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ARTICLE INFO ABSTRACT

Keywords: This study investigates the transport phenomena in composite solid electrolytes (CSEs) based on polyethylene
Solid electrolytes oxide (PEO) and ceramic fillers for sodium-ion batteries. Numerical microstructure simulations, paired with
NaSICON experimental conductivity measurements, were conducted to explore the mechanisms of ionic transport in these
p’?O materials. Incorporating Nas 4Zr,Si, 4P 6012 into a PEO matrix did not significantly enhance ionic conductivity
Microstructure

compared to the pure polymer. However, a CSE containing NasZr,Si, 3P 7011 g5 showed notable improvements
in conductivity. Despite these enhancements, the measured conductivities remained lower than predicted
by models assuming full ionic transport through both the polymer and ceramic phases, suggesting that the
assumption of complete charge transport through the ceramic filler is overly optimistic. The data suggests
that amorphization in the PEO matrix induced by ceramic fillers is not the main driver for enhanced ionic
conductivity of the CSE, as improvements were observed at both room temperature and above the glass
transition temperature of PEO. A more plausible explanation for the observed conductivity enhancement lies
in the presence of a superionic interphase at the polymer—ceramic interface. Simulations suggest that this
interphase, with submicrometer thickness and ionic conductivity higher than those of the bulk PEO, plays a
significant role in facilitating ion transport.

Modeling and simulation

1. Introduction

Rechargeable batteries are essential to the expansion of electric
vehicles and battery-based grid storage systems, both of which are
critical for mitigating climate change [1]. While the anode and cathode
materials typically receive the most attention in battery research, the
electrolyte plays an equally vital role in determining the performance
and functionality of the battery cell. The electrolyte’s importance ex-
tends beyond its primary function as an ionic conductor between elec-
trodes; it also significantly influences the battery’s efficiency, safety,
and lifespan [2].

Solid electrolytes have attracted growing interest due to their ability
to eliminate issues associated with liquid electrolytes, such as leakage
and volatilization. Additionally, solid electrolytes promise improved
long-term stability and enhanced safety. Their inherent mechanical
strength also offers the potential to enable the use of metal anodes
in lithium-ion and sodium-ion batteries, which could further improve
battery performance [3-5]. However, single-phase solid electrolytes
often struggle to meet the comprehensive requirements for practical
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alkali metal ion batteries. These requirements include thermal and
mechanical stability, high ionic conductivity, low interfacial resistance,
and excellent electrochemical stability [6]. Achieving all of these prop-
erties simultaneously in a single material remains a challenge due to
the inherent limitations of each solid electrolyte.

Composite solid electrolytes (CSEs), especially those integrating
polymer electrolytes with inorganic solid electrolytes and known as
composite polymer electrolytes (CPE), have emerged as viable alter-
natives. By leveraging the complementary properties of the individual
components, CSEs can potentially address the trade-offs seen in single-
phase electrolytes. However, the detailed mechanisms governing ion
transport in CPEs remain unclear [7].

One proposed mechanism for this enhancement is the modification
of defect thermodynamics near the polymer-crystal interface [8].

In some materials, the interface between the polymer and filler can
form a new phase known as the interphase, which acts as a fast-ion
conducting channel within the sub-micrometer range as found by Liu
et al. between LiBFSIE and LLZO [9] (see schematic in Fig. 1).
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Fig. 1. Schematic of ion transport in composite solid electrolytes. The ceramic fillers
(gray) are surrounded by superionic interphases (blue). Enhanced ion transport (red
arrows) occurs through these interphase regions, following curved paths along the shell
boundaries. The surrounding polymer matrix is shown in light yellow. The relative
dimensions are exaggerated for clarity, especially the interphase thickness.

Rather than differentiating between fillers that enhance transport at
the interface and those that form interphases Xu et al. argue that the
observed differences in conduction mechanisms are related to the radial
extent of the fast-ion conducting zone around the filler particles [10,
11].

Another perspective suggests that fillers induce structural changes
in the polymer host, creating a more favorable environment for ion
conduction. This is attributed to the stabilization of highly-conductive
amorphous phases at room temperature, which usually form at temper-
atures above 60 °C for PEO-based electrolytes [12,13].

This lack of understanding of the precise ion transport mecha-
nisms in CPEs hinders the accurate prediction of conductivity and
slows the progress of research in this area. To better understand the
charge transport phenomena in CPEs, numerical simulations of their
microstructures were conducted and compared with experimental con-
ductivity measurements of both the CSE and its constituent single-phase
electrolytes in this work. The study was carried out using the example
of materials for sodium-ion batteries, one of the most promising future
battery technologies.

