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Abstract

:

Lithium metal batteries (LiMBs) have emerged as extremely viable options for next-generation energy storage owing to their elevated energy density and improved theoretical specific capacity relative to traditional lithium batteries. However, safety concerns, such as the flammability of organic liquid electrolytes, have limited their extensive application. In the present study, we utilize molecular dynamics and Density Functional Theory based simulations to investigate the Li interactions in gel polymer electrolytes (GPEs), composed of a 3D cross-linked polymer matrix combined with two different non-flammable electrolytes: 1 M lithium hexafluorophosphate (LiPF6) in ethylene carbonate (EC)/dimethyl carbonate (DMC) and 1 M lithium bis(fluorosulfonyl)imide (LiFSI) in trimethyl phosphate (TMP) solvents. The findings derived from radial distribution functions, coordination numbers, and interaction energy calculations indicate that Li⁺ exhibits an affinity with solvent molecules and counter-anions over the functional groups on the polymer matrix, highlighting the preeminent influence of electrolyte components in Li⁺ solvation and transport. Furthermore, the second electrolyte demonstrated enhanced binding energies, implying greater ionic stability and conductivity relative to the first system. These findings offer insights into the Li+ transport mechanism at the molecular scale in the GPE by suggesting that lithium-ion transport does not occur by hopping between polymer functional groups but by diffusion into the solvent/counter anion system. The information provided in the work allows for the improvement of the design of electrolytes in LiMBs to augment both safety and efficiency.
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1. Introduction and Background


Lithium metal batteries are at the forefront of next-generation energy storage technologies, primarily due to their exceptional energy density and theoretical specific capacity, which significantly exceed those of conventional lithium-ion batteries with graphite anodes. Lithium metal has a theoretical specific capacity of 3860 mAh g−1, compared to graphite’s capacity of 372 mAh g−1 [1,2]. This makes LiMBs a viable option for high-energy applications such as electric vehicles and large-scale energy storage systems [3,4]. In addition, the lightweight and high electrochemical potential of lithium metal makes it even more appealing for improving the overall energy efficiency of batteries [5].



However, the implementation of LiMBs in real-world scenarios is hindered by significant safety issues. One of the main concerns is the use of flammable organic liquid electrolytes, which carry a substantial risk of flammability, especially when exposed to high temperatures or in case of an internal short circuit [6,7]. Furthermore, the formation of lithium dendrites during the process of repetitive charging and discharging can result in short internal circuits and ultimately cause the battery to fail catastrophically [3,4,5,6]. These dendritic structures not only compromise safety but also reduce the lifespan and efficiency of the batteries, presenting a major obstacle to the widespread adoption of LiMBs technology [8,9].



To mitigate these issues, recent advancements have focused on the development of gel polymer electrolytes (GPE), which integrate the advantages of both liquid and solid-state electrolytes. A key innovation in this domain is the use of dendrimers—highly branched, tree-like polymers with well-defined structures. These polymers offer precise control over the electrolyte architecture, enhancing both mechanical stability and ionic conductivity [10,11]. Their non-stackable nature prevents undesirable phase separation and ensures uniform ion distribution, addressing critical challenges such as dendrite formation and electrolyte instability [12,13,14]. Moreover, dendrimers can be functionalized with various groups to further enhance the performance and safety of GPEs [14,15,16].



In this framework, the work, recently published by Hu et al. [15], is particularly interesting. In their work, a multifunctional, all-in-one gel polymer electrolyte membrane with a 3D cross-linking network was synthesized with the aim of creating polymer electrolyte membranes with 3D cross-linking networks that improve both performance and safety. The proposed GPE integrates -CN and -PO(OC2H5)2 functional groups into a single polymer matrix, formed by acrylonitrile (AN) and diethyl vinyl-phosphonate (DEVP) monomers, cross-linked by poly(ethylene glycol) diacrylate (PEGDA). This integration aims to produce a synergistic effect that enhances ionic conductivity, mechanical stability, and flame resistance. As highlighted by Hu et al. [15], the -CN groups enable the formation of stable Li3N-rich solid electrolyte interphase (SEI), which inhibited the proliferation of lithium dendrites, and high-quality cathode electrolyte interphase (CEI) layers that stabilize the LiFePO4 cathode. Moreover, the addition of -PO(OC2H5)2 functional groups improved the flame resistance of the electrolyte, thereby decreasing the likelihood of combustion by capturing reactive radicals. Hence, the combined effect of these functional groups in a 3D cross-linking polymer network showed significant enhancements in both electrochemical performance and safety, showing the need to design at the molecular level more sophisticated, dependable, and safe LiMBs. This GPE is innovative because it combines synergistic advantages not commonly observed in other comparable systems used in Li metal batteries. Therefore, this cross-linked GPE deserves notable attention. To date, no theoretical studies have explored the impact of the various components of this GPE. This underscores the significance of our work, as it provides critical insights that can be used to optimize this novel system.



