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generation high-energy-density lithium-metal batteries.
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Context & Scale

A new solid electrolyte platform

comprising a liquid-free

polymerized ionic liquid (polyIL)-

in-salt electrolyte is developed for

application in safe lithium-metal

batteries. Different from the well-

known polyethylene oxide (PEO)-

based electrolytes, anion-assisted

co-coordination supports

enhanced Li+ transference

numbers, up to 0.56. As a proof of

concept, the polyIL-in-salt with

optimal composition shows

promising full-cell cycling

performance at elevated
SUMMARY

Polymer electrolytes are seen as key components for safe, high-energy-density

all-solid-state lithium (Li) batteries, given their appropriate mechanical proper-

ties along with the absence of volatile and flammable solvents. Here, we report

a class of solvent-free polymer electrolytes by using poly(diallyldimethylammo-

nium) bis(fluorosulfonyl)imide (PDADMA FSI) and a high content of Li

bis(fluorosulfonyl)imide (LiFSI) salt. A homogeneous mixture, with a Li+ ion

transference number of 0.56, is found at a 1:1.5 mole ratio of PDADMA

FSI:LiFSI, whereas crystalline phases are observed at higher LiFSI contents.

Molecular dynamics (MD) simulations indicate a co-coordination of the FSI anion

with both the Li+ and the polymer backbone, and this co-coordination is

maximized at 1:1.5 mole ratio, which facilitates Li+ transport. The optimized

electrolyte has been demonstrated to support long-term stable Li-metal

symmetrical cycling as well as Li-metal battery cycling (Li | LiFePO4 and Li |

Li1/3Ni1/3Mn1/3CoO2) at elevated temperature, with areal capacity higher than

1.1 mAh cm�2.
temperature, especially

when high loading of

Li1/3Ni1/3Mn1/3CoO2 is used. The

proposed system provides a new

strategy for the development of

highly efficient, solvent-free, solid

polymer electrolytes with

improved safety characteristics.
INTRODUCTION

Lithium (Li) batteries are widespread in commercial portable electronic devices, but

their extension into electric vehicles (EVs) and aerial transportation modes such as

drones requires very significant improvements in their safety as well as energy den-

sity.1 This is a major challenge for the current battery systems, which contain volatile

and flammable liquid carbonate electrolytes. Although these liquid electrolytes have

high ionic conductivity, their high flammability, low thermal stability, and inability to

inhibit Li dendrite growth are a concern with respect to fire and explosion hazards of

batteries.2 Additionally, the conventional liquid electrolytes show a relatively narrow

electrochemical stability window (ESW), which also hinders their applications with

high-voltage electrode materials.3–5 Overall, it seems that electrolyte deficiencies

have become a significant barrier to further development of Li technology.

Solid polymer electrolytes are considered as promising safer alternatives to liquid

electrolytes in the development of future batteries because of their good mechani-

cal integrity and flexibility.6,7 Unfortunately, due to inherent low ionic conductivity,

most of the polymer electrolytes need to be plasticized by liquid solvent, which

not only decreases the mechanical properties but also leads to similar safety con-

cerns as for the current electrolytes.8–10 Therefore, designing a solid polymer elec-

trolyte system with good ion transport and robust mechanical properties and

without a liquid component is a major challenge.
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The first reported solid polymer electrolyte was in the 1970s when P.V. Wright

discovered ionic conduction in the alkali metal-polyethylene oxide (PEO) complex,

and M. Armand later demonstrated the applications of the PEO-Li salt complex as

a solid-state electrolyte for Li batteries.11,12 Since then, PEO polymers and their

derivatives have been intensively investigated in both Li and sodium (Na)

batteries.13–15 Ionic conduction in PEO-salt complexes was attributed to the

ether oxygen-Li+ coordination,16,17 when mixed with the Li salt, the ether oxygen

on the PEO backbone coordinates with the Li+, resulting in the dissociation

of the Li salt and generation of mobile charge carriers.18 Nevertheless, the Li+

movements are limited by the ‘‘trapping’’ effects of the strong coordination

between Li+ and ether oxygen, which leads to relatively low conductivity and Li+

transference number tLi+ (normally between 0.2 and 0.3).19–21 Even though there

have beenmany attempts to improve the Li+ transport, the low Li+ transference num-

ber is still a barrier to improving battery performance with PEO-based polymer

electrolytes.

