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Abstract

Large-scale all-atom molecular dynamics simulations are employed to investi-
gate the structure and dynamics of solid polymer electrolytes (SPEs) models
composed of polyvinylidene fluoride (PVDF) as the polymer matrix, lithium
bis(fluorosulfonyl)imide salt (LiFSI), and six different types of solvents in vary-
ing proportions. The influence of solvents on the physicochemical parameters
of SPEs relevant to the Li-ion battery sector is analyzed. We demonstrate that
solvents containing oxygen atoms exhibit varying abilities to dissociate LiFSI
ions, form confined channels in the SPEs, and reduce PVDF crystallinity. More-
over, certain solvents with a strong affinity for cations promote the assembly
of Li+ transport into nano-domains separate from the PVDF chains, resulting
in a significant reduction in the Li+ transference number (tLi+) when present
in high concentrations. Conversely, ionic conductivity is enhanced while main-
taining a good tLi+ for solvents with high mobility that form small clusters of
Li+-solvent complexes. Our nanoscale investigations provide insights into ap-
proaches for improving ionic conductivity and controlling ion arrangement in
SPEs, which are crucial for optimal battery performance, achieved by selecting
a suitable solvent with a regulated quantity.
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1. Introduction

Solid polymer electrolytes (SPEs) hold great promise as a viable solution for
the cutting-edge All-Solid-State Li-Batteries (AllSSLiB), offering a sustainable
energy production alternative and reducing long-term reliance on fossil fuels
[1]. The SPEs demonstrate high thermal stability, mechanical strength, device
simplicity, and energy density [2][3]. However, the overall performance of these
electrolytes is limited by their crystallinity and low ionic conductivity under
typical operating conditions, limiting their massive commercial implementation
[4][5]. Thus, there is a high demand for developing new concepts and materials
to enhance the conductivity of the SPEs, at room temperature.
Despite the broad range of potential ways to improve the performance of ex-
isting SPEs, it has been noted that ion transport occurs mainly in the amor-
phous region of the electrolyte, which is characterized by a high polarity and
can promote a higher salt dissociation [3][5]. Experimental studies demon-
strate that adding molecular solvents [6][7][8][9][10][11] with a high dielectric
constant or ionic liquids as a plasticizer promotes higher ionic conductivities
[12][13][14][15][16][17][18][19][20]. Nevertheless, the solvents increase the overall
amorphous fraction, reduce the polymer crystallinity, and yield a loss of me-
chanical strength of the SPEs [17]. Besides, they increase the overall polarity
and affect the polymer chains/salts interaction [21][22].

In this paper, our focus is on investigating the impact of various solvents
present in small quantities in PVDF/LiFSI solid polymer electrolytes (SPEs).
These solvents can either be residues from the SPEs preparation process or in-
tentionally added during battery assembly. When used as a binder in electrode
formulation and separator design, PVDF/LiFSI SPEs offer numerous advan-
tages for the lithium battery industry. When a small amount of solvent is added
to the polymer matrix, the resulting SPEs typically form thin and flexible films.
Unlike gel polymer electrolytes, which involve a solid polymer matrix swollen
with a liquid electrolyte, SPEs maintain their solid-state nature. PVDF exhibits
favorable electrochemical and mechanical stability, making it a commonly used
polymer in commercial lithium-ion batteries. Unlike polyethylene oxide (PEO),
PVDF has limited intermolecular interactions with lithium ions (Li+) [23][24],
thereby minimizing the degradation of composite structures during repeated
charge and discharge cycles. Thus, PVDF exhibits limited reactivity towards
Li+ diffusion. Previous studies on solvent-containing PEO polymer electrolytes
have shown that higher solvent content typically leads to cation solvation, re-
sulting in increased cation mobility, higher ionic conductivity, and altered poly-
mer structure [25][26]. Solvents have a plasticizing effect on commonly used
polymers like PEO, resulting in lower Tg values for amorphous polymer frac-
tions, reduced crystallinity, and enhanced side-chain mobility [27][28][29][30].
Notably, the amount of adsorbed solvent significantly impacts solid polymer
electrolytes [31]. DMF, NMP, and DMSO are frequently employed solvents for
preparing PVDF/LiFSI electrolytes [32]. Zhou et al. investigated the effects
of these solvents on ionic conductivity in PDVF-LiTFSI electrolytes [27]. They
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found that DMF enhances conductivity by facilitating Li+ motion, but its re-
moval from polymer electrolytes is challenging due to its high boiling point [33].
Łatoszyńska et al. studied the impact of DMF and NMP on ionic conductivity
in PVDF/LiFSI SPEs [34]. They observed that DMF has a greater influence
compared to NMP. FEC, DME, and ES are used as additives to enhance the
electrode/electrolyte interface in batteries [35][36][37].

