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Rechargeable lithium-based battery is one of the most promising battery candidates for high 

energy storage devices. Batteries containing lithium metal, eschewed the use of carbon 

supporting materials can lead to as much as a ten-fold improvement in anode storage capacity 

from 360 mAh g-1 to 3860 mAh g-1 and would open up opportunities for high energy un-lithiated 

cathode materials such as sulfur and oxygen, among others. Unfortunately, significant 

improvements in safe and stable battery performance are needed due to the non-uniform lithium 

deposition on the negative electrode. These uneven dendritic structures increase the potential 

risk of cell short-circuiting, energy fading or even fire hazards. Recent discoveries and advances 

have focused on electrolyte reconfigurations for the sake of suppressing or even eliminating 

dendrite formation. Of the various options, ionic liquids offer multiple synergetic properties that 

make them attractive electrolytes for extending lifetime and safety of LMBs. Their inherently low 

vapor pressure, non-flammability, good electrochemical stability in the presence of metallic 

lithium make ILs excellent choice in fail-safe LMBs. When anchored to metal oxide nanoparticle 

surface, it promotes the mechanical strength as well as maintaining the advantages of ILs. This 

dissertation researches ionic liquid-tethered hybrid nanoparticle electrolytes with several goals: 

improving room temperature ionic conductivity of the electrolytes while maintaining chemical 

and mechanical stabilities, improving lithium-ion transference number, and studying the 

dendritic lithium metal growth as a function of electrolyte properties. It is found that all types of 

IL electrolytes show improvements over the conventional electrolytes such as propylene 

carbonate in LiTFSI. It also found that untethered IL has comparable cell lifetime to tethered IL 

and piperidinium-based IL suppresses dendrite growth more efficiently than imidazolium-based 

IL. Later in this dissertation, we discussed the efforts of extending the cell lifetime beyond ionic 
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liquid platform. Chapter 7 and 8 evaluate the battery performance and cell lifetime by adding 

fluorine generating salt and by employing single ion conductor, respectively.  
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CHAPTER 1 

BACKGROUND 

This dissertation outlines my work on ionic liquid-tethered nanoparticle electrolytes, liquid 

electrolytes, single-ion conductors and their applications in lithium-based batteries. The goal of 

my studies was to determine the viability of various electrolyte configurations for their safe use 

in lithium metal batteries.  

The literature review of electrolytes for high energy lithium-based batteries is summarized in 

Chapter 2. Ionic liquid-tethered nanoparticles including imidazolium-based ILs and piperidinium-

based ILs are created and discussed in Chapter 3 and 4, respectively. Their applications for 

dendrite suppression and battery cyclability are studied thoroughly in Chapter 5 and 6. For 

broader understanding of the electrolyte platform, Chapter 7 considers the stability of lithium 

electrodeposition in common liquid electrolytes reinforced with halogenated lithium salts. 

Chapter 8 evaluated the performance of single-ion conductive electrolytes which could promote 

uniform electrodeposition and stop dendrite formation. 

In recent years, the urgency for renewable energy sources has increased for ideally zero 

emission vehicles (i.e. electric vehicles) or controlled emission vehicles (i.e. hybrid electric 

vehicles (HEV) and plug-in hybrid electric vehicles (PHEVs)). Secondary/rechargeable lithium-

based batteries have emerged as the technology of choice because of their high specific energy 

storage capacity on either a mass or volume basis [1-3]. Lithium batteries are attractive also 

because of their low self-discharge rate. The search for smaller, lighter, more powerful batteries 

continues to fuel a global search for storage systems with higher operating voltages, improved 

thermal and cycling stability, higher energy densities, enhanced safety, and higher Columbic 

efficiency. Lithium metal has a theoretical capacity of round 3800mAh g-1[4], only second to 

silicon. However, because a silicon anode requires a lithiated cathode, the practical specific 
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energy of a lithium battery employing a metallic lithium anode is for this reason considered 

superior to all others. 

A secondary lithium battery is comprised of two electrodes (anode and cathode) and an 

electrolyte. Accidental short-circuiting is prevented by separating the electrodes using an 

insulating polymer separator. Because of the physical location of electrolyte sandwiched 

between the two electrodes, it has close interactions with both electrodes. The interfaces of the 

electrodes/electrolyte often dictate the overall performance of batteries. Consequently, the need 

for compatible electrolyte is of paramount importance in battery design [4-13]. My research 

focuses on the electrolyte because previous work in the Archer group has shown that it is a 

critical bottleneck for achieving secondary batteries with sufficient, high energy densities for 

cost-competitive applications in electric vehicles.  

Significant improvements in safe and stable battery performance are needed for lithium metal 

batteries (LMBs) due to the non-uniform lithium deposition on the negative electrode. These 

uneven dendritic structures increase the potential risk of cell short-circuiting, energy fading or 

even fire hazards. Lithium-ion batteries (LIBs) are designed to eliminate the dendrite problem by 

hosting lithium in a graphite material, but in practice a LIB can be transformed to a LMB by 

charging too fast or too much because the potential difference between lithium ion insertion and 

deposition is relatively small. Thus, solving the dendrite problem is critical for both LMBs and 

LIBs. Recent discoveries and advances have focused on electrolyte reconfigurations for the 

sake of suppressing or even eliminating dendrite formation, but these efforts have met with only 

limited success. [14-20]  

The mechanism of dendrite nucleation and propagation is a more controversial topic. Monroe 

and Newman [21, 22] have studied the impact of elastic deformation on deposition kinetics at a 

lithium/polymer interface. They employed linear elasticity theory to compute the additional effect 
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of bulk mechanical forces on electrode stability and treated the lithium and polymer as Hookean 

elastic materials, characterized by their shear moduli and Poisson’s ratios. They derived 2D 

displacement distributions that satisfy force balances across a periodically deforming interface 

which allow computation of the compressive, deformation and surface-tension forces. If the 

electrochemical potential change is positive, the current on the deformed surface is higher than 

the current on the unformed surface. And this potential is proportional to the surface 

displacement. Therefore, they defined a stability parameter which is the electrochemical 

potential over surface displacement. When the parameter is positive, the peak current is higher 

than the valley current which means the surface roughness is amplified under the driving force. 

The stability parameter could be lowered by simply increasing the storage modulus of the 

separator. And when the storage modulus is higher than 4.2 times of the lithium metal, the 

stability parameter is uniformly negative. This theory quantitatively predicts an extreme condition 

that the lithium dendrite growth could be stopped by the high mechanical strength of the 

electrolyte materials even after the dendrite nucleation. And, if high battery operating 

temperatures are used, it is possible for the electrolyte to stop dendrites even at normal liquid 

modulus. In 2012, Balsara et al. [23] experimentally determined the critical modulus needed to 

eliminate dendrite growth by empirically studying the reciprocal of charge passed to short-circuit 

in versus polystyrene-PEO block copolymer with varying storage modulus. They obtained 

10GPa as the critical modulus value from regression analysis which is within experimental error 

of the theoretical prediction 6GPa.  

Chazalviel et al. [24] studied the effect of electrolyte transport properties on dendrite nucleation 

and growth in LMBs. The governing equation is the conservation of mass and flux that includes 

both ion diffusion and migration. Solving their equations simultaneously with Poisson equation, it 

was found that far from the cathode, the electrical neutrality is achieved, but near the cathode, 

the anion concentration is approximately zero and cation concentration is small but finite. This 
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space-charge region arises because the cations are always replenishable by oxidizing lithium 

metal at the electrode to lithium ion but the anions are only the counterions in the electrolyte. 

Therefore, once the anions are depleted by a driving force, the concentration could become 

zero at the electrode and lead to a large drop of the electric potential. In the case of lithium 

metal batteries, any inhomogeneous area on the anode material would be a site of enhanced 

electrodeposition because the distance between the two electrodes is shortened. The model 

predicted two different regions at steady- state: quasineutral region and space-charge region. 

The crossover current density can be calculated using the fomula:  

 

 

Where e is the electron constant, 
0

C is the initial ionic concentration, D  is the diffusion 

coefficient, 
a

t  is the anion transference number and L  is the distance between the two 

electrodes. In the quasineutral region or under low current density charging, the local 

inhomogeneity along the negative lithium surface is argued to be the cause for the dendrite 

onset. It is related either to the geometry of the electrode or the SEI layer. When the dendrite 

starts to grow, there is a decrease of potential. This is because the effective inter electrode 

distance is decreased by the dendrite. It eventually drops to around zero when the dendrites set 

up a bridge across the two electrodes, coinciding with a short-circuit or limited cell lifetime. In 

the space-charge region or under high current density charging, the depletion of ions near the 

negative electrode is the cause of dendrite formation.  The duration of polarization is limited by 

the divergence of the cell potential and is another indicator of a broken circuit. The time for the 

dendrite to form is much longer in the low current density region.  The model also allows us to 

calculate the short circuit time by the Sand’s time equation:  

* 0
2

a

eC D
J

t L


12



 

Where J is the applied current density. According to the model, the dendrites grow at a velocity:  

a
E    

Where
a

  is the anionic mobility and E  is the electric field. In a follow-up study, Rosso et al [25-28] 

characterized the binary lithium/ polymer cell at low current density both experimentally and 

theoretically. When the dendrites establish the first bridge across the electrolyte, a sharp 

decrease in voltage is expected at a given current density. To understand the relationship 

between current density, and short-circuit time, the same cell configuration should be studied at 

various constant currents. As predicted, the short-circuit time followed a power law as a function 

of current density which is very similar to the Sand’s time. One of the key goals of my work is to 

determine how these observations are influenced by ILs and by the onset of the jamming 

transition in IL-SiO2 suspension electrolytes.   

Based on Monroe and Newman model, the separator which has a modulus comparable to that 

of lithium metal could stop the dendrite penetration under the electric driving force. From 

Chazalviel’s model, the extreme effort to stabilize electrodeposition is employing a single ion 

conducting electrolyte with immobilized anions.  To evaluate these two models, we started with 

ionic liquid because it has low melting point, low vapor pressure, and it is non-flammable. We 

created a class of ionic liquid nanoparticle hybrid electrolyte materials by tethering 

functionalized ionic liquid on silica nanoparticles [8-9].  That platform allows us to combine all the 

effects in one material. The inorganic silica core provides the high mechanics and the tethered 

ionic liquids produce a reservoir of anions which could mitigate the inhomogeneous ion 

distribution predicted by the Chazalviel model. The tethered ionic liquids are also known as the 
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solid electrolyte interface (SEI) stabilizer probably by generating lithium fluoride. The studies of 

imidazolium-based and piperidinium-based ionic liquid hybrid materials are extended in Chapter 

3-6.  In the effort to understand the importance of SEI, we investigated in Chapter 7 the stability 

of lithium electrodeposition in common liquid electrolytes reinforced by halogenated lithium salts. 

More recently, we have proposed a model of electrodeposition across a structured electrolyte. 

This model predicts that a single-ion Li+ conducting electrolyte with immobilized anions should 

curb lithium dendrite formation and provide the most stable electrodeposition among all salt-

based electrolytes. The model further concludes that an electrolyte involving a porous solid 

matrix could be another effective approach of suppressing dendrite growth even at liquid 

electrolyte modulus. To experimentally study this model, we have created a single-ion 

conducting electrolyte by lithiating perfluorinated Nafion membrane. Nafion was chosen 

because this polymer electrolyte is not only a single ion conductor but also a nanoporous matrix. 

The performance of single ion conducting electrolytes is discussed in Chapter 8. 
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CHAPTER 2 

ELECTROLYTES FOR HIGH-ENERGY LITHIUM BATTERIES 

 

Reproduced with permission from Applied Nanoscience, 2012, by Jennifer L. Schaefer, 

Yingying Lu, Surya S. Moganty, Praveen Agarwal, N. Jayaprakash, and Lynden. A. Archer. 

 

Abstract: From aqueous liquid electrolytes for lithium-air cells to ionic liquid electrolytes that 

permit continuous, high-rate cycling of secondary batteries comprised of metallic lithium anodes, 

we show that many of the key impediments to progress in developing next-generation batteries 

with high specific energies can be overcome with clever designs of the electrolyte. When these 

designs are coupled with as cleverly engineered electrode configurations that control chemical 

interactions between the electrolyte and electrode or by simple additives-based schemes for 

manipulating physical contact between the electrolyte and electrode, we further show that 

rechargeable battery configurations can be facilely designed to achieve desirable safety, energy 

density, and cycling performance.  

 

 

Introduction  

Most commercial secondary/rechargeable lithium batteries are based on the lithium ion cell 

depicted in Figure 1. A carbonaceous material such as graphite serves as the anode and hosts 

lithium as LiC6 in the charged state. A lithiated metal oxide (LiMO, e.g. LiCoO2) cathode hosts 

the lithium in the discharged state. The anode and cathode are coupled internally by a lithium-

ion conducting, aprotic organic ester or ether doped with a lithium salt (e.g. lithium 

hexafluorophosphate (LiPF6)). Shuttling of lithium ions between the anode and cathode 
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produces an electric current in an external circuit that drives a desired load. To prevent 

electrode/electrode contact and short circuits, a porous polyolefin film (separator) is typically 

inserted between the electrodes. Since the early 1990s, lithium ion batteries based on this 

design have been subjects of intense scientific and commercial interest for portable electronics 

applications. In recent years, the demand for secondary batteries with higher operating voltages, 

improved cycling stability, higher power densities, enhanced safety, and lower initial and life 

cycle costs has increased to meet new needs for smaller, lighter, more powerful electronic 

devices, as well as to accommodate growing interest in hybrid electric vehicles (HEV) and plug-

in hybrid electric vehicles (PHEVs).  

 

 

Figure 1: Schematic of a lithium ion battery during charge (left) and discharge (right). 
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As illustrated in Figure 2, the LiC6/LiCoO2 cell delivers one of the lowest specific energies of 

possible secondary battery configurations. Yet it remains attractive because this cell 

configuration offers superior energy densities, attractive operating voltages, lower self-discharge 

rates and a performance/cost structure that is competitive with the nickel metal hydride (NiMH) 

and other rechargeable battery configurations already in commercial use for HEVs. Additionally, 

even after taking into account the substantially lower practical specific energies of the 

LiC6/LiCoO2 ion battery (typically only about 1/3 of the maximum energy density is available in a 

fully packaged battery), this LIB configuration delivers a specific energy that exceeds the 

medium-term and comes close to the long-term goals set out by the US Advanced Battery 

Consortium. Finally, all of the alternative cell configurations depicted in the figure, particularly 

those that offer exceptional specific energies, suffer from one or more debilitating limitations, 

most involving the electrolyte, which prevent their widespread use. This review focuses on the 

modern search for electrolytes suitable for large-scale deployment in secondary lithium-based 

battery technologies that offer significantly improved performance and safety relative to the 

LiC6/LiCoO2-based platform.  

 

Figure 2: Theoretic specific energy and open circuit potentials for various high-energy density 

secondary battery configurations. The specific energy density battery configurations include the 
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weight of oxygen. The horizontal lines are the USABC medium (black) and long-term (red) 

targets escalated by a factor of 3 to account for the typical factor for three reductions in energy 

density that occur when inert cell components (packaging, electrolyte, conductivity aid and 

current collectors) are included. 

 

A successful electrolyte is required to play multiple, critical roles in an electrochemical cell. First, 

it should isolate the electron and ion transport pathways in the cell. Second, it should promote 

ion pair dissociation and selectively facilitate transport of the active ionic species (e.g. Li+ ions in 

a lithium battery). Third, it must penetrate and wet the porous, chemically heterogeneous hybrid 

materials that constitute the electrodes and separator. Fourth, it should not leak, combust, or 

vaporize during cell storage or operation. Fifth, it should be chemically robust in the presence of 

the electrodes and their redox products. Finally, it must itself be stable in the normal operating 

voltage range for the electrochemical cell. Significantly, these features must be maintained over 

thousands, even tens of thousands of charge-discharge cycles spanning many years of cell 

operation. Because it is rare for all six requirements to be met in a single material, the search for 

a successful electrolyte typically requires years of trial-and-error experimentation, including 

independent searches for suitable additives that might correct one or more shortcomings of an 

attractive material.  

Organic esters and ethers, which have polar groups, are attractive as LIB electrolytes because 

they possess good affinity for lithium ions, moderate dielectric constants and moderate to low 

viscosities at room temperature (Figure 3). 

Small Bjerrum lengths, 
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Figure 3: Chemical structures of common liquid electrolyte components and their properties. RP 

reduction potentials, OP oxidation potentials[1], FP flashing point,  dielectric constant at 25°C, 

 viscosity at 25°C unless otherwise noted. 

 

are also typical of these electrolytes under normal LIB operation conditions. Here, e  is the 

elementary charge;   is the dielectric constant of the medium; k  is Boltzmann’s constant; T the 

absolute temperature; i
z  and i

a  are, respectively, the valency and radius of ionic species ‘‘ i ’’; 

and   is the viscosity of the medium. Thus, even a moderately large counterion (radius: B
a l  ) 

is sufficient to produce high levels of ion-pair dissociation from the compact lithium ions (radius: 

0.076a  nm). The most common choices, ethylene carbonate (EC) coupled with a linear 

carbonate co-solvent — dimethyl carbonate (DMC), diethyl carbonate (DEC), ethylmethyl 
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carbonate (EMC) — and doped with LiPF6, also offer superior ionic conductivities to all 

alternatives: ionic liquids, polymers and ceramics. However, these electrolytes are volatile, 

flammable, leak, display poor thermal stability, possess high reduction potentials (Figure 3), 

narrow electrochemical stability windows, and poor mechanical stability, which present obvious 

challenges for their large-scale deployment in batteries. Additionally, electrolytes based on 

organic ethers dissolve lithium polysulfides LiSx, which erodes the cathode in high-energy 

lithium/sulfur and silicon/Li2S secondary batteries, and do not dissolve Li2O2, clogging the 

porous cathode in ultra-high energy density lithium-air batteries (Figure 2); making them 

incompatible with the most energy dense lithium battery platforms.  

Efforts to manage and/or ameliorate the most serious problems with aprotic organic electrolytes 

are extensive and nicely documented in several excellent reviews [1-5]. It is now understood, for 

example, that because the potential at either LIB electrode decays over a distance of order the 

Debye length,  

1/2

0

2 2 2 2
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D

kT
l

n n z e

 

  

 
   

,  

the high relative electrolyte permittivity, r
  , and salt concentrations, ( : (1 )n n n O M    ) , 

typically employed to ensure high ionic conductivities also means that the electrolyte in the 

vicinity of the electrode is subjected to large potential gradients; 
0
 is the permittivity of vacuum 

and i
n is the molar concentration of unassociated ionic species i in solution. Thus, even under 

moderate cell potentials where the pure electrolyte may be nominally stable, it will degrade 

continuously when in contact with either electrode. Several studies have shown that the 

degradation product is an electrically insulating but ionically conducting polymer, and that its 

thickness and porosity can be controlled (by introducing additives to the electrolyte and/or by 

initially cycling the cell at a low rate) to create a passivating coating that slows/stops subsequent 

electrolyte degradation [4, 5]. This benefit is perhaps intuitive since an electronically insulating 

23



polymer coating of any thickness reduces the magnitude of the potential gradients at the solid 

electrolyte interface (SEI). Numerous approaches for controlling the SEI in Li-ion batteries 

employing aprotic organic electrolytes have been reported; we will review the most recent 

methods at the end of “Liquid electrolytes for high-energy batteries” of the study.  

The review is organized as follows. We report on progress in development and characterization 

of novel liquid electrolyte systems for high energy density lithium batteries in “Liquid electrolytes 

for high-energy batteries”. This is followed by “Solid-state electrolytes: ceramics, polymers, 

composites, and hybrids”, in which we review progress on solid-state electrolytes based on 

ceramics and polymers. Finally, in “mixed phase electrolytes”, we discuss mixed phase solid-

liquid electrolytes.  

 

Liquid Electrolytes for High Energy Batteries  

Aqueous Electrolytes for Lithium Batteries  

Aqueous electrolytes preserve many of the advantages of aprotic liquid electrolytes but provide 

an environmentally friendly, non-flammable, low cost solution for some of their shortcomings. 

Until recently, the narrow electrochemical stability window of liquid water (1.23 V) and its 

reactivity with metallic electrodes prevented successful implementation in lithium batteries. Lou 

et al. recently reported results from a detailed study of the reactivity of various electrode 

materials in aqueous electrolytes.[6] These authors showed that by manipulating the pH of the 

electrolyte, it was possible to shift the electrochemical stability window. Further, they 

demonstrated that if dissolved oxygen is eliminated and carbon-coated electrodes employed, 

aqueous lithium-ion batteries based on materials such as LiTi2(PO4)3/LiFePO4 can be cycled at 

a rate of 1 C to yield a specific energy of 50 W h kg-1 based on the total weight of the electrode 

materials. This energy density is competitive with lead-acid and Ni-Cd batteries. However, the 

aqueous lithium-ion battery offers a much higher power density, retaining 80% of the reversible 
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capacity when the rate is increased to 10 °C. Furthermore, the battery manifested over 90% 

capacity retention over 1000 charge/discharge cycles.  

The benefits of aqueous electrolytes for lithium batteries are even more markedly evident for Li-

air batteries [7, 8]. As illustrated in Figure 2, the theoretical specific energy of the lithium/air 

battery (including the oxygen cathode) is 5.2 kW·h/kg. Most designs utilize a porous/open 

carbon cathode configuration designed to facilitate continuous re-supply of oxygen from the 

surroundings and therefore potentially offer substantially higher specific energies, 11 kW·h/kg. 

These values are comparable to typical energy densities for coal, 6.7 kW·h/kg, and are only 

marginally lower than the specific energy of commercial-grade gasoline, 12 kW·h/kg. Works on 

Li-air batteries employing aqueous electrolytes rely upon the high solubility of Li2O2 in water to 

avert problems with premature fouling of the porous cathode, but achieve this effect by 

employing decidedly different approaches for protecting the metallic lithium anode from water. 

The all-aqueous Li-air battery utilizes an inert ceramic solid-state electrolyte coating on the 

anode which protects it from water, but is sufficiently conductive for Li+ ions to facilitate the 

shuttling reaction. In the mixed electrolyte Li-air battery configuration proposed by Zhou et al. [7], 

the anode and porous cathode are separated by a water impermeable, lithium ion conductive 

membrane (e.g. LISICON). The cathode is in contact with the aqueous electrolyte and the 

metallic lithium anode is in contact with an aprotic liquid electrolyte. The primary advantage of 

these designs is that the cathode is submerged in water, the discharge reaction product is 

soluble in water and so this eliminates problems of cathode clogging, expansion, and electrical 

conductivity that result with the use of an aprotic electrolyte. Wang and Zhou [7] reported 

cathode capacities of 50,000 mA·h/g (based on the total mass of porous catalytic electrode) 

when the Li-air cells were cycled at a low rate (100 mA·h/g).  

 

Electrolytes for Secondary Lithium-Sulfur Batteries  
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As illustrated in Figure 2, the Li-S and Si-Li2S secondary batteries provide among the highest 

specific energies of lithium-based cells. Sulfur, the active material used in both cathode 

configurations, is inexpensive, abundant, and non-toxic. Early reports showed Li/S cells with 

organic liquid electrolytes display poor cycle life and low Columbic efficiencies. Cycling of a 

sulfur cathode results in the formation of various lithium polysulfides such as Li2S, Li2S2, Li2S3, 

and Li2S4.
[9-11] These polysulfides are soluble in the typical aprotic carbonate liquid electrolytes, 

resulting in dissolution/erosion of the cathode by the electrolyte upon cycling. The resultant fall-

off/fading of the cathode capacity presents a significant barrier for successful implementation of 

sulfur cathodes.  

Many investigations have focused on combinations of liquid electrolytes, as well as of 

electrolytes and additives, which display various levels of success in reducing polysulfide 

dissolution, while still demonstrating sufficient ionic conductivity, safety, and electrochemical 

stability. For example, tetrahydrofuran (THF), [12] 1,3-dioxolane (DOXL),[10, 13, 14] dimethoxy 

ethane (DME), carbonates,[15, 16] and polyethylene glycol dimethyl ethers (PEGDME)[9, 17-21] have 

been investigated. Among these electrolytes, tetra(ethylene glycol)dimethyl ether (TEGDME), a 

dimethyl terminated polyethylene oxide oligomer, has been found to be particularly attractive. 

Without any efforts to modify the cathode, Li/S cells employing TEGDME-based electrolytes 

have been shown to provide specific capacities over 1200 mA·h g-1 during the first charge at 

room temperature.[10, 12, 21, 22] Choi et al. [18, 23] reported the performance of TEGDME / 1M 

LiCF3SO3 electrolyte solution and compared its performance with a variety of other electrolyte 

formulations. Significantly, a cell employing a solution of 5 vol.% toluene in TEGDME was 

reported to maintain a discharge capacity of 533 mA·h g-1 following 50 cycles at a low rate (1/16 

C) and exhibited near stable impedance spectra upon cycling.  

Mikhaylik  and Akridge [24] and Ryu et al. [21] both show that performance of TEGDME 

electrolytes in Li/S cells is markedly worse at low-temperature. By adding 1,3-dioxolane (DOXL) 

and methylacetate (MA) to the TEGDME electrolyte in the ratio of MA:DOXL:TEGDME-
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5:47.5:47:5, by volume- Ryu et. al. observed that the first discharge capacity could be 

significantly improved to 994 mA·h g-1 at -10°C from 357 mA·h g-1. Shin and Cairns [25] showed 

that Li/S cells could be successfully cycled with an electrolyte mixture of PEGDME Mn = 250 

and 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulphonyl)imide (C4mpyr TFSI) ionic 

liquid. The addition of PEGDME to the ionic liquid was found to reduce its viscosity and enhance 

ionic conductivity to 4.2 x 10-3 S/cm at 29°C. When cycled at room temperature and at low rates, 

the Li/S cell with C4mpyr TFSI-0.5 M LiTFSI-2 PEGDME electrolyte maintained a discharge 

capacity of 269 mA·h/g after 100 cycles; however, the cells exhibited poor performance at lower 

temperatures. Cells containing pure C4mpyr-LiTFSI electrolyte, without PEGDME, exhibited 

poor cycling performance at all temperatures due to polysulfide dissolution.  

Recently, several studies have reported that encapsulation of the sulfur into a porous carbon 

framework wetted by the electrolyte can significantly improve performance of Li/S batteries. Ji et 

al. [26] , for example, showed that Li/S cells based on a nanocomposite cathode, created by 

wicking molten sulfur into a conductive, mesoporous carbon framework, and an electrolyte 

comprised of 1.2 M LiPF6 solution in ethyl methyl sulphone can be cycled at moderate rates 

(~0.2 C) to yield specific capacities exceeding 800 mA·h g-1, with some capacity fade after 20 

cycles. When a layer of polyethylene glycol was appended to the particles, the authors reported 

that the Li/S cell capacity improved noticeably, to above 1100 mA·h/g, and that the cells show 

no evidence of capacity fade after 20 charge/discharge cycles. Figure 3 reports results from a 

more recent study by Jayaprakash et al., [27] which employed a high-pressure method to infuse 

sulfur sublimate in the vapor phase into mesoporous, hollow carbon particles (Figure 4(a)) 

synthesized by high-temperature calcination of petroleum pitch. Cyclic voltammetry 

measurements (Figure 4(b)) of Li/S cells employing these S@C composite materials and an 

electrolyte comprised of 1 M lithium bis (trifluoromethane sulfone) imide (LiTFSI) in TEGDME 

indicate stable electrochemical performance after 50 cycles. Figure 4(c) shows the first-cycle 

voltage profile of the material during galvanostatic cycling at low (0.1C) as well as high (3C) 
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charge rates. Figure 4(d) reports the discharge capacity based on the active sulfur, which 

comprises 70 wt% of the S@C composite, measured at a rate of 0.5 C. Although small levels of 

capacity fading is evident in Figure 4(d), these results attest to the electrochemical stability of 

the composite sulfur@carbon cathode material in the TEGDME-based electrolyte.  

 

Figure 4: Li/S secondary battery based on S@C composite and PEGME/LiTFSI electrolyte. (a) 

Transmission electron micrograph of sulfur infused mesoporous, hollow carbon particles. (b) 

Cyclic voltammetry data for S@C at a scan rate of 0.2 mV/s. Results are for the 2nd and 50th 

cycle. (c) First discharge voltage profiles for Li/S at various discharge rates. (d) Specific 

discharge capacity versus cucle number for Li/S cell at a fixed discharge rate of 0.5C.  

 

Electrolytes based on Ionic Liquids  
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One of the most straightforward changes that can be made within the current LIB framework 

(LiMO/LiC6) to increase specific energies is to increase the Li-ion insertion potential at the 

cathode. Cathodes based on LiM0.5Mn1.5O4 or LiMMnO4 spinels, where M is a divalent or 

trivalent metal (e.g. copper, nickel, iron, cobalt, chromium), can form the basis of LIBs with open 

circuit potentials close to, or even exceeding, 5V. [28] Unfortunately, none of the currently used 

aprotic liquid electrolytes can be safely used at such high cell potentials. High-temperature 

molten salts (liquid oxides, silicates, etc.) have been studied for a long time [29] and have been 

speculated for some time as potential LIB electrolytes for high-voltage cells. Typical cation and 

anion structures that are suitable for creating ILs are depicted in Figure 5. Unlike molten salts, 

room temperature ionic liquids (ILs) are organic salts having melting points below 100 °C.  The 

earliest IL, ethyl-ammonium nitrate, was synthesized in 1914 with a melting point of 12 °C . [30] A 

few ionic liquids were later developed for electroplating, [31] catalysis, [32] and organic synthesis. 

Wilkes and Zaworotko [33] developed air and water stable low melting point tetrafluoroborate 

ionic liquids.  

 

Figure 5: Chemical structures of representative cations and ions used for ionic liquid electrolytes. 
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ILs exhibit many interesting properties, including ultra-low vapor pressure, good thermal stability, 

wide range of solubility of organic and inorganic compounds, high polarity and non-coordinating 

nature, hydrophilic and lipophilic nature, high ionic conductivity, wide electrochemical stability 

windows, and tunability, which make them attractive as battery electrolytes. [32, 34] Among the 

large number of possible IL configurations, imidazolium and pyrrolidinium based ILs are most 

widely studied for their potential as next generation Li-ion battery electrolytes. The inherent 

robustness of the cation and anion of IL plays a vital role in dictating the overall redox stability of 

the IL. [35] Imidazolium-based ILs exhibits stability window of about 4V and other cyclic amine 

based ILs, pyrrolidium and piperdinium cations, show stability limits of about 6V (Figure 6). [36-38] 

Imidazolium-based cations suffer from cathodic instabilities. Improvements in this area was 

demonstrated by Seki et al., [39] whereas a ring substitution allowed for improved cycling 

efficiency against lithium metal. High stability windows have been reported for ILs containing 

TFSI anion. [40] 

 

Figure 6: The electrochemical stability window of 0.5M LiTFSI in an N-methyl-N-

propylpiperidinium bis(trifluoromethanesulfonyl)imide electrolyte solution measured on a Pt 

electrode and cyclic voltammograms of LiCoO2 and LiNi0.5Mn1.5O4 spinel electrodes as indicated 

in the reprint from Martha et al. [36], with permission from Elsevier. 
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High lithium ion conductivity is a desirable characteristic for Li ion battery electrolytes. Total 

ionic conductivities of ILs range from 10-4 to 10-2 S/cm at room temperature. [35, 41] Imidazolium-

based ILs shows comparatively higher values of conductivities than pyrrolidinium based ILs. 

