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ABSTRACT: Composite solid polymer electrolytes (CSPEs) for solid-state sodium (Na)
batteries are attractive due to their high modulus, good mechanical properties, and overall
safety relative to liquid electrolytes. Important CSPE properties, such as crystallinity and ionic
conductivity, are closely tied to the physicochemical characteristics of the filler material. In this
work, we investigate how 2D hexagonal boron nitride (2D h-BN) flakes influence polymer
crystallinity and ionic conductivity in poly(ethylene oxide) (PEO)-based CSPEs for Na-ion
conduction using NaNO3 as a model salt. Using X-ray di-raction (XRD), di-erential scanning
calorimetry (DSC), and electrochemical impedance spectroscopy (EIS), we find that polymer crystallinity increases in the presence
of the h-BN flakes, whereas the total ionic conductivity decreases relative to h-BN-free samples. Quantum mechanical DFT
calculations reveal the ability of h-BN to bind with both ions of the dissociated salt, more strongly so with the Na+ cation, which has
hitherto not been reported in the context of Na-based polymer electrolytes. The combined experimental and computational e-orts in
this work provide key physical insights into the importance of filler geometry and chemical characteristics (i.e., Lewis acidity and
Lewis basicity) in the design of CSPEs for Na-ion conduction.

1. INTRODUCTION

Rapid electrification of vehicles and the increasing demand for
stationary grid-level energy storage across the globe call into
question the sustainability of Li-ion batteries (LIBs). Sodium
(Na)-based batteries (both Na-ion and Na metal) have
emerged as recognized alternatives to LIBs due to the relative
abundance of Na, concerns with lithium supply, and the cost
advantages that can be realized by optimizing Na batteries
(such as by using aluminum as the current collector instead of
copper).1 The advantages of Na batteries are accompanied by
drawbacks such as dendrite formation (when using Na metal as
the anode) and lower energy density due to the higher
standard reduction potential of Na than Li. Dendrite formation
is a key safety issue and can be addressed using polymer
electrolytes instead of liquid electrolytes. Polymer electrolytes
can be categorized into composite solid polymer electrolytes
(CSPEs) (i.e., polymer electrolytes containing a filler material
dispersed in the polymer matrix), gel polymer electrolytes
(GPEs), and neat solid polymer electrolytes (SPEs). A
comprehensive review of progress in this area is available in
the literature.2,3

The coupled nature of ion transport with polymer segmental
motion in dual ion conductors, wherein both dissociated ions
within the polymer matrix are mobile, has led to extensive
e-orts in polymer engineering to improve the ion transport
and the overall electrochemical performance of the polymer
electrolytes. Poly(ethylene oxide) (PEO) remains a popular
choice for the polymer matrix in CSPEs due to its high
dielectric constant and consequent ability to dissociate salts
and form polymer−salt complexes as discovered over four
decades ago.4−6 Due to its extensive use in the literature, PEO

is suitable for fundamental investigations of how filler particles
a-ect ion transport. Based on the classical free-volume
theory,7,8 ion transport in semicrystalline polymer electrolytes
occurs primarily in the amorphous domains of the polymer
above its glass transition temperature Tg.

Various approaches, such as the plasticization of the polymer
using a solvent9,10 and the addition of filler particles to disrupt
polymer crystallinity,11,12 among others, have been attempted
to improve the ionic conductivity of PEO-based polymer
electrolytes for applications in LIBs and Na batteries. To this
end, CSPEs containing filler materials such as particles, flakes,
and rods are an exciting subclass of materials due to the
synergistic e-ects of the filler material on the polymer matrix
and ion transport properties. These e-ects include important
factors such as changes in the glass transition temperature (Tg)
of the polymer and ion dissociation, which impact ion
transport properties. Importantly, the role of filler materials
in CSPEs depends intricately upon the nature of filler−
polymer interactions, filler size, and filler geometry.

Hexagonal boron nitride (h-BN) is an interesting filler due
to its unique atomic structure, wherein boron is electrophilic
and nitrogen is nucleophilic. Boron can therefore act as a Lewis
acidic site and nitrogen as a Lewis basic site, thereby

Received: September 27, 2023
Revised: November 22, 2023
Accepted: December 13, 2023
Published: December 30, 2023

Articlepubs.acs.org/JPCC

© 2023 American Chemical Society
38

https://doi.org/10.1021/acs.jpcc.3c06455
J. Phys. Chem. C 2024, 128, 38−49

D
o
w

n
lo

ad
ed

 v
ia

 U
N

IV
 O

F
 P

E
N

N
S

Y
L

V
A

N
IA

 o
n
 M

ar
ch

 2
0
, 
2
0
2
4
 a

t 
1
2
:3

8
:5

3
 (

U
T

C
).

S
ee

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shreyas+Pathreeker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Colby+A.+Snyder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="George+V.+Papamokos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Russell+J.+Composto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.3c06455&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06455?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06455?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06455?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06455?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06455?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpccck/128/1?ref=pdf
https://pubs.acs.org/toc/jpccck/128/1?ref=pdf
https://pubs.acs.org/toc/jpccck/128/1?ref=pdf
https://pubs.acs.org/toc/jpccck/128/1?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c06455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


interacting with the dissociated salt in the polymer matrix.
These interactions have been leveraged in several Li-based ion
conductors to obtain improved cationic transference num-
bers,13−17 which is a governing factor in electrolyte
concentration polarization and battery performance.18 In
addition to its interaction with dissociated salt, h-BN can
also mechanically reinforce the polymer19,20 and improve its
thermal properties21,22 which can improve CSPE performance.
Furthermore, 2D h-BN can induce interesting changes in
CSPEs due to its flake-like morphology, which can in-turn
a-ect PEO crystallization and structure. For instance, Tong et
al.23 added 2D graphene sheets to PEO and observed an
increase in the number of nucleation sites during PEO
crystallization. Similar findings have been reported by Sajid and
co-workers24 in an h-BN−PEO composite for humidity
sensing applications, and by Biccai et al.25 in MoS2−PEO
composites for piezoresistive applications. Introduction of
polymer crystallinity due to BN addition has also been
observed in a polyaniline (PANI)−BN polymer composite
system.26 In the context of polymer electrolytes, changes in
polymer Tg due to filler addition have been reported in early
work on CSPEs.27−29 Therefore, given the unique structural
and chemical characteristics of h-BN and the semicrystalline
nature of PEO, a combination of these materials presents an
interesting physical system.