Increasing the Li salt concentration in an electrolyte has been shown to be an

effective method to enhance the Li+ transference number in some liquid-state sys-

tems.22–24 For example, the super-concentrated alkali metal ion-based ionic liquid

(IL) electrolytes support more rapid charge-discharge battery cycling than their

lower metal ion concentration counterparts.22 For polymer electrolyte systems,

increasing Li salt content also has a significant effect on both ionic conductivity

and Li+ transference number. Angell et al. first proposed the concept of polymer-

in-salt electrolytes, demonstrating that the glass transition temperature (Tg) of highly

concentrated polymer electrolytes can be maintained below room temperature,

producing a rubbery, conductive solid with relatively high electrochemical stabil-

ity.25 In another report, a polyacrylonitrile (PAN)-Li triflate (LiSO3CF3) system was

observed to have fast ion transport when the salt content was above 50 wt %.26 In

this case, the authors suggested that ion transport was decoupled from Tg via

morphology-related percolation effects.

With ever-increasing attempts to improve the performance of polymer electrolytes,

some alternative polymer hosts such as polycarbonates (PECs),27 polyesters,28 poly-

nitriles,29 and polyalcohol were also investigated.30 For instance, Kento et al. re-

ported the PEC-LiFSI electrolyte with 80 wt % of LiFSI salt, showing an ionic conduc-

tivity of 10�5 S cm�1 at 30�C and a high Li transference number (tLi+ > 0.5), as well as

promising battery cycling performance.31 Interestingly, in a PEC electrolyte system

containing Li bis(trifluoromethane sulfonyl)imide (LiTFSI), Brandell et al. showed that

the blending of poly(trimethylene carbonate) (PTMC) at optimized ratio can increase

the conductivity as high as 10�6 S cm�1 at 50�C, indicating that host polymers can

affect the ion transport and conductivity.32,33 To overcome the strong EO–Li+ inter-

actions, Bao et al. designed a loosely coordinated poly(tetrahydrofuran) (PTHF) host

that is similar to PEO but contains fewer oxygen heteroatoms in polymer back-

bone.34 Due to the weakened O-Li+ interactions, the crosslinked PTHF-based elec-

trolyte shows promising conductivity of 2.9 3 10�6 S cm�1 and a Li transference

number of 0.53. Although different polymer hosts have been investigated and prom-

ising conductivity achieved, these present systems are mostly based on direct inter-

action between polymer backbone and Li+, which limits the further improvement of

Li+ transport.

Poly(ionic liquid)s or polymerized ionic liquids (polyILs) have seen increasing interest

as the polymer component in polymer gels or iongels, where an organic solvent or

ionic liquid electrolyte, respectively, is incorporated into the polyILs.35–37 These
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gels typically consist of relatively low salt content, which leads to a low transference

number, although they have been successfully demonstrated as polymer electro-

lytes for energy storage and conversion devices.38–40 PolyIL polymers are selected

due to their suitable dielectric constant for Li salt dissociation,41 good chemical

compatibility, and outstanding electrochemical stability. To date, although the ion

conduction and/or transport behaviors of some pure polyIL systems have been re-

ported,42,43 the role of the polyIL itself on the ion dynamics of solid electrolytes

has not been fully considered. In this work, we report solid-state and solvent-

free polyIL-in-salt systems based on the polydiallyldimethylammonium bis(fluorosul-

fonyl)imide (PDADMA FSI), which can address safety issues (e.g., prevention of Li

dendrite growth and non-flammability). An ionic conductivity of 0.7 3 10�4

S cm�1 is achieved at 80�C at a high salt concentration of 60 mol %. We investigate

the effect of composition on the phase behavior, ion transport, and electrochemical

performance. Computational investigations provide a molecular insight into micro-

structure changes, ion-ion coordination, and their impacts on ion dynamics. Based

on these findings, an anion co-coordination framework is highlighted to help under-

stand the excellent transport properties of this material. Long-term stability toward a

Li-metal electrode and favorable Li-metal battery performance at elevated temper-

atures is demonstrated. Thus, we believe the concept of using a polyIL as a solid-

state host for high concentrations of alkali metal salt for Li-metal batteries represents

a promising approach toward safe and high-energy-density Li-metal batteries.
RESULTS AND DISCUSSION

Microstructure, Phase Behavior, and Ion Conductivity

Figure 1 summarizes the effect of Li salt content on electrolyte microstructure, phase

behavior, and ion conductivity. The FSI-based salts were chosen for this work due to

their unique properties,22,44–46 including high Li salt solubility and enhanced alkali

ion transport, as well as allowing low Tg polymers to be prepared. The mole ratio be-

tween polyIL repeat unit and LiFSI investigated in this work includes 2:1, 1:1, 1:1.5,