Irrespective of the type of cation and anion, addition of Li salt to the IL decreases the overall 

ionic conductivity due to an increase in viscosity and the formation of ionic clusters with Li+. The 

effect of Li salt concentration on 1-2-Dimethyl-3-propyl imidazolium bis(trifluoromethyl 

sulfonyl)imide IL electrochemical properties, such as ionic conductivity, viscosity, and interfacial 

resistances at the LiCoO2 and Li metal interfaces, was studied by Seki et al.; they found that an 

optimum Li salt concentration exists for high rate performance batteries. [42] Appectecchi et al 

found that increase alkyl chain length resulted in decrease in ionic conductivity of N-alkyl-N-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ILs. Tokuda et al. [43] investigated the effect 

of anion on the physicochemical properties of 1-butyl-3-methylimidazolium cation-based ILs. 

They concluded that the molar conductivity ratio has the following order in the IL anions studied: 

hexafluorophosphate (PF6) > tetrafluoroborate (BF4) > bis (pentafluoroethylsulfonyl) imide 

(BETI) > bis(trifluoromethylsulfonyl)imide (TFSI) > trifluoromethanesulfonate (TfO) > 

trifluoroacetate(TFA). The observed trend is related to the anionic characteristics such as 

charge delocalization and fluorine content, where a higher molar conductivity ratio is found for 

ILs that dissociate more readily. And while ionic liquids display high total ionic conductivities, 

they exhibit low lithium transference numbers and thus lower lithium ion conductivity when 

compared to other liquid electrolytes. Addition of neutral molecules such as vinylene carbonate, 

tetrahydrofuran, ethylene carbonate, and toluene have been reported by MacFarlane and 

coworkers to significantly change transport properties of N-ethyl-N-propylpyrrolidinium 

bis(trifluoromethane sulfonyl)imide. [44] The chemical identity and donor ability of diluents play a 

major role in enhancing the Li-ion transport properties of LiTFSI solutions of IL.  
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Lee et al. [45] reported synthesis and electrochemical characterization of a series of ILs with 

methyl acetate moiety. These ILs exhibited large redox stabilities and high ionic conductivities, 

with an increase in conductivity with the presence of Li salt due to the interaction between Li+ 

and the ester group on the cation of the ILs. Similarly, Egashira showed the improved properties 

of the quaternary ammonium based ILs containing cyano functional groups. [46] Most recently, 

Hussey and coworkers designed and synthesized a series of piperdinium cation-based ILs with 

a propylene carbonate (PC) moiety that showed favorable electrochemical characteristics for Li 

metal batteries.[30]  

Some ionic liquids, such as 1-butyl-1-methylpyrrolidinium bis (trifluoro methanesulphonyl) imide 

(C4mpyr TFSI) with LiTFSI, [47-51] have been shown to enhance uniform deposition on the lithium 

metal anode thus reducing dendrite formation without additional additives. This opens up the 

way for the highest energy density lithium batteries of all: those doped with LiTFSI is thought to 

occur due to formation of crystalline-like liquid layers at the interface with the crystalline 

electrode. This phenomenon is not understood, and varying effects are seen experimentally with 

chemical changes to the plating substrate or electrolyte.  

The tunability of ILs evidently offers a spectrum of opportunities to modify the properties 

required for successful preparation of next generation Li battery electrolytes that are non-volatile, 

non-flammable, and thermally stable at high temperatures. Significant challenges exist in 

developing ionic liquids with sufficiently high lithium ion conductivity that also function well with 

high-energy storage capacity electrodes such as sulfur and lithium metal. However, the recent 

upsurge of broad-based interest in ILs leads us to the perhaps hopeful conclusion that in a 

matter of years IL electrolyte configurations suitable for the most energy dense batteries of all 

(metal-air cells) will be found.  

 

Additives for Aprotic Liquid Electrolytes  
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Easily polymerizable electrolyte additives, such vinylene carbonate (VC) and catechole 

carbonate, have been shown to be particularly effective in producing stable SEI coatings on 

LiC6 and LiCoO2. 
[52, 53] Their use results in very small irreversible capacity loss upon SEI 

creation without sacrifices in the stability of electrodes or ionic conductivity, thus extending the 

life cycle of lithium-ion cells. The discharge capacity and cycling performance of PC-based 

electrolytes containing butyl sultone (BS) have been studied by Xu et al. [54] These authors show 

that BS rapidly formed a protective film on the graphite electrode and improved room-

temperature battery performance. Other sulfones, including 1, 3-propane sultone (PS), [55] have 

been used as additives in LIBs employing mixed carbonate electrolytes EC/DEC/DMC-1 M PF6 

electrolyte. Significantly, when paired with another SEI additive, succinic anhydride (SA), Lee et 

al. showed that PS additives were suitable for stabilizing a mixed 1:2 EC/EMC-1M LiPF6 

electrolyte in a LiNi0.5 Mn1.5 O4/graphite 5V cells. [56] Butylene sulfite has recently been shown to 

be a good SEI additive for PC-based electrolytes employed in both high-voltage, 

LiMn1.99Ce0.01O4/graphite, and high-power, LiFePO4/graphite electrodes.[57]  

Another approach proposed by Menkin et al. [58] to employ a pre-formed, artificial SEI to stabilize 

the interface. These authors used electropainting and vacuum-insertion techniques to deposit a 

polymer based on poly(ethylene-co-acrylic acid) and carboxymethylcellulose on graphite as well 

as Sn–Cu composite anode. They showed that the artificial SEI produced close to a fivefold 

improvement in the cycling performance of the battery. Likewise, Song [59] employed Fourier 

transform infrared spectroscopy to show that trimethoxy methyl silane spontaneously 

polymerizes on a metallic Si anode in an EC/DC (1:1) electrolyte. These authors reported 

capacities of 2400 mAh/g for over 200 charge/discharge cycles. An even more dramatic 

illustration of this concept comes from work by Lee et al. [60], which investigated the effect of 

triacetoxyvinylsilane (VS) on the surface morphology of a metallic lithium electrode cycled at 

1.25 mA cm-2 (C/2) in 1:1 EC/DMC-1 M PF6 with varying VS content. Remarkably, these authors 
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showed that an electrolyte containing 2 wt% VS minimized the formation of lithium dendrites 

and maintained 80% of the initial capacity after 200 cycles in the LiCoO2/Li cell.  

The flammability of aprotic liquid electrolytes represents another significant threat to their large-

scale deployment, particularly in large secondary batteries. [61] Flame retardant (FR) additives 

aim to reduce this threat while maintaining good ionic conductivity and cycling characteristics. 

Most FRs act by chemical radical scavenging, which terminates the radical chain combustion 

reaction. [62] Ideally, the amount of the FR should be kept below 20 vol.%, to minimize 

deleterious effects on battery performance; [63] however, ignition under high pressure of oxygen 

or other kinds of abuse conditions is still possible with the highly flammable linear carbonate 

solvents in this range. Organic phosphates (alkyl phosphates and aryl phosphates), [64] halogens, 

biphenyls, their combination or derivatives, and nitrogen-containing compounds are by far the 

most common FRs. Hyung et al. [65] investigated a group of organic phosphate compounds, 

triphenylphosphate (TPP) and tributylphosphate (TBP) and found that they markedly improved 

the thermal stability of lithium-based cells. Shigematsu et al. [66] found that in a C/VEC-VC- 

LiPF6/LixCoO2 cell, trimethyl phosphate (TMP) promotes thermal stability of both electrodes. 

Morita et al. [67] showed that TMP perhaps achieves this benefit by preventing thermal 

decomposition of LiPF6. Cresyl diphenyl phosphate (CDP) FRs have been studied by Shim et al. 

[68], as well as by Zhou et al. [69] Both groups showed the thermal stability and non-flammability 

of aprotic liquid electrolytes can be markedly improved by adding only 5wt% CDP. Zhang et al. 

[70] reported a new flame-retardant called vinyl-tris-(methoxydiethoxy)silane (VTMS). Their 

combustion tests revealed that the addition of VTMS at 5-15 vol% could dramatically reduce the 

flammability of a 1 M LiPF6-EC/EMC/DMC (1:1:1, v/v/v) electrolyte. Recently, Fei and Allcoc [71] 

reported that a PC electrolyte containing methoxyethoxyethoxy phosphazene oligomers and the 

corresponding high molecular weight polymer simultaneously exhibits attractive flame 

retardance and good ionic conductivity.  
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Solid State Electrolytes: Ceramics, Polymers, Composites, and Hybrids  

All solid-state batteries have some inherent advantages over liquid electrolytes, namely no 

chance of electrolyte leakage and reduced flammability. They also allow for the implementation 

of advanced battery architectures and the possibility of safe implementation of rechargeable, 

high energy density batteries employing lithium metal anodes by mechanical inhibition of lithium 

dendrite formation that can cause cell short-circuiting. However, the ionic conductivity of dry 

cells is often less, especially at room temperature, than that of liquid cells. Current work in the 

solid-state electrolyte field aims to mitigate losses in ionic conductivity, and therefore cell rate 

capability, while still improving safety and efficient cycling behavior.  

 

Ceramic electrolytes  

Ceramic electrolytes are non-flammable and thermally stable to high temperatures. They are 

also mechanically strong- nanoindentation measurements of lithium phosphonate oxide (LiPON) 

demonstrate elastic modulus of 77 GPa, [72] which is well beyond the minimum value of 3.4 GPa 

predicted by Newman [73] that is required of an electrolyte to suppress metallic lithium dendrite 

formation. And despite their mechanical strength, many ceramic electrolytes demonstrate 

excellent room temperature ionic conductivity (>10-3 S/cm) with lithium transference number ~1. 

Fergus [74] recently published a comprehensive review of ionic conductivity data for ceramic and 

polymer electrolytes, which provides an excellent comparison of the ionic conductivity of the 

three main classes of ceramic electrolytes- sulfides, oxides, and phosphates. Another review by 

Patil, et al. [75] provides a comprehensive history of thin film battery development, including 

ceramic electrolytes, through 2008. It is important to note that while many ceramics exhibit ionic 

conductivity on the order of 10-3 S/cm at room temperature, it is LiPON with an ionic conductivity 

of only 2 x 10-6 S/cm that has had gained widespread use, suggesting that other properties play 

an important role in the success of the electrolyte. Vacuum-sputtered LiPON is an amorphous 

ceramic with a wide electrochemical stability window (5.5 V vs. Li), interfacial stability in contact 
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with metallic lithium, thermal stability up to 300°C, and an ionic conductivity which is acceptable 

for use in a thin film battery with micron-scale (or thinner) electrolyte thickness.[76]  

Solid-state batteries utilizing ceramic electrolytes can exhibit high interfacial impedances, as 

some ceramics, including many sulfides, react with common anode and cathode chemistries 

such as LiCoO2. Since reactivity of a pair of electrolyte-electrode materials is not always obvious, 

interfacial impedance characterization must be performed. For example, one report showed a 

stable SEI formed between an alloy Li-Al anode and thio-LISICON type electrolytes with 

compositions Li3.4Si0.4P0.6S4 and Li3.25Ge0.25P0.75S4, with activation energies at the interface 

smaller or comparable to those reported for a lithium metal/composite polymer electrolyte 

interface. [77] However, Li3PO4-Li2S-SiS2 and thio-LISICON Li3.325P0.935S4 electrolytes reacted 

continuously with the Li-Al anode. Takahara has reported decomposition at the Li3PO4-Li2S-SiS2 

and Li metal interface. [78] Electronic conductivity of perovskite type lithium lanthanum titanate 

oxide (LLT) is enhanced significantly by contact with metallic lithium due to Ti4+ reduction. [79] 

Oxide impurities form at interface of LLT and LiCoO2 cathode with sintering, creating high 

interfacial resistance that dominates cell behavior, while LiMnO4 was shown to form a low 

resistance interface with LLT. Similarly, the formation of inert oxide layer increases the 

LiNi0.5Mn0.5O2/LATSP interfacial resistance, blocking the Li-ion diffusion through the interface. [80] 

Li7La3Zr2O12 (LLZ) was calcined to obtained garnet-like structure pellet that in a symmetric Li 

cell showed interfaced stability, reversible plating and de-plating with no reaction. However, 

Li/LLZ/LiCoO2 cell that was successfully cycled showed irreversible behavior between LLZ and 

LiCoO2. 
[81] 

In order to improve ceramic electrolyte-electrode compatibility and still maintain good overall cell 

capacity, nanoscale intermediary films have been used to prevent interfacial reactions. LiCoO2 

cathodes were spray coated with Li4Ti5O12 to form a protective layer between the cathode and 

sulfide electrolyte thio-LiSICON which prevented formation of a highly resistive space-charge 
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layer. [82] In a more recent work, Li2O-SiO2, a coating without a transition metal oxide, was 

shown as effective in protecting LiCoO2 with use with sulfide electrolyte Li2S-P2S5. 
[83]

 

Ceramic electrolytes as a whole also have drawbacks that limit their implementation. They are 

brittle and can require more expensive processing conditions such as high temperature sintering 

(> 1300°C) and deposition by sputtering. [84] The brittleness of the ceramic electrolyte can result 

in cracking, as the electrolyte is unable to accommodate volume changes in the electrodes due 

to lithium insertion/de-insertion. To mitigate this concern, recent work has investigated pairing 

the ceramic electrolyte against a polymer electrolyte that allows for volume expansion. [85] The 

brittleness of the ceramic electrolyte also limits the cell configurations it may be used in: 

traditionally, ceramic electrolytes were considered only for flat, thin film batteries. The growing 

field of micro electromechanical systems (MEMS) being developed requires a power source 

with maximum energy density and a minimized footprint; to meet this end, 3D battery 

configurations are being explored.  

Ceramic electrolytes are ideal candidates for MEMS applications because not only are they 

immobile solids, they are thermally stable at the high temperatures present locally in 

microcircuits. Recently, conformal LiPON films were successfully deposited by magnetron 

sputtering in N2 gas at 2.6 Pa on both off-axis planar substrates and 3D substrates with 10-100 

μm features.[86] While the deposition rate decreases for off-axis areas and the film composition 

varies, the electrolyte still provides a nearly uniform Li+ ionic conductivity of 2±1 x 10-6 S/cm 

throughout. In another work, 3D batteries were fabricated using a honeycomb, LLT electrolyte 

filled with oxide cathode particles and sol gel precursors. [87] Good electrolyte-electrode contact 

was formed via this method, and a battery utilizing a LiMnO4 cathode displayed low interfacial 

impedance. The batteries were successfully cycled, but suffered from very poor discharge 

capacities, attributed to the large size of the electrolyte honeycomb pores (180 μm).  

 

Polymer electrolytes  
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Polymers have long been recognized as promising electrolyte candidates. Unlike brittle ceramic 

electrolytes, polymer-based electrolytes have the advantage of being lightweight and flexible, 

allowing for coiled cell configurations. Polymer electrolytes, unlike some ceramics, are 

unreactive with common oxide electrodes; they also perform better than liquid electrolytes in 

conjunction with sulfur cathodes and display wide electrochemical stability windows. The main 

drawback of polymer electrolytes is their low ionic conductivity, especially at room temperature. 

In 1973, polyethylene oxide (PEO) was found to be conductive when complexed with an alkali 

metal salt.In 1979, the first battery using a solid polymer electrolyte (SPE), PEO complexed with 

a lithium salt, was produced. Remarkably, the majority of work in this field is still dedicated to 

PEO due to its relatively high ionic conductivity when compared with other polymers. PEO-

based electrolytes have traditionally been plagued with poor room temperature conductivity due 

to crystallization of the matrix, so efforts have been made to extend amorphicity into the room 

temperature range. Large organic salts such as LiTFSI aid in this regard, as the anions act as a 

plasticizer, allowing the polymer chains to move more freely.  

While improvements in conductivity are desirable, studies have shown that among electrolytes 

with similar lithium ion conductivity, those with high total ionic conductivity and low lithium 

transference numbers exhibit poorer electrochemical properties. [88] In addition, theoretical 

predictions by Rosso et. al. [89] suggest that the onset time for dendritic lithium growth, and 

subsequent short circuit time, has an inversely squared dependence on the anion transference 

number. Thus it is desirable to make single ion polymer conductors, or ionomers - polymer 

backbones with tethered anions that associate with free Li+. Colby et. al. have shown that ions 

in these environments tend to aggregate into pairs, trimers, quadapoles, with few free lithium 

ions. [13, 90-92] Therefore, conduction is governed by the trimer, which moves by segmental 

motion of the backbone, dissociating and reforming as it travels. This mechanism leads to 

impractically low conductivities in these systems, though lithium transference is unity. Recently, 

mixed polymer systems of PEO and poly(lithium acrylate) salts were shown to have improved 
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conductivity (10-6 S/cm at room temperature and 10-4 S/cm at elevated temperatures) in the 

presence of the additive BF3OEt2, which coordinates with the tethered carboxylate anion and 

promotes ion-pair dissociation. [93] This work suggests that single ion-conducting conductors 

with high conductivity may be possible with improvements in anion coordinating additives.  

Amorphous polymer electrolytes typically soften with improvements in ionic conductivity; this 

loss of mechanical integrity makes them less desirable for application in lithium-metal based 

batteries. Improvements in mechanical properties of solid-state polymer-based electrolytes have 

been demonstrated via crosslinked polymer, block co-polymer, and small molecule polymer 

crystalline electrolytes, as well as polymer-ceramic composite and polymer-ceramic hybrid 

electrolytes, discussed in later sections.  

Cross-linked polymer electrolyte films have been synthesized by a number of methods, 

including chemical cross-linking, [94-96]  photochemically cross-linking, [97] UV-cross-linking, [18] 

and electron-beam cross-linking. [98] Solid cross-linked electrolytes based on PEO, without 

added solvent, generally exhibit ionic conductivities around 10-5 S/cm at room temperature as 

the cross-linking inhibits chain crystallization, though it slows chain mobility. Cross-linking also 

increases the tensile strength of the films to the MPa range.  

The majority of work in the block copolymer electrolyte field has centered on materials with 

continuous, majority PEO blocks and minority blocks of a stiffer, typically non-conducting, 

polymer to enhance mechanical properties. We will highlight two recent works. Ghosh et al. [99, 

100] have synthesized a PEO-b-(PMMA-ran-PMMALi) diblock copolymer with a minority random 

copolymer block of methyl methacrylate (MMA) and lithium salt of methacrylic acid (MMALi) to 

provide an additional lithium source. When doped with LiBC4O8 (LiBOB), the copolymer 

electrolyte is a transparent, flexible film with an ionic conductivity of 1 x 10-5 S/cm, lithium 

transference of 0.9, and electrochemical stability above 5V at room temperature. Niitani et al. [101] 

reported a polystyrene (PS)-block-polyethylene glycol methyl ethyl methacrylate (PPEGMA)2 

star shaped copolymer with a PS core and PPEGMA arms. When doped with LiBETI, the star 
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copolymer electrolyte is a flexible film with a total ionic conductivity on the order of 10-4 S/cm at 

room temperature. The notable enhanced total ionic conductivity of this electrolyte may be 

attributed to the geometric configuration of the block copolymer, where many short ethylene 

oxide chains are employed instead of one long chain, which inhibits crystallization of the 

conducting phase.  

Decoupling of mechanical and conduction properties in a block copolymer electrolyte has been 

demonstrated by Singh et al [102] and Gomez et al [103] using a material with a continuous non-

conducting phase (Figure 7). The PS-block-PEO lamellar electrolytes, doped with LiTFSI, 

manifested ionic conductivities in the range 10-4-10-5 S/cm from 90-120°C and dynamic storage 

moduli of 107-108 Pa. The lamellar block copolymer electrolyte exhibited significant 

improvement in mechanical properties with little change in conductivity, thereby demonstrating 

that independent control of these properties is possible. Energy-filtered TEM showed that ions 

were accumulating, increasingly localized, in the center of the PEO lamellae as the chain 

molecular weight increased. Stress calculations indicate that local stress interferes with the 

ability of the PEO near to the phase boundaries to interact with the salt, thus decreasing ion 

concentration in wall regions that have lower mobility. Overall, the properties of the lamellar 

block copolymer electrolyte are quite attractive at elevated temperatures (~100°C); 

improvement in conductivity at lower temperatures appears necessary for use of the system in a 

room-temperature secondary battery.  
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Figure 7: Distribution of lithium in a PS-PEO block copolymer electrolyte doped with LiTFSI as 

determined by energy-filtered transmission electron microscopy (reprited with permission from 

Gomez et al [103], Copyright (2009) American Chemical Society). 

 

Decoupling of mechanical and conduction properties in polymers has also been demonstrated 

by a relatively new class of materials, crystalline polymer-salt complexes or small molecule 

electrolytes. [104-107] These complexes of short PEO chains (glymes) and lithium salt form 

crystals with varying structures depending on the EO/Li+ ratio and glyme length. In most cases, 

the glyme chain forms a helix around the lithium ions and anions are free outside of the helix. 

The lithium ions are then able to conduct through the helix tunnel and along the glyme 

backbone. Increasing order, and therefore decreasing defects between tunnels, improves the 

ionic conductivity. Dopants of lithium salts with a different ion (i.e. addition of a small amount of 

LiTFSI to a LiAsF6-doped electrolyte) have been shown to improve conductivity, as have an 

increasing the number of chain ends per crystallite and having chains with -OC2H5 ends. The 

ionic conductivity of crystalline electrolytes is still low, 10-8 to 10-6 S/cm at room temperature, but 

this field is relatively new. And like all polymer electrolytes, they are easily processable – an 

advantage over their ceramic electrolyte counterparts.  

 

Polymer-ceramic composite electrolytes  

The addition of ceramic nanoparticles, such as TiO2 
[108] SiO2, 

[109, 110] Al2O3, 
[106, 111, 112] Fe3O4,

[113] 

and S-ZrO2, 
[114] to polymer electrolytes has been shown to improve ionic conductivity, 

mechanical and electrochemical properties of the polymer electrolyte. The increase in ionic 

conductivity in composite electrolytes (CPEs) with inert fillers has been attributed to the 

nanoparticles acting as solid plasticizers, disturbing polymer crystallization. Comparative studies 

of nanofillers with varying chemistries and surface functionalized nanofillers reveal that the 

electrostatic environment near the particle surface can promote conduction of one species over 
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another. It is understood that Lewis acid-base surface groups interact with ions and PEO 

segments to create additional conduction pathways along the particle surfaces for lithium 

cations and/or interfere with anion transport.  

Inadequate movement of polymer chains next to an electrode surface leads to a decline in salt 

transport and thus an increase in a salt concentration gradient. [115] The addition of ceramic 

additives increases polymer amorphicity and chain mobility. Ceramic fillers also can scavenge 

impurities from the electrolyte, which may have undesirable reactions with the electrode [116] 

These combined effects reduce the interfacial resistance at the lithium electrode. [106, 108] 

Reduction in the SEI improves the interface stability and reduces dendrite formation on lithium 

metal anodes. CPEs also have enhanced mechanical properties, with an increase in the 

Young’s modulus and yield strength. Still, even with use of additives such as calix(6)pyrrole, [112] 

solid-state composite polymer systems based on high molecular weight PEO suffer from low 

ionic conductivity at room temperature and below which limits their practical application.  

 

Polymer-ceramic hybrid electrolytes  

Polymer-ceramic hybrid electrolytes are studied for their potential to improve mechanical 

properties and prevent crystallization of polymer-based electrolytes. Miscibility between the 

organic and inorganic constituents of these materials is a concern that can be alleviated by 

appropriate chemistry. The majority of these hybrid materials have molecular scale inorganic 

regions crosslinked by an organic component. They are often synthesized by a sol-gel 

technique, polycondensation reactions of alkoxysilanes and end-functionalized homopolymers 

or copolymers. [117-119] Hybrids materials of similar form but varying chemistry were recently 

demonstrated by reaction of polyethylene glycol with organometallic precursor 

methylalumoxane, an oxyaluminum cluster that contains up to twelve active reaction sites. [120] A 

deviation from this form was reported by Kao and Chen [121] who synthesized a mesoscopically 

ordered electrolyte with hexagonal arrays of inorganic cylinders by co-condensation of 
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glydicyloxypropyl) trimethoxysilane (GLYMO) and tetraethoxysilane (TEOS) and self-assembly 

of PEO-PPO-PEO triblock copolymer. Ionic conductivities in the range of 10-6 to 10-4 S/cm at 

room temperature are typical of these hybrids; the framework is typically successful in 

preventing polymer crystallization above room temperature. Notably, all of these works fail to 

characterize the mechanical properties of the electrolyte and it is not clear how their strength 

compares to that of pure polymer and composite polymer electrolytes.  

Recently, we reported on the synthesis of organic-inorganic hybrids created by dense 

functionalization of nanoscale ceramic particles with short polymer chains. [122] Physical 

properties of these materials are facilely tuned by changing the polymer chain (corona) length, 

grafting density, as well as the particle size, and inorganic content of the hybrids. The systems 

exist as jammed, self-suspended-suspensions of nanoparticles, [122-124] which manifest a yield-

stress and, depending on the corona molecular weight, exhibit room-temperature ionic 

conductivities from 10-3 to 10-6 S/cm. Hybrids based on corona chains with terminal, reactive 

functional groups, allow the nanoparticle cores to be cross-linked to yield homogeneous 

organic-inorganic hybrid films with tensile moduli exceeding 0.1 GPa at room temperature. [123, 

124] Doping these films with a 1 M solution of LiTFSI in TEGDME produces a 10 fold reduction in 

the modulus to ~10 MPa (Figure 8), and room temperature ionic conductivities of 2 x 10-5 S/cm. 
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Figure 8: Cross-linked, nanoporous SiO2-PEG film. (a) Photograph and (b) schematic of PEG 

hybrid’s highlighting cross-linked chains. (c) dynamic elastic modulus; and (d) ionic conductivity 

of cross-linked hybrid film as a function of temperature, after swelling with 1M LiTFSI in 

TEGDME.  

 

Mixed Phase Electrolytes  

Mixed phase electrolytes, containing both solid and liquid components, offer a compromise in 

material properties whereas the liquid aids in conduction and the solid enhances mechanical 

properties. The majority of work in this field has previously been devoted to gel polymer 

electrolytes and soggy sand electrolytes.  
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Polymer-liquid electrolytes  

Gel polymer electrolytes are comprised of a polymer matrix swollen with a liquid electrolyte, with 

or without a ceramic particle additive. The gel polymer is a free-standing film that eliminates the 

problem of leakage as with a traditional liquid electrolyte and thus the need for a separator, but 

still has nearly the same ionic conductivity and electrochemical properties of the imbibing fluid. 

The polymer matrix may be cross-linked or uncross-linked.  

In the 1990s, Bellcore commercially produced the first plastic Li-ion battery. It utilized a 

poly(vinylidene fluordide)-hexafluoropropylene (PVdF-HFP) matrix with a EC-DMC-LiPF6 liquid 

electrolyte and SiO2 filler in a LiMn2O4/C cell. [125] PVdF-HFP is a copolymer with good 

mechanical integrity, chemical stability, and miscibility with carbonate-based electrolytes, unlike 

PEO. Still, the Bellcore electrolyte suffers from the other problems associated with aprotic liquid 

electrolytes: low thermal stability, low cathodic stability, volatility, flammability, and insufficient 

moduli to prevent dendritic lithium growth. Ionic liquid based gel polymer electrolytes are now 

widely studied as a possible solution to some of these issues, [56, 97, 101, 126, 127] PEO-based gel 

polymer electrolytes have also been explored, by swelling a high molecular weight PEO matrix 

with PEG oligomers. [94] 

 

Ceramic-liquid electrolytes  

 

“Soggy sand” electrolytes are created by doping a liquid electrolyte with ceramic nanoparticles. 

[128-131] At a given particle volume fraction onset
  << 0.01, a percolating particle network forms in 

the system (Figure 9) and the physical nature of the bulk material may become gel-like. This gel 

state, similar to that achieved in polymer-liquid gel electrolytes, may render the separator in Li-

ion cells unnecessary. The onset percolation threshold onset
  is a function of the chemical 
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moieties on the particle surface for a given particle size, and the network is formed by hydrogen 

bonding and/or Van der Waal’s interactions between surface groups.  

 

Figure 9: Transmission electron micrographs showing the intrinsic morphology of 

nonfunctionalized ad functionalized aerosol silica particles used in the preparation of soggy 

sand electrolytes: (a) as received; (b) methyl capped; (c) amine capped; and (d) octyl capped. 

(reprinted with permission from Das and Bhattacharyya [129], Copyright (2009) American 

chemical Society) 
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Certain dopants, such as unmodified aerosol silica, [130] methyl-capped aerosol silica, [130] or Li-

exchanged hectorite nanoclay, [132] may increase ionic conductivity of the electrolyte up to half 

an order of magnitude at low onset
  by attracting the anion, thus breaking up an ion pair and 

freeing Li+ for conduction. Beyond a threshold volume fraction 
max
 , the ionic conductivity then 

declines due to blocking of the ionic conduction pathways. A soggy sand electrolyte of lithium 

perchlorate-ethylene glycol solution doped with unmodified aerosol silica at  = 0.07 has a 

storage modulus G’ = 5 x 10-4 Pa and ionic conductivity of 7 x 10-4 S/cm at room temperature, a 

30% increase in conductivity compared with the pure electrolyte solution. [130] However, a 

change in the liquid to lithium perchlorate-methoxy polyethylene glycol solution resulted in a gel 

with G’ = 1 x 10-6 Pa and ionic conductivity of 1 x 10-4 S/cm, with no improvement in conductivity 

over the undoped solution.[129] The effect of bonding structure and surface chemistry on 

conductivity in soggy sand electrolytes is still under investigation.  

Ceramic-IL nanocomposites ILs have been investigated as electrolytes for dye sensitized solar 

cells. Wang et al. [133] and Katakabe et al. [134] have both noted improved properties by doping an 

IL electrolyte with silica.  

Recently, Syzdek et al. [135] reported on a liquid-in-ceramic composite, where the ceramic 

provides a continuous supporting phase and is soaked with a liquid electrolyte. The porous 

ceramic matrix was formed by a tape-casting method, uni-axial pressing and grain sintering of a 

slurry of  -Al2O3 particles. Electrolytes were prepared by soaking the ceramic matrix in various 

PEGDME/LiClO4 liquids. The electrochemical properties of the resulting electrolyte were found 

to depend on the liquid component and porosity of the support matrix.  

 

Nanoporous hybrid electrolytes  

Recently, we reported on a new class of mixed phase electrolytes, nanoporous hybrid 

electrolytes, of zirconia-imidazolium based ionic liquid hybrid (ZrO2-IL) doped with LiTFSI 
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(Figure 10) [136] and silica-polyethylene glycol (SiO2-PEG) hybrids suspended in 

PEGDME/LiTFSI (Figure 11). [137] Like the solvent-free, cross-linked electrolytes introduced in 

“Polymer-ceremic hybrid electrolytes”, both of these systems have uniformly dispersed, non-

agglomerated ceramic nanocores surrounded by a percolating, organic ionic conduction 

pathway. This percolating conduction pathway allows for good ionic conductivities even at high 

particle loadings. A SiO2-PEG suspension electrolyte with   = 0.38 displays a storage modulus 

close to 1MPa and an ionic conductivity of 3.5×10-4 S/cm at 35°C, and even a practical 

conductivity of 1.0×10-4 S/cm at 10°C. In comparison, the ZrO2-IL electrolyte displayed an ionic 

conductivity of 7×10-4 S/cm at 100°C and 2×10-5 S/cm at 25°C with a storage modulus of 5 MPa 

at 150°C. Significantly, the ZrO2-IL electrolyte has a lithium transference number TLi+ = 

0.35±0.04, seven times larger than the value for the pure IL electrolytes (0.05). [138] This 

improvement in lithium transference is attributed to the tethering of the IL imidazolium cation, 

leaving Li+ as the only mobile cation in the system. Both of these systems display wide 

electrochemical stability windows and stable interfacial impedances against lithium metal.  

