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Abstract 

Improving the total ionic conductivity (σ) of solid polymer electrolytes (SPEs) is critical to the 

development of solid–state sodium (Na) batteries. In this work, we investigate the effect of two–

dimensional (2D), dual–Lewis hexagonal boron nitride (h–BN) filler on polymer structure and ion 

transport properties of P(EO)24:Na+ and P(EO)4:Na+  mixtures of poly (ethylene oxide) (PEO)–bis 

(fluorosulfonylimide) (NaFSI). Below the critical percolation concentration threshold for the h–

BN flakes, x–ray diffraction (XRD) and differential scanning calorimetry (DSC) studies show that 

an increase in h–BN concentration initially induces an increase in PEO crystallinity followed by a 

decrease due to competing effects between heterogeneous nucleation of PEO lamellae and its 

spherulitic confinement, respectively. Raman spectroscopy reveals that h–BN improves NaFSI 

dissociation in the semi–dilute SPEs which is supported by density functional theory (DFT) 

calculations. Our calculations suggest that PEO can almost fully dissociate an NaFSI molecule 

with a coordination number of 6. We propose an h–BN–‘assisted’ mechanism to explain this 

observation, wherein h–BN aids PEO in better matching the dissociation energy of the NaFSI salt 

by virtue of its dual–Lewis surface chemistry. A corresponding 4x increase in σ is observed for the 

P(EO)24:Na+ SPEs using electrochemical impedance spectroscopy (EIS). The P(EO)4:Na+ SPEs 

do not show this increase likely due to a significantly different local solvation environment 

wherein contact ion pairs (CIPs) and aggregates (AGGs) dominate. Our findings highlight the role 

of filler chemistry in the design and development of composite solid polymer electrolytes for Na 

batteries. 
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1. Introduction 

Sodium (Na) batteries are poised as suitable alternatives to lithium (Li)–batteries due to the 

relative abundance of Na, its electrochemical equivalence to Li, and the potential cost benefits that 

can be realized by optimizing cell engineering and design.1–5 Liquid electrolytes for batteries use 

flammable solvents, which presents a fire hazard in alkali metal batteries (i.e., where the anode is 

the native metal itself) wherein the primary failure mechanism of dendrite formation and 

propagation can lead to internal short–circuit and thermal runaway.6 This safety risk has 

necessitated the development of all solid–state batteries wherein the liquid electrolyte is replaced 

by a solid polymer electrolyte (SPE). Extensive research on SPEs has established that while the 

high modulus of SPEs makes them safer than their liquid counterparts, dry SPEs are unable to 

match liquid electrolyte ionic conductivity (σ) because ionic motion in dry SPEs is cooperative 

with polymer segmental motion.7–12 One way to address this challenge is to use Lewis–active filler 

materials which can modulate intercomponent interactions and improve charge carrier 

concentration within the SPEs. Further, key polymer properties such as its glass transition 

temperature Tg and crystallinity Xc are directly impacted by filler size, filler geometry, and filler–

polymer interactions which together govern σ. These complex interactions make composite SPEs 

an interesting subclass of materials both fundamentally as well as for energy storage applications. 

Two–dimensional hexagonal boron nitride (2D h–BN) possesses a dual–Lewis surface 

chemistry wherein boron behaves as a Lewis acid (electron acceptor), and nitrogen behaves as a 

Lewis base (electron donor).13 In addition to this unique chemistry, h–BN has a high thermal 

conductivity14 which can be beneficial for SPE thermal and mechanical properties. h–BN has 

attracted widespread interest for Li–based SPEs,15, 16 which motivated us to explore its use for Na–

based SPEs. At present, there are only a few reports17–22 on the use of boron in Na–ion batteries. 

The most common strategy to use boron in polymer electrolytes thus far has been to synthetically 

incorporate boron atoms into the polymer backbone. Chen et al.17, 18 have investigated the 

electrochemical properties of gel polymer electrolytes (GPEs) made of boron–containing polymer 

matrices polymerized in–situ. In one case,17 they found a marginal decrease in σ of their B–

containing electrolytes relative to full–carbon polymer matrices whereas in another they observed 

the opposite.18 In both cases, an increased cation transference number was observed due to the 

ability of boron to trap anions. Genier and co–workers19 reported similar findings as well as higher 

σ due to boron. The Liu group20, 21 has also developed and investigated Na–ion batteries comprising 
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boron–containing GPEs. In an innovative approach, they crosslinked poly(ethylene glycol) PEG–

functionalized BN nanosheets into PEG–(diacrylate)DA gel networks and observed a marginal 

increase in σ and good cycling behavior compared to identical BN–free systems.20 More recently, 

the same group reported a boron–covalent organic framework (B–COF)–based polymer electrolyte 

with excellent electrochemical properties.21 Collectively, the chemistry–heavy nature of such 

approaches can be a hindrance, and it remains unclear as to how the dual–Lewis chemistry of h–

BN (as opposed to boron alone) affects sodium ion transport in SPEs. Conversely, the simple 

dispersion of h–BN filler in a polymer matrix has received little attention for sodium SPEs.  

Our group recently reported on structure–property relationships in PEO/NaNO3/h–BN 

SPEs.22 We found a non–monotonic change in PEO crystallinity with increasing h–BN 

concentration and corresponding changes in σ. Our DFT calculations in that study also revealed 

the dual–Lewis nature of h–BN. Although NaNO3 was chosen as a model salt due to its low cost 

and ease of availability, it is typically not used for battery studies. It is well–known that the lattice 

energy of the salt is central to its dissociation in polar polymer matrices,7, 8, 23 and lattice energy 

depends upon anion chemistry. Building on our previous work, here we investigate PEO/NaFSI/h–

BN SPEs. The NaFSI salt possesses a low lattice energy and delocalized charge on the anion which 

collectively enhance its dissolution in a polymer matrix. Recent computational and experimental 

work also point towards the electrochemical superiority of NaFSI.24–26 We use PEO as the model 

polymer matrix due to its excellent processability, low glass transition temperature (Tg),27 and high 

dielectric constant.28–31 The advantage of this polymer–salt combination is good salt dissociation 

in the PEO matrix, which allows us to focus on elucidating effect of h–BN on the SPEs.  

Using a combination of experimental and computational (DFT) methods, we investigate 

how h–BN affects polymer properties, ion dissociation, and σ in these solvent–free SPEs. This is 

the first such report on dry PEO/NaFSI/h–BN SPEs to the best of our knowledge. Our XRD and 

DSC results reveal a non–monotonicity in PEO crystallinity with h–BN loading, similar to our 

previous findings in NaNO3–containing SPEs. However, the local solvate structures using NaFSI 

are vastly different from those using NaNO3. Raman spectroscopy results indicate additional 

differences in solvation environments between the two salt concentrations explored, and that 

adding h–BN leads to an increase in the percentage of free charge carriers in the SPEs. Given the 

complex cation solvation environments in these SPEs, we extend our DFT calculations to capture 



4 
 

PEO–NaFSI–h–BN complexes in addition to fully–dissociated, isolated ions. Our DFT 

calculations reveal that in a 6–fold coordination, PEO can match the ionic interaction energy 

between Na and FSI thereby dissociating it. EIS measurements of the h–BN–containing SPEs 

reveal that the addition of h–BN leads to a 2x–4x improvement in σ relative to h–BN–free SPEs. 