Despite significant advancements in the development of gel polymer electrolytes, there is still a lack of comprehensive understanding of the molecular-level behavior of the lithium ions in these systems. The transport of Li⁺ is affected by various crucial parameters, including the coordination between lithium cations and functional groups present in the polymer matrix, as well as the structural arrangement of the GPE [3,4,5,6,7,8,9,10]. Previous theoretical studies, such as those by Wróbel et al. [17], have investigated the solvation dynamics of lithium ions in various solvents, emphasizing the role of solvent interactions in facilitating Li⁺ transport. Similarly, Tasaki [18] explored the decomposition mechanisms and interactions of lithium ions in electrolytic environments through DFT calculations and molecular dynamics simulations, highlighting the significance of these interactions on overall battery performance. Additionally, research by Haskins et al. [19] has provided insights into the electronic structure and transport properties of lithium-doped ionic liquids, further informing the understanding of ion mobility in polymer systems. Nevertheless, the specific molecular interactions and pathways that control ion mobility in GPE are not well comprehended, which makes it difficult to optimize these membranes to meet the demanding performance and safety criteria for future LiMBs [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18].



This study aims to address the knowledge gap by examining the interactions between Li⁺ and the components of the novel 3D cross-linked polymer electrolyte (3D-ADCL-PE) proposed by Hu et al. To achieve this goal, two distinct solvent systems are analyzed: (E1) 1 M Lithium hexafluorophosphate (LiPF6) in ethylene carbonate (EC)/dimethyl carbonate (DMC) solvent, originally used to test the 3D-ADCL-PE polymer [15], and (E2) 1 M Lithium bis(fluorosulfonyl)imide (LiFSI) in trimethyl phosphate (TMP) solvent, which is known for its potential in developing high-safety rechargeable Li batteries, including both LiBs and LiMBs [20,21]. These electrolytes were chosen to evaluate the influence of different ionic environments on Li⁺ coordination with solvent molecules and counter-anions within the GPE.



Advanced Molecular Dynamics (MD) and Density Functional Theory (DFT) simulations are carried out to assess the Li+ interactions and how the components affect Li⁺ transport [17,18,19,20,21,22,23]. MD simulations capture the motions of ions and polymer chains throughout time. From MD trajectories, we can extract frames of structures (snapshots) for further accurate quantum mechanical calculation of the interactions experimented by Li+, guaranteeing precise outcomes in the subsequent stage of the investigation [17,18,19]. Building on these MD simulations, DFT calculations provide energies associated with interactions between Li⁺ and GPE components. The Li+ interactions linked to their distribution in the non-stackable gel polymer electrolytes were studied to understand how these molecular interactions govern key electrolyte properties, including conductivity and stability. The combined MD and DFT simulations provide a complete approach to understanding at the molecular scale the GPE behavior. While MD sets up accurate structures as a function of time, DFT delves into quantum aspects, revealing key insights correlated to ion transport in the GPE. This study is useful to receive a more profound comprehension of the transport mechanisms at the molecular level to achieve further optimization of these systems. This research intends to support the design of new materials with optimized functional groups and the development of sustainable and eco-friendly battery technologies by reducing the need for extensive experimental testing [14,15,16,17,18,19].