1:2, 1:4, and 1:6. All samples are completely dried before measurements to avoid

any solvent effects (see Supplemental Experimental Procedures; Figure S1). The

microstructural changes in the electrolytes can be obviously distinguished (the pres-

ence of PVDF fibers is confirmed; see Figures S2 and S3). The smooth surfaces in (b)

and (c) highlight the good miscibility of the polyIL host and the LiFSI salt. With

increasing Li salt content, a heterogeneous microstructure is observed, especially

in 1:4 and 1:6 systems, indicating the formation of distinct phases. This is also

observed from the DSC data in Figure 1G. It is known from our previous study that

the pure PDADMA FSI is a rigid polymer with a Tg near 120�C,47 suggesting that

the slow segmental movements of polymer chains are due to strong ionic interac-

tions between the small FSI anion and the charged backbone. The incorporation

of Li salt into this polyIL continuously depresses the Tg to a temperature much lower

than room temperature, which is distinctly in contrast with the PEO-Li salt systems.48

For instance, in Figure 1G, the 2:1 polyIL/salt system shows only one glass transition

at around 10�C, implying that the mixture is a stable and homogeneous rubber at

room temperature. This significant drop in Tg in the 2:1 system compared to the

pure polyIL must result from a disruption or change of the ionic interactions between

the backbone and the anion in the presence of Li+ ions. The decrease in Tg is further

enhanced via the addition of more LiFSI as in 1:1, 1:1.5, and 1:2 systems. We also

observe an effect of thermal history on the microstructure and phase behavior of

these materials from the DSC scans on the 1:2 system after different storage times

(inset in Figure 1G). During the first DSC heating cycle, additional peaks are

observed above the Tg due to the formation of an intermediate phase (i.e., not
Joule 3, 2687–2702, November 20, 2019 2689



Figure 1. Li Salt Effects on Electrolyte Microstructure, Phase Behavior, and Ion Conductivity

(A) The chemical structures of poly(diallyldimethylammonium) bis(fluorosulfonyl)imide (PDADMA

FSI) and Li bis(fluorosulfonyl)imide (LiFSI) salt.

(B–F) The cross-section SEM images of composite solid polymer electrolytes with different lithium

salt contents. The mole ratios between polyIL repeat unit and LiFSI are (B) 1:1, (C) 1:1.5, (D) 1:2, (E)

1:4, and (F) 1:6.

(G) DSC measurement of different polyIL/salt systems shows the Li salt content effect on phase

behavior of composites. The inset shows the DSC traces of the 1:2 electrolyte system with varied

thermal history.

(H) The ion conductivities of different polyIL/salt systems at 30�C, 50�C, and 80�C, respectively. The
highest conductivity of 0.7 3 10�4 S cm�1 is achieved for the 1:1.5 system at 80�C.
the pure LiFSI but likely a complex between the salt and the polyIL to be discussed

later). These peaks disappeared during the second heating, as seen in Figure 1G,

while at the same time the glass transition is more obvious and significant. Another

small peak that appears near 90�C after 24 h becomes more pronounced after

1 week and is accompanied by the second peak near 50�C, which we attribute to

the formation of intermediate phases. It is worth mentioning that in contrast with

the 1:2 system, the DSC curve of the 1:1.5 electrolyte does not change significantly

with time. For those electrolytes with higher Li salt contents (1:4 and 1:6), additional

peaks appearing at �50�C (small) and 130�C (broad) are assigned to the solid-solid

phase transition and final liquidus melting transition of the LiFSI salt (Figure S6),

which indicates excess LiFSI is not dissolved, resulting in heterogeneity.

The effect of salt concentration on the ionic conductivity of these ionic polymer-in-

salt polymer electrolytes was investigated, and the selected isothermal data from

three temperatures of 30�C, 50�C, and 80�C as a function of composition are shown

in Figure 1F (the full temperature dependent conductivity datasets can be found in
2690 Joule 3, 2687–2702, November 20, 2019



Figure S7). There is clearly a strong dependence of conductivity on salt concentra-

tion, as observed in this figure. The addition of Li salt gradually increases the ionic

conductivity at first, which is different from what we normally observe in ionic liquid

systems46 but consistent with the decreasing Tg discussed above. Taking the result

at 80�C as an example, the ionic conductivity steadily increases when the fraction of

salt increases from 2:1 to 1:1.5; a further increase in LiFSI salt content eventually

leads to a decrease in the ionic conductivity, as seen in the 1:2 and 1:4 systems,

which could be due to the formation of significant non-conductive phases (Table

S3). In all the compositions, the 1:1.5 electrolyte shows the highest ionic conductivity

of 0.73 10�4 S cm�1 at 80�C and 1.13 10�5 S cm�1 at 50�C. Again, this is consistent
with changes in the phase behavior observed from the DSC, which suggests crystal-

line phases form at the higher LiFSI concentrations. The factors that lead to this

increase in ion dynamics and lowering of Tg require a deeper probe into interionic

interactions, which we discuss below.