In the context of energy storage, investigations of structure−

property relationships in BN-containing polymer electrolytes
for Na-ion conduction are lacking. To the best of our
knowledge, only a handful of recent reports have devoted
attention to such polymer electrolyte systems.30−34 Only one
of these reports is based on a CSPE for Na-ion conduction,
whereas the remainder of the studies is based on the
incorporation of boron into the polymer chain rather than
adding a BN-based filler to the polymer matrix. Chen et al.30,31

chemically incorporated boron into polymer chains and found
a decrease in the total ionic conductivity compared to full-
carbon polymer matrices. However, increased cation trans-
ference was observed due to the anion-trapping ability of
boron. Similar findings along with increased ionic conductivity
have been reported by Genier and co-workers.32 Last, the
physical incorporation of boron nitride nanosheets to GPEs by
Liu and co-workers resulted in a marginal increase in total
ionic conductivity.33,34 While salts with low lattice energies and
anions with high delocalization of charge are preferred for ionic
conductivity enhancement, we choose NaNO3 as a model salt
in this work owing to its low cost and ease of availability, with
the focus being on the e-ect of filler addition on structure−

property relationships in the CSPEs. Notably, NaNO3 has
received little attention, with only two reports on its use in
ether-based electrolytes such as PEO.35,36

Given the nascency of incorporating h-BN into Na polymer
electrolytes and the unique properties of h-BN, we explore
here the PEO/sodium nitrate (NaNO3)/h-BN system with
particular emphasis on the influence of h-BN on polymer
crystallinity and ionic conductivity. The e-ect of filler materials
on the ionic conductivity in PEO−NaNO3 complexes has not
been investigated to date, which is the focus of the current
work. Furthermore, we employ non-isothermal cooling to
mimic the crystallization conditions encountered in roll-to-roll
or other real-world processing conditions. Using X−ray
di-raction (XRD) and di-erential scanning calorimetry
(DSC), we find that h-BN has a nonmonotonic e-ect on
polymer crystallinity and consequently ion transport properties

of the CSPEs due to its flake-like morphology and binding
(association) characteristics. Insights from density functional
theory (DFT) calculations reveal the propensity for both
dissociated ions to bind with h-BN, which we use to support
our experimental findings. Our results suggest that filler
geometry strongly influences the polymer structure, which in
turn plays a governing role in CSPE electrochemical properties.

2. MATERIALS AND METHODS

2.1. Materials. Poly(ethylene oxide) (PEO, MW 35 kDa)
and 99% sodium nitrate (NaNO3) salt were purchased from
Sigma Aldrich, Inc. The salt was vacuum-dried at 120 °C and
0.1" Hg vacuum for 16 h before use. Hexagonal boron nitride
flakes (h-BN, approximately 5 μm wide × 80 nm thick) were
purchased from US Research Nanomaterials and used as
received.

2.2. Sample Preparation. Polymer electrolyte solutions
were prepared by mixing PEO (repeat unit molar mass of
44.05 g/mol), NaNO3 (molar mass of 85.00 g/mol), and h-BN
flakes together in deionized water. Water was chosen as the
solvent due to the limited solubility of NaNO3 in acetonitrile,
tetrahydrofuran, and methanol. The weight ratio of PEO to
water for all samples was kept at 0.67:1. Appropriate amounts
of salt were dissolved in the PEO−water−h-BN mixtures to
obtain polymer electrolyte solutions containing EO:Na+ in
molar ratios of 24:1 and 4:1 representing a moderately
concentrated and highly concentrated system, respectively.
Here, EO refers to the etheric oxygen of the PEO chain. For
each salt concentration, two h-BN weight loadings were
explored: 0.3 wt % h-BN and 3 wt % h-BN with respect to the
weight of PEO in the solutions. All three components were
dissolved in glass vials, heated to 50 °C, and stirred for 1 h
under ambient conditions. After the dissolution of NaNO3, the
vials were sonicated to disperse the h-BN flakes uniformly.
CCSPE (with h-BN), and SPE (without h-BN) films were
prepared by casting the solutions on glass slides and then
evaporating the solvent. Representatively, 150 μL of the
polymer electrolyte solution was pipetted and spread onto a
clean glass slide approximately 6.45 cm2 in area. The resulting
films prior to drying were approximately 200 μm thick. The
glass slide was placed on a hot plate at 120 °C for 1 h to
evaporate the solvent before being transferred to a vacuum
oven, where the samples were thoroughly dried under vacuum
at 120 °C for 16 h. Once dry, the slides were transferred to a
room temperature (22 °C) vacuum chamber and cooled for 1
h at a cooling rate of ca. 5 °C/min.

2.3. Structural Characterization. Optical microscopy in
transmission mode was used to examine the dispersion of the
h-BN nanoflakes within the CSPE and SPE films. X-ray
di-raction (XRD) on the CSPE and SPE films was carried out
using a Rigaku MiniFlex di-ractometer with Cu Kα radiation.
Molecular interactions in the solid polymer electrolyte films
were investigated using Fourier transform infrared spectrosco-
py (FTIR) carried out on a JASCO X6 spectrometer in
attenuated total reflectance (ATR) mode using a resolution of
4 cm−1. Di-erential scanning calorimetry (DSC) was carried
out using a TA Instruments Q200 instrument at a heating rate
of 10 °C/min.

