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Introduction

Fabrication and characterization of high-tensile-
strength PEO-PVP blend-based multifunctional
composites for sodium-ion structural batteriesy

ab
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The structural integration of energy storage could play a pivotal role in designing more efficient,
lightweight systems such as electric transport, internet of things (IoT) devices and autonomous systems.
The current work focuses on the fabrication and characterization of novel multifunctional composites
for sodium-ion structural batteries. A PEO-PVP polymer matrix with added InAs nanowires and glass
fiber reinforcements was used to fabricate a structural electrolyte (GF_PEO-PVP-InAsNW-NaPFg). It
shows an ionic conductivity of 1.7 x 10™* S cm™ at 70 °C, an electrochemical stability window of 0 to
3.7 V, a sodium ion transference number of 0.40 and a high tensile strength of 76.5 MPa. A structural
electrode is fabricated by laminating the electrolyte with intermediate modulus carbon fibers (CF) and it
shows a high tensile strength of 171.5 MPa. The structural CF| GF_PEO-PVP-InAsNW-NaPFg||Na cell pro-
vides a typical energy density of 17.5 Wh kg™ at 0.1C rate and accomplished 600 cycles at 0.8C rate while
retaining 80% capacity at the end of 280 cycles. The investigation in this preliminary work reveals addition
of InAs nanowire fillers enhances both the tensile strength and ionic conductivity of the structural electro-
lyte and boosts the cycling stability of the structural cell by delaying sodium dendrite formation, and the
usage of intermediate modulus carbon fibers in the fabricated electrodes demonstrates sodium-ion inter-
calation capabilities. The fabricated components display multifunctional performance and show good
potential for sodium-ion structural battery applications.

which the aviation sector contributes roughly 2.5%.> The
impact of the aviation sector is high due to the CO, emissions

The electrification transition of the automobile industry is
currently developing at a rapid pace, which is essential to meet
the greenhouse gases emissions reduction demand by the year
2035 set by the European Union (EU) Green Deal." The global
transportation sector currently produces approximately 23% of
the carbon dioxide (CO,) emissions (as shown in Fig. 1a), in
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in the upper regions of the earth’s atmosphere. If the aviation
sector is continued to be powered only by fossil fuels, without
exploring alternative technologies or electrification, this will
lead to an extreme scenario in which the aviation sector alone
will be responsible for 50% of the global transport emissions
(as shown in Fig. 1b).” To avoid such a scenario, it is necessary
to integrate aviation in the process of electrification like other
transportation sectors, which is a challenging task. Hence the
deadline is set for 2050 for the aviation sector to achieve net-
zero emissions.*”

Lithium-ion batteries have established themselves as the key
driver of electrification of electric road transport. In the avia-
tion sector, the overall weight plays a crucial role and hence
batteries with very high energy densities are required to achieve
electrification. Some studies predict that battery technology will
advance enough by the year 2030 to achieve a flight range of
700 miles and up to 1600 miles by the year 2040.° One
important factor missing in these studies is the battery weight,
which contributes to the overall vehicle weight and increases
according to the vehicle range requirements. An interesting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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example is the Tesla model 3 car, which uses lithium-ion
batteries that contribute to 18% (324 kg) of the overall car weight
for its standard range (54 kWh) version, while the battery weight
increases to almost 27% (480 kg) of the car weight for its long
range (75 kWh) version.” Reducing the battery weight will
improve the overall efficiency of the vehicle and increase its
range capabilities.

In the current scenario, the batteries are completely isolated
from the vehicle structure and hence contribute heavily to the
overall mass of the vehicle (as depicted in Fig. 2a). The concept
of integrating energy storage within the structures helps in
achieving battery weight reduction, since the batteries are seen
as a function rather than as a distinct component and hence
they are referred to as structural batteries.® Depending upon
the degree of integration (DOI), the batteries could be inserted
strategically in the empty spaces within the structure (DOI I) or
they can simply be attached to the surface of the structure by
using thin film batteries or sandwiched inside laminated
composites (DOI II).°** The degree of integration could even
reach a level where the batteries are identical to the structure
(DOI II-1v).27°

The complexity of structural batteries increases with higher
DOI and true multifunctionalization is achieved with DOI ITI-IV
type structural batteries. In this case, it has the capacity to
provide massless energy storage, as the battery is now well
integrated within the structure (as depicted in Fig. 2b). This
could lead to lightweight systems with high overall efficiency
and improved vehicle utility space. To design higher DOI type

(a) Electric car with
conventional battery

Fig. 2

(b) &=
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(a) Overall CO, emissions breakdown in the current scenario. (b) CO, emissions breakdown in an extreme case scenario for the transportation

batteries, it is essential that each component in the battery
architecture can perform multiple functions.