2. Computational Approach


2.1. Preparation of GPE Systems


The gel polymer electrolyte proposed by Hu et al. [15] was used as a reference. The polymer model was composed of 820 acrylonitrile (AN) and 270 diethyl vinyl-phosphonate (DEVP) monomers, in addition to 5 poly(ethylene glycol) diacrylate (PEGDA) units used as cross-linkers, shown in Figure 1. The polymer was generated from its monomers and cross-linkers using the HTPolyNet Python package [24,25,26,27]. From monomer structures and topologies describing the chemistry of any linking reactions, HTPolyNet builds the appropriate parameter set and initiates a capture-radius-based bond-formation step with relaxation, performing short MD simulations in Gromacs [27] with simultaneous updating of bonding topology.



The obtained cross-linked matrix was a dense system of 3D cross-linked polymers with a final density of 1.11 g/cm3 without electrolytes. Moreover, in order to improve the polymer model, it was subjected to NPT for 10 ns at very low pressure (0.01 bar) to lower the density of the dried polymer and then facilitate the random insertion of electrolytes. Finally, the 3D cross-linked polymer and tested electrolytes were equilibrated for at least 200 ns NPT at 1 bar. The equilibrated GPE box has a 5.92 nm length in each simulation box axis. Full details on the molecular dynamics simulations adopted for the 3D cross-linking step and the liquid electrolyte insertion are given in the Supplementary Materials.



Two different electrolytes, whose structures are shown in Figure 1b,c, were studied in order to assess the effect of solvents and salts. The final systems, E1 and E2, consisted of 3D-ADCL-PE, 266 DMC molecules, 340 EC molecules, 90 Li+ and 90 PF6− (E1) along the polymer matrix, and 427 TMP, 50 FSI, and 50 Li+ ions (E2). The number of solvent molecules and salt ions for E1 corresponds to 1M LiPF6 in DMC:EC 1:1 v/v mixture as adopted in the experimental reference to prepare the GPE [15]. Likewise, the number of solvent molecules and ions for E2 corresponds to electrolyte solution 1M LiFSI in TMP. Based on the reported electrolyte uptake by the polymer of 298.7 wt.% with a porosity of 65.8%, a polymer/electrolyte weight ratio corresponding to 80 wt.% was adopted in order to take into account without overestimation only the swelled polymer region and exclude the liquid entrapped within the larger pores; in doing this, we assume a homogenous distribution of liquid electrolyte within/near the polymer chains and in the pores.



In order to obtain representative atomic clusters for the subsequent DFT calculations, radial distribution functions (RDF) and the corresponding cumulative coordination numbers (CN) were evaluated by averaging the trajectories over the last 100 ns. Then, the first peak of each RDF was used as a reference for the most probable Li-X distance, with X = N (-CN), O (DEVP), and P (DEVP), referring to atoms of the polymer monomers, respectively, and X = O (DMC), O (EC), F (PF6−), and O (TMP), O (FSI), N (FSI), and F (FSI), referring to E1 and E2 O, P, and F atoms of the two analyzed electrolyte compositions, respectively. The all-atom General Amber Force Field (GAFF) parameters [28], which have been used in the literature to model similar gel polymer electrolytes [29], were used to model the cross-linked polymer, solvent molecules, as well as the anions and Li+. This force field was chosen due to its generality in describing interactions between a broad variety of components that make the GPE of our study: polymers with different functional groups, solvent molecules, and ions. This allows us to effectively model the specific system under study considering the two electrolytes chosen in this work, and at the same time, it opens the room for easy transferability to other similar systems.



Radial distribution functions are defined as the probability density of finding a B atom at a distance r from a reference A atom, normalized by the local density of B atoms in the system,


    g   A B     r   =    1         ρ   B       l o c a l         1     N   A        ∑  i ∈ A     N   A        ∑  i ∈ B     N   B         δ     r   i j   − r     4 π   r   2           



(1)




where     g   A B     r     is the RDF,         ρ   B       l o c a l     is the average local number density of B atoms,     N   A     and     N   B       are the number of atoms of type A and B, respectively, and   δ     r   i j   − r     is the Dirac delta function, ensuring contributions only when the distance     r   i j   = r  .



The cumulative coordination number is obtained by integrating the RDF over the range from 0 to a specific distance D,


  C N   ( D ) = 4 π       ρ   B       l o c a l     ∫  0   D      r   2     g   A B     r   d r    



(2)







While the RDF provides the local probability distribution of an atom type, the CN offers a cumulative measure, giving complementary insights into the solvation structure.