2.4. Electrochemical Impedance Spectroscopy. Elec-
trochemical impedance spectroscopy on the CSPE and SPE
films was carried out using a Solartron ModuLab XM
instrument in a frequency range of 1 MHz to 0.1 Hz under
an applied AC voltage of 10 mV. In a typical measurement, a
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rectangular piece of the CSPE and SPE film was cut using a
clean razor blade, its dimensions (L × W × H) measured with
a micrometer, and sandwiched between polished stainless-steel
discs. Spectra were collected under vacuum in a temperature
range of 298 to 328 K in 10 K intervals with a 20 min
equilibration period at each temperature before collecting the
spectrum. The ionic conductivity was determined using the
equation:

=

×

H

Z A

where H is the thickness of the polymer electrolytes, A is their
surface area, and Z is the real impedance extracted from the
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/NO3

−], dimethoxyethane (DME)/Na+, and DME2/Na+

pairs (DME is representative of the etheric oxygen of PEO). A
B12N12H12 molecule, following the formula B3n

2N3n
2H6n (n =

2) adopted by Wu et al.,37 was used to simulate the h-BN
surface. The basis set superposition error (BSSE) was
corrected by applying the counterpoise method.38 The DFT-
ωB97X-D/aug-cc-pVDZ39,40 level of theory and basis set were
employed. Gaussian16 was used for all of the calculations
reported in this work. The optimized structures are given in
Cartesian coordinates in the Supporting Information

3. RESULTS AND DISCUSSION

3.1. Dispersion of h-BN Flakes in the Polymer
Electrolytes. Dispersion of the filler in a polymer matrix is
critical to the physicochemical properties of the resulting
polymer composites.41−43 Therefore, we first investigated the
dispersion of h-BN flakes within the polymer (electrolyte)
matrix using optical microscopy, which is appropriate to
capture the h-BN flakes dispersed in the polymer matrix due to
the micrometer-sized flakes. The characteristic Maltese-cross-
type spherulitic morphology of melt-crystallized PEO is visible
in several samples, as shown in Figure 1. Spherulites are
qualitative indicators of polymer crystallinity, and doping with
salt can a-ect PEO crystallinity, which we investigate based on
spherulite size from the optical microscope images. The largest
spherulite(s) are observed for neat PEO (Figure 1a1), and
doping with salt progressively reduces the spherulite size from
ca. 1 mm to ca. 100 μm, indicating the suppression of PEO
crystallinity (Figure 1a1,b1,c1). This reduction in spherulite
size is due to the formation of polymer−salt complexes, which
is discussed and confirmed in later sections.

For neat PEO (Figure 1a1−a3), adding h-BN leads to
changes in spherulite from ca. 1 mm to between 300 and 500
μm, but no clear trend is evident as a function of h-BN loading.
However, the reduced spherulite size upon both salt and h-BN
addition relative to pure PEO indicates changes to polymer
crystallinity, which will be quantified in later sections. More
importantly, we characterize the dispersion of h-BN flakes
within the polymer matrix based on the contrast di-erence
between the polymer matrix and the h-BN flakes.

Dark spots represent individual h-BN flakes, whereas black
spots represent thicker stacks of h-BN flakes. The lateral
dimension of the flakes is between 2 and 8 μm (see insets), and
the dispersion of the h-BN flakes within the polymer matrix
appears to be uniform without any notable large aggregates.
The black spots are collections of individual h-BN flakes

stacked on top of one another across the thickness (about 200
μm) of the polymer film. Overall, these microscope images
indicate good dispersion of the h-BN flakes within the polymer
(electrolyte) matrix, owing to which their e-ect on the
electrolyte structure and ionic conductivity is expected to be
uniform. We note that the h-BN loadings used in this work
(0.3 and 3.0 wt %) correspond to a volume fraction of 0.16 and
1.62%, which are both less than the 1.88% critical volume for
percolation (or percolation threshold) calculated using
percolation theory.44

3.2. PEO (Electrolyte) Crystallinity. Polymer crystallinity
is known to be altered by the addition of salt or filler material.
Using XRD analysis, we investigate changes in the structure of
the polymer (PEO) host due to the addition of h-BN flakes
and NaNO3, as shown in Figure 2. Polymer crystallinity is
analyzed based on the two primary peaks at 19 and 23°

exhibited by pure PEO. The peak at 19° is indexed to the
[120] crystal plane, and that at 23° is attributed to the [032]
crystal plane.45−47 Changes in peak intensity, peak position,
and peak width are direct manifestations of changes in PEO
crystallinity caused by the PEO−salt interaction and/or PEO−

h-BN interactions.
Peak shifts in XRD represent changes in unit cell dimensions

of the polymer matrix, in this case the lamellar d-spacing of
PEO. In the case of salt-free systems, no significant changes are
detected to the two PEO peaks when h-BN is added to PEO,
indicating little to no change in the underlying crystal structure
of the PEO−h-BN composites. In the case of the salt-doped
systems (i.e., the SPEs and CSPEs), the PEO peak positions
shift to a lower 2θ for both (PEO)24:Na+ and (PEO)4:Na+

samples, indicating a larger lamellar d-spacing of PEO upon the
addition of salt to PEO. This shift indicates the formation of
PEO−salt complexes, i.e., the insertion of Na+ cations into the
PEO lamellae. Similar downshifts in the characteristic PEO

Figure 1. Top-down optical microscope images of the polymer
electrolyte samples. Rows (top to bottom) present the pure PEO,
(PEO)24:Na+, and (PEO)4:Na+. Columns (left to right) present the
samples containing no h-BN flakes, 0.3 wt % h-BN flakes, and 3.0 wt
% h-BN flakes. Scale bars in the main images are 100 μm, and those in
the insets are 10 μm. The black arrow in (a1) points to the growth
center of a spherulite, and the yellow arrows in (a3) point to the
stacked flakes, whereas the black circles in the inset of (a3) present
the collections of well-dispersed flakes. The yellow box indicates
samples that exhibit fewer spherulites relative to the other samples,
which suggests suppressed polymer crystallinity.
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peaks have been reported for both Na- and Li-based
electrolytes.35,48,49 A sharp crystalline peak indexed to
crystalline NaNO3 is observed at ca. 30° for all of the
(PEO)4:Na+ samples, based on which we can conclude that
these samples contain salt crystals. The initial liquid
formulations prepared are optically transparent, and therefore,
the salt crystals originate during cooling and crystallization
owing to limited solubility in the polymer matrix. The salt peak
appears at much lower intensities in the (PEO)24:Na+ samples,
indicating better solubility of the salt in the polymer matrix at
this salt concentration. Note that the salt peak in the polymer
electrolytes appears at a lower 2θ relative to bulk salt, which
may be due to the presence of polymers within the salt crystals
in the PEO−salt matrix.

Next, we use the PEO peak intensities and peak widths to
investigate the polymer crystallinity in the salt-doped systems.
The primary PEO peaks appear at lower intensities and are
wider relative to those of pristine PEO. This peak broadening
and reduction in peak intensities indicate that the addition of
salt reduces PEO crystallinity, which is attributed to dative
bond formation between the ether O atom of PEO and the
Na+ cation dissociated from the NaNO3 salt. As such, it is a
direct indicator of polymer−salt complex formation originating
from the partial amorphization of crystalline PEO chains due
to PEO−Na+ interactions.

