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Sodium ion batteries (SIBs) are emerging as an attractive energy storage technology due to the accessibil-
ity, global abundance and low cost of sodium. However, improving their energy density to reduce system
weight, particularly for mobile applications, remains a challenge. Structural batteries address this issue by
integrating energy storage and mechanical load-bearing functionality into a single material. Here, we
present electrografting as a single-step method to uniformly coat individual carbon fibres with a 1.1 pm
thick, chemisorbed PEG-acrylate/NaTFSI-based solid polymer electrolyte (SPE). This enables the fabrica-
tion of separator-less structural sodium batteries with high energy and power density. The SPE rapidly
forms a passivating layer on the carbon fibre surface, exhibiting excellent electrochemical stability,
thermal resilience, and low overall resistance. A post-synthesis leaching step is critical to remove
unreacted monomer, thereby minimising irreversible first-cycle capacity loss and the SPE resistance. The
resulting SPE-coated electrodes deliver high specific capacities (150 mAh g™ and coulombic efficiencies
>99% over 100 cycles. This approach opens new pathways for lightweight, high-performance structural
and conventional sodium battery systems.

As the global shift toward clean energy and electrification accelerates, there is a growing need for safe, cost-effective, and sustainable battery technologies.
Sodium-ion batteries are an attractive option, as they use abundant, accessible and inexpensive materials. This research focuses on increasing their energy

density, which is essential for use in mobile and high-performance systems. The key innovation is the use of electrografting, a single-step, scalable technique
to coat a thin, chemisorbed polymer electrolyte directly onto a carbon fibre electrode. This technique creates strong adhesion between the electrolyte and the
electrode, works on complex geometries, and produces uniform, ultra-thin coatings. These properties open the door to new battery architectures that can

enhance performance or enable novel applications. For example, such solid polymer electrolyte coated electrodes can be used in separator-less battery
designs, which reduce inactive materials and allow for improved energy density. The coated carbon fibres can also serve as electrodes in structural batteries
that combine mechanical strength with energy storage, offering system-level weight reduction. Overall, this work presents a novel approach to advancing
sodium-ion battery technology and supports broader efforts toward scalable, multifunctional, and sustainable energy storage solutions for sectors such as
electric transport, aerospace, and portable electronics.

1. Introduction

power, which are inherently intermittent in nature. This has
prompted the need for stationary, grid-connected energy

The ongoing global transition to a carbon-neutral energy
economy has given rise to major technological shifts in the
energy and transport sectors. The energy sector is shifting to
renewable electric energy sources, such as wind and solar
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storage systems — such as batteries - that can store energy, dis-
tribute energy, and regulate grid frequency. Beyond stationary
applications, the demand for batteries from the transport
sector have skyrocketed in recent years as a result of the
increasing number of battery electric vehicles (BEVs). Both
grid-connected battery energy storage and batteries for BEVs
are vastly dominated by LIBs." However, there is a growing
interest for employing sodium-ion batteries (SIBs) for these
applications since sodium is abundant, accessible and cheap.
Moreover, the intrinsic properties of sodium enable the use of
other inexpensive and abundant materials in the cells. For
example, unlike lithium, sodium does not readily alloy with
aluminium, allowing the use of aluminium current collectors.
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Additionally, sodium can be inserted into hard carbon nega-
tive electrodes, which offer high capacities and can be derived
from renewable feedstocks.*?

SIBs offer strong power performance and are resilient to
temperature fluctuations, which is beneficial for both grid
storage and mobile applications.”> However, the lower energy
density of SIBs compared to LIBs has driven research into
strategies for enhancing their energy density, aiming to make
them more competitive in weight-sensitive applications. One
approach is the development of solid-state electrolytes, which
could enable the use of high capacity sodium metal negative
electrodes (1165 mAh g').° This approach faces challenges
such as ensuring good electrode/electrolyte interface compat-
ibility and overcoming the lower ionic conductivity of solid
electrolytes compared to liquids.” Another strategy is to explore
novel battery concepts, such as structural batteries. Structural
batteries can replace load bearing components, such as the
body of a car, thereby integrating multiple functions into a
single structure. Substituting monofunctional components
with multifunctional ones can significantly reduce the overall
system weight.®®