It is important to note that the smoothness of the RDF curves in this study arises naturally from averaging over the 100 ns trajectory data. While RDFs are theoretically defined using a Dirac delta function to count pairwise distances exactly at r, practical implementations group distances into small bins through histogram binning [30].



When the RDF is calculated for a single snapshot, the limited number of atom pairs contributing to each bin results in noisy fluctuations. However, by averaging over the entire trajectory, the bins are populated with contributions from numerous pairs across time, leading to smoother curves. This standard approach provides reliable statistics and accurately represents the system’s equilibrium behavior.



Finally, it is important to emphasize that the deep analysis of the averaged RDFs is important to understand what the chemical environment around the target Li ion in this GPE is, hence, to decide which atomic clusters should be considered in the quantum calculation of the interaction energy.




2.2. Interaction Energy Calculation


The clusters for quantum calculations were extracted based on RDF analysis. As will be demonstrated in Section 3, RDFs revealed that cations predominantly interact with solvent molecules and counter-anions, rather than the polymer matrix. Thus, the clusters were constructed following these observations, ensuring a focus on the solvent and counter-anion interactions surrounding Li+.



Overall, four clusters were extracted. Clusters C-E1 and C-E2 consisted of different Li cations surrounded by cross-linked polymer chains and solvent molecules without PF6− or FSI− counter-anions. Instead, CPF6−-E1 and CFSI−-E2 included lithium ions, polymer chains, and counter-anions. The average total number of atoms included in each cluster is 310. The preparation of the clusters was carried out by identifying Li⁺ ions that adhered to the observed RDF behavior, i.e., Li⁺ that consistently resided near solvent molecules and counter-ions. It is important to emphasize that the RDF analysis showed the absence of close interactions between Li⁺ and the polymer matrix’s functional groups (N from AN, O, or P from DEVP), as Li⁺ ions were constantly found in proximity to solvent or counter-anion molecules, which act as a shield between Li⁺ and polymer chains. Finally, in order to capture the surrounding atomic environment, all atoms within a radius of 1 nm from a target Li⁺ were included in the clusters. Remember that the dimension of the complete equilibrated GPE box is 5.92 nm.



After the clusters were extracted, quantum calculations were performed using Density Functional Theory (DFT) with the Northwest Computational Chemistry Package (NWChem 6.6) [31]. Calculations were carried out for both closed-shell and open-shell configurations, with a multiplicity of 2 for open-shell structures. The B3LYP exchange-correlation functional [32] was employed with Grimme’s D4 dispersion correction. The self-consistent field (SCF) energy convergence criterion was set to 5 × 10−6 a.u., with a root mean square (RMS) electron density convergence of 1 × 10−5 a.u.



Different basis sets were used for the atoms in each cluster to balance computational efficiency and accuracy. Specifically, a split-valence double ζ basis set with polarization functions (6–31G*) was applied to lithium and atoms directly interacting with Li⁺ using the cut-off distance for defining interactions equal to 0.3 nm [33]. While the remaining atoms in the clusters were treated with a standard split-valence double-ζ basis set (4–31G) to optimize computational performance.



Lithium-ion interaction energies were calculated according to the following equation:


    ∆ E   i n t   =   E n e r   1   −   E n e r   2   −   E     L i   +     ,  



(3)




where     E n e r   1     is the energy of the atomic cluster containing the target Li+,     E n e r   2     is the energy of the cluster without these cations, while     E     L i   +       is the energy of the target Li+ alone, placed in the position found in the cluster. It is worth noting that in the considered clusters, more Li ions were found, which determine the total charge of the cluster; however,     ∆ E   i n t     was calculated for the central Li+ indicated as the target. Furthermore, to enhance the accuracy of the computed energies referred to the interaction between the Li+ and their surrounding environment, basis set superposition error [34] (BSSE) adjustments were applied utilizing the counterpoise approach. BSSE is important as it facilitates a more precise assessment of the interaction energy by removing irrelevant contributions from basis set deviations [35]. An overview of the simulation protocol of the GPE can be seen in Scheme 1 below.





