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ABSTRACT: The electrolyte is a crucial component of lithium−sulfur (Li−S)
batteries, as it controls polysulfide dissolution, charge shuttling processes, and
solid-electrolyte interphase (SEI) layer formation. Experimentally, the overall
performance of Li−S batteries varies with choice of solvent system and Li-salt used
in the electrolyte, and a lack of predictive understanding about the effects of
individual electrolyte components inhibits the rational design of electrolytes for
Li−S batteries. Here we analyze the role of the counteranions of common Li salts
(such as TfO−, FSI−, TFSI−, and TDI−) when dissolved in DOL/DME (1:1 by
vol.) for use in Li−S batteries. The evolution of ion−ion and ion−solvent
interactions due to various anions was analyzed using 17O NMR and pulsed-field
gradient (PFG) NMR and then correlated with electrochemical performance in
Li−S cells. These data reveal that the formation of the passivation layer on the
anode and the loss of active materials from the cathode (evidenced by polysulfide
dissolution) are related to anion mobility and affinity with lithium polysulfide,
respectively. For future electrolyte design, anions with lower mobility and weaker interactions with lithium polysulfides may be
superior candidates for increasing the long-term stability of Li−S batteries.

■ INTRODUCTION

Lithium−sulfur (Li-S) batteries are one of the most promising
energy storage device classes as technology moves beyond Li-
ion battery systems, due to their higher theoretical energy
density (2600 Wh/kg) and specific capacity (1672 mAh/g),
coupled with the low cost of sulfur cathode materials.1,2

However, complex challenges remain, including poor cell
performance resulting from the low initial sulfur usage and
quick capacity fading due to the generation of highly soluble
lithium polysulfides (mostly long chain Li2Sm, 4 < m ≤ 8)
during cycling. To overcome these critical issues, functionalized
conductive trappers and additional diffusion barriers (such as
carbon hosts and interlayers) have been introduced into these
systems.2 But these additional components reduce the much
needed specific capacity and energy density. Hence, recent
efforts are mainly focused on designing electrolytes with lower
polysulfide solubility.3 However, a lack of understanding
remains about the correlation between Li−S cell performance
and electrolyte parameters such as solvent composition, salt

concentration, etc. It is necessary, therefore, to correlate the
molecular level structure and dynamics of electrolytes to the
final battery performance, which can help build basic guidelines
for novel or improved electrolyte design. In this work, we
analyzed the role of supporting Li salts as it dictates many
functional properties of electrolytes. Electrolytes comprised of 1
and 3 M Li salt with various anionsbis(fluorosulfonyl)-imide
(FSI−), triflate (TfO−), bis(trifluoromethanesulfonyl) imide
(TFSI−), and 2-trifluoromethyl-4,5-dicyanoimidazole
(TDI−)within a DOL/DME (1:1 vol.) solvent mixture
were prepared. These electrolyte solutions are denoted as x−y,
where x and y represent the salt concentration (i.e., x = 1 or 3)
and a type of anion (y = TfO−, FSI−, TFSI−, or TDI−),
respectively. In addition, to probe the interaction between
dissolved polysulfide species and electrolyte components, we
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added 0.12 M Li2S8 into 1 M Li-salt concentration electrolytes
and denote these solutions as 1-TfO-PS, 1-FSI-PS, etc. We
employed pulsed-field gradient (PFG) NMR and natural
abudance 17O NMR spectrocscopy to interrogate ion−ion/
ion−solvent interactions and the subsequent ion/solvent
diffusion process. The Li−S cells fabricated with these
electrolytes were tested, and their specific capacities (SCs)
are correlated with molecular level ion solvate structure.