Notwithstanding the substantial impact of solvents on cutting-edge battery
performance, their presence in the SPEs is often underreported. While exten-
sive research has focused on the interaction between solvents and lithium metal
[38][39][40][41], there is a lack of information regarding the effects of solvents
in SPEs, notably for PVDF/LiFSI SPEs, and their implications for battery
performance. Consequently, there is a pressing need to employ nanoscale reso-
lution techniques, such as molecular dynamics (MD), to heighten our compre-
hension of these systems [42][43][44][45][46][47]. Investigating the influence of
solvents at the atomistic level in PVDF/LiFSI SPEs enables rational selection
of solvent type and quantity for SPEs preparation, facilitating dendrite sup-
pression near the anode and enhanced ionic conductivity. This study aims
to elucidate the impact of solvents on the diffusion behavior of LiFSI ions
within PVDF/LiFSI SPEs. We consider six solvents: Ethylene Sulfite (ES),
Dimethyl Ether (DME), Fluoroethylene Carbonate (FEC), Dimethylformamide
(DMF), N-Methyl-2-pyrrolidone (NMP), and Dimethylsulfoxide (DMSO), vary-
ing their concentrations. Specifically, we investigate the solvent’s effect on
PVDF chain conformation and dynamics, as well as the Li+-FSI− and Li+-
solvent interactions, Li+ coordination number, and the formation of ion-ion and
Li+-solvent clusters. Our systematic analysis compares these findings with those
obtained for pure PVDF and solvent-free PVDF+LiFSI systems, elucidating
the structure-dynamics relationships governing solvent effects in PVDF/LiFSI
SPEs.

2. Material and methods

The SPEs model consisted of a mixture of 12 PVDF chains containing 150
carbons per chain, 20% polymer molecular weight lithium bis(fluorosulfonyl)imide
(LiFSI) salt, i.e., 30 carbons/LiFSI giving 60 LiFSIs, and different types and
amounts of solvents. The solvent content relative to the LiFSI ions content is
quantified using molar fractions, denoted as n(solvent)/n(LiFSI), with values
of 0 (no solvent), 0.3 (18 solvent molecules), 0.6 (36 solvent molecules), 1 (60
solvent molecules), 2 (120 solvent molecules), and 3 (180 solvent molecules). Fig-
ures 1a and 1b illustrate the compositions of the simulated systems for the case of
n(solvent)/n(Li+) = 3. The OPLS-AA force field was used for the PVDF chains
and solvent molecules interaction potential models [48][49], while the CL&P
force field was used for the ions [50]. Both force field models use Lennard-Jones
and Coulombic potentials to capture non-bonded interactions. The geometric
mixing rule is applied to combine the interaction parameters between differ-
ent atom pairs, ensuring an accurate representation of the system’s interactions
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[51]. Molecular dynamics (MD) simulations were performed using the LAMMPS
software package [51], applying three-dimensional periodic boundary conditions
and a cutoff distance of 12Å for Lennard-Jones and Coulomb interactions. A
time-step of δt = 1 fs was used for all simulated cases [51].

(a)

(b)

Figure 1: Captions of simulated SPEs systems, pure PVDF chains, 12PVDF+20%LiFSI, and
12PVDF+20%LiFSI+solvent (n(solvent)/n(Li+)=3). (a), the periodic boundary conditions
(PBC) are unwrapped to visualize the conformation of the PVDF chains. (b), The PBC are
wrapped to visualize the ionic liquid distribution.