3. Results and Discussion


3.1. Li⁺ Surrounding Environment Through RDF and CN Analyses


This study aimed to investigate the structures and interactions preferred by Li ions in the novel 3D cross-linked polymer electrolyte. MD simulations were first performed to elucidate the Li⁺ coordination environments by analyzing the RDFs and CNs obtained from the equilibrated GPE models, shown in Figure 2. The obtained density of the modeled GPEs is 1225 and 1220 kg/m3 for E1 and E2 systems, respectively.



Figure 3 presents the RDFs for the E1 system. Figure 3a displays the radial distribution functions for the distances between Li⁺ and the key atoms in the electrolyte, while Figure 3b focuses on the RDFs for the polymer matrix. As can be seen in these figures, no peaks were observed below 0.5 nm for the distances between Li⁺ ions and N, O, or P atoms of the polymer functional groups. Instead, peaks below this threshold exclusively correspond to interactions between Li⁺ and PF₆−, EC, or DMC. In particular, the RDFs in 3a show strong, well-defined peaks at 0.2 nm associated with the most probable distance between Li⁺ and oxygen atoms of the solvent molecules, as well as fluorine atoms from PF6−. These results highlight that Li⁺ forms stable solvation shells primarily with these mobile components of the GPE. Figure 3b also shows that the RDFs for distances between Li⁺ and functional group atoms of the polymer matrix remain zero up to 0.5 nm, only increasing slightly beyond this distance. This is further supported by the broader and less defined curves, indicative of weaker interactions. This means that, during the last 100 ns of the MD simulation, the Li⁺ ions are more likely interacting with solvent molecules or PF₆− than with the functional groups of the 3D cross-linked polymer matrix. This behavior can be attributed to the lower mobility of the 3D cross-linked polymer compared to the solvent molecules, which can dynamically arrange around the Li⁺ ions in greater numbers, forming stable solvation shells.



The CN as a function of the Li-X distance confirms this conclusion. The CN plots allow the direct comparison of how many atoms, on average, are at a certain distance from Li+ thus giving an idea of its coordination shell. Figure 4a shows that the coordination numbers for the electrolyte components (Li⁺-PF6−, -EC, and -DMC) remain zero up to 0.2 nm, after which the CN curves increase rapidly. While the CN profiles, related to the atoms of polymer functional groups (Figure 4b), remain at zero up to 0.5 nm and increase afterwards. It should be stressed that g(r) is normalized by the number of atoms and not the number of molecules/ions; thus, at r = 0.5 nm, the CN for Li-F(PF6), Li-O(DMC), and Li-O(EC) are 7.1, 4.7, and 5.1, respectively, indicating the presence of roughly 1 PF6 anion and 3 solvent molecules (the Li-O RDF curves capture the three oxygen atoms per solvent molecule) around Li+ within 0.5 nm. These trends confirm that DMC, EC, and PF6- are the primary contributors to the Li+ solvation structure. The CN plots make this result apparent, i.e., lower coordination numbers for -CN and -PO(OC2H5)2 for short-range distance (at bond length) from Li+, suggesting that the polymer matrix contributes minimally to Li⁺ solvation in this GPE.



The RDF profiles for the E2 systems, shown in Figure 5, demonstrate trends that are similar to those found for the E1 polymer electrolyte in Figure 4. In detail, in Figure 5a (RDF for Li-Electrolyte), sharp peaks in yellow and blue colors at 0.19 nm and 0.21 nm can be noticed, respectively, which reveal strong interactions between Li ions and the oxygen atoms of the FSI counter-anion and solvent molecules. Furthermore, at 0.23 nm and 0.40 nm, two more marked peaks in red and green are observed, which indicates that the other probable atoms closer to the Li cations are N and F of the FSI. As for the previous E1, no peak corresponding to interatomic distances between Li+ and functional group atoms of the polymer was found below 0.5 nm (Figure 5b); only a broader line appears above this threshold. The RDFs plots reveal that Li⁺ preferentially interacts with electrolyte components, specifically the oxygen atoms of FSI and TMP as well as the fluorine and nitrogen atoms of the counter-anion. Again, the CN profiles reported in Figure 6 confirm this finding. The oxygen TMP-related coordination number increases significantly after 0.2 nm, hence the oxygen-associated coordination number of FSI, underscoring their importance in the formation of the solvation shell around Li⁺. In particular, the CN plots indicate that within 0.5 nm, Li+ is coordinated by roughly 1 anion and 3 solvent molecules. Meanwhile, the CN trends for the functional group atoms exhibit weaker and more diffuse interactions, similar to the E1 system, further highlighting the minimal role of the polymer in Li⁺ solvation. Detailed RDF and CN profiles for each target atom can be found in the Supplementary Materials.