Adding h-BN to the salt-doped PEO has interesting e-ects
on the PEO crystalline structure. For both (PEO)24:Na+ and
(PEO)4:Na+ samples, adding 0.3 wt % h-BN leads to taller
crystalline peaks relative to h-BN-free samples, indicating the
increased polymer crystallinity relative to the sample without
any h-BN. When the h-BN content is increased to 3.0 wt %,

the peak intensities revert to nearly those of the sample
without h-BN, indicating reduced polymer crystallinity. This
nonmonotonic trend may be explained by the competition
between nucleation and confinement-induced frustration of
PEO polymer chains by the h-BN flakes. At the 0.3 wt % h-BN
concentration, the number of h-BN flakes is insuNcient to
significantly disrupt PEO crystallinity. However, the h-BN
flakes can promote PEO crystallization (via heterogeneous
nucleation) due to their surface area, which reflects in the
higher peak intensities. The surface area of the flakes should be
proportionally larger at the 3.0 wt % h-BN concentration,
resulting in an even higher polymer crystallinity, but since the
number of flakes is also much larger than with 0.3 wt % h-BN,
PEO spherulite growth is hindered and the overall polymer
crystallinity decreases. This phenomenon manifests as shorter,
broad peaks in the XRD data. Such behavior was reported
previously in the literature. Li and co-workers described a
similar phenomenon in their PEO/LiTFSI/Ti3C2Tx composite
polymer electrolyte system50, wherein the Ti3C2Tx filler
possesses a 2D-flake morphology similar to the h-BN flakes
used in our work. Interestingly, these authors found the
nucleation e-ect to dominate at a filler loading of 0.38 wt %
where PEO crystallinity increased, whereas beyond which the
PEO crystallinity decreased. Similar findings have also been
reported using multiwalled carbon nanotubes (MWCNTs)51

as well as in PEO/Ti3C2Tx composites (i.e., without salt).52

Our observations are in close agreement with these and other
reports24,25 in the literature. Besides the weight percent of h-
BN, the size of the flakes also plays a role in how h-BN impacts
polymer crystallization. The lateral size of h-BN in this study is
∼5 μm, which is essentially a planar surface for nucleating PEO

Figure 2. XRD patterns for (a) the (PEO)24:Na+ samples and (b) the (PEO)4:Na+ samples. Dashed horizontal lines separate the salt-free PEO
samples from the salt-doped ones (i.e., bottom half shows pure PEO and top half shows polymer electrolytes). Colored bars at the bottom (L−R)
represent the h-BN peaks (26.5° and 28°) and NaNO3 peaks (triplet at ca. 30°), respectively.
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lamellae that can then form the large spherulites as seen in
Figure 1.

We also used di-erential scanning calorimetry (DSC) to
quantify the degree of crystallinity in the composite polymer
electrolytes, as shown in Figure 3.

There is unambiguous evidence of increased PEO
crystallinity upon the addition of 0.3 wt % h-BN to PEO
with a decrease in the percent crystallinity upon increasing the
loading of h-BN to 3.0 wt % (except for (PEO)24:Na+, 3.0 wt %
h-BN where the percent crystallinity remains the same as the
0.3 wt % h-BN yet higher than the h-BN-free sample).
Importantly, these trends closely match those seen in the XRD
data (see Figure S1 in the Supporting Information), and
therefore, collectively support the idea of a nucleation-
dominated e-ect at 0.3 wt % h-BN loading and a confine-
ment-dominated e-ect at 3.0 wt % h-BN loading. These
competing e-ects also influence the ionic conductivity of the
polymer electrolytes as will be discussed later. The melting
points (Tm) of the polymer electrolytes do not change
significantly upon addition of h-BN and/or salt. On the
other hand, the glass transition temperatures (Tg) decrease by
ca. 2 °C upon the addition of h-BN to the polymer electrolytes.
Additionally, doping with salt increases polymer Tg, which is
indicative of PEO−salt complex formation. These values are
summarized in Table 1.

In this section, we have found based on XRD and DSC
analysis that the addition of salt to the PEO matrix leads to a
decrease in PEO crystallinity, which is attributed to PEO−salt
interactions. As such, improved ionic conductivity can be
expected from these salt-doped systems, which contain higher
fractions of amorphous polymer. However, the addition of h-
BN to neat PEO and salt-doped PEO (i.e., polymer
electrolytes) results in a nonmonotonic variation in polymer
crystallinity. The polymer crystallinity of the polymer electro-
lytes containing h-BN is higher than or nearly the same as that
of samples containing no h-BN. This overall increase in
crystallinity can be attributed to the 2D morphology of h-BN,

which adds surface area (and more nucleation sites) to the
polymer matrix, thereby facilitating nucleation and crystallite
growth wherein the flakes can serve as nucleation sites.
Between the two h-BN loadings explored, we find that samples
containing 0.3 wt % h-BN exhibit a higher polymer crystallinity
than those containing 3.0 wt % h-BN. This e-ect is attributed
to spherulitic disruption due to the closer interparticle spacing
of the h-BN flakes at a higher weight loading of h-BN as also
seen in the optical microscope images in Figure 1.

3.3. Investigation of Polymer−Salt Complex Forma-
tion Using Vibrational Spectroscopy. In this section, we
further investigate the complexation in polymer electrolytes
using FTIR. Figure 4 shows the FTIR spectra for the CH2

rocking mode and combined asymmetric stretching mode of
the C−O−C moiety of PEO and its associated changes upon
the addition of NaNO3 and di-erent weight fractions of the h-
BN flakes.

We first investigate the e-ect of adding salt and h-BN to the
CH2 moiety of PEO. Neat PEO demonstrates a nearly
symmetric single peak centered at 840 cm−1 due to the rocking
mode of the CH2 linkage. There are no appreciable changes in
the CH2 rocking mode upon addition of h-BN as evidenced by
the nearly similar peak widths for the three samples: PEO,

Figure 3. DSC heating traces for (a) PEO (no salt), (b) (PEO)24:Na+, and (c) (PEO)4:Na+. The inset text indicates the percent crystallinity (Xc)
of the samples. Also indicated on the far right of each heating trace is the weight loading of h-BN flakes in the sample.