Carbon fibres (CFs) play a central role in structural batteries
due to their excellent mechanical strength, electrical conduc-
tivity, and hard carbon-like microstructure.'® This enables
them to function as both structural negative electrodes and
current collectors in structural sodium batteries. Most CF
based structural battery designs use a laminated configuration,
where CF electrodes are stacked.'' " These stacks are typically
infused via vacuum-assisted infusion with a hybrid solid/
liquid structural battery electrolyte (SBE), developed by Ihrner
et al.'* In this system, the solid matrix transfers mechanical
loads between CF electrodes, while the liquid phase conducts
ions, achieving both high mechanical performance (Young’s
modulus ~400 MPa) and high ionic conductivity (1.5-2.9 x
10™* S em™)."*""” However, monofunctional separators with a
thickness of 20-200 pm are employed in the electrode stack
solely to separate the positive and negative electrodes and
prevent short circuits. The use of such monofunctional separa-
tors adds inactive material and reduces the CF volume frac-
tion, which lowers both energy density and mechanical
performance.'®* Eliminating monofunctional separators
reduces inactive material, enabling higher energy and power
densities compared to their separator-based counterparts.

Solid polymer electrolytes (SPEs), a class of solid-state elec-
trolytes, are attractive because they combine the roles of both
separator and electrolyte into a single material, allowing the
removal of monofunctional separators. Thus, SPEs facilitate
separator-less configurations, since no additional separator is
required.>®> However, their inherently low ionic conductivity
and the challenge of achieving effective electrode/electrolyte
interfacial contact remain critical issues.>* Poor interfacial
contact, often due to inadequate wetting, can lead to high cell
resistance and reduced rate performance.?” This can be miti-
gated by synthesis methods that promote direct contact
between the SPE precursor and the electrode surface, such as
electrografting.>®
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Cathodic electrografting is suitable for grafting electrically
insulating polymers like SPEs.”’”?® It involves applying a
specific grafting/passivation potential to the substrate in the
presence of a methacrylate- or acrylate-based monomer, a high
donor number (DN) solvent, and a supporting electrolyte. This
chemisorbs and initiates the polymerisation of the monomer,
which then propagates chemically by an anionic mechanism
from the CF surface and finally terminates through side reac-
tions with impurities in the environment.>®*” The resulting
coating consists of chemisorbed polymer brushes. Since the
propagation of the grafted polymer chains is kinetically
limited, meaning that the thickness of the SPE can be tailored
by changing the monomer concentration.>*"*

The DN of the solvent reflects its tendency to adsorb onto
the substrate, with higher-DN solvents being less prone to
adsorption. As a result, the DN of the solvent relative to that of
the monomer governs the availability of monomer for grafting
at the substrate surface. When the solvent DN is too low rela-
tive to the monomer, strong solvent adsorption can hinder
monomer access to the surface and suppress electrografting.
In such cases, polymer coatings may still form via polymeris-
ation in solution, followed by precipitation onto the substrate
once a critical chain length is reached. However, these precipi-
tated coatings are not chemically bound to the surface and are
typically thicker than grafted coatings.””*"*

As the DN of the solvent increases relative to that of the
monomer, solvent adsorption at the substrate is reduced,
leading to a higher effective monomer concentration at the
surface. Consequently, the solvent-monomer DN relationship
strongly influences the density and uniformity of grafted
polymer brushes.?”?*3! This, in turn, affects the ionic conduc-
tivity of grafted SPEs, as higher densities generally result in
lower conductivities. Therefore, careful selection of the
solvent-monomer system is required to achieve the desired
coating properties.

Electrografting thus presents a way to form homogeneous,
chemically bonded SPEs onto any complex geometry of electro-
des, including CFs, with excellent electrode/electrolyte inter-
facial contact. Since electrografting yields very thin coatings, it
concurrently addresses the issue of low ionic conductivities of
SPEs by shortening the ion transport distance between the
electrodes.

Electrografting of lithium-based solid polymer electrolytes
(SPEs) onto CFs has been demonstrated by Leijonmarck et al.,
who compared monofunctional and bifunctional PEG-meth-
acrylate monomers. Dimethylformamide (DMF) served as the
solvent, and lithium trifluoromethanesulfonate (Li-triflate) was
used as the supporting electrolyte.*® While the bifunctional
monomer produced a brittle SPE incompatible with the flexi-
bility of CFs, the monofunctional monomer yielded a flexible,
strongly adhering coating. The resulting SPE was approxi-
mately 470 nm thick and uniformly coated each filament in a
1.5K CF tow. These coated CFs exhibited high specific
capacities for lithium ions of 260 mAh g~ at C/10.>® However,
electrografting sodium-based SPEs onto CFs using sustainable,
dual-purpose solvents — also used as liquid battery electrolytes

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00212e

Open Access Article. Published on 09 February 2026. Downloaded on 4/7/2026 7:11:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Batteries

- remains unexplored. In addition, key factors such as the
effect of electrografting on the intrinsic properties of the
polymer and the first-cycle irreversible capacity loss have not
been systematically investigated, despite their relevance not
only to structural batteries but also to the broader field of
solid-state batteries.