Based on a thorough analysis of the underlying transport parameters using empirically–derived 

equations, and our DFT results, we present a molecular picture of the driving force behind this 

improvement. These performance enhancements are more pronounced at the lower salt 

concentration than at the higher salt concentration explored, which we attribute to differences in 

the local solvate structure and salt–to–filler ratio. Notably, this simple dispersion technique using 

2D h–BN yields σ values on the order of 0.35 mS/cm at 65°C, attributed to the dual–Lewis 

chemistry of h–BN. 

2. Materials and Methods 

2.1 Materials 

Poly (ethylene oxide) (PEO, MW 35 kDa) was purchased from Sigma–Aldrich, Inc., and 

sodium bisfluorosulfonylimide (NaFSI, 99.9%) was purchased from Solvionic, France. The salt 

was stored in an argon environment due to its hygroscopic nature. Hexagonal boron nitride flakes 

(h–BN, approximately 5 µm wide and 80 nm thick) were purchased from US Research 

Nanomaterials and used as received. 

2.2 Sample preparation 

First, PEO polymer was dissolved in acetonitrile in a weight ratio of 0.67:1 

PEO:acetonitrile followed by the addition of h–BN flakes to the polymer solution(s). Next, NaFSI 

salt was dissolved in these mixtures to obtain EO:Na+ (etheric oxygen of PEO to sodium cation) 

molar ratios of 24:1 and 4:1. Two h–BN weight loadings were explored for each salt concentration: 

0.3 wt.% and 3 wt.% with respect to the weight of PEO in the mixtures. Identical mixtures without 

the h–BN flakes were prepared as controls. All mixtures were prepared inside an argon–filled 

glovebox. After weighing, the mixtures were stirred at 40ºC under ambient conditions for one hour 

and then sonicated for ten minutes to ensure uniform dispersion of the h–BN flakes. Samples were 

prepared in pairs. For structural characterization, 80 µL of the polymer electrolyte mixture was 

pipetted onto a clean substrate (either glass or polished stainless–steel (SS)) approximately 3.14 

cm2 in area, and the solution was spread with a 381–µm–thick doctor blade. Samples for EIS 
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measurements were prepared identically using SS electrodes affixed with 100 µm quartz spacers 

secured by Kapton tape. To evaporate the solvent, the samples were heated to 120ºC on a hot plate 

for one hour and then thoroughly dried in a vacuum oven, also at 120ºC, for 16 hours. At this stage, 

all samples were in the melt. The samples were then transferred to a room temperature (22ºC) 

vacuum chamber, where they were cooled at approximately 5ºC/minute for at least one hour. For 

EIS measurements, a second SS electrode (0.785 cm2 in area) was placed on top of the spacers, 

compressing each sample to a uniform thickness of 100 µm. 

2.3 Structural characterization 

Optical microscopy was carried out in transmission mode using a Leica microscope. X–

ray diffraction (XRD) on the SPE films was carried out using a Rigaku MiniFlex diffractometer 

with Cu–Kα radiation. Fourier transform infrared spectroscopy (FTIR) was carried out on a 

JASCO X6 spectrometer in attenuated total reflectance (ATR) mode using a resolution of 4 cm–1. 

Differential scanning calorimetry (DSC) was carried out using a TA Instruments Q200 instrument 

at a heating rate of 10℃/minute. Raman spectroscopy was carried out on a JASCO NRS–5500 

instrument equipped with a 532 nm laser source. 

2.4 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) measurements on the SPE films were 

carried out using a Solartron ModuLab XM instrument with an applied AC voltage of 10 mV in a 

frequency range of 1 MHz to 0.1 Hz. Spectra were collected under vacuum at temperatures ranging 

from 298 K to 358 K in 10 K intervals. A 20–minute equilibration period was applied at each 

temperature before collecting the spectrum. The ionic conductivity was determined using the 

equation: 

𝜎 =
𝐻

𝑍 × 𝐴
 

Where H is the thickness of the SPE films, A is their contact surface area with the electrode, and 

Z is the real impedance extracted from Bode plots.  

2.5 Density functional theory (DFT) calculations 

Quantum–mechanical (QM) calculations were applied to calculate the complexation energy of 

the [h–BN/Na+], [h–BN/FSI–], dimethoxyethane (DME)/Na+ and DME2/Na+ pairs (DME is 
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representative of the etheric oxygen of PEO). A B12N12H12 molecule, following the formula 

B3n
2N3n

2H6n (n = 2) adopted by Wu et al.34 was used to simulate the h–BN surface. The basis set 

superposition error (BSSE) was corrected by applying the counterpoise method.35 The DFT–

ωB97X–D/aug–cc–pVDZ36, 37 level of theory and basis set were employed. Gaussian16 was used 

for all calculations reported in this work. 

3. Results and Discussion 

3.1 Analysis of Filler Dispersion and Polymer Spherulitic Domains 

Dispersion of filler in polymer composites is critical to composite properties.36–38 Further, 

the size of the characteristic Maltese–cross patterns observed in semicrystalline polymers22, 39 is a 

good qualitative indicator of polymer crystallinity. These 100+ µm–scale spherulites and the ca. 

5–µm–sized flakes in our work can both be captured by optical microscopy. To this end, polymer 

crystallinity and the dispersion of the h–BN flakes in the polymer matrix in our SPEs were 

investigated using optical microscopy as shown in Figure 1. 
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Figure 1. Transmission optical micrographs of as–cast SPEs at room temperature. Columns (L–

R) represent the concentration of h–BN flakes in the samples, whereas rows (T–B) represent the 

EO:Na+ molar ratios. Top row shows salt–free control samples. Yellow box indicates samples that 

are semicrystalline, and blue box indicates samples that are fully amorphous, at room temperature. 

Yellow arrows in a2) show stacks of h–BN flakes that appear darker due to greater contrast. 

Dashed white lines in the top two rows are guides to the eyes demarcating spherulite boundaries 

in the semicrystalline samples. Main scale bars are 100 μm, and those in the insets are 10 μm. 

First, we focus on the effect of salt on the spherulitic morphology (i.e., crystallinity) of 

PEO. The white dashed lines in Figure 1 demarcate the polymer spherulites for clarity, and the 

reduction in their size from ca. 700 μm for pure PEO (Figure 1a1)) to ca. 500 μm for the 

P(EO)24:Na+ sample (Figure 1b1)) is evident, suggesting a reduction in polymer crystallinity with 

the addition of salt. Further addition of salt, i.e., the P(EO)4:Na+ sample (Figure 1c1)), leads to the 

complete disappearance of the spherulitic domains of PEO suggesting that the SPEs are fully 

amorphous at this salt concentration at room temperature. This semicrystalline–to–amorphous 

phase–transition of PEO is due to polymer–cation complex formation which scales with salt 

concentration. These findings are in good agreement with previous reports on PEO–based SPEs.40, 

41 Next, we examine the effect of h–BN on PEO crystallinity. It appears that the spherulite size for 

neat PEO increases from ca. 700 μm (Figure 1a1) to ca. 1000 μm with the addition of 0.3 wt.% h–

BN flakes (Figure 1a2)), and shrinks to about 800 μm when h–BN loading is increased to 3.0 wt.% 

(Figure 1a3)). A similar trend is observed for the P(EO)24:Na+ samples. Qualitatively, this trend 

suggests that polymer crystallinity increases upon the addition of 0.3 wt.% h–BN, and then 

decreases when the h–BN concentration is increased to 3.0 wt.%. This trend is in agreement with 

our previous report on identical SPEs but with NaNO3 salt instead, attributed to the competing 

effects of surface–enhanced nucleation and spherulitic disruption caused by the h–BN flakes.22 

The P(EO)4:Na+ samples remain fully amorphous with the addition of h–BN.  