The initial configuration, generated using the Moltemplate package [52], con-
sists of parallel-packed polymer chains, separated by 10 Å, and randomly dis-
persed solvents and salts molecules, within the PVDF chains, into an oversized
orthorhombic box. The chains consist of 100% β-phase PVDF, indicating that
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Table 1: Equilibrated box lengths of the simulated SPEs systems for different
solvent types and amounts (n denotes n(solvent)/n(LiFSI)).

Simulation box
lengths (Å)

solvent DMF FEC NMP DME ES DMSO
n Lx; Ly=Lz Lx; Ly=Lz Lx; Ly=Lz Lx; Ly=Lz Lx; Ly=Lz Lx; Ly=Lz
0.3 93.3; 29.9 93.5; 29.9 93.9; 30.0 91.3; 29.2 91.8; 29.4 91.1; 29.2
0.6 93.7; 29.9 93.6; 29.9 93.9; 30.0 93.5; 29.9 93.5; 29.9 92.2; 29.5
1 94.8; 30.4 95.5; 30.6 95.9; 30.7 94.0; 30.0 95.5; 30.6 92.9; 29.8
2 97.1; 31.1 96.8; 31.0 97.9; 31.4 94.6; 30.3 96.0; 30.7 95.0; 30.4
3 100.0; 32.0 100.3; 32.1 102.1; 32.7 98.0; 31.4 101.1; 32.4 97.7; 31.3

they are initially in the form of straight linear structures. Before running the
MD simulation production stage, the initial structures are sufficiently equilibred
in order to adjust the simulation box volume. In the equilibration process, the
energy of each simulated system was minimized to correct the bond lengths,
ensure the optimal particle distribution, and thus avoid divergence in the ther-
modynamics equilibrium. The energy minimization algorithm consists of ad-
justing particle coordinates iteratively [51]. A finite unitless stopping tolerance
for energy (Estop=10−7) that represents the energy variation between consec-
utive iterations divided by the energy magnitude, and a stopping tolerance for
force (Fstop=10−8 kcal Å−1) are chosen. The equilibrium corresponds to the
minimum energy acquired at t∼ 0.1 ns for all simulated cases. After that, the
system is agitated using the Langevin thermostat at T=900 K for another t=1
ns, followed by the same process using the Nosé–Hoover thermostat [51]. Then,
to reach the desired ambient condition of temperature and pressure (T=300 K,
P=1 bar), the simulated systems were equilibrated in the NPT-statistical en-
semble using the Berendsen barostat [51]. Firstly, from T=900K to T=303 K
at constant pressure P=500 bar, to force the systems to reach the convenable
temperature for t=1 ns. Secondly, the pressure is decreased from P=500 bar to
P=1 bar at constant temperature T=303 K, to attain the convenable volume for
t=1 ns. In the last performed NPT equilibration stage, the systems were equi-
librated at room temperature and ambient pressure (T=303 K, P=1 bar) for
t=10 ns, forcing them to achieve the experimental densities. Finally, we run the
simulations for a long time up to t=190 ns to produce the static and dynamic
properties in the NVT-statistical ensemble using the Nosé–Hoover thermostat
at T=303 K and fixed volume. We calculated the evolution of the main static
and dynamics properties in these systems, i.e., the self-diffusion coefficients of
each component from the mean-square-displacements, the ionic conductivity,
and Li+ transference number, the ions distribution, the mean distances between
the ions and the solvent and between the Li+ and FSI−, the Li+ coordination
number, and the size of formed clusters. Additional computational details and
complementary results are provided in the Supporting Information. The PVDF
chains are simulated separately (without introducing the LiFSI and solvent) to
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test the efficiency of the NPT equilibration process (see Figure S1). From the
analyses of the NPT simulation, the simulation box volume variation remains
practically steady after three ns of the final equilibration stage. The volume at
the last seven ns is 5,53 10−26 ± 0.1 Å3, which gives a mass density of 1.73 ±
0.3 g/cm−3. The obtained value covers the PVDF experimental density value
1.7 g/cm−3 [53]. The equilibrated boxes size of the simulated SPEs systems
are summarized in Table 1. We note that during the volume equilibration, the
only condition imposed is that the direction perpendicular to the chain’s length
varies equally. As a result, the optimized volume is found to be orthorhombic.
However, to investigate the initial polymer setup on the structure of the chains,
we conducted another simulation by starting with randomly oriented chains into
an oversized cubic box and imposing equal variation in all box directions. In
this case, the equilibrated volume is cubic. Interestingly, a comparison of the
polymer structures from the radial distribution function curves depicted in Fig-
ure S1 in the two volumes’ shapes showed no significant differences. Besides,
it is noted that the simulation box shape, whether orthorhombic or cubic, does
not affect the SPEs properties significantly because periodic boundary condi-
tions are applied, ensuring the proper interaction between particles across the
boundaries, and because after conducting a long-duration MD simulation lasting
up to 200 ns, the distribution of particles within the solid polymer electrolyte
undergoes rearrangement of positions and velocities each time step (1 fs), which
is only contingent upon the type of the used solvent.