This study demonstrates electrografting to produce sodium-
SPE coated CFs using an EC: PC solvent mixture and NaTFSI as
the supporting electrolyte. The resulting Na-SPE coated CFs are
evaluated electrochemically, thermally and by applying spectro-
scopic techniques to evaluate their suitability in separator-less
structural sodium battery applications. The results reveal an
electrochemically durable, thermally stable, passivating, low re-
sistance, thin sodium SPE. Being significantly thinner than
separators in structural battery laminates, the Na-SPE coated
CFs can be used to realise high energy and power density struc-
tural batteries. Since electrografting addresses the issue of elec-
trode/electrolyte interfacial contact and yields a low overall
internal cell resistance, the findings of this work are applicable
beyond structural batteries to the general field of solid-state
SIBs. Furthermore, the 3D nature of the coated CFs facilitates
high areal energy densities, making them suitable also for novel
microbattery applications, where this metric is paramount.

2. Experimental
2.1 Cathodic electrografting

Poly(ethylene glycol) methyl ether acrylate (M, = 480)
(PEGMEA) (Merck KGaA) mixed with a solvent containing
>99% ethylene carbonate (EC) (Merck KGaA) and 99.7% anhy-
drous propylene carbonate (PC) (Merck KGaA) and a sodium
trifluoromethanesulfonimide (NaTFSI) (Solvionic) supporting
electrolyte was used for the electrografting. The solvent con-
tained an EC: PC ratio of 1:1 (wt/wt) and 0.8 M NaTFSI. This
EC: PC solvent mixture was used since it also performs well as
a liquid electrolyte for SIBs,** which minimised the post-pro-
cessing of the coated CFs prior to the half-cell assembly. The
reaction mixture was prepared by mixing a monomer-to-
solvent ratio of 1:1 (wt/wt).

A Toho Tenax IMS65 24K fibre tow unsized carbon fibres
(Toho Tenax Europe GmbH), was divided manually into tows
containing approximately 1.5K fibres. The CF tow was cut with
a scalpel into lengths of 8 cm and weighed with a 0.1 mg
resolution Sauter Re 1614 balance. These tows were attached
to 20 pm thick copper current collectors (Advent Research
Materials) by silver conductive paint (Electrolube) and placed
in a purpose-built Teflon mould (4 x 7 cm), see Fig. 1. The
mould containing the CF tow was dried in a vacuum drier over-
night at 60 °C before it was brought into a glove box (H,O and
0O, <1 ppm) and placed in a 3D printed polypropylene reaction
bath. A three-electrode setup was arranged in the reaction bath
with the CF tow as the working electrode (WE), an aluminium
foil as the counter electrode (CE) and a sodium foil prepared
from 99.9% pure sodium cubes in mineral oil (Sigma Aldrich),
as a reference electrode (RE). All potentials are given versus the

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper
NOV\OTCHG — (7)"
[0} d /Og\
0

WE ) RE CE
(CF tow, Cu CC) (Na) (Al

Na* ® ®

e} o
RSN F ok oA
F ><F 0o F><F K/o CH:/K/O
Teflon mould Whatman GF/A 3D printed

separator reaction bath

Fig. 1 The cross-section side view of the electrografting reaction bath
containing the three-electrode setup and the reaction mixture constitu-
ents, ethylene carbonate, propylene carbonate, sodium trifluorometha-
nesulfonimide and poly(ethylene glycol) methyl ether acrylate.

RE (Na/Na'). The WE and CE were kept separate by a
Whatman glass microfibre GF/A (260 pm) fabric separator
(Whatman, GE Healthcare Life Sciences, Chicago, IL, USA).