Table 1. Summary of the Percent Crystallinity (Xc), Glass
Transition Temperature (Tg), and Melting Point (Tm) from
DSC Heating Scans

system DSC Xc (%) Tg (°C) Tm (°C)

PEO, no h-BN 83 −57.0 62.0

PEO, 0.3 wt % h-BN 92 −54.0 63.0

PEO, 3.0 wt % h-BN 81 −53.0 63.0

(PEO)24:Na+, no h-BN 73 −53.5 63.5

(PEO)24:Na+, 0.3 wt % h-BN 83 −56.0 62.0

(PEO)24:Na+, 3.0 wt % h-BN 82 −55.0 62.0

(PEO)4:Na+, no h-BN 40 −54.5 61.5

(PEO)4:Na+, 0.3 wt % h-BN 68 −53.5 62.5

(PEO)4:Na+, 3.0 wt % h-BN 58 −52.5 62.5
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PEO−0.3 wt % h-BN, and PEO−3.0 wt % h-BN. Upon adding
salt, however, a shoulder peak develops in the CH2 mode at
∼834 cm−1 for both salt concentrations investigated. This peak
may originate from either the PEO−salt complexation or
crystalline NaNO3, which exhibits an overlapping peak
centered at the same wavenumber as the shoulder peak (see
Figure S2a in the Supporting Information). To verify whether
this peak belongs to a fraction of crystalline salt, we refer to the
XRD data shown in Figure 1. Small crystalline salt peaks can be
seen for (PEO)24:Na+, which suggests that the FTIR shoulder
peak in the case of (PEO)24:Na+ (with and without h-BN)
likely originates from salt crystals. We also note that the peak
position for the primary CH2 peak remains unchanged upon
addition of either salt or h-BN, which suggests that the CH2

mode itself does not partake in coordination or hydrogen
bonding due to its locally nonpolar nature. For the
(PEO)4:Na+ samples, the XRD data reveals a sharp crystalline
peak from NaNO3, indicating that the shoulder peak at 834
cm−1 in the FTIR data also stems from crystalline salt.
However, it is clear that the shoulder peaks are more
prominent for (PEO)4:Na+ than (PEO)24:Na+, which may be
attributed to the larger crystalline salt fraction in the former
relative to the latter. Ionic conductivity is directly proportional
to the number density of charge carriers in the conducting
medium, and the strong presence of crystalline salt for
(PEO)4:Na+ samples may counter the e-ect of the increased
dissociated charge carriers. Therefore, one may posit that
although the overall number of charge carriers with
(PEO)4:Na+ is higher than that for (PEO)24:Na+, the presence
of crystalline salt in the former could hinder ion transport and
consequently lower the ionic conductivity in the CSPEs due to

a lower e-ective free ion concentration. Typically, the anion
peak in a polymer electrolyte containing a dissociated salt can
be tracked to provide direct insights into its pairing
characteristics by quantifying the FTIR data. In this work,
however, the nitrate ion peak is degenerate with a PEO peak
and therefore could not be used for analysis (see Figure S2b in
the Supporting Information).

Next, we focus on the PEO C−O−C rocking mode
vibrations shown in Figure 4. The C−O−C mode is
appropriate for investigating polymer salt complexation
because it captures the primary coordinating moiety of the
polymer backbone, which is the ether O atom. All spectra
indicate the classic triplet signature for semicrystalline PEO
(1055, 1100, and 1145 cm−1),53,54 indicating that neat PEO,
the PEO−salt complex, and PEO−salt−h-BN complexes are
all semicrystalline for both salt compositions explored. These
peaks represent the C−O−C segment in both the crystalline
and the amorphous domains of PEO and as such evolve with
complexation with salt. Subtle but noticeable changes in the
shape of the main peak at 1100 cm−1 are observable in the
spectra, which we will use to analyze intercomponent
interactions within the polymer electrolyte.

Addition of salt leads to peak broadening, which confirms
polymer−salt complex formation.53,54 More specifically, we
expect this complex formation to originate from interactions
between the ether of PEO and the Na+ ion of the salt following
its dissociation. The peak narrows when 0.3 wt % h-BN is
added, and a similar narrowing of the peak is also observed at
the higher h-BN weight fraction of 3.0 wt %. Importantly, we
employ density functional theory (DFT) calculations to better
understand the intercomponent interactions in our polymer

Figure 4. FTIR spectra for (L−R) neat PEO (no salt), (PEO)24:Na+, and (PEO)4:Na+. The top row shows the asymmetric rocking mode of CH2,
and the bottom row shows the combined vibrational modes of the C−O−C linkage and C−C bond of the PEO backbone.
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electrolytes (shown later), which support the changes seen in
the FTIR spectra. Narrowing of the C−O−C peak upon the
addition of h-BN indicates a change in the solvation structure
of the polymer electrolytes. Since the total number of charge
carriers in the h-BN-free and h-BN-containing samples is the
same for any given salt concentration, the change in PEO−salt
complexation upon h-BN addition must originate from
interactions between h-BN and NaNO3 and from changes to
the PEO crystalline structure induced by the addition of h-BN.
Reduced polymer-salt complexation upon h-BN addition
implies that the dissociated cations that were previously
coordinated with PEO must now coordinate with another
electroactive moiety in the electrolyte and/or recombine with
the anion to form precipitates. The XRD data present evidence
of salt precipitates in the polymer electrolytes, which is
particularly evident for the (PEO)4:Na+ samples. However,
Na+ may coordinate with the N atom in h-BN as well as with
the O atom in PEO, and the NO3

− anion can interact with the
electrophilic B atom in h-BN. We investigated this possibility
using FTIR analysis on NaNO3−water−h-BN solutions but
could not detect changes in the nitrate ion peak from h-BN
addition, likely due to the low concentration of h-BN in the
solutions (see Figure S3 in the Supporting Information).