3. Results

Figure 2a presents the calculated values of ionic conductivity at room tem-
perature and ambient pressure (T=300 K, P=1 bar) for solid polymer elec-
trolytes (SPEs) containing varying amounts of confined solvents, systematically
compared to solvent-free PVDF+20% molecular weight LiFSI. According to
Figure 2a, the ionic conductivity increases by increasing the NMP, FEC, and
DMF solvent amounts and decreases by increasing the ES and DMSO amounts.
For DME, a significant increase is observed until n(solvent)/n(Li+)=1. Then,
the ionic conductivity drastically decreases with increasing the solvent amount.
The variation in the ionic conductivity is mainly due to a decrease in the Li+
diffusion related to the solvation effect and the size of formed clusters. These
properties are discussed in detail in section 3.3. Thus, DMF, FEC, NMP, and
DME can be considered excellent for ionic conductivity improvement. Figure
2b depicts the Li+ transference number versus solvent type and amount. Ac-
cordingly, the transference number decreases rapidly with ES, DME and DMSO
solvent presence and moderatly with NMP, DMF, and FEC. The reason for the
rapid decay, especially for ES and DME solvents, is that the movement of Li+
ions is sensitive to small amounts of solvent. As the amount of solvent increases,
the coordination shell around the Li+ ion is significantly increased for ES and
DME solvents and moderately for the other solvents. The significant increase
in the number of solvent around the Li+ ions results in a significant decrease in
the Li+ dynamics and then in the Li+ transference number. The dependence of
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the Li+ diffusion on the coordination environnement will be discussed in detail
in sections 3.2 and 3.3.

Figures S2 and S3 depict examples of the log-log plot of the MSD as a func-
tion of time, showing the normal diffusion regime for Li+ and FSI−, calculated
from our MD simulations. In Figure S4a, we present the normal diffusion-
coefficient (DLi+) for the Li+ cations as a function of the solvent amounts for
all considered solvents. We recall that the ionic conductivity depends on the
number density of ions, the temperature, and the diffusion of the ions impacted
by the time duration at which ions are caged by the surrounding particles (See
Figures S4a and S4b). Here, we fixed the temperature and the number of ions.
However, some slight volume variations are observed during the equilibration
phases, due to the nature of the solvent. Therefore, the variation of σ results
from the variation diffusion of ions (cf. Figure S4a and Figure 2a).
To elucidate the underlying significance of the solvent in the PVDF/LiFSI SPEs,
we rigorously analyze the structural properties to ascertain the intricate inter-
play between the structural characteristics and dynamic behavior of the (Li+,
FSI−) ions.
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Figure 2: (a) Ionic conductivity values (σ) as a function of solvents/ions molar fraction. (b)
Li+ transference number (tLi+ ) as a function of solvents/ions molar fraction.