Na; Z1,Si, 5 B Oy 55
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2. Materials and methods
2.1. NaSICON synthesis

NaSICON powders were synthesized via solution-assisted solid-
state-reaction (SA-SSR) following [14-16]. For slightly sub-stoichio-
metric NaSICON (NasZr,Sis 3P 7011.85), stoichiometric solutions of
Na,SiO; (> 98%, Sigma-Aldrich) and NH4H,PO, (98 %, Alfa-Aesar) in
deionized water were mixed. A solution of ZrO(NO3), was then added
under stirring, and the remaining Si was incorporated via Si(OCyHs)4
(TEOS) (99 %, Sigma-Aldrich), forming a sol. The pH was adjusted to
3 with HNO3. After 3h of stirring, the mixture was heated to 80°C
to remove water, followed by drying at 110°C overnight. The dried
material was crushed and ball-milled at 300rpm for 2h to 3h using
zirconia media. The powder was calcined at 750 °C for 4h (100°Ch~!),
milled again, and sintered at 1150 °C for 5h (200°Ch~!). For NaSICON
with higher sodium content (Nas 4Zr,Si; 4Pg 6012), NaNO3 (Merck) was
used, with calcination at 800 °C and sintering at 1260 °C.

Powder diffraction data were collected at ambient conditions using
a Bruker D8 DaVinci diffractometer with Cu-Ke radiation and a Lynx-
Eye PSD detector. Data were measured in the 5° to 50° 260 range.
Phase assignment was based on the PDF-2 powder diffraction database
(Version 1999). Entry numbers in Fig. 2 correspond to phases assigned
using the best figure of merit for lattice metric matching.

These assignments are structural matches rather than exact com-
positional matches, as the database entries may represent materials
with significant solid solution ranges. Figs. 2(a) and 2(b) display the
X-ray diffraction patterns, indicating a nearly pure NaSICON phase
in NasZr,Sis 3P 7011.85 and the presence of less than 10 % secondary
phases in Nas 4Zr,Si; 4Pg 019, respectively.

2.2. Preparation of SPE and CSE membranes

SPE and CSE membranes were fabricated by solution casting. NaTFSI
(99.5 %, Solvionic) and the crosslinking initiator (Irgacure81 9® BASF)
were dissolved in acetonitrile (anhydrous, Sigma-Aldrich) under stir-
ring, followed by stepwise polymer (CP-AlH, Alroko GmbH) addi-
tion to form a slurry. The solvent-to-polymer ratio was 2mLg~! to
2.5mLg~!, and the polymer-to-NaTFSI molar ratio was 20:1, with
0.5 wt % crosslinking initiator. After stirring for 4h to 5h, the slurry was
cast onto PTFE sheets using a doctor blade (wet-film thickness: 500 pm).
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Fig. 2. X-ray diffraction patterns of used NaSICON materials.



F. Gerbig et al.

_0.1001 L0
£ L0.82
£ 0.075 =
< 10.6 2
£ 0.050- =
E 10.4 =2
<) =
> 0.0251 =i
vmo 025 10.20
U‘ N~—

0.0001 3

0 2 4 6 8 10 12 14
Particle Diameter (pum)

)
O
b
O

Fig. 3. Measured particle size distribution of NaSICON particles used in the mi-
crostructure simulations, showing both the density distribution and the cumulative sum
distribution of particle sizes, based on volume.

The solvent evaporated at room temperature, and the film was UV-
irradiated for 10 min for crosslinking, followed by drying at 80 °C under
vacuum. For CSE membranes, NaSICON powder (50 wt %) was added to
the SPE components and dispersed using a high-shear mixer (Thinky)
and ultrasonic bath (10 min). All preparation steps were conducted in
an argon-filled glovebox or under sealed argon containers.

2.3. Conductivity measurements

Temperature-dependent conductivity was measured on electrolyte
membranes (21 mm diameter) placed between stainless steel electrodes
in a PAT-cell® (EL-CELL GmbH). Samples were conditioned at 80°C
for 7.5h to improve electrode contact, and impedance measurements
were performed while lowering the temperature in 10°C steps (down
to 25°C). Impedance was measured with a potentiostat (VSP3e, Bio-
logic) in the 700kHz to 10 Hz range, using 13 points per decade. Ionic
transport resistances were extracted using RelaxIS 3 (rhd instruments
GmbH) and used to calculate conductivity (x) via:
o= L

AR
where L is membrane thickness, R is ionic resistance, and A is the
contact area. Membrane thickness was measured with a micrometer
gauge (90 pm to 130 pm), with variations below 10 pm.