Overall, a coherent picture emerges in which both GPE and Li⁺ strongly favor interactions with the electrolyte components—the solvent molecules (DMC, EC, and TMP) and counter-anions (PF6− and FSI−)—over the polymer matrix. The solvation shells formed by these components are critical for efficient Li⁺ transport. It should be noted that the RDF and CN analyses do not provide the extent of the interactions between cation and electrolyte components, but they do provide a picture of the environment surrounding the ions in the GPEs. To obtain the strength of the Li+ interactions, DFT calculations were carried out in the next section using snapshots obtained from the MD simulations based on the results coming from the RDF and CN analysis.




3.2. Interaction Energies of Li Ions in GPE


MD simulations provided information on the most likely chemical environment experienced by Li ions in the cross-linked GPE. From these simulations, we extracted four representative atomic clusters shown in Figure 7, each depicting distinct solvation environments surrounding the Li⁺ and used them to evaluate the interaction energies     ∆ E   i n t    . The first cluster (C-E1, Figure 7a) comprises Li⁺ primarily interacting with adjacent solvent molecules, while in the second one (CPF6−-E1, Figure 7b), the short-range interactions with both solvent and counter-anion species were considered. Furthermore, similar clusters associated with the E2 composition were extracted from the MD trajectories (C-E2, CFSI−-E2, Figure 7c,d).



Efforts to identify clusters with locations near the functional group of the polymer matrix (-CN or DEVP) were ineffective, since, as demonstrated from RDFs and CN analysis, Li⁺ continually remained near solvent molecules and counter-anions. As previously discussed, Li ions primarily engage with the electrolyte molecules instead of the polymer matrix, highlighting the preeminent influence of solvents and salts in solvation. Thus, these clusters offer insights into the binding characteristics of Li ions in the two electrolyte systems.



Although we were unable to find clusters in which Li+ interacts at short distances (bond length) with polymer functional groups in agreement with RDFs analysis, the interaction energies evaluated according to Equation (3), and reported in Figure 8, take into consideration not only the molecules nearby to Li+ but also the overall chemical environment, i.e., polymer fragments with the functional groups. Thus, the indirect effect of the polymer is taken into account in the     ∆ E   i n t     values.



As shown in Figure 8, the interaction energies referring to the two electrolyte systems show significant differences. In the E1 system, the     ∆ E   i n t     of Li⁺ with the solvent (DMC/EC) was −169.18 kcal/mol, but the interaction with the whole electrolyte, i.e., incorporating the PF6− counter anions, yielded a more substantial     ∆ E   i n t     of −214.48 kcal/mol. This demonstrates that PF6− plays a crucial role in the solvation shell surrounding Li⁺. E2 exhibited stronger interactions overall compared to E1. The interaction energy between target Li⁺ and solvent molecules (TMP) was −204.82 kcal/mol, but incorporating the effect of FSI⁻ counter anions further increased, in absolute value, the     ∆ E   i n t     to −252.13 kcal/mol. The increased interaction energies in this system underscore the stabilizing influence of FSI−, which surpasses that of PF6− in the EC/DMC system.



The DFT results clearly show that the LiFSI/TMP system provides a more stable solvation environment than the LiPF6/EC-DMC electrolyte. The stronger Li interaction energies in the FSI−/TMP system suggest that Li ions form a more stable solvation shell, which could enhance the ion solvation from the SEI or CEI and then ionic conductivity. On the other hand, the weaker interactions in the PF6−/EC-DMC system suggest a more dynamic solvation shell, which might support faster ion mobility.



Insights from the RDF and CN analyses, as well as the     ∆ E   i n t     values, offer a deeper understanding of Li⁺ transport mechanisms at the molecular level. The absence of RDF peaks for Li-NC and Li-DEVP bond distances below 5 Å indicates that interactions between Li⁺ and the functional groups of the cross-linked polymer do not hinder Li transport. Instead, the electrolytes directly interact with Li⁺ ions, supporting a solution-diffusion mechanism for transport.