3.1. Effect of solvent on the PVDF chains conformation
The addition of solvents has been shown to enhance the lithium salt ions’ mo-

bility by decreasing their affinity to polymers that have an attractive interaction
with the ions [54][55][56][57]. In the case of PVDF/LiFSI SPEs, the electrostatic
attraction of Li+ by the Fluor from PVDF is weak (Figure S5) compared to that
from the Oxygens atoms from solvents and FSI− (Figure 5a). Thus, the solvents
increase the ionic conductivity by dissociating the ions and thus increasing their
diffusion, playing the role of transporter, as detailed in the following sections.
FEC interact with the PVDF chains more than the other considered solvent, as
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Figure 3: (a) Radial distribution functions g(r) of O(solvents)–H(PVDF) for
n(solvent)/n(Li+)=3, (b) % of solvents in contact with PVDF chains within a distance of
4 Å, (c) the mean value of the radius of gyration over the 12 PVDF chains, Rg .

depicted in Figures 3a and 3b. Then, FEC create ripples in the contact surface
with the polymer chains making them more amorphous, and thus the chain
dynamics increased, as depicted in Figure S6a. For pure PVDF, the polymer
chains extend into a predominantly linear conformation (cf. Figure 1a). When
ions and solvents are added, the repulsion between monomers decreases, and
the PVDF chains tend to adopt a globular conformation. This tendency can be
seen qualitatively in Figure 1 and quantitatively in Figure 3a. Our MD simula-
tion results suggest that the PVDF chains have a lower affinity for ES, DME,
DMF, NMP, and DMSO than FEC (Figure 3b). We note that the obtained
radius of gyration is compared to the Flory Scaling-Law: Rg = aNµ, with a
a scaling factor (a ≈ 2), N the polymerization degree (N=75), and µ a critical
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exponent, µ ≈ 1/2 for the conformation of the globular chain and µ ≈ 3/5 for
the conformation of the extended chain.

3.2. Effect of solvent on the Li+ ions clustering
Figure 4a shows the percentage of dissociated ions. Here, we mean the ions

found to have a separation distance of more than 4 Å for all ions combinations,
Li+-Li+, FSI−-FSI−, and Li+-FSI−. Figure 4b shows the mean values of the
Li+-FSI− aggregates with a separation distance of 4 Å or less defined as Li+-
FSI− clusters. The size of Li+-FSI− clusters is calculated by the number of
Li+ and Nitrogen atom, as it is the center of FSI−, connected between them.
Statistical details of the Li+-Li+ and FSI−-FSI− clusters are presented and
commented on in Figure S7.
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Figure 4: (a) the % of dissociated ions,(b) and (c) depict the mean sizes of formed clusters
of Li+-FSI− and Li+-solvent, respectively, as a function of solvent types and amounts.

We note that the size of Li+-FSI− cluster formed in the PVDF/LiFSI SPEs
decreases with increasing the solvent amount for all considered solvents. How-
ever, different solvents appear to cause diverse arrangements of the Li+-FSI−
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ions and PVDF microstructures. As discussed in the previous section, the PVDF
chains are solvated by the FEC, DMF, and NMP. Besides, the ions are dispersed
in the volume. The higher affinity of FEC, DMSO, and NMP to the PVDF than
the cations decreases the Li+ solvation (Figure 4a). Thus, the Li+-FSI− clusters
formed in the PVDF/LiFSI SPEs with the presence of these solvents are bigger
(Figure 4b). ES and DME show a low affinity to the polymer chains. They
are gathered in separated phases from the PVDF chains and efficiently solvate
the ions. Thus, the ions clusters size is decreased. The DMF can solvate both
ions and PVDF. Thus, only small Li+-FSI− clusters are formed when DMF is
introduced with a high amount.

Figure 4c depicts the Li+-solvent formed clusters analyses. For reference, the
average value of the cluster size is performed only over clusters containing ten
components or larger. ES and DME are found to form large clusters along with
the cations, consequently limiting their diffusion and lowering the transference
number drastically (Figure 2b). The other solvents, DMF, FEC, NMP, and
DMSO, does not form large clusters along with the Li+. These findings explain
why DMF, FEC, and NMP increase ionic conductivity but not why DMSO
does not. Investigations about the diffusion of the solvent (see Figure S6b)
show that the DMSO diffuses slowly in PVDF/LiFSI SPEs. So, DMSO makes
the SPEs more viscous. Thus, decreasing the Li+ diffusion. The marginal
decrease in the dynamics of DMSO and ES as the solvent content increases in the
PVDF/LiFSI solid polymer electrolyte (SPE) can be attributed, in part, to their
interaction with the constituents of the SPE, which can affect the dynamics of all
components of the SPE. The ES strongly interacts with the cations (see Figure
5a) and forms large aggregates (see Figure 4c). In addition to its relatively high
viscosity, i.e., slow dynamic, the DMSO strongly interact with the PVDF chains
(see Figure 3a).