Unlike previously studied electrolytes, these nanoporous hybrids behave mechanically as soft 

glasses when *  the threshold value for particle jamming. At ceramic fractions above *

and at rest or under low strain ( ), the electrolyte is jammed and behaves as a solid. When the 

applied strain exceeds the yield strain y
 , the electrolyte flows as a liquid; this property is 

significant because it means that the electrolyte behaves as a solid in static conditions, such as 

inside a battery, yet can be facilely processed during normal cell assembly.  
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Figure 10: ZrO2-IL hybrid electrolyte with a tethered imidazolium-based cation and free TFSI 

anion, doped with 1M LiTFSI: (a) transmission electron micrograph of ZrO2-IL particles; (b) 

dynamic shear moduli as a function of shear strain at 50 °C; (c) schematic where red indicated 

imidazolium cation, black Li+ and blue TFSI-; (d) ionic conductivity. 
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Figure 11: SiO2-PEG hybrid suspended in PEGDME and doped with 1M LiTFSI in the organinc 

phase,  =0.3; (a) shematic of hybrid suspensions; (b) transmission electron micrograph of 

SiO2-PEG/PEGDME; (c) dynamic shear moduli as a function of strain at 35°C; (d) cyclic 

voltammtry of a Li/electrolyte/Li cell at a scan rate of 1 mV/s for ten cycles from -0.5 to 7.0 V 

versus Li/Li+; (e) ionic conductivity of SiO2-PEG/PEGDME suspension with  =0.3.  

 

Conclusions  

From aqueous liquid electrolytes for lithium-air cells to ionic liquid electrolytes that permit 

continuous, high-rate cycling of secondary batteries comprised of metallic lithium anodes we 

show that many of the key impediments to progress in developing next-generation batteries with 

high specific energies can be overcome with cleaver designs of the electrolyte. When these 
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designs are coupled with cleverly engineered electrode configurations that control chemical 

interactions between the electrolyte and electrode (e.g. in Li/S cells that employ 

encapsulation/physisorption strategies for limiting dissolution of redox products in the electrolyte) 

or by simple additives-based schemes for manipulating physical contact between the electrolyte 

and electrode (e.g. through sacrificial additives that spontaneously form a stabilizing SEI layer), 

we further show that rechargeable battery configurations can be facilely designed to maximize 

performance and cycling stability. Judging from the large number of degrees of freedom 

inherent in synthesizing organic-inorganic hybrid materials systems with explicit, desired 

properties, and the recent upsurge in interest in synthesizing ionic liquids with tunable solvation 

and ion transport properties, while preserving their desirable thermal and electrochemical 

stability, we are optimistic that in a matter of years commercially viable electrolytes will begin to 

appear that are suitable for safe deployment in the most energy-dense battery configurations of 

all, those based on the metal-air cell.  
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CHAPTER 3 

IONIC LIQUID-NANOPARTICLE HYBRID ELECTROLYTES 

 

Reproduced with permission from Journal of Materials Chemistry, 2012, by Yingying Lu, Surya 

S. Moganty, Jennifer L. Schaefer and Lynden A. Archer. 

 

 

Abstract: We investigate physical and electrochemical properties of a family of organic-

inorganic hybrid electrolytes based on the ionic liquid 1-methyl-3-propylimidazolium 

bis(trifluoromethanesulfone)imide covalently tethered to silica nanoparticles (SiO2-IL-TFSI). The 

ionic conductivity exhibits a pronounced maximum versus LiTFSI composition, and in mixtures 

containing 13.4 wt% LiTFSI, the room-temperature ionic conductivity is enhanced by over 3 

orders of magnitude relative to either of the mixture components, without compromising lithium 

transference number. The SiO2-IL-TFSI/LiTFSI hybrid electrolytes are thermally stable up to 

400°C and exhibit tunable mechanical properties and attractive (4.25V) electrochemical stability 

in the presence of metallic lithium. We explain these observations in terms of ionic coupling 

between counterion species in the mobile and immobile (particle-tethered) phases of the 

electrolytes. 

 

Introduction 

Among rechargeable/secondary battery technologies, lithium-ion batteries (LIBs) are considered 

the most promising for meeting emerging demands for high-capacity, cost-effective, reliable, 

and portable electrical energy storage. [1-6] Compared with nickel-metal hydride batteries 

(already successfully deployed in commercial hybrid electric vehicles (HEVs)), LIBs offer 

superior specific energy and power, which make them attractive for HEVs and plug-in hybrid 
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electric vehicles (PHEVs). The most successful lithium-ion batteries employ a carbonaceous 

material such as graphite as the anode, which hosts lithium as LiC6 in the charged state. It has 

long been understood that removal of the carbon support to produce a so-called rechargeable 

lithium metal battery (LMB) would boost the energy storage capacity of the anode by more than 

a factor of 10 (from 360 mAh/g to 3860 mAh/g). 

 

Widespread adoption of such LMBs is impeded by safety concerns associated with uneven 

deposition of lithium on metallic substrates.[7, 8] Over time, this uneven deposition results in 

growth of fibrillar or mossy lithium dendrites, which extend into the electrolyte and may 

eventually short circuit the cell. Because the most successful electrolytes in current use are 

aprotic liquids with high volatility and flammability, a short-circuited LMB can cause significant 

harm. An electrolyte capable of transporting lithium ions at comparable rates as in aprotic liquids, 

but which is non-flammable and non-volatile under normal cell operating conditions presents 

obvious safety advantages for a LMB. 

 

Chazalviel and co-workers have used theory and experiments to study the conditions required 

for lithium dendrites to initiate and propagate in a rechargeable LMB. The authors find that at 

high current density, [9, 10] uneven lithium deposition is triggered by the space charge created as 

a result of a local deficit of anions near the cathode. The rate at which the dendrite front 

propagates is determined by the rate at which the space charge grows, which is set by the drift 

velocity of the anions migrating away from the cathode.[9] In this scenario, an electrolyte in which 

the anion is unable to move (single-ion conductor) or which is capable of selectively resupplying 

anions (supporting electrolyte) to the fluid near the cathode at a rate that matches or exceeds 

the rate at which anions are depleted, would prevent lithium dendrite growth and proliferation in 

a rechargeable LMB. 
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Ionic liquids are characterized by weak interactions between a large cation and a charge-

delocalized anion. This feature produces unusual liquid-like transport properties, including ionic 

conductivity, at moderate temperatures. Ionic liquids have received consistent, intensive 

scientific interest due to their many attractive properties, such as low melting point, low vapor 

pressure, non-flammability, and good chemical and thermal stabilities. These properties make 

them suitable as solvents for various applications, including electrodeposition, catalysis, 

lubrication, energy, and bioscience, [11-13] and also make them very promising candidates as 

stable, non-flammable, non-volatile electrolytes for lithium battery applications. [14-16] 

 

The ionic liquid 1-methyl-3-propylimidazolium bis(trifluoromethanesulfone)imide (C1C3imTFSI) 

has been studied extensively from applied and fundamental perspectives. The Henry’s constant 

for carbon dioxide gas in C1C3imTFSI has been reported to be 377 bars at room temperature, 

prompting investigations of the material as a substrate for carbon dioxide capture from low 

pressure gas streams.[17] C1C3imTFSI has also been investigated as a catalyst for the 

hydroformylation of alkenes[18], as an attractive medium for electrodeposition of tantalum[19], and 

as a solvent for extraction of aromatic compounds from aliphatic hydrocarbons[20]. Dlubek et al. 

studied C1C3imTFSI using PALS (position annihilation lifetime spectroscopy) and reported a 

glass transition at a temperature Tg=187K, a melting transition at a temperature Tc=200 K, and a 

significant increase in the hole free volume fraction, which determines the temperature-

dependence of viscosity, from 0.023 at 185 K to 0.17 at 430 K.[21] Xiao et al. have shown that 

the asymmetry of the C1C3imTFSI cation plays an important role in setting the low-frequency 

vibrational dynamics of the IL and in determining its relatively low melting point.[22] Pure 

C1C3imTFSI has been reported with an ionic conductivity of 7.42 X10-3 S cm-1 at 30°C. When 

doped with the salt LiTFSI in a 1: 1 molar ratio, the material is reported to exhibit a markedly 

lower ionic conductivity (e.g. 1.17 X 10-3 S cm-1 at 30°C) due to the increased viscosity 

produced by the added salt. Notwithstanding ongoing efforts to optimize the materials 
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conductivity and lithium transference number for battery applications, a Li/C1C3imTFSI-based 

P(VdF-HFP)/LiFePO4 cell has been reported to exhibit stable performance even after 50 

charge/discharge cycles.[23] 

 

Despite these successes, ionic liquid electrolytes as a group suffer from two physical property 

limitations that make them unattractive for lithium battery applications. First, the fraction of the 

ionic conductivity of the electrolyte arising from mobile lithium ions (i.e. the so-called lithium 

transference numbers TLi+) are typically low, which makes cells assembled using IL electrolytes 

prone to polarization. For pyrrolidinium-based TFSI/LiTFSI and imidazolium-based TFSI/LiTFSI 

systems, lithium ion transference numbers below 0.2 are typical.[24-26] Frӧmling et al. reported 

that increasing the concentration of lithium salt in an IL electrolyte increases TLi+ by weakening 

interactions between cations (Li ions) and the anions.[26] Second, most ILs exhibit low tensile 

and compressive strengths, which limits the form factors an IL-based lithium battery can take.  

 

Significant recent efforts have shown that nanocomposites created by physically mixing bare 

and surface-functionalized nanoparticles with ILs open the way for hybrid ILs with mechanical 

properties comparable to typical solid polymer electrolytes.[27-32] And, several proof of concept 

studies have already been carried out to demonstrate their applications as ‘‘solid electrolytes’’ 

for solar cells[27], electrochemical devices[28], and color displays[29, 33]. Ueno et al. reported that 

IL-based silica nanocomposite gels can be engineered to simultaneously exhibit high ionic 

conductivity and MPa-scale elastic moduli.[30] In a recent work, we reported a hybrid electrolyte 

composed of ZrO2 nanoparticles functionalized with 1-butyl-3-undocylimidazolium 

bis(trifluoromethanesulfone) imide and doped to 1 M LiTFSI and showed that the material 

exhibits attractive electrochemical and mechanical features, including a high TLi+.
[32] It was 

argued that jamming of the IL-tethered nanoparticles was responsible for the polymer-like 
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mechanical properties and that the improved lithium transference numbers are a result of 

tethering of the positively charged ion in the IL.  

 

Herein we report on hybrid electrolytes created by tethering the C1C3imTFSI to 7 nm SiO2 

nanoparticles. We show that the mechanical and electrochemical properties of the resultant 

SiO2-IL-TFSI hybrid electrolytes can be facilely tuned by varying the amount of LiTFSI added. 

We also find that the ionic conductivity and TLi+ can be simultaneously increased, relative to 

either of the pure solid salts by raising the content of SiO2-IL-TFSI in the mixtures. In addition to 

these benefits, a jammed suspension of SiO2-IL-TFSI provides a ready source of TFSI anions 

and as such can potentially play a critical role as a supporting electrolyte in a rechargeable LMB.  

 

Experimental Synthesis 

Synthesis of SiO2-IL-TFSI: Scheme 1 illustrates the procedure used to tether 1-methyl-3-

ropylimidazolium bis(trifluoromethanesulfone)imide to silica nanoparticles. 1-Methylimidazole 

(Aldrich) and (3-chloropropyl)trimethoxysilane (Aldrich) were dissolved in dimethylformamide 

(DMF) and stirred in an inert environment at 80°C for 2 days. The reaction solution was purified 

via liquid extraction in ether and the solvent evaporated to produce the trimethoxysilane 

functionalized with the IL. The purity of product IL (1-methyl-3-trimethoxysilane imidazolium 

chloride) was verified by H-NMR Spectroscopy (Figure S1). To tether the IL to silica a simple 

water-based chemistry was used. In a typical reaction, LUDOX SM-30 colloidal silica (30 wt% 

aqueous suspension – 7 nm diameter) was diluted with DI water to create a 2 wt% aqueous 

suspension. To this suspension a solution containing 1.5 times excess (relative to what is 

needed to produce saturation coverage of the particles), 1-methyl-3-trimethoxysilane 

imidazolium chloride was added drop wise to the aqueous suspension and the mixture heated 

at 80°C for 12 h with rapid stirring. Subsequently, the reaction temperature was increased to 

100°C to evaporate the water. The resultant SiO2-IL-Cl was washed 3–4 times with ethanol and 
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separated by centrifugation. A freeze dryer (lyophilizer) was used to remove the final traces of 

solvent from the SiO2-IL-Cl nanoparticles. The purity of the resultant SiO2-IL-Cl particles was 

confirmed using proton NMR spectroscopy (Fig. 1(a)). Ion exchange in room-temperature water 

was used to substitute the chloride ion with the bis(trifluoromethanesulfone imide) (LiTFSI, 

Aldrich) anion. In a typical procedure, 10 g SiO2-IL-Cl was dissolved in 300 ml DI water. 8 g 

LiTFSI salt was also dissolved in 50 ml DI water separately, and added to SiO2-IL-Cl solution 

with continuous stirring. Due to the hydrophobic nature of the TFSI anion, the SiO2-IL-TFSI 

immediately separates from the water phase and settles to the bottom of vessel. The resultant 

SiO2-IL-TFSI was harvested from solution by repeated washing with DI water and centrifugation, 

and finally dried. The product was re-dispersed in acetone to remove the partially exchanged Cl-

anion silica nanoparticles, and then lyophilized under vacuum to remove the final traces of water. 

Fig. 1(b) is a TEM micrograph for the material, which confirms its nano-particulate nature and 

clearly shows the effectiveness of the surface functionalization in limiting nanoparticle 

aggregation.  

 

 

Scheme 1 Synthesis method used for creating SiO2-IL-TFSI. 
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Fig. 1 (a) H-NMR spectra for SiO2-IL-Cl in DMSO. (b) Transmission electron micrograph of 

SiO2-IL-TFSI deposited from solution on to a carbon grid. (c) Schematic of ion distribution in 

SiO2-IL-TFSI/LiTFSI electrolytes illustrating particle-induced ion dissociation—gray circles 

represent impermeable particles; green and red dots represent the TFSI anions and lithium 
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cations, respectively. The immobile particle surfaces or the cations tethered to the surface 

absorb TFSI and promote ion-pair dissociation in LiTFSI. 

 

Preparation of SiO2-IL-TFSI/LiTFSI mixtures: Both SiO2-ILTFSI and LiTFSI salt were dissolved 

separately in acetone. The desired amount of SiO2-IL-TFSI solution was added to the LiTFSI 

solution, and the mixtures were sonicated to form a uniform phase. The samples were 

subsequently dried at 50°C for 2 days and the final traces of water removed by drying for 

another 2 days in a vacuum oven at 45°C. Fig. 1(c) is a schematic representation of the SiO2-IL-

TFSI/LiTFSI mixture. 

 

Characterization 

Transmission electron microscopy (TEM) was used to characterize the SiO2-IL-TFSI/LiTFSI 

electrolytes. TEM images were recorded at 120 kV with a FEI TECNAI T-12 TWIN TEM. 

Samples were dissolved in acetone and dropped onto 600 mesh copper grids to perform the 

TEM measurements. A Seiko Instrument TG-DTA6200 under N2 flow and TA Instrument DSC 

Q2000 were used for thermal analysis. X-Ray diffraction was examined under Mylar film with a 

Rigaku Ultima VI powder X-ray diffractometer with Cu-Kα radiation (Kα1, λ=1.5406Å and Kα2, 

λ=1.5444Å). 

 

Ionic conductivity of the SiO2-IL-TFSI/LiTFSI electrolytes was characterized using a Novocontrol 

N40 broadband dielectric spectrometer. DC ionic conductivity values were extracted from this 

data using a standard procedure (see Figure S2, supporting information). Rheology 

measurements were performed with an Paar Physica MCR 501 and a Rheometrics Scientific 

ARES rheometer equipped with 10 mm and 25 mm cone-and-plate fixtures. The 

electrochemical stability window was examined using a Solartron (Model 1470) 

Potentiostat/Galvanostat in a symmetric lithium metal coin cell configuration at a scan rate of 1 
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mV s-1. The lithium transference number was also determined using the Solartron 

Potentiostat/Galvanostat with a step voltage of 5mV and a Solartron Frequency Response 

Analyzer (Model 1252). 

 

Results and discussion 

Physical properties of SiO2-IL-TFSI/LiTFSI mixtures were characterized using TG-DTA and DSC 

and the results summarized in the supporting information section (see Figures S3 and S4). 

These results show that the mixtures exhibit thermal stability up to and above 400°C, and that 

thermal stability increases with increasing content of SiO2-IL-TFSI. DSC analysis also shows 

that the glass transition temperature (Tg) of the mixtures increased with increased doping of 

LiTFSI. The pure SiO2-ILTFSI has a Tg of -78°C, a SiO2-IL-TFSI/LiTFSI mixture with 50 wt% 

SiO2-IL-TFSI exhibits a Tg of -73°C; and for a mixture with 5 wt% SiO2-IL-TFSI, Tg increased to 

-55°C. The ionic conductivity of the SiO2-IL-TFSI electrolytes is presented in Fig. 2(a) as a 

function of temperature and LiTFSI loading. The experimental data is fit by a VFT form, 

0
exp( / ( ))A B T T    , where A  is the pre-exponential factor,  for the range of temperature 

studied, B  is the effective activation energy barrier for coupled ions and local segment motion 

in thermal units, and T and 0
T are the measurement and reference temperatures, respectively. 

The VFT parameters are summarized in Table S1 for all of the materials used in the study. It 

should be noted that VFT-like temperature-dependent ionic conductivities are found in 

electrolytes where local segmental motion, chain relaxation, and crystallinity play important roles. 

And the motion of the ions themselves from one electrolyte site to another is of minor 

importance.[34] Although perhaps expected for systems such as ours, where the chain length of 

the tethered ionic liquid is small compared with the diameter of particle core, the VFT 

dependence implies that the ionic conductivity of the SiO2-ILTFSI/ LiTFSI mixtures can be 

understood in terms of local segmental and breathing motions of molecules in the materials. 
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Fig. 2 (a) Ionic conductivities of various weight fractions of SiO2-ILTFSI in SiO2-IL-TFSI/LiTFSI 

blends as a function of temperature. The solid lines in the figure are the VFT fits for the 

temperature-dependent ionic conductivity. (b) Isothermal ionic conductivities of SiO2-IL-TFSI/ 

LiTFSI systems as a function of SiO2-IL-TFSI weight fraction. 

 

Fig. 2(b) shows the effect of LiTFSI composition on the isothermal ionic conductivity. It is 

apparent from the figure that the ionic conductivity of all mixtures is significantly enhanced over 

the pure components throughout the examined temperature range. Notably, the figure shows 
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that the isothermal conductivities of SiO2-IL-TFSI/LiTFSI mixtures exhibit a pronounced 

maximum, with mixtures containing 13.4wt% SiO2-IL-TFSI displaying the highest ionic 

conductivity. At room temperature, the ionic conductivity of the 13.4wt% SiO2-ILTFSI mixture is 

approximately 10-4 S cm-1, which is more than three orders of magnitude higher than that of 

either of the pure components. It is also apparent from the data in Table S1 that the pre-

exponential factor A also exhibits a maximum with increasing SiO2-IL-TFSI content in the 

electrolyte, whereas the two other parameters, B and 0
T , do not exhibit any well-defined trend. 

This implies that the principal source of the conductivity increase upon addition of SiO2-IL-TFSI 

is an effectively higher concentration of mobile ions in the electrolyte. 
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Fig. 3 (a) Storage modulus 'G (filled symbols) and loss modulus ''G (open) of various wt% SiO2-

IL-TFSI/LiTFSI as a function of angular frequency under fixed strain 0.01%. (b) Storage 

modulus 'G , loss modulus ''G and shear stress as a function of shear strain at a fixed angular 

frequency of 10 rad s-1. 

 

Fig. 3(a) and 3(b) report mechanical properties of the SiO2-ILTFSI/ LiTFSI mixtures over the 

same range of SiO2-IL-TFSI compositions where the maximum ionic conductivity is observed. 

The figure shows that the materials exhibit distinctive solid-like rheological properties, wherein 

the elastic/storage modulus, 'G , is substantially larger than the viscous/loss modulus ''G . The 

figure further shows that both 'G and ''G become larger as the SiO2-ILTFSI content is increased, 

which is consistent with normal expectations for polymer-particle hybrids and with results 

reported in our previous studies of nanoparticle-hybrid electrolytes.[32, 35, 36] Finally, Fig. 3(a) 

shows that both moduli are at most weak functions of the strain frequency (deformation rate) 

and that the dependence becomes weaker as the SiO2-IL-TFSI content is increased. These 

observations are consistent with the idea that the electrolytes become more solid-like as the 

nanoparticle loading is increased and the particles become jammed.[37] 

 

Fig. 3(b) shows that at low shear strains, 'G and ''G are independent of strain, and ' ''G G , 

characteristics of a solid-like, linear elastic material. However, upon application of sufficient 

levels of strain, the electrolytes yield and transition to a regime where the shear stress (right 

axis) exhibits a pronounced change of slope characteristic of yielding and plastic flow. For the 

materials containing 7.5 wt% and 13.4 wt% SiO2-IL-TFSI, the yielding transition is accompanied 

by a noticeable maximum in G00. This maximum has been reported previously to be a 

characteristic of a class of materials termed soft glasses[38-40]; it is believed to originate from 

breakage of cages provided by surrounding particles that jam motion of any given particle in the 
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hybrids. This feature of the electrolytes is important for practical reasons; it indicates that while 

they might be solid-like under normal battery operating conditions (zero strain) they can be 

processed into complex shapes by application of strain. It also means that under normal battery 

operating conditions, the hybrid SiO2-ILTFSI particles will not move, and as such can serve as 

an immobile source or sink for TFSI ions. 

 

A similar maximum conductivity has been reported in ‘‘soggy sand’’ hybrid electrolytes as the 

particle content rises.[41] Even in this context, a rising conductivity with particle loading is 

unexpected because the viscosity of the electrolyte should rise as the particle content increases 

and the system loses free-volume for ion transport. Bhattacharyya and Maier introduced the 

concept of adsorption-induced electrolyte polarization to explain their observations. Specifically, 

the authors contend that an increasing ionic conductivity with particle loading arises because 

interactions between ions in solution and charged species on the particle surface weaken ion 

pair interactions in the electrolytes, which enhances ion mobility. Because there is a finite 

number of dissociable ions in solution, the conductivity increase produced by polarization should 

saturate beyond a critical particle loading, and should eventually give way to the more usual 

tendency of particles to decrease void fraction, which increases viscosity and reduces 

conductivity. Taken together, the two factors (rising ion mobility due to particle-induced 

polarization and falling ion mobility due to increasing suspension viscosity) nicely explain the 

conductivity maximum in soggy-sand hybrid electrolytes. 

 

A similar particle-induced polarization mechanism might be used to understand the conductivity 

maximum observed for the SiO2-IL-TFSI/TFSI systems. Specifically, the bulky TFSI anion in the 

LiTFSI can associate with the particle-tethered cation, allowing the associated lithium ions to 

move more freely in response to an imposed field. Because the enhanced conductivity 

produced by this mechanism originates from enhanced mobility of the lithium ion, it should not 

78



only exhibit a maximum as the particle content rises, but should also be accompanied by an 

enhancement in TLi+. To evaluate this hypothesis, TLi+ for the electrolytes was determined at 

room temperature using the method of Bruce[42] and Scrosati[43] (see Supporting Information, 

Figure S5). Our results nicely show that whereas the SiO2-ILTFSI/LiTFSI with 13.4 wt% SiO2-IL-

TFSI has a TLi+=0.54, materials with 7.5 wt% and 20 wt% SiO2-IL-TFSI exhibit measurably lower 

TLi+ values of 0.33 and 0.21, respectively. These transference numbers are all notably larger 

than reported TLi+ values for untethered IL electrolytes, directly attesting to the benefits of 

tethering the IL. We suspect that the same physics exist in the ZrO2 hybrid IL electrolytes 

reported previously[32], and that the particle-induced polarization concept should be broadly 

useful for tuning TLi+ of tethered electrolytes based on ILs. 

 

 

Fig. 4 Results from X-ray diffraction analysis of hybrid SiO2-IL-TFSI/ LiTFSI electrolyte systems 

containing varying weight fractions of SiO2- IL-TFSI. XRD profiles for the pure SiO2-IL-TFSI and 

LiTFSI are provided as reference. 

 

Significant evidence that interactions between TFSI ions in LiTFSI and the tethered IL are 

strong and long-range comes from X-ray diffraction (XRD) analysis. Fig. 4 reports XRD data for 

LiTFSI, SiO2-IL-TFSI and mixtures with compositions that bracket those where the conductivity 
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maximum is observed. It is apparent from the figure that while LiTFSI is a crystalline solid and 

SiO2-IL-TFSI is completely disordered at the conditions of the measurements, the mixtures 

exhibits intermediate levels of ordering. In particular, the intensities and positions of the 

diffraction peaks change as the content of SiO2-IL-TFSI in the mixtures  is increased. For 

example, the diffraction maxima at 2q values around 33 degrees are seen to initially increase 

relative to the baseline LiTFSI, but ultimately the intensity of all diffraction peaks are completely 

depressed as the SiO2-IL-TFSI content is increased over 20 wt%. 

 

This observation means that the presence of SiO2-IL-TFSI in the mixtures depresses 

crystallization of LiTFSI and is the likely source of the liquid-like consistency of the mixtures at 

intermediate nanoparticle loadings. Consistent with the discussion in the previous section, it 

also implies that the effect of the particles on association of lithium and TFSI ions is greatest at 

a SiO2-IL-TFSI content near 20 wt%. We speculate that this behavior stems from interactions 

between the surface-tethered cations and TFSI ions associated with the LiTFSI salt (see Fig. 

1c). However, as illustrated in Fig. 1c, we cannot rule out the synergistic effect produced by 

adsorption of the TFSI ions to exposed un-functionalized sites on the SiO2 nanoparticle cores. 

Work is ongoing to assess the effect of the IL-TFSI grafting density on the size of the 

conductivity maximum and on the growth rate and structure of lithium dendrites generated by 

cycling the symmetric lithium cells. 
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Fig. 5 I–V diagram obtained from linear-sweep voltammetry of 13.4 wt % SiO2-IL-TFSI/LiTFSI in 

a symmetric lithium metal cell. The measurement was performed at a scan rate of 1 mV s-1 and 

at room temperature. 

 

In closing, we point out that the electrochemical stability of the 13.4wt% SiO2-IL-TFSI/ LiTFSI 

hybrid electrolyte is also attractive. Specifically, the stability window of the electrolyte that 

exhibits the largest ionic conductivity was characterized using linear sweep voltammetry in a 

symmetric lithium coin cell at room temperature (Fig. 5). The material is seen to display an EW 

of around 4.25V vs. Li/Li+. This stability has been confirmed using cyclic voltammetry (Figure 

S6), which shows that following the 1st cycle, the materials exhibit repeatable I–V curves for the 

following nine cycles.  

 

Conclusions 

We report on the synthesis and characterization of novel organic-inorganic hybrid electrolytes 

comprised of ionic liquid-tethered silica nanoparticles dispersed in the salt LiTFSI. We find that 

addition of SiO2-IL-TFSI to LiTFSI reduces ordering of ions in the salt, and over a range of 

particle concentrations yields a hybrid electrolyte that displays an ionic conductivity maximum. 
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In the range of particle concentrations where the maximum is observed, the electrolytes exhibit 

depressed X-ray diffraction maxima and display soft-glassy solid rheology indicative of a 

jammed material. We hypothesize that at intermediate nanoparticle loadings interactions 

between the TFSI counterion of the salt and the tethered cation of the IL surface disrupt 

crystallization of LiTFSI, simultaneously improving lithium ion mobility, lithium ion transference 

number, and mechanical properties of the electrolytes. An additional attractive feature of the 

new hybrid electrolytes is that the jammed SiO2-IL-TFSI provides a fixed, uniform reservoir of 

anions throughout the electrolyte, which we anticipate will emerge as an important strategy for 

suppressing formation of a space charge and lithium dendrite growth in secondary lithium 

batteries that employ metallic lithium as the anode. 

 

Acknowledgements 

This publication was based on work supported in part by Award No. KUS-C1-018-02, made by 

King Abdullah University of Science and Technology (KAUST) and by the National Science 

Foundation, Award No. DMR-1006323. Facilities available through the Cornell Center for 

Materials Research (CCMR), National Science Foundation Award No. DMR-1120296, were also 

used for this study. 

 

 

 

 

 

 

82



 

Supporting Information 

Table S1: VTF fitting of ionic conductivities for SiO2-IL-TFSI / LiTFSI. 

Sample: wt% SiO2-IL-
TFSI/ (1-wt%) LiTFSI 

VFT Fitting Parameters 
A (S cm-1) B (K) T0 (K) 

1 0.0047±0.001 540±75 188±8 
3 0.0049±0.0007 429±35 192±4 

7.5 0.007±0.0007 455±23 188±10 
9.67 0.01±0.0006 514±16 183±19 
13.4 1.53±5.8 2014±1755 82±10 
15.6 0.021±0.03 701±398 170±38 
20 0.0016±0.0006 238±62 219±11 
30 0.0037±0.001 421±71 204±9 
40 0.0021±0.0005 400±45 208±6 
50 0.032±0.02 1009±181 177±12 

64.5 0.0037±0.0046 851±335 175±27 
84 0.42±0.33 2969±344 84±13 

 

 

Figure S1. NMR spectrum for the ionic liquid 1-methyl-3-trimethoxysilane imidazolium chloride 

in DMSO. 
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Figure S2: Temperature and frequency dependent ionic conductivities data from Dielectric 

Broadband Spectrometer; temperature was ranged from -5 °C to 100°C at an integral of 15°C 

between 1 X10-1-3X106  HZ. 

 

Figure S3: TGA curves for various SiO2-IL-TFSI / LiTFSI systems. 
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Figure S4: DSC curves for SiO2-IL-TFSI / LiTFSI and neat SiO2-IL-TFSI. 

 

 

Figure S5: Lithium ion transference number test: current-time plot of Li / (13.4 wt% SiO2-IL-TFSI 

/ LiTFSI) / Li coin cell during a step voltage of 50 mV. A steady state of current comes after an 

exponential decay. 
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Figure S6: Cyclic voltammograms for Li/ SiO2-IL-TFSI + LiTFSI /Li at 1mV/s scan rate. 
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CHAPTER 4 

PIPERIDINIUM TETHERED NANOPARTICLE-HYBRID ELECTROLYTE FOR LITHIUM METAL 

BATTERIES 

 

Reproduced with permission from Journal of Materials Chemistry A, 2014, by Kevin S. Korf, 

Yingying Lu, Yu Kambe, Lynden A. Archer 

 

Abstract 

We have designed and created piperidinium-based ionic liquid tethered hybrid nanoparticle 

electrolytes, and investigated their physical and electrochemical properties. These hybrid 

electrolytes are based on the ionic liquid 1-methyl-3-propypiperidinium 

bis(brifluoromethanesulfone) imide covalently tethered to silica nanoparticles (SiO2-PP-TFSI), 

blended with propylene carbonate/1M lithium bis(brifluoromethanesulfone) imide (LiTFSI). We 

employed NMR analysis to confirm the successful creation of the hybrid material. Dielectric and 

rheological measurements show that these electrolytes exhibit high room-temperature DC ionic 

conductivity (10-4 to 10-3) as well as high shear mechanical moduli (105 to 106 Pa).  Lithium 

transference numbers were found to increase with particle loading and to reach values as high 

as 0.22 at high particle loadings where the particle jam to form a soft glassy elastic medium. 