When compared to conventional batteries, the electrolyte in
a structural battery should not only facilitate transfer of ions
but also contribute to the structural strength. Similarly, the
electrodes in a structural battery should be capable of both
ion-storage and possess considerable mechanical strength.
This makes it challenging to design structural batteries with
higher DOI, wherein a great deal of optimization is required of
both the mechanical and electrochemical properties of the
battery components.’”™*°

The interesting properties of carbon fibers (CFs) make them
an important component when it comes to fabricating higher
DOI multifunctional structural batteries. CFs possess both the
ability to store ions and function as electrodes and also to act
as current collectors."””?°>*> They also possess considerable
mechanical strength making them a good multifunctional
component for structural energy storage applications.'”**?°
Another important consideration for designing structural bat-
teries lies in the intercalation mechanism of ions into carbon
fiber microstructures. Previous structural battery research was
mainly based on lithium ion intercalation inside carbon fiber
microstructures.””*>?° Lithium ions intercalate in-between
the carbon fiber graphitic layers, and also have the ability to
intercalate at the edges and lattice surfaces, while sodium ions
intercalate inside pores or defect sites and in lattice surfaces of
carbon fiber microstructures, such as those in hard carbon.?” 3!
This calls for adopting new strategies while designing

()] Electric car with higher DOI
structural battery

(a) Image showing the system architecture of an electric car with a conventional battery. (b) Image showing the system architecture of an electric

car with integrated structural batteries. Images adapted and reproduced with permission (image attribution: designed by Freepik).X
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structural batteries based on sodium-ion intercalation inside
CFs, which is the focus of the present work. Studies reported
that the intermediate modulus (IM) type carbon fibers
possess microstructures similar to hard carbons which favor
sodium-ion intercalation, therefore the present work uses
IM type carbon fibers for the fabrication of the structural
Cell.20728731

The polymer used as the matrix material is a key component
in the structural battery architecture, as it plays the important
role of an electrolyte, assisting in ion transport. The
previous studies related to lithium-ion based DOI III structural
batteries used polymers both as an electrolyte and as a
binder material for the fibers, while some designs also
explored structural battery designs using all solid-state polymer
electrolytes.>>%32

The present work focuses on sodium-ion based DOI III
structural battery architectures using a solid-state polymer
electrolyte based on a poly(ethylene oxide) (PEO)-poly(vinyl
pyrrolidone) (PVP) blend polymer. Although PEO has a low
glass transition temperature and offers good mechanical, thermal
and electrochemical properties, its room temperature ionic con-
ductivity is very low due to its crystalline nature.**® The addition
of inorganic active fillers or plasticizers to the PEO matrix is
known to improve the ion transport capabilities by reducing
the crystalline nature of the polymer.*”° In recent studies,
multifunctional composites (structural electrolyte and structural
electrode) for sodium-ion based structural battery applications
were investigated using PEO as the matrix incorporated with
active fillers. The first study involved the addition of NASICON
type NasZr,Si,PO;, (NZSP) inorganic ceramic active nanoparticle
fillers to the PEO matrix to fabricate multifunctional composites,
while the second study used succinonitrile plasticizers as fillers to
the PEO matrix.*>*! In both studies, the fabricated structural cell
showed good cycling stability and was able to retain 80% capacity
at the end of 200 cycles.

In the present study, a different approach for the fabrication
of multifunctional composites is investigated in which a PEO-
PVP blend polymer was used. The choice of PVP to blend with
PEO is due to its charge transport mechanism and amorphous
content. The ion mobility in PVP is enhanced due to the
presence of the rigid pyrrolidone group, and the side-chains
containing the carbonyl (C—O0) group support complex for-
mation with inorganic salts.*>** Recent studies also showed
that the addition of high-aspect-ratio nanowires (NWs) to the
polymer matrix improved the ionic conductivity due to the
NWs’ ability to provide long pathways for ionic conduction.*®
Until now, the structural battery architecture mainly used
inorganic nanoparticle fillers and plasticizers to the polymer
matrix to enhance ionic conductivity. The main objective of
the present study is to fabricate and investigate novel multi-
functional composites based on a PEO-PVP polymer blend
matrix incorporated with InAs nanowires for structural
sodium-ion battery applications. Initially, the solid polymer
electrolyte (SPE) was prepared by incorporating the InAs NWs
into the PEO-PVP polymer blend using the solution-casting
technique. The structural electrolyte was then fabricated by
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reinforcing the SPE with glass fiber. The structural electrode
was fabricated by laminating the IM type carbon fibers with
the structural electrolyte. The fabricated composites are then
investigated for electrochemical, mechanical and thermal
performance, along with the structural cell performance,
and the results obtained are reported and discussed in the
subsequent sections.