3.3. Effect of solvents on the structure around the Li+

In Figure 5a and 5b, we report the partial Radial-Distribution-Function
g(r) versus the separation distance for the pair-wise Li+-O(FSI−) and Li+-
O(solvents), respectively, for the highest solvents amounts considered in this
work, n(solvent)/n(Li+)=3. We remark that the Li+ and Oxygens from solvents
and FSI− show a local order for a separation distance of 1.9 Å< r < 2.4 Å.
This local order is due to a strong correlation between Li+ and the negatively
charged Oxygens atoms. Moreover, we note a remarkable shift of the RDF first
peak toward the right for ES and DME (Figure 5a). This shift is due to a net
dominance of the interaction solvent/Li+, as depicted in Figure 5b.

Figure 5c depicts the Li+-FSI− and Li+-solvent separation distance for var-
ious solvents derived from the Li+-O interactions. We mention that small dis-
tances are equivalent to a high attractive attraction. The r(Li+-FSI−) distance
rises with increasing solvent quantity for all examined solvents. Moreover, ex-
cept for FEC, r(Li+-FSI−) > r(Li+-solvent). Furthermore, in the absence of a
solvent, the Li+ ions are trapped by the FSI− oxygens (Figure 6). When solvent
is added, the FSI− oxygens compete with the solvent oxygens to attract the Li+
cations (Figure 5c). We assert that the ability of the solvent to dissociate LiFSI
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Figure 5: Radial distribution functions, g(r), for n(solvent)/n(Li+)=3, (a) g(r) of Li+-
O(solvents), (b) g(r) Li+-O(FSI−). (c) the most probable distances Li+-FSI− and Li+-
Solvent, correspond to the computed radial distribution function maximum.

ions can be summarized as follows: ES > DME ≥ DMF > NMP > DMSO ≥
FEC.

The optimal enhancement of ionic conductivity depends on but is not limited
to the solvation effect for all considered solvents. By solvating ions, solvents can
increase ionic bonding. Moreover, as shown in Figures 2 and 3c and in agreement
with experimental results [27][58], they can cause PVDF to be more amorphous.
Thus, the ions are freer to move if the solvents do not confine them.

Figure S8 provides the relative statistics of Li+ coordination by FSI− and
solvents in the SPEs studied system. Although the cations are predominantly
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(d) (e) (f)

Figure 6: The mean values of the total coordination of Li+ by negatively charged atoms from
FSI− and solvent molecules for different solvent types and amounts, as calculated from the
statistical distributions depicted in Figure S8.

coordinated by the Oxygens atoms from solvents and anions, we consider all neg-
atively charged particles from either the FSI− anions or the solvent molecules
or both for calculating the total coordination surrounding each cation within a
sphere of radius 3.5 Å. This distance is sufficient to consider the Nitrogen and
Fluor coordination from the FSI− and other negatively charged particles than
Oxygens from solvents, and also the fluctuations resulting from the thermal agi-
tation. Figure 6 presents the mean coordination values and their relationship to
the solvent type and content. We note the Li+ coordination number from sol-
vents increases as the solvent quantity increases, but the Li+ coordination from
FSI− decreases. These statements are connected to solvents’ capacity to dissoci-
ate ions (Figure. 5c). The solvents play a substantial role in the coordination of
Li+ notably when they exist with a significant amount (n(solvent)/n(Li+)>1).
In particular, for ES and DME, the Li+ coordination from the solvents is greater
than the FSI− anions. The Li+ total coordination number is slightly modified
around 6 for different solvent types and amounts, except we note that the total
coordination number from the DME is increased proportionally to the DME
amount within a range of 6-9. This high coordination number can be related
to the fact that DME has a great affinity to the Li+ and also to the fact that
DME is a small molecule. Hence, it can be concluded that DME molecules have
a higher propensity to coordinate with Li+ ions, surpassing other solvents in
terms of their Li+ coordination capacity.
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 (a)