Analysis of lithium electrodeposits obtained in the hybrid electrolytes using SEM and EDX 

spectra show that the SiO2-PP-TFSI nanoparticles are able to smoothing lithium deposition and 

inhibit lithium dendrite proliferation in Li metal batteries. LTO|SiO2-PP-TFSI/PC in 1M LiTFSI|Li 

half-cells based on the SiO2-PP-TFSI hybrid electrolytes exhibit attractive voltage profiles and 

trouble-free extended cycling behavior over more than 1000 cycles of charge and discharge. 
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Introduction 

Research into new materials compositions and electrode designs for rechargeable 

lithium batteries has received considerable attention in recent years. This interest can be 

credited to growing awareness that lithium-ion battery (LiB) technology is approaching its 

theoretical performance limits and only incremental advances are likely for the foreseeable 

future as the various cell components and packaging are optimized for performance and cost. 

This situation can be contrasted with the steadily rising performance & safety targets and 

sophistication of power sources needed to power new engineered systems, such as 

autonomous aircraft, hybrid and electric vehicles, robotics, and portable electronics.1-4 

Rechargeable lithium batteries that utilize metallic lithium as the anode predate LiB technology,5-

6 now in widespread use in portable electronics and have always been understood to offer such 

superior storage capacities, on either a gravimetric or volumetric basis, to demand careful 

attention.  Lithium metal can be used for aqueous rechargeable lithium batteries (ARLBs) to 

obtain superfast charging 7 and high energy density 8. Additionally, because such lithium metal 

batteries (LMBs) contain an abundant supply of lithium in the anode, they open the way for 

various unlithiated cathode configurations, such as elemental sulfur in lithium-sulfur batteries2 or 

air in lithium-air batteries,3 which offer impressive enhancements in storage relative to today’s 

LiB technology.  

The lithiated graphitic carbon anode (LiC6) in currently marketed lithium ion batteries has 

a gravimetric capacity of approximately 360 mA h g-1.1,9  Disposing of the inactive carbon host in 

the anode can boost the overall storage capacity as much as ten-fold, to yield a theoretical 

capacity of 3860 mA h g-1.4,10 In combination with a suitable high-energy anode material  (e.g. 

O2 in a Li-air battery) an overall specific energy of up to 11,140 Wh kg-1, comparable to that of 

many fossil fuels is theoretically possible, a goal that is ideal for multiple applications in 

transportation.11 The propensity of metallic lithium to form unstable, arborescent/dendritic metal 

92



electrodeposits over repeated cycles of charge and discharge presents a significant practical 

barrier that must be overcome for widespread commercial deployment of any of these lithium 

metal battery configurations. This dendritic growth eventually spans the electrodes and results 

in short circuit of the cell.2 The ohmic heat generated by the short circuit may lead to rapid 

overheating of the electrolyte, which may present serious fire and explosion hazards.12 Lithium 

ion batteries are designed to remove this risk by storing lithium in its ionic state. However, a 

potential of less than 100 mv separates lithium ion insertion in a graphitic carbon host from 

lithium plating onto a lithium metal surface, meaning that if a Li-ion cell is charged too fast or 

overcharged, metallic lithium deposits may accumulate in the anode and dendrites can form by 

similar processes as for a LMB.  

Chazalviel et al.13-14 and Newman et al.15-16 have proposed theoretical frameworks that 

provide good starting points for understanding the nucleation and proliferation of metal dendrites 

during recharge of LMBs. Chazalviel and his coworkers solved the one-dimensional 

electromigration/diffusion problem for the concentration of ions and electric field in a polarized 

cell and concluded that uneven lithium deposition begins when a region of unbalanced 

charge/space charge forms in the vicinity of the lithium anode due to depletion of anions in the 

electrolyte. They determined that the time-scale for formation of the space charge is the Sands 

time in the electrolyte, a strong decreasing function of the current density at the electrode and 

an increasing function of the lithium ion transference number and the ionic conductivity of the 

electrolyte. The rate at which a nucleated dendrite front propagates from the space charge 

region was also shown to be proportional to the anion drift velocity in the electrolyte.14  

Both predictions imply that an electrolyte in which anions are fixed in space and their 

spatial distribution maintained uniform during cell polarization might cycle dendrite free. A recent 

stability analysis that captures these physics and which balances the dendrite-forming tendency 

of the flux concentration produced by the space charge, with suppression due to surface tension 
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shows that while dendrites may still grow in such a structured electrolyte, the growth rate can be 

significantly reduced by tethering even a fraction (O(10%)) of the anions.17 Several earlier 

reports have addressed strategies for creating such structured electrolytes, in which only lithium 

cations are mobile,18-21 or in which anions ionically tethered to nanoparticles uniformly  

distributed in a gel electrolyte serve as an anion reservoir that can be released and supplied to 

neutralize the space charge in response to the high local electric fields created by charge 

imbalance near the anode. Galvanostatic polarization and electrochemical cycling studies show 

that both types of electrolytes produce an order of magnitude improvement in lifetime of lithium 

metal cells cycled at moderate rates. 

The analysis of Monroe and Newman takes a different posture. In this approach, the 

dendrites are assumed to be always present, but the dendrites grow in response to a balance of 

forces that include surface tension and mechanics of the electrolyte.15 A formal stability analysis 

led these authors to conclude that the stability of a lithium metal electrode with respect to 

dendrite growth is a much stronger function of the shear modulus of the electrolyte and the 

magnitude of compressive forces at the electrolyte/electrode interface than to surface tension. A 

key consequence of this analysis is that a solid-state electrolyte with shear mechanical modulus 

approximately twice that of metallic lithium (4 GPa at room temperature; negligible at 180.5 oC) 

is predicted to be sufficient to completely stabilize the electrode/electrolyte interface and prevent 

dendrite proliferation in a LMB.15-16 This means that a hard solid electrolyte (no cracks) or a 

chemically or physically cross-linked, semi-solid polymer electrolyte that is stable at the melting 

temperature of lithium would be good candidates for stabilizing the interface and stopping 

dendrite growth. Additionally, the authors reported that for a solid electrolyte of any modulus, 

application of compressive forces to the electrolyte is a much more effective procedure for 

stabilizing the interface than increasing the electrolyte surface tension.  Finally, the analysis 

shows that the dendrite growth rate increases as the dendrite propagates and increasing the 
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cation transference number increased the charge passed before short circuit, enhancing the cell 

lifetime.  

 Previous experimental studies suggest other methods to suppress or prevent dendritic 

growth in LMBs while maintaining essential cell properties. Alloyed lithium anodes such as 

lithium-sodium and lithium-potassium have been studied with some success for reducing 

dendrite growth, but the alloys lower the energy density able to be achieved in the cell.22,23 

Electrolytes that utilize physical barriers comprised of high moduli ceramic materials have been 

employed to prevent dendritic growth.24 These electrolytes often exhibit low conductivities and 

are prone to cracking during cell assembly and to poor adhesion and cracking problems 

between the electrolyte and the electrodes due to the large volume changes in the lithium anode 

during cycling.25 A recent promising approach employs a nanoporous alumina filled with a 

conventional carbonate liquid electrolyte to achieve electrolytes with both attractive mechanical 

properties and ion transport characteristics.26 By laminating these electrolytes with a flexible, 

macroporous fluorinated polymer, the authors further showed that it is possible to impart 

mechanical toughness. These so-called nanoporous hybrid electrolytes have been shown to 

lead to exceptionally stable cycling behavior in both symmetric and ½ cell LMBs for more than 

500 charge/discharge cycles at low to moderate current densities. SEI additives have been 

used to improve the elasticity of the SEI layer.27 Finally, electrolytes comprised of nanoparticle 

salts with cation transference numbers approaching unity have recently been proposed for 

extending cell lifetimes in LMBs.18,19 

Ionic liquids have also been widely studied as electrolytes for lithium metal batteries due 

to their below room temperature melting point, negligible vapor pressure, thermal and 

electrochemical stability, and non-flammability.28-30 They have been shown to enable safe 

operation of lithium batteries at moderate rates. Among room temperature ionic liquids, 

piperidinium based fluids have shown greatest potential for use in lithium battery applications. 
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Studies in lithium-ion batteries have also shown that a piperidinium based ionic liquid with 10 wt% 

vinylene carbonate can maintain 90% of its initial capacity after 100 cycles.31 Piperidinium ionic 

liquids paired with a charge delocalized bis(trifluoromethylsulfonyl)imide anion, or TFSI, anion 

have electrochemical stabilities of around 6V, as compared to others, such as ionic liquids 

based on imidazolium with stabilities of 4.3V vs lithium electrode.30,32 1-Methyl-1-

propylpiperidinium paired with a TFSI anion (PP13-TFSI) has been reported to exhibit ionic 

conductivities around 1.51 mS cm-1 and a higher Coulombic efficiency than the equivalent 

pyrrolidinium based ionic liquids (P13-TFSI) when cycled in a Li/LiTFSI and IL-TFSI/LiCoO2 

cell.33 Liu et al. demonstrated that the addition of 1.44 moles of PP13-TFSI into a polymer 

electrolyte system comprised of 1 mol of PEO18LiTFSI can lower the interfacial resistance in the 

SEI by up to a factor of 5, which effectively lowers the overpotential for lithium 

plating/stripping.11  

Recently Lu et al. reported that by covalently tethering ILs to inorganic nanoparticles, it is 

possible to achieve electrolytes with excellent mechanical tunability, ionic conductivity, and 

excellent electrochemical stability in LMBs.20,21,34 The inorganic cores in these materials are 

thought to act as anchor points for the ILs and when used at high loadings in conjunction with a 

supporting salt (e.g. LiTFSI) in an electrolyte, these nanoparticle tethered ILs have been shown 

to lead to electrolytes34 or ILs with no detectable melting transition.35  At a certain threshold 

particle loading that is unique to each system, the electrolytes transition to a jammed, semi-solid 

state in which each nanoparticle is surrounded by “cages” formed by its neighbors, creating a 

network where the particles are no longer able to freely explore phase space. These “cages” are 

associated with an energy threshold that must be overcome in order to rearrange the material. 

This jamming phenomenon allows the material to simultaneously exhibit solid-like moduli as well 

as liquid-like transport properties.36-38 
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Piperidinium tethered silica nanoparticle hybrid electrolyte (SiO2-PP-TFSI) with 

propylene carbonate (PC) and 1M LiTFSI are studied here for their high ionic conductivities, 

lithium transference numbers, and MPa scale storage moduli. The ability of the SiO2-PP-TFSI 

SEI layer to promote smooth electrodeposition of lithium is demonstrated. Finally, cycled cells 

containing the SiO2-PP-TFSI electrolyte reveal excellent cyclability without short circuit. 

Experimental 

Synthesis 

 

Scheme 1: Synthesis method used for preparing SiO2-PP-TFSI. 

 

 1-methyl piperdine and 3-chloropropyl trimethoxysilane, commercially available from 

Sigma-Aldrich, were dissolved in DMF in a 1 : 1.2 molar ratio and stirred in a sealed 

environment at 80°C for 2 days.  The reaction product was washed with ether 3 – 4 times to 

remove any unreacted materials and impurities. The ether was evaporated off the remaining 
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product to obtain the 1-methyl-1-propyl piperidinium chloride with the trimethoxysilane tail. The 

1-methyl-1-propyl piperidinium chloride with the silane tail was reacted with SM30 LUDOX, 30% 

10 nm silica nanoparticles by weight in aqueous suspension, in a 1: 2.2 weight ratio in deionized 

water at 100 °C for 12 hours. Approximately 2 mL of hydrochloric acid was added to the solution 

to bring the pH down to 2 in order to facilitate leaving of hydroxyl groups on the silica surface 

and attachment of the silane group. The 1-methyl-1-propyl piperidinium chloride with the silane 

tail was added in two equal steps throughout the reaction, once initially and once 6 hours into 

the synthesis. The resultant product was then washed with a 60/40 methanol/ether cosolvent to 

allow the nanoparticles precipitate out of solution. The piperidinium functionalized nanoparticles 

and solvent were centrifuged at 8000 rpm for 20 minutes to separate solvent, unreacted 

materials, and ionic liquid-functionalized nanoparticles. Top layer of excess solvent and 

unreacted materials was removed and the IL-functionalized nanoparticles were lyophilized in a 

freeze dryer to allow the remaining traces of solvent to evaporate, leaving only the chlorinated 

tethered particle (SiO2-PP-Cl) as the product. A 1:1.5 weight ratio of  the SiO2-PP-Cl product 

and LiTFSI were dissolved separately in deionized water and the LiTFSI / DI water solution was 

slowly added to the SiO2-PP-Cl solution with continuous stirring. An immediate reaction was 

observed and due to the hydrophobic nature of the TFSI anion, the final tethered particle (SiO2-

PP-TFSI) product precipitated out of solution. The tethered particle was separated from water 

through centrifugation and freeze dried to evaporate residual water and to obtain the pure 

tethered particle powder. A schematic is shown in Scheme 1 to illustrate the synthesis steps. 

 To make the final electrolyte solutions, a predetermined amount of tethered particle 

powder was redissolved in acetone and stirred for 1 day to achieve a fully dissolved solution. A 

calculated 1M LiTFSI and different proportions of PC were then added to the dissolved SiO2-PP-

TFSI. The sample was dried by convection oven at 50°C for 3 days and the final traces of 
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solvent were removed by drying in a vacuum oven at 45°C for 12 hours. The final electrolytes of 

several different particle loadings were kept in an argon glovebox for use. 

Analysis Methods 

  The ionic conductivity was measured using a Novocontrol N40 broadband dielectric 

spectrometer. Rheology measurements were performed with a Paar Physica MCR 501 with 

10mm and 25mm cone diameters with a tip angle of 1-4 degrees. NMR was performed in an 

INOVA 400 using VNMRJ 1.1B and VNMR 6.1C software. The lithium transference number was 

measured at room temperature by Solartron frequency response analyzer (model 1252). SEM 

images were taken using a LEO 1550-FESEM in conjunction with EDX to determine surface 

compositions of the SEI layer. SEM samples were prepared from post-mortem symmetric coin 

cells. Coin cells were polarized at a fixed current density (0.006-0.2mA/cm2) until short-circuit 

observed, dissembled in a glove box filled with inert argon gas and the lithium anode extracted. 

The anode was washed in PC to remove any tethered electrolyte that was not contained in the 

SEI layer. The sample was then evacuated in the glove box antechamber to evaporate the 

remaining propylene carbonate for 3 hours until dry. Following evaporation the samples were 

placed into a small plastic container sealed with parafilm to prevent oxidation during transport to 

the SEM facility. Cycling experiments were performed using half cell batteries with LTO/glass 

fiber + tethered electrolyte/Li setups, respectively, in a battery cycler (Neware CT-3008). All 

cells were made in an argon filled glovebox with oxygen and water levels below 10 ppm. LTO 

spinel nanopowder with particle size larger than 100nm, super P carbon black, and 

polyvinylidene difluoride were mixed in a 8:1:1 weight ratio in N-methylpyrrolodone. The 

resulting slurry was coated on copper foil using a film casting doctor blade (MTI Corp.) and dried 

in a vacuum oven for 12 hours.  

Results and Discussion 
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Figure 1: (a) Peaks labeled corresponding to each proton NMR active group in the piperidinium 

ionic liquid; (b) Detailed labeling of peaks showing step down caused by different degrees of 
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methylization of the silane tail; (c) Enlarged view of groups with chemical shifts between 2.9 and 

3.6 ppm. 

 

 

 Composition analysis of 1-methyl-1-propyl piperidinium chloride with the silane tail by 

proton NMR spectroscopy shows peaks in all the expected locations. The peaks in Figure 1 

confirm that synthesis of the ionic liquid with the silane tail was successful. Several small peaks 

displayed are traced back to solvents used during synthesis or residual cleaning solvents, all 

labeled accordingly in Figure 1. The peak at 3.2 represents the CH3 of methanol created from 

the hydrolyzation of the methyl groups of h*, the * denoting different degrees of methylization. It 

is noteworthy that several peaks are affected by the different degrees of the methylization off of 

the methoxysilane group. The peaks labeled a, h*, and g in Figure 1a all display a step down of 

three different peak heights of varying chemical shifts that can be seen in Figures 1b and 1c. 

This suggests that there could be one, two, or three methyl groups off the silane tail. Since there 

are no peaks for an ionic liquid with zero methyl groups, it can be concluded that these were 

washed away during purification. Interestingly, the fact that the degree of methylization of h* 

affects the chemical shift of the methyl group labeled “g” provides some insight into the 

conformation of the ionic liquid. This may indicate that the “g” side of the ionic liquid could be 

folding back on itself, causing the methyl group g to be much more affected by what is attached 

to the silane than the illustration suggests. 
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Figure 2: DC conductivities as a function of temperature for (a) SiO2-PP-TFSI and (b) PP-TFSI 

at various SiO2 nanoparticle loadings. 

 

 Conductivity measurements in Figure 2 show values ranging from 6 x 10-4 to 5 x 10-3 

S/cm at room temperature that inversely correlate with particle loading. The material with the 

highest particle loading exhibits a ten-fold decrease in conductivity; a factor of 15 increase in 

mechanical modulus in the low strain un-yielded state (Fig. 3a); and more than a three orders of 

magnitude enhancement in modulus post yield. This represents an uneven trade-off between 

conductivity and mechanical strength that can be manipulated to determine a particle loading 

that will optimize processing of the IL-composite electrolytes, mechanical properties of the 

electrolyte in cells, and maintain the necessary conductivity for proper battery performance.  

      The solid lines through the data in Figure 2 are best fit curves obtained using the VFT 

expression for temperature-dependent DC conductivity: 0
exp( / ( ))A B T T    , where   is 

DC conductivity, A is the pre-exponential factor, B represents the effective activation energy for 

coupled ions and local segmental motion, and T and T0 are the measurement and reference 

temperatures, respectively. Parameters from VFT fitting were shown in Table S1. In this case 
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the reference temperature was taken as the glass transition temperature obtained by DSC 

analysis. A VFT form that properly fits the data infers that the conductivity stems from local 

chain relaxation, segmental motion, and electrolyte crystallinity.39 The extra mobility of the 

chains that have one end free is thought to allow for exaggerated swinging motion that is able to 

aid ion movement through the electrolyte medium that has a more distinct impact on 

conductivity at lower temperatures. This swinging is related to the glass transition temperature 

and the swinging has a greater effect the higher the operating temperature is above the glass 

transition temperature. This causes the effect to be more pronounced at lower temperatures in 

the electrolytes with the lowest glass transition temperatures. At the highest temperatures, ionic 

motion is dominated more by the solvation sphere and transition state for ionic motion, which is 

more consistent across particle loadings, resulting in a more compact data set at higher 

temperatures.  

 It can also be seen from the data that the addition of nanoparticles themselves 

insignificantly affects the conductivity, but rather the resultant increase in viscosity caused by 

these nanoparticles that reduces the conductivity. An increase in viscosity is known to cause a 

decrease in the free volume in the electrolyte and diminishes available pathways for ions to 

move through the electrolyte, ultimately resulting in a significant decrease in conductivity. Kim et 

al. reported a pure 1-methyl-3-propylimidazolium TFSI ionic liquid with an ionic conductivity of 

7.42 x 10-3 S/cm at 30 °C dropped to 1.17 x 10-3 S/cm and a pure 1-methyl-1-butylpyrrolidinium 

TFSI dropped from 3.77 x 10-3 to 8.67 x 10-5 when the viscosity was increased by a 1:1 molar 

ratio addition of LiTFSI.40 The conductivity of the nanoparticle-free control solution in Figure 2b 

shows that the conductivity is consistently high with minimal change in conductivity over a chain 

loading range from 11% to 48%. In addition, comparison of the 11% particle loading electrolyte 

to the control solution without the IL-nanoparticle (PC and 1M LiTFSI) shows an almost perfect 
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overlap of the data, indicating that the nanoparticles themselves have negligible detrimental 

effect on the conductivity at low particle loading.   

The lithium transference number was estimated by the method attributed to Bruce and 

Scrosati.41 The lithium transference number represents the portion of the ionic conductivity that 

is due to lithium transport and can be estimated as:   

0 0
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where TLi
+ is the lithium transference number, I0 and Iss are the initial and steady state currents 

of a cell undergoing a polarization potential of ΔV, and R0 and Rss are the interfacial resistances 

before and after polarization. The cell resistance and current is measured before the cell is 

polarized to obtain reference points of the electrolyte as a whole. When the cell is completely 

polarized the TFSI anions are driven to one electrode while the lithium cations, which have a 

source from which to strip and a sink to deposit, are transported freely to the opposite electrode. 

When fully polarized, only lithium ions are thought to contribute to the measured current.  

Using this method, it was found that the piperidinium tethered electrolyte with 11%, 23%, 

and 48% particle loadings exhibit lithium transference numbers that increase with particle 

loading, TLi
+ of 0.04±0.02, 0.11±0.02, and 0.22±0.02 respectively (see supporting information 

Figure S1), likely reflecting the lower contribution of the particle-tethered ILs to conduction as 

the electrolytes traverse the jamming transition. Lithium transference numbers in the range 0.1 - 

0.25 are typical in ionic liquid systems (0.2 for systems of imidazolium and pyrrolidinium based 

ionic liquids with TFSI as the counterion) 42-44, usually lower than polymer-based systems 45,46. 

Here, the initial current used in this analysis was calculated from the relationship, 

0 int/ ( )bulk erfaceI V R R   . The relatively low lithium transference number could lead to high ion 

concentration gradient, thereby increasing the possibility of localized ion depletion and unstable 
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electrodeposition. However, the current understanding is that ionic liquids could form stable SEI 

compared with conventional liquid electrolytes, which in favor of reversible striping and plating 

lithium ion and creating uniform electrodeposits.20,21 Therefore, in terms of piperidinium-based 

ILs, accelerating lithium ion transport in the interface is more important than increasing the TLi
+. 

 

Figure 3: (a) Dynamic storage (G’) and (b) loss (G’’) moduli for hybrid electrolytes as a function 

of SiO2-PP-TFSI loading and shear strain. Measurements were performed at 25 oC and a fixed 

angular frequency of 5rad/s. 

 

 Results in Figure 3a and 3b show that the storage modulus G’ of the composite 

electrolytes measured in shear flow exceeds the loss modulus, G”, at almost all particle  

loadings studied. This means that the materials are all viscoelastic fluids and respond in a more 

solid-like manner to mechanical perturbations than conventional liquid electrolytes. The 

maximum exhibited in the loss modulus for higher particles loadings is characteristic of a 

jammed material in which each SiO2 nanoparticle is thought to be encaged by neighboring 

particles, enhancing the materials elasticity. At a critical applied shear strain, mechanical forces 

imposed on the material are large enough to break the cages, which causes it to yield, flow, and 

dissipate mechanical energy as the individual particles move relative to each other and 
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contribute viscous friction. As with other such jammed nanoparticle hybrid materials, the 

transition is accompanied by a characteristic loss (G”) maximum at shear strains coincident with 

the yield point.38,47-49 The G” hump begins to disappear in electrolytes with particle loading 

around 41% and is completely absent in systems with 36% loading; indicating that the caging 

effects become less important at lower particle concentrations.  At shear strains above the yield 

point, the material exhibits strain-softening, plastic flow where both moduli decrease and the 

loss modulus ultimately overtakes the storage modulus as the material begins to exhibit liquid-

like rheology.  

 

Figure 4: (a) SEM analysis of lithium anode in ɸ=0.36 Li|SiO2-PP-TFSI|Li cell after short-circuit 

by galvanostatic polarization. (b) EDX analysis for smooth region and rough region of the 

corresponding SEM image. 

 

   Post-mortem analysis of the lithium electrode of symmetric coin cells after failure by 

polarization (supporting information Figure S2) shows a cracked lithium surface with rougher  

electrodeposits in the cavities between cracks, while other areas appear to be smooth and 

unaffected by dendrites. It is theorized that uneven deposition of lithium metal produces seeds 

for lithium dendrite growth, and the tip of the dendrite during growth is led by a depletion zone 

that draws additional lithium ions in to deposit.13-14 Energy Dispersive X-Ray Spectroscopy (EDX) 
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was performed in tandem with SEM to analyze the chemical make-up of the rough and smooth 

regions of the post-mortem samples. Figure 4b shows EDX of the dendritic and smooth regions 

of the electrode along with the corresponding SEM image of the area of the electrode under 

investigation. EDX performed on the dendritic region showed only peaks of oxygen and carbon. 

Lithium is known to readily oxidize when exposed to air and the larger oxygen peak is a result of 

a combination of lithium oxidation and the oxygen found in the propylene carbonate additive. 

The carbon peak is purely from the residual propylene carbonate left on the lithium anode after 

the anode was dried. EDX performed on the smooth region, however, shows a spectrum that 

contain large peaks in carbon, oxygen, fluorine, silicon, and a small nitrogen peak just below .40 

keV, obtained from an SEI layer containing the silica nanoparticle tethered to the piperidinium 

ionic liquid with the TFSI anion. This data along with the SEM images show that an SEI layer 

containing the tethered electrolyte is able to smooth lithium deposition and prevent puncturing 

by dendritic growth. It is possible this is due to the combination of mechanical suppression from 

the rigid particle network within the SEI layer that acts as a physical barrier and the lower 

overpotential for lithium plating and stripping that is unique to the piperidinium system. However, 

as it can be seen that lithium dendrites are still able to propagate through cracks, it is not yet 

enough to say that this smoothing of lithium deposition is enough to completely prevent dendritic 

growth, but what is clear from the data is that it is facilitated by the SiO2-PP-TFSI particles in the 

electrolyte.   

Galvanostatic cycling experiments were performed on full cell batteries with lithium 

titanate (LTO)/glass fiber + tethered electrolyte/Li setup. The LTO cathode contained 5% vapor 

grown carbon fiber and 5% carbon black. LTO has a theoretical capacity of 175 mAh/g and is 

known to undergo negligible structural changes during lithium insertion/deinsertion processes 

and to operate stably at high current densities in conventional liquid alkyl carbonate 

electrolytes.50-51 It has been reported that the particular cathode configuration used here exhibits 
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a 20% improvement in capacity over LTO electrodes that solely contained either of the two 

carbon materials.52 Two high-conductivity hybrid electrolytes containing 11vol% and 23vol% 

SiO2 particles was used for this component of the study. A fixed rate of 3C, calculated using 

based on the theoretical capacity of LTO, was used for all of the experiments discussed herein.  

 

 

Figure 5: Galvanostatic charge-discharge profiles for Li/LTO half-cells containing SiO2-PP-TFSI 

composite electrolytes at a fixed rate of 3C. (a) Charge and discharge voltage profiles for an 

electrolyte with ɸ=0.11 in the Initial, 100th and 1000th cycle; (b) Same as (a), except ɸ=0.23; (c) 

capacity versus cycle number for ɸ=0.11 and ɸ=0.23. 

 

Figure 5 reports on the voltage profiles and cycling characteristics of Li/LTO half-cells 

containing our SiO2-PP-TFSI composite electrolytes (also see supporting information Figure S3). 

Figure 5(a) shows that an electrolyte with ɸ=0.11 exhibits stable charge discharge profiles over 

1000 cycles of charge and discharge. Both composite electrolytes, ɸ=0.11 and ɸ=0.23, exhibit 

attractive capacity retention over at least 1200 cycles and retain coulombic efficiencies close to 

90% after 1000 cycles. Notably, even after the capacity fade at high cycle numbers, after 2000 

cycles of charge and discharge, the cells retain 63% and 50% of ther initial capacity. Capacity 

fade in many lithium batteries occur during overcharge or overdischarge and are associated 

with decomposition of the electrolyte, lithium dissolution, and passive film formation.53 SEI 
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formation is known to occur within the first few cycles, consistent with the initial capacity loss in 

both electrolytes. It is also noteworthy that even after 2000 cycles in both the 11% and 23% 

tethered electrolyte cells as shown in graph S2, the cycling profiles displayed no sign of short 

circuit or premature cell failure. This further demonstrates the electrolyte’s ability to facilitate 

stable electrodeposition of lithium and to resist dendrite growth in a battery. Hurdling this major 

obstacle that has plagued lithium metal batteries is a major step forward. This paired with the 

large capacity retention exhibited by the cycled cells underscore the importance of composite 

electrolytes based on piperidinium tethered nanoparticles for future work.  

Conclusions 

We have created piperidinium-tethered ionic-liquid silica nanoparticles and used them to create 

composite electrolytes in a liquid, propylene carbonate - 1M LiTFSI host. NMR analysis of the 

ionic-liquid hybrid nanoparticles confirms their chemistry and suggests that the untethered 

piperidinium chloride ionic liquid exhibits folded structures that are suppressed upon tethering to 

nanoparticles. Conductivity and rheological measurements reveal that even at high particle 

contents high room temperature ionic conductivities in the 10-4 to 10-3 S/cm range can be 

achieved in gel-like electrolytes that simultaneously exhibit mechanical shear moduli in the 105 

to 106 Pa range and jamming. Lithium transference numbers were found to increase with 

particle loading and relatively high (for piperidinium ILs) transference numbers (TLi
+ = 0.22) can 

be achieved at a particle loading of 48 vol%.  

Previous electrochemical analysis of the electrolytes in extended lithium plate-strip experiments 

in Li/Li symmetric cells reveal that they exhibit remarkable ability to extend cell lifetimes by 

stabilizing lithium electrodeposition and preventing lithium dendrite proliferation.21 Interrogation 

of the electrodes using SEM in conjunction with EDX show that the SiO2-PP-TFSI particles are 

in fact selectively adsorbed in regions where smooth lithium deposits are observed. Half-cell 
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galvanostatic cycling experiments using an LTO|SiO2-PP-TFSI/PC in 1M LiTFSI|Li exhibit 

attractive capacity retention with minimal electrolyte degradation for over 1000 cycles of charge 

and discharge. These cells also show no evidence of premature failure by Li dendrite nucleation 

and growth during repeated cycles of charge and discharge. 
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Supporting Information 

Table S1: VFT fitting parameters of SiO2-PP-TFSI/PC with various particle loadings. 

VFT Curve Parameters 

Loading Chi Square A B C Tg 

11 2.657e-07 0.873 -12.96 5.912 -104 

23 1.076e-08 1.858 -15.08 5.877 -103 

36 2.518e-08 2.02 -15.39 5.809 -101 

38 1.943e-08 1.455 -15.48 5.677 -97 

41 6.217e-09 1.96 -16.36 5.709 -98 

44 2.359e-09 1.535 -15.66 5.582 -94 

48 4.672e-09 1.724 -16.10 5.460 -90 

53 1.435e-09 2.315 -18.09 5.551 -93 
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Figure S1: Lithium ion transference number measurement for ɸ=0.23 SiO2-PP-TFSI/PC 

electrolyte. Applied voltage was 10mV. Parameters obtained for tLi+ calculation I0=0.021mA, 

Iss=0.0070mA, R0=363Ω, Rss=462Ω 
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Figure S2: Typical voltage versus time profiles for SiO2-PP-TFSI/PC electrolyte. Symmetric 

lithium cells were polarized at fixed current density 0.017 mA cm-2. First sudden drop indicates 

the point that short circuit happened. SEM analysis was measured after cell short-circuiting.  