Changes in the PEO backbone conformation were also
investigated using FTIR analysis. This investigation is
important because changes in PEO conformation can influence
its ability to coordinate with metal cations. This point is
highlighted by e-orts on tuning the conformation of PEO to
tune Li+ ion conductivity.55,56 Briefly, PEO in its trans (planar
zigzag) configuration is less e-ective at coordinating with metal
cations relative to its gauche/helical conformation, which can
form an “envelope” and solvate metal cations. The reader is
directed to the detailed structural models discussed by Ratner
and co-workers.57,58 Pure PEO takes the (CC−OC) trans-
(CO−CC) trans-(CC−CO) gauche/helical [TTG] conforma-
tion at room temperature. Due to the ability of CH2 modes to
reflect polymer chain conformational changes, the O-(CH2)2-
O linkage can be used to probe changes in the PEO backbone.
Previous studies on the PEO-based electrolytes have
established that vibrational bands between 800 and 950 cm−1

are a signature of gauche (CC−CO) and gauche CH2

modes.36,57,58 Anantha and co-workers36 reported identical

peaks between pure PEO and PEO−NaNO3 complexes in the
800 and 950 cm−1 wavenumber range and concluded that the
gauche conformation of PEO remains largely unchanged with
salt complexation. However, careful inspection of our FTIR
spectra in the 900 to 1000 cm−1 wavenumber (see Figure S4a,b
in the Supporting Information) range suggests otherwise. We
observe that the peak at 962 cm−1 in pure PEO evolves with
addition of salt and the subsequent addition of h-BN. Indeed,
this peak at 962 cm−1 belongs to the trans conformation of
PEO.59,60 We quantified our FTIR data to extract information
regarding the relative content of trans PEO conformers (962
cm−1) to gauche PEO conformers (at 948 cm−1) and correlated
this ratio with the fwhm of the C−O−C peak(s) (see Figure
S4c,d in the Supporting Information). Note that due to the
interconnected nature of polymer crystallinity, polymer chain
conformation, and complexation, we limit the conformational
analysis to samples with and without h-BN. h-BN-doped
samples exhibit a higher trans conformer content and a lower
fwhm (i.e., polymer−salt complexation) than their h-BN-free
counterparts. We note that this observation correlates with the
polymer crystallinity from our XRD and DSC analysis.

Overall, FTIR analysis confirms the formation of PEO−salt
complexes, with the addition of h-BN altering the solvation
structure of the complexes. The decrease in polymer
crystallinity upon salt incorporation results from NaNO3

dissociation in the polymer matrix and consequent polymer−
cation interactions. This makes Na+ and NO3

− the charge
carriers in the SPEs and CSPEs. Due to stringent drying
conditions, we expect the contribution of proton conduction to
be negligible. These findings in conjunction with the
discussion on polymer electrolyte structure are expected to
influence the electrochemical properties of the polymer
electrolytes, which is discussed in the next section.

3.4. Ionic Conductivity and Binding Energy. In this
section, we correlate structural changes in the polymer
electrolytes with their ion transport properties using electro-
chemical impedance spectroscopy (EIS), as shown in Figure 5.
Total ionic conductivities (σ) were calculated using
impedances obtained from Bode plots (see Figure S5 in the
Supporting Information).

We investigated the total ionic conductivity of the SPEs and
CSPEs as a function of temperature. First, pure PEO

Figure 5. Arrhenius plots of total ionic conductivity for (a) (PEO)24:Na+ samples and (b) (PEO)4:Na+ samples in a temperature range of 25 to 55
°C in steps of 10 °C. Dashed lines are linear fits to the data, and inlaid text indicates the activation energies obtained from the natural logarithms of
ionic conductivity as a function of inverse temperature.
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demonstrates a room temperature ionic conductivity on the
order of 10−11 S/cm, which is likely due to impurities in the
polymer and not from ionic charge carriers. Note that the ionic
conductivity for pure PEO is about 2 orders of magnitude
lower than that of the salt-doped PEO. We attribute this
relatively small di-erence to the low dissociation of the salt.
Although NaNO3 was chosen as a model salt, salts such as
NaFSI are much better at dissociation and consequently at
improving the ionic conductivity, as described in future studies.
σ for the (PEO)4:Na+ samples is higher than that for the
(PEO)24:Na+ samples in accordance with the relationship
between ionic conductivity and charge carrier concentration,
i.e., a higher salt concentration must exhibit a higher ionic
conductivity. For all samples investigated, the increase in σ

with increasing temperature indicates that the ionic con-
ductivity mechanism is thermally activated, i.e., by hopping
between coordinating sites on the polymer chain(s). We
quantified the di-erence in σ for the two salt concentrations
using the ratio σ4:1/σ24:1 at room temperature. If based solely
on the total charge carrier concentration and neglecting
changes in polymer crystallinity, the (PEO)4:Na+ samples
would be expected to be ca. 6 times more ionically conductive
than their (PEO)24:Na+ counterparts. However, we find that
the (PEO)4:Na+ samples are between 1.31 and 4.65 times
more conductive than the (PEO)24:Na+ samples depending
upon h-BN loading. Note that the XRD data in Figure 1
reveals a strong presence of salt crystals in the (PEO)4:Na+

samples and to a lesser extent in the (PEO)24:Na+ samples as
well. Importantly in the case of the (PEO)4:Na+ samples, the
true dissociated salt concentration would be lower than one
Na+ cation for four EO atoms, which could be the underlying
reason behind the reduced ionic conductivity at higher salt
concentrations.

For both salt concentrations explored, σ follows the trend
σno h‑BN > σ3.0 wt % h‑BN > σ0.3 wt % h‑BN, and the crystalline PEO
peak areas (PA) from XRD analysis follow the inverse trend as
that of ionic conductivity, i.e., PA0.3 wt % h‑BN > PA3.0 wt % h‑BN >
PAno h‑BN. Furthermore, correlation with our DSC results
reveals that samples with the lowest percent crystallinity
exhibit the highest σ for any given salt concentration. This
finding indicates that the competition between nucleation and

confinement manifests as changes in the ionic conductivity of
the polymer electrolytes, with the polymer crystallinity being
modulated by the h-BN flakes. The total ionic conductivity
observed in our work is nearly 2 orders of magnitude lower
than that reported by others previously.35,36 To reconcile this
di-erence, we carried out a test experiment on an h-BN-free
(PEO)4:Na+ sample to investigate the e-ect of moisture on σ.
The drop-cast sample was dried at 120 °C for 1 h to remove
solvent and then equilibrated under vacuum at room
temperature with impedance spectra collected in situ. Our
findings suggest that the ionic conductivity of the sample drops
from ∼10−8 to ∼10−10 S/cm within 4 h of vacuum drying at
ambient temperature (see Figure S6 in the Supporting
Information). As such, our fully dried samples may
demonstrate a lower ionic conductivity due to the absence of
moisture (as also seen in the extended FTIR data shown in
Figure S7 in the Supporting Information).