Next, we turn our attention to the dispersion of h–BN flakes in the polymer (electrolyte) 

matrices. The optical micrographs consist of light gray areas which represent the polymer matrix, 

and darker speckles which represent the h–BN flakes. Close examination of the micrographs 

reveals uniform dispersion of the flakes within the polymer matrices, as well as the absence of 

agglomerates larger than the nominal lateral dimension of an individual h–BN flake (5 μm). While 

the 2D geometry of the h–BN flakes may lead to their stacking in the z axis, i.e., across film 

thickness, these optical micrographs suggest good dispersion of the h–BN flakes in the polymer 

(electrolyte) matrices even at the highest weight loading of 3.0 wt.% h–BN (see for example Figure 
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1b2), Figure 1c2), and Figure 1c3)). Given this largely uniform dispersion, we expect the effect of 

h–BN on polymer structure and σ to also be uniform. Note that the critical volume fraction for 

percolation (or percolation threshold) calculated using percolation theory42 for such fillers is about 

1.88%, and the weight loadings of h–BN used in this study correspond to volume fractions of 

0.162% (0.3 wt.%) and 1.62% (3.0 wt.%) both of which are below the calculated percolation 

threshold. 

3.2 Polymer Crystallinity 

 Salt and filler addition directly impact polymer crystallinity as visualized in Figure 1. Here, 

we used XRD and DSC to further investigate and quantify changes in PEO crystallinity as a 

function of salt and h–BN concentration, as shown in Figure 2. 
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Figure 2. Polymer crystallinity characterization. a)–c) XRD traces of the polymer (electrolyte) 

samples, showing the two main crystalline peaks for PEO located at 19° and 23°. e)–g) DSC 

heating traces of the polymer (electrolyte) samples showing the melting peak of PEO and PEO–

salt complexes. Percent polymer crystallinity is indicated next to the melting peak(s). 
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Pure PEO exhibits two main crystalline peaks centered at 19° and 23° (Figure 2a)). These 

peaks correspond to the [120] and the [032] crystal planes of PEO, respectively,22, 43 and appear at 

lower absolute intensities for all P(EO)24:Na+ SPEs indicating reduction in PEO crystallinity due 

to salt addition (Figure 2b)). These two crystalline peaks disappear for all the P(EO)4:Na+ SPEs 

indicating complete suppression of PEO crystallinity (Figure 2c)). These observations are in 

excellent agreement with the semicrystalline–to–amorphous phase–transition observed from 

optical microscopy shown in Figure 1. Although we observed no significant shifts in the PEO 

peaks upon the addition of salt to PEO, the [032] crystal plane in the P(EO)24:Na+ SPEs appears 

to reflect as a triplet rather than a single, sharp peak as in pure PEO. Together with the reduction 

in peak intensities, this observation indicates disruption of the PEO crystal motifs due to the 

incorporation of salt.  

 We also quantified the polymer crystallinity in our SPEs using DSC. Table 1 summarizes 

the key polymer properties for the SPEs. Figure S1 in Supporting Information shows the 

differential DSC curves used to determine the values of Tg. As shown in Figure 2d)–Figure 2f), 

PEO crystallinity decreases from 68% for pure PEO to 31% for P(EO)24:Na+, and disappears 

entirely for P(EO)4:Na+. Similar behavior is observed for the samples containing h–BN flakes 

(both 0.3 wt.% and 3.0 wt.%), i.e., PEO crystallinity decreases with increasing salt fraction for all 

samples investigated (both with and without h–BN flakes). For undoped PEO (Figure 2d)), we 

find that PEO crystallinity increases from 68% in the absence of h–BN to 74% when 0.3 wt.% h–

BN is added. Further increase in h–BN loading to 3.0 wt.% leads to a reduction in PEO crystallinity 

to ca. 69%. We observe a similar non–monotonic trend for the P(EO)24:Na+ samples, i.e., the SPEs. 

This trend manifests as a result of the dominance of heterogeneous nucleation at 0.3 wt.% h–BN, 

versus the dominance of spherulitic confinement at 3.0 wt.% h–BN. The h–BN flakes act as planar 

surfaces for PEO nucleation and growth, and can catalyze the crystallization of PEO on their 

surface(s). Thus, PEO crystallinity increases at 0.3 wt.% h–BN. On the other hand, at 3.0 wt.% h–

BN the larger number of flakes leads to a smaller inter–particle (i.e., inter–flake) spacing which 

confines the PEO spherulites and suppresses overall crystallinity. We have observed and reported 

similar behavior in our previous work on identical SPEs but using NaNO3 as the salt instead of 

NaFSI.22 In addition to this, our observations align with other reports in the literature based on 

polymer and polymer electrolyte composites containing 2D fillers.44–48  
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Summarily, our structural characterization reveals uniform dispersion of h–BN flakes 

within the SPE matrix, and that the P(EO)24:Na+ samples are semicrystalline at room temperature 

whereas the P(EO)4:Na+ samples are fully amorphous. PEO crystallinity exhibits a non–monotonic 

trend owing to filler concentration–dependent nucleation and confinement effects. Next, we 

investigate the solvation structure in our SPEs using Raman spectroscopy. 

Table 1. Summary of key polymer properties from DSC heating scans for the SPEs. N/A stands 

for not applicable. 

SPE Tg (°C) Tm (°C) Xc (%) 

P(EO)24:Na+–0.0 wt.% h–BN –41.5 57.8 31% 

P(EO)24:Na+–0.3 wt.% h–BN –41.0 57.9 40% 

P(EO)24:Na+–3.0 wt.% h–BN –43.5 59.9 30% 

P(EO)4:Na+–0.0 wt.% h–BN –40.0 N/A N/A 

P(EO)4:Na+–0.3 wt.% h–BN –41.5 N/A N/A 

P(EO)4:Na+–3.0 wt.% h–BN –42.5 N/A N/A 

 

3.3 Solvation Structure and DFT Calculations 

 Local solvation structure is central to ion transport.49 We used Raman spectroscopy to 

analyze the solvation environment within our SPEs, results for which are shown in Figure 3. All 

spectra were collected at room temperature. The characteristic vibrational modes of PEO (800 cm–

1 to 900 cm–1) are shown in Figure S2 in Supporting Information. Pure PEO shows two sharp 

peaks – one at ca. 845 cm–1 which represents CH2 asymmetric rotational modes, and the other at 

ca. 858 cm–1 which represents both CH2 symmetric rotational modes and (C–O–C) symmetric 

stretching modes.50 Solvate structures of FSI– anion–based salts in various solvents have been 

studied widely, as recently summarized by Han et al.51 The deconvoluted data for the S–N–S 

moiety of the FSI– anion (690 cm–1 to 790 cm–1) for both salt concentrations is shown in Figure 3. 

Incorporation of NaFSI into the PEO matrix results in the formation of a new, broad peak at ca. 

