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ABSTRACT: Polymer electrolytes constitute an attractive alternative to
current liquid electrolytes used in Li-ion batteries. Unfortunately, the
lithium-ion conductivities of the state-of-the-art polymer electrolytes are
few orders of magnitude lower than those of liquid electrolytes at room
temperature. In this work, we focus on poly(ethylene oxide) (PEO),
which has shown the highest lithium ion conductivity in polymer
electrolytes so far. At high salt concentrations, the lithium conductivity
of a PEO electrolyte is strongly reduced because of the formation of
ionic aggregates. Using molecular dynamics simulations and rigorously taking into account ionic correlations, we show how
introducing a secondary site with a specific chemical structure in the backbone of PEO can greatly enhance the lithium
conductivity of such concentrated electrolytes. In addition, we demonstrate how results based on the Nernst−Einstein equation
can be highly misleading in the concentrated regime. We identify PEO-based carbonate and sulfonyl variants that, respectively,
allow for significant ion dissociation and high cation transference number.

■ INTRODUCTION

Polymer-based electrolytes represent a potential alternative to
current liquid organic solvent-based Li-ion electrolytes,1,2 with
attractive features3−5 such as improved processability, flexi-
bility, and safety. In addition, they offer greater compliance to
accommodate volume changes in the electrode6 during lithium
intercalation/de-intercalation compared to solid inorganic
electrolytes.7 State-of-the-art lithium-ion conducting polymer
electrolytes, which are mainly based on poly(ethylene oxide)
(PEO),8 show at best ionic conductivities on the order of 10−5

to 10−4 S/cm at room temperature.9,10 Plasticizer additives
enable slightly higher conductivities,11−13 at the expense of the
mechanical properties and loss of compatibility with the
lithium electrode.14 This is still 1 to 2 orders of magnitude less
than the current liquid organic solvent-based electrolytes.1 In
addition, lithium contributes only marginally to the total
conductivity in PEO-based electrolytes, as consistently
demonstrated by measurements of the cation transference
number t+,15,16 that is, the ratio of lithium conductivity to total
conductivity. In fact, recent experiments17 employing the
rigorous framework of concentrated solution theory have
shown that at high salt concentrationa regime in theory
favorable for battery applications due to the increased number
of charge carrierst+ can be negative for PEO-based
electrolytes, which is ascribed to the presence of ionic
aggregates.18−20 Anions do not participate in the electrode
chemistries in lithium-based batteries; the performance of an

electrolyte with low to negative t+ for such an application is
therefore minimal.21

Significant effort has been devoted to enhancing the
transport properties of polymer electrolytes, through materials
design and exploration.22−26 One recurrent strategy consists in
modifying PEO’s chemical structure in a systematic fashion,14

for example, by adding aliphatic linkers to its backbone.10 This
makes it possible to understand direct structure−property
relationships, which allow for the rational design of electro-
lytes. In this work, we chemically modify PEO with the
inclusion of two different secondary sites in the repeating unit
of PEO-derived polymers, transforming PEO into an
alternating copolymer, which can change fundamental
interactions among solvent, anions, and cations governing
ion conductivity and lithium transference number. Using
classical molecular dynamics simulations, we compute a range
of relevant transport properties, including diffusion coefficients,
ionic conductivity, and cation transference number. We focus
on the high salt concentration regime, where ion interactions
cannot be neglected. In this respect, making use of a recently
developed method based on cluster analysis,20 we are able to
accurately capture the effects of ionic association and
clustering, which are signature features of high salt
concentrations. This novel approach allows us to gain detailed
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insights into the physics of ion transport at play in these
electrolytes. From these numerical simulations, we identify two
promising PEO variants, with carbonate and sulfonyl
secondary sites; the former significantly increasing ion
dissociation, and the latter allowing for a high cation
transference number. Finally, our work confirms and illustrates
how misleading it can be to make the assumption of an ideal
solution in the concentrated regime.