Ion complexation is central to ionic conductivity, and
therefore, changes in ion complexation due to the addition of
h-BN to the polymer electrolyte need to be considered. To this
end, we carried out density functional theory (DFT)
calculations to determine the binding energy between the
di-erent components in our polymer electrolytes. The results
of the quantum mechanical (QM) calculations are presented in
Figure 6. We investigated the binding energy for the following
pairs: [EO/Na+] representing polymer etheric oxygen−cation
interactions, [h-BN/EO] representing h-BN−polymer etheric
oxygen interactions, [h-BN/Na+] representing h-BN−cation
interactions, and [h-BN/NO3

−] representing h-BN−anion
interactions. We first tested various initial configurations of
the [h-BN/NO3

−] pair. As expected, the nitrate anion exhibits
a strong repulsive force on the order of +35 kcal/mol (data not
shown) when placed perpendicular to the h-BN plane with one
oxygen atom facing a nitrogen atom. Placing the nitrate anion
plane parallel to the h-BN plane results in an attractive force of
−13.4 kcal/mol between the h-BN and nitrate anion when the
oxygen atoms are above the boron atoms, as shown in Figure
6a. On the other hand, the Na+ cation is attracted to h-BN with
more than double the strength (−29.3 kcal/mol) with respect
to the nitrate anion, as shown in Figure 6b. The symmetric
arrangement of boron in h-BN prevents the stronger

Figure 6. Optimized geometries and corresponding DFT binding energies for (a) the [h-BN/NO3
−] pair, (b) the [h-BN/Na+] pair, (c) the [EO/

Na+] complex, and (d) the [(EO)2/Na+] complex. Legend of the colors is indicated at the top left.
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interaction of the Na+ cation with the nitrogen atoms of h-BN.
This result suggests that the Na+ cation binds more strongly to
the h-BN than to the nitrate anion, i.e., h-BN is not only an
anion trapper but also a stronger cation trapper, and this stems
from the duality of its nature as both an electrophilic and
nucleophilic material.

Next, we focused on the [EO/Na+] binding characteristics.
The complexation energy between a single DME unit and the
Na+ cation is −44.1 kcal/mol, while when two DME units are
involved, this energy is −76.1 kcal/mol (Figure 6c,d).
Consequently, the structure of the PEO chain and the number
of oxygen atoms complexed with Na+ determine the strength
of the interaction. The PEO can elicit the Na+ cation from h-
BN by increasing the number of complexed oxygen atoms and
its PEO monomeric units. These binding energies are within
the same range as those found by others in the literature.61,62

Note that the [h-BN/Na+] binding energy is lower than the
[EO/Na+] binding energy, yet suNciently strong to influence
PEO−Na+ complexation. This result is reflected in the FTIR
spectra shown in Figure 2 wherein changes in the C−O−C
peak width (and free charge carrier concentration) were
observed upon h-BN addition. The distances of the ions from
the h-BN atoms that generate the attraction are also shown in
Figure 6. It is evident that shorter distances entail stronger
interactions. For all cases, the distances of the ions from the h-
BN and the monoglyme unit have a single value, revealing the
symmetry of the interaction, except for the last case (Figure
6d), where the ethereal oxygen atoms are closer to the Na+

cation by nearly 0.01 Å.
These findings have important implications for Na-ion

conduction in CSPEs containing BN filler. The strong
interaction of h-BN with both dissociated ions (and not solely
the anion as is usually implied) is bound to play an important
role in ionic conductivity and cationic transference due to
changes in the charge carrier concentration. Specifically, the
ability of both fully dissociated anions to interact favorably
with h-BN is expected to lead to a decrease in the total ionic
conductivity of the CSPEs, which is seen in our experimental
EIS data. The increase in total ionic conductivity at 3.0 wt % h-
BN loading may be attributed to the confinement-dominated
e-ect on PEO crystallinity at that h-BN concentration, due to
which PEO crystallinity decreases (from XRD and DSC data).
This decrease in crystallinity is responsible for the slightly
higher ionic conductivity observed at 3.0 wt % h-BN loading
relative to the 0.3 wt % h-BN loading. The [h-BN/Na+]
binding energy is 2.2 times higher than the [h-BN/NO3

−]
binding energy. Thus, we can posit that the transference
number is lower in the CSPEs containing h-BN compared to
the PEO/NaNO3 SPEs and overall less than 0.5. Recent
systematic work investigating the relationship between PEO
crystallinity and ionic conductivity in composite solid polymer
electrolytes suggests that a 20% reduction in crystallinity can
correspond to 1 order of magnitude increase in ionic
conductivity.63 Our experimental results for the 0.3 wt % h-
BN and 3.0 wt % h-BN systems are indeed well within an order
of magnitude of each other for both salt concentrations
investigated. Last, our DFT results also indicate the aNnity of
PEO toward h-BN (see Figure S8 in the Supporting
Information), which further supports the enhanced nucleation
model. Yang et al.33 reported a slightly higher ionic
conductivity (×1.5) for BN nanosheet (BNNS)-containing
Na gel polymer electrolytes relative to BN-free ones. The
improvement in ionic conductivity was attributed to the anion-

trapping ability of BNNS and the consequent increase in the
free Na+ concentration. Unlike the CSPEs in the present work
wherein PEO is the only component capable of facilitating ion
motion, the BNNS reported by Yang et al. have polyethylene
glycol (PEG) chains grafted to their surface, which in turn
improves ion transport. Furthermore, the GPEs used by these
authors exhibit a high dielectric constant, low viscosity solvent,
and as such, the solvation environment therein is vastly
di-erent than in solid-state polymer electrolytes. Wieczorek et
al.64 reported a similar nonmonotonic trend of ionic
conductivity using Lewis acidic alumina particles in their
CSPEs with NaClO4 as the salt. Last, Li and co-workers15

reported a lower ionic conductivity upon h-BN addition to
solid PEO/LiTFSI electrolytes, which suggests that the role
played by h-BN in CSPEs is system-dependent and cannot be
readily generalized.