Experimental section
Chemicals and materials

All chemicals were purchased from Sigma-Aldrich and Alfa
Aesar GmbH. Glass fiber woven fabric and spread tow carbon
fibers were purchased from R&G Faserverbundwerkstoffe
GmbH, Waldenbuch, Germany. Two-sided siliconized paper
for heat pressing was obtained from Laufenberg GmbH, Kre-
feld, Germany. Complete details about the materials are avail-
able in the ESL¥

Synthesis of InAs nanowires

Single-crystalline InAs NWs with an average diameter of
~40 nm were synthesized by a low-temperature solvothermal
method.*® The synthesis is detailed in the ESL+

Preparation of solid polymer electrolytes

The solid polymer electrolyte was prepared as shown in the
schematic (step 1) in Fig. 3. A precursor solution was made by
mixing the polymers poly(ethylene oxide) (PEO) and poly(vinyl
pyrrolidone) (PVP) in methanol solvent. The concentration
ratio of the PEO-PVP blend was kept constant as 80:20.
Initially, 0.4 g of PEO was blended with 0.1 g of PVP using
methanol as the solvent. Then, 0.15 g of NaPF was added to the
solution in such a way that the stoichiometry ratio of (O:Na")
was maintained at 8:1. The container was sealed and stirred
for 2 hours until all the salt and the polymer blend were
dissolved. Then various amounts of the prepared InAs nano-
wires ranging from 0 to 3.0 wt% were added to the mixture, and
then sonicated (using Branson 250 Digital Sonifier, Branson
Ultrasonics, Dietzenbach, Germany) with a pulsed 10% ampli-
tude for 30 minutes to avoid agglomeration of the nanowire
fillers. The mixture was again stirred continuously for 6 hours
until a homogenous mixture was obtained. Finally, the mixture
was cast into a PTFE dish and kept aside in the fume-hood
for 6 hours until a uniform membrane was formed and the
solvent had evaporated. To ensure complete elimination of
the methanol solvent, the membranes were vacuum dried using
a desiccator at 40 °C for 24 hours. Finally, solid polymer
electrolyte (SPE) membranes with a thickness of 120 um were
obtained.

Preparation of multifunctional composites (structural
electrolyte and structural electrode)

The GF_PEO-PVP-InAsNW-NaPF, structural electrolytes were
synthesized by reinforcing glass fibers in between two thin
solid polymer electrolyte layers (as shown in Fig. 3 (step 2)) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Step 1: Preparation of PEO-PVP-InAsNW-NaPF; solid polymer electrolyte
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Step 2: Preparation of GF_PEO-PVP-InAsNW-NaPF, structural electrolyte

Solid polyy electrolyte
b 4 s
Ud / 7 / 0
‘ Heat Pressing

85°C 2 MPa,

25 minutes Structural electrolyte

GF_PEO-PVP-InAsNW-NaPF

‘\

Glass fiber layer
'/. 4 7 /,

vz i
Solid polymer electrolyte

Step 3: Preparation of CF | GF_PEO-PVP-InAsNW-NaPF structural electrode

Fig. 3 Schematic showing the synthesis of InAs nanowire-filled solid polymer electrolyte and multifunctional composites (structural electrolyte and
structural electrode).

Structural electrolyte

Heat Pressing

90°C 2 MPa,
30 minutes
Intermediate

modulus carbon
fiber layer

Structural electrode
CF | GF_PEO-PVP-InAsNW-NaPF

then heat pressing using Collins P500S press, (COLLIN Lab & The obtained structural electrolyte (GF_PEO-PVP-InASNW-
Pilot Solutions GmbH, Maitenbeth, Germany) at 85 °C, 2 MPa NaPF) was placed over an intermediate modulus carbon fiber
for 25 minutes. The thickness of the structural electrolyte was layer as shown in Fig. 3 (step 3), and then it was heat pressed
measured to be 340 pm. (using Collins P500S press, COLLIN Lab & Pilot Solutions
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GmbH, Maitenbeth, Germany) at 90 °C, 2 MPa for 30 minutes to
obtain the structural electrode (CF|GF_PEO-PVP-INASNW-
NaPF,) with a thickness of 390 um.

Characterization

The characterization and morphology study of the InAs nano-
wires (NWs), the SPE, structural electrolyte and structural
electrode were performed using scanning electron microscopy
(SEM) (FEI, Thermo Fisher Scientific Inc., Dreieich, Germany)
and energy dispersive X-ray analysis (EDAX) techniques.

The ionic conductivities of the prepared electrolytes were
assessed using electrochemical impedance spectroscopy (EIS).
The cells were made with stainless steel (SS) blocking electro-
des in the form SS|electrolyte||SS and the EIS spectra were
recorded using the potentiostat Reference 3000 (Gamry LCC,
Warminster, PA, USA) in the frequency range 1 Hz to 10° Hz,
with an applied AC potential of 10 mV.

Symmetrical cells with the Na| electrolyte||Na (Fig. S2, ESIt)
configuration were used to assess the sodium ion transference
numbers of the prepared electrolyte from the AC-DC (alternat-
ing current-direct current) experiments. The EIS spectrum was
initially recorded in the frequency range from 1 Hz to 1 MHz
with an AC perturbation voltage of 10 mV. Then, the chrono-
amperogram or current evolution is recorded for an applied DC
perturbation voltage of 10 mV until the current reached a
steady state. Again, the EIS spectrum is recorded with a
10 mV AC perturbation voltage, and the resistances were
calculated from the obtained Nyquist plots before and after
the application of dc polarization.*’

Asymmetrical cells with the SS| electrolyte||Na (Fig. S2, ESIT)
configuration were used to analyze the electrochemical stability
window (ESW) of the fabricated electrolytes by linear sweep
voltammetry (LSV). The LSV is carried out by doing a voltage
scan from 0 V to 6 V, using a scan rate of 1 mV s~ at 70 °C.