■ EXPERIMENTAL METHODS
Sample Preparations. The 1 and 3 M solutions were prepared by

dissolution of the appropriate Li salts containing the anions,
trifluoromethanesulfonate (TfO−), bis(fluorosulfonyl)imide (FSI−),
bis(trifluoromethane)sulfonimide (TFSI−), and 2-trifluoro-4,5-dicya-
noimidazolide (TDI−), in mixture of 1,3-dioxolane (DOL) and
dimethoxyethane (DME) (DOL/DME, 1:1 vol.). In addition, 0.12 M
polysulfide (Li2S8) was added into 1 M solutions. Nominal Li2Sx
solutions were obtained by mixing stoichiometric Li2S and S8 within
the electrolyte and stirring at 60 °C in an oil bath overnight inside of a
glovebox. The ionic conductivities of 1 M electrolyte solutions were
measured using a conductivity meter (Orion 3 Star, Thermo
Scientific) at 30 °C.
Electrochemical Characterization. Li−S battery cells using the

electrolytes described above were fabricated using 64% sulfur (purity
≥ 99.5% from Sigma-Aldrich), 16% multiwalled carbon nanotubes
(MWCNT) (Cheap Tubes Inc.), 10% super P carbon additive, and
10% polyvinylidene fluoride (PVDF) binder. The sulfur/MWCNT
composite was prepared by a melt-diffusion approach. Sulfur powder
and MWCNTs in a weight ratio of 4:1 were mixed in a mortar by
hand, and then the mixture was transferred to a Teflon-lined stainless
steel autoclave and heat treated at 155 °C in a furnace for 24 h to
improve the sulfur distribution inside the MWCNTs matrix, resulting
in a S80/MWCNTs20 composite. The sulfur cathode was prepared by
coating the N-methyl-2-pyrrolidone (NMP) slurry of S80/
MWCNTs20 composite, conductive carbon, and PVDF binder with
a weight ratio of 8:1:1 onto an aluminum foil. After the NMP was
evaporated inside a fume hood, the sulfur cathode was punched into
discs (7/16 in.) and further dried in a vacuum oven at 60 °C. The
sulfur mass loading of the electrode was approximately 1 mg/cm2. The
half cell (coin cell 2320) was assembled in an Ar-filled glovebox with a
Li metal anode and cycled at a range of 1.5−3 V at 0.2 C (1 C = 1675
mA/g of S). The specific capacity (SC) was calculated based on sulfur
weight. Further details of electrochemical cell preparation and testing
were reported earlier.4,5

Nuclear Magnetic Resonance (NMR) Spectroscopy and
Pulsed Field Gradient (PFG) NMR. 17O NMR spectra were
obtained using single pulse excitation at ambient temperature.
Diffusion coefficients of Li+, anions, and solvent molecules (DOL
and DME) were measured using 7Li, 19F, and 1H PFG-NMR with a
convection compensation PFG sequence (Dbppste_cc in VNMRJ 3.2,
Agilent) in the temperature range from 0 to 50 °C. All NMR
experiments were performed on a 600 MHz NMR spectrometer
(Agilent) equipped with a 5 mm liquid/diffusion NMR probe (Doty
Scientific Instrument, U.S.A.), which has the maximum gradient
strength of ∼31 T/m. The ionic conductivity, σD, was calculated by the
Nernst−Einstein equation6

σ = +− e
k T

n D n D(S cm ) ( )D
1

2

B
Li Li anion anion

(1)

where e is the elementary charge and n is the number of ions in the
unit volume of Vm, meaning that n = (NA·x)/Vm, where NA, x, and Vm
are Avogadro ̀s number, ion concentration, and molar volume,
respectively.

■ RESULTS AND DISCUSSION
The diffusion coefficients of Li+ cations (DLi), anions (Danion),
and solvent molecules DME (DDME) and DOL (DDOL) were

measured in the temperature range of 0 to 50 °C (Figure S1).
All electroytes appear to obey the Stokes−Einstein theory of
diffusion, i.e., D = kBT/f, where diffusion coefficient (D) is
inversely proportional to the friction factor f = 6πηrs and η and
rs are the viscosity and hydrodynamic radius of diffusing
molecules (i.e., radius of the hard solvation sphere that diffuses
along with solute), respectively.7 Figure 1 shows diffusion

coefficients of various electrolytes measured at 50 °C. It is
interesting to note that DDME ≈ DDOL in the neat DOL/DME
solvent system, despite their obvious molecular size differences.
This similarity implies that the intermolecular interaction in this
solvent mixture is very small, and hence the hydrodynamic radii
(rs values) of DOL and DME simply represent their polar
surface areas (Ap), i.e., the surface belonging to polar atoms,
which is reported to be similar (Ap ∼ 18.5 Å2) (Figure S2).8