FTIR Analysis and Solid-State NMR Measurements

The changes of ion-ion interactions in the polymer electrolytes and the effect of salt

content on these interactions can be clearly observed in the Fourier transform infrared

(FTIR) spectra, as shown in Figure 2. The full wavenumber range spectra are given in

Figure S8. In a specific region between 950 and 1,300 cm�1, a vibrational peak at

1,109 cm�1 from the neat polyIL is assigned to the symmetrical stretching of the

–SO2 groups in the FSI anions.49 After adding the Li salt, this peak continuously shifts

to higher wavenumber, suggesting a change in the coordination environment of the

�SO2 that could be due to the increasing coordination of FSI anions with the Li+.

This change of FSI coordination environment is also supported by the

significant Raman shifting of S–N–S stretching vibrations (774 and 747 cm�1 for

LiFSI and 1:1 electrolyte, respectively; Figure S9). Therefore, we speculate that

the introduced Li+ will co-coordinate with the FSI anions from the polyIL, and this could

help to break the strong anion-polycation interaction that leads to the high Tg in the

pure polyIL and thus lower the Tg of the polyIL-in-salt system as observed in Figure 1.

The pulse-field gradient (PFG) diffusion measurements were performed to deter-

mine diffusivities of the Li+ cations and FSI anions. The diffusion coefficients of the
7Li (D7Li),

19F (D19F), and the calculated D7Li / (D19F + D7Li) are shown in Figure 3. It

can be seen that the addition of LiFSI increases the diffusion coefficients of both

Li+ and FSI in going from the 2:1 to 1:1.5 system. This, again, is consistent with

increased dynamics with increasing LiFSI within these materials as observed from

Tg and conductivity. However, the magnitude of the increase in diffusion is perhaps

surprising compared with the conductivity enhancements (nearly 2.5 orders of

magnitude for conductivity and tripling of the Li+ diffusion coefficient) given that

Tg is only changing by 20�C. It is known that the ion conductivity is directly propor-

tional to the ion mobility and ion concentration;50 thus, we ascribe the significant in-

crease in ion conductivity to the improved mobility and increased ion concentration

from the 2:1 to 1:1.5 systems (no phase separation observed in these systems, Fig-

ure 1G). In the 1:2 and 1:4 systems, the formation of additional solid phases will inev-

itably decrease the mobile concentration, even though these ions have relatively

high diffusivities, resulting in a decreased conductivity. Even more surprisingly,

the D7Li shifts from being slightly lower than D19F in the 2:1 system to being signif-

icantly higher at the intermediate compositions (1:1, 1:1.5, and 1:2) and still above

D19F for the highest LiFSI concentration (1:4). This indicates an enhancement of Li+

transport in these intermediate compositions and is promising with respect to these

materials as solid electrolytes in Li devices, as will be demonstrated later. This

improvement of Li+ transport as salt concentration increases was also reported by
Joule 3, 2687–2702, November 20, 2019 2691



Figure 2. FTIR Spectra of PDADMA FSI (PolyIL)-LiFSI Mixtures with Different Salt Concentrations

The pure PolyIL and LiFSI were also measured for comparations. For pure PDADMA FSI, the

vibrational peak located at 1,109 cm�1 is assigned to the symmetrical stretching of –SO2 groups of

the FSI anions.
Passerini et al.,51 which is believed to be due to the change in Li+-anion coordination

environment.

Figure 3B calculates the ratio of the diffusion coefficient of Li+ (D7Li) to the sumof Li+ and

anion diffusion coefficients (D19F + D7Li). The ratio D7Li/(D19F + D7Li) jumps from 0.48 to

0.58 when the salt content increases from 2:1 to 1:1.5, which is a good indication of

the enhancement of the Li+ transference number. On the other hand, further increasing

of the Li salt content (from 1:1.5 to 1:4) leads to a significant drop of both absolute D7Li

and the relativediffusion (D7Li is still higher thanD19F),which is attributed to the formation

of crystalline phases and eventual crystallization of the LiFSI (Figure 1G), and thus, a

decrease in the relative concentration of LiFSI actually solvated in the polyIL. Further un-

derstanding of local interactions and speciation that result in the observed behavior for

the iondynamics and resultant conductivity is providedbymolecular dynamics (MD) sim-

ulations presented in the subsequent section.

MD Simulations

The changes in microstructure of polyIL upon adding LiFSI salt were investigated by

MD simulations at 353 K at three polyIL repeat units to LiFSI ratios of 2:1, 1:1.5, and

1:4. A distinct change in the distribution of Li+ is captured in Figures 4A–4C, which

shows the nanoscale heterogeneous structure of the polyIL-salt systems. The 2:1 sys-

tem has a polyIL dominated structure with a small fraction of the Li salt distributed in
2692 Joule 3, 2687–2702, November 20, 2019



Figure 3. The Composition Dependence of the Li+ Cations and FSI Anion Diffusivities

(A) NMR diffusion coefficient measurements of 19F and 7Li.