The mechanical strength of the prepared solid polymer
electrolytes was analyzed by tensile testing using a 10 N load
cell. For the multifunctional components (structural electrolyte
and structural electrode), a 5 kN load cell was used. All the
samples were prepared in accordance with the ASTM D-638
Type V standard.*® The tensile tests were performed in the
universal testing machine (UTM) (using Zwick GmbH & Co. KG,
Ulm, Germany) with a loading rate set at 2 mm min ', and a
high-end 3D industrial camera (ZEISS ARAMIS 3D, Carl Zeiss
IQS GmbH, Oberkochen, Germany) was used for contactless
and precise strain measurements (as shown in Fig. S3, ESIT).
The structural electrolyte and the structural electrode sample
surfaces were coated with powder to pixelate the samples for
precise strain measurements.

Structural sodium cell preparation and testing

The structural sodium cell CF|GF_PEO-PVP-InASNW-
NaPFg|Na was prepared in the 2032-coin cell configuration,
where the carbon fiber part of the fabricated structural elec-
trode material acts as the cathode and pure sodium metal as
the anode. The structural cathode cut into a disc shape (with a
diameter of 10 mm) was placed above the prepared sodium
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metal foil in a disc shape (with a diameter of 14 mm) with the
electrolyte part facing the sodium foil as shown in Fig. S4
(ESIY). The coin cell was assembled inside the glove box in an
argon environment (with humidity 0 ppm and oxygen 0 ppm)
using the MTI MSK-160E pressure adjustable electric crimper
(manufactured by MTI Corporation, California, USA). The per-
formance of the fabricated structural cell was analyzed using a
Reference 3000 potentiostat (Gamry LCC, Warminster, PA, USA)
connected to the coin cell holder (Part number: 992-00159,
Gamry LCC, Warminster, PA, USA). The cell capacities were
estimated based on the aerial weight of the carbon fiber
electrode.

Results and discussion

Characterization of InAs nanowires, structural electrolyte and
structural electrode

The NWs due to their linear structure can offer a directed
pathway for ionic transport, allowing for faster ion conduction
along the nanowire axis. It is observed that the negatively-
charged surface of the InAs NWs in the SPEs both promotes
dissociation of contact ion-pairs, and provides a fast pathway
for Na" diffusion via hopping from one negatively charged site
to the next, leading to increased ion mobility.*® Thus, InAs NW-
filled SPEs show a drastic conductivity enhancement mainly
due to the formation of a hitherto unrevealed fast-conductive
network induced by the unique NW surface morphology.

The synthesis of InAs NWs is described in the Experimental
Section, where the NWs are obtained using a low temperature
solvothermal method. The final combined mixture obtained
after the reaction (involving reactants InCl;-4H,0 and As,03)
was sonicated and centrifuged, and the final product is vacuum
dried to obtain high quality InAs NWs. Fig. 4a shows the
scanning electron microscopy (SEM) images of the InAs NW
network with ~ 40 nm diameter and length >1 pm. The single-
phase nature of the synthesized InAs NWs was confirmed by
X-ray diffraction (XRD) data as shown in Fig. S5 (ESIt). The
HRTEM image (Fig. 4b) shows a single strand of InAs NWs with
few stacking faults and confirms the high quality zinc blende
(ZB) crystal structure.

The preparation of solid polymer electrolyte is elaborated in
the Experimental Section. When the polymers PEO and PVP are
mixed in the methanol solvent, they form a blend polymer
matrix as illustrated in Fig. 5. When the NaPF, salt is added
(with a stoichiometric ratio (O:Na') of 8:1) to the mixture and
stirred, the salt is dissociated, and a blend polymer salt
complex is formed (as shown in Fig. 5). The carbonyl group
(C=0) in the PVP side-chains forms complexes with PEO and
inorganic salts. The stoichiometric ratio (O:Na") of 8:1 was
studied to give the best ionic conductivity.**

The structural electrolyte (SE) was prepared by sandwiching
a layer of woven glass fiber (GF) fabric in between two thin SPE
and the SEM image of the SE surface is shown in Fig. S6 (ESIT),
which shows uniform distribution of InAs NWs without much
agglomeration, which is crucial for the performance of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

structural electrolyte and the structural cell. The cross-section
of the SE is shown in Fig. 6a, where the GF reinforcements in
between the two SPE layers can be seen, and it is designated as
GF_PEO-PVP-InAsNW-NaPFs.

Similarly, Fig. 6b displays the cross-sectional view of the
fabricated structural electrode (CF|GF_PEO-PVP-InASNW-
NaPF,), where the distinct SE layer and the CF layer are marked.
Energy dispersive X-ray analysis (EDAX) was performed on the
surface of the SE, and the chemical constituents of SE are shown
in the EDAX pattern (Fig. S7, ESIt). Fig. S7 (ESIt) displays the
SEM-EDAX mapping, where the chemical composition present in
the sample can be seen, the presence of indium (In) and arsenic
(As) confirms the presence of nanowire fillers. To study the
distinction, the electrolytes PEO-PVP-NaPFs and GF_PEO-PVP-
NaPF, are also prepared without nanowire fillers. The fabricated
electrolytes and electrode are shown in Fig. S8 (ESIT).