 

 

Figure S3: Initial, 10th, 100th, 500th, 1000th, 2000th charge-discharge profiles for ɸ=0.11, 0.23 

SiO2-PP-TFSI/ PC electrolytes respectively.   
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CHAPTER 5 

IONIC LIQUID-NANOPARTICLE HYBRID ELECTROLYTES AND THEIR APPLICATION IN 

SECONDARY LITHIUM-METAL BATTERIES 

 

Reproduced with permission from Advanced Materials, 2012, by Yingying Lu, Shyamal K. Das, 

Surya S. Moganty, and Lynden A. Archer  

 

In recent years, the demand for secondary/rechargeable batteries with improved energy storage 

capacity, increased charge/ discharge cycling stability, higher power densities, enhanced  safety, 

and lower initial and life cycle costs has increased to meet growing needs for smaller, lighter, 

more powerful portable electronic devices, as well as to accommodate growing interest in hybrid 

(HEV), plug-in hybrid (PHEVs), and fully electric vehicles (BEVs)[1-3] Researchers have devoted 

enormous efforts to develop secondary batteries that provide the range of energy, power, and 

stability requirements to meet the spectrum of needs associated with these rather different 

electric vehicle technologies. Although lithium-ion batteries are currently the dominant focus of 

research & development activities,[4] it has long been understood that a lithium battery 

configuration that dispenses with the carbonaceous host material in the anode and which 

replaces low-capacity lithium metal oxides or lithium metal phosphates at the cathode with 

higher energy oxygen, sulfur, or metal sulfides & oxides can deliver substantially higher specific 

energies than today’s state-of-the-art lithium ion batteries (Figure 1).[5, 6]  
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Figure 1. Theoretical specific energy and nominal voltages for various secondary/rechargeable 

battery electrode chemistries. The horizontal lines are the USABC medium - (black) and long-

term (red) targets escalated by a factor of 3 to account for the typical factor of three increases in 

mass, when inert cell components (packaging, separator, electrolyte, conductivity aids, and 

current collectors) are taken into account in calculating specific energy of the cell. 

 

Such secondary lithium metal batteries (LMBs) largely derive their improved energy storage 

capabilities from the high specific capacity of metallic lithium, 3860 mAh g −1[7], which is more 

than ten times that of the currently used carbon anode, and from the option of using non-

lithiated compounds as cathode, which can offer up to one order of magnitude higher specific 

energy than currently used materials. In aprotic electrolytes lithium has been reported to deposit 

non-uniformly on metallic lithium anodes and, after many charge-discharge cycles, a secondary 

LMB succumbs to formation of mossy or dendritic lithium deposits on the anode that may 

eventually bridge the cathode and anode, resulting in short-circuits and thermal runaway. 

Anodes based on lithium alloys (e.g., lithium-sodium[8], lithium potassium[9]), instead of pristine 

117



lithium metal, have been studied with some success as a means of reducing dendrite growth 

and proliferation in LMBs, however the high molar mass component in the alloy substantially 

lowers the specific energy of the cell. High modulus electrolytes, sometimes employing SEI 

additives and high cell assembly forces[10, 11], have also been studied as means of preventing 

uneven lithium deposits and limiting dendrite proliferation in LMBs. Due to their exceptional 

thermal and electrochemical stabilities, ionic liquids have also received consistent, intensive 

scientific interest as electrolytes for LMBs. [12, 13] And, few recent studies report success in 

controlling nucleation and growth of lithium dendrites. [14-16] However the low conductivities, poor 

mechanical modulus, and high cost of the ILs present challenges that are ongoing targets for 

research worldwide.  

 

Chazalviel and his co-workers have reported a mathematical model for lithium dendrite 

formation in a LMB and solved this model to show that polarization of a LMB[17] at high current 

densities produces a space charge (a region where charge neutrality is violated) due to 

depletion of the finite supply of anions in the electrolyte. The resultant large electric field in the 

electrolyte results in uncontrolled reduction of lithium ions and rapid deposition of metallic 

lithium in low-dimensional fractal structures such as dendrites. Research by the same authors 

suggests that similar physics - local inhomogeneity of ion concentration near the negative 

electrode - are responsible for dendrite formation and growth in LMBs even at low current 

densities. 

 

In this communication, we report on organic-inorganic hybrid ionic liquid electrolytes for LMBs 

and study their effect on lithium dendrite proliferation. Created by blending silica nanoparticles 

densely functionalized with the ionic liquid 1-methy-3-propylimidazolium 

bis(trifluoromethanesulfone)imide (SiO2-IL-TFSI, see Figure 1) with a conventional propylene 

carbonate/LiTFSI based liquid electrolyte, such electrolytes potentially offer at least two unique 
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mechanisms for suppressing lithium dendrites. First, if the tethered ionic liquid molecules can 

dissociate to release anions in the electrolyte, the nanoparticles might serve as reservoirs for 

anions in a cell, which can migrate to delay/prevent development of a space charge. Second, 

beyond particle concentrations near the percolation threshold, the impermeable nanometer-

sized particles form a porous mesh that provides a mechanically strong and highly tortuous path 

through which nucleated dendrites must grow to short-circuit the cell. In support of these ideas, 

we find that at all nanoparticle compositions the SiO2-IL-TFSI/ PC hybrids exhibit substantially 

improved electrochemical and interfacial properties. They also show enhanced ability to retard 

proliferation of lithium dendrites in LMBs. We also create and characterize LMBs based on the 

IL-hybrid electrolytes and find that they are promising candidates for both high-energy Li/MoS2 

and high-power Li/TiO2 secondary batteries. 

 

SiO2-IL-TFSI nanoparticles were synthesized using a two-step procedure reported previously[18], 

and discussed in the Experimental Section. Predetermined amounts of the as prepared particles 

were directly blended with propylene carbonate (PC) and lithium bis(trifl uoromethanesulfone) 

imide (LiTFSI) to produce SiO2-IL-TFSI/PC electrolytes with a range of SiO2 particle loadings. 

Transmission electron microscopy (TEM) measurements suggest that the particles are uniformly 

dispersed in their PC host at all loadings. Thermal gravimetric studies reported as Supporting 

Information also show that the hybrid electrolytes are thermally stable up to temperatures as 

high as 400 °C. 
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Figure 2. Ionic conductivities for SiO2-IL-TFSI /PC hybrid electrolytes: (a) At various SiO2 

volume fractions (from pure PC to pure hybrid particle) as a function of temperature. The solid 

lines in the figure are VFT fits for the temperature-dependent ionic conductivity; (b) Reduced 

ionic conductivities σTr versus “void fraction” 1−ϕ at various Tr ≡ T−Tg; (c) Conductivity σTr 

relative to the conductivity, σ0,Tr of pure PC. The x-axis variable is deduced from Maxwell’s 

model for ion conduction in a dilute electrolyte suspension. 

 

 

High ionic conductivity is one of the key prerequisites for an electrolyte. The ionic conductivity of 

SiO2-IL-TFSI/PC electrolytes is reported in Figure 2(a) as a function of temperature at various 

nanoparticle volume fractions, ϕ. With the exception of the pure SiO2-IL-TFSI electrolyte, ϕ 

=0.55, the results show that the materials exhibit attractive room-temperature ionic 

conductivities at all particle loadings. The continuous lines through the data are obtained by 

fitting the experimental results to the Vogel-Fulcher-Tammann (VFT) formula,  = Aexp ( − B/(T 

− T0 )) , the parameters A , B and T0 are provided in Table S1. That this equation fits the data 

over the range of temperature and particle content studied, implies that the motion of ions is 

controlled by molecular relaxation and by exaggerated swinging motions of SiO2-IL-TFSI 

tethered to the nanoparticles.[18, 19] 
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Figure 2 (b) shows the effect of “void fraction”, (1 − ϕ) , in the electrolytes on their reduced ionic 

conductivity ( Tr ). Tr = T − Tg is the temperature relative to the glass transition temperature. 

The linear relationship between Tr and (1 − ϕ) apparent from Figure 2(b) indicates that the 

effect of SiO2-IL-TFSI particles on the motions of ions can be understood using the framework 

proposed sometime ago by Maxwell[20]. Figure 2(c) shows that when the data are plotted as 

suggested by Maxwell’s expression for the relative conductivity for a dilute suspension of 

particles of conductivity p uniformly dispersed in a liquid electrolyte of conductivity 0 , Tr / 0, Tr 

= (1−2αϕ )/(1+αϕ ) , the experimental results are of a single form. The coeffi cient, α ≡ ( 0 − 

p )/(2 0+ p) required to achieve the data compression is around 0.90 (Table S2), implying that 

p / 0 ≈ −0.42 , and that the motion of lithium ions through the electrolytes is actively retarded 

by coordination with the SiO2-IL-TFSI particles, probably through its interactions with the 

particle-tethered TFSI anions.[18, 21] 

 

When a symmetric lithium cell is polarized at a fixed current density, the potential remains stable 

over an extended period of time and thereafter becomes unstable, typically decreasing in one or 

more discontinuous steps (see Figure S2). This behavior is believed to arise from short circuits 

caused by formation of lithium dendrite bridges between the electrodes. By performing many 

(typically 10) such experiments at a fixed current density and repeating the measurements over 

a range of current densities, it is possible to quantify the dendrite short-circuit time TSC as a 

function of cell and electrolyte variables. Additionally, by performing post-mortem scanning 

electron microscopy (SEM) studies on the electrodes, it is possible to independently 

characterize the lithium metal anode to confirm that the voltage drops are the result of dendrite 

growth. As a typical example, the SEM image in Scheme 1 shows the morphology of the lithium 

deposited in a SiO2-IL-TFSI /PC electrolyte with ϕ=0.23 after observation of a short-circuit 

during polarization. The dendrites are readily visible on the electrode and are seen to display a 

compressed, mushroom-like morphology on the micron scale. 
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Scheme 1. Schematic illustration of the transient response of a SiO2 -IL-TFSI/PC electrolyte 

during polarization of a Li | SiO2-IL-TFSI/PC | Li cell. Bottom left: TEM image of pure hybrid 

nanoparticles. Bottom right: SEM image of the lithium metal in a Li | SiO2 -IL-TFSI/PC | Li cell 

with ϕ=0.23 after short-circuit by polarization. The figure shows the stunted, mushroom-like 

morphology of the lithium dendrites. 
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Figure 3. (a) The dendrite onset time or short-circuit time (TSC) as a function of current density 

at various SiO2-IL-TFSI nanoparticle loadings. The solid lines are power law fits to the 

experimental data; (b) TSC versus silica volume fraction ϕ at various, fixed current densities. 

 

Figure 3(a) reports TSC as a function of current density for various SiO2-IL-TFSI nanoparticle 

loadings. It is immediately apparent from the figure that the SiO2-IL-TFSI nanoparticles have a 

measurable effect on both the magnitude and current density, J, dependence of TSC. At low J, T 

SC exhibits an approximate power-law relationship, TSC ∼ J −m, over the range measured. 

Values for the power-law exponent m are provided in Table S1, where it is seen that it never 
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reaches the ideal value of 2. It is also apparent that m increases with volume fraction of 

nanoparticles in the electrolyte system. Figure 3(b) summarizes the influence of SiO2-IL-TFSI 

nanoparticle loading on the magnitude of the short-circuit time. The plot of TSC as a function of 

volume fraction at fixed current density shows that TSC increases significantly with increasing 

particle content at each current density, and at all current densities TSC is as much as one order 

of magnitude larger than for a pure PC-LiTFSI (ϕ=0) electrolyte. The results in Figure 3(b) 

further demonstrate that at low to moderate current densities the SiO2-IL-TFSI nanoparticle 

based hybrid electrolytes may improve the operating time of the cells by several hundred hours. 

 

According to the Chazalviel model, dendrite growth starts at a time very close to the Sand’s time, ∼J −2 when the local ionic concentrations drop to zero at the negative electrode. This prediction 

has been confirmed experimentally by Rosso et al.[22, 23] who reported that the short-circuit time 

deduced from polarization experiments follows a power law as a function of current density 

which is very similar to the Sand’s time at low current density. Considering Figure 3(a), the log-

log plots for all SiO2-IL-TFSI /PC electrolyte systems show good linearity with m values much 

lower than 2 in every case, implying that the anion motions are never simply diffusive. As 

depicted in Scheme 1, SiO2-IL-TFSI in the electrolytes is theorized to provide a source of TFSI 

anions, which potentially serve as supporting electrolyte. The fact that we see significant 

retardation of dendrite growth at moderate particle loadings, in fact well below the percolation 

threshold, is supportive of this mechanism over the alternative purely mechanical effect outlined 

in the introduction. 

 

124



 

Figure 4. (a) Impedance spectra for a SiO2-IL-TFSI/PC electrolyte with ϕ = 0.23.  

Measurements were performed using a symmetric lithium coin cell at temperatures ranging from 

20 °C to 50 °C; (b) Bulk (Rb) and interfacial (Ri) impedances at 25 °C as a function of time. 

 

Figure 4(a) reports impedance spectra as a function of temperature for a representative SiO2-

IL-TFSI /PC electrolyte system with a particle content ϕ=0.23 in a symmetric lithium metal coin 

cell. By fitting the impedance spectra to a circuit model with bulk resistance Rb, interfacial 

resistance Ri, interfacial constant phase element capacitance Qi, and Warburg diffusion element 

W (see in Figure S3), the bulk, Rb , and interfacial, Ri , resistances were characterized for an 

extended 1200-hour period to evaluate the stability of the electrolyte in the presence of the 
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lithium metal electrodes. At 25 °C, Rb is around 630 Ω cm −2 and Ri is around 1900 Ω cm −2. At 

higher temperature Rb decreases gradually, while Ri drops rapidly, eventually becoming around 

270 Ω cm −2 at 50 °C; implying that while the electrolytes are marginally suitable for room-

temperature battery operation, they should function even better at moderately higher 

temperatures. Figure 4(b) further shows that the bulk and interfacial resistances reach steady 

state values after around 100 hours, and remain exceptionally stable thereafter. Probably 

indicating that the electrolyte forms a stable passivation film during the first phase, which 

protects it thereafter. 

 

The typical electrochemical stability windows (EW) for SiO2-IL-TFSI/PC in symmetric lithium 

cells are provided in Figure S4. For pure PC, ϕ = 0 (Figure S4(c)), the stability is evidently quite 

poor. For intermediate nanoparticle volume fractions, φ=0.11, 0.23, a typical C-V curve is 

displayed in Figure S4(a). It shows increased stability up to 3 cycles. For φ= 0.36, 0.41, 0.55, a 

typical C-V curve is displayed in Figure S4(b). Repeatable behavior is observed up to 10 cycles 

and an EW around 4 V vs. Li/Li + is observed. These results indicate that addition of SiO2-IL-

TFSI to PC may enhance the electrolyte’s electrochemical stability, which could be due to the 

ability of the SiO2 -tethered IL to form a mechanically strong, passivation film on metallic lithium. 

 

In order to evaluate the suitability of these SiO2-IL-TFSI / PC hybrid electrolytes for room-

temperature lithium metal batteries, a hybrid electrolyte with ϕ=0.23 was investigated 25 °C 

under galvanostatic conditions with carbon coated MoS2 and anatase TiO2, respectively, as 

electrodes. MoS2 is attractive because it exhibits high lithium storage capacity (> 670 mAhg −1) 

with relatively high intercalation potential of around 2 V (vs Li+/Li), which makes MoS2 a good 

candidate for a high-energy cathode for a LMB. Moreover, due to electrochemical formation of 

Li2S during the discharge process, MoS2 is known to react with many electrolytes to form 

polymer-like deposits that limit cell cyclability[24]. It therefore provides a good material for 
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evaluating the suitability of the SiO2-IL-TFSI/PC electrolytes for battery applications. 

Nanostructured TiO2 is a high rate anode material that exhibits stable charge/ discharge cycling 

behavior in alkyl carbonate-based electrolytes of good conductivity[25-27]. For these reasons, 

MoS2 and TiO2 serve as ideal candidates for investigating the electrochemical stability of SiO2-

IL-TFSI /PC electrolytes in rechargeable batteries.  

 

Figure 5. Galvanostatic charge-discharge curves for: (a) Li | SiO2-IL-TFSI/PC | MoS2 and (c) Li | 

SiO2-IL-TFSI/PC | TiO2 coin cells. The electrolyte used in both cases is a SiO2-IL-TFSI/PC 

hybrid with ϕ = 0.23. Variation of capacity with cycle number for Li | SiO2-IL-TFSI/PC | MoS2 (b) 

and for Li | SiO2-IL-TFSI/PC | TiO2 (d) cells at various current rates. 

 

Figure 5(a) shows the galvanostatic charge (Li deinsertion)/ discharge (Li insertion) profiles 

obtained in a Li/MoS2 battery at a current density of 100 mAg −1. The results are generally 
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consistent with characteristics profiles of MoS2 obtained from galvanostatic cycling 

measurements in commercial 1 M Li+- EC/DMC electrolytes. MoS2 is seen to exhibit a capacity 

of 1310 mAhg −1 in the first discharge cycle and discharge plateaus at 1.1 V and 0.6 V. In the 

subsequent 1st charge and 2nd discharge cycles, the capacities are 752 mAhg -1 and 800 mAhg 

−1 with voltage plateaus at 2.3 V and 1.9 V, respectively. The electrolyte shows good stability 

over the measured 15 charge-discharge cycles (Figure 5 (b)) with a capacity of 750 mAhg −1 

after the 15th cycle. Similar charge/discharge profiles and cycling stability were observed with a 

commercial EC/DMC based electrolyte[24] signifying that SiO2-IL-TFSI/PC electrolytes are 

tolerant to high energy density electrodes. The charge-discharge profiles obtained for the SiO2-

IL-TFSI/PC, ϕ = 0.23, hybrid electrolyte system with TiO2 electrodes is shown in Figure 5(c). It is 

apparent that this material also exhibits charge-discharge profiles with distinct potential plateaus 

at 1.77 V and 1.91 V for the discharging and charging processes. These results are nearly 

identical to what is obtained using anatase TiO2 electrodes with commercial electrolytes[28]. 

Figure 5(d) shows the rate capability of the TiO2 electrodes. It is apparent from the figure that 

the electrolyte can sustain current rates as high as 10C with an average capacity of 20 mAhg −1. 

Our results therefore strongly suggest that the bulk and interfacial mobility of lithium ions in 

SiO2-IL-TFSI/PC electrolytes (Figure 2 (a)) is sufficient to sustain high power density electrodes 

even for room temperature battery operation. 

 

In summary, we report novel inorganic-organic hybrid electrolytes based on ionic-liquid tethered 

inorganic nanostructures dispersed in a propylene carbonate (PC) host. These systems display 

exceptional electrochemical and interfacial stability in the presence of metallic lithium, and 

improved thermal stability over a pure PC based electrolyte. It is shown that such hybrid 

electrolytes significantly retard the growth of lithium dendrites and exhibit short circuit times as 

much as one order of magnitude higher than an electrolyte based on pure PC. The brush-like 

structure of the ionic liquid molecules tethered to the particles is thought to facilitate dispersion 
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of silica nanoparticles. It may also act as a reservoir of anions, which can decreases the space 

charge theorized in the model of Chazalviel, by reducing anion inhomogeneities in the 

electrolyte. In full-cell lithium battery studies, we further show that the hybrid electrolytes are 

compatible with both high-energy and high-power electrodes, and exhibit good capacity and 

stability in the presence of MoS2, TiO2, and metallic lithium. 

 

Experimental Section 

SiO2-IL-TFSI nanoparticles were synthesized and purified using our previous reported method. 

The grafting density of IL-TFSI on the particles was estimated using thermal gravimetric 

analysis to be close to 0.9 chains nm −2. SiO2-IL-TFSI/PC electrolyte systems were prepared 

with nanoparticle compositions ranging from 0–100wt% in PC. Preparation of SiO2-IL-TFSI/PC 

blends containing 1 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) was carried out in an 

argon filled glove box (MBraun. Labmaster). After mixing, samples were rigorously dried at 

50 °C for 1 day and treated for another day in a vacuum oven at 45 °C.  

 

Transmission electron microscopy (TEM) was used to characterize the dispersion of SiO2-IL-

TFSI in PC. TEM images were recorded at 120 kV with a FEI TECNAI T-12 TWIN TEM. 

Samples were dropped onto 600 mesh copper grids before TEM measurements. A Seiko 

Instrument TG-DTA6200 and TA Instrument DSC Q2000 were used for thermal analysis. The 

particle core weight fractions were determined by TG-DTA. The TG-DTA experiments were 

performed under N2 atmosphere in the temperature range 30 °C to 550 °C, at a heating rate of 

8 °C min −1. Symmetric lithium metal coin cells (2032 type) were used for impedance 

spectroscopy, cyclic voltammetry, and galvanostatic polarization measurements. Comparative 

ex-situ SEM analysis of the lithium metal electrodes harvested from the polarization 

measurements was used to characterize lithium dendrite structures accumulated on one of the 

two electrodes. Specifically, the symmetric lithium metal coin cell was disassembled in an argon 
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filled glove box and the electrodes recovered and washed with PC, dried under vacuum in a 

glove box, and interrogated by scanning electron microscopy (SEM, LEO 1550-FESEM). 

Dielectric loss and impedance of all electrolytes were measured as a function of frequency at 

various temperatures using a Novocontrol N40 broadband dielectric spectrometer equipped with 

a liquid cell containing copper electrodes. The short-circuit time at various current densities was 

determined from transient galvanostatic polarization measurements using Li | SiO2-IL-TFSI/PC | 

Li coin cells (supporting information Figure S2), and a Neware CT-3008 battery tester. The 

room-temperature electrochemical stability window was examined in the voltage range of 

−0.5−7 V using a Solartron Frequency Response Analyzer (Model 1252) potentiostat at a scan 

rate of 1 mV s −1. Galvanostatic charge/discharge cycling was performed to assess the 

electrochemical properties of the electrolytes in full-cell studies against MoS2 and TiO2 counter 

electrodes. For these studies, carbon coated MoS2 and anatase phase TiO2 were synthesized 

according to recently reported literature procedures. Coin cells were assembled with Li metal 

(Aldrich) as anode and Whatman glass fiber separator. The voltage range for galvanostatic 

cycling was 0.05–3 V for MoS2 and 1–2.5 V for TiO2. 
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Table S1. VFT fitting parameters as displayed in Figure 2(a), glass transition temperature 
g

T

measured by DSC and scaling exponent by power law fitting in Figure 3(a). 

Volume 

fraction ( ) 

VFT fitting parameters [ ]
g

T K  m

SC
T AJ

  

[ / ]A S cm  [ ]B K  
0
[ ]T K  m  

0 0.040 0.003 398 24 165 4 176 0.52 

0.11 0.095 0.007 613 25 150 3 178 0.64 

0.23 0.099 0.02 677 51 156 6 184 0.86 

0.36 0.021 0.004 378 44 210 7 191 0.97 

0.41 0.045 0.02 688 12 184 1 194 - 

0.55 0.00022
0.00009 

379 84 223 12 197 - 

 

Table S2.   values of Maxwell Model in Figure 1(c). 

Temperature [K]   

75 1.1 0.0047 

90 1.03 0.0035 

120 0.89 0.0047 

150 0.79 0.011 

180 0.71 0.019 
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Figure S1. TGA curves for pure SiO2-IL-TFSI, pure PC and PC/SiO2-IL-TFSI in 1M LiTFSI. The 

pure SiO2-IL-TFSI is thermally stable up to 400 C . Pure PC and PC/SiO2-IL-TFSI have a 

reduced thermal stability due to the decomposition of PC. 

 

Figure S2. The cell potential versus polarization time at fixed current density of 0.048 A cm-2 in

0,0.36  , Li| PC/SiO2-IL-TFSI/1 M LiTFSI |Li cell. The evolution of cell potential reflects the 

evolution of dendrites. The short-circuit time ( SC
T ) is pointed out. 
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Figure S3. Equivalent circuit model: deconvolution of the impedance spectra in Figure 4. 
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Figure S4. Electrochemical stability window (EW) obtained by cyclic voltammetry at a rate of 1 

mV s-1 and at room temperature. (a) Typical C-V curve for 0.11,0.23  . (b) Typical C-V curve 

for 0.36,0.41,0.55  . (c) For 0  , the current would reach the upper safety limit (4A) at ~1.6 V 

in the first cycle.  
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CHAPTER 6 

 

IONIC-LIQUID-NANOPARTICLE HYBRID ELECTROLYTES: APPLICATION IN LITHIUM 

METAL BATTERIES 

 

 

Reproduced with permission from Angew. Chem. Int. Ed., 2014, by Yingying Lu, Kevin Korf, Yu 

Kambe, Zhengyuan Tu, and Lynden A. Archer 

 

 

Abstract: Development of rechargeable lithium metal battery (LMB) remains a challenge 

because of uneven lithium deposition during repeated cycles of charge and discharge. Ionic 

liquids have received intensive scientific interest as electrolytes because of their exceptional 

thermal and electrochemical stabilities. Ionic liquid and ionic-liquid–nanoparticle hybrid 

electrolytes based on 1-methy-3-propylimidazolium (IM) and 1-methy-3-propylpiperidinium (PP) 

have been synthesized and their ionic conductivity, electrochemical stability, mechanical 

properties, and ability to promote stable Li electrodeposition investigated. PP-based electrolytes 

were found to be more conductive and substantially more efficient in suppressing dendrite 

formation on cycled lithium anodes; as little as 11 wt% PP-IL in a PC-LiTFSI host produces 

more than a ten-fold increase in cell lifetime. Both PP- and IM-based nanoparticle hybrid 

electrolytes provide up to 10000-fold improvements in cell lifetime than anticipated based on 

their mechanical modulus alone. Galvanostatic cycling measurements in Li/Li4Ti5O12 half cells 

using IL–nanoparticle hybrid electrolytes reveal more than 500 cycles of trouble-free operation 

and enhanced rate capability. 
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Secondary batteries capable of reliably storing and delivering large amounts of electrical energy 

are a key component in many contemporary and emerging technologies, such as smart phones, 

electric vehicles, autonomous aircraft, and advanced robotics.[1-4] Cells with higher operating 

voltages, improved thermal and cycling stabilities, higher energy densities, enhanced safety, 

and which offer greater portability are a priority.[5, 6] Batteries based on lithium metal anodes are 

understood to be among the most promising for achieving high specific capacities and high cell 

voltages.[4, 7] Development of a practical rechargeable lithium metal battery (LMB) remains a 

challenge because of uneven lithium deposition and dendrite formation during repeated cycles 

of charge and discharge. This results in cell failure modes ranging from accumulation of 

electrically disconnected regions of the anode or “dead lithium” to internal short-circuits, which 

limit cell lifetime and may pose serious hazards if a flammable electrolyte is employed. Lithium-

ion batteries (LIBs) are designed to eliminate the most serious of these problems by hosting the 

lithium in a graphitic carbon substrate, but this configuration is not entirely immune from uneven 

lithium plating and dendrite formation. Specifically, the small potential difference separating 

lithium intercalation into versus lithium plating onto graphite, means that a too quickly charged 

or overcharged LIB may fail by similar mechanisms as a LMB. 

 

Researchers have reported many approaches to suppress dendrites or to delay short-circuiting 

in LMBs. Efforts to-date have focused on all essential components of a battery. Electrodes 

based on Na-Li alloys[8] or based on pure Li with increased surface area[9, 10] have been reported 

to increase cell lifetimes. Doping the electrode/electrolyte interface (SEI) using electrolyte 

additives, including ionic liquids[1, 11-13] and vinyl silanes[14, 15] provide an effective means for 

smoothening electrodeposition of lithium. Structuring the electrolyte to reduce the anion mobility 

(e.g. using single ion conductors)[16-18] or to increase the overall mechanical modulus[19-22] have 

been argued to stabilize Li deposition[23, 24]. The general utility of this last approach is challenged 

by data from sodium batteries, which show that even when a liquid metal anode and hard solid 
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ceramic electrolyte are employed, dendrites form and proliferate through cracks in the 

ceramic[25]. It is also confounded by the observation that hard metallic magnesium anodes do 

not form dendritic electrodeposits in a liquid electrolyte[26]. Of the various options, ionic liquids 

offer multiple synergetic properties that make them attractive electrolytes for extending lifetime 

and safety of LMBs. Their inherently low vapor pressure, non-flammability, good 

electrochemical stability in the presence of metallic lithium make ILs excellent choices in fail-

safe LMBs. Additionally, ILs based on pyrrolidinium, imidizolium, and piperidinium cations and 

bis(trifluoro methanesulphonyl)imide (TFSI) counterions have been shown to lead to better 

electrodeposited lithium morphologies.[24, 27-29] Although this effect is not yet understood, 

continuum theory indicates that immobilization of as little as 10% of the anion by a bulky cation 

in an electrolyte can reduce ion concentration gradients during polarization, and thereby 

promote dendrite-free electrodeposition of Li.[18] 
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Figure 1. Schematic representation of the SiO2-IL-TFSI/PC in 1M LiTFSI hybrid electrolyte 

system used in the study. TEM images of electrolytes with  = 0.23: SiO2-IM-TFSI (bottom left) 

and SiO2-PP-TFSI (bottom right), respectively. Inset to the TEM are photographs of the two 

hybrid electrolyte materials showing their fluid-like and homogenous liquid features. 

 

 

Figure 2.  DC conductivities as a function of temperature for (a) SiO2-IM-TFSI, (b) IM-TFSI, (c) 

SiO2-PP-TFSI, (d) PP-TFSI with different amounts of PC in 1 M LiTFSI.  is the volume fraction 

of silica nanoparticles in the electrolytes. The solid lines are best fits using the VFT expression 

for the temperature dependant DC conductivity. 

 

 

Inspired by ideas from such theories, we have developed SiO2-nanoparticle-tethered 1-methy-3-

propylimidazolium TFSI (SiO2-IM-TFSI) and 1-methy-3-propylpiperidinium TFSI (SiO2-PP-TFSI) 

and created LMB electrolytes (Figure 1) by blending with a propylene carbonate (PC) 1M LiTFSI. 
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The tethered IL component provides a source of nearly immobile, un-dissociated counterions 

throughout the inter-electrode space, potentially allowing for rapid replenishment of counterions 

upon cell polarization. SiO2-IL-TFSI nanoparticles were synthesized using previous reported 

methods.[30, 31] PC is chosen as the electrolyte base because it has good miscibility with ILs and 

is thermally stable up to 242 °C, that is, well above the melting point of lithium metal. Figure 2a 

reports the DC conductivity for SiO2-IM-TFSI/PC as a function of the volume fraction ɸ of SiO2. 

The corresponding results for the IM-TFSI/PC, SiO2-PP-TFSI/PC, and PP-TFSI/PC are provided 

in Figure 2b–d. It is apparent that electrolytes with intermediate ɸ exhibit conductivities above 

10-3 S cm-1 at room temperature. The results for the PP-based electrolytes are particularly 

remarkable, as conductivities approaching 1 mS cm-1 are observed even at ɸ of about 0.48.  
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Figure 3. Charge-discharge characteristics of Li/LTO full batteries with IM-TFSI, PP-TFSI, SiO2-

IM-TFSI, SiO2-PP-TFSI electrolytes at intermediate chain loading,  = 0.23. (a) Initial charge-

discharge curves at current density 0.315mA cm-2 (1C). Discharge capacity versus cycle 

number of the two hybrid electrolyte systems (b) and Initial, 10th, 100th, 500th charge-discharge 

curves (c) of SiO2-PP-TFSI electrolytes in Lithium metal/LTO batteries at room temperature. (d) 

Capacity versus C rate for the four electrolytes studied. 