(€8]

2.4. Numerical method

CSE microstructures were generated using the Discrete Element
Method (DEM) in LIGGGHTS, adapted from Chauhan et al. [17]. This
method simulated random assemblies of 1000 dense, spherical NaSICON
particles in a polymer matrix. The computational domain was reduced
to final dimensions of 135 pmx45 pmx45 pm to mimic solvent casting, fo-
cusing on the geometric arrangement rather than particle interactions.
The mesh was generated in OpenFOAM® with a structured hexagonal
grid and minimal errors, solved using a second-order finite-volume
method and geometric-algebraic multigrid solver.

The numerical solver used in this study is adapted from a previously
developed all-solid-state sodium-ion battery model by the authors,
as detailed in [18]. It is employed to solve the charge conservation
equation:

0= ViV, 2

Boundary conditions were applied by fixing the potential at both ends
of the domain (@, ,_; and @, ), typically assigning 1V. Effective
ionic conductivity (k) was calculated as:

Lligx-L|

Kepp = ——————— 3)
A (Pejxer, = Petxzo)
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Table 1
Measured conductivity of single phase solid electrolytes and composite solid electrolytes
employed in this study.

x(25°C) (Sm™) x(80°C) (Sm™1)

PEO 5.5% 104 8.9 % 10-2
NagZr,Sis 3P 7011.85 1.7x 107! 7.9% 107!
Naj 4Zr5Si2 4P0.6012 3.4x 107! 1.7

PEO (50 wt %)/NasZrSiz sPo 01185 (SOWt%)  1.13x 1073 1.4 %1071
PEO (50 wt %)/Nag 4Zt,Sis 4P0.sO1a (SOWL%) 6.4 x 10~ 541072

The particle size distribution, shown in Fig. 3, was monomodal with a
median size (dsy) of 3.5 pm. Particles smaller than 1 pm were excluded
from the analysis to maintain mesh resolution, with their contribution
to the total surface area below 0.25 %.

3. Results and discussion

The primary objective of this work is to compare experimentally
measured ionic conductivities with predictions generated by the nu-
merical solver used throughout the study. By simulating the effective
conductivity, we aim to shed light on the role of polymer-ceramic
interactions in enhancing ionic transport. To isolate the effects of the
CSE structure itself, all experiments and simulations were conducted
using a pure electrolyte material, with no active electrode materials
involved.

The experimentally measured conductivities of the SPEs are listed
in the first three rows of Table 1. In this context, conductivity mea-
surements for Nag 4Zr,Si; 4P 6012 showed no significant enhancement
over the conductivity of PEO alone: At 80°C, the conductivity of the
CSE decreases to 5.4 x 102 S m™!, while for PEO, it is 8.9 x 102 Sm™".
This suggests that the NaSICON sample does not participate in the
Na* transport, reducing the effective conductivity due to elongated ion
transport paths and increased porosity. At 25°C, below the melting
temperature of the quasicrystalline phase, the CSE conductivity (6.4 x
10~*Sm™!) becomes similar to that of the SPE (5.5 x 1074 Sm™'). This
may be attributed to a level of PEO amorphization that mitigates the
adverse effects of the filler particles in this scenario.

In contrast, the Na3Zr,Sis 3Py 7017 g5 containing CPE shows dras-
tically increased conductivity compared to pure PEO. Fig. 4 shows
a comparison between the experimentally measured and simulated
conductivities for the polymer—ceramic CSE at 25 °C. The experimental
conductivity of the composite (1.13 x 1073Sm™!) lies between the
conductivities of pure PEO and NaSICON (dotted lines). The simulated
conductivity, assuming full ionic transport through both phases, is
significantly higher (7.78 x 10~ Sm~!), indicating that complete ionic
transport through all phases may be an unrealistic assumption.

To explore alternative explanations, we tested a hypothesis in
which ionic transport occurs primarily within a superionic interphase
surrounding the ceramic filler particles rather than through the ce-
ramic itself. In these simulations, filler particles were treated as non-
conductive, while the adjacent PEO matrix was assigned enhanced
conductivity. Interphase thickness and conductivity were varied sys-
tematically to assess whether certain combinations could reproduce
the experimentally observed CSE conductivity. The results, shown as
solid lines with markers in Fig. 4, indicate that interphase-dominated
transport can account for the measured conductivity.