(B) The D7Li / (D19F + D7Li) dependence on polyIL repeat unit to LiFSI mole ratio. The pulse-field

gradient (PFG) diffusion measurements were performed at 80�C. At this temperature, in the higher

LiFSI containing systems there are two phases, as observed from the DSC, and only the mobile

phase is measured in the PFG measurement.
the polymer matrix. As the LiFSI salt content increases to 1:1.5, the Li+ions begin to

be better distributed throughout the simulation box. In the high salt concentration

system (1:4), the salt-rich domains are particularly prominent, which could directly

result in the crystalline phase formation, as we observed in the experiments via

DSC. Unfortunately, for classic all-atom MD simulations, it is challenging to achieve

the experimental equilibrated condition for 1:4 system due to limitation of simula-

tion time and cost. The ions are trapped in an amorphous state due to their slow dy-

namics, and the time for ion-ion rearrangement into a crystalline phase is out of reach

of current MD simulations.

Another distinct structural change happens in the nearest coordination structure of

those FSI anions that are binding to the polycation. Three snapshots in Figures 4D–4F

present the coordination structure of one of the single polycation chains with increasing

salt concentration (2:1, 1:1.5, and 1:4). The coordinated FSI anions and Li+ ions to this

polycation chain were determined through a cutoff distance, i.e., the first minima in

radial distribution functions (RDFs) between polycation and FSI, and FSI and Li+ (Figures

4G and 4H). A significant increase in the number of Li+ ions coordinating to FSI is

demonstrated. In other words, more Li and more FSI ions are present in close proximity

to the polycation chains; also, there is correspondingly more co-coordination of Li+ and

FSI pairs with the polycation, using FSI as a bridge.

A quantitative evidence to show the increased co-coordination of FSI anions with

both polycations and Li ions is through their RDFs in Figures 4G–4I. Figure 4G is

RDF calculated between polycation and FSI anion through their nitrogen atoms

N(P) and N(F). Polycation-FSI first coordination shell is in a distance of 5.3 Å between

two N atoms, and a coordination number (CN) of 1.7 is obtained. The first FSI(P)-Li+
Joule 3, 2687–2702, November 20, 2019 2693



Figure 4. Electrolyte Structures with Different Li Salt Contents Demonstrated by MD Simulations

(A) Snapshot of the simulation box of the 2:1 system shows the distribution of Li+ (purple balls represent Li+ions) in a polymer matrix (green sticks

represent polymer backbones). (B) Snapshot of the 1:1.5 system shows the presence of more Li+ ions in the polymer matrix. (C) Snapshot of the 1:4

system shows a pronounced Li-concentrated region in the polymer matrix.

(D) A single polycation chain and its coordinating FSI anions in the 2:1 system. A small amount of Li+ ions are also coordinated with these FSI anions. (E) A

single polycation chain and its coordinated FSI anions in the 1:1.5 system. The co-coordinated Li+ ions increase significantly. (F) In the 1:4 system, both

the coordinated FSI anions and the co-coordinated Li+ ions are further increased.(G) Radial distribution function (RDF) and coordination number (CN)

calculated between nitrogen atoms from both polycation (N(P)) and FSI anion (N(F)). At the first valley position of r = 5.3 Å, CN is around 1.7 and changes

less with Li concentration. (H) RDF and CN of FSI-Li+ coordination, showing an increase in the number of Li+ ions coordinated to the FSI anions that

coordinated to polycations when Li concentration increases. (I) RDF and CN between the polycation and Li+, which also show an increase in the number

of Li+ ions within 7.1 Å from the nitrogen atom (N(P)) in polycation at elevated Li concentrations.

FSI(P) refers to these FSI anions coordinated to polycations. The cutoff of the first coordination shell is indicated by dotted arrow lines (H, I), and the

arrow shows an increase of coordination number.
coordination shell is within a distance of 5.5 Å in RDF and that of the polycation-Li+

coordination (N(P)-Li) is within 7.1 Å in Figures 4G and 4H. This suggests the co-co-

ordination of the FSI with both polycation and Li+. The number of Li+ coordinating to

either polycations or FSI(P) anions (FSI(P) anions here refer to those being coordi-

nated to polycations) shows the consistent increase at the higher salt ratios. The
2694 Joule 3, 2687–2702, November 20, 2019



Figure 5. Percentage of Anions in Three Types of FSI Coordination Environment Calculated from

MD Simulations at 353 K

The bar figures show the percentage of anions that are present in each coordination mode of FSI-

PDADMA, Li-FSI-PDADMA, and Li-FSI, in each system with a different PDADMA FSI repeat unit to

LiFSI ratio of 2:1, 1:1.5, and 1:4.
CN of FSI(P)-Li jumps from 1.2 in the 2:1 system to around 3 in the 1:4 system, sug-

gesting the increased number of Li+ that coordinates to one FSI�. This is akin to the

ion aggregation that usually occurs in ionic liquids with high concentration of Li salt.