The grafting potential was found by linear sweep voltamme-
try (LSV) from 2 to —2 V vs. Na/Na" at the sweep rate of 10 mV
s~'. To verify that the solvents were not involved in any reac-
tion during the electrografting, the same LSV test containing
only the solvent mixture was performed for comparison. A
fresh tow of CFs was used for the electrografting, which was
performed by holding the WE at the grafting potential for 250
s while measuring the current output using an Ivium XP(20)
potentiostat. The duration of the potentiostatic hold was
selected to allow full passivation of the CF surface area. To
evaluate the passivation efficiency, cyclic voltammograms
(CVs) were conducted at a scan rate of 10 mV s~ across the
grafting potential (1.1-0 V vs. Na/Na*).

The coated CFs were subjected to either a rinsing protocol
or a leaching protocol before further characterisation. In the
rinsing protocol, the coated CFs were flushed with the EC: PC
1:1 (wt/wt) and 0.8 M NaTFSI solvent for approximately one
minute. In the leaching protocol, the freshly coated CFs were
submerged and left in 10 mL vials, containing the same
solvent as was used for the rinsing protocol, for 48 hours. To
avoid contact with air, both the rinsing and leaching were con-
ducted inside a glove box.

2.2. Bulk polymer preparation

Two types of bulk polymer films, one with no salt and the
other containing salt, were prepared to provide reference
values for the coated polymer. Two different resins were pre-
pared inside a glove box (H,O and O, < 1 ppm), one containing
only PEGMEA and 1 wt% of the thermal initiator 2,2"-azobis(2-
methylpropionitrile) (AIBN) (Sigma-Aldrich) and the other con-
taining PEGMEA, 0.8 M NaTFSI and 1 wt% of AIBN. The resins
were poured into aluminium moulds with the dimensions 30 x
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6x0.5 mm® upon which glass slabs were placed and clamped.
To avoid oxygen and moisture contamination, the glass
covered moulds were vacuum sealed in a polyethylene tere-
phthalate (PET) coated aluminium pouch, PET/Al/PE (12 pm/
9 um/17 pm) (Skultuna Flexible). The vacuum sealed speci-
mens were subsequently taken out of the glove box and cured
in an oven at 90 °C for 45 minutes. The crude polymer was
analysed without further purification.

2.3 Polymer characterisation

2.3.1 Scanning electron microscopy and energy dispersive
X-ray spectroscopy. Scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS) was performed to study
the thickness of the coated SPE. SPE coated CF samples were pre-
pared by the procedure including the final rinsing step explained
in section 2.1 and dried for 24 hours in a vacuum drier at 150 °C.
To obtain a clear cross section of the coated CFs, two methods
were employed: (1) Cryo-cutting and (2) epoxy embedding of the
samples. The cryo-cutting was performed by submerging the
sample in liquid N, and cutting the samples with a scalpel. The
epoxy embedding was performed by fixing the sample in a plastic
holder and placing it in a cup. The mixture of Qpox 92 Héirter
hardener and Qpox 92 Harz (ATM Qness GmbH) resin was then
poured onto the sample under vacuum to avoid the formation of
bubbles. The sample was left for 24 hours to cure at ambient con-
ditions after which it was grinded and polished. The samples were
mounted on SEM sample holders with conductive carbon tape
and analysed using a Hitachi S-4800 microscope equipped with a
cold field-emission electron source. The micrographs were cap-
tured at 10 and 5 kV accelerating voltage for the cryo-cut and epoxy
embedded samples, respectively.

2.3.2. Thermogravimetric analysis. Thermogravimetric ana-
lysis (TGA) was performed to determine the thickness, NaTFSI
concentration and the thermal stability of the electrocoated SPE.
The measurements were performed using a TGA 1 (Mettler
Toledo), where the samples were heated from 30 to 600 °C at a
heating rate of 10 °C min™" under nitrogen flow (50 mL min™").
The samples, all weighing between 10-20 mg, were placed in
70 pL alumina crucibles and measured. The coated CF samples
were cut into 1 cm length, and the weight of the CFs, prior to
coating, was used together with the density (1.78 g cm™) to calcu-
late how many CFs were in the tow. The number of carbon fibres
were then multiplied with their length to obtain one equivalent
long CF, as explained in the study by Leijonmarck et al.,*® for
which the average coating thickness could then be calculated.
The density (ppuic porssae) for the polymer coating was estimated
by densities for the PEGMEA (pprmea) and NaTFSI (pyarrs) and
the measured mass fractions of salt (Xyarrs;) Obtained from the
TGA measurement, using eqn (1). The measurement was
repeated twice for each type of sample to