■ METHODS
We considered two different secondary sites: a carbonate group
(CAR) and a sulfonyl group (SUL), with one EO in each repeating
unit of the new polymers. Besides their synthesizability, these
chemical species were chosen based on their distinctive electrostatic
features, as illustrated in Table 1. These intrinsic characteristics

directly influence their interaction with cations and anions and
ultimately the electrolyte’s transport properties, although in a
nontrivial and perhaps somewhat concealed way; these changes
have repercussions on the ion’s solvation geometry and symmetries,
and on the dynamics of the polymer chains themselves, for instance.
Polymers are constructed by alternating one ethylene oxide (EO)

monomer and one secondary site, as illustrated in Figure 1. The
degree of polymerization was chosen to minimize deviations to the
molecular weight of PEO50 (2205 kDa), which we consider here as
our reference. The values are reported in the left column of Figure 1.
The electrolyte systems we modeled consist of 20 polymer chains and
50 lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) molecules,
which leads to a salt concentration of r = 0.05 Li+/EO for the PEO
electrolyte. Because all polymers have roughly the same molecular
weight, the systems prepared have about the same molality. Random
amorphous starting configurations were constructed using a Monte-
Carlo scheme. For each polymer type, we considered 3−5
independent configurations, in order to randomize trajectories. All
molecular dynamics simulations were run using the large atomic
molecular massively parallel simulator (LAMMPS),29 and all
structural models were prepared using the MedeA simulation
environment.30

The various interactions at play were described using the polymer
consistent force-field (PCFF+).31,32 This model covers a wide range
of chemistries and has been already applied to the description of
PEO/LiTFSI electrolytes.20,33 In such a model, electrostatics were
accounted for using a static point-charge model. This leads to an
overestimation of the interaction between ions, which we partially

compensate for by downscaling ions’ partial charges to |z±| = 0.7, a
typical procedure for classical molecular dynamics simulations.34−37

However, and as we will see later on, we stress that the strength of
ionic interactions remains exaggerated, with an underestimation of the
ionic conductivity of PEO50: the results obtained are representative of
higher salt concentrations. Nevertheless, this fact is of little
importance to this study, as we are principally interested in relative
differences among properties of the different polymers investigated
here. We note that a more accurate description of electrostatic
interactions in electrolytes can be achieved using polarizable
interatomic potentials34,38−41however, including these effects
leads to a substantial increase in the computational cost, which
translates into larger uncertainty in the properties we determine. More
importantly, currently published polarizable force fields lack the
chemical generality of a potential like PCFF+, which is essential to
this study. Long-range Coulombic interactions have been taken into
account through a particle−particle particle mesh solver with a real-
space cutoff of 12 Å. Lennard-Jones interactions were truncated at a
distance of 12 Å, with long-range tail corrections42 applied to the total
energy and pressure.

The relaxation process of all initial configurations consists in a
sequence of energy minimizations and dynamics in the canonical
(nVT) and isothermal−isobaric (nPT) statistical ensembles, for a total
duration of 5 ns, at a target temperature of 363 K and pressure of 1
atm. This is the same exact relaxation sequence as the one reported by
Molinari et al., for PEO/LiTFSI systems.33 The time step was set to
0.5 fs; this value was selected as the largest one ensuring a satisfying
conservation of the total energy in the microcanonical ensemble, at
relevant temperatures. We have used a Nose−́Hoover thermostat and
barostat, with equations of motion from Shinoda et al.,43 using
damping parameters set to 50.0 and 500.0 fs. The final volume was
determined by an average over the last 500 ps of the last nPT step.
The standard deviation of the volume calculated over different initial
configurations was less than 0.1%. Finally, we sampled atomic
displacements during 80 ns long runs in the nVT ensemble. The total
sampled time, considering all independent configurations, therefore
ranged between 240 and 400 ns for each polymer type. From the
atomic displacements, we then computed a range of properties,
including ion diffusion coefficients, NE and cNE conductivities, and
their associated cation transference numbers. In the NE approx-
imation, ions are considered as noninteracting species, which leads to
deviations with respect to the exact conductivity44−47 when ionic

Table 1. Structure, Li+ Binding Energy, Electrostatic
Potential (ESP) Map, and ESP Minimum of the Three
Chemical Fragments Used to Construct Polymers in This
Worka

aOptimized structures, binding energies, and ESPs determined at the
DFT-B3LYP level of theory,27 using Dunning’s aug-cc-pVTZ basis
set.28 Details of the calculations can be found in the Supporting
Information. In the structural models, cyan, gray, red, and yellow
colors, respectively, correspond to hydrogen, carbon, oxygen, and
sulfur atoms. The fragments are terminated using methyl groups; we
assume that such a choice does not influence significantly the
fragment’s properties.