The excess salt could not participate in co-coordination with polycations and thus

will tend to interact to form an energetically more favorable Li-FSI ion aggregates.

This could be a pre-condition of the subsequent crystallization process observed

in the experiment.

The percentage of three types of FSI anion coordination environments, including

(1) FSI coordinating only the polycation (FSI-PDAD), (2) FSI coordinating only Li+

(FSI-Li), and (3) FSI coordinating both the polycation and the Li+ cation, was quanti-

fied and displayed in Figure 5. For the 2:1 system, 30% of the FSI anions are only

coordinating to polyIL cations, while the remaining anions coordinate with both

the polyIL and the Li+ ions. For the 1:1.5 system, 92% of the FSI has a co-coordination

environment that involves both polycations and Li+ ions. This material had the high-

est Li+ ionic conductivity (i.e., high overall conductivity and high D7Li/D19F ratio). This

composition also provides the best electrochemical performance, which will be dis-

cussed later. As LiFSI concentration increases further in the 1:4 system, there is a sig-

nificant increase in the Li-FSI only coordination, reaching 28% under these simula-

tion conditions. The effect of LiFSI concentration on Tg of the polymer can also be

understood here via the changes in the coordination structure of the single polymer

chain.

The diffusion of ions was analyzed through calculating the mean square displace-

ment (MSD) of Li+ and the nitrogen atoms from both FSI and polycations at 353 K;

the results are presented in Figure 6. We observe that an increase in the displace-

ment of all types of ions occurs as LiFSI content increases, indicating that all ion

movements are enhanced by the addition of the Li salt. Dynamics of Li+ ions are

also superior to the other charged ions based on the MSD results for each system,
Joule 3, 2687–2702, November 20, 2019 2695



Figure 6. Mean Square Displacement of Li+, FSI, and Polycation at 353K and Snapshots Capturing

Hopping of Two Neighboring Li+ Ions A and B

(A) Mean square displacement (MSD) profiles indicate the relative speed of Li+ and N atoms in both

polycation and FSI when polycation repeat unit to LiFSI ratio changes between 2:1 (black lines),

1:1.5 (red lines), and 1:4 (blue lines).

(B) Snapshots taken at two time points of T1 and T2 demonstrate the correlated hopping motion of

two Li+ ions (highlighted in green color) in a connected FSI coordination environment (in the bold

stick model). The rest of the Li+ ions are in purple color. All structures presented here are within 10 Å

of two hopping Li+ ions.
which presents strong evidence of fast Li+ motion. Furthermore, the relative motion

between the Li+ and the FSI anion from simulation is also consistent with NMR results

as shown in Figure 3A. The controversial point here when comparing with experi-

ments (e.g., conductivity and diffusion coefficients measurements) is the behavior

of ion motion in the 1:4 system. In the MD simulation, this system actually shows

the fastest Li+ motion than 2:1 and 1:1.5 systems, whereas the experimental conduc-

tivity and diffusion indicate lesser dynamics. This inconsistency arises because the

salt-rich region still remains amorphous in the simulated material without crystalliza-

tion; therefore, a rather high motion can bemaintained. Such a result is partially sup-

ported by the self-diffusion coefficients measured by NMR for the 1:2 system in Fig-

ure 3, which still remain high compared to the 1:1.5 electrolyte.

The enhanced ion dynamics upon increasing the salt content are closely related to

the change in ion-ion interaction. The decrease in polymer Tg can be understood

from the change in the binding strength between polycations and FSI anions. As

salt content increases, more Li+ ions start to co-coordinate to those FSI anions orig-

inally associated with the polycations only, and this reduces the interaction between

polycations and FSI anions and results in more freedom in polymer backbone move-

ment and a decreased Tg. In the case of FSI and Li+, the formation of Li+-FSI aggre-

gates (or increase in the CN in the respective coordination shell of Li+ and FSI) in-

creases the connected Li+-FSI coordination sites, which facilitate Li+ hopping.

Such a phenomenon is very similar to the recently reported high salt concentration
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ionic liquid systems in which the Li+ diffusion was not suppressed by the high salt

concentration due to Li-anion aggregates.45,51 The importance of the solvation-

site connectivity to Li+ transport was also emphasized by Miller et al. in polymer sys-

tems.52 One example demonstrating this advantage is shown in Figure 6B, in which

two Li+ ions sharing connected FSI anion coordination can hop in a correlated

manner, which then enhances the Li+ diffusion. Whilst this is only qualitative at pre-

sent, it does verify the importance of the exchanging coordination environment in

the ion transport. A more detailed analysis of the ion dynamics to link the increased

Li+ jumping frequencies with the co-coordination environment and thus helping to

further elucidate the Li+ conduction mechanism in thesematerials will be undertaken

in the future.