720 cm–1 with a shoulder peak tailing at ca. 740 cm–1 for all P(EO)24:Na+ SPEs (Figure 3a) to 

Figure 3c), and Figure S2, Supporting Information). There is a corresponding broadening and shift 

in relative intensities of the PEO peaks which indicates PEO–cation complex formation. However, 

these peaks still bear resemblance to pure PEO and thus reflect the semicrystalline nature of the 

P(EO)24:Na+ SPEs as also confirmed in Section 3.2. 
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Figure 3. Deconvoluted Raman spectra of a)–c) P(EO)24:Na+ SPEs, and d)–f) P(EO)4:Na+ SPEs 

in the 690 cm–1 to 780 cm–1 region capturing the S–N–S vibrational modes from the FSI– anion. 

Columns (L–R) represent 0.0 wt.% h–BN, 0.3 wt.% h–BN, and 3.0 wt.% h–BN. Legend in a) 

applies to b), c). Legend in d) applies to e), f). Inlaid text indicates the percentage of each species. 

Purple curves in panels d)–f) are 7% or less in every case.  

Increasing the salt concentration from P(EO)24:Na+ to P(EO)4:Na+ results in a large shift of 

the S–N–S peak shown in Figure 3d)–Figure 3f) from 720 cm–1 to 737 cm–1. On the other hand, 

the two PEO peaks appear to converge into a single, broad peak upshifted to ca. 863 cm–1 for all 

P(EO)4:Na+ SPEs representing the PEO breathing mode characteristic of PEO–cation complexes 

in accordance with observations made by Ratner and coworkers,23, 52 and more recently by Boschin 

and Johansson for PEO/NaFSI SPEs at similar salt concentrations.53 

To elucidate FSI– speciation, we follow peak assignments made in the literature for FSI––

based electrolytes.53–58 Results are summarized in Table 2 and Table 3. For the P(EO)24:Na+ SPEs, 

we deconvoluted our Raman spectra to two peaks: ca. 718 cm–1 for free anions, and ca. 725 cm–1 

for paired anions. In the absence of h–BN, the percentage of free anions in the P(EO)24:Na+ SPE 

is ca. 44%, whereas the percentage of contact ion pairs (CIPs) is ca. 56%. Both values are in the 

vicinity of those reported by Boschin and Johansson for their P(EO)20:Na+ complex at room 

temperature.53 Next, we find that the addition of 0.3 wt.% h–BN leads to a gradual increase in the 

percentage of free anions from 44% to about 50% for the 3.0 wt.% h–BN SPE. We posit that this 

increase in free anion concentration in the presence of h–BN results from the ability of h–BN to 
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aid in salt dissociation although there is a concomitant increase in polymer crystallinity by 10% 

for the 0.3 wt.% h–BN SPE. 

Table 2. Table summarizing FSI– anion speciation for the P(EO)24:Na+ SPEs at room temperature. 

SPE SSIPs Error CIPs Error 

P(EO)24:Na+–0.0 wt.% h–BN 44% 1.5% 56% 1.7% 

P(EO)24:Na+–0.3 wt.% h–BN 47% 1.8% 53% 2.1% 

P(EO)24:Na+–3.0 wt.% h–BN 50% 1.5% 50% 1.8% 

 

Table 3. Table summarizing FSI– anion speciation for the P(EO)4:Na+ SPEs at room temperature. 

SPE CIPs Error AGG–1 Error AGG–2 Error 

P(EO)4:Na+–0.0 wt.% h–BN 79% 3.3% 14% 3.9% 6% 1.2% 

P(EO)4:Na+–0.3 wt.% h–BN 84% 2.7% 8% 2.9% 7% 1.3% 

P(EO)4:Na+–3.0 wt.% h–BN 93% 1.7% 3% 0.9% 3% 0.8% 

For the P(EO)4:Na+ SPEs, our Raman spectra indicate that the primary peak position is at 

ca. 737 cm–1. Deconvolution of these spectra in a manner similar to that for the P(EO)24:Na+ SPEs 

did not result in convergence of fits and/or contained large errors. On the other hand, good fits 

yielded deconvoluted peaks at ca. 733 cm–1 (CIPs), ca. 745 cm–1 aggregate species type–1 (AGG–

1), and ca. 758 cm–1 aggregate species type–2 (AGG–2) which is in accordance with several reports 

in the literature on MFSI/DME (M = Li, Na) electrolytes.53–58 The dominant primary Raman peak 

observed by Boschin and Johannson53 in their P(EO)6:Na+ SPE (semicrystalline) is centered 

around 718 cm–1 indicating the dominance of free anions (ca. 50%), whereas the dominant species 

in our P(EO)4:Na+ (amorphous) samples appear to be CIPs. This finding highlights the governing 

role of salt concentration on the solvation environment, and also reflects the sensitivity of the local 

solvation environment and polymer crystallinity to incremental changes in salt concentration. We 

find that the addition of h–BN leads to a gradual increase in the percentage of CIPs from 79% to 

93% whereas the percentage of both aggregate species (AGG–1 and AGG–2) goes from 20% to 

6%. Although deconvolution of this peak is a challenge as also noted by Han and coworkers,51 it 

is clear that CIPs dominate the local solvate structure in our P(EO)4:Na+ SPEs. Further, given the 

breadth of this peak overlapping into the free anion region, we cannot rule out the presence of free 
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anions at this salt concentration and possibly a corresponding increase in free anion percentage 

with increase in h–BN concentration. 

We also correlated these findings to local PEO coordination (see Figure S3 in Supporting 

Information). We find that the fraction of coordinated ether oxygen atoms for the P(EO)24:Na+ 

SPEs increases from 18% to 24% with increased h–BN loading, which indicates that more PEO is 

partaking in coordination in the presence of h–BN filler. From Figure 3, we know that the 

percentage of free anions increases in with the addition of h–BN. The corresponding fraction of 

dissociated cations is expected to coordinate with PEO thereby leading to an increase in the 

percentage of coordinated ether atoms seen here. Since the 860 cm–1 region represents both CH2 

and C–O–C modes, the deconvolution leads to relatively large errors. However, this does not 

prevent us from drawing general conclusions about the trends. For the P(EO)4:Na+ SPEs, the  

percentage of coordinated PEO appears to go from 95% to 84% when h–BN loading is increased 

(see Figure S3 in Supporting Information). These values already suggest that coordinated PEO 

dominates the solvate environment at this salt concentration. The increasing CIP percentage seen 

in Figure 3 together with the reduction in PEO coordination percentage suggests that although h–

BN may aid in salt dissociation, the dissociated ions may recombine if the coordinating moiety on 

the polymer backbone is saturated. Based on this analysis, we can conclude that the solvation 

environments in our SPEs are significantly different for the two salt concentrations explored. The 

P(EO)24:Na+ SPEs consist of free anions (i.e., solvent–separated ion pairs, SSIPs) and CIPs, 

whereas the P(EO)4:Na+ SPEs consist of CIPs and AGGs. The average coordination number (CN) 

calculated for the P(EO)24:Na+ SPEs is 4.7±0.3 whereas that for the P(EO)4:Na+ SPEs is 3.5±0.1 

which is good agreement with recent molecular dynamics simulations on PEO–NaFSI mixtures at 

similar concentrations.59 

To obtain further mechanistic insight into the effect of h–BN on the SPE solvation 

environment, we carried out DFT calculations to determine the pairwise binding energies of 

various intercomponent interactions as shown in Figure 4. These interactions include NaFSI salt 

binding, PEO–cation (Na+) binding in a systematic incremental coordination number from 2 to 6, 

and the interaction(s) of h–BN with a fully–dissociated cation and anion as well as with a single 

PEO unit. Overall, all binding energies are negative, signaling that all pairwise interactions are 

attractive. We begin with the idea that the complete dissociation of a single NaFSI molecule 
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requires a minimum binding energy of ca. –108.9 kcal/mol, as shown in Figure 4H. In a mixture 

of PEO and NaFSI, PEO can form complexes with the Na+ cation in a variety of coordination 

numbers (CN) ranging from two to six. 