Next, we focus on the activation energy for ion transport in
our polymer electrolytes. First, we find that the activation
energies for the (PEO)4:Na+ samples are ca. 0.15 eV lower
than those for the (PEO)24:Na+ samples (except for the 0.3 wt
% h-BN samples, which are similar for both salt concen-
trations). The lower activation energy at higher salt
concentrations is attributed to the higher number of free
charge carriers. The activation energy for ion motion is ca. 0.60
eV for the 0.3 wt % h-BN samples and increases to 0.96 and
0.79 eV at 3.0 wt % h-BN for (PEO)24:Na+ and (PEO)4:Na+,
respectively. Since the activation energy is associated with ion
mobility, our observations indicate that ion mobility increases
at 0.3 wt % h-BN loading and then decreases at 3.0 wt % h-BN
loading. Ionic conductivity is a product of the magnitude of
charge [q], the charge carrier concentration [n], and ion
mobility [μ], where [μ] is associated with the activation energy
required for transport.65 [q] is taken to be constant for all
samples herein, whereas the individual contributions of the
remaining two factors to ionic conductivity can be discussed as
follows. The lower ionic conductivity at 0.3 wt % h-BN may be
due to a lower free charge carrier concentration, but the
decrease in activation energy may be attributed to a decrease in
Tg of the polymer, which represents the segmental motion of
the polymer (see Table 1). On the other hand, the increase in
activation energy at 3.0 wt % h-BN may be attributed to the
slightly increased polymer Tg at that weight fraction of h-BN.
Confinement of polymer chains in the presence of a larger
number of h-BN flakes, tortuosity generated by the flakes, and
salt crystals together can also increase the activation energy for
ion hopping (i.e., hopping sites on the polymer chain(s) are
less accessible). The overlapping FTIR spectra prevent the
deconvolution of ions associated with h-BN, but the free
charge carrier concentration may also demonstrate a non-
monotonicity similar to that of the ionic conductivity and
activation energy leading to such behavior.

Last, we propose two possible mechanisms by which the
total ionic conductivity in our CSPEs is influenced by h-BN.
Mechanism 1: changes in the C−O−C peak shape in the FTIR
spectra upon h-BN addition indicate changes in the solvation
structure of the Na+ cations in the CSPEs. Given the strong
binding of salt ions with h-BN, the h-BN flakes can partially
scavenge dissociated salt ions from the PEO, thereby reducing
the number of free charge carriers. Any dissociated ions
coordinated with h-BN cannot contribute to the ionic
conductivity due to the dependence of ion transport on
polymer segmental motion and the inability of h-BN to aid in
ion transport. As a result of this scavenging, the total ionic
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conductivity of CSPEs decreases. PEO has a slightly higher
dielectric constant than h-BN and therefore may more strongly
bind with the metal cation than h-BN. As such, the changes in
ionic conductivity are within an order of magnitude of each
other for the two h-BN loadings explored. Furthermore, note
that the total ionic conductivity is a summation of the ionic
conductivity of fully dissociated cations and anions. Our DFT
results show that preferential binding between the nitrate
anion and h-BN is a distinct possibility. As such, the total ionic
conductivity is naturally expected to decrease in the presence
of h-BN, which our experimental data indicates. Mechanism 2:
h-BN may improve the overall salt dissociation due to its
binding characteristics, but the ionic conductivity is reduced by
polymer crystallinity. Namely, nucleation enhances crystal-
linity, and the increase in charge carrier concentration may be
countered by the reduction of amorphous polymer content in
the CSPEs. On the other hand, confinement suppresses
crystallinity, which together with the higher charge carrier
concentration, may improve the ionic conductivity. However,
we note that for (PEO)24:Na+, the total ionic conductivity at
3.0 wt % h-BN increases slightly relative to 0.3 wt % h-BN even
though the reduction in crystallinity is small. This suggests that
there may be factors in addition to bulk polymer crystallinity,
such as altered polymer dynamics under interlayer confine-
ment and adjacent to the surface(s) of the h-BN flakes, that
can modulate ion transport in the CSPEs, which is the focus of
ongoing work.

4. CONCLUSIONS

In this work, we find using XRD and DSC analysis that adding
h-BN to the PEO−NaNO3 polymer electrolytes has a
nonmonotonic e-ect on polymer crystallinity. Additionally,
FTIR confirms the PEO−Na+ complex formation as well as
changes to this complex upon h-BN addition. For both salt
concentrations explored (EO/Na+ = 24:1 and 4:1), surface-
induced nucleation from the h-BN flakes dominates and
polymer crystallinity increases at a low h-BN loading of 0.3 wt
%, whereas increasing the h-BN weight loading 10-fold to 3.0
wt % leads to a decrease in polymer crystallinity due to the
e-ect of polymer chain confinement by the h-BN flakes at
spherulitic length-scales. The overall polymer crystallinity at
any h-BN loading, however, is higher than that without h-BN,
further indicating that the geometry of the filler plays an
important role in CSPEs.

Using EIS, we find the highest ionic conductivity for samples
containing no h-BN, indicating that h-BN e-ectively reduces
the total ionic conductivity in this particular CSPE system.
Intercomponent binding energies determined using DFT
calculations suggest an aNnity for both ions of the salt to
interact favorably (i.e., attractive interactions) with the h-BN
filler, which can lead to salt partitioning between the PEO and
the h-BN flakes. The reduction in total ionic conductivity upon
h-BN addition is within 1 order of magnitude of that for the h-
BN-free samples. The h-BN flakes play a dual role in the
CSPEs in this work, but their e-ect is nonmonotonic. At 0.3 wt
% h-BN, the flakes appear to enhance polymer crystallinity
while reducing the free charge carrier concentration by binding
with dissociated ions, resulting in a lower ionic conductivity. At
3.0 wt % h-BN, the flakes suppress PEO spherulite growth and
the ionic conductivity increases. Notably, under no case is the
total ionic conductivity of h-BN-containing samples higher
than the h-BN-free samples, which reinforces the dual-ion
trapping ability of h-BN for Na-containing CSPEs.

This work has implications for the design and development
of semicrystalline CSPEs containing 2D fillers with unique
chemical characteristics for Na-ion conduction.
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