 

The suitability of the SiO2-IL-TFSI/PC electrolytes for LMBs was investigated in Li/Li4Ti5O12 half 

cells. Li4Ti5O12 (LTO) is a good choice because of its stable cycling at low and high rates with 

close to the theoretical capacities (175 mAh g-1) and negligible round-trip IR losses.[32, 33] Figure 

3a–c shows that irrespective of the IL chemistry, these cells are stable for more than 500 cycles. 

Figure 3d further shows that irrespective of the IL, SiO2-IL-TFSI/PC electrolytes exhibit weaker 

rate dependences. Considering the moderately lower conductivity of the materials, this is a 

surprising result. We believe it stems from the greater interface stability of the SiO2-IL-TFSI/PC 

electrolytes.  
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Figure 4.  (a) Voltage versus time for a symmetric lithium cell containing pure PC in 1M LiTFSI 

cycled using the plate-strip scheme described in the text at a fixed current density J of 0.03 mA 

cm-2. (b) Same as (a) except the electrolyte is SiO2-IM-TFSI/PC 1M LiTFSI hybrid electrolyte 

and J = 0.09 mA cm-2.  (c) Short-circuit time (Td) determined as the time required for the peak-

to-peak voltage to decrease by 20% relative to its steady-state value, as a  function of current 

density. The open and filled red markers are IM-TFSI and SiO2-IM-TFSI respectively and the 

dashed lines in the plot are results from galvanostatic polarization measurements described in 

the next section for pure PC and the IL-based electrolytes. (d) Reciprocal of charge passed 

before short circuit (1/Cd) as a function of complex modulus G* at various current densities. The 

continuous solid line are extrapolated from the best fit profile reported in reference. 
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To investigate the influence of the IL–hybrid electrolytes on electrodeposition of Li, a cyclic 

lithium plate-strip procedure comprised of three hours of charge followed by three hours of 

discharge was used to evaluate the cells over hundreds of cycles. The three-hour period mimics 

the charge/discharge profiles of typical cells and allows enough lithium to be transported during 

each cycle to create dendrites that are large enough to short-circuit the cell. Figure 4a,b shows 

a typical voltage response obtained with pure PC and hybrid SiO2-IM-TFSI/PC. The pure PC 

electrolyte requires an induction period of several cycles to achieve a steady-state voltage, the 

hybrid electrolyte reaches steady state quickly. After a small number of cycles, the peak to- 

peak voltage of the PC electrolyte begins to fall and the cell quickly fails. In contrast, the voltage 

profile for the SiO2-IMTFSI/ PC electrolyte is stable for a much larger number of cycles. To 

obtain a quantitative measure of the relative performance of the various electrolytes, we 

arbitrarily defined the end-of-life of the cells as the time Td at which the peak-to-peak voltage 

amplitude drops by at least 20% (see Figure S4 in the Supporting Information). The charge 

passed during the cell lifetime Cd is the product of Td and the current density J. Figure 4c 

reports Td versus J and it is apparent that IM-TFSI alone has a large effect on Td, and SiO2-IM-

TFSI extend lifetime by an order of magnitude or more, relative to pure PC. Figure 4d reports 

1/Cd as a function of the shear modulus G* of the SiO2-IM-TFSI/PC electrolytes. It is apparent 

that there is a rough inverse correlation between 1/Cd and G*, but the profiles extrapolate to a 

1/Cd≈0 (i.e.Td→ ), at G* between 103 and 105 Pa, which is at least four orders of magnitude 

lower than predicted for mechanical reinforcement alone. [23] 
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Figure 5. Potential profile at fixed current density, impedance spectroscopy, and SEM images 

for  = 0.23 IM-TFSI (black) and SiO2-IM-TFSI (red) at three stages, a. before polarization, b. 

during steady state and c. after cell short circuit. The right and left sets of SEM images are the 

results from low current and high current density charge, respectively. The scale bar for all SEM 

images is 100 µm. 
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Figure 6 (a). Short-circuit time 
SC

T  as a function of current density J  from galvanostatic 

polarization measurements for symmetric lithium cells. Filled red and black markers represent 

imidazolium and piperidinium-based IL-nanoparticle hybrid electrolytes, and open markers 

represent the corresponding free IL-based electrolytes. The dashed lines are power-law fits to 

the data. Figs 6(b) and 6(c) are extracted from 6(a) to compare performance of  particle-

tethered and free imidazolium and piperidinium-based IL electrolytes. 

 

 

A more aggressive polarization procedure has been employed previously for characterizing 

lithium electrodeposition and LMB cell failure in symmetric lithium cells.[17] In this approach the 

cell is polarized at fixed J and the voltage measured as a function of time. Typical voltage 

profiles for electrolytes with ɸ=0.23 are shown in Figure 5a and Figure S5. The time at which the 
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sudden voltage drop occurs provides an estimate for the time-to-failure by short-circuits, TSC. 

Impedance spectra at different stages of polarization (Figure 5a) and post-mortem SEM 

analysis of the lithium electrode from cells interrupted at these same stages (Figure 5b1–3) 

indicate that the sudden voltage drop coincides with appearance of micron-scale, fibrous 

structures on the lithium metal surface. The width of the impedance spectra rises substantially 

after the polarization begins and drops abruptly at cell failure. It means that even before non-

uniform electrodeposits are apparent by SEM observation, they are probably already present as 

evidenced by the greater difficulty in depositing Li. Figure 6 provides additional detail about the 

effectiveness of PP- and IM-based electrolytes for extending LMB lifetime. In contrast to the 

plate-strip experiments, for which Td for the SiO2-ILTFSI/PC electrolytes were consistently 

greater than for the IL-TFSI/PC, the results in Figure 6 indicate that an IL-TFSI/PC electrolyte 

with comparable IL content provides a measurably larger increase in cell lifetime. We suspect 

that this arises from the higher room-temperature conductivity of the IL-TFSI/PC electrolytes. It 

is also apparent that whereas TSC for cells based on IM electrolytes depend on the IL 

concentration, TSC is nearly independent of IL composition for PP-based electrolytes. This 

finding suggests that PP is more efficient in promoting uniform Li electrodeposition, perhaps due 

to the greater ease of dissociating the PP-TFSI ionic bond. 

 

In summary, ionic-liquid and ionic-liquid–nanoparticle hybrid electrolytes based on 1-methy-3-

propylimidazolium (IM) and 1-methy-3-propylpiperidinium (PP) have been synthesized and their 

ionic conductivity, electrochemical stability, mechanical properties, and ability to promote stable 

Li electrodeposition investigated. We find that PP-based electrolytes are more conductive and 

substantially more efficient in suppressing cell short circuiting. As little as 11 w% of SiO2-PP-

TFSI in a PC-LiTFSI host produces more than a ten-fold increase in cell lifetime. IM-based 

electrolytes produce similar levels of Li dendrite suppression, but require higher IL and/or 

nanoparticle concentrations. Both materials provide up to 10000-fold and more improvement in 
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cell lifetime than anticipated based on their mechanical modulus alone. Galvanostatic cycling 

measurements in Li/Li4Ti5O12 half cells using IL–nanoparticle hybrid electrolytes reveal more 

than 500 cycles of trouble-free operation and enhanced rate capability. 

 

Experimental Section 

Methods: SiO2-IL-TFSI/PC in 1M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was 

prepared using our previously reported method.[30, 31] The grafting densities of PP-TFSI and IM-

TFSI on the silica nanoparticles estimated using thermal gravimetric analysis are around 1.2 

and 0.9 chains nm-2, respectively. As the synthesis occurs in water, it is necessary to implement 

a rigorous, multi-step drying protocol to avoid contamination of the electrolytes by residual 

moisture. To prepare the anhydrous solution, LiTFSI was dried at 110°C for four hours and then 

at 170°C for three days under vacuum. Propylene carbonate was kept on 3Å sieves for at least 

one week and 1M LiTFSI in IL-TFSI/PC was then prepared in a glovebox. For SiO2-IL-TFSI/PC 

electrolyte system, SiO2-IL-TFSI the solution was first dried at 50°C for 5 days, then under 

vacuum at 45°C for one day, and finally freeze-dried for one day. The broad IR band centered at 

around 3500 cm-1 is well-known for its sensitivity to water. Figure S6 is the FTIR spectrum for a 

representative SiO2-PP-TFSI/PC in 1M LiTFSI electrolyte following the drying process. A Seiko 

Instrument TG-DTA6200 was used for thermal analysis. Symmetric lithium metal coin cells were 

used for dielectric and impedance spectroscopy, galvanostatic polarization, and cycling 

measurements. A Novocontrol N40 broadband spectrometer was used for ionic conductivity 

measurements. A Neware CT-3008 battery tester was used for galvanostatic polarization and 

cycling studies. Impedance spectra were measured as a function of frequency at room 

temperature using Solartron frequency response analyzer (model 1252). Cells were 

disassembled and the lithium metal electrodes were harvested and analyzed by scanning 

electron microscopy (SEM, LEO1550- FESEM). LTO spinel nanopowder with particle size >100 

nm, Super P carbon black, and PVDF (polyvinylidene difluoride), were mixed in a 80:10:10 
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weight ratio in Nmethylpyrrolidone (NMP). The copper foil was coated with the viscous slurry 

using a film casting doctor blade (MTI Corporation) and dried in a vacuum oven overnight. The 

electrodes were calendared and punched out of the film with a 0.5 inch diameter. 

 

Supporting Information 

Table S1.  VFT fitting parameters, lithium transference number, scaling exponent by power law 

fitting. 

Volume 
fraction ( ) 

m

SC
T AJ

  n

d
T BJ

  VFT fitting parameters 
Li

T  

m  n  ( / )A S cm  ( )B K  
0
( )T K  

0 0.52 0.81 0.040 0.003 398 24 165 4 0.63 
Imidazolium-IL 

0.11 0.64 0.43 0.095 0.007 613 25 150 3 0.29 
0.23 0.86 0.55 0.099 0.02 677 51 156 6 0.23 
0.36 0.97 0.55 0.021 0.004 378 44 210 7 0.16 

w/o PC - - 0.00022
0.00009 

379 84 223
12 

- 

0.11* 0.89 0.95 0.16 0.05 649 119 128
17 

0.51 

0.23* 1.08 0.99 0.18 0.02 500 35 158 6 0.46 

0.36* 1.53 1.03 0.15 0.007 417 14 168 3 0.40 

w/o PC - - 0.42 0.02 619 10 194 1 - 

Piperidinium-IL 
0.11 0.44 - 0.05 0.005 232 21 200 5 0.082 

0.23 0.92 - 0.13 0.003 414 7 174 1 0.074 

0.36 0.48 - 0.13 0.01 437 27 175 4 0.070 

0.41 1.39 - - - - 0.053 
0.48 - - 0.14 0.01 665 34 167 4 - 

0.11* 0.90 - 0.14 0.005 421 10 166 2 0.24 
0.23* 0.99 - 0.15 0.002 426 4 166 1 0.16 
0.36* 0.54 - 0.18 0.005 426 8 168 1 0.10 
0.41* 0.63 - 0.02 0.002 124 16 268

38 
0.067 
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The solid lines in the conductivity plots in Figure 2 are fits using the Vogel-Fulcher-Tammann 

(VFT) formula,   Aexp(B / (T T0 )) , the parameters ,  and T0 for all of the materials 

are provided in Table S1.  

 

 

Figure S1. Electrochemical stability window from cyclic voltammetry measurements for pure PC, 

10% free ionic liquid in PC and 10% ionic liquid-nanoparticle hybrid additives in PC. Inset shows 

the enlarged CV of SiO2-PP-TFSI. 

 

A B
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Figure S2. Thermal stability measurement by thermal gravimetric analysis (TGA) under N2 

atmosphere at the rate of 10 / minC from room temperature to 550 C .  

 

Figure S3. Capacity versus cycle number up to 500 cycles for  IM-TFSI and PP-TFSI in 

Li/Li4Ti5O12 cells at 1 C rate. 

0.23 
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Figure S4. Symmetric lithium cells were cycled at a constant current density with each half cycle 

last for 3 hours until a 20% discontinuous voltage change observed. Charge and time passed 

the cell until that point are calculated as 
d

C  and 
d

T  respectively. (a) pure PC in 1M LiTFSI at 

0.05 mA cm-2; SiO2-IM-TFSI/PC in 1M LiTFSI at (b) 0.09 mA cm-2; (c) 0.19 mA cm-2; (d) 0.32 mA 

cm-2. 
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Figure S5. Typical voltage versus time profiles for (a) SiO2-IM-TFSI (b) IM-TFSI (c) SiO2-PP-

TFSI (d) PP-TFSI in PC 1M LiTFSI. Symmetric lithium cells were polarized at fixed current 

density 0.02 mA cm-2. First sudden drop indicates the point that short circuit happened.  

 

Figure 6 reports TSC values for the four IL-PC blend electrolytes and the PC electrolyte control 

deduced from polarization experiments at various current densities.  Figure S5 shows typical 

voltage profiles for each of the four electrolytes studied. In every case, TSC can be fit by a power 

law relation, ~
m

SC
T J

  ; values of m for all materials studied are provided in Table S1. The red 

and black markers represent imidazolium-based electrolytes and piperidinium-based 

electrolytes, respectively. Figure 6 (b) and Figure 6 (c) are TSC vs. J plots for the IM and PP 
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based electrolytes presented separately. It is apparent from the figure that by adding any 

amount of ionic liquid, tethered or not, the electrolytes exhibit increased ability at curbing 

dendrite growth compared with the PC host electrolyte. It is also apparent that increasing the 

volume fraction of IL and/or SiO2 nanoparticles increases TSC for the imidazolium-based IL, but 

has negligible influence on the results for piperidinium-based IL. This indicates that only a small 

amount of piperidinium-based IL additive is required to achieve significant improvement on the 

surface structure of the lithium electrode; with as little as 11% IL producing more than an order 

of magnitude increase in the cell lifetime. The upper limit of the effect therefore seems more 

sensitive to the intrinsic chemistry of the piperidinium-based electrolytes than to the amount of 

the IL additive. In both Figures 6 (b) and Figure 6 (c), the untethered ionic liquid electrolytes 

exhibit slightly longer lifetimes than their relevant tethered hybrid electrolytes, suggesting better 

dendrite prevention ability of the untethered ones. However, such conclusion is unilateral due to 

the confinement of the measurement which can only allow us to predict the extreme condition 

where the cell performs in only one direction of plating lithium ions. Moreover, the hybrid 

electrolytes are more competitive in the view of their excellent electrochemical stability. The 

overall results from this polarization measurement demonstrate that at low current density (e.g. 

0.01 mA cm-2), the battery cell with the untethered PP-TFSI probably has the longest operation 

time (over 1000 hours) among the four electrolytes tested.  
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Figure S6. FTIR (Fourier Transform Infrared Spectroscopy) results of SiO2-PP-TFSI/PC in 1M 

LiTFSI. The measurements are performed immediately after freeze drying, after 24-hour 

exposing and after 7-day exposing to atmosphere. The arrow indicates the increase of exposing 

time.  
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CHAPTER 7  

STABLE LITHIUM ELECTRODEPOSITION IN LIQUID AND NANOPOROUS SOLID 

ELECTROLYTES 

 

Reproduced with permission from Nature Materials, 2014, by Yingying Lu, Zhengyuan Tu, and 

Lynden A. Archer 

 

Abstract: Rechargeable lithium, sodium, and aluminum metal-based batteries are among the 

most versatile platforms for high-energy, cost-effective electrochemical energy storage. Non-

uniform metal deposition and dendrite formation on the negative electrode during repeated 

cycles of charge and discharge are major hurdles to commercialization of energy storage 

devices based on each of these chemistries. A long held view is that unstable electrodeposition 

is a consequence of inherent characteristics of these metals and their inability to form uniform 

electrodeposits on surfaces with inevitable defects. We report on electrodeposition of lithium in 

simple liquid electrolytes and in nanoporous solids infused with liquid electrolytes. We find that 

simple liquid electrolytes reinforced with halogenated salt blends exhibit stable long-term cycling 

at room temperature, often with no signs of deposition instabilities over hundreds of cycles of 

charge and discharge and thousands of operating hours. We rationalize these observations with 

the help of surface energy data for the electrolyte/lithium interface and impedance analysis of 

the interface during different stages of cell operation.  Our findings provide support for an 

important recent theoretical prediction that the surface mobility of lithium is significantly 

enhanced in the presence of lithium halide salts.   
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High energy and safe electrochemical storage are critical components in multiple emerging 

fields of technology where portability is a requirement for performance and large-scale 

deployment. From advanced robotics, autonomous aircraft, to hybrid electric vehicles, the 

number of technologies demanding advanced electrochemical storage solutions is rising. The 

rechargeable lithium ion battery (LIB) has received considerable attention because of its high 

operating voltages, low internal resistance and minimal memory effects1-7. Unfortunately LIBs 

are currently operating close to their theoretical performance limits due to the relatively low 

capacity of the anode LiC6 and the lithiated cathode materials (LiCoO2 and LiFePO4) in 

widespread use. It has long been understood that a rechargeable lithium metal battery (LMB), 

which eschewed the use of a carbon host at the anode can lead to as much as a ten-fold 

improvement in anode storage capacity (from 360 mAh g-1 to 3860 mAh g-1) and would open up 

opportunities for high energy un-lithiated cathode materials such as sulfur and oxygen, among 

others8-10. Together, these advances would lead to rechargeable batteries with step-change 

improvements in storage capacity relative to today’s state of the art LIBs.  

A grand challenge in the field concerns the development of electrolytes, electrode, and battery 

systems configurations that prevent uneven electrodeposition of lithium and other metal anodes, 

and thereby eliminate dendrites at the nucleation step.1 It is understood that without significant 

breakthroughs in this area, the promise of LMBs, as well as of storage platforms based on more 

earth abundant metals such as Na and Al metal cannot be realized. Specifically, after repeated 

cycles of charge and discharge growing metal dendrites can bridge the inter-electrode space, 

producing internal short circuits in the cell. In a volatile electrolyte, ohmic heat generated by 

these shorts may lead to thermal runaway and catastrophic cell failure, which places obvious 

safety and performance limitations on the cells. The ohmic heat generated during a short-circuit 

may also locally melt dendrites to create regions of “orphaned” or electrically disconnected 

metal that results in a steady decrease in storage capacity as a battery is cycled. Lithium-ion 
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batteries (LiB) are designed to remove these risks by hosting the lithium in a conductive carbon 

host at the anode. However, the small potential difference that separates lithium insertion into 

versus plating onto carbon can potentially lead to similar failure modes in an overcharged or too 

quickly charged LiB. Thus, the need for materials that prevent non-uniform electrodeposition of 

metals such as Li is also implicit in new fast charging LIB technology targeted for electric-drive 

vehicles.  

Researchers have for decades considered many approaches to stabilize lithium 

electrodeposition on metallic anodes11-25. Of these approaches, all solid-state batteries based on 

solid, ceramic electrolytes are considered by far the most promising, both from the perspective 

of their inherent safety and from theory, which indicate that a ceramic electrolyte with modulus 

above the shear modulus of the metallic anode can prevent dendrites from crossing the inter-

electrode space. A persistent, vexing problem with ceramic electrolytes is that their room-

temperature ionic conductivity rarely reach levels commonplace in liquid electrolytes and 

required for normal battery operation. This problem can to some extent be managed by 

reducing the thickness of the solid electrolyte or by operating the batteries at elevated 

temperature. However these changes reveal other, more serious shortcomings, which have 

been most clearly demonstrated in studies of high-temperature sodium metal cells26,27. In these 

cells it was found that even at temperatures where the sodium anode is a low-modulus liquid 

and a high-modulus, solid sodium-beta-alumina ceramic is used as the electrolyte, metal 

dendrites form at the electrode/electrolyte interface and ultimately proliferate through stress and 

corrosion-induced cracks in the ceramic. More recent studies by Tu et al.14 suggest that the 

need for high operating temperatures can be removed by making use of nanoporous ceramics 

that host a low-volatility and electrochemically stable liquid electrolyte in the pores. The authors 

report that these electrolytes provide a combination of solid-like mechanical modulus and liquid-

like bulk and interfacial conductivities at room temperature. And, when employed in LMBs, they 
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substantially increase the lifetime of cells cycled at low and moderate current densities, but 

postmortem inspection of the surface of the porous ceramic host reveal that, as in the case of 

the bulk ceramics, dendrites are still able to nucleate and proliferate on the surface, but appear 

unable to penetrate through the pores of the porous material. 

  

A longstanding puzzle in the field is that secondary batteries based on some metals (e.g. Mg) 

show no evidence of electrode instability and dendrite formation under deposition conditions 

where dendrites form and proliferate in others, such as Li28. At low surface deposition rates, 

thermodynamic and surface forces determine whether electrodeposited atoms preferentially 

form the low dimensionality, fiber-like structures, which lead to dendrites, or whether they form 

higher dimensional crystalline phases. Whereas at the intermediate and high surface deposition 

rates common in batteries, the mobility of atoms at the interface determines whether smooth or 

rough electrodeposits are created. Density functional theoretical analysis of Mg and Li 

electrodeposits at a vacuum metal interface reveal that Mg-Mg bonds are on average 0.18 eV 

stronger compared to a Li-Li29. This means that under the same deposition conditions, the 

probability of a lower dimension, fiber-like Mg deposit spontaneously transforming to a higher-

dimension crystal is more than 1000 times higher than that for the corresponding transition in 

lithium. In electrolytes, these differences are only slightly altered by the interfacial tension, which 

is orders of magnitude lower, perhaps explaining why Li surfaces are more prone to nucleate 

dendrites irrespective of the electrolyte. A surprising and heretofore unexplored prediction from 

recent joint density functional theoretical (JDFT) calculations by Arias and co-workers30,31 is that 

the presence of halide anions, particularly fluorides, in an electrolyte produce as much as a 0.13 

eV reduction in the activation energy barrier for Li diffusion at an electrolyte-lithium metal 

electrode interface.  If correct, this means that it should be possible to increase the surface 

diffusivity by more than two orders of magnitude, which may lead to large improvements in the 

stability of Li electrodeposition and dendrite suppression in simple liquid electrolytes.  
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We herein report on the stability of lithium electrodeposition in common liquid electrolytes 

reinforced with halogenated lithium salts. Remarkably, we find that consistent with expectations 

from the JDFT calculations, premature cell failure by dendrite growth and proliferation can be 

essentially eliminated in plate-strip type experiments even at high operating current densities. In 

more aggressive, high-rate polarization experiments, we find levels of dendrite suppression in 

room temperature liquid electrolytes that are superior to all previous reports from elevated 

temperature studies of polymer and other solid-state electrolytes long thought to be essential for 

developing reliable LMBs. Experimental characterization of the interfacial tension and 

impedance at the electrolyte-lithium metal interface confirm that the interfacial mobility is a 

strong decreasing function of halogenated lithium salt and is the most likely source of the 

improved stability of Li electrodeposits in liquids. 

Electrolytes containing 1 M Li+ cations were studied in two configurations: (i) In liquid form; and 

(ii) as liquids infused in nanoporous solids.  Electrolytes employed in both situations were 

created by blending pre-determined amounts of halogenated lithium salts and lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) in a low volatility propylene carbonate (PC) liquid 

host. To explore consequences of our observations on lifetime of lithium metal batteries, we 

also performed a small number of studies using blends of lithium fluoride (LiF) and lithium 

hexafluorophosphate (LiPF6) in a 50/50 blend of ethylene carbonate (EC) and diethylene 

carbonate (EC:DEC). Because the most impressive enhancements in interfacial mobility 

predicted by JDFT are for electrolytes containing LiF, this first communication will focus on 

these materials. Figure 1a reports the DC conductivity for LiF+LiTFSI/PC as a function of LiF 

mole fraction in the electrolytes. It is apparent that at low LiF concentrations, DC conductivities 

close to the measured values for a LiTFSI/PC liquid electrolyte control are found. At LiF 

concentrations above 3 mol percent, the conductivity falls with increasing LiF content and the 

163



shape of the conductivity-versus-temperature profiles are seen to become flatter, but for all 

compositions studied, room-temperature conductivity well above 10-3 S cm-1 are observed. A 

lower bulk electrolyte ionic conductivity upon addition of LiF is consistent with expectations 

based on the reduced dissociation of the salt, relative to LiTFSI, and consequent lower 

population of mobile ions in solution.  The inset to the figure shows the effect of LiF on the 

wettability/contact angle (right axis) and surface energy (left axis) of the electrolyte with a lithium 

metal surface (see supplemental information Figure S1 & Table S1). The measurements were 

performed using a contact angle goniometer with lithium sample enclosed in a home-made 

argon-filled chamber. It is apparent from the figure that addition of LiF causes a non-monotonic 

decrease in contact angle and a commensurate rise in interfacial energy. Later, we will show 

that electrodeposition of lithium metal in these electrolytes produce isolated mushroom-like 

structures of diameter around 40 µm. The increase in surface energy produced upon addition of 

LiF to the electrolytes are therefore many orders of magnitude lower than the differences in 

bonding energy between Mg-Mg and Li-Li atoms to significantly change the tendency of Li to 

form lower dimensional dendritic structures.   
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Figure 1| DC ionic conductivity of LiF+LiTFSI/PC with various LiF mole fractions as a 

function of temperature. a, Without alumina/PVDF membrane. The electrolyte is placed in a 

home-made Teflon O-ring (Scheme S2) without presence of any separator. The solid lines are 

Vogel-Fulcher-Tammann (VFT) fits for the temperature-dependent ionic conductivity. The 

parameters from the VFT fitting are shown in Table S2. The inset shows the liquid-solid surface 

energy and contact angle as a function of LiF mole fraction. b, With alumina/PVDF membrane. 

The SEM image shows the nanostructure of the alumina membrane with pore diameter around 

40nm. 

Figure 1b reports the DC conductivity for nanoporous solid electrolytes created by infusing 

LiF+LiTFSI/PC into nanoporous Al2O3/PVDF monoliths (see lower inset) with a nominal pore 

diameter of 40nm. The detailed preparation protocols for these electrolytes are provided in the 

supplementary materials section. It is apparent from Figure 1b that while the effect of LiF 

composition on conductivity is more complex than for the liquid electrolytes, over the range of 

LiF compositions studied the electrolytes again exhibit room-temperature conductivities above 

10-3 S cm-1; underscoring their suitability as room-temperature electrolytes for lithium batteries. 

Electrochemical stability of LiF-containing electrolytes was characterized by cyclic voltammetry 

and the results reported in the supplementary materials section (Figure S2). With 30mol% LiF, 

the width of electrochemical stability window is observed to increase measurably. The peak in 

the voltammogram at around 4.1 V vs. Li/Li+ in the first cycle is in fact consistent with formation 

of a passivation film on the electrode that protects the electrolyte. 

We investigated electrodeposition of Li in the liquid and nanoporous LiF+LiTFSI/PC based 

electrolytes using galvanostatic cycling of Li|LiF+LiTFSI/PC|Li symmetric lithium cells in which 

the lithium striping/plating process is cycled over three-hour charge and discharge intervals 

designed to mimic operation in a LMB. The cells are configured to ensure that during each 

three-hour period sufficient lithium is transported between electrodes to create a dendrite bridge 
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in the inter-electrode space to short-circuit the cells. The cells also do not include a separator 

and, once formed, the only resistance to dendrites bridging the inter-electrode spacing is 

provided by the intervening liquid electrolyte. Figure 2a compares the voltage profiles observed 

in symmetric cells containing electrolytes with and without LiF at a fixed, high current density of 

0.38 mA cm-2. 

 

Figure 2 | Voltage versus time for a symmetric lithium cell with each half cycle lasts 3 

hours. a, Initial voltage profiles of 30mol% LiF+LiTFSI/PC (black) and LiTFSI/PC (red) 

electrolytes at a current density of 0.38mA cm-2. b, Voltage profile of 30mol% LiF+LiTFSI/PC 

electrolyte at a current density of 0.38mA cm-2 before observing cell short-circuits. c, Typical 

voltage profile for LiF+LiTFSI/PC electrolytes at lower current densities (less than 0.2mA cm-2). 
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d, Initial voltage profiles of 30mol% LiF+LiTFSI/PC (black) and LiTFSI/PC (red) electrolytes with 

alumina/PVDF membrane at a current density of 0.50mA cm-2. The initial voltage disturbance is 

due to the electrolyte consumption and SEI layer formation. The voltage reaches a stable 

plateau after 80 hours and lasts for over 350 hours. Such stable performance at high current 

density originate from two factors: 1) the LiF additive stabilizes the lithium deposition and forms 

a flat surface, which are in favor of steady battery usage; 2) the high modulus of alumina 

separator prevents the dendrite proliferation and avoids the short-circuit. SEM analyses: e, 

Pristine lithium anode before galvanostatic cycling. f, Lithium anode in contact with LiTFSI/PC 

electrolyte after 100-hour cycling at 0.38mA cm-2. g, Lithium anode in contact with 30mol% 

LiF+LiTFSI/PC electrolyte after 100-hour cycling at 0.38mA cm-2.  

The figure shows that cells that do not contain LiF in the electrolyte exhibit a large and 

irreversible drop in voltage consistent with catastrophic failure by a dendrite-induced short-

circuit, in as little as 75 hours of operation (i.e. less than 13 cycles of charge and discharge).  In 

contrast, cells containing 30 mol% LiF in the electrolyte cycle stably for more than 1800 hours 

(300 cycles of charge and discharge) before succumbing to failure in the same manner. This 

nearly 25-fold enhancement in cell lifetime achieved upon addition of LiF to a liquid electrolyte is 

considerably higher than any previous report for cells in which solid polymers18, 

composites12,13,15 and other mechanical agents are used to protect lithium metal electrodes 

against premature failure by dendrite-induced shorts. It is also significant that the current 

experiments are performed at substantially higher current densities than those reported for solid 

polymer or ceramic electrolytes and at room temperature. Figure 2c reports voltage profiles for 

cycling experiments performed at comparable current densities as in previous studies using 

polymers and other mechanical agents. Remarkably, even after 2100 hours of continuous 

operation, the cell shows no evidence of failure.   Figure 2d reports a similar result for cells 

based on nanoporous membranes infused with liquid electrolytes, but cycled at a very high 
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current density of 0.5 mA cm-2 . While cells with the control LiTFSI/PC electrolyte are seen to 

quickly fail, those containing LiF in the electrolyte settle down over a period of around 75 hours 

and cycle stably for more than 350 hours.  

Figures 2e-g are scanning electron micrographs of the lithium metal electrode surface before 

cycling (e), after 100 hours of cycling in a LiTFSI/PC control electrolyte (f), and after 100 hours 

of cycling in a LiF+LiTFSI/PC electrolyte containing 30 mol% LiF (g). It is evident from the figure 

that the improved lifetimes of the cells containing LiF coincides with the observation of virtually 

pristine Li metal electrodes after extended cycling.  

 

Figure 3| Short-circuit time Tsc from galvanostatic polarization measurements for 

symmetric lithium cells. a, Tsc as a function of LiF mole fraction at 0.027mA cm-2, 0.064mA 

cm-2.  b, Tsc as a function of current density J for various LiF concentrations and for PP-TFSI. c, 

Tsc as a function of current density J for different lithium halides with 30mol % of the halide. The 

red markers are used to represent results for cells based on nanoporous alumina/PVDF 

membranes infused with LiF+LiTFSI/PC electrolytes. The filled red symbols indicate the cells 

that short-circuit while the open red symbols represent the ones that diverge instead of short. 