 

Figure 4. Complexation (i.e., binding) energies for various pairwise interactions obtained from 

DFT calculations: A, B, C. PEO–Na+ interactions with coordination numbers 2, 3, 4, respectively. 
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D, E. PEO–Na+ interactions with coordination number 5 from one and two PEO chains, 

respectively. F, G. PEO–Na+ interaction with coordination number 6 from one and two PEO 

chains, respectively. H. NaFSI salt complexation energy. I. PEO–FSI– interaction (PEO with five 

ether oxygens). J. h–BN–Na+ pair interaction. K. h–BN–FSI– pair. L. h–BN–PEO–(two ether 

oxygens). 

These complexation energies increase from –44.1 kcal/mol to –99.5 kcal/mol with an 

increase in the number of coordinating ether oxygen atoms as shown in Figure 4A–G. Next, we 

find that the FSI– anion can bind with PEO with an energy of –12.5 kcal/mol (Figure 4I). The 

experimentally–derived CNaverage for the P(EO)24:Na+ SPEs is around 4.7, and that for the 

P(EO)4:Na+ SPEs is around 3.5. For comparison, these values agree well with the 4–fold PEO 

coordination environment reported by Ratner52 in their foundational work on PEO–NaX 

complexes. We also find that the CN for FSI– anions at both salt concentrations is <1. Considering 

these CNaverage values for PEO, our DFT calculations reveal that PEO by itself can offer a binding 

energy of between –60.1 kcal/mol and –90.0 kcal/mol towards Na+, and possibly a small 

contribution towards FSI–. The origin of ion mobility in PEO–NaFSI SPEs lies in this ability of 

PEO to nearly match the complexation energy of the NaFSI molecule, which has thus far not been 

shown quantitatively.  

Next, we find that h–BN can bind with dissociated Na+ cations with an energy of –29.3 

kcal/mol (Figure 4J) as well as dissociated FSI– anions with an energy of –11.8 kcal/mol (Figure 

4K) which is similar to the PEO–FSI– interaction energy. h–BN can also bind with PEO with an 

energy of –9.6 kcal/mol (Figure 4L) via hydrogen bonding, which supports our enhanced 

heterogeneous nucleation theory with regard to PEO crystallinity.  

Additionally, we performed DFT calculations for the tricomponent system of PEO–Na+–

FSI– with and without h–BN (see Figure S4 in Supporting Information). PEO was present with 

two ether oxygens. We calculated the strength of PEO interaction with NaFSI and the strength of 

FSI– with the Na+–PEO complex. We find that the complexation energy of PEO for the NaFSI salt 

is –31.2 kcal/mol without h–BN, whereas in its presence, it increases to –40 kcal/mol, signifying 

stronger PEO–salt interactions in the presence of h–BN due to h–BN–salt interactions. For FSI–, 

the interaction energy with the Na+–PEO complex is –96 kcal/mole without h–BN and decreases 

slightly to –95.2 kcal/mol in the presence of h–BN indicating weaker complex–FSI– interactions 

with filler. Although this result indicates the synergistic role of h–BN, the elucidation of the exact 
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molecular mechanism requires a thorough theoretical study, including periodic DFT calculations 

and molecular dynamics simulations, which is the subject of a new theoretical study. 

Given these findings, the presence of h–BN in the PEO–NaFSI complex can, in principle, 

match the binding energy required to dissociate NaFSI and lead to a larger fraction of free charge 

carriers (both Na+ and FSI–) within the SPEs. Notably, our DFT results and analysis support our 

experimental observations with regard to the percentage of free–charge carriers. Therefore, based 

on these results, we propose that the general mechanism behind the increased percentage of free 

charge carriers involves h–BN–‘assisted’ dissociation of NaFSI salt wherein h–BN and PEO work 

synergistically to improve salt dissolution in the SPE matrix. The fate of these dissociated charge 

carriers, however, depends closely upon whether or not the polymer matrix coordinating moiety is 

saturated. Our finding in this work also agrees with our recent report on h–BN–NO3
– binding 

energetics.22 The h–BN–FSI– binding energy here is lower than the h–BN–NO3
– binding energy 

likely due to the higher charge delocalization on the FSI– anion. The PEO chains possess much 

larger configurational entropy than h–BN, which allows PEO to solvate Na+ cations in multifold 

configurations easily and facilitate their transport. 

In this section, we established using Raman spectroscopy and DFT calculations that the 

solvation environment in our SPEs depends strongly upon salt concentration. Our P(EO)24:Na+ 

SPEs consist primarily of free anions and contact ion pairs, whereas our P(EO)4:Na+ SPEs 

comprise mainly contact ion pairs and aggregates. Further, we find that h–BN improves salt 

dissociation via its ability to bind with both dissociated ions in the SPEs by virtue of its Lewis 

chemistry. This improvement is also salt–concentration dependent: we see a larger increase at the 

lower salt concentration, and vice versa which we attribute to the different solvate structures and 

saturation of PEO. Since σ is proportional to the percentage of free charge carriers, we expect these 

changes in the solvation environment to reflect in the σ values of our SPEs, which is discussed in 

the next section.  

3.4 Ionic Conductivity Analysis 

We probed the total ionic conductivity σDC (referred to hereafter as σ) of our SPEs using 

electrochemical impedance spectroscopy (EIS), as shown in Figure 5. Impedances were extracted 

from the frequency–independent portion of Bode plots shown in Figure S5 and Figure S6 in 
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Supporting Information. The EIS data has been scaled to 1000/(T–Tg) so as to account for changes 

in polymer Tg, which is sample–specific. 

 

Figure 5. Arrhenius plots of total ionic conductivity σ for a) P(EO)24:Na+ and b) P(EO)4:Na+. 

Orange regions in a) and b) indicate the range of room temperature as also indicated with text. 

Blue bar in a) indicates the melt transition (Tm–DSC) region of the semicrystalline SPEs at ~328 K. 

Region 1 and Region 2 in a) represent the semicrystalline region and the amorphous region, 

respectively. Values reported are an average of two separate trials. Error bars represent one 

standard deviation of these two trials. 

First, we focus on the P(EO)24:Na+ salt concentration wherein all SPEs (i.e., with and 

without h–BN) are semicrystalline at room temperature. Based on our structural characterization 

results, we define two regions: Region 1 from 298 K (orange band) to 328 K (blue band) where 

the SPEs are semicrystalline, and Region 2 above 328 K where all samples are in the melt phase. 