However, decreasing the glass transition does not lead to an increase in ionic con-

ductivity, as measured experimentally, in the case of very high LiFSI content (e.g.,

1:2 to 1:4). This is because in the PDADMA FSI system investigated here, the higher

salt content leads to phase separation and the formation of at least one crystalline

phase (as evidenced by DSC), which removes the number of ‘‘free’’ charge carriers.

It is known than the ionic conductivity of amaterial is proportional to themobility and

concentration of each species.18 Although ion dynamics increases with reduced Tg,

the precipitated phases (e.g., 1:2 and 1:4 electrolytes) will significantly decrease the

mobile ion concentration and increase tortuosity, which results in a lower conductiv-

ity compared with medium salt concentrations (e.g., 1:1.5 system). Thus, this simu-

lation result points us to a possible direction for further enhancing Li+ ion dynamics;

if the richer polyIL-in-salt compositions could avoid crystallization, then increased Li+

ion conductivities would be expected. This could possibly be achieved by tailoring

the polyIL chemistry, using different anions or changing to a less crystallizable Li salt.

Electrochemistry and Battery Performance

It is shown that polyIL-LiFSI electrolytes demonstrate good thermal stability

(>100�C, Figure S10) and high ESW (>5 V versus Li+/Li, Figure S11), which enable

us to investigate the electrochemistry at elevated temperatures. The Li+ transfer-

ence number (tLi+) is a key parameter for developing improved electrolyte materials.

A low tLi+ can lead to charge concentration gradients that increase cell polarization,

thereby deteriorating the charge-discharge performance and long-term stability.

The tLi+ of polyIL-in-salt polymer electrolytes were estimated by the Watanabe

method,53 and the results are shown in Figures 7A and 7B. The equivalent electric

circuit (EEC) and fitted impedance spectra are shown in Figure S12. Overall, the pol-

yIL-in-salt systems show relatively high tLi+ compared with the reported PEO-based

system,19 as well as recently reported electrolytes using other polymer hosts

(Table S4). Particularly, the solid polymer electrolyte 1:1.5 shows a tLi+ of

0.56 G 0.03 at 80�C. It is believed that the high tLi+ is related to the different

coordination of the cationic polyILs compared with traditional PEO polymers. The

movement of the FSI anions was not as ‘‘free’’ as in the PEO-based polymers due

to non-negligible Coulombic interaction between FSI and the restricted polycations.

Therefore, the high tLi+ is achieved due to the much higher Li+ motion than FSI

anions, a key advantage of using cationic polyIL as the polymer host in these electro-

lytes. In addition, the reversible oxidation and reduction behaviors in the cyclic vol-

tammetry (CV) measurements (Figure S13) indicate that these electrolytes can sus-

tain long-term cycling tests with reactive Li-metal electrodes. To further

investigate this, we have assembled Li | Li symmetric cells and tested their cycling

stability. Both polyIL-in-salt electrolytes (1:1 and 1:1.5) demonstrate stable and

long-term cycling performances (up to ~100 cycles; Figure S14) at 0.1 mA cm�2

with low polarization, suggesting good stability and compatibility with the Li-metal
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Figure 7. Li+ Transference Numbers and Li | Li Symmetric Cell Cycling Performance

(A) Current-time curve following a DC polarization (20 mV) of the PDADMA FSI-LiFSI composite

electrolyte. The polymer-to-salt ratio is 1:1.5. The inset presents the Nyquist impedance diagrams

of the assembled Li | Li symmetric cell (1:1.5) before and after the polarization.

(B) The measured tLi+ of solid polymer electrolytes with varying polymer-to-salt ratios. The error

bars are defined as the standard deviation, according to at least three individual experiments.

(C) The Li | Li symmetric cell cycling performances of polymer electrolyte 1:1 at various current

densities (i.e., 0.1, 0.15, and 0.2 mA cm�2).

(D–G) Selected galvanostatic cycles at each current density. (D) 0.1 mA cm�2. (E) 0.15 mA cm�2. (F)