Measurements were conducted at room temperature unless indicated. 
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Unidirectional galvanostatic polarization of symmetric lithium cells provides a convenient, 

accelerated-testing scheme for assessing the stability of lithium metal electrodes during 

electrodeposition. In this approach, lithium is continuously striped from one electrode and plated 

on the other until the cell fails by consumption of all of the lithium or as a result of a dendrite-

induced short-circuit. A constant current density is applied to the cell and the corresponding 

voltage profile is obtained as a function of time (Figure 4a). The time (Tsc) at which a sharp 

drop-off in the potential is observed provides an estimate for its lifetime. Because there is no 

pause in the deposition, as occurs when the direction of the current is reversed in the cyclic 

plate-strip experiment discussed in the last section, there is no opportunity for defects produced 

by instability in one deposition cycle to heal before they nucleate dendrites that ultimately short 

circuit the cell. Consequently, cell failure by dendrite-induced short circuits are observed on 

timescales as much as one order of magnitude lower than for the plate-strip cycling 

measurements12,24,25.  

Figure 3a reports measured Tsc values as a function of LiF concentration in the electrolyte at 

two current densities. Consistent with the observations reported in the previous section, the 

figure shows that addition of LiF to a LiTFSI/PC electrolyte produces large increases in cell 

lifetime. The top inset shows that addition of as little as 1mol% LiF produces more than a three-

fold enhancement in cell lifetime at both low (0.027 mA cm-2) and moderate (0.064 mA cm-2) 

current densities.  The figure further shows that at a higher LiF contents the relationship 

between Tsc and LiF composition in the electrolyte is nonlinear. At 30 mol % LiF, it is seen that 

more than a 30-fold enhancement in cell lifetime is achieved at either current density, confirming 

the earlier observations based on cyclic plate-strip experiments. The ability of LIF salt to extend 

cell lifetime seems to reach its maximum level at around 30mol% LiF. For higher LiF mole 

fraction (50mol% LiF), there is a decrease of Tsc, which might be attributed to the low DC 

169



conductivity or low mobile ion concentration. It is also difficult to polarize the cell at relatively 

high current density for the same reason23.  

Figure 3b studies the effect of current density, J, and temperature on Tsc for electrolytes 

containing varying concentrations of LiF, including a PC electrolyte containing 23 vol% of the 

ionic-liquid methy-3-propylpiperidinium (PP) TFSI known for its exceptional ability to facilitate 

stable electrodeposition of lithium11,12. It is clear from the figure that both in terms of the variation 

of Tsc with J and the enhancements in lifetime achieved relative to the electrolyte without 

additives, the LiF-based electrolytes with around 30 mol % LiF perform at least as well as those 

containing PP TFSI. As previously reported for electrolytes containing PP TFSI, Tsc exhibits a 

power-law dependence on J ,  Tsc ~ J-m , over a wide range of current densities13,24,25 Power law 

exponents m obtained from the data are provided in Table S2 and show no noticeable 

dependence on LiF composition. It is also apparent from the figure that at 70 oC electrolytes 

containing LiF exhibit Tsc values with little sensitivity to J over a range of current densities, 

allowing these electrolytes to achieve 100-fold or more enhancements in cell lifetime, relative to 

the control electrolyte at 25 oC. Figure 3c nicely shows that LiF is not unique and that other 

halogenated lithium salts, especially LiBr, are able to significantly extend lifetime of lithium metal 

electrodes. Figure 3c further shows that Tsc values measured using nanoporous electrolytes14 

(also see Figure S7) containing LiF are substantially higher than those measured in any of the 

other systems and are virtually independent of  J. The two open red symbols are results for cells 

where no short-circuiting was observed, but in which the voltage diverged as a result of all of the 

lithium in the stripping electrode being plated on the other electrode without creating dendrite-

induced short circuiting. It is remarkable that these cells show no evidence of short-circuiting at 

high current densities normally inaccessible in galvanostatic polarization experiments in 

symmetric Li cells. Post-mortem SEM analysis for these cells are provided as supplementary 

Figures S3.  
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Figure 4| Voltage profile at a fixed current density, impedance spectra of the three stages 

(s1: before polarization, s2: steady state, s3: after short-circuit) at 25°C and 70°C. a, 

Voltage profiles and impedance spectra at 0.1mA cm-2 for 30mol% LiF+LiTFSI/PC electrolyte. b, 

Impedance spectra for 1mol%, 3mol%, 5mol%, 10mol% and 30mol% LiF+LiTFSI/PC 

electrolytes. The impedance spectra with alumina/PVDF separator are reported in Figure S8. 

Analysis of the electrode-electrolyte interface at different stages of polarization provides 

additional insight into the role played by LiF. Impedance spectroscopy is a frequency-domain 

technique that allows the complex resistance or impedance in all components of a cell 

(electrode, electrolyte, and their interfaces) to be determined as a function of temperature. 

Impedance spectra of the symmetric lithium cells before unidirectional galvanostatic polarization, 

at steady state, and after cell failure were collected and typical results are reported in Figures 

4a,b. Measurements were performed at 25°C and 70°C to characterize the effect of temperature.  
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It is readily apparent from the figure that the interfacial impedance (related to the width of the 

curves) drops noticeably at the point of short-circuiting. Note that it is not possible to fit the 

impedance spectra by an equivalent circuit model because the surface is no longer uniform 

once the dendrite starts to form. Figure 4a compares the impedances of the three stages for 

30mol% LiF+LiTFSI/PC electrolyte at 25°C and 70°C. Both the bulk (related to the lower 

intercept of the spectra) and interfacial impedances decrease sharply with only a 45°C 

temperature increase.  

Figure 4b displays the impedance spectra for 1mol%, 3mol%, 5mol%, and 10mol% and 30mol% 

LiF + LiTFSI/PC electrolytes individually. At 25°C, the bulk and interfacial impedances is seen to 

change slightly after the onset of polarization, but as already noted drops substantially after the 

cell short-circuits. Electrolytes with higher LiF mole fraction have comparable bulk, but 

measurably lower interfacial impedances at all stages. It suggests that LiF has the ability to 

enhance the lithium ion diffusion primarily at the electrode/electrolyte interface. When operating 

at 70°C, spectra at all three stages exhibit similar bulk and interfacial impedances between 5 

and 15 Ω cm2 with negligible dependence of electrolyte composition.  It indicates that the 

impedance is so small that the magnitude is almost similar to that of the short-circuited cell, 

which consistent with expectations based on the JDFT calculation, leads to much larger 

enhancements in cell lifetime. In general, the lowered impedance created by LiF leads to the 

extension of the cell lifetime, and the sharply reduced impedance by temperature explains the 

tremendous enhancement of cell lifetime at high temperature because lithium ions can easily 

migrate and plate on the negative electrode. 

To further evaluate the suitability of LiF-added electrolytes in LMBs, more commonly used 

electrolytes comprised 1:1 (v:v) EC:DEC with and without LiF were investigated at room 

temperature using Li/Li4Ti5O12 (LTO) half-cell. LTO is a no-strain material commercially utilized 

in electric vehicles and is capable of cycling at both low and high rates for consecutive charge 
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and discharges32. In practice, even commercial LTO spinel powder yields a well-defined 

discharge plateau at 1.55V in carbonate electrolytes, and a discharge capacity close to the 

theoretical capacities (175 mAh g-1) when accommodating lithium and negligible round-trip IR 

losses33. To characterize the effect of LiF on performance of Li/LTO half-cell, thin LTO (15 

microns of active material) and thick LTO (64 microns of the active material) were studied in an 

accelerated procedure employing a very high current density of 2.0 mA cm-2 (1C). For cells 

based on the thick LTO electrode, an activation process at 0.1C for 10 cycles was employed 

prior to the higher current density experiments. A two-hour charge/discharge protocol allows 

enough lithium to be transported during each cycle to create dendrites that are large enough to 

short-circuit the cells based on the thick electrode, whereas those based on the more common 

thin electrodes do not allow sufficient lithium transport to create a dendrite that spans the inter-

electrode space.  

Figure 5(a1-b1) show the voltage profiles obtained using the thin electrodes with and without 

LiF additive. Unlike the symmetric cells where the current is fixed and the voltage left 

unconstrained, the voltage range and current are fixed in these experiments. The onset of 

failure as a result of formation of dendrite shorts or regions of disconnected lithium is then 

expected to show up in the lifetime or capacity of the cells. It is apparent from Figure 5(a1) that 

addition of LiF to the electrolytes increases the discharge capacity, but otherwise does not alter 

the cycling performance of the cells. The blow-up charge and discharge curves in Figures 5(a2) 

and Figures 5(b2) show that the round-trip IR losses in both cells are quite minimal, as 

expected for LTO. The corresponding results for the thick electrodes are reported in Figures 

5c,d. It is apparent from the voltage profiles in Figure 5(c1) and Figure 5(d1) that whereas little 

change in the Li-F containing electrolytes not only increases the accessible discharge capacity, 

but substantially improves the cycling stability of the cells. This latter feature is consistent with 
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what one might expect from the earlier observations based on symmetric Li-Li cells which show 

that Li-F improves the stability of electrodeposition.  

 

Figure 5 | Charge-discharge characteristics of Li/Li4Ti5O12 (Li/LTO) with 30mol% 

LiF+LiTFSI/EC:DEC and LiTFSI/EC:DEC electrolytes at room temperature. Thin LTO 

electrode: Voltage vs. time profile for the first 5 cycles, 46-50 cycles, 96-100 cycles, 196-200 

cycles and 296-300 cycles at 1C rate (0.18 mA cm-2) with LiF (a1) and without LiF (b1). About 

0.88μm lithium (charge passed=0.65C cm-2, about 2.2μm LTO is reacted) is transported from 

one electrode to the other in each half cycle. Initial, 10th, 100th charge-discharge profiles with LiF 

(a2) and without LiF (b2). Thick LTO electrode: Voltage vs. time profile for the first 5 cycles, 46-

50 cycles, 96-100 cycles, 196-200 cycles and 296-300 cycles at 1C rate (2 mA cm-2) with LiF 
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(c1) and without LiF (d1). About 9.8μm lithium (charge passed=7.2C cm-2, about 24.5μm LTO is 

reacted) is transported from one electrode to the other in each half cycle. Initial, 10th, 100th, 300th 

charge-discharge profiles with LiF (c2) and without LiF (d2).  

In summary, motivated by recent Joint Density Functional Theoretical calculations, which show 

that the presence of LiF at an electrolyte/lithium metal interface should yield large improvements 

in stability of Li electrodeposition, we studied physical and electrochemical properties of 

electrolytes containing lithium halides. Consistent with the theoretical predictions, we report for 

the first time that simple addition of  halogenated lithium salts to a conventional low-mechanical-

modulus liquid electrolyte such as PC and EC:DEC, leads to dramatic improvements in lifetime 

of lithium batteries utilizing metallic lithium as anode. In plate-strip symmetric cell studies, we 

find that Li-Li symmetric cells employing the Li halide salt reinforced electrolytes and cycled 

under similar conditions as reported for solid polymer and ceramic electrolytes, except at room 

temperature, exhibit no evidence of short circuiting.   In more aggressive polarization studies, 

we find that infusing the electrolytes in the pores of a nanoporous ceramic yield lithium metal 

electrodes that exhibit much larger lifetimes than any previously reported room-temperature 

battery. Our findings appear significant for at least three reasons. First, they demonstrate that 

the popular assumption inspired by intuition and supported by continuum modeling, that a high 

mechanical modulus is a requirement for an electrolyte that can stop growth and proliferation of 

lithium dendrites is perhaps incorrect. Second, electrolyte reinforcement by lithium halide salts 

provides an inexpensive easy to use strategy for stabilizing electrodeposition of lithium metal 

that will enable technological and scientific advances. And, third, the finding underscores the 

benefits of density functional and other atomistic simulation approaches for guiding materials 

design for batteries. 

Methods 
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Pre-determined quantities of lithium halide salts and LiTFSI (LiPF6) were doped in propylene 

carbonate (PC) and ethylene carbonate (EC)/diethylene carbonate (DEC) (1:1 (v:v) EC:DEC) 

electrolyte mixtures. The total lithium salt concentration was kept constant at 1 M. The mole 

fraction of LiF relative to total lithium salt was varied from 0.1-100%. Figure 6 shows that LiF 

could form clusters on lithium foil because of its insolubility in PC (also see Figure S9). To 

prepare the anhydrous solution, LiTFSI, LiPF6, LiF, PC, EC and DEC were dried rigorously by 

previous reported method12,13,34(Also see supplementary information). 

 

 

Figure 6 | The morphology and distribution of LiF clusters on lithium foil by SEM and EDX. a,b, 

SEM images of LiF clusters on lithium foil at different scales. c,d, energy dispersive X-ray (EDX) 

spectrum of region I and II, respectively, showing that LiF forms clusters on lithium foil because 

of its insolubility in PC. e-j, EDX mapping of region II (e), showing signals of fluorine (f), sulfur 

(g), oxygen (h), nitrogen (i), and carbon (j).  

Composite nanoporous alumina membranes were prepared using our previously reported 

approach14. Briefly, nanoporous alumina membranes were soaked in Polyvinylidene fluoride 
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hexafluropropylene (PVDF-HFP)/DMF solution. Then a phase separation approach was 

adopted to prepare sandwich-type alumina/PVDF-HFP membranes. These membranes were 

further immersed in previously described LiF+LiTFSI/PC electrolyte for at least 24 hours. The 

coin cell configuration for alumina membrane assembly is displayed in Scheme S1. 

The thinner Li4Ti5O12 (LTO) electrodes were composed of 80% of LTO, 10% of carbon black, 

and 10% of PVDF binder. A pre-determinated amount of N –methylpyrrolidone (NMP) was 

added as solvent and the resultant slurry was thoroughly mixed. Following procedure involves 

using a doctor blade to coat slurry on a clean copper sheet and it’s rigorously dried in vacuum 

oven. The thicker Li4Ti5O12 (LTO) electrodes (64 microns in thickness) used in the half-cell 

battery experiments were provided by the U.S. Department of Energy’s (DOE) Cell Fabrication 

Facility, Argonne National Laboratory and used as received. 

Symmetric lithium metal coin cells (2032 type, Scheme S2) were used for dielectric 

spectroscopy, impedance spectroscopy, cycling voltammetry, galvanostatic polarization and 

cycling measurements. Ionic conductivities were measured by Novocontrol N40 broadband 

dielectric spectrometer. The galvanostatic polarization and cycling measurements were 

conducted using Neware CT-3008 battery tester. Impedance spectra were measured as a 

function of frequency by a step heating procedure using impedance spectrometer. Cells were 

disassembled and the lithium metal electrodes harvested and rinsed with PC before analyzed 

by scanning electron microscopy (SEM, LEO1550-FESEM).  

The contact angles were measured at room temperature using a Ramé-hart, Inc. Model 100-00-

115 goniometer. The lithium foil was placed in a transparent environmental chamber with a 

rubber seal on the top. A single drop of the test liquid was placed on the substrate via a 

microliter syringe though the seal. The contact angle was determined six times at different 

positions and the average values reported.  
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Supplemental Information 

 Sample Preparation  

Electrolytes: A rigorous, multi-step drying protocol was used to avoid contamination of the 

electrolytes by residual moisture. To prepare the anhydrous solution, LiTFSI was first dried at 

110 °C for 4 hours and then at 170 °C for 3 days under vacuum. Propylene carbonate (PC) was 

kept on 3 Å molecular sieves for at least one week and subsequently stored in an Argon-filled 

glovebox, MBraun Labmaster.. Ethylene carbonate (EC) was dissolved in diethyl carbonate 

(DEC) (1:1 v:v ratio) and kept on 3 Å sieves for at least one week and also stored in the 

glovebox.  Pre-determined amounts of LiF+LiTFSI (LiF+LiPF6) in PC (EC:DEC) was then 

prepared in an argon-filled  glovebox.  

Nanoporous alumina membranes: alumina membrane filters, Whatman Anodisc 13 with 20nm 

pores size, were purchased from Fisher. Polyvinylidene fluoride hexafluropropylene (PVDF-HFP, 

purchased from Sigma Aldrich.) was dissolved in N, N -dimethylformamide (DMF, supplied from 

Sigma Aldrich) at 10 wt% concentration. The viscous PVDF/DMF solution was casted on a 

clean glass cover slip, covered by the alumina membranes. The plate as well as the materials, 

were immersed in a DI water bath for 10 seconds, and a second glass cover slip was placed on 

top of the PVDF coated membrane to control the thickness and surface smoothness. The 

resultant laminated membranes were kept in a water bath overnight before being carefully 

sectioned to a desired size. Composite membranes produced in this manner were transferred 

into a bath of dry propylene carbonate (PC), which is periodically refreshed. The membranes 

were further rigorously dried in 1M LiTFSI/PC solution in glovebox (MBraunn) under argon 

protection using a combination of lithium metal ingots and molecular sieves. The as prepared 

laminated alumina membranes were subsequently immersed for at least 24 hours in a 30mol% 

LiF+LiTFSI/PC solution containing  1M Li+. 
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Cell Assembly: Symmetric lithium-lithium coin cell (CR2032 type) were assembled  in an Argon 

filled glove box. To avoid any cracking of the laminated alumina membrane during the coin cell 

assembly, the cell configuration shown in Scheme S1 was employed. Briefly, a disc-shaped 

piece of lithium foil with comparable diameter as the laminated separator was placed at the 

bottom of the cell while a second smaller piece of lithium foil was applied to the top. This 

configuration is advantageous because it protects against accidental contact of the lithium 

electrodes during  cell assembly and protects the laminated membrane from cracking when 

subjected to  perpendicular stress during the final stages of cell assembly.  

 

 

Scheme S1| Cartoon of the specific configuration used for the Li/nanoporous 

membrane/Li coin cells. Two gray plates are lithium foils while the white one designates the 

laminated membrane. 

 

A more detailed configuration of the symmetric lithium cells used to study the liquid electrolytes 

is provided in Scheme S2. Briefly, a Polytetrafluoroethylene (Teflon) ring is used as a separator. 

The outer diameter is (5/8)'', inner diameter is (1/4)'', and the thickness is (0.030)''. The 

thickness of the lithium metal (Alfa Aesar) is 0.75mm. In assembling the cell, one side of the 

lithium metal is attached onto the Teflon ring, which creates an effective  sample holder with a 

sealed bottom. Sufficient liquid electrolyte is  slowly charged into the Teflon hole to avoid 

entrainment of bubbles, and the other lithium foil is carefully placed onto the other side of the 
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separator. In this cell configuration, the liquid electrolyte in the empty space between the two 

electrodes  provides the only  barrier to lithium electrodeposits growing and proliferating in the 

inter-electrode space and short-circuiting the cell. Relative to lithium metal, the Teflon separator 

is a rigid material so the distance between the two lithium electrodes can be taken to be 

constant. The time for the dendrite propagation is then only related to the growth velocity.  

 

Scheme S2| The configuration of symmetric lithium cells used in galvanostatic 

polarization and galvanostatic cycling measurements. 

 

Sample characterization 

Polarization Experiments: Eight cells with the same electrolyte composition were prepared and 

the time-dependent voltage characterized at a fixed current density. At the beginning of the test, 

the cell was first aged for one day and rested at zero volts for 10mins. The short-circuit time was 

determined as the time at which the steady voltage dropped discontinuously. In all cases this 

drop was clean and easy to detect. Data collected for the eight cells was averaged to determine 

the average short-circuit time vs. current density plotted in Figure 3. The error bars in the figure 

are standard deviations from the average value recorded in each 8-cell sample set and are 
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generally in the range of 8-10%. To measure the impedances at the three important stages of 

cell operation - before polarization, at steady state, and after cell short-circuit,  cells polarized 

under the same conditions were terminated after 10mins rest, after the time-dependent voltage 

reaches steady-state and after a clear drop-off of the voltage is observed. Three cells were 

collected at each stage for impedance measurements. A fixed frequency range of 106 to 10-1 Hz. 

was used for the impedance measurements.  

Measuring ionic conductivity of the electrolytes: The ionic conductivity of all electrolytes was 

measured using frequency-domain dielectric relaxation measurements in the range 107 to 10-

1Hz using a Novocontrol Broadband dielectric spectrometer. The temperature was ramped in a 

step profile to achieve data at -5, 10, 25, 40, 55, 70, 85 °C.  The DC conductivity is extracted 

from the ionic conductivity vs. frequency plot at each temperature. DC ionic conductivities of 

LiF+LiTFSI/PC with various LiF mole fractions were measured in cells using liquid electrolytes 

soaked in a macroporous glass fiber separator as well as in cells using nanoporous Al2O3 

infused with liquid electrolyte. Figure 1a reports the conductivity versus temperature of 

LiF+LiTFSI/PC soaked in glass fiber separators. The glass fiber separators were assembled in 

symmetric lithium coin cells for the conductivity measurement. Figure 1b shows the conductivity 

versus temperature of LiF+LiTFSI/PC soaked in alumina/PVDF separator. The alumina based 

separators were loaded between two copper plates for conductivity test.  

The continuous lines through the data in Figure 1a are obtained by fitting the experimental 

results to the Vogel-Fulcher-Tammann (VFT) formula, 
0

exp( / ( ))A B T T    , where B is the 

effective activation energy barrier, in the units of absolute temperature; T and 
0

T  are the 

measurement and reference temperatures, respectively; and A  is a pre-exponential factor 

which equals to the ionic conductivity in the high-temperature limit. The equation fits the data 

over the range of temperature and lithium fluoride content studied4-6. The short-circuit time vs. 
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current density by galvanostatic polarization measurement is fitted by the following power law 

function7-10:         . The parameter   is related to the diffusion coefficient of ions, mobile ion 

concentration, anion transport number, and ion mobility8-10.  Values of all of these parameters 

are presented in Table S2. 

Galvanostatic cycling experiments: For the galvanostatic cycling test, the cell was initially 

charged at a fixed current density for 90mins, and then discharged at the same current density 

for 180mins, followed with charging 180mins to continue the cycling. 

Characterizing the Interfacial Energy at the electrode/electrolyte interface: The contact angle of 

each liquid electrolyte on the surface of clean lithium metal was measured using a goniometer in 

an argon-filled enclosure. Analysis of the contact angle data by Young’s equation and Zisman 

approach11-13 can be used to determine the surface energy as follows: 

cos
L S SL

       (1) 

cos 1 ( )
L C

b      (2) 

Where 
L

 is the experimentally determined surface energy (surface tension) of the liquid 

(electrolyte),   is the contact angle, 
S

  is the surface energy of the solid (lithium: 0.52 J m-2), 

SL
 is the solid/liquid interfacial energy, b  is the slope of the regression line and 

C
 is the critical 

surface tension when cos 1  .  The two parameters b and 
C
 are calculated from (2) using 

L
  

values from the literature and the measured  for pure PC and DMC. The variation of 
C
 in 

electrolytes with different concentrations of LiF was obtained from the regression line (Figure 

S1). 
SL

 were then calculated from (1). Note that the results in terms of the L-S surface energy 

change very small due to the large lithium surface energy compared with that of a liquid 

electrolyte. Results from this method are displayed in Table S1. 
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Lithium anodes were harvested from the symmetric lithium coin cells with 30mol% 

LiF/LiTFSI/PC electrolyte before and after galvanostatic polarization test. X-ray photoelectron 

spectroscopy (XPS, Surface Science Instruments, SSX-100) was used to characterize the 

surface chemistry of lithium anode, with a scan range from 0-800 eV and high resolution 

scanning near oxygen and lithium peaks. The ion sputtering was used to obtain the XPS spectra 

at different depth. Due to the application of the flood gun, the binding energies were generally 

downshifted by 3.5-4 eV. The corresponding adjustments and data analysis were performed on 

CasaXPS software.  

 

Table S1| Contact angles, liquid electrolyte surface tensions ( ), lithium surface energy 

( ) and solid/liquid interfacial energies ( ) of various electrolyte compositions. 

Sample   Electrolyte 

surface 

tension(N m-1) 

Liquid-solid 

surface energy(J 

m-2) 

Pure PC 23.0 0.92 0.0448 0.479 

Pure DMC 7.3 0.99 0.0291 0.491 

PC/1M LiTFSI 22.0 0.93 0.0426 0.480 

5 mol% LiF 19.5 0.94 0.0403 0.482 

10 mol% LiF 18.5 0.95 0.0381 0.484 

30 mol% LiF 16.0 0.96 0.0358 0.486 

50 mol% LiF 15.0 0.97 0.0336 0.487 

Li: 0.52 J m-21; PC: 0.045 N m-12; DMC: 0.0286 N m-13 

 

L


S


SL


( )  cos( )
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Table S2 | VFT fitting parameters and scaling exponent by power law fitting. The fittings of 

these two equations were conducted by Origin 8.0.  

Sample VFT: 
0

exp( / ( ))A B T T     m

SC
T AJ

  

( / )A S cm  ( )B K  
0
( )T K  m  

0.1 mol% LiF 0.081±0.0029 461±12 162±2.1 - 
1 mol% LiF 0.079±0.0011 485±5.1 156±0.88 - 
3 mol% LiF 0.035±0.0028 291±22 188±4.9 - 
5 mol% LiF - - - 1.42 
10 mol% LiF 0.0033±0.0085 365±8.1 168±1.7 1.53 
30 mol% LiF 0.0061±0.00097 127±32 215±12 1.70 
100 mol% LiF 0.00052±0.000030 506±21 138±3.8  
30 mol% LiF @ 
70°C 

- - - 0.60 

30 mol% LiCl - - - 1.36 
30 mol% LiBr - - - 2.10 
30 mol% LiI - - - 1.27 

 

Figure S1 | Zisman’s plot ( cos vs. 
L

  ) for LiF+LiTFSI/PC, PC, DMC on lithium metal 

surface. Based on Zisman approach, the contact angle of different liquids on the same surface 

is linearly dependent on the liquid surface tension. 

Analysis of the surface tension results suggests that although the contact angle decreased by 

LiF concentration increment, the surface energy at the electrode/electrolyte interface is only 
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modestly changed over the range of LiF concentrations studied. However, the general trend 

where a higher surface energy correlating with more stable electrodeposition is perhaps intuitive 

and therefore of potential interest.  

There are two possible mechanisms that might explain a dependence of electrodeposition 

stability on the surface energy at the electrolyte/lithium interface. First, during polarization, the 

striped lithium ions deposit on the negative lithium electrode and create a newly formed lithium 

surface. For a liquid electrolyte with enhanced wettability, the lithium ions near the negative 

electrode are delivered to the interface in a more uniform distribution. Thus the initially 

deposited lithium ions tend to create a homogeneous dispersity. This allows the second, third, 

and subsequently deposited layers to faithfully track the topology of the first deposited Li layer,  

which favors a uniform deposition. In addition, because of the relatively homogenous surface 

morphology, the centralization of the current density along the surface is reduced, which also 

retards the propagation of the dendrite growth. Consequently, the cell lifetime is prolonged when 

the contact angle is decreased. Second, during the dendrite proliferation process, the lithium 

ions are more likely to deposit on dendrite tips when the surface energy is low. This is due to the 

energy for creating a new surface on the tip is higher than that on a flat surface. So the 

propagation of the dendrite would be suppressed by increasing the S-L surface energy14-17. The 

experimental results show that by lowering the contact angle or increasing the S-L surface 

energy, the surface roughness tends to decay. 

 

 

Electrochemical Stability of the Electrolyte: Figure S2 shows the effect of LiF on the 

electrochemical stability of a PC-based electrolyte. The measurements were performed using a 

linear sweep voltammetry technique at a fixed scan rate of 0.5 mV/s, The electrochemical 
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stability window of the electrolyte is seen from the figure to increase from 0.8V to 1.2V vs. Li/Li+.  

The current peak observed at high potentials in the first cycle, but which disappears afterwards, 

is consistent with the idea that a passivation film is created on the Li surface at around 4.1 V vs. 

Li/Li+. In this regard, the combination of carbonate electrolytes with fluorinated lithium salt could 

have similar effect as fluorinated carbonate compound, which has been reported to exhibit  low 

melting point, increased oxidation stability and less flammability18.  

  

 

Figure S2| Electrochemical stability window from cyclic voltammetry measurements for 

1M LiTFSI/PC and 30mol% LiF+LiTFSI/PC at a rate of 0.5 mV s-1. The measurements were 

conducted in symmetric lithium cells. 

SEM Characterization of the separator and anode  surfaces:  Figure S3 reports SEM 

micrographs of the lithium surface retrieved from the lithium/nanoporous alumina/lithium cell 

with 30mol% LiF+LiTFSI/PC cycled under the most extreme current density studied 0.5 mA cm-2 

after 400 hours lithium plating/striping. 
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Figure S3| SEM analysis of alumina/PVDF separator and lithium substrate after 400 hours 

lithium plating/striping test at 0.5 mA cm-2. a, Alumina/PVDF separator with lithium metal on 

one side. b, Zoom in picture of a. c, Morphology of lithium surface.  

The alumina surface is sparsely covered by ramified deposits, presumed caused by dendritic 

electrodeposition.  Considering that the pore sizes of the separator is at most 40 nm (see Figure 

S4), it is clear that these deposits cannot penetrate through the pores of the separator. This 

observation is an important confirmation of our design concept as it implies that although the 

pore structures in alumina allow ions to move freely, as required for high room temperature 
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conductivity, the pores are small enough to prevent ready access and transport by metal 

dendrites.  The morphology of lithium surface indicates that the size of lithium dendrite is much 

larger than the pore size, meaning that the dendrite cannot penetrate through the porous media. 

 

Figure S4| SEM analysis for nanoporous alumina membranes. The pore size of the alumina 

film is around 40nm.  

Figure S5 are the post-mortem SEM images of the lithium negative electrodes at various 

polarization current densities. At low current densities (i.e. 0.027 mA cm-2, 0.033 mA cm-2) small 

patches of mushroom-like structures are observed. These give way to thicker, needle-like 

structures at high current densities (i.e. 0.060 mA cm-2, 0.082 mA cm-2). Note that at current 

density as high as 0.082 mA cm-2, it is difficult to focus all the dendrite tips in one x-y plane 
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because the structures are thick and overlapped. The average cross section diameter of each 

dendrite structure arises from 7.5 to 40 microns as reducing the polarization current density. To 

obtain the average diameter, the smallest tips in each figure are chosen for calculation because 

they are the most possible dendrites to cause a short circuit. Specifically, the current density is 

higher on a tip with larger curvature, thus the dendrite growth rate increases. 

Figure S5| Post-mortem SEM images of the lithium negative electrodes at various 

polarization current densities. The average cross section diameters are shown on the bottom 

right of each picture. 

Figure S6 shows that the majority of the lithium electrode remains quite flat after cell short-

circuits in the polarization experiments even for electrodes after higher current density charging. 

This means that the short circuits are likely the result of isolated dendrites.  The dendrite tip is 

smaller under higher current density.  
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Figure S6 | Post-mortem SEM images of the lithium negative electrodes after 

galvanostatic polarization measurement. a. at fixed current density of 0.082mA cm-2. b. at 

fixed current density of 0.06mA cm-2.  

Analysis of Voltage profiles during polarization of Li/nanoporous Al2O3/Li cells: As discussed in 

the manuscript, lithium-lithium symmetric cells utilizing a nanoporous Al2O3 separator infused 
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with LiF+LiTFSI/PC liquid electrolyte revealed unprecedented, long cell lifetimes even at high 

current densities. Figure S7. are typical voltage profiles recorded for these cells. The divergent 

voltage evident in S7(b) imply that the short-circuit time is longer than 400 hours, the time at 

which the experiments were terminated.   

 

 

 

 

 

 

Figure S7| Potential profile for symmetric lithium cell with 30mol% LiF+LiTFSI/PC using 

nanoporous alumina separator. a, potential profile at 0.1mA cm-2. b, potential profile at 0.2mA 

cm-2.  