The melt transition region is indicated in Figure 5a) as Tm–DSC. σ for all SPEs increases as 

temperature increases, in accordance with the thermal–dependence of ion–hopping. In Region 1, 

we observe that σ follows the trend σ3.0 wt.% h–BN > σ0.3 wt.% h–BN ~ σ0.0 wt.% h–BN, i.e., the SPEs 

containing h–BN exhibit higher σ than the h–BN–free SPE. Further, this behavior appears to scale 

with h–BN content, i.e., the SPE containing the highest weight loading of h–BN (3.0 wt.%) 

exhibits the highest σ. The absolute increment in σ going from 0.0 wt.% h–BN to 3.0 wt.% h–BN 

is ca. 4x. We attribute this increase in σ primarily to the positive effect of h–BN on the percentage 

of free charge carriers as shown in Figure 3 and Figure 4, i.e., h–BN aids in the dissociation of 

NaFSI, thereby generating more free charge carriers which can contribute to σ. While the Tg–

scaled data takes into account changes in polymer segmental relaxation, we also normalized our 

data in Region 1 to the volume fraction of amorphous polymer which constitutes the primary ion–
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conducting phase within the semicrystalline SPEs.60–62 This data (not shown) also reflects the same 

trend seen in Figure 5a), which suggests that the primary driving force behind enhanced σ is indeed 

the ability of h–BN to aid in salt dissociation. This trend prevails leading up to the melt transition 

of the SPEs, but the differences in σ become smaller in magnitude. Beyond this transition point, 

i.e., in Region 2, we observe that the data points nearly collapse into a single curve. This indicates 

that the role of h–BN on ion transport in the melt phase is negligible. The semicrystalline–to–

amorphous transition of PEO with increasing temperature leads to a sharp increase in σ which is 

in agreement with previous reports on PEO–based semicrystalline SPEs.63, 64 Overall, our σ values 

are similar to those reported previously for PEO/NaFSI mixtures.53 

Next, we focus on the P(EO)4:Na+ salt concentration wherein all SPEs (i.e., with and 

without h–BN) are fully amorphous at room temperature, shown in Figure 5b). For these SPEs, we 

observe that σ initially follows the trend σ3.0 wt.% h–BN ~ σ0.3 wt.% h–BN ~ σ0.0 wt.% h–BN. This finding 

correlates well with Region 2 data for the P(EO)24:Na+ SPEs which are also fully amorphous in 

that temperature region and exhibit only marginal changes in σ in the presence of h–BN. Above 

ca. 318 K, we find that σ0.0 wt.% h–BN > σ0.3 wt.% h–BN ~ σ3.0 wt.% h–BN across the remaining 

temperatures, i.e., the h–BN–containing SPEs are less ionically conductive than their h–BN–free 

counterpart. This finding correlates well with the decreasing PEO coordination percentage seen 

from our Raman spectroscopy analysis. 

Direct comparison of σ for the two salt concentrations reveals that at 298 K, σP(EO)4:Na
+ / 

σP(EO)24:Na
+ = 3.25, i.e., the P(EO)4:Na+ SPEs are on average 3.25x more ionically conductive than 

their P(EO)24:Na+ counterparts. Although the exact percentage of free charge carriers is unclear 

for the P(EO)4:Na+ SPEs, the semicrystalline nature of the P(EO)24:Na+ SPEs is expected to 

influence this ratio. At 358 K where all SPEs at both salt concentrations are amorphous, this ratio 

flips to ca. 0.40, suggesting that in the melt, the SPEs with a lower salt concentration are more 

ionically conductive than SPEs containing a higher salt concentration.  

Activation energies Ea for ion hopping obtained from experimental EIS data are shown in 

Table 4 (see Figure S7 and Figure S8 in Supporting Information). We used Arrhenius fits for the 

P(EO)24:Na+ SPEs and both Arrhenius and Vogel–Fulcher–Tammann (VFT) fits for the 

P(EO)4:Na+ SPEs.27 Ea for the P(EO)24:Na+ SPEs has been calculated separately for Region 1 and 

Region 2 shown in Figure 5, whereas the entire temperature range is treated as having a single Ea 
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for the P(EO)4:Na+ SPEs. In Region 2, Ea is in the range of 0.31 eV and 0.36 eV, and decreases as 

the h–BN concentration increases. This trend suggests enhanced ion mobility as also supported by 

trends observed in our Tg–DSC results which indicates acceleration of polymer segmental mobility. 

These values agree well with those reported by Moreno et al for T > Tm.63 In the semicrystalline 

state, i.e., Region 1, P(EO)24:Na+ SPEs, the Ea increases by a factor of 4.5 (average) relative to 

Region 2, which we attribute to hindered ion transport due to PEO crystallites. Yet, the SPE 

containing the highest concentration of h–BN shows the lowest Ea indicating the positive effect of 

h–BN on overall ionic motion in the SPEs. 

Table 4. Table of activation energies Ea for the SPEs. Arrhenius fits were used for the P(EO)24:Na+ 

SPEs split into two regions. VFT fits were used for the P(EO)4:Na+ SPEs. 

    

    

    

    

    

    

    

a: Arrhenius Region 1; b: Arrhenius Region 2; c: Arrhenius; d: VFT; N/A: not applicable. 

SPE Ea [eV] 

Region 1 

R2 

Region 1 

Ea [eV] 

Region 2 

R2 

Region 2 

T0 

[K] 

P(EO)24:Na+–0.0 wt.% h–BN 1.63a 0.99 0.36a 0.99 N/A 

P(EO)24:Na+–0.3 wt.% h–BN 1.64a 0.97 0.33a 0.99 N/A 

P(EO)24:Na+–3.0 wt.% h–BN 1.42a 0.99 0.31a 0.99 N/A 

P(EO)4:Na+–0.0 wt.% h–BN 1.61b 0.99 N/A N/A 228 

P(EO)4:Na+–0.3 wt.% h–BN 3.56b 0.99 N/A N/A 195 

P(EO)4:Na+–3.0 wt.% h–BN 1.95b 0.99 N/A N/A 216 

a: Arrhenius fit; b: VFT fit; N/A: not applicable. 
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For the P(EO)4:Na+ SPEs,VFT fits yield Ea values as follows: 3.56 eV (0.3 wt.% h–BN) > 1.95 eV 

(3.0 wt.% h–BN) > 1.61 eV (0.0 wt.% h–BN), suggesting that the barrier to ion hopping is higher 

in the presence of h–BN than in its absence within the polymer matrix.  Further, these Ea values 

are higher than those observed for the P(EO)24:Na+ SPEs in the melt (Region 2), which we also 

observed using Arrhenius fits to the same data (see Figure S8 in Supporting Information). The 

exact reason behind these trends is unclear, but the local solvate structure and polymer backbone 

conformational changes could be contributing factors. Additionally, differences in polymer melt 

viscosity may also play an important role. These aspects will be reported in a separate study. The 

corresponding Vogel temperatures T0 for the P(EO)4:Na+ SPEs are also shown for reference and 

are lower than the Tg–DSC values. 