Based on the above consideration, a macroscopic solubility-diffusion mechanism is plausible; thus, Li⁺ ion flux is governed by two primary factors: solvation and mobility. Solvation (S) is influenced by the interaction energies between ions and solvents/salts, while the mobility is correlated with the ion diffusion coefficient (D) depending on the activation energy for diffusion, which in turn depends on the overall interactions between the ion and its environment. Stronger solvent-Li interactions are not always advantageous. Depending on the strength of interactions among the solvent, counter ions, and polymer network, a more dynamic solvation sphere may facilitate faster lithium transport.



If ion solvation dominates, systems like FSI−/TMP, showing higher interaction energies, may improve ionic conductivity. Conversely, ion mobility, correlated to low activation energy for diffusion and high D, takes advantage of a low overall interaction energy with the Li environment, such as, maybe, in the LiPF6/EC-DMC system.



In summary, it is crucial to understand which of these contributions predominates. For instance, high ion solvation can compensate for modest ion mobility in the GPE, ensuring effective diffusion. In the investigated GPE, the solubility of Li⁺ is expected to be high, as the GPE incorporates a significant amount of liquid electrolyte, as reported in reference [15], and the interactions between Li+ and the polymer function groups are not direct. Thus, we anticipate that solvation plays a significant role in the observed Li⁺ transport.



However, the -CN and -PO(OC2H5)2 functional groups in the GPE have important functions. In fact, the former is necessary to form a stable SEI at the anode interface, while the latter forms a high-quality cathode electrolyte interphase layer as well as an anti-flammability function. It is worth highlighting that the simulations performed in this work refer to the bulk of the cross-linked 3D-ADCL-PE, which is the polymeric part not in contact with electrodes.



The combined DFT and MD protocol used in this study is quite general and adaptable, especially for preparing 3D cross-linked polymers. This flexibility makes them applicable to a variety of systems where cross-linking effects are important [36]. It is worth noting that we applied this protocol to systems with linear, non-cross-linked polymer chains [37,38], showcasing their versatility. Thus, these simulations offer valuable insights into how the cross-linking influences molecular interactions and ion transport. By exploring pore formation, molecular distribution inside the polymer matrices, structural stability, and ion mobility, this approach deepens our understanding of the system under study and opens opportunities for optimizing similar polymer-based electrolyte systems for advanced Li batteries.





4. Conclusions


Using a computational approach combining MD and DFT, our study provides significant insights into the solvation behavior of Li cations in innovative 3D cross-linked gel polymer electrolytes and highlights the influence of the different components of the transport of lithium ions.



The radial distribution functions and coordination numbers obtained from long MD simulations reveal well-defined Li solvation shells predominantly involving solvent molecules and the associated PF6⁻ and FSI⁻. We found that Li⁺ exhibits a pronounced affinity for solvent molecules and counter-anions of the electrolytes (LiPF6/EC/DMC and LiFSI/TMP), while showing negligible interactions with the –CN and -PO(OC2H5)2 polymer functional groups of the bulk polymer. This suggests that a solution-diffusion mechanism for lithium-ion transport can be assumed in these systems in agreement with the large values of the computed interaction energies.



The     ∆ E   i n t     further indicates that the LiFSI/TMP shows more robust interactions with Li⁺ than the LiPF6/EC/DMC electrolyte. The last finding indicates that LiFSI/TMP more efficiently stabilizes the Li⁺ solvation shell and may improve ionic conductivity, assuming a solution-diffusion transport mechanism predominated by the solvation contribution. The LiPF6/EC-DMC electrolytes, although giving lower values of     ∆ E   i n t    , may provide enhanced ion mobility due to their looser solvation structure if the transport is controlled by diffusion contribution, but with associated stability trade-offs. Moreover, the robust interaction of Li⁺ with the electrolyte constituents in LiFSI/TMP compared to LiPF6/EC-DMC suggests its potential for enhanced long-term stability and safety while concurrently preserving competitive performance. It is very important to emphasize that the     ∆ E   i n t     was calculated taking into account the effect of the polymer matrix in which the electrolytes are dispersed.



