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lonic liquids are a unique class of materials with several potential applications in electrochemical
energy storage. When used in electrolytes, these highly coordinating solvents can influence de-
vice performance through their high viscosities and strong solvation behaviors. In this work, we
explore the effects of pyrrolidinium cation structure and Li™ concentration on transport processes
in ionic liquid electrolytes. We present correlated experimental measurements and molecular
simulations of Lit mobility and O, diffusivity, and connect these results to dynamic molecular
structural information and device performance. In the context of Li-O,/Li-air battery chemistries,
we find that Li*t mobility is largely influenced by Li™-anion coordination, but that both Li* and O,
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diffusion may be affected by variations of the pyrrolidinium cation and Li™ concentration.

1 Introduction

Electrolyte dynamics have a profound influence on the kinet-
ics, electrochemical stability, and transport processes that dic-
tate lithium battery performance. The transport of electrolyte
components significantly affects high power cell operation espe-
cially when one component, LiT, for example, becomes locally
depleted. Beyond-Li-ion chemistries that are reliant on soluble
species for their functionality, such as Li-air and Li-S, are af-
fected by similar issues. The Li-air/Li-O, system, in particular,
suffers from poor oxygen solubility and diffusivity in liquid elec-
trolytes which impacts the maximum operating current and en-
ergy density. Such fundamental transport phenomena are de-
serving of more attention as we seek to discover and design new
electrolytes.

Several families of electrolyte solvents have been evaluated for
the challenging Li-air system and none have been deemed ade-
quate for practical application. Dimethyl sulfoxide (DMSO) offers
good rate capability, but is unstable against Li metal anodes and
superoxide products®#, Glyme solvents are more stable against
superoxides, but are either too volatile or too viscous, depending
on their molecular chain length®/® and are teratogenic. Ionic lig-
uids (ILs) are more stable against Li metal and superoxides and
offer better reversibility than many non-aqueous solventsZ®; yet
they generally suffer from high viscosities that result in poor rate
capability 210,
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The subset of pyrrolidinium-based ionic liquids are class-
leading in stability; 1L but there is little understanding of how sys-
tematically varying the ionic liquid structure can influence elec-
trolyte dynamics.

A few reports have investigated the effect of ionic liquid struc-
ture on electrolyte properties. Le et all? showed that increasing
the alkyl ligand length on the cation of an alkylammonium IL
reduces its ionic conductivity, as does increasing the concentra-
tion of Lit. The formation of less-mobile ionic clusters around
Li™ ions and an increase in viscosity are dual contributors to this
phenomena. A similar influence of IL cation ligand length on self-
diffusion and conductivity is also reflected in pyrrolidinium and
imidazolium-based IL electrolytes13!14, An exchange of alkoxy
ligands on these same cations, has shown some beneficial proper-
ties such as lower viscosity and higher conductivity as well as the
potential to coordinate metal ions through electronegative oxy-
genst>8 To better understand the dynamics of these systems,
a number of computational investigations have been conducted
which focus on ion interactions. Several of these show that the
interaction between Li™ and the anion is so strong as to influence
the mechanism of Li* movement in the liquid12"22, These studies
find that Li* is more likely to move by “structure” diffusion, i.e.
hopping between low energy anion-coordinated sites or exchang-
ing anions around a central Li*, than “vehicular” diffusion, where
the Li™ solvation shell remains intact and the motion is more clas-
sically Brownian1220, As such, the diffusion coefficient of Li* is
expected to be significantly lower than that of the anion or the IL
cation since many of these species are free and not encumbered
by solvation. Though LiT-anion coordination is the key interac-
tion, some experimental work has suggested that pyrrolidinium
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cations also coordinate with Li™ over long ranges (in the second
coordination sphere) and so the structure of the cation may still
influence Lit mobility22,

By systematically varying the IL structure, we can better un-
derstand the impact of chemistry on the mobility of electrolyte
components. In general, the relationship between mobility of the
limiting reactant and cell power can be summarized (for an ide-

alized flat electrode) by the rate limiting current23:
. Dc
Himiting = "F% ) €h)

where n is the number of electrons in the rate limiting reaction,
F is Faraday’s constant relating species concentration to charge
density, D is the reactant diffusion coefficient, ¢ is the reactant
concentration, and &y is the characteristic thickness of the stag-
nant electrolyte layer across which the reactant must diffuse. The
stagnant layer near the electrode scales with the viscosity of elec-
trolyte and may be on the order of tens of nanometers in viscous
fluids; hence, an increase in viscosity with all other factors being
equal leads to a decrease in ijjy;ing. Similarly, in Eq. , the cur-
rent density is directly proportional to the concentration and the
diffusivity of the limiting reactant; thus, increases in these factors
should lead to increases in ijjy;ting, assuming no significant cross-
effects. While these scaling relationships are not sufficiently accu-
rate for direct application in battery cell design, they can provide
guiding principles for electrolyte selection.

In Li-ion batteries, the rate limiting component is Li™ (if the
cell is not otherwise kinetically limited by the intercalation reac-
tion at the electrode). In Li-air cells, however, either Li* or sol-
uble O, may be rate limiting to the series of reactions that yield
Li,O, or LiO; products. For common cell configurations, O, is
normally limiting due to its low solubility in many non-aqueous
electrolytesl 2425 but jonic liquid electrolytes present a system
where either component may be limiting due to high electrolyte
viscosity and low ionic mobility. To select an appropriate elec-
trolyte, we must understand which conditions and chemistries
dictate these modes of cell operation.

In this work, we focus on reactant transport and related elec-
trolyte properties. We investigate several pyrrolidinium-based
ionic liquids with a bis(trifluoromethanesulfonyl)imide (TFSI) an-
ion over a range of Li* concentrations and IL cation structures
to understand the impacts on solvation behavior, ion mobility,
and reactant diffusion. After describing the electrolyte synthe-
sis, experimental measurement, molecular model, and property
measurement methods, we report the experimental and simula-
tion results. We focus on properties that directly affect the limit-
ing discharge rate of Li-air/Li-O; cells. In the final sections, we
connect experimental measurements of transport properties and
device performance with molecular simulation of solvation and
transport behavior to elucidate the impact of ionic liquid struc-
ture and lithium content on cell performance.

2 Methods

We used a combination of experimental and simulation methods
to investigate the properties of pyrrolidinium (Pyr) ILs as elec-
trolytes. As can be seen in Fig.[T} the Pyr molecules we studied
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are composed of a carbon and nitrogen-containing ring where the
single nitrogen is bonded to a methyl carbon and an alkyl ligand
of variable length. The four particular Pyr cations are, by abbre-
viation: Pyr1.3", Pyr1.201%, Pyrl.4*, Pyrl.6™, in order of lig-
and length. Pyr1.2017 is approximately the same size and con-
figuration as Pyr1.4" but with different charge distribution and
chain flexibility due to the substitution of an oxygen for one of
the carbons in the alkyl ligand. In solution the Pyr cations are
charge balanced by TFSI~ anions. We examined these ILs with
various LiTFSI salt concentrations (0.0M, 0.1M, 0.5M and 1.0M)
to explore molarity effects. For comparison with a common, non-
ionic solvent, we also evaluated dimethyl sulfoxide (DMSO) with
LiTFSI.