Electrochemical characterization

The structural electrolyte should possess good ion transference,
ionic conductivity, sodium dendrite growth inhibition capabil-
ity and cycling stability for structural battery applications.
Hence, these properties are evaluated using the various electro-
chemical characterization techniques described in Section 2.
For comparison, the other prepared electrolytes are also eval-
uated for these critical parameters.

The ionic conductivities of the various prepared electrolytes
were assessed using the EIS technique, where the EIS spectrum
was recorded in the frequency range 1 Hz to 1 MHz and the
ionic conductivity (o) was calculated using the bulk resistance
(Rg) values obtained from the Nyquist plots using eqn (1) with

1P )

Blend polymer matrix

(a) Scanning electron microscopy image of an InAs nanowire network. (b) HRTEM image showing a single strand of InAs nanowires.

electrolyte thickness (¢) and geometrical area (4) in contact with
the blocking stainless steel electrodes of the cell.

t

%~ ARy

(1)
The bulk resistance (Rg) can be evaluated using the EIS equiva-
lent circuit (Fig. S9, ESIt) or directly from the recorded EIS
spectrum, where the Nyquist plot intercepts the x axis (real axis).

A comparison of SPE with various wt% of InAs NW fillers is
shown in Fig. $10 (ESI{). The addition of InAs NWs to the PEO-
PVP matrix enhanced the ionic conductivity, particularly the
SPE containing 1.0 wt% InAs NW fillers showed the maximum
ionic conductivity. Therefore, the multifunctional matrix com-
posite or the structural electrolyte (GF_PEO-PVP-InAsNW-
NaPFy) for the present work is fabricated with SPE containing
1.0 wt% InAs NW fillers to ensure better battery performance.

Fig. 7a shows the Nyquist plots of the various prepared
electrolytes at 40 °C. The SPE PEO-PVP-InAsNW-NaPF, with
1.0 wt% InAs NW fillers showed an ionic conductivity of 1.07 x
10~* S em™" while the SPE without nanowire fillers (PEO-PVP-
NaPF,) showed an ionic conductivity of 2.6 x 107°S ecm™*. The
glass fiber embedded structural electrolytes GF_PEO-PVP-
InAsNW-NaPF, and GF_PEO-PVP-NaPF, displayed ionic con-
ductivities of 7.3 x 10°° S em * and 1.3 x 10°° S ecm ™},
respectively. The low ionic conductivities are due to the insu-
lative glass fibers reinforced between the SPE for enhancing
mechanical strength.*>*°

Fig. 7b shows the EIS spectra of the structural electrolyte
(GF_PEO-PVP-InAsNW-NaPF) at different temperatures and it
displayed an ionic conductivity of 1.7 x 10°* S em™* at 70 °C,
suitable for battery operation. Fig. 7c shows the Arrhenius plots

Salt ,,Na
NaPF, yoo? /\(
F rFF
F\ \ /F \__\ _—_-_____f;:\/’a/r/F

Blend polymer salt complex

Fig. 5 Schematic showing the polymer blend matrix formation and the interaction mechanism in the blend polymer salt complex.
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Fig. 6 SEM images: (a) cross sectional view of the structural electrolyte showing glass fibers sandwiched between two solid polymer electrolyte
membranes. (b) Cross-sectional view of the structural electrode CF|GF_PEO-PVP-InAsNW—-NaPF¢s showing the carbon fiber electrode adjacent to the

structural electrolyte.
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Fig. 7 Electrochemical characterization: (a) EIS of different electrolytes at 40 °C. (b) EIS of the structural electrolyte (GF_PEO-PVP-InAsNW—-NaPFg) at
different temperatures. (c) Arrhenius plots of various electrolytes. (d) Linear sweep voltammetry (LSV) curve of the PEO-PVP—-NaPFg electrolyte. (e) Linear
sweep voltammetry (LSV) curve of the structural electrolyte GF_PEO—-PVP-InAsNW-NaPFg. (f) Chronoamperogram or current response of the Na||PEO—-
PVP-NaPFg||Na symmetrical cell to the applied dc polarization. (g) Chronoamperogram or current response and EIS of the Na||GF_PEO-PVP—-InAsNW—
NaPFg||Na symmetrical cell to the applied dc polarization.
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of the various prepared electrolytes, clearly showing the impact
of InAs NW addition to the blend polymer matrix. Fig. S11
(ESIt) shows the variation in ionic conductivity values of all the
prepared electrolytes at different temperatures.