Figure 1. Transport properties of the three polymer electrolytes
investigated. Left column: chemical structures. (A) Time-evolution of
the mean squared displacement for Li+ (top) and TFSI− (bottom)
ions. (B) Conductivity results in the Nernst−Einstein (NE) and
cluster NE (cNE) approximations. (C) Haven ratio. (D) Cation
transference number as defined in both approximations. (E) Ionic
diffusion coefficients.
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correlation is strong, for instance, at high salt concentrations or with
low dielectric constant solvents. To better estimate ionic conductivity,
we used a recently developed method, which accounts for the
clustering of ions.20 In this approximation (named cluster Nernst−
Einstein, or cNE), clusters of ions are considered as independent
species, and much more accurate estimates to the conductivity are
obtained for concentrated electrolytes. More details on the specifics of
our calculations are included in the Supporting Information.

■ RESULTS AND DISCUSSION

The main properties related to ion transport in an electrolyte
are reported in Figure 1. First, one can see from the mean
squared displacements (Figure 1A) and the diffusion
coefficients (Figure 1E) that the fastest diffusion of both
cations and anions occurs in the reference PEO electrolyte. In
addition, the ideal and cNE conductivities (Figure 1B) are the
highest in PEO. This illustrates the difficulty in finding a better
polymer electrolyte than the current standard: PEO has indeed
been known as a high ionic conductivity host polymer for more
than 40 years.8

Anions are known to diffuse faster than cations in PEO15

because of the fact that the latter interact strongly with
polymer chains, effectively slowing them down. The anion, on
the other hand, is loosely coordinated by the polymer, allowing
for a higher mobility. Here, we obtain a TFSI− diffusion
coefficient (D− = 3.1 × 10−7 cm2/s) only marginally larger than
the Li+ diffusion coefficient (D+ = 2.4 × 10−7 cm2/s), which is
due to our model’s overestimation of ionic interactions. As we
will see later, many ionic pairs and higher order aggregates
form in our simulations of PEO, which tends to bring the
cation and anion diffusion coefficients together. For compar-
ison, Hayamizu et al.48 report diffusion coefficients measured
using pulsed-field gradient spin-echo NMR under the same
conditions of D− = 4.3 × 10−7 cm2/s, and D+ = 1.1 × 10−7

cm2/s. As in PEO, ions effectively diffuse roughly at the same
rate in the CAR polymer electrolyte. For the SUL case, cations
diffuse clearly faster than anions, which leads to a NE t+ (i.e.,
the ratio between D+ and D+ + D−, Figure 1D) larger than 0.7.
Finally, the CAR and SUL polymers, respectively, show an
ideal (NE) conductivity ∼6 and ∼20 times less than PEO
because of overall slow diffusion of the ion.
Quite a different picture emerges when accounting for

interactions between ions. We have computed the Haven ratio
(reported in Figure 1C), a measure of the importance of ionic
correlation, defined here as HR = σNE/σcNE. In the cNE
framework, it therefore corresponds to the reduction in
conductivity when considering ionic clustering. As one can

see, ionic correlations are significant in the PEO and SUL
electrolytes (HR > 5.0). Clustering therefore leads to a fivefold
reduction of conductivity for PEO and SUL. On the other
hand, ionic correlations seem to be much weaker in the CAR
electrolyte. PEO’s conductivity still is the highest in the cNE
approximation (σcNE

PEO = 0.283 mS/cm) but is now almost
matched by the CAR polymer (σcNE

CAR = 0.186 mS/cm). The
cNE cation transference numbers also provide some interesting
information. Negative transference numbers have been
recently measured in PEO at high salt concentrations,17,49

indicating a strong contribution of negatively charged clusters
involving cations (i.e., the [Li(TFSI)2]

− triplet)20,33 and in
other systems including fluorinated electrolytes,50 and salt/
ionic liquid mixtures.51 In the latter case, Molinari et al.52

showed that neglecting ionic correlations leads to incorrect
conclusions because the correct physics cannot be captured.
They have also reported53 negative transference numbers for a
wide range of ionic liquid and salt combinations. Rosenwinkel
and Schönhoff recently reported54 positive cation transference
numbers measured using electrophoretic NMR for a range of
salt concentrations in PEO/LiTFSI. More experimental
characterization is therefore needed to determine the exact
degree and impact of interionic correlations in PEO electro-
lytes. Here, for PEO, we obtain a roughly zero t+. For CAR and
SUL, t+ values greater than 0.4 are reached. From the
divergence between the NE and cNE results, we can now
clearly see how important it is to consider ionic interactions.
The NE framework simply does not allow the capture of
correct physics at high enough salt concentrations.
A detailed analysis of the cluster populations, reported in