2.1 Experiment

Electrolytes  consisted of anhydrous dimethyl sul-
foxide (DMSO, Sigma  Aldrich), N-methyl-N-propyl
pyrrolidinium bis(trifluoromethanesulfonyl)imide

(Pyr1.3-TFSI), N-methyl-N-butyl pyrrolidinium
bis(trifluoromethanesulfonyl)imide = (Pyrl.4-TESI), N-methyl-
N-hexyl  pyrrolidinium  bis(trifluoromethanesulfonyl)imide
(Pyrl.6-TFSI), or N-methyl-N-methoxyethyl pyrrolidinium
bis(trifluoromethanesulfonyl)imide (Pyrl1.201-TFSI) with vari-
ous concentrations of lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI, 99.95% trace metals basis Sigma Aldrich). All solvents
were treated with molecular sieves for at least 3 days to remove
residual water.

The IL precursors: 1-bromopropane, 1-bromobutane, 2-
bromoethyl methyl ether, and 1-bromohexane, were purchased
from Sigma Aldrich and stored with activated molecular sieves
in a sealed container. N-methyl pyrrolidine was purchased from
Sigma Aldrich, sparged with N, stored over activated molecular
sieves, and then distilled under vacuum before use.

Ionic liquids were synthesized from commercially available pre-
cursors with methods similar to those previously reported2®. Four
methyl-X pyrrolidinium bis(trifluoromethanesulfonyl)imide ionic
liquids with varying (X) ligands (i.e. Pyrl.X) were prepared and
purified. Nucleophilic substitution utilizing N-methyl pyrrolidine
was carried out at elevated temperatures in toluene resulting in
precipitation of the bromide salt. First, N-methyl pyrrolidine was
dissolved in dry, air free, toluene and treated with the alkyl bro-
mide. The reaction mixture was heated to 50 °C under an at-
mosphere of N to exclude water from the reaction. After 12 hy,
the pyrrolidinium bromide salt had precipitated from the reac-
tion mixture and was isolated by filtering over a medium porosity
glass frit in air.

The resulting bromide salt was conveyed to the next step by
dissolving the pyrrolidinium bromide salt in deionized (DI) wa-
ter followed by treatment with activated carbon. The resulting
black slurry was heated to 55 °C and held at this temperature
for 3 days to remove trace impurities. The activated carbon
was filtered away from the clear solution using a fine porosity
glass frit in air. Next, the clear filtrate was treated with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) dissolved in deion-
ized water. The resulting ionic liquids were sufficiently hydropho-

Page 2 of 16



Page3of 16

R pod

9 -d
4 ,

,4(

Physical Chemistry Chemical Physics

£ 3%

? 9 7
F;C—S—N —S—CF; N+ N+ CH;
I [ / \/\CH3 PN e
(a) TFSI—: C28204FgN (b) Pyr1 3t CgHgsN (C) Pyr1 A4t CoHpyoN
L% L

A

HsC
(d) Pyl’1 2017 CsH sON

4\

({V‘ \(P/f 3 \(F/ Y e

N+ \/\/\/Cl‘h
/

(e) Pyr1 .67: C|HuN

e ]

H;C~  CHs

(f) DMSO: C>HsSO

Fig. 1 Molecular structures. Atoms colored by partial charge (red:-1, blue:+1).

bic to separate from the water; hence, the clear viscous liquids
were isolated by decanting away the water and washing 3 times
with fresh deionized water. The Pyrl.X-TFSI salts were then
treated with more activated carbon and filtered to remove any
trace impurities. The removal of impurities was monitored using
UV-visible spectroscopy. The resulting ILs were dried further un-
der vacuum and stored over molecular sieves. Nuclear magnetic
resonance spectroscopy (NMR) was used to confirm the structure
and purity of the ILs, consistent with previous reports2®27, Yields
of the Pyrl.3-TFSI, Pyr1.4-TFSI, Pyrl.6-TFSI and Pyr1.201-TFSI
were ~90% after the two step synthesis and purification proce-
dures.

Physical properties of the various electrolytes were measured
experimentally. Absolute viscosities v were measured using a
RheoSense m-VROC. Densities p were determined from volume
and mass measurements. The diffusion coefficient D and concen-
tration of oxygen ¢ in various ionic liquids were obtained using
microelectrode chronoamperometry, where a potential was ap-
plied to the electrode and the resulting current was measured.
Gold microelectrodes (CH Instruments) with ~16 ym measured
diameter (12.5 um nominal diameter) were used as the work-
ing electrode, a Pt wire as the counter electrode and an Ag wire
as the pseudoreference electrode. All electrodes were polished,
rinsed and dried prior to use. Approximately 2-3 mL of ionic lig-
uid were used for each chronoamperometry experiment and up to
5 replicates were performed on each sample. The surface area of
microelectrodes was measured independently after each replicate

(following washing with acetone and water) using a solution of
1 mM ferrocenemethanol with 0.1 M NaNO; in DI water as sup-
porting electrolyte. Chronoamperometry of this solution at 0.4 V
vs. Ag was used to derive the electrode radius R from fitting the

current i as a function of time ¢ to the Shoup-Szabo equation:28/22
R2
i(R,t) = 4RDF — 2
i(R.1) (Vg ) - @)

with the dimensionless function f(x) = 0.7854 + 0.8862x +
0.214exp(—0.7823x), using an accepted value of the diffusion co-
efficient D= 7.8 x 10~° cm?/s of ferrocenemethanol.2% By simul-
taneously fitting the data to Eq. and the Cottrell equation:

(1) = Fer | 2
l([)—FC\/;, (3)

the diffusion coefficient D of ferrocenemethanol was found to be
~ 4.3 x 107% cm?/s, slightly lower than reported values, perhaps
due to the unique microelectrode geometry. To determine the
diffusion coefficient D and concentration ¢ of dissolved oxygen
in the Pyr ILs, chronoamperometry was performed in a glovebox
purged with ~1 atm dry air at -1.6 V vs. Ag, consistent with mass
transport-limited oxygen reduction, determined by linear sweep
voltammetry. This chronoamperometric data was simultaneously
fitted to the Cottrell equation Eq. (3) for time ¢ € [0.05,1.00] s and
the Shoup-Szabo equation, Eq. (2), for time ¢ € [0.05,20] s using
OriginLab software given the electrode radius, R, from the fer-
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rocenemethanol data and n=1, which is consistent with the reac-
tion?3 0 + e~ > 05

The conductivity of each electrolyte was determined using
impedance analysis of symmetric Li-Li coin cells. After impreg-
nation of a glass fiber separator with electrolyte, sealing, and
equilibration of cells for a minimum of 48 hrs, impedance was
measured and electrolyte conductivities were calculated.

Full Li-O, coin cells were assembled by stacking a 15.6 mm
diameter Li metal anode (on top of a wave spring and shim), a
17 mm Whatman GF/A glass fiber separator (impregnated with
60 uL electrolyte) and a 15 mm diameter, 235 um thick Sigracet
25BC carbon electrode with the microporous layer oriented to-
ward the separator. A flattened Ni foam (MTI Corp.) spacer was
placed between the oxygen electrode and coin cell case to in-
crease the air headspace and improve conductivity across the car-
bon electrode. Lithium metal counter electrodes, stainless steel
CR2032 coin cell cases with perforated tops, wave springs, and
stainless steel shims were sourced from MTI Corp. The effective,
electrochemical surface area (ECSA) of the oxygen electrode was
83 cm?, determined by measurement of the double layer capaci-
tance using a symmetric cell with a 1M LiTFSI/Pyr1.4-TFSI elec-
trolyte'l. This area is significantly larger than the apparent area
given by the outer dimensions of the electrode due to its poros-
ity. After crimping, cells were allowed to equilibrate in a dry air
glovebox (< 1 ppm H,0) at open circuit potential for 6 hrs before
cycling. Cells were discharged at room temperature in ~1 atm
dry air using a BioLogic MPG-2 battery tester by drawing current
galvanostatically at various rates from open circuit voltage to 2.0
V.

2.2 Simulation

For the simulations, we constructed molecular models of the
LiTFSI/Pyr1.X-TFSI and LiTFSI/DMSO electrolytes using the AM-
BER®1533 ynified empirical potential composed of short-range
van der Waals, long-range Coulombic and covalent intramolec-
ular interactions:

12 6
Oub Ouab 1 dadp
o= Y 4ey < > ( ) +—Y 4
a<p Tap Tap e a<p "ap
| ——

Coulomb

van der Waals

+Z[ Z kabr(zxﬁ+ Z kabceéﬁy

I a,BeM; a.ByeM;

)

a,B.y.neM;

Kabea (14 €0s(napea Oapyu — ¢ahcd))]

covalent

The interaction energy ® is dependent on the atomic positions
Xq, through pairwise distances Fap, 3 atom angles 0By and
4 atom dihedral angles ¢4g,,, and point charges go. The van
der Waals interactions are represented with a Lennard-Jones (LJ)
model. The Coulomb interactions take the usual form; how-
ever, a particle-particle particle-mesh (PPPM) solver# was em-
ployed to compute the long-range Coulomb interactions beyond
a 16 A cutoff and direct summations were used for the remain-
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der. The covalent intramolecular interactions were modelled with
harmonic potentials for pair bond distances r,g and for 3 atom
angles 0,p,, and a trigonometric potential for 4 atom dihedral
angles ¢4y, (torsions). The per-species LJ parameters o, and
€., as well as the parameters for the intramolecular forces, were,
in general, tuned to the structural and vibrational properties of
individual molecules. All parameters except the point charges g
were taken from literature 1433135539 The point charges were ob-
tained from ab initio calculations performed with Gaussian“? on
the optimized geometry of the isolated molecules using Mgller-
Plesset theory (MP2) with the def2TZVP basis set. The partial
atomic charges shown in Fig.[T] were extracted with the CHelpG
scheme! using the electron density obtained from the second
order MP2 theory. All the molecular dynamics simulations were
performed with LAMMPS*42,

With this potential, we constructed each system with 2048 sol-
vent molecules (DMSO or Pyr1.X), 2 O, molecules and the num-
ber of Li* ions, Nj;= { 0, 60, 300, 600}, corresponding to {0.0,
0.1, 0.5, 1.0}M Li* concentrations. Charge balance gives the re-
quired number of TFSI~, for DMSO: Nrgs; = Ny and for Pyrl.X-
TFSI: Ntpst = Nij + Npy;. Initially, the Pyr1.X-TFSI or DMSO sol-
vent molecules were randomly oriented on a large unit cell, face
centered cubic lattice while the O,, Li™ and anions were randomly
positioned in the simulation domain. After construction, all sys-
tems were initialized with a series of relaxation steps. First each
system was relaxed with constant volume dynamics with a lim-
ited maximum atomic displacement of 0.01 A per 1 fs timestep.
This stage ensures that initial high-energy interactions were sta-
bly relaxed in order to proceed with standard molecular dynamics
(MD) at reasonable time steps. Then a pressure-controlled heat-
ing cycle was applied to each system. In this stage, velocities were
re-initialized with a Gaussian distribution at 600K and then 100
ps of isothermal, isobaric dynamics was run at this temperature
and 1 atm with a Nosé-Hoover thermo-barostat. Following this
stage, the pressure was increased to 10 GPa while decreasing the
temperature to 300 K for 100 ps, and then the pressure was de-
creased to 1 atm over 100 ps. These steps allow for unlikely local
configurations to transition to more representative ones. Once
each system reaches 300 K and 1 atm, it was equilibrated for 200
ps at constant temperature and pressure while the energy and
volume were monitored to ensure convergence and equilibration.

We used a variety of methods to estimate both the structural
and transport material properties of the electrolytes42. The
density was calculated using an average volume from standard
isothermal, isobaric dynamics. The melt temperature was deter-
mined by the knee in the density versus temperature curve for
slow temperature cycles (since phase coexistence methods are
impractical with these systems). Specifically, cycling between
200K and 600K over 0.3 ns multiple times allowed us to iden-
tify the regimes separating the solid-liquid transition based on
distinct trends in thermal expansion. The estimated melt temper-
ature was found by intersection of the two volume-temperature
trends, further details can be found in Ward et al4*. The calcu-
lated melt temperature 7, for a particular solvent allows us to
define a homologous temperature 7* = %T based on the target
temperature (7=300 K) and the actual melt temperature based
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on reported literature, 7,,. This rescaling was necessary since the
model melt temperatures for the Pyrl.X-TFSI systems where sig-
nificantly larger than the actual ones, hence at 300 K our model
electrolytes behaved like solids with some mobile components
(i.e. the estimated viscosities were high, anisotropic, and did not
converge well). Since the estimated 7, was relatively insensitive
to Li* salt content and the errors in the 7} estimates were compa-
rable to the differences across electolytes, we assumed a uniform
scaling across all the systems and collected Pyr1.X-TFSI transport
properties at T* = 385 K. Given the often-used Arrhenius re-
lation for viscosity and other properties governed by molecular
kinetics, we expect an exponential dependence on temperature.
Other side-effects of this modeling decision will be discussed in

Sec.[3.2.21and Sec.[4.2

The Li* solvation was characterized with per-species coordina-
tion derived from the radial distributions. The coordination of
species a with b, C,,, was calculated with :

w5 (£ T o

acY, B9,

[Ixo —xg | <R)> ; (5)

and quantifies the average number of species a within a sphere of
radius R centered on an atom of type b. Here ¥, is the group of
all atoms of type a, X, is the position of atom «, : is the indicator
function whose value is 1 if its argument is true and O if its false,
and (e) is an equilibrium time average. We calculate the persis-
tence, P,,, of particular molecular constituent atoms of species a
in the solvation shells of species b via:

Pyy(R,T) = ;b< Yy ¥ z(raﬁ(R><r)> (6)

OCG%, B egb

where

Mz

Tap(R) = At Wrep(ti) <R) . @)

0

This metric counts the number of times any atom of species a
appears in a shell of radius R around an atom of species » and
indicates how long a solvating species stays in the shell of an-
other species. The persistence is related to the coordination by

P.»(R,0) = C,p and is an increasing function of the radius R and a
decreasing function of the residence time 7. It will give us insights
into the degree of hopping (“structural”) versus intact solvation
(“vehicular”) diffusion.

For viscosity, we use a well-known Green-Kubo relation:
= 7 [ (€0) g ar ®
T3k Jo

1

1 N N 1 N—j )
~ ST ﬁgg(n)~c(n)+;r_j;G(ti)-g(tfﬂAt) At

with ¢ = (023,013,012) being the vector of shear stress compo-
nents derived from a virial expression and N being the number of
time samples.

For the O, diffusion coefficient we use the usual Einstein rela-
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tion for tracer diffusion:

} 9 (||xa(t) —xq 2
=%/0 <va(0)-va(z)>d,:é}§}° (I (t)a; (0)|\>7 ©

where v, is the velocity of atom « and we approximate

N—

(Ix(t) =x(O)]?) & 7 ¥ Ix{tje) =x(t)* . (10)

For the ionic conductivity, ¢ = Y, 0,, we use Ciccotti and
Jacucci’s method#> for each species partial conductivity o, where
we measure the current i =Y, i, induced by an external field £ in
the limit of the external field to zero:

i )] Va(BE)]

Oa=p" " E “SE

11
Here the species current density is i, = ezsn4V,, e is the unit of
charge, z, is the valence of species a, ¢, = % is molar species
concentration, N, is the number of species a in the system, V is
the system volume, and the average species velocity v, for species

ais
1
va=Na<Zva> . (12)

acYy,

The small perturbation 8E is chosen to be sufficiently large to
overcome thermal noise in v,. (The issue of signal-to-noise in
measuring i, in the £ — 0 limit will be discussed in the following
section.) The per-species conductivity 6, = ez,cql, is related to
the mobility u, of species a. Since the external field E adds kinetic
energy to the system, a thermostat is necessary. We use a Nosé-
Hoover thermostat that preserves momentum and is temperature
corrected for the average/streaming velocity v, of each species a:

1 1
S LN,

a

Y me ||V — val? - (13)

acy,

For all the transport property simulations including the diffusiv-
ity and mobility calculations, we allowed 20 ns to accommodate
any transients, and then used 500 ns of thermostatted dynamics
for collecting the average flux, coordination, and related informa-
tion.

3 Results

We measured various electrolyte properties to give indications of
cell performance, and built simulations to estimate corroborating
properties and to provide insights into structure and transport.
Generally speaking, we explored the effects of structure and salt
concentration on the transport properties particularly relevant to
IL electrolytes in a Li-air cell: ionic conductivity and oxygen dif-
fusivity. We also measured and calculated properties, including
viscosity and density, to provide a strong connection between ex-
periment and theory.

3.1 Experiments

The physical properties of selected IL electrolytes were measured
and are reported in Table[l] Both density and viscosity were ob-
served to increase with higher LiTFSI concentrations across all
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systems. The magnitude of the increase in viscosity from 0.0 M to
1.0 M LiTFSI suggests significant changes to the ion-ion coordi-
nation environment when adding Li™" salts. We note that the bulk
conductivity of IL electrolytes generally decreases with increasing
LiT salt concentration, as seen in Fig. consistent with previous
work224647, While we were not able to deconvolve the conduc-
tivities of particular electrolyte ion species from our experiment,
these previous reports have shown that increasing Li™ concentra-
tion leads to a decline or stagnation in Li* partial conductivity
and a decline in Li* free diffusion. This implies that our observed
decrease in bulk conductivity is likely also reflected in the mobility
of LiT ions. It is plausible that LiTFSI coordination has a signif-
icant influence on Li™ mobility and that varying the structure of
the Pyr cation largely affects mobility through the solution viscos-
ity. Thus, it is important to distinguish between ionic conductivity
that is limited by “vehicular” diffusion (influenced by viscosity) or
by “structure” (influenced by diffusion by the exchange of anions
in a solvation sphere or cation hopping).

In the context of Li-air batteries, we also studied the trans-
port of O, molecules in the electrolyte using microelectrode tech-
niques. Because LiO, and Li;O, products of O, reduction are
known to precipitate rapidly in Li*-containing ionic liquids“®, we
only measured O, transport in pristine ILs without LiT. Using
chronoamperometric techniques and Shoup-Szabo analysis28, the
concentration of O, in solution in equilibrium with ~1 atm dry
air, ¢*, and the O, diffusion coefficient, D, were derived. We find
that for Pyr ILs with an alkyl ligand, oxygen solubility decreases
with increasing ligand length (see Table[l). Meanwhile, oxygen
diffusivity increases across the same sequence: Pyrl.3", Pyr1.4",
Pyrl.6". These findings imply that longer alkyl chains provide
molecular environments which facilitate O, diffusion. Previous
reports have linked the formation of interconnected apolar do-
mains by alkyl groups in ILs to the improved diffusion of solutes,
like O,, with limited ion-solute interaction®®=L In particular,
the nonpolar nature of 0,4? and the tendency of the ILs to form
nanoscale, molecular structures®?>l can be determining factors.
At the same time, long alkyl ligands with multiple axes of rotation
are likely to fill the unoccupied volume in the liquid, reducing the
spaces in which O, can reside, thus decreasing solubility. The re-
lationship between “free volume” and oxygen concentration was
previously reported by Neale et al?? with a similar reasoning,
but this theory is incomplete, as it fails to account for differences
in electrostatics with different molecular structures"*>2, Since we
are unable to reliably measure the solubility or diffusivity of O, in
LiT-containing ILs, the influence of additional salt species must be
studied by means such as simulation. It is, however, reasonable
to expect some influence on these parameters through changes
in free volume, electrostatics and viscosity with increased LiTFSI
concentration.

The discharge capacity of the Li-air cells versus the discharge
rate is shown in Fig.[3h and elucidates rate limiting behavior as
a function of Pyr cation structure. The rate limiting current is a
cell-specific property tied to the diffusivity and the concentration
of the rate limiting reactant, in this case O, or Li*. We previously
used a survey of discharge capacity versus discharge rate to iden-
tify differences in the rate limiting behavior of Li-air electrolytes

6| Journal Name, [year], [vol.],1

with aprotic solvents, concluding that O, supply is limiting in
most cases. Other studies have shown a connection between dis-
charge capacity and discharge rate in tetraglyme electrolytes=324,
but attributed this exclusively to differences in product growth on
the electrode while neglecting the impact of reactant transport.
As we focus on the rate limiting current with IL electrolytes, it
is appropriate to assess behavior with respect to transport. The
results presented in Fig.[3h show that for cells with Pyr1.3-TFSI,
Pyrl.4-TESI and Pyrl.6-TFSI with 1.0M LiTFSI the rate limiting
current (signified by a step change in capacity) appears to be
~0.001 mA/mm? in terms of the measured ECSA. The rate be-
haviors and discharge capacities are similar across these three
electrolytes, indicating that there is no fundamental difference
in the limiting mechanism. Regardless of if we assume that O, or
LiT is the limiting reactant in these high concentration Li*™ elec-
trolytes, we note that differences in Pyr ligand length have a min-
imal effect on transport. In our previous work'l, we demonstrated
that 1.0M LiTFSI/DMSO and 1.0M LiTFSI/TEGDME electrolytes
in cells with the same architecture, exhibit rate limiting currents
of ~2 mA/mm? ECSA and ~0.08 mA/mm? ECSA, roughly 2-3
orders of magnitude higher than any 1.0M LiTFSI/Pyr1.X-TFSI
electrolytes. These traditional aprotic solvent electrolytes yield
cells that also exhibit 2-6 times higher capacities, depending on
discharge rate.

In Fig.[3h, the 1.0M LiTFSI/Pyr1.201-TFSI electrolyte exhibits
no step change in capacity at ~0.001 mA/mm? ECSA, as with
other IL electrolytes. Instead, it shows a gradual increase in dis-
charge capacity with a decrease in discharge rate. Thus, the rate
limitation for this electrolyte likely lies at higher currents than for
IL electrolytes with purely alkyl ligands. A change in the oxygen
reduction mechanism, or Li™ solvation, due to the ether group
in the Pyr1.201™" cation are the likely culprits, particularly as the
other IL electrolytes listed in Table[T]exhibit similar physical prop-
erties.

Fig.Bp illustrates the impact of LiTFSI concentration on the
capacity-rate relationship. For Pyrl.4-TFSI electrolytes, we note
that the 0.5M LiTFSI electrolyte yields what appears to be the
highest limiting current. This surprising finding suggests that the
rate limiting current is optimized by balancing the normally lim-
ited O, supply and the Li™ supply to the reaction sites of the elec-
trodes. As in aprotic solvent electrolytes, Li* supply is rate limit-
ing at low Li™ concentrations and yet negatively impacts O, sup-
ply at higher LiT concentrations. Thus, an optimal intermediate
concentration exists at which the full cascade of oxygen reduction
reactions proceeds efficiently. The differences in discharge capac-
ity at low rates between the three electrolytes can be attributed
to different passivation behaviors of the oxygen reduction prod-
ucts. It is worth noting that the LiTFSI concentration dependence
is not unique to Pyr1.4-TFSI. We repeated this study for Pyr1.6-
TFSI electrolytes across LiTFSI concentrations and found the same
trend (not shown), where the 0.5M LiTFSI concentration also pro-
duces the highest limiting current.
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LiTFSI p T \% c* D o
[M] [g/mL] [K] [cP] [mM] [um?/ms] [S/m]
DMSO 0.0 1.100 — 2.07 0.330 - —
0.1 1.121 2.29 1.28 0.156
0.5 1.163 2.80 1.40 0.432
1.0 1.217 3.97 1.09 0.740
Pyr1.201-TFSI 0.0 1.570 233 60.48 10.16 0.0542 0.122
0.1 1.670 66.24 0.0927
0.5 1.640 122.70 0.0589
1.0 1.840 231.18 0.0515
Pyr1.3-TFSI 0.0 1.441 284 72.27 2.17 0.190 0.100
0.1 1.449 80.06 0.123
0.5 1.476 145.69 0.0887
1.0 1.507 305.87 0.0408
Pyr1.4-TFSI 0.0 1.400 267 92.60 1.60 0.269 0.0906
0.1 1.412 102.77 0.0290
0.5 1.441 189.15 0.0279
1.0 1.460 454.50 0.0349
Pyr1.6-TFSI 0.0 1.347 275 135.02 1.38 0.329 0.0388
0.1 1.360 144.80 0.0225
0.5 1.390 269.06 0.0222
1.0 1.424 568.71 0.0168

Table 1 Measured properties: mass density p, O, self diffusion coefficient D, viscosity v, ionic conductivity o, at 300 K. Oxygen solubility ¢* for 0.0M
LiTFSI/DMSO at 298.2 K, 0.206 bar O, is from Battino®®. Melt temperature 7;, is from Appetecchi et al2.
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Fig. 2 Experimental measurement of total ionic conductivity for various
IL electrolyte compositions.

3.2 Simulation

The simulations described in this section give us additional in-
sight into liquid phase molecular interactions and how these af-
fect cell performance. With the molecular model described in
Sec.]2.2] we simulated the molecular dynamics of the ILs and ex-
tracted structural information and transport properties. In par-
ticular, we examined how Lit is solvated, both in terms of the
traditional average coordination (through the radial distribution
function (RDF)) and also the transient aspects: the persistence
of solvation shells and the degree to which ions co-transport in
a flow induced by electrical bias. In addition, we estimate the
relevant transport coefficients, including per-species partial ionic
conductivities. Since some of the methods are new and the molec-

ular model has not been widely used to represent ILs, we use a
LiTFSI/DMSO electrolyte for validation and comparison. Lastly,
since the Pyr IL solvents are marginally above their melt temper-
atures and have a tendency to become glassy, we simulated most
of the Pyr properties at a higher, homologous temperature which
has some side-effects that will be discussed.

3.2.1 LiTFSI/DMSO

We examined the LiTFSI/DMSO system with the same interatomic
potential as the ILs to provide a baseline for the accuracy of the
AMBER potential, and as a non-ionic solvent system to compare
to the IL results. With regard to the determining the ionic conduc-
tivity over a range of external electric fields, E=0-0.1V/A, Fig.@
shows that the mean (streaming) velocity of each component of
the electrolyte is small compared to the average thermal velocity
(the width of the Maxwell-Boltzmann distribution). The E field at
these levels is also too weak to dissociate solvation structures.
Also it is notable that the velocity distributions in Fig.[4(inset) re-

+ Assuming the main effects are the Coulomb forces between oppositely charged

species, the E field at which an ion and another species in its solvation shell dis-
sociate is Emax(r) =~ M%EO) r%, where ¢ is the charge of the solvating species which
we will take to be 1 e, given the ions in solution. Specifically, Emax (BA) = 1.6 V/A
for a molecule nominally in the first shell of Li* in this electrolyte and Emax (810\) =
0.2 V/A for a molecule nominally in the second shell. (The first and second shells
are defined by the plateaus in the coordination in Fig.[Bh and are similar in magni-
tude to those in Fig.) On the other hand, there is a minimum E that allows us
to observe significant ionic flux over MD timescales. Roughly speaking, vpin ~ 100
A/100x10% ps = 0.001 A/ps, based on the order of magnitude of our system size
and feasible simulation time. Now, using the order of magnitude of the expected
conductivity ¢ ~ 0.1 S/m (which corresponds to u ~ 0.1 A2/ps-V at 1IM), we obtain
Emin = Vmin/H1t ~ 0.01 V/A. Since this approximate analysis of the perturbation is
generic, we will use this range of E in the following study of Pyr-based electrolytes.

Journal Name, [year], [vol.], 1{15] | 7
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LiTFSI P T v D o Ot OTESI Opyr
[M] [g/mL] [K] [cP] [um?/ms] [S/m] [S/m] [S/m] [S/m]
DMSO 0.0 1.11 - 2.4 1.26 - - - -
1.0 1.26 - 6.5 0.79 0.61 0.29 0.32 -
Pyr1.201-TFSI 0.0 1.57/1.51 354 46.1 0.34 - - - -
1.0 1.62/1.58 354 37.0 0.17 0.050 -0.024 0.025 0.049
Pyr1.3-TFSI 0.0 1.53/1.47 362 26.4 0.48 - - - -
1.0 1.58/1.54 361 43.6 0.29 0.021 -0.042 0.020 0.043
Pyr1.4-TFSI 0.0 1.49/1.42 365 23.6 0.38 - - - -
0.1 1.49/1.44 356 32.0 0.43 0.134 -0.005 0.047 0.092
0.5 1.52/1.46 362 32.9 0.31 0.070 -0.021 0.031 0.060
1.0 1.55/1.50 368 41.0 0.18 0.019 -0.038 0.019 0.038
Pyrl.6-TFSI 0.0 1.41/1.35 346 23.4 0.55 - - - -
1.0 1.48/1.43 344 34.8 0.34 0.013 -0.038 0.019 0.032

Table 2 Predicted properties: mass density p (at 300K for DMSO and at 300K/385K for Pyr1.X-TFSlI), O, self diffusion coefficient D, viscosity v (at
300K for DMSO and at 385K for Pyr1.X-TFSI), and ionic conductivity o. Note the partial conductivities are defined by the per-species partial currents
and hence a negative value indicates the species is flowing against the electrical bias due to co-transport with another species.

main essentially Maxwell-Boltzmann. (A distinctly bimodal distri-
bution for DMSO would indicate a sub-population co-transporting
with Li™ by solvation with a significant average velocity and a qui-
escent excess population of the charge neutral DMSO that is not
involved in solvation.) Only at higher biases E can we reliably
extract the mean streaming velocity of the charged species v,, see
Fig.[4] associated with the ionic currents.

We can infer some aspects of co-transport of solvating species
from the inset of Fig.[d]and the coordination information in Fig.[5]
The trend in the average velocity vs. bias is the same for all three
electrolyte species. The trend for the neutral DMSO follows that
of LiT albeit at a lower magnitude due to the excess DMSO, not
needed for solvation, being quiescent/stagnant. Fig.[5h shows
the coordination of Lit with other Li*, the partially negatively
charged O in DMSO, and the partially negatively charged O in
TFSI~. We see that Li" is strongly and prevalently solvated by
the polar DMSO molecules, and this solvation is unaffected by
the bias E over the range we studied, £=0.0-0.1 V/A. The asso-
ciation of Lit by TFSI™ is considerably weaker, as evidenced by
the slope between the first (R < 3A) and second (R < 5A) shells,
but intermingles with DMSO in the first shell, R < 3A. (Here, the
slope of the coordination graph is directly related to the presence
of species between the dominant peaks of the RDF that define
the first and second solvation shells.) Also, the weaker coordi-
nation of Li™ with the charged TFSI~ decreases with increased
bias, as does the coordination with other Li™. In the second shell,
Re [378]& all three species are present in significant quantities.
Given the lack of a distinct plateau in the RDF profiles, we infer
that this shell is “softer”, i.e. less strongly bound and less well
defined/more intermixed. This is supported by the presence of
LiT in this shell and the persistence of TFSI~ species in each of
the shells shown in Fig.5p. Here we see that the first shell is
very stable, with one TFSI~ leaving (and one entering) on av-
erage every 539 ps. It is interesting that this behavior does not
change significantly with bias, and, hence, likely has thermal ori-
gins. This observation corroborates the assumption that the bias
is not changing the solvation dynamics significantly. The second
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shell, on the other hand, is far less stable, with one TFSI~ leaving
the Li™ coordination shell an order of magnitude faster (59 ps).
(Note that, in Fig., the residency of species in the second shell
is asymptoting to that of the first, as expected.)

3.2.2 LiTFSI/Pyr1.X-TFSI

Given the ionic nature and distinct structure of the Pyr-based ILs,
we expect different transport and solvation mechanisms than in
the DMSO electrolyte. For the ILs, we first examined how the
range of ligand lengths affected the conformations of the solvent
molecules. The RDFs in Fig.[f] show the predominant distances
between the N in the Pyr ring and the C at the end of the ex-
changeable ligand in the Pyr ILs and gives an indication of cation
radius in solution. All Pyrl.x display two peaks, where the first
prominent peak occurs approximately at: 4.3A for Pyr1.201, 3.9A
for Pyr1.3, 4.5A for Pyrl.4, and 6.8A for Pyrl.6. Interestingly,
Pyrl.4 and Pyrl.6 have two primary peaks with the second peak
at ~ 5.1A which implies these pyrrolidiniums have two compara-
bly likely conformations in solution. Also, Pyrl.4 and Pyrl.6 are
the only two of the four pyrrolidiniums studied which have a sol-
vated length considerably shorter than their straight chain lengths
(4.4A for Pyr1.201, 3.9A for Pyr1.3, 5.1A for Pyr1.4, and 7.6A for
Pyrl.6). Although electrostatics and the particular solvation en-
vironment play a role, this suggests that these two pyrrolidiniums
have flexible ligands and the shorter Pyr1.3 and the O containing
Pyr1.201 have relatively stiff ligand chains.

Similar to DMSO, the E-field in the range 0-0.01 V/A creates
a negligible perturbation on the thermal distribution and there
is no measurable sensitivity to molarity of Li™ (not shown). As
can be seen in Fig.[7]and Fig.[g] the Li* is primarily solvated by
TFSI~ and this coordination is effectively unchanged over the
E biases and the types of Pyr ILs studied. The solvation shells
are apparently stable in the external field. This is similar to the
DMSO results; however, in this case the primary solvating species
is TFSI™. The second shell of TFSI~ around Li" is marginally
more pronounced in Pyr ILs than the second shell of DMSO. The
weak Lit:LiT association is somewhat sensitive to Li™ molarity
as the Li™ crowd and intermix with Pyr1.4 and TFSI~ the second
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Fig. 3 Discharge capacity as a function of discharge rate (a) 1.0M
LiTFSI, and (b) Pyr1.4-TFSI. Discharge capacity and rate are normalized
by the electrochemical active surface area (ECSA).

shell of Lit. Interestingly, the O in Pyr1.201 intermixes, in small
amounts, in the second shell of TFSI~ and, as is apparent from
the DMSO results, this weaker interaction is marginally sensitive
to E bias.

Unlike DMSO, the persistence analysis in Fig.[9]shows that both
the first and second Li* solvation shells have a relatively high ini-
tial turnover rates compared to the inner shell of Li* in DMSO,
implying that both the inner and outer shells are loosely bound;
however, the asymptotic characteristics times, 36-61 ps and 255—
397 ps, respectively, appear to imply that there is exchange be-
tween the two shells but the association with molecules at the
limits of the outer shell is relatively stable with respect to ex-
change with bulk. Perhaps the TESI~ are less likely to find a
stable arrangement near Lit due to the fact that they are larger
than DMSO, but the electrostatic interactions also likely play a
role. The use of the O atoms in TFSI™ to track association with
LiT likely also has an effect, in that any of the two pairs of neg-
atively charged O atoms are equally probable to be in close as-
sociation with the LiT. Hence, they are likely to exchange with
in the first shell, as we have defined it, but the TFSI~ that the O
atoms belong to will stay in more persistent association with the
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LiT, as evidenced by the relative stability of the second shell. The
propensity for the outer shell to be more stable than the inner is
nearly identical across all the Pyr solvents with the lowest mo-
larity solvent, 0.1M LiTFSI/Pyr1.4-TFSI, being somewhat of an
outlier. Generally speaking, there is a small trend for the resi-
dence time (of a TFSI™ near a Li™) to increase with increasing
LiT molarity; and, the longer alkyl chained Pyr ILs appear to en-
hance this residence time, with Pyr1.201-TFSI creating the most
stable environment. Furthermore, the calculated characteristic
TFSI™:Li" residence times are correlated with the transport coef-
ficients D (O, diffusivity) and o (ionic conductivity). Despite no
significant correlation (p < 0.4, where 0 < p < 1 is the correla-
tion coefficient) of D and o with the residence time of first shell
across Pyrl.X ILs at 1M, there is significant correlation of the rel-
evant properties with the residence time of the second shell. The
diffusion constant D of O, is anticorrelated, p = -0.84, with the
residency time, and the ionic conductivity o is directly correlated,
p = 0.96. Across LiTFSI concentrations in Pyrl.4 the residence
time of both shells and both properties are anticorrelated with
p < -0.95, and across all simulations the properties are anticorre-
lated with p < -0.80. This implies that the characteristic residence
time may be a good predictor of relative transport performance
of ILs; however, there are lower, but significant correlations with
viscosity (first shell: 0.49, second shell: 0.66) which may indi-
cate these transport mechanisms are coordinated with viscosity
effects. More data would improve confidence in these correla-
tions.

The estimated ionic conductivity and molecular oxygen diffu-
sivity for the various Pyr solvents is summarized in Table2] In
this table we report the partial/per-species ionic conductivities
as well as the total. The total conductivities decrease with in-
creasing Lit content and alkyl ligand length, with Pyr1.201-TFSI
being an outlier with high conductivity which is correlated with
solvation stability. Also, it is significant that the Li* partial con-
ductivities are negative which indicates that Li™ is co-transporting
with TFSI~. This phenomenon increases with increased Li™ con-
tent and is essentially constant across Pyr ILs, with Pyr1.201-TFSI
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again being an outlier with the least negative partial conductivity.
More discussion of these findings will be given in the subsequent
section.

With regard to the O, diffusion, molecular oxygen is small and
non-polar so it is not particularly bound with any of the elec-
trolyte species. The slightly elevated temperature needed to ob-
tain the fluid model Pyr ILs will have the side-effect of inflat-
ing the O, diffusion estimates. Nevertheless, the O, appears to
diffuse through the free space of a nearly solid/highly viscous
solvent. We estimate mean cavity radius ~ 0.8A from the pre-
diffusion/ballistic regime of mean squared displacement vs. time
of O, diffusion. This result is slightly independent of Pyr™ type,
Pyr1.201%: 0.78 A, Pyr1.3*: 0.79 A, Pyr1.4t: 0.78 A, Pyr1.6":
0.82 A, and effectively independent of Lit molarity. More discus-
sion of these properties will be given in the next section in the
context of the experimental results.
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4 Discussion

From experiments we have measurements of several transport
properties affecting cell performance, and from simulations we
have corresponding estimates with molecular observations of sol-
vation. Fig.[10] compares the measured ionic conductivity and
O, diffusion coefficient in Table[I] with the computed proper-
ties reported in Table[2] Both experiment and simulation agree
that increased Pyrl.X™ alkyl chain length inhibits ion conduc-
tion. Pyrl.2017" is notably off-trend, acting like a smaller alkyl
chain Pyr* electrolyte than its size suggests. Since uncoordinated
Pyr1.201% has a higher diffusivity than the same species in a Li*
coordinated environment and can still carry charge, the total elec-
trolyte conductivity may be greater, as we see in our experimental
results, and yet the partial Li™ conductivity, the key metric of im-
portance, is worse. Disregarding the 0.0M LiT electrolytes, our
experiments and simulations suggest that ionic conductivity also
decreases with increasing Li™ concentration. The effect on the to-
tal conductivity can in part be attributed to increases in electrolyte
viscosity, but also to structural changes involving Li™ coordina-
tion40, Fig. shows that the experimental measurements of ionic
conductivity have the same general trend with Li™ concentration
across different Pyr ILs. (The slight increase in conductivity of
Pyrl.4* with Li salt concentration is statistically insignificant.)
To more thoroughly understand the influences of solution struc-
ture on ionic conductivity, it is useful to compare results from IL
systems to those from a standard DMSO electrolyte.

4.1 Ionic Conduction

From experimental data in Table[I]and simulation data in Table[2]
we find that lithium mobility is lower in ILs than in an aprotic
DMSO solvent. In DMSO based electrolytes, ionic conductivity
increases with Li™ content unlike in Pyr IL electrolytes. As our
simulations reveal, there are qualitative differences in how Li™ is
solvated in the two classes of electrolytes. The model shows that
in DMSO, LiT is primarily coordinated with polar, charge neu-
tral DMSO and to a much lesser degree with TFSI™ ions. In Pyr
ILs, the dominant Li™ coordination is by TFSI~ while the Pyr™
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species only appear in the second shell. In DMSO, Li* has a sta-
ble inner shell coordination (and an erodible outer shell), while
in Pyr ILs, the LiT™ coordination with TFSI~ has low persistence as
Fig.[5|and Fig.[9]demonstrate. This suggests that the Li* transport
in the two types of electrolytes could be primarily by different
mechanisms, e.g. “vehicular” diffusion of a persistent solvation
structure vs. “structural” diffusion122%, Similar to Haskins et al/%%
and Castiglione et al1?20 we observe an influence of Lit con-
centration on this mechanism. Fig.[9] shows marginally increased
residence time with increasing Li* concentration, correlated with
a decrease in ionic conductivity. No significant changes to the sol-
vation structure are necessary, as Fig.[7] indicates; however, the
turnover rate of the particular molecules in the solvation shells is
important, as our correlation results in Sec.[3.2.2] demonstrate. It
is plausible that in Pyr IL electrolytes, Li™ mobility and conductiv-
ity decrease with higher concentrations of LiTFSI due to increased
dielectric screening by the TFSI~ anions, or due to a decrease in
the amount of free, uncoordinated species that are necessary for
structural diffusion (since more than one TFSI™ is needed to fully
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solvate Lit). There are a few reports that note an increase in
Li™ mobility with increasing concentration over limited concen-
tration ranges4®, but these are typically in situations where Li*
cations are highly dissociated and sparse or anions are immobi-
lized and thus result in high Li* transference numbers (i.e. ionic
plastic crystals)207, For traditional ionic liquid electrolytes at
room temperature like those we studied, the inverse Li™ mobility-
concentration relationship generally holds.

The quantitative difference in the experimental and simulated
trends of the ionic conductivity with LiTFSI molarity, shown in
Fig.[10] is likely due to the relatively small increase in viscosity
with increasing salt content predicted by the molecular model.
One benefit of this minimal change in viscosity in the molecular
model is that it isolates other effects influencing ionic conductiv-
ity.

Although of limited accuracy in the case of relatively small
molecular oxygen or charged Li™ ions migrating in Pyr1l.X sol-
vents, the often cited Stokes-Einstein relationship suggests the
diffusion coefficient D for either is inversely proportional to the
viscosity 1 of the solvent and the effective (solvated) radius of
the particular solute. So for O, we expect its diffusivity to be hin-
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2.5 A, and outer, 5.0 A, shells of Lit. Times given in the legend are
asymptotic characteristic times extracted from exponential fits to the data.

dered by the viscosity of the ILs. Since the Einstein-Smoluchowski
relationship provides a direct correlation of D with mobility u,
the mobility of Li™ and the ionic conductivity (at fixed salt con-
centration) should be inversely proportional to the viscosity and
effective radius. Given the lack of stability of the Li™ coordination
shells in Pyr ILs, the effective R is likely smaller than even the ra-
dius of the first shell and comparable to that of the tighter Li*
coordination shell in DMSO. So, if Stokes-Einstein is modified to
reflect a soft solvation shell radius, we would expect that the Li+
partial conductivity in Pyr ILs to be 1/100 that of DMSO. The ac-
tual Li* partial conductivity is only 1/10 that of DMSO, but if we
account for reasonable estimates of Li* transference number (e.g.
0.1 for Pyr ILs and 0.5 for DMSO), the agreement is much better.
This gives credence to a greater degree of “structural” diffusion
in Pyr ILs where the exchange of species in the Li™ coordination
sphere occurs.

We note that a key difference between the experimental mea-
surements and the simulations of ionic conductivity is derived
from the model configuration. In a real cell, only Li™ can sustain
steady-state transport since it is liberated and incorporated at the
electrodes while the other electrolyte species are blocked by the
electrodes. In contrast, in our simulations all species, and in par-
ticular TFSI~, can flow freely. Since the Lit appear to be tightly
coordinated with multiple TFSI~ they tend to transport against
the electrical bias which results in negative partial ionic conduc-
tivities. Interestingly Gouverneur et al®® also reports negative
effective Li™ transference numbers (and partial conductivities) in
LiTFSI/EMIM-TFSI systems due to Li* co-transport with anions,
but these electrophoretic NMR experiments, like our simulations,
have short time scales that do not allow the buildup of concen-
tration gradients. If the TFSI~ were on average stagnant, as in a
cell, the effective partial conductivities of Li* would increase, as
would the total ionic conductivities which are already on par with
the measured ones. This difference also likely affects the propor-
tion of Li™ ”structural” diffusion vs. persistent-solvation diffusion
we observe in our model. For this reason, we cannot definitively
say that a particular transport mechanism dominates. From prior
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literature, we know that the Li* transference number in IL elec-
trolytes (not including ionic plastic crystals) is generally in the
range 0.04-0.0722 to 0.06-0.13%Z, Li* ions, thus, do not con-
tribute very significantly to the overall conductivity of the elec-
trolyte. Since Lit is the functional component in Li-ion and Li-air
cells, this is quite discouraging for the ability of Li*-containing
ionic liquid electrolytes to demonstrate high power capability. Yet,
even a small improvement in electrolyte design that enhances Li™
mobility (e.g. by reducing solvation persistence) is likely to have
a significant impact on device performance.

4.2 Oxygen Transport

The oxygen diffusivity results in Fig.[I0] illustrate distinct trends
with Pyrl.X" alkyl chain length and Li* concentration. Molec-
ular oxygen diffusivity D correlates positively with alkyl ligand
length but negatively with Li* concentration. Given the com-
puted and experimentally measured densities of our Pyr IL sys-
tems, it appears that the longer alkyl chains do not pack as
efficiently, leaving intermolecular spaces through which O, dif-
fuse. However, our simulations imply that the diffusion mean
free paths of O, (and mean cavity radius in the solution) only
change marginally with different Pyr cations. Small, non-polar
0O, molecules diffuse in an essentially classical manner (i.e. a
quadratic pre-diffusion/ballistic regime followed by a perfectly
linear mean squared displacement). This behavior was observed
in our model at the elevated temperature needed to prevent the
ILs becoming glassy. This necessary adjustment had the pre-
dictable side-effect of increasing the D estimates above the exper-
imental values due to the lower viscosities of the ILs and the in-
creased kinetic energy of the molecular oxygen, refer to Fig.[I0p.
Below this temperature, the mean squared displacement and the
molecular trajectories were largely diffusive but did exhibit evi-
dence of O, being trapped in void spaces in the solution. Since
there are indications that run contrary to the simple free volume
perspective, we conjecture that the mechanisms dominating O,
diffusion and solubility are more dynamic and likely influenced
by the fact that the ILs are near their melt temperatures. In ad-
dition, the negative trend of O, diffusivity D with increasing Li™
concentration in the simulations is most likely due to the increase
in viscosity if we assume the Stokes-Einstein model is applicable
for molecular oxygen. For example, the fact that the diffusion co-
efficient D for O, is correlated with the residence time of TFSI™,
the primary Lit solvating species, indicates that the transport of
the species are connected (a mechanism that simple free volume
theories of molecular diffusion ignore).

4.3 Device Impact

In the guiding context of limiting current, Eq. (1), where i, ~
Dc/v, it appears that Li™, not O, is the limiting component in Pyr
IL electrolytes given its relatively poor transport properties. In Pyr
ILs, the O, diffusion coefficient D and viscosity v are inversely-
correlated with Li* concentration as Fig.[2] Fig.[L0R, Table[1} and
Table[2] indicate. Hence, an optimum electrolyte composition de-
pendent on Pyr cation and LiT concentration exists. We reason,
based on experimental and simulated transport properties, that
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Pyr ILs with intermediate LiT concentrations (of ~0.5M) and
smaller Pyr cations with pure alkyl ligands will outperform similar
compositions with respect to rate capability/power. Nevertheless,
off-trend improvements by Pyr cations with variations on pure
alkyl ligands are possible, as our Pyr1.201% results shows.
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Fig. 10 Comparison of ionic conductivity ¢ and O, diffusion coefficient D.
Note that experimental O, diffusion measurements were obtained from
ILs without LiTFSI.

5 Conclusion

In this work we employed experiments and molecular simulations
to explore the influence of Pyr IL structure and electrolyte com-
position on transport behaviors in Li-air and Li-ion relevant envi-
ronments. We show that:

* In LiTFSI/Pyr1.X-TFSI electrolytes, Pyr1.X" cation structure
can influence electrolyte conductivity even without intimate
interactions with Li*. This is caused by subtle differences in
the persistence of TFSI™ species within the first and second
LiT solvation shells, as well as electrolyte viscosity.

* Increasing the Li* concentration in Pyr1.X-TFSI electrolytes
generally decreases the electrolyte conductivity. This is, in
part, explained by increasing persistence of the Li™ solva-
tion sphere which makes “structural” diffusion of Li* more

Physical Chemistry Chemical Physics

challenging.

* The diffusivity of O, is improved by lengthening the alkyl
ligand on a Pyrl.X™ cation. Since O, is a non-polar, non-
coordinating species, its transport is likely aided by more
weakly-coordinating/looser alkyl environments.

* Intermediate Li™ concentrations (~0.5 M LiTFSI) appear to
optimize the rate limiting behavior of Li-air cells by balanc-
ing Lit mobility with Li™ concentration. By analyzing sev-
eral Pyr1.X-TFSI systems, we find that Li* is the most likely
limiting reactant in Li-air cells of this type.

By uniting electrochemical experiments and molecular simula-
tions, we have achieved a better understanding of the complex
and subtle impact of ionic liquid structure on electrolyte dynam-
ics. These findings demonstrate that systematic design of ionic
liquid electrolytes to optimize device performance is not only pos-
sible, but highly desirable.
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Using experiments and molecular simulations, we

evaluate pyrrolidinium-based ionic liquid Li electrolytes and
find that Li* and O transport can be enhanced by varying
the pyrrolidinium structure and Li concentration.