 (b)  (c)

Figure 7: Radar plots comparing pertinent calculated properties related to the solvent type
and amount. (a) n(solvent)/n(Li+)=0.3, (b) n(solvent)/n(Li+)=1, (c) n(solvent)/n(Li+)=3.
To facilitate the comparison, the values corresponding to each effect, presented throughout
the paper, are each time normalized by the maximum value.

4. Discussion

DMF, NMP, and DMSO are typical solvents to prepare the PVDF elec-
trolyte through solvent casting [32]. In this context, Zhou et al. prepared a
series of PDVF-LiTFSI electrolytes with DMF, NMP, DMSO, and dimethylac-
etamide (DMA) to quantify the effects of these trapped solvents, encompassing
NMP, DMF, and DMSO, on the ionic conductivity [27]. They found an ionic
conductivity around 10−5 S/cm depending on the solvent type and amount,
comparable with our MD simulation results, presented in Figure 2a. According
to this experimental study, DMF is absorbed inside the PVDF and increases
the ionic conductivity by facilitating the Li+ motion. Besides, regarding its
high boiling point (150 °C), DMF is complicated to remove from polymer elec-
trolytes despite applicating substantial drying procedures [33]. In another sim-
ilar work, Łatoszyńska et al. investigated the effect of DMF and NMP on the
ionic conductivity in PVDF/LiFSI SPEs [34]. They found that DMF has a
more significant impact on ionic conductivity in the electrolyte than NMP. In
line with our all-atom MD simulation results, the slight influence of NMP and
DMSO on increasing the ionic conductivity compared to DMF was attributed
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to their slow dynamics in the PVDF matrix (Figure S6b), i.e., higher viscosity.
Furthermore, for DMF, the interaction Li+-PVDF is noteworthy compared to
NMP and DMSO, as can be witnessed from the g(r) Li+-F(PVDF) curves de-
picted in Figure S5. Consequently, as discussed in Ref. [30], the mobility of the
Li+ cations is increased with the presence of solvents that attract the cations
more than the polymer chains noting that the opposite is true (Figure S4a).
Accordingly, the ionic conductivity in the presence of DMSO is lesser compared
to DMF and NMP (Figure 2a).

FEC, DME, and ES are used in the PVDF/LiFSI SPEs as additives to
enhance the Lithium-Ion Batteries’ performance. FEC has been widely used as
an electrolyte additive as a co-solvent, with a small amount as it is expensive,
for metal anodes to improve the stability in Li-ion batteries [59][60][61][62][63].
Moreover, FEC has been shown to participate in the solvation of Li+ cations
but is innocuous to ion transport while passivating the anode surface, resulting
in a strong solid electrolyte interface (SEI) with increased LiF production as a
fluorine-containing species [35][36]. Our MD simulation results also prove that
FEC addition to the PVDF/LiFSI SPEs increases the ionic conductivity (Figure
2a). FEC slightly coordinating the Li+ (Figure 6) without forming Li+-solvent
clusters (Figures 4c). Thus, it slightly decreases the Li+ transference number
(Figure 2b). Besides, it is dispersed in PVDF/LiFSI SPEs [64], as obtained
from our MD simulation results depicted in Figures 3a and 3b.