As described in Section 2, the ESW is assessed using
asymmetrical cells in the SS||Electrolyte|Na configuration.
The linear sweep voltammetry (LSV) curves of the electrolytes
PEO-PVP-NaPF; and GF_PEO-PVP-InAsNW-NaPF, obtained
by performing a voltage scan from 0 V to 6 V with a scan rate
of 1 mV s~ ' at 70 °C are displayed in Fig. 7d and e, respectively.
The SPE (PEO-PVP-NaPF;) displayed an ESW of 3.5 V, while the
structural electrolyte (GF_PEO-PVP-InAsNW-NaPF,) showed
an ESW of 3.7 V. The slight increase in the stability window
could be attributed to the addition of glass fibers.>

The sodium-ion transference number of the electrolytes was
determined by AC-DC experiments using symmetrical cells
(Nallelectrolyte|Na) as described in Section 2. Fig. S12 (ESIt)
shows the EIS spectra recorded before and after the dc

View Article Online
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polarization. Fig. 7f and g display the recorded current response
of Na||PEO-PVP-NaPF4|Na and Na|/GF_PEO-PVP-InASNW-
NaPF¢|Na cells, respectively, for the applied dc polarization
voltage. The ion transference number was calculated using
eqn (2), with the dc polarization voltage (AV) set to 10 mV."”

Is(AV — IhRy)

~ Io(AV — I Ry) 2)

INa+
where the initial current (I,) and steady state current (I ) values
were obtained from the current response plots, and the initial
resistance (R,) and steady state charge transfer resistance
(Rss) were obtained from the EIS equivalent circuit model (Fig.
S9, ESIf). The estimated sodium-ion transference numbers
(Table S1, ESIt) of SPE (PEO-PVP-NaPF¢) and the structural
electrolyte (GF_PEO-PVP-InAsNW-NaPFy) are 0.25 and 0.40 at
70 °C respectively. The high ion transference number for the
structural electrolyte clearly shows high sodium-ion mobility due
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galvanostatic cycling curves with varying current density. (b) Galvanostatic cycling at a current density of 0.08 mA cm

curr
7X) 0.0 10.00 kV 0.10

~2(c) Typical voltage profile of the
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to the addition of InAs NWs and glass fiber reinforcements to
the blend polymer matrix.**

The symmetrical cell (Na|GF_PEO-PVP-InAsSNW-NaPF;||Na)
was galvanostatically cycled with varying current densities to deter-
mine the critical charge density (CCD) of the structural electrolyte
and hence to assess its dendrite inhibition capacity. Fig. 8a shows
the galvanostatic cycling curves, wherein each cycle was charged
and discharged for 0.5 hours for an applied current density. Around
0.2 mA cm ™ ? the short circuiting of the cell slowly starts to appear,
and the cell fails to charge continuously for 0.3 mA em™>, which
clearly indicates that the sodium dendrites had percolated through
the structural electrolyte material effectively short circuiting
the cell.

Beyond the current density of 0.3 mA cm ™2, the cell fails to
charge and immediately breaks down to 0 V indicating that
the cell is destroyed due to short circuiting and the failure
of dendrite inhibition capacity of the structural electrolyte.
Therefore, the CCD of the structural electrolyte is determined
to be 0.3 mA em™>.

The cycling stability of the structural electrolyte was
assessed by galvanostatic cycling of the Na|GF_PEO-PVP-
InASNW-NaPF¢||Na cell for a constant current density of
0.08 mA cm ™. The cell was charged for 250 hours as shown
in Fig. 8b, and the voltage profile between 100 and 104 hours is
shown in Fig. 8c. The cycling stability displayed by the struc-
tural electrolyte can be credited to the ability of InAs NW fillers
to suppress sodium dendrite formation as confirmed by pre-
vious studies involving PEO based polymers with active fillers.*

, Fracture
l' point

View Article Online

Paper

The charge transfer resistance after cycling is higher than before
cycling as evident from the EIS spectra shown in Fig. 8d, which
could be due to the inevitable sodium dendrite formation.”>>
Fig. 8e displays the SEM image of the Na electrodes after cycling.

Mechanical characterization and thermal stability performance

In addition to ion transport and ion storage, the components of
the structural cell should also be evaluated for load bearing
capabilities. For this purpose, tensile tests were conducted as
detailed in Section 2. The samples for tensile testing were
prepared according to the ASTM D-638 Type V standard as
shown in Fig. S13 (ESIf), and are tested using the UTM (Zwick
GmbH & Co. KG, Ulm, Germany).

The SPE samples were evaluated using a 10 N load cell and
the starting points of the tensile test for the PEO-PVP-NaPF, and
PEO-PVP-InAsNW-NaPF, samples are shown in Fig. 9a and c,
respectively. Both SPEs showed considerable elastic behavior and
the maximum tensile strength of the PEO-PVP-NaPF; electrolyte
is found to be 4.5 MPa (Fig. 9b) and that of PEO-PVP-InASNW-
NaPF is 6.1 MPa (Fig. 9d). This is significantly higher than the
values reported in a previous study using active NZSP nanoparticle
fillers with PEO as the matrix material.*®
strength in the present study can be attributed to the combined
effect of the PEO-PVP blend polymer matrix and addition of InAs
NWs. The value comparisons are shown in Table S2 (ESI).