3.5 Transport Parameter Analysis 

Composite SPEs are complex systems wherein multiple effects simultaneously influence σ 

in different ways. It is particularly important to understand whether improvements in σ are due to 

changes in ion mobility or changes in free charge carrier concentration, or both. This necessitates 

further analysis of the governing transport parameters, i.e., ion diffusion coefficient Dion which 

represents ion mobility via the Einstein–Smoluchowski relation, and nfree which represents the 

number of free charge carriers in the SPEs. We use the MacDonald–Trukhan approach65, 66 to 

quantify the transport parameters in our SPEs. This approach is based on analysis of the electrode 

polarization phenomenon in broadband dielectric (i.e., EIS) spectra, which relates Dion to the 

maximum of the loss tangent via the equation: 

𝑫𝒊𝒐𝒏 =
2𝜋𝐿2𝑓𝑚𝑎𝑥

32(tan 𝛿)𝑚𝑎𝑥
3  

𝒏𝒇𝒓𝒆𝒆 =
𝜎𝑘𝐵𝑇

𝐷𝑖𝑜𝑛𝑒2
 

where L is the thickness of the SPE, fmax is the frequency corresponding to the maximum of the 

loss tangent, (tan δ)max, from dielectric spectra (see Figure S9 in Supporting Information), e is 

electric charge, kB is Boltzmann’s constant, and T is temperature. Dion can be combined with σ 

which is a measured quantity to estimate the free charge carrier concentration nfree in the SPEs. 

This approach has been used previously for similar analyses in electrolytes.67–73 These results are 

shown in Figure 6. We carried out the transport parameter analysis for two temperatures – 298 K 
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(25°C) and 328 K (55°C) – enabled by the collection of temperature–dependent EIS data shown 

in Figure 5. The loss tangent data beyond 328 K was saturated and thus could not be used for this 

analysis. Our structural characterization results reveal that at 298 K (25°C), the P(EO)24:Na+ SPEs 

are semicrystalline whereas the P(EO)4:Na+ SPEs are fully amorphous. However, the P(EO)24:Na+ 

SPEs undergo melt transitions around 328 K (55°C) as seen from our DSC results (Figure 2). Thus, 

at this temperature we expect the P(EO)24:Na+ SPEs to be amorphous and hence we focus our 

attention on this temperature first. 

 

Figure 6. Summary of ion transport parameters for the two salt concentrations investigated: top 

row shows P(EO)24: Na+ and bottom row shows P(EO)4:Na+. Columns (L–R) represent ion 

diffusion coefficient Dion, free charge carrier concentration nfree, and total ionic conductivity σDC 

(referred to as σ in the text). Values reported are an average of two separate trials except for 

P(EO)4:Na+–0.0 wt.% h–BN at 298 K and 328 K which are from a single trial. Error bars represent 

one standard deviation of the two trials. 

 It is important to first discuss the factors that affect Dion. In an amorphous polymer matrix 

containing dispersed filler, Dion is correlated with polymer segmental dynamics, melt viscosity, 

and the tortuosity generated by filler particles. Suppression of polymer Tg and melt viscosity 

enhance Dion, whereas tortuosity suppresses Dion. An additional factor for semicrystalline polymers 

is polymer crystallinity, which also suppresses Dion. Therefore, we discuss our results in the context 

of these parameters. Figure 6, top row shows data for the P(EO)24:Na+ SPEs. At 328 K (55°C) 

(green bars), we observe that Dion is in the range of 10–4 cm2/s for SPEs with and without h–BN 

(Figure 6a)). Within error, Dion appears to remain invariant with the addition of 0.3 wt.% h–BN 

flakes suggesting that the effect of h–BN on ion diffusivity at 328 K is negligible. At 3.0 wt.% h–

BN, there appears to be a small decrease (0.6x) in Dion relative to the 0.3 wt.% h–BN SPE which 
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may either be due to the tortuosity generated by the flakes, and/or a higher melt viscosity due to 

more h–BN flakes. The changes in Tg here are small and therefore their effect on ion mobility is 

also likely small. Going from 328 K (amorphous) to 298 K (semicrystalline), Dion decreases by 

two orders of magnitude to ca. 10–6 cm2/s, which is in accordance with the temperature–dependent 

Dion values reported for Na SPEs.74–76 At 0.3 wt.% h–BN, Dion increases by 3x although polymer 

crystallinity also increases. A plausible explanation for this increase is changes to PEO 

conformations induced by h–BN as we have reported previously.22 At 3.0 wt.% h–BN, Dion 

decreases by 0.65x relative to the 0.3 wt.% h–BN sample which may be due to tortuosity generated 

by the h–BN flakes. These changes are small, and also complicated by polymer crystallinity which 

makes their isolation a challenge. Yet, this value is similar to that of the h–BN–free SPE which 

indicates that at 298 K, 3.0 wt.% h–BN does not significantly influence ion mobility. This trend is 

similar to that seen at 328 K. Next, we analyze nfree, which lies in the range of 1016 cm–3–1017 cm–

3. nfree at 328 K is invariant for the 0.0 wt.% h–BN and 0.3 wt.% h–BN SPEs. However, the highest 

nfree value is observed for the 3.0 wt.% h–BN SPE, which is about 2.3x higher relative to the h–

BN–free SPE. The combined effect of these transport parameters is seen in Figure 6c), wherein σ 

at 328 K for the 0.0 wt.% h–BN SPE and the 0.3 wt.% h–BN SPE are similar, but there is an 

increase in σ at 3.0 wt.% h–BN by ca. 1.76x relative to the other two SPEs.  

For the P(EO)24:Na+ SPEs at 298 K (25°C) (solid orange bars), observe that nfree remains 

invariant with the addition of 0.3 wt.% h–BN but increases by 6x for the 3.0 wt.% h–BN SPE. This 

increased nfree translates to a concomitant 4x increase in σ at 298 K as seen in Figure 6c). The h–

BN–free SPE and the 3.0 wt.% h–BN SPE are equivalent in terms of polymer crystallinity (ca. 

30%). Further, since Dion for the h–BN–free and 3.0 wt.% h–BN SPE are similar, this increase in 

σ is primarily driven by the increase in nfree thereby reinforcing the h–BN–‘assisted’ salt 

dissociation mechanism we proposed in Section 3.3. 

Next, we focus on the P(EO)4:Na+ SPEs shown in Figure 6, bottom row. All SPEs are 

amorphous at this salt concentration (across all temperatures) and we expect no effects from 

polymer crystallinity. At 328 K (55°C) (green bars), the Dion for these SPEs both with and without 

h–BN lies in the range of 10–6 cm2/s–10–5 cm2/s (Figure 6d)). At 298 K (25°C) (orange bars), Dion 

decreases to ca. 10–7 S/cm–10–6 S/cm relative to 328 K, a decrease also seen for the P(EO)24:Na+ 

SPEs. These values are lower than those of the P(EO)24:Na+ SPEs at the same temperature which 
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is likely due to differences in viscosity based on salt concentration. This difference may also help 

explain the higher Ea values reported in Table 4 for this salt concentration. We observe that Dion 

increases by ca. 6x with increase in h–BN loading at both temperatures. This increase is not seen 

for the amorphous P(EO)24:Na+ SPEs which turns our attention to the significantly different 

solvation environments in these two sets of SPEs. In the SSIP–dominated SPEs, ion motion occurs 

primarily via polymer segmental motion as in the case of dilute electrolytes. On the other hand, 

theoretical analysis77 suggests that ion transport in highly concentrated sodium electrolytes occurs 

via a ligand–exchange mechanism facilitated by AGGs wherein the diffusive dynamics of ions are 

different than in dilute electrolytes. This may be one reason for the increasing Dion trend seen at 

this salt concentration although the ionic conductivity σ appears to remain invariant. Next, we 

focus on nfree. In Figure 6e), we observe that nfree lies in the range of 1017 cm–3–1018 cm–3 which 

is higher than the corresponding P(EO)24:Na+ SPEs, and decreases at 328 K with the addition of 

h–BN. As seen in Figure 6f), σ at 328 K decreases, albeit marginally, with the addition of h–BN 

flakes to the SPEs. Therefore, these results suggest that effects from thermal energy overpower 

any effects from the h–BN flakes at 328 K.  