Jing Zheng et al. demonstrated that an electrolyte composed of LiFSI dis-
solved in DME, with a controlled amount (12 M LiFSI/DME), suppresses the Li
dendritic growth on the anode and stops the polysulfide shuttle reactions on the
side of the cathode in the Li-S batteries [62][37]. Besides, as we showed in Fig-
ures 2a and 4c, they note that the overall ionic conductivity decreases for a high
amount of added DME because of the appearance of big Li+-solvent aggregates.
Also, the Li+ transference number dramatically decreases with increasing the
DME amount. These findings agree with our MD simulation results, depicted
in Figures 2a and 2b. In the same context, and line with the results presented
in Figure S6b, the DME has a lower viscosity and high flexibility [62][65], qual-
ifying it to construct super-molecular chelating structures, making it capable
of solvating the cations [65][66][67][68]. Furthermore, the introduction of DME
in its linear form (TEGDME) with the LiFSI, with a regulated amount, is re-
ported to enhance the ionic conductivity in PVDF/LiFSI SPEs and improve
interfacial stability by enabling the ultra-long cycle life of metallic Li anodes
and preventing the dendrite formation [69].

Wheng et al. investigated the electrochemical intercalation of lithium into a
natural graphite anode in quaternary ammonium-based ionic liquid electrolytes.
They prove that ES addition into the ionic electrolyte, with a controlled amount,
induced electrolyte reduction at a potential of around 1.9 V [70]. The onset po-
tential of the ES solvated Li+ agrees with those of organic electrolytes containing
ES [71][72][73]. Moreover, the decomposition of ES is thought to contribute to
the formation of SEI films at the graphite/electrolyte interface [70]. Similarly,
ES is known to resist the superoxide radical attack, resulting in an improved
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electrochemical performance in Li-O2 batteries. In particular, high specific ca-
pacity, good round-trip efficiency, and cycling stability [74]. Again, the precise
control of the SEI formation, using a balanced combination of ES, ethylene
carbonate, and vinylene carbonate, makes acetonitrile applicable in lithium-ion
batteries without using the superconcentrated formulations necessary to sup-
press its reductive decomposition [75]. To the best of our knowledge, the effect
of ES on the ionic conductivity and Li+ transference number is not discussed
elsewhere. From our MD simulation results, we proved that the addition of ES
with little amount than salt slightly affects the ions transport. Whereas, if a sig-
nificant amount of ES is added to the PVDF/LiFSI SPEs, the ionic conductivity
and Li+ transference number dramatically decrease, as depicted in Figures 2a
and 2b.

To sum up, it is clear that the solvents in which the Li+-FSI− and Li+-
solvent form small clusters significantly improve the ionic conductivity at room
temperature in line with the comparison depicted on figure 7. Moreover, solvents
that dissociate the LiFSI ions without trapping or confining the Li+ ions do not
have a significant impact on their transference number. Conversely, solvents
that have a strong affinity for Li+ ions and restrict their movement result in
a reduced cations transference number. Similarly, solvents with high diffusion
rates and solvents that exhibit a strong affinity for the polymer contribute to
an increase in ionic conductivity

5. Conclusions

Large-scale all-atom MD simulations were used to investigate the structural
and transport properties of PVDF/LiFSI solid polymer electrolytes in the pres-
ence of different solvents. The simulated systems experienced an NPT equili-
bration followed by 190 ns NVT MD simulations to investigate their structural
and dynamic properties. The calculated ionic conductivity values are found in
agreement with the available experimental data, validating the accuracy of our
simulations. We extensively characterized the solvation structure and arrange-
ment of ions within the PVDF/LiFSI SPEs, revealing valuable insights into the
relationship between their structural properties and transport behavior. The
calculated ionic conductivity in PVDF/LiFSI SPEs was found to be dependent
on the type and amount of adsorbed solvent. Solvents that formed small clus-
ters with Li+ ions, effectively dissociated the LiFSI ions, and exhibited high
diffusion coefficients and strong affinity to the polymer matrix were found to
enhance the ionic conductivity. Conversely, excessive interaction strength be-
tween Li+ ions and solvent molecules decreases the cation transference number,
thereby reducing the overall ionic conductivity. Based on our assessments, we
classify the solvent efficiency for Li+ transport improvement as follows: DME
(n(DME)/n(Li+) ≤ 1) > DMF = FEC > NMP > ES = DMSO. This clas-
sification reflects the relative influence of each solvent on the enhancement of
ionic conductivity within the PVDF/LiFSI SPEs. Future research endeavors
will aim to elucidate the underlying factors impacting ionic transport in other
PVDF-derived polymers and Li-salts SPEs.
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