The experimental setup for the structural electrolyte (GF_
PEO-PVP-InAsNW-NaPF,) and structural electrode (CF|GF_
PEO-PVP-InAsNW-NaPFy) is shown in Fig. 10a and c,

The increase in tensile
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Fig. 9 Mechanical characterization of the solid polymer electrolyte: (a) experimental setup for the tensile test of PEO-PVP-NaPFe. (b) Typical stress—
strain curve of PEO-PVP-NaPFs. (c) Experimental setup for the tensile test of PEO-PVP-InAsNW—-NaPF. (d) Typical stress—strain curve of PEO-PVP—

INASNW—-NaPFg.
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respectively, and the tensile strength was evaluated with the
help of a 5 kN load cell. From the typical stress-strain curves,
the maximum tensile strength of the structural electrolyte and
structural electrode was found to be 76.5 MPa (Fig. 10b) and
171.5 MPa (Fig. 10d), respectively.

When compared with SPE with NWs, the structural electro-
lyte showed nearly 13 times more tensile strength, due to glass
fiber reinforcements. A similar high tensile strength can be
seen in the structural electrode which is laminated with inter-
mediate modulus carbon fibers. In comparison to the previous

© 2025 The Author(s). Published by the Royal Society of Chemistry

studies of multifunctional composites with polymer matrices
incorporated with active NZSP nanoparticle fillers, and succi-
nonitrile plasticizers, the structural strength displayed by both
the structural electrolyte and structural electrode with InAs NW
fillers in the present study is higher, and it is summarized in
Fig. S14 (ESIt).***

This can be attributed mainly to high tensile strength of the
SPE and to a certain extent to the small thickness of the
prepared composites effectively reducing the cross-sectional
area. The samples captured during the tensile test using the
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3D industrial camera (ZEISS ARAMIS 3D, Carl Zeiss IQS GmbH,
Oberkochen, Germany) was evaluated with ZEISS INSPECT
software to measure the strain.”

The strain measurements along the y-axis including the regions
where the maximum strain occurred are highlighted for both the
structural electrolyte and structural electrode as shown in Fig. 10e
and f, respectively. The calculated Young’s moduli of the SPEs and
multifunctional composites are given in Table 1. To ensure repeat-
ability, six samples were tested, and the statistical analysis is shown
in Fig. S15 (ESIt). The force-displacement curves for all the tested
samples are shown in Fig. S16 (ESIT).

The thermal stability of the SPE (PEO-PVP-InAsNW-NaPF)
and the structural electrolyte (GF_PEO-PVP-InAsNW-NaPF)
was analyzed by heating the samples at 160 °C for 15 minutes,
the SPE melted away after 10 minutes, while the structural
electrolyte retained its shape as shown in Fig. S17 (ESIt). This
shows the glass fibers’ ability to absorb the melted electrolyte
through capillary action ensuring its shape stability.

Structural battery performance and characterization

The structural cell CF | GF_PEO-PVP-InAsNW-NaPF||Na was fab-
ricated in the 2032 coin-cell configuration as detailed in Section 2.
To assess the performance, it was cycled at a constant 0.1C rate
and charged till it reached 3.6 V and further charged in constant
voltage mode for a short duration, and then the cell was dis-
charged until it reached 1.4 V as shown in Fig. 11a. In the first
cycle, the discharge capacity reached a value of 12.3 Ah kg™ * and
the charge capacity was 7.4 Ah kg™'. In the second cycle, the
discharge capacity was changed to 7.3 Ah kg™, indicating that the
solid-electrolyte interphase (SEI) layer had formed, and the
coulombic efficiency had improved when compared with the first
cycle. The cell was analyzed for rate capability by cycling the cell
at different C-rates as shown in Fig. 11b, the nominal voltage
during discharge was 2.4 V. The cell charge and discharge
capacities for different C-rates remained constant during cycling.
The typical energy density of the structural cell at 0.1C rate
based on the aerial weight of carbon fibers was estimated to be
17.5 Wh kg™ *. The cell showed energy densities of 9.6 Wh kg™ * at
0.6C rate, 5.8 Wh kg™ * at 0.8C rate and 2.4 Wh kg™ * at 1.5C rate.
The low energy density at high C-rates could be due to internal
losses, a lack of the presence of active materials and can also be
due to the type of carbon fibers used in the present study. The
obtained energy density values typically fall in the range of DOI III
structural battery architectures reported in the past.>*>° The
plot showing the performance comparison of structural batteries
with various degrees of integration (DOI) is shown in Fig. S18

Table 1 Summary of tensile strength and Young's moduli of electrolytes
and multifunctional composites

Tensile Youngs modulus

Electrolytes/composites strength (MPa) (GPa)
PEO-PVP-NaPFg 4.5 0.192
PEO-PVP-InAsNW-NaPFg 6.1 0.43
GF_PEO-PVP-InAsNW-NaPFg 76.5 4.4
CF|GF_PEO-PVP-InAsNW-NaPF, 171.5 7.9
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(ESIY). At the time of reporting this work, the current DOI level III
and IV structural battery approaches fall in the range between 1
and 50 Wh kg, and the future research trend is on improving
the energy density of higher DOI structural batteries.