Figure 2 for all three polymer electrolytes, provides valuable
insight concerning the mechanisms of conductivity reduction
because of ionic aggregation. For PEO, our observations are
consistent with previous work:20,33 ion pairs dominate, there is
a non-negligible concentration of negatively charged triplets,
and the overall distribution is asymmetrical, leaning toward
more anions in the clusters. This has already been well studied
recently; this asymmetry finds its origin in the strong
interaction between PEO and Li+, effectively leaving less
cations available to bind with loosely coordinated anions.
Clustering in the CAR variant is rather different: a much larger
number of free cations and anions exist, and virtually no higher
order clusters are observed. Overall, more than 60% of the ions
are free, most of the rest forming ion pairs. The SUL case is
closer to what is observed in PEO, but the distribution is
slightly more symmetrical, which could indicate that TFSI−

ions interact more strongly with the SULs than with EO.

Figure 2. Ion clustering statistics in the three investigated polymer electrolytes. Notice the logarithmic scale. In PEO, a large asymmetrical
distribution is observed. Addition of CARs allows enhancement of salt dissociation: the distribution mainly consists in free ions and ionic pairs.
Effect from SULs is less noticeable: the distribution is slightly more symmetric, and fewer large clusters exist.
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In order to complete the above analysis, we have probed
ions’ local environments in the PEO, SUL, and CAR
electrolytes. These results are reported in Figure 3. We are
also reporting a relaxation time τ,55 corresponding to how long,
on average, an ion remains coordinated by a given species.
More details concerning the calculation of coordination
environments can be found in the Supporting Information.
According to the clustering analysis, we suspect a strong
interaction between cations and CARs from the CAR variant;
we have therefore computed the average number of oxygen
(i.e., negatively charged) atoms from the polymer chains
coordinating Li ions. From our coordination environment
analysis, it is clear that the CAR is responsible for a tighter
coordination of Li ions: on average, there are more O polymer
atoms in the solvation shell of Li in CAR than in PEO. In
addition, the lifetime of an Li+−O interaction is almost three
times longer in the presence of CARs. While a stronger
interaction between the polymer and the cation is beneficial in
reducing ionic associationand therefore in increasing
conductivityit also contributes to increasing cation-mediated
cross-linking, which in turn slows down ion dynamics. This is
also observed in CAR and leads to a reduction in conductivity.
In amorphous polymer electrolytes, where the segmental
motion of the chains drives ion diffusion, there is therefore a
clear and subtle trade-off between ion association and ion
mobility, which can be tuned through the binding strength
between the polymer and the ions.
For the SUL polymer variant, we have studied the anion’s

coordination environment contribution from the polymer’s
positively charged atoms (C and S), compared to PEO. Both
environments are similar in terms of number of coordinating
atoms. However, the SUL solvation shell is significantly more
static: on average, it takes an order of magnitude longer for a
pair to dissociate in the SUL variant, compared to PEO. To
understand this result, we have computed the interaction
energy between fragments using hybrid DFT (B3LYP-aug-cc-
pVTZ). The sulfone−TFSI− interaction (−0.71 eV) is twice as
strong as the EO−TFSI− (−0.35 eV) one. Interaction energies
calculated using the PCFF+ potential match these values very
well (−0.71 and −0.32 eV). This strong affinity between the
anion and the polymer consequently leads to the high t+

observed. However, it also leads to anion-mediated cross-
linking of the SUL chains, which strongly hinders dynamics.

■ CONCLUSIONS
In summary, we have shown in this study how the transport
properties of a polymer electrolyte can be tuned using
secondary sites. The chemistry of the secondary site is directly
related to the nature and to the strength of its interactions with
cations and anions, which eventually dictate ion diffusion
coefficients, transference numbers, and the conductivity of the
electrolyte. We have demonstrated how the addition of
carbonate groups to the PEO backbone can significantly
reduce ion pairing due to the enhanced interaction with Li
cations, and how a sulfonyl secondary site will lead to a very
high cation transference number, as a result of its strong
affinity with TFSI−. At the same time, our results emphasize
the trade-off between ionic association and mobility and the
difficulty of optimizing a polymer structure in order to
maximize its conductivity and t+. Finally, we have shown
how important it is to go beyond the NE approximation for
realistic salt concentrations, when ion−ion interactions cannot
be neglected.
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