrolytes to soak sufficiently into the separator and electrodes. The impact tests were carried out using a slideway
device (Fig. S7) that allowed a stainless steel truncated cone (140 g) to slide from a certain height to impact the battery cells (Fig.
S8) while they were discharged. A NEWARE battery tester was used to collect the discharge curves, and a force sensor was
employed to measure the impact force. Although differences in cell composition resulted in varying levels of impact tolerance,
neither the bare electrolyte nor the composite electrolyte with 6.3 wt.% SiO, (showing a shear thinning effect) offered improved
protection to the battery (Figs. S4, S5, and S6). The composite electrolytes with 9.1 wt.% SiO, and 10.7 wt.% SiO, (with shearing
thickening effect) were found to provide additional protection, however. Several parallel experiments were carried out on the three
types of cell, and reproducible results were obtained.
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