Table S3 (ESIT) summarizes the energy densities of DOI III
type structural batteries, and Fig. S19 (ESIf) compares the
energy densities of the previous approaches for sodium-ion
based structural cells with the present work. The plot of energy
density vs. elastic modulus of various reported DOI III type
structural batteries in the literature including the current work
is shown in Fig. S20 (ESIt). To further analyze the long-term
cycling stability, the cell was galvanostatically charged and
discharged at 0.8C rate, and the cycling curves until 400 cycles
are shown in Fig. 11c. The cell initially had a coulombic
efficiency of 62% for the first cycle but exhibited a high
coulombic efficiency from cycle 5 onwards and that was main-
tained throughout 600 cycles, as shown in Fig. 11d. The
discharge energy density plot is also shown in Fig. 11d, indicat-
ing that the cell was able to retain 80% of its initial capacity
until the end of 280 cycles and approximately 50% of its initial
capacity at the end of 600 cycles.

This high cycling stability can be attributed to both the
incorporation of InAs NW fillers, which showed the ability to
delay sodium dendrite formation, and to the stable SEI layer
formation during the first cycle, which prevented short circuiting of
the cell with localized sodium plating. The capacity degradation of
the cell is evident from Fig. 11d and it is inevitable due to sodium
dendrite formation, and it is also reflected in the EIS plot in the
high-frequency regions as shown in Fig. 11e.*>*%* It shows the
increase in interfacial resistance (R;) from the initial 4.5 kQ before
cycling to nearly 8.5 kQ (represented by the diameter of the
semicircle in the Nyquist plot) at the end of the 600th cycle.
Fig. 11f and Fig. S21 (ESIT) show the SEM image of the CF electrode
and Na electrode after cycling, respectively. The fabricated multi-
functional matrix material (structural electrolyte) in this work
displayed considerable cycling stability, ionic conductivity and
tensile strength, and the structural electrode showed high tensile
strength which are essential for structural battery design. The good
cycling stability of the structural cell CF||GF_PEO-PVP-InASNW-
NaPF¢||Na demonstrated the Na-ion intercalation capabilities with
the intermediate modulus CF electrode. Future work for the
construction of full structural batteries requires the replacement
of the Na metal with suitable sodium rich active material coated
CFs functioning as the cathode and CFs laminated with the
structural electrolyte as the anode (CF||GF_PEO-PVP-InASNW-
NaPFs| CF (cathode)). The CFs in a full structural battery also act
as current collectors and the resin infused full structural battery is
expected to have exceptional tensile strength suitable for various
structural energy storage applications. The multifunctional compo-
site of DOI level III presented in this paper investigated a single cell
stack and the full structural battery will comprise of many such cell
stacks which are expected to further improve the overall energy
density of the material. Also, the performance of the battery
function is expected to scale up with the size such as an aircraft
structure, which could help in optimizing the energy system design
of the aircraft. Some proposed optimization plans in future work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are to investigate glass fibers with less aerial weight or to find a
replacement to glass fibers to optimize and reduce the contact
resistance, chemical treatment of carbon fibers to remove the
binders to further improve the energy storage capacity, chemical
coating of CFs with 2D nanomaterials to improve the carbon fiber
surface properties favorable for more energy storage and improved
fabrication techniques to further boost the cell performance.

Conclusions

In this work, we fabricated and characterized novel multifunc-
tion composites for sodium-ion based structural battery appli-
cations. The structural electrolyte was based on a PEO-PVP

© 2025 The Author(s). Published by the Royal Society of Chemistry

polymer blend matrix incorporated with InAs nanowires and
was fabricated using glass fiber reinforcements. It showed a
high tensile strength of 76.5 MPa and ionic conductivity of
1.7 x 107* S em ™! at 70 °C, with an electrochemical stability
window of 0 to 3.7 V. The structural electrode was fabricated by
laminating the prepared structural electrolyte with intermedi-
ate modulus carbon fibers, and it showed a high tensile
strength of 171.5 MPa. The structural cell CF|GF_PEO-PVP-
InAsNW-NaPF||Na was fabricated with the prepared structural
electrode as the cathode and sodium metal as the anode
material, and it provided a typical energy density of
17.5 Wh kg™" at 0.1C rate. The cell was tested for its long term
cycling stability by charging-discharging at 0.8C rate and it
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performed 600 cycles, maintained high coulombic efficiency
and exhibited the ability to retain 80% of its capacity at the end
of 280 cycles. The preliminary work showed that incorporation
of InAs nanofillers into the polymer blend matrix enhanced
both the tensile strength and ionic conductivity of the struc-
tural electrolyte and boosted the performance of the structural
cell by suppressing sodium dendrite formation. The glass fiber
reinforcements greatly improved the tensile strength of the
multifunctional composites and ensured shape stability of the
structural electrolyte at high temperatures. The structural elec-
trodes with intermediate modulus carbon fibers demonstrated
sodium-ion intercalation capabilities. The fabricated multi-
functional composites displayed both electrochemical and
mechanical characteristics essential for designing sodium-ion
structural batteries.
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