Thus, the findings remark on the significance of choosing suitable solvents and counter-anions to enhance the efficiency and safety of LiMBs using GPE. These observations can guide future research focused on optimizing the electrolyte composition in multifunctional designs and 3D cross-linking networks, specifically for solvent-salt combinations, to attain the ideal equilibrium among ionic conductivity, stability, and safety in lithium metal batteries.
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The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/batteries11010027/s1, Figure S1: (a) RDF plot referring to Li+- F from PF6- anion, (b) and (c) referring to Li+-O of EC and DMC solvent molecules, respectively; Figure S2: (a) Coordination Number plot referring to Li+-F from PF6- anion, (b) and (c) referring to Li+-O of EC and DMC solvent molecules, respectively. Figure S3: (a), (b) and (c) RDF plots referring to Li+- F, Li+- N, Li+- O of the FSI-, (d) referring to Li+-O from TMP solvent molecule, respectively. Figure S4: (a), (b) and (c) coordination number as a function of Li+- F, Li+- N, Li+- O of the FSI-, (d) referring to Li+-O from TMP solvent molecule, respectively. Figure S5. RDF plots referring to Li+-N of ACN (a), Li+- O from DEVP carbonyl (b), Li+- O from DEVP ethyl (c) and Li-P of DEVP (d), respectively. It is very important to note the scale of the g(r) compared with the RDFs referring to E1 and E2 components. Figure S6. Coordination number as a function of Li+-N of ACN (a), Li+-O from DEVP carbonyl (b), Li+- O from DEVP ethyl (c) and Li-P of DEVP (d) distances, respectively. Figure S7: RDF plots referring to Li+-N of ACN (a), Li+- O from DEVP carbonyl (b), Li+- O from DEVP ethyl (c) and Li-P of DEVP (d), respectively. It is very important to note the scale of the g(r) compared with the RDFs referring to E1 and E2 components. Figure S8: Coordination number as a function of Li+-N of ACN (a), Li+-O from DEVP carbonyl (b), Li+- O from DEVP ethyl (c) and Li-P of DEVP (d) distances, respectively. the 3D cross-linked polymer is soaked in the 1 M FSI-, TMP electrolyte.
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Figure 1. (a) Monomer structures of the 3D-ADCL-PE; (b,c) structures of the solvents and salts used as electrolytes: E1 and E2, respectively. 
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Scheme 1. A diagram illustrating the process flow and stages involved in the simulation. 
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Figure 2. MD equilibrated GPE: (a) 3D cross-linked polymer plus 1 M Li PF6 in EC/DMC; (b) 3D cross-linked polymer and 1 M LiFSI in TMP. Boxes are cubic and have the same dimensions in all xyz coordinates. 
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Figure 3. (a) Li-X RDFs associated with all interatomic distances among Li ions and atoms of the GPE-E1 electrolyte components; (b) RDF associated with the atoms of the functional groups of the cross-linked polymer. 
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Figure 4. (a) CN associated with all atoms interacting with Li+ in GPE E1 for the electrolyte atoms; (b) CN of the atoms of the functional groups of the cross-linked polymer. 
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Figure 5. (a) Li-X RDFs associated with all inter-atomic distances among Li ions and atoms of the GPE E2 for electrolyte components; (b) RDF associated with the atoms of the functional groups of the cross-linked polymer. 
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Figure 6. (a) CN associated with all the atoms interacting with Li+ in GPE E2. for the electrolyte atoms and (b) CN of the atoms of the functional groups of the cross-linked polymer. 
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Figure 7. Cluster structures extracted from MD equilibrated systems: (a) central Li+ interacting at short distance with (EC:DMC) solvent, (b) central Li+ interacting at short distance with (DMC:EC) solvent and PF6− counter-anions, (c) Li+ interacting with TMP solvent, and (d) interacting with TMP solvent and FSI− counter-anions. All 4 clusters had parts of the polymer equilibrated box as well. Colors: Li+ (violet), C (gray), H (white), O (red), F (yellow), and P (orange). Target Li ion is represented with its van der Waals radii while the rest are visualized by the ball-and-stick representation. 
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Figure 8. Li+ interaction energies for E1 and E2 electrolyte compositions. The light blue column refers to the C-E1 and C-E2 clusters, while the orange column refers to the CPF6−-E1 and CFSI−-E2 ones. 
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