To contextualize these findings, recent computational work78 on PEO–LiTFSI–

nanoparticle melts suggests that silica nanoparticles (Lewis acidic) cause a decrease in σ owing to 

nanoparticle–ion association, with which our results appear to align given the partial Lewis acidity 

of h–BN. nfree at 298 K appears to decrease with an increase in h–BN loading, with the largest 

decrease being observed going from 0.0 wt.% h–BN to 0.3 wt.% h–BN. This trend agrees with the 

increasing CIPs fraction determined from our Raman spectroscopy results with the assumption 

that the CIPs increase at the cost of any free ions (SSIPs).  

It is important to note that the MacDonald–Trukhan approach was originally designed for 

dilute electrolytes and does not account for ion–ion correlations. Sokolov and coworkers70, 71 have 

incorporated an empirical correction factor into this equation to better represent highly–

concentrated electrolytes that are typical in battery applications. Yet, they report that the 

MacDonald–Trukhan approach can only be used as a qualitative means of analysis especially at 

high salt concentrations (>5 wt.% salt). Thus, we reason that our transport parameter analysis is 

also constrained by the limitations of the MacDonald–Trukhan approach, which for instance 

reflects in the higher Dion values observed here relative to NMR–derived values. Further work on 
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obtaining more representative data using NMR techniques is in progress. Yet, this analysis 

provides important insight about decoupling the effects of Dion and nfree on σ. Lastly, Figure 6f) 

shows that within error, σ at 298 K does not change with the addition of h–BN likely due to an 

increase in the CIP fraction and a decrease in nfree although Dion increases. The significant finding 

here is that the nfree contribution dominates σ more so for the P(EO)24:Na+ SPEs. Of note is the 

finding that the largest improvement in σ is obtained when nfree is maximized (as opposed to the 

case wherein Dion is maximized), which directly relates to the importance of filler chemistry, in 

this case, the dual–Lewis h–BN. 

The temperature–dependence of σ for the two salt concentrations is also discussed here. σ 

for the P(EO)24:Na+ SPEs increases by 2 orders of magnitude going from 298 K (10–7 S/cm) to 328 

K (10–5 S/cm), whereas for the P(EO)4:Na+ SPEs this increase is only 1 order of magnitude (ca. 

10–6 S/cm) to (10–5 S/cm). We posit that the larger increase at lower salt concentration is due to 

the semicrystalline–to–amorphous phase–transition as well as a lower melt viscosity. The Ea 

values for P(EO)24:Na+ SPEs in Region 2 being lower than the P(EO)24:Na+ SPEs (see Table 4) 

further supports this argument. 

In this section, we investigated the total ionic conductivity of our SPEs and carried out 

rigorous analysis of the underlying transport parameters using the MacDonald–Trukhan approach. 

At 298 K, nfree increases, Dion remains invariant, and σ increases as h–BN loading increases for 

the P(EO)24:Na+ SPEs. A similar effect is observed at 328 K, but to a smaller extent. Therefore, 

this increase in σ is most likely from an increase in nfree. On the other hand for the P(EO)4:Na+ 

SPEs at 298 K, nfree decreases, Dion increases, and σ remains invariant as h–BN loading increases 

suggesting that maximizing nfree is necessary to maximize σ. 

4. Conclusions 

In this fundamental study, we carried out a thorough structural and electrochemical 

characterization of PEO/NaFSI/h–BN SPEs at EO:Na+ concentrations of 24:1 and 4:1. In the h–

BN concentration range that we investigate (below than the percolation threshold), our XRD and 

DSC results reveal that PEO crystallinity in semicrystalline PEO/h–BN polymer (electrolyte) 

composites follows a non–monotonic trend with respect to h–BN concentration. We attribute this 

trend to competing effects between heterogeneous nucleation at low h–BN loading and spherulitic 
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confinement at high h–BN loading, caused by the h–BN flakes. A key observation is that h–BN 

does not induce crystallinity at the EO:Na+ concentration of 4:1 which we posit is due to the 

dominant effect of polymer–cation complexation. 

We also investigated the solvation structure in our SPEs using Raman spectroscopy. The 

P(EO)24:Na+ SPEs comprise solvent–separated ion pairs and contact ion pairs, whereas the 

PEO4:Na+ SPEs comprise CIPs and AGGs. We find that the addition of h–BN flakes improves salt 

dissociation in the PEO24:Na+ SPEs in addition to influencing PEO crystallinity. On the other hand, 

it appears that h–BN leads to an increase in CIP fractions in the fully amorphous PEO4:Na+ SPEs 

which calls into question the timescales associated with ion dissociation and ion recombination in 

composite SPEs. We also obtained molecular–level insight into the effect of h–BN on speciation 

using DFT calculations which reveal that h–BN binds favorably with dissociated cations, 

dissociated anions, as well as PEO. Based on these findings, we propose that the underlying 

mechanism behind the experimentally–observed increase in free charge carrier concentrations is 

an h–BN–‘assisted’ salt dissociation process wherein PEO and h–BN work synergistically to 

dissociate NaFSI whose dissociation energy is similar in the presence of h–BN. 

Lastly, we have found that the total ionic conductivity of our SPEs increases by ca. 2x–4x 

in the presence of h–BN relative to h–BN–free SPEs depending upon the temperature, despite 

possible tortuosity from the filler particles. Detailed transport parameter analysis based on the 

MacDonald–Trukhan approach provides additional insight into the underlying ion dynamics and 

σ results. To contextualize these findings, we note that the largest improvement in total ionic 

conductivity is observed at the EO:Na+ ratio of 24:1 where the SPEs are semicrystalline and 

therefore mechanically robust relative to the 4:1 SPEs. The PEO4:Na+ SPEs do not show 

improvement in total ionic conductivity likely because the PEO chains are at saturation for 

complexation.  

Using a combination of experiment and computation, this work provides key insight into 

how Lewis–active fillers like h–BN can affect ionic conductivity in dual–ion conducting polymer 

electrolytes. This work shows that the SPEs transition from solvent–separated ion pair– to contact 

ion pair–dominated regimes with increasing salt concentration. If ionic aggregates can be 

engineered to percolate using h–BN, the resulting ion channels can allow for rapid transport and 

thus higher ion conductivity.79, 80  Further, h–BN has shown promise as an additive to SPEs because 
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it can regulate cation transport in alkali batteries. Because h–BN binds both ion species, the 

evolution of the solid electrolyte interface (SEI) upon charge/discharge should be investigated.   

Future work on both topics is currently underway. In conclusion, this study reveals complex 

structure–property relationships in SPEs containing Lewis–active filler. A small concentration of 

dual–Lewis h–BN yields a total ionic conductivity of 0.35 mS/cm at 65°C in our model SPE, 

highlighting the impact of filler chemistry on ion transport properties in such systems. 
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