The total conductivity displays a linear relationship with the in-
terphase conductivity in a double logarithmic graph. As a result, the
point at which the regression line intersects the measured conductiv-
ity curve corresponds to a specific pair of interphase thickness and
conductivity. For instance, a 125nm interphase with a conductivity
of 5.5 x 1072Sm™!, a 250 nm interphase with a conductivity of 2.15 x
1072Sm~1, or a 500 nm interphase with a conductivity of 8.6x1073 Sm™!
are all potential configurations that match the experimental data. These
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Fig. 4. Comparison of total ionic conductivity as a function of interphase conductivity
between experimental data and simulations for NaSICON-PEO composite electrolytes.
Experimental data for NaSICON (gray dotted line), PEO (black dotted line), and the
CSE (green dashed line) are shown alongside simulation results for full ion transport
(yellow solid line) and interphase thicknesses ranging from 500 nm to 125nm (solid lines
with markers) at 25°C.

results suggest that ionic transport in this sample is likely confined to
a superionic interphase, rather than occurring throughout the ceramic
filler particles.

To investigate the hypothesis that fillers enhance conductivity by
inducing amorphous regions in the PEO matrix, which stabilize at
ambient temperature, a similar experiment was conducted at 80 °C—a
temperature above PEQ’s glass transition point, where the polymer
is predominantly in its amorphous phase. The results are illustrated
in Fig. 5. As anticipated, the conductivities of both single-phase elec-
trolytes grow with increasing temperature; notably, the PEO conduc-
tivity surges by over two orders of magnitude. Significantly, the CSE
conductivity is more than twice as high as the conductivity of pure PEO.
This challenges the theory that attributes the conductivity enhancement
mainly to fillers inducing structural changes in the PEO bulk because
PEO is already in an amorphous state at 80 °C.

However, the simulation assuming full charge transport in the Na-
SICON still overestimates the effective conductivity, albeit to a lesser
extent than at 25°C. Consistent with the observations at 25°C, disre-
garding ionic transport within the ceramic phase and instead incorpo-
rating superionic interphases aligns well with the experimental results
at 80°C. The thicknesses and conductivities of the interphases, such
as 125nm with a conductivity of 4.84Sm™!, 250nm with 2.06Sm~!, or
500nm with 0.88 Sm~!, can account for the measured values.

Interestingly, the interphase conductivity is approximately halved
relative to the PEO conductivity at 80 °C compared to 25 °C. This could
be due to the relatively low PEO conductivity at ambient temperature
or may reflect an upper limit for the conductivity of the interphase
itself. These findings highlight the need for further experimental work
to better understand the temperature dependence of ionic transport in
polymer—ceramic CSE.

4. Conclusion
The analysis of transport phenomena in PEO-based polymer—ceramic

electrolytes offers key insights into the role of active fillers in facili-
tating ionic transport. Notably, incorporating Nag 4Zr,Sis 4P ¢O15 into
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Fig. 5. Comparison of total ionic conductivity as a function of interphase conductivity
between experimental data and simulations for NaSICON-PEO composite electrolytes.
Experimental data for NaSICON (gray dotted line), PEO (black dotted line), and the
CSE (green dashed line) are shown alongside simulation results for full ion transport
(yellow solid line) and interphase thicknesses ranging from 500 nm to 125nm (solid lines
with markers) at 80°C.

a PEO matrix did not lead to a substantial conductivity enhancement
relative to the single-phase electrolyte (SPE). In contrast, a CSE contain-
ing NasZr,Si, 3P 70171 g5 exhibited improved conductivity; however,
measured values remained below those predicted by models assuming
ideal ion transport through both the polymer and ceramic phases. These
results suggest that the assumption of full charge transport through
the ceramic filler may be overly simplistic. Moreover, attributing the
conductivity enhancement solely to polymer amorphization near the
ceramic particles appears inadequate, as the effect persists even above
the PEO glass transition temperature.

A more consistent explanation arises from the formation of a su-
perionic interphase at the polymer-ceramic interface. Simulations that
attribute the observed conductivity enhancement solely to this inter-
phase yielded realistic values for interphase thickness in the submicron
range and interphase conductivities. For instance, an interphase of
125 nm with a conductivity of 5.5 x 10-2Sm~! at 25 °C aligns well with
the experimental data. Interestingly, XRD data indicate the presence
of minor secondary phases in the substoichiometric NaSICON, which
could play a role in the enhanced conductivity. Further studies are
encouraged to explore this hypothesis.
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