Figure S8 reports the impedance of Li/30% LiF+LiTFSI/PC/Li cells as a function of temperature. 

As expected, both real and imaginary impedance decrease within the increase of temperature 

from -5 ℃ to 100 ℃. An R(RQ)W circuit model was used to extrapolate bulk and interfacial 

resistance. The results are displayed in Figure S8 (c). It’s clear that the alumina/PVDF separator 

with 30% LiF additive shows quite low bulk and interfacial resistances at room temperature, 

which is advantageous for battery function and stable lithium electrodeposition. The interfacial 

resistance unexpectedly increases at 75 ℃ and then decreases again, indicating that diffusion 

at the interface becomes the dominating factor that influences the charge transport. 
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Figure S8| Impedance spectra of 30% LiF + LiTFSI/PC in alumina/PVDF separator. a, 

Impedance spectrum versus temperature of 30% LiF + LiTFSI/PC in alumina/PVDF separator. b, 

A zoom-in impedance spectrum in a from 55 ℃ to 100 ℃. c, Extrapolated bulk and interfacial 

resistance from a; the fitting circuit is shown as inset. 

 

Figure S9| The morphology and distribution of different halogenated lithium salts on 

lithium foil by SEM analysis. (a) various ratio of LiF/LiTFSI in PC after cycling 24 hours and 
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the total lithium molarity is kept constant at 1M. (b) various ratio of LiF/LiTFSI in PC before 

cycling test and the total lithium molarity is kept constant at 1M. (c) equivalent amount of LiF in 

PC without LiTFSI before cycling test. (d) 30%LiX(X: F, Cl, Br, I)/70%LiTFSI in PC before 

cycling test and the total lithium molarity is kept constant at 1M.  

Figure S9 (a) compares the surface morphology lithium foils with LiF/LiTFSI/PC harvested from 

coin cells that are cycled for 24 hours at a constant current density of 0.067 mA/cm2. As 

expected, the number and size of the protrusions formed from insoluble LiF on lithium surfaces 

are increasing with the increase of LiF concentration from 1% to 100%. Figure S9(b) reports the 

lithium foils with the same electrolyte as Figure S9(a)but before cycling, which exhibit a similar 

surface morphology as the ones after short-term cycling. Figure S9(c) shows the surfaces of 

lithium with only LiF/PC without LiTFSI. It is clear that the lithium surface is rougher and the LiF 

takes the form of regular cubes on the surface, unlike Figure S9(a)(b)in which LiF structures are 

embedded in smooth surfaces. This is likely due to that the LiF/PC is unable to form SEI layer 

on the lithium due to its low solubility in PC 19. Figure S9(d) compares the lithium foils with 

30mol% lithium halogen salts. The bumpy structures gradually diminish with the increase of the 

anion size. That might be explained by the decreasing solvation energy of lithium halogen salts 

in PC from lithium fluoride to lithium iodide 20.  
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Figure S10| a, Fluorine signals at different layers from XPS spectra of the lithium anode surface 

harvested from a coin cell with 30mol% LiF/LiTFSI/PC electrolyte before polarization test; b, 

fluorine signals at different layers from XPS spectra of the lithium anode surface harvested from 

a coin cell with 30mol% LiF/LiTFSI/PC electrolyte after short circuit; c, lithium signals at different 

layers from XPS spectra of the lithium anode surface harvested from a coin cell with 30mol% 

LiF/LiTFSI/PC electrolyte before polarization test; d, lithium signals at different layers from XPS 

spectra of the lithium anode surface harvested from a coin cell with 30mol% LiF/LiTFSI/PC 

electrolyte before polarization test; Depth from the top to bottom: 0 nm to 144 nm with an 

increment of 12 nm.  
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Figure S10 reports the fluorine and lithium peaks on X-ray photoelectron spectra of the lithium 

metal surface in contact with 30% LiF/LiTFSI/PC before the galvanostatic polarization test and 

after short circuit, respectively. The major compounds at different depth (deep to 144 nm) can 

be identified based on the characteristic binding energy of specific elements. Fluorine signals in 

Figure S10(a) indicate that on most layers the F exists in the form of LiF, which corresponds to 

a binding energy between 685-686 eV 21. However, the F signal on the first layer upshifts to 690 

eV, which is most likely due to a coverage of LiTFSI 21, 22. The F depth profile of the lithium 

surface after short circuit (Figure S10(b)) is similar to that of the lithium surface before the test. 

That means stable LiF layers are formed on the lithium metal with a thickness at least up to 144 

nm. The lithium signals ranging from 52 to 57 eV before and after the test are reported in Figure 

S10(c) and S10(d), respectively. For the depth profile before polarization, the lithium signals on 

the first few layers exhibit binding energies near 56 eV, which indicates the existence of LiF 23. 

The downshifting of lithium peaks to 54-55 eV on deeper layers can be explained by the 

formation of LiOH and Li2CO3 
24. The lithium peaks are quite differently for the lithium anode that 

is after short circuit. An obvious peak downshifting is observed starting from the second layer to 

the fifth layer, and then it shows the binding energies of peaks on deeper layers slightly increase 

again. The first downshifting may indicate that the Li2O or even metallic lithium dendrites 

dominate on these layers, while the upshifting later can be explained the existence of LiOH or 

Li2CO3 at deeper layers. 
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Figure S11| Extension of figure 2d: voltage profiles up to 600 hours of 30mol% LiF+LiTFSI/PC 

electrolytes with alumina/PVDF membrane at a current density of 0.50mA cm-2. 
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CHAPTER 8 

DENDRITE-FREE LITHIUM DEPOSITION VIA HIGH LITHIUM TRANSFERENCE NUMBER 

ELECTROLYTES 

 

Abstract: Non-uniform lithium electrodeposits and dendrite proliferation in rechargeable lithium-

based batteries increase the potential risk for premature electrode and cell failure by short-

circuiting. An electrolyte with a high lithium ion transference number is desirable to mitigate ion 

concentration gradients and stabilize lithium deposition. A lithiated perfluorinated polymer 

electrolyte membrane (Li-PEM) with nanometer-sized pores was synthesized to study the 

effects of a single-ion conductor with only one mobile charged species on electrodeposition of 

lithium. In constant-current plating-stripping experiments, a Li-PEM/EC:DEC membrane was 

able to completely suppress lithium dendrite formation over more than 1800 hours of continuous 

operation. In galvanostatic polarization measurements similar Li-PEM/EC:DEC membranes 

stabilized lithium deposition over more than 2000 hours of continuous operation, a 40-fold 

increase compared to a control liquid electrolyte. 

 

Rechargeable lithium-based batteries have been studied extensively for energy storage devices. 

Their light weight and high energy density has resulted in their use in portable electrical devices, 

hybrid electric vehicles, and aerospace applications [1-4]. Rechargeable lithium metal batteries 

(LMBs) provide an opportunity to push the energy limits and versatility of such batteries even 

further by replacing the graphitic carbon at the anode with lithium metal. LMBs unfortunately 

suffer from non-uniform lithium deposition on the negative electrode during the recharge cycle. 

These uneven deposits grow into dendritic structures and eventually causes the cell to fail as a 

result of internal orphaned lithium that breaks away from the electrode mass leading to capacity 
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fading, or fire hazards if an inherently flammable liquid electrolyte is employed. LIBs are 

designed to eliminate the dendrite problem by hosting lithium in the graphite material; but in 

practice, a LIB can be transformed to a LMB by either charging it too fast or overcharging, 

because the potential for lithium ion insertion versus plating is relatively small. Electrode and 

electrolyte configurations that improve uniformity of electrodeposition on battery recharge is 

therefore a critical barrier to the goal of creating immortal batteries based LIBs or LMBs.  

To this end, several recent discoveries have focused on electrolytes able to suppress or even 

stop formation of dendrite structures[5-10] . However, a comprehensive solution has not yet been 

found that might be applied to produce dendrite-free electrodeposition of other electrochemically 

important metals (e.g. Al, Na, Zn). High lithium transference number electrolytes are attractive 

candidates for safe use of lithium-based batteries. They provide enhanced performance with low 

internal resistance, extended cell lifetime, and improved cycling features [11-15]. Increasing the 

fraction of mobile ions and promoting preferred Li+ transport in such electrolytes reduces the 

tendency to form ion concentration gradients, thereby suppressing localized ion depletion and 

nucleation of dendrites [14,15]. Several previous studies have reported single- or near-single ion 

conducting electrolytes based on aprotic organic solvents and lithium salts with immobilized 

counter-anions that are generally tethered to nanoparticles or solid films [11-13,15-17]. The huge 

size and mobility difference between lithium ion and its tethered counterion, leads to values 

in many such systems that approach unity. 

Recently, Tikekar et al. reported on a model for the stability of electrodeposition in a structured 

electrolyte created by permanently attaching a fraction of anions to a substrate.[18] Their 

theoretical analysis concluded that a single-ion Li+ conducting electrolyte with immobilized 

anions provides the most promising of all salt-based electrolyte configurations for achieving 

stable electrodeposition, but that such an electrolyte can only stop growth of dendrites below a 

certain critical size. The results are qualitatively consistent with the recent experiments of 

Li
t 
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Schaefer et al [15] and Lu et al, [19] which show that electrodeposition of lithium in electrolytes in 

which a fraction of the anions are tethered to particles increases the time to failure (lifetime) of a 

lithium metal anode by an order of magnitude or more. In all cases, however, the electrodes 

ultimately fail by dendrite-induced short-circuits. In the opposite extreme, i.e. no tethered anions, 

the same theoretical analysis suggests a mechanism for stopping dendrite growth might be to 

utilize a porous electrolyte or a mechanically strong, but porous separator hosting a liquid 

electrolyte with uniform pore sizes below around 250 nm. Electrolyte designs utilizing Al2O3 

laminates with nanometer-sized pores (nanoporous) infused with liquid propylene carbonate 

(PC) [10] and, very recently, nanostructured crystalline polyethylene chains cross-linked with 

oligomeric polyethylene glycol molecules [20], both exhibit impressive ability to extend anode 

lifetime.  

In search for the nanoporous and single-ion conducting electrolyte membranes suggested by 

theory, we herein report on electrochemical cycling of metallic lithium electrodes in ionomer 

membranes created by lithiating a sulfonated tetrafluoroethylene copolymer (Nafion). By 

swelling the material with non-aqueous solvents with varying dielectric constants (DMSO 

(dimethyl sulfoxide), PC (propylene carbonate), EC:DEC (ethylene carbonate:diethylene 

carbonate) and TEGDME (tetraethylene glycol dimethyl ether)), we create ion-conducting 

membranes  with a range of ionic conductivities and lithium transference numbers . 

Remarkably, we find that even lithiated perfluorinated polymer electrolyte membranes (Li-PEM) 

that do not contain added salt are not single-ion conductors, and that membranes with   

values approaching unity display unprecedented ability to extend electrode lifetime.  

Nafion was chosen for in-depth study because of its well-known chemical and thermal stability 

and attractive mechanical strength (Young’s modulus=0.18Gpa [21]). Since the SO3
- group is 

bound to a rigid perflorinated polymer backbone (Figure 1(a)) insoluble in any of the electrolyte 

Li
t 

Li
t 

205



solvents and unable to move freely under an electric field, the electrolyte system is ideally a 

single-ion conductor with a of unity. The structure of Nafion membranes have been 

investigated extensively by neutron reflectometry [22], small angle X-ray scattering (SAXS) [23-25], 

atomic force microscopy (AFM) [23,24], and many other scattering and microscopy techniques 

[23,24,26]. Several models have been reported to explain its microstructure and swelling behavior 

in polar liquids. Haubold et al in 2001 [25] proposed a model comprised of sandwich-like, 

anisotropic structural elements to describe the cross-linked channel-like ion conduction 

pathways thought to be hosted in the polymer matrix. Other theories argue for a lamellar 

structure [22], a fibrillar structure [23], a parallel cylinder of complex nanochannels [27], and a 

ribbon-like polymer aggregates. [28] It is generally believed, however, that the thickness of both 

the non-conducting hydrophobic core and ion-conducting shell increase with humidity [22,25], and 

the structure transforms from tightly packed bundles of inverted micelles at low solvation levels 

to normal micelles at high levels of solvation. [24] For example at 20vol% in water, the conducting 

channels have been reported to have diameters of around 2.4nm and the Nafion crystallites are 

elongated and parallel to the water channels with cross-sections of around (5nm).[27] These 

studies show that the microstructural changes have a profound influence on the properties of 

Nafion such as conductivity, ion transport and selectivity. They collectively show that Nafion is 

not only a single-ion conductor, but also a nanoporous membrane. The free volume around the 

non-conducting polymer backbones reserves the space of adsorbing organic solvents, which 

facilitates dissociation and transport of tethered lithium ions. Researchers have reported good 

capacity retention of lithiated Nafion infused with non-aqueous solvents and have shown that it 

can be used for applications in both high-energy and high voltage batteries such as Li/S and 

Li/LiFePO4 
[16,17], respectively.  

Figure 1 (b) and (c) show the surface and cross-section morphologies of the Li-PEM. After 

lithiating, the PEM maintains its original transparency and thickness which is around 117μm. 

Li
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Infrared spectroscopic analysis (see supporting information, Figure S1) confirms the successful 

synthesis of the lithiated material [16,29] and thermal gravimetric analysis (TGA) shows that it is 

stable at least up to 420°C and that the lithiated form has a higher decomposition temperature 

that the nonlithiated PEM (Figure S2). High ionic conductivity is an important requirement  for an 

electrolyte.  The DC ionic conductivity of Li-PEM with various organic solvents is shown in 

Figure 1(d) as a function of temperature.  The DC conductivity is seen to be generally higher 

than many other single-ion conductors reported in the literature [30,31]. DMSO/Li-PEM and 

propylene carbonate (PC)/Li-PEM membranes exhibits the highest conductivity at room 

temperature (around 10-4 S cm-1), which we attribute respectively to their high dielectric constant 

and ionization of the DMSO molecule [32]. This feature might at first appear undesirable, 

however the fact that it produces extra mobile ions, will lower , allowing its effect on 

electrode lifetime to be studied. We will see later that an electrolyte comprised of Li-PEM 

infused with EC:DEC displays the highest lithium transference number among the four solvents 

studied (Figure 2(a), see also Table 1).  To more systematically study the effect of  on Li-

electrodeposition, control electrolytes were created by doping LiPF6 salt in EC:DEC to obtain the 

same Li+ concentration as in the Li-PEM. It has been reported previously that LiF salt additives 

have a strong, stabilizing effect on Li electrodeposition in simple liquid electrolytes. [9,33,34]. 

Because a LiF salt additive would lower , its addition to Li-PEM in EC:DC and the control 

LiPF6 in EC:DC provides a straightforward means of comparing the relative importance of the 

two effects ( and LiF content) on electrodeposition.  

Figure 1(e) shows the DC conductivity of LiPF6 in EC:DEC and Li-PEM in EC:DEC with different 

amounts of LiF. LiPF6-based electrolytes display conductivities within an order of magnitude 

higher than Li-PEM-based systems, while adding LiF causes negligible improvements in 

conductivity mainly because of its strong ionic bond and poor ion-pair dissociation [9,35].  
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Figure 1: (a) Chemical structure and schematic of Li-PEM. (b) Surface and cross-section 

pictures of Li-PEM. (c) Surface and cross-section SEM images of Li-PEM. (d) DC conductivity 

as a function of temperature for Li-PEM soaked in different organic solvents. (e) DC conductivity 

as a function of temperature for Li-PEM (open) and LiPF6 (filled) in EC:DEC with various 

molarities of LiF. 

Lithium transference numbers for all electrolytes used in the study were characterized from their 

current response (Figure 2) to small amplitude step voltage. The electrolyte was sandwiched 

between symmetric lithium foils and the current response measured at a constant potential of 

50mV. Impedance spectra were obtained as a function of frequency in the range 3×106-0.1Hz 
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and fitted to an equivalent circuit model with bulk resistance , interfacial resistance , 

interfacial constant phase element capacitance and Warburg diffusion element  (Figure 

2(e)).  

 

Figure 2: Steady-state current measurements and impedance spectra for (a) Li-PEM in EC:DEC 

(b) Li-PEM in DMSO and (c) 0.3 M LiF/Li-PEM in EC:DEC. The current response was measured 

at a constant potential of 50mV. (d) Impedance spectra of Li-PEM in EC:DEC with various 

molarities of LiF. (e) Interfacial and bulk impedances analyzed by the equivalent circuit model. 

As is now common in the field, transference numbers were determined using the Bruce and 

Vincent method [37], with the initial current calculated using Ohm’s law: .  

values obtained using this approach are summarized in Table 1. It is clear from the results that 

some materials exhibit values higher than unity, which is clearly implausible. In the 
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supporting materials section, we reevaluate the analysis leading to the commonly used 

expression and show that proper accounting for diffusion in the unpolarized and polarized states 

when combined with the analysis of Evans et al.38  leads to the following expression for : 

 

Where σs and σ0 are the bulk solution conductivities in the polarized and unpolarized states, and 

and are the bulk solution resistances in the polarized and unpolarized states.  

based on this formula are also presented in Table 1. The results show that Li-PEM in EC:DEC 

exhibits the highest lithium transference number, . Although the relatively low 

conductivity of EC:DEC electrolyte system may limit the rate capability, its relatively high 

transference number is attractive because it can mitigate ion concentration gradients and 

stabilize electrodeposition of Li[14,15]. Adding LiF to the EC:DEC system reduces as well as 

the  (Figure 2(c)(e)). The decrease in probably stems from the accelerated ion diffusivity 

within the interfacial layer [9,33]. The result indicates that by adding salt to a single-ion conducting 

system, it lowers , but enhances the ion transport within the interfacial layer, which has been 

argued previously to also stabilize electrodeposition of Li. 

A high value of indicates that cations migrate faster and make a larger contribution to the 

conductivity. Ideally for systems with one charge carrier should be close to unity, because 

all of these systems are single-ion conductors in salt-free liquid solvents. However, Li-

PEM/DMSO for example yields , possibly due to the ionization of the solvent [24]  or 

reaction with the lithium metal to produce new, mobile ionic species [36].  

Table 1: Lithium transference numbers at room temperature for single-ion conducting 

electrolytes and LiF salt-based electrolytes.  
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Single-ion conducting electrolytes LiF salt-based electrolytes 

Solvent  Molarity of LiF in 

EC:DEC (M) 

 

Bruce-

Vincent 

method 

Diffusion 

included 

Bruce-

Vincent 

method 

Diffusion 

included 

DMSO 0.41±0.02 0.21±0.01 0.1 1.47±0.08 0.74±0.04 

EC:DEC 1.68±0.10 0.84±0.05 0.2 1.42±0.08 0.71±0.04 

PC 0.73±0.04 0.36±0.02 0.3 1.31±0.07 0.66±0.04 

TEGDME 0.92±0.04 0.46±0.02 0.5 1.21±0.06 0.61±0.03 

 

To compare the relative importance of ion transport in bulk and at the interface, we investigate 

the influence of single-ion and salt-based electrolytes on lithium electrodeposition. Lithium 

stripping-plating experiments in a symmetric Li/Li cell subjected to galvanostatic cycling at 

variable current density J were used to evaluate the cell lifetime. Each half cycle of the 

plate/strip procedure was maintained for 9 hours (Figure 3) such that the total charge passed 

through in each half cycle: = 2.1 C cm-2 at RT, = 6.5 C cm-2 at 90°C allows enough lithium 

to be plated to create a dendritic bridge between the electrodes that can short-circuit the cell. 

For comparison, electrolytes doped with equivalent amounts of LiPF6 salt, were also studied.  

Figure 3(a)(b) shows the voltage responses of LiPF6 in EC:DEC and Li-PEM in EC:DEC at room 

temperature under a fixed current density of 0.065 mA cm-2. The LiPF6 in EC:DEC system 

shows an unstable and irreversible response from the first cycle with a tendency to diverge to 

high voltage limit. It could hardly tolerate the applied current density and thus exhibit very limited 

operating electrode lifetime. However, the cell with Li-PEM is able to cycle reversibly for more 

than 1960 hours (2.7 months) of continuous charge-discharge operation. Post-mortem SEM and 

EDX analyses of Li-PEM also indicate that no lithium dendrite has penetrated the membrane 

Li
t  Li

t 

d
C

d
C
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during this period (Figure S3). The morphology of lithium surface harvested from Li-PEM system 

is seen to be much smoother and homogenous compared with the one from LiPF6 (Figure S3 

and Figure S4). The current density employed in this measurement is probably limited by the 

conductivity of the electrolyte. However, substantially higher current operation can be achieved 

by increasing the temperature. Figure 3(c)(d) reports a similar result obtained at 90°C with a 

higher current density of 0.2 mA cm-2. The controlled LiPF6 system short-circuits quickly while 

the Li-PEM electrolyte is seen to cycle stably for the measured 300 hours. Figure 3(e) shows 

the material facilitates stable striping-plating performance for more than 300 hours at an even 

higher current density, 0.32 mA cm-2.  

  

Figure 3: Voltage versus time for a symmetric lithium cell with each half cycle lasting for 9 hours. 

Voltage profiles at room temperature for LiPF6 in EC:DEC (a) and Li-PEM in EC:DEC (b) at 

fixed current density of 0.065 mA cm-2. Voltage profiles at 90°C for LiPF6 in EC:DEC (c),  Li-
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PEM in EC:DEC (d) at fixed current density of 0.2 mA cm-2, and Li-PEM in EC:DEC at fixed 

current density of 0.32 mA cm-2(e). 

Galvanostatic polarization provides an alternative, more aggressive approach of determining the 

electrode lifetime by plating lithium continuously at a fixed current density (Figure 4 and Figure 

S5). By performing these measurements at a range of current densities, the time before short-

circuits are observed ( ) can be obtained as a function of current density . Figure 4(a) 

compares the voltage responses of LiPF6 and Li-PEM in EC:DEC at a constant current density 

of 0.05 mA cm-2. Li-PEM electrolyte could be charged without observing short-circuits for more 

than 2000 hours of continuous operation, while LiPF6 electrolyte short circuits in a period of 

around 50 hours. It implies that the cell lifetime is extended by at least 40 times when utilizing 

Li-PEM. To our knowledge the ability of these materials to produce dendrite-free 

electrodeposition of lithium is by far the best reported to date. Figure 4(b) summarizes the 

corresponding  values for different electrolyte systems as a function of the current density, 

ranging from 0.015 to 0.15 mA cm-2. For the nominally single-ion conducting systems, Li-PEM in 

EC:DEC performs better than Li-PEM in DMSO although its conductivity is lower. At current 
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density lower than 0.05 mA cm-2, Li-PEM in EC:DEC never short-circuits and displays stable 

 

Figure 4: Galvanostatic polarization measurements for symmetric lithium cells: (a) Potential 

profiles at fixed current density of 0.05 mA cm-2 for LiPF6 in EC:DEC (black) and Li-PEM in 

EC:DEC (red). (b) Short-circuit time  as a function of current density . Filled markers 

represent that Li-PEM in EC:DEC electrolytes have not short-circuited. (c) Short-circuit time  

as a function of LiF concentration at fixed current density of 0.05 mA cm-2 for LiPF6 in EC:DEC 

and Li-PEM in EC:DEC systems. Typical SEM images of Li-PEM surface (d1), Li-PEM cross-

section (d2) and Li anode (d4) harvested from cells with Li-PEM in DMSO electrolytes after 

1000-hour polarization and corresponding element mapping of Li-PEM cross-section (d3). 

Typical SEM images of Li-PEM surface (e1), Li-PEM cross-section (e2) and Li anode (e4) 

harvested from cells with Li-PEM in EC:DEC electrolytes after 1000-hour polarization and 

corresponding element mapping of Li-PEM cross-section (e3). 
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voltage profiles within the measured 2000 hours (also see Figure S5).  By doping LiF salts into 

the EC:DEC system, we see a noticeable shorter cell lifetime, with virtually any amount of LiF. 

The control system, LiPF6 in EC:DEC, also fails quickly within 70 hours in all cases and shows 

negligible dependence of LiF content (Figure 4(c)). Figure 4(d)(e) summarize results from post-

mortem surface morphology studies and element mapping of Li-PEM in DMSO and Li-PEM in 

EC:DEC, respectively (also see the Li anode morphology of LiPF6 in EC:DEC in Figure S4). Li-

PEM harvested from DMSO system shows negligible fluorine content (blue in Figure 4(d3)) on 

the rough areas (d3) while Li-PEM from EC:DEC system displays massive fluorine signals (pink 

in Figure 4(e3)). It indicates that the rough area is likely one of the lithium dendrites, which have 

penetrated the Li-PEM membrane causing cell failure. The results are consistent with the 

observation from polarization measurements and suggest that the near-single-ion nanoporous 

Li-PEM membranes soaked in EC:DEC offer unprecedented ability for promoting uniform 

electrodeposition of lithium and for suppressing metal dendrite proliferation in LMBs. 

In conclusion, a nanoporous lithiated perfluorinated polymer electrolyte membrane has been 

synthesized and its ionic conductivity, lithium transference number, and ability to suppress 

lithium dendrite proliferation investigated in common non-aqueous solvents. We find that 

consistent with theory, among the single-ion conducting systems studied, Li-PEM with pure 

EC:DEC as a solvent exhibits the highest lithium transference number and has the greatest 

ability for promoting uniform electrodeposition and stopping dendrite proliferation in 

lithium/lithium symmetric cells. Compared to control electrolytes containing LiPF6, the Li-PEM 

electrolytes shows at least 40-fold improvement in cell lifetime at the same current density. 

Adding LiF to the electrolyte appears to accelerate interfacial Li+ ion diffusion, but reduces both 

lithium transference number and cell lifetime, meaning that improving lithium ion mobility in the 

bulk is more important than accelerating its transport in the interfacial layer to dendrite-free 

electrodeposition of lithium. 
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Experimental Section 

Synthesis of Li-PEM electrolyte: The lithium-ion exchange of Nafion® 117 perfluorinated 

membrane (Aldrich) was carried out in a solution of 2.0 M LiOH (Aldrich) in DI water at room 

temperature for 24 hours under vigorous stirring. The resulting lithiated Nafion film was then 

washed three times in DI water to remove the remaining LiOH. After drying at 120°C in a 

convection oven for 12 hours, it was kept under argon atmosphere. To remove residual 

moisture and prepare the anhydrous solution, LiPF6, PC, DMSO, EC, DEC, TEGDME and LiF 

(Aldrich) were dried rigorously using our previously reported [8] method and kept on 3Å sieves 

for at least one week. Electrolytes with various molarities of LiF in EC:DEC (1:1 by volume) 

were prepared in a glovebox. Li-PEM is then soaked in the above electrolytes for at least 3 days 

before use. The LiPF6 in EC:DEC electrolytes were prepared via addition of LiPF6 with lithium 

content equal to that of Li-PEM. 

Characterization: Ionic conductivity as a function of frequency (Figure S6) was measured with a 

Novocontrol N40 broadband spectrometer fitted with a Quatro temperature control system. The 

thermal stabilities were tested by a Seiko instrument TG-DTA6200. The successful synthesis of 

Li-PEM was verified by Fourier Transform Infrared Spectrometer (FTIR, Nicolet iS10). 

Electrochemical measurements were conducted using Solartron frequency response analyzer 

(model 1252). Symmetric lithium coin cells (type 2032) were assembled in a glovebox and used 

for lithium transference number, impedance, galvanostatic polarization and cycling 

measurements. A Neware CT-3008 battery tester was used for galvanostatic polarization and 

cycling tests. Lithium metal electrodes and Li-PEM membranes were harvested after the tests, 

and analyzed by scanning electron microscopy and energy dispersive X-ray detector (SEM, 

LEO1550-FESEM). 

Supporting Information 
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Derivation of lithium transference number: 

We consider a binary electrolyte solution under analysis in an impedance spectrometer. The 

solution resistance is measured and the bulk conductivity σ is obtained through the impedance 

spectrometer, both before and after a mild polarization. To evaluate the transference number, 

we first consider the diffusion-migration of the cation and anion in the electrolyte. The current 

carried by the cation (subscript +) and the anion (subscript ‒) are respectively given by 

D z F
D c c

z F RT
  

  


    
J

      (1) 

D z F
D c c

z F RT
  

  


    
J

     (2) 

In writing the above two equations, we have assumed the Nernst-Einstein relation for each ion, 

which allows us to write ionic mobilities in terms of their diffusivities. The symbols z+ and z‒ refer 

to the valencies of the cation and anion respectively.  

In the unpolarized electrolyte (superscript ‘0’), the current is carried by both the cation and the 

anion. However, the concentration gradients are nearly zero. This implies, from equations (1) 

and (2), 
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       (4) 

As the electrolyte is assumed to be binary, the total current in the system is given by the sum of 

the currents carried by the two ions. This, therefore, gives 

217



 
2

0 0 0 2 2 0F
D z c D z c

RT
            J J J     (5) 

Local electroneutrality gives 

0
z c z c c             (6) 

where c0 is the salt concentration. This gives 
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Comparing with Ohm’s law, which in the unpolarized cell can be written as          , yields 

 
2

0 0
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D z D z
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            (8) 

 

In the polarized cell (superscript ‘s’), the anion is assumed to be in equilibrium and the current is 

carried by the cation only. Equations (1) and (2) now become, 
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Combining the above two equations with electroneutrality in Eq (6) yields, 
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As before, comparing with Ohm’s law for the polarized case given by          , we have 
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From equations (8) and (12), we have 
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The transference number of the cation, by definition, is 
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This can be given from equation (13) as 
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For a symmetric binary electrolyte, we can write       . This gives 

0

1

2
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          (16) 

The ratio of the conductivities in the polarized and unpolarized states can be given from the 

analysis of impedance spectroscopy data as shown by Evans et al. (1987). Following their 

model for derivation of electrolyte bulk conductivity from impedance spectroscopy curves,  

0 0 0

1

0 0

1

1 1 1

2 2 2

s s

bulk

s s s

bulk
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    (17) 

The factor of 2, which is a deviation from the result obtained by Evans et al. (1987), appears 

from the inclusion of diffusion in the unpolarized and polarized states. As mentioned before, σs 
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and σ0 are the bulk solution conductivities in the unpolarized and polarized states and can be 

measured by impedance spectroscopy. 

 

Supporting figures: 

 

 

Figure S1: FTIR (Fourier Transform Infrared Spectroscopy) results of Nafion 117 as received 

(black) and Lithiated Nafion (red). 
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Figure S2: Thermal stability measurement by thermal gravimetric analysis (TGA) under N2 

atmosphere at the rate of 10 / minC from room temperature to 600 C .  
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Figure S3: SEM images and EDX mapping of Li-PEM surface (a), Li-PEM cross-section (b) and 

lithium surface (c) harvested from Li|Li-PEM/EC:DEC|Li cell after striping-plating at fixed current 

density of 0.065mA cm-2. Region I shows negligible F signals while region II shows massive F 

signals, indicating that although mossy structures of lithium form but they cannot penetrate Li-

PEM membrane.  

 

Figure S4: SEM images for Li|LiPF6/EC:DEC|Li cells, showing  the morphology of lithium anode 

(a) after striping-plating and (b) after polarization. 
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Figure S5: Typical voltage versus time profiles for (a) Li-PEM in EC:DEC (b) 0.5 M LiF/Li-PEM 

in EC:DEC (c) 0.5 M LiF/LiPF6 in EC:DEC (d) Li-PEM in DMSO, and (e) for cases above limiting 

current density. First sudden drop indicates the point that short circuit happened. 

 

Figure S6: Ionic conductivity for Li-PEM/PC measured as a function of frequency from 107 to 10-

1 HZ. 
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