0.2 mA cm�2 . (G) 0.1 mA cm�2.The duration for each stripping or plating process is 1 h. All the

measurements were completed at 80�C.
electrode. Due to the higher ionic conductivity and higher tLi+, the 1:1.5 electrolytes

show a lower overpotential (<50 mV at 0.1 mA cm�2) during the cycling experiments

compared with the 1:1 electrolyte. In addition, as shown in Figures 7C–7E, the 1:1.5

electrolyte can be further cycled at higher current densities (i.e., 0.15 and 0.2 mA

cm�2) without short-circuit, suggesting its capability for developing safe all solid-

state batteries. The instability observed in the V-t plot (Figure 7C) after the increase

to 0.2 mA/cm2 (~330 h) may indicate an increase of active Li surface area during

plating and stripping. Alternately, the pore clogging mechanism and Li surface

modification,54,55 most likely involving some significant change in the SEI, has

been proposed in related IL electrolytes as another source of voltage instabilities

observed in symmetric coin cells.56

The Li-metal full cell (Li | 1:1.5 electrolyte | LiFePO4) cycling performance is demon-

strated in Figures 8A and 8B. The full cell assembled with 1:1.5 electrolyte shows
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Figure 8. Charge-Discharge Performances of Li | LiFePO4 Cell and Li | NMC Cell Using 1:1.5

Electrolyte

All of the measurements were conducted at 80�C.
(A and B) The cell cycling performance (A) and charge-discharge voltage curves (B) of Li | LFP cell.

The cell was tested at C/15. The LFP active material loading is 3.5 mg cm�2.

(C and D) The cell cycling performance (C) and charge-discharge voltage curves (D) of Li | NMC full

cell. The NMC active material loading is 8.8 mg cm�2. The Li | NMC cell was cycled at C/20 for the

first two charge-discharge cycles, and then at C/10.
stable charge-discharge performance up to 30 cycles, even though the initial cycles

display some instability. This instability could come from the activation process when

a solid electrolyte is used.57 Additionally, the low initial irreversible capacity (13%)

may be due to side reactions at the cathode, which exhibits 115% of theoretical ca-

pacity in the first cycle, indicating that some of the LFP is inactive. The remainder of

the irreversible capacity in the first cycle is thus expected to be mainly due to SEI for-

mation at the Li-metal electrode. Finally, very stable cycling performance is

achieved, and the discharge capacity can be maintained at 158 mAh g�1 (areal ca-

pacity of 1.11 mAh cm�2) at C/15 with a Coulombic efficiency of 99.94% after 30

cycles.

More impressively, the 1:1.5 electrolyte can further sustain high-voltage charge-

discharge cycling when assembled with high loading Li1/3Ni1/3Mn1/3CoO2 (NMC)

cathode (8.8 mg cm�2). As shown in Figures 8C and 8D, during the first two activa-

tion cycles at C/20, the Li | NMC cell delivers a specific capacity around 188 mAh g�1

(cutoff voltages of 3.0 to 4.3 V). In the following cycles at a higher charge-discharge

rate of C/10 (0.12 mA cm�2), although the Li | NMC cell shows some capacity degra-

dation, a high cycling efficiency of 99.95% and a discharge capacity of 127 mAh g�1

(1.12 mAh cm�2) are still achieved after 50 cycles. The capacity decay is likely a tran-

sitionmetal dissolution effect, which is accelerated at elevated temperature;58,59 this

may be improved via further optimization of the electrolyte/electrode interface for

use with this cathode material. The 1:1.5 electrolyte also shows promising C-rate
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performance with an initial discharge capacity above 150 mAh g�1 at C/5 (Fig-

ure S15). These performances also highlight the practical applications of polyIL-in-

salt electrolyte in high temperature batteries, which is a strategy to greatly simplify

the battery system and improve energy efficiency for EVs.60,61 Ongoing full cell

testing, including with higher voltage cathode materials, is underway to determine

the full potential of these electrolytes.

Conclusion

In this study, we report the first use of a polyIL as a polymer solvent for Li salts in the

absence of any liquid component and in particular with high LiFSI contents. These

polyIL-in-salt systems are featured with unique co-coordination of the anion be-

tween the polymer backbone and the Li+ ion, and this speciation appears to favor

high Li diffusion and hence transference numbers of 0.56 were measured for opti-

mum compositions at 80�C. Benefiting from the increased dynamics by adding

high content Li salt, a considerable conductivity of 0.7 3 10�4 S cm�1 at 80�C is

achieved at an optimal composition. Further FTIR and MD investigations confirm

that this promising behavior arises from co-coordination effects between Li+ and

two types of FSI anions (from polyIL and LiFSI salt). The results also highlight, for

the first time, the role of a polyIL, which can not only dissolve a Li salt but also partic-

ipate in the transport process. The intermediate polyIL-in-salt electrolyte composi-

tions with the optimal transport properties provide solid electrolytes with stable

symmetric cycling against a Li electrode as well as promising full-cell-cycling perfor-

mance. Furthermore, from the simulation data, it appears that if the chemistry of the

polyIL and/or Li salt could be designed to prevent crystallization, an even higher tLi+
could be achieved, which provides a strategy to further improve Li+-ion transport in

polyIL-based solid electrolytes.

EXPERIMENTAL PROCEDURES

Full details of all experiments are provided in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.

2019.07.008.
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