The theoretical rDOL and rDME values were estimated to be 2.43
Å (r = (AP/π)

1/2). Each value for rx was calculated from the
volume of the anion and is reported in Table 1. The diffusion

coefficients of all electrolyte components including solvent
molecules were considerably reduced with introduction of Li
salts (both at 1 and 3 M concentrations) and 0.12 M Li2S8.
However, DDME drops more significantly than DDOL for all
electrolyte solutions, suggesting that DME molecules are more
actively participating in the Li+-solvation process than the DOL
molecules as predicted by our compuational modeling (Figure
S3).
This preferential Li+-solvation by DME molecules can be

confirmed by 17O NMR spectroscopy based on its known
sensitivity to molecular interactions with Li+ cations.9 Unlike
the DOL molecules, DME molecules showed a noticeable

Figure 1. Diffusion coefficients of Li+ (DLi), anion (Danion), DOL
(DDOL), and DME (DDME) for the electrolytes consisting of 1 or 3 M
Li salt (LiTfO, LiFSI, LiTFSI, or LiTDI) dissolved in DOL/DME (1:1
vol.) and 1 M Li salt dissolved in DOL/DME with 0.12 M Li2S8, all
obtained at 50 °C.

Table 1. Radius, r = (3V/4π)1/3, Where V Is Volume of
Anions,11 Ionic Conductivity, σmeas, and Calculated Ionic
Conductivity, σD, Using Diffusion Coefficients at 30 °C

anions r (Å) σD (S cm−1) σmeas (S cm−1) σmeas/σD

FSI− 3.27 5.1 × 10−2 1.7 × 10−2 0.34
TfO− 2.95 4.4 × 10−2 2.6 × 10−3 0.06
TFSI− 3.53 4.2 × 10−2 1.1 × 10−2 0.26
TDI− 3.4610 2.4 × 10−2 6.2 × 10−3 0.26

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b02105
Chem. Mater. 2017, 29, 9023−9029

9024

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02105/suppl_file/cm7b02105_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02105/suppl_file/cm7b02105_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02105/suppl_file/cm7b02105_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02105/suppl_file/cm7b02105_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.7b02105


upfield chemical shift δ(17O) with the introduction of Li salt
and Li2S8, corroborating the preferential DME solvation around
Li+ cations (Figure S4). By correlating the upfield shift in DME
resonance with choice of anions, the interaction strength of
DME molecules with Li+ cations increases as a function of
anion in the following order: TfO− < FSI− < TFSI− < TDI−

(see Figure S4a). At 1 M Li-salt concentration, the DME
registers a single resonance indicating relatively faster solvent
exchange between solvate structure and bulk solvent. However,
at 3 M Li-salt concentrations an additional 17O peak from DME
arises significantly downfield (Figures S4 and S5), indicating
the agglomeration of Li+-DME solvation shells (i.e., an
aggregated solvate structure) due to fewer bulk solvent
molecules at higher salt concentrations.12 The population of
these aggregated Li+-solvate structures tends to increase with
salt concentrations as evidenced by an even further downfield
17O shift of DME for 4-TfO and 4-FSI electrolytes (Figure S4).
This larger downfield 17O shift of DME may be due to (1)
reduced (local) dielectric constant (ε) within the aggregated
Li+-solvate clusters13−16 relative to the bulk ε values
representing free DME and DOL molecules or (2) restricted
DME solvent exchange dynamics due to the bidentate
complexation within Li+-solvate clusters.16 To further evaluate
these hypotheses we performed classical molecular dynamics
(MD) simulations for the 3-TFSI system (see Supporting
Information), and Figure 2 shows a snapshot of solvate

structural evolution. This analysis reveals that at higher salt
concentrations the Li-clustering is predominantly due to the
scarcity of bulk solvent molecules and overlapping Li+ solvation
spheres. In addition, bidentate complex formation (based on
Li−DME interactions) is also evident. This observation
supports the variation in 17O NMR chemical shift and line
broadening observed at higher salt concentrations. In addition,
a weaker Li+−DOL interaction was also observed. The
integrated intensity of this downfield 17O peak from DME
depends linearly on the molecular size of the anions (Figure
S5), which suggests that the identity of the anion clearly
influences the formation of aggregates and subsequent solvate
structural evolution. In addition, the δ(17O) of the remaining
DME molecules in 3-TfO and 3-FSI electrolytes register further
upfield shifts relative to lower concentration (1 M) samples.
This observation reflects the salt concentration. For example,
the intensity of the 17O peak from the TFSI− anion in 3-TFSI is
about 20% of that from DOL molecules, while it should be

∼1.3 times larger based on the ratio of oxygen atoms between
TFSI− and DOL. Such a significant drop in 17O peak intensity
might be a result of heavy peak broadening due to stronger
interaction between Li+ and DME as a function of increasing Li
salt concentration. In addition, the integrated intensities of 17O
resonances from TfO− and TFSI− anions are much smaller
than those expected from the electrolyte with 3 M
concentration due to immobility of anions in the system.
This observation implies that the TfO− and TFSI− anions
actively participate in agglomerated solvate clusters with Li+,
leading to diminished mobility within concentrated electrolytes.
On the other hand, the FSI− molecules retains its 17O peak
intensity, indicating relatively weaker interactions and higher
mobility within their solvate structures. This molecular level
view of electrolyte solution structure derived from an 17O
chemical shift analysis helps us derive an evolving mesoscale
view of the diffusion process and its effect on Li−S cell
performance.
On the basis of the diffusion measurements and 17O chemical

shift analysis, it is clear that the interactions of DOL molecules
with other components of the electrolyte are relatively weaker.
Hence, the hydrodynamic radius of DOL molecules (rs,DOL)
will be similar to its actual molecular size (i.e., rs,DOL ≈ rDOL)
within all electrolytes discussed here. Therefore, the variation of
DDOL in these electrolytes is primarily due to a change in
viscosity resulting from the unique interactions between the
electrolyte components, similar to the D of hydrofluoroether in
the LiTFSI dissolved in a mixture of triglyme and hydro-
fluoroether (Figure S6).17 It is difficult to confirm the weaker
intermolecular interaction of DOL through viscosity (η−1)
analysis due to the large uncertainty of the measured viscosity
values (Figure S6a). Evidently, the literature reported viscosity
values are sporadic for similar electrolyte systems. For example,
the viscosity of 3 M LiTFSI dissolved in DOL/DME was
reported to be 25.9,5 16.12,18 and 8.819 mPa·s at 25 °C. For 1
M LiTFSI dissolved in DOL/DME, viscosities are similarly
widely variant in the literature, reported as 2.56,18 2.03,19 and
1.354 mPa·s at 25 °C. Nevertheless, these electrolytes obey the
Stokes−Einstein relation of diffusion from the proportionality
of D and η−1 (Figure S6a). Therefore, we performed classical
molecular dynamics (MD) calculations, which confirm the
weak intermolecular interaction of DOL (Figure 2). In
particular, the interaction of DOL with Li+ cations is much
smaller than that of Li+−TFSI and Li+−DME based on radial
distribution function (RDF) analysis (Figure S7), thereby
confirming our hypothesis that DOL establishes and experi-
ences weaker intermolecular interactions. Hence the measured
value of DDOL can be used to derive the viscosity-normalized
mobility of Li+ cations (DLi/DDOL), anions (Danion/DDOL), and
DME molecules (DDME/DDOL) because D of each of the
components obey the Stokes−Einstein relation. These inherent
mobilities of ions and solvent molecules are then correlated
with the specific capacity (see Figure 3) obtained at the 33rd
and 100th cycle for Li−S batteries fabricated with the respective
electrolytes (Figure S8). The long-term SC and the capacity
decay rate, ΔSC (%)obtained from the SC difference
between 33rd and 100th cycledepend strongly on the
anion mobility (Danion/DDOL) except for electrolytes containing
the TfO− anion. Surprisingly, the mobilities of Li+ cations
(Figure 3c,d) or the solvent (DME) molecules (Figure S9) do
not follow a linear correlation with SC or ΔSC. Apparently, the
slower anion mobility within the electrolyte can help in
achieving stable cycling of a Li−S cell. However, it should be

Figure 2. Snapshot of solvate structural evolution calculated in 3 M
LiTFSI dissolved in DOL/DME obtained from molecular dynamics
simulation.
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noted that electrolytes with TfO− anion show poor perform-
ance despite their slower mobility. Obviously, anion mobility
might be one of the factors in determining the long-term SC of
Li−S cell performance.
To gain a deeper understanding of the role of electrolyte

components on Li−S cell performance, we compared various
ion−ion/ion−solvent interactions estimated from the variation
of the ratio of hydrodynamic radius to actual molecular radii,
rs,x/rx ≡ rx*, the so-called “effective hydrodynamic radius”,
where x is the Li+ cation, the anion, or DME. This quantity can
be calculated using the fact that rs,DOL ≈ rDOL as discussed
earlier. The ratio Dx/DDOL obtained from the same solution will
be proportional to the ratio of the hydrodynamic radii (rs,DOL/
rs,x) between x and DOL based on the Stokes−Einstein
equation. If both x and DOL are isolated from other
components of the electrolyte, then the ratio Dx/DDOL will
be proportional to rDOL/rx, where rDOL and rx are the actual
molecular size of DOL and x, respectively. But only DOL
molecules appear to be isolated from other electrolyte
components. Then the interaction strength of component x
to other components of the electrolyte, rx*, will be (rDOL/rx)/
(rs,DOL/rs,x) = rs,x/rx. Therefore, determining values of rx* of
various electrolyte components will provide insight into the various
intermolecular interactions such as ion−ion and ion−solvent
interaction strengths within electrolyte systems. For example, if a
solvent/ion has weaker interaction with other components of
the electrolyte, then the rx* will be close to unity as observed
for FSI− anion (i.e., rFSI* ≈ 1) in the 3-FSI electrolyte (see
Figure 4). Conversely, Li+ cations register significantly higher
values of rLi* (inset of Figure 4), due to their preferred
interaction with both solvent and anion molecules as part of the
solvation phenomena. This is also evidenced by higher rDME*
values observed for the solvent DME molecules (Figure S10).
Similarly, ranion* is higher for all other anions (ranion* > 1) at
various electrolyte compositions, indicating that ion−ion type
interactions between Li+ and anions (i.e., contact-ion pair
formation) is crucial in solvate structure formation. Solvate
structures with significant contact-ion pair formation (which
will depend on the Li+ affinity of a particular anion) can
critically influence their mobilities within electrolytes and

subsequently affect the final Li−S cell performance. Apparently,
the trend of Li+-anion association energy calculated by density
functional theory11,20 for various anions follows the ranion* value
for 1 M Li salts except for the TDI− anion. However, previous
experimental analysis has shown that the coordination tendency
of TDI− anion to Li+ cation in DME solvent is stronger than
that of TFSI− anion and is similar to that of TfO− anion,21

which is in good agreement with our observations of ranion*.
This fact reinforces the hypothesis that contact-ion pair
formation can be predicted by consideration of ranion* for
electrolyte solutions. For example, the effective hydrodynamic
radius of TfO− (rTfO*) increases with salt concentration (i.e.,
comparing 1- and 3-TfO electrolytes) while other anions
display similar or lower values with increase in Li salt
concentration. In addition, the rTfO* value increases with the
introduction of Li2S8 suggesting that TfO− anions strongly
interact with both Li+ as well as Li2S8 through contact-ion pair
formation. This TfO− anion based contact-ion pair formation is
also reflected in the largest rLi* (inset of Figure 4) and the
smallest rDME* value among the various electrolyte systems
(Figure S10). Interestingly, with the introduction of Li2S8 the
values of rLi* are significantly reduced, suggesting preferential
interaction of TfO− anions with lithium polysulfide species22,23

and subsequent polysulfide dianion (Sn
2−) formation through

Li2Sx + TfO− = Li+−TfO− + Sx
2− as reported earlier.24

Conversely, rLi* values for other anions were increased with
addition of Li2S8 indicating their weaker interaction with the Li

+

cations of Li2S8. In particular electrolytes containing TDI−

anions register relatively larger increments of rLi* by addition of
Li2S8, suggesting that the TDI− anion interaction to lithium
polysulfide is weakest among these electrolytes and the
solubility of lithium polysulfides is restricted.4

The role of DME solvent molecules in solvation structure
can be analyzed by the variation of rDME* with various anions
and salt concentrations. It is interesting to note that rDME* is
influenced by the Li-salt concentration but not affected by the
addition of Li2S8 (Figure S10). Therefore, the DME solvent
molecules are not directly participating in the dissociation of
lithium polysulfide species in the electrolyte (unlike the
behavior and effect of the anions) but rather mainly solvate
the Li-salt. In fact, this conjecture explains the relatively lower
solubility of lithium polysulfide in a neat DME solvent system.
However, the Li+-DME interaction strength can still be
influenced by the anions as detected by the evolution of

Figure 3. (a) Specific capacity, SC, at the 33rd and 100th cycles and
(b) SC decay (ΔSC) from the 33rd to 100th cycle in Li−S batteries
fabricated with the electrolytes composed of 1 or 3 M Li salt (LiFSI,
LiTfO, LiTFSI, or LiTDI) dissolved in DOL/DME (1:1 vol.) plotted
as a function of Danion/DDOL. The same functions are plotted as a
function of DLi/DDOL in (c) and (d).

Figure 4. Effective hydrodynamic radius of anions, ranion*, for these
electrolytes and Li+ cation−anion binding energy, ΔE (green stars),
from DFT calculations.11,20 The inset shows the rLi* values for these
electrolytes.
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rDME* and the DME δ(17O) chemical shifts (see Figures S4, S5,
and S10). To test the influence of anions (in terms of contact-
ion pair formation) on the Li+-DME interaction strength, we
measured ionic conductivity (σmeas) and compared these
measured values with those derived from diffusion coefficients
(σD) using the Nernst−Einstein equation6 (see Table 1). As
expected the σmeas/σD is smaller than unity for all electrolytes
due to the assumption of complete ion dissociation (i.e., variant
solute−solvent interactions including contact-ion pair forma-
tion are not included) in the calculation of σD. Hence, the
σmeas/σD ratio mainly reflects the degree of Li+−anion
dissociation. Interestingly, the 1-TfO solution shows the
smallest σmeas/σD value indicating relatively stronger interaction
of TfO− anion with Li+ cations as predicted by the variation of
rTfO* as well as by rLi* (see Figure 3). In contrast, the FSI−

anion shows a higher degree of Li+−anion dissociation among
the electrolytes with 1 M Li salt concentration. However, the
σmeas/σD ratio for these electrolytes is not in good agreement
with that of the Li+−DME interaction strength estimated from
Δδ(17O) and variations of rDME* discussed earlier. This
observation means that the degree of Li+−anion contact-ion
pair formation is not related to the Li+−DME interaction
strength (at least for lower concentration electrolytes). As
discussed earlier, the effective hydrodynamic radius of the anion
(ranion*) rather than the DME 17O chemical shift analysis can
provide details of anion specific contact-ion pair formation.
The battery SC (at the 100th cycle) plotted as a function of

ranion* (Figure 5) clearly shows that the long-term SC of Li−S

batteries increases with the strength of anion interactions as
well as its anion mobility (Figure 3) because Danion is inversely
proportional to hydrodynamic radius (Danion ∝ 1/rs,anion).
However, the 3-TfO electrolyte registers significantly lower
SC than expected due to the strong interaction of the anions
with Li+. This low SC might be due to significant loss of active
materials from the cathode as a consequence of the strong
interaction of TfO− anions with lithium polysulfides as
predicted by higher ranion* and lower rLi* values in TfO−

containing electrolyte with Li2S8 (Figure 4).
22,23 This is clearly

seen when the SC of a Li−S cell composed of 1-TfO electrolyte
is plotted vs ranion* calculated from electrolytes with 1 M Li salt
concentration that also contained 0.12 M Li2S8. The lower SC

for the 1-TfO electrolyte is due to its higher ranion*. In addition,
the decay of SC will be more accelerated in the higher LiTfO
concentration electrolyte (Figure 3b), due to the preference of
TfO− anion for interactions with polysulfide, leading to
enhanced loss of active materials from the cathode. Conversely,
electrolytes containing the FSI− anion with both 1 and 3 M
concentrations show poor cell performance (Figures 3 and 5).
In fact, the Li−S battery fabricated with 3-FSI electrolyte failed
abruptly at the 34th cycle, which we suggest is due to the fast
formation of an insulating passivation layer on the Li-metal
anode as observed previously.5,22,25 Images from SEM analyses
confirmed thick SEI layer formation on the Li anode surfaces
from the Li−S battery fabricated with 3-FSI. The thickness of
the SEI layer after the 33rd cycle in the 3-FSI battery was
similar to that from the anode of the 3-TFSI battery after its
200th cycle.5 In addition, the Li−S cell fabricated with 3-FSI
shows significantly increased impedance as a function of
extended charging/discharge cycles.5 This observation strongly
suggests that the anion, which has higher mobility and relatively
weaker interaction with other electrolyte components, can
easily participate in the chemical reaction at Li-metal anode
surfaces as part of SEI layer formation. The overall result
showed that both SC and ΔSC of Li−S batteries depend
strongly on the anion mobility (Figure 3) which is directly
linked to its interactions with other electrolyte components.
However, electrolytes containing both TfO− and FSI− anions
register lower long-term SC and larger ΔSC than expected
from their mobilities and Li+-anion interaction strengths.
Therefore, the poor Li−S cycling performance of these two
electrolytes might originate from two different and competing
aspects of anion mobility. For the FSI− anions, their higher
mobility may enhance their interaction with Li metal anode
surfaces and cause accelerated detrimental SEI layer formation.
On the other hand, and despite its lower mobility, the TfO−

anion can exert stronger interactions with lithium polysulfide
thereby accelerating detrimental polysulfide dissolution from
the cathode, especially at higher LiTfO concentrations.
Interestingly, the TDI− anion exhibits better Li−S cell
performance due to its relatively lower mobility and weaker
interaction with lithium polysulfides. Overall, the anion plays a
critical role in SEI layer formation as well as the polysulfide
dissolution process, which are critical factors affecting Li−S cell
performance. A highly mobile anion (due to its weaker
interaction with Li+ cations) can lead to higher concentration
of anions at Li−electrolyte interfaces resulting in enhanced salt
decomposition and subsequent formation of a thick passivating
SEI layer. Conversely, a lower mobility anion (due to its
relatively stronger interaction with Li+ cations) can result in
preferential interaction with lithium polysulfides and enhance
the detrimental polysulfide dissolution process.

■ CONCLUSIONS
We measured diffusion coefficients of each of the components
of Li−S electrolytes composed of different anions (FSI−, TfO−,
TFSI−, and TDI−) and correlated these results with Li−S cell
performance. The various ion−ion and ion−solvent inter-
actions can influence the anion mobility within electrolytes and
thereby influence the final Li−S cell performance. The
correlation between diffusion measurements and the specific
capacity reveals that the anion mobility as well as interaction
strength with Li+ cations are crucial in designing electrolytes for
Li−S cells. The higher mobility of an anion (such as FSI−) due
to weaker interactions with other electrolyte components often

Figure 5. Specific capacity (SC) of Li−S batteries fabricated with the
electrolytes composed of 1 or 3 M Li salt (LiFSI, LiTfO, LiTFSI, or
LiTDI) dissolved in DOL/DME (1:1 by vol.) at the 100th cycle
plotted as a function of ranion*. The red squares report measurements
of SC as a function of ranion* obtained from 1 M Li salt dissolved in
DOL/DME with 0.12 M Li2S8.
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leads to the formation of a thicker passivation layer, whereas
strongly interacting anions (such as TfO−) can accelerate
polysulfide dissolution due to their preferential interaction with
lithium polysulfides. These predictions are validated by the
relatively better cell performance of TDI− based electrolyte,
where the TDI has lower mobility and weak interactions with
lithium polysulfide. Based on this observation, the optimal
electrolyte should contain anions with lower mobilities as well
as weaker interaction strengths toward polysulfide. Never-
theless, we realize that the complex nature of the solvation
phenomenon within electrolyte under realistic cell operating
conditions needs to be further analyzed to build advanced
strategies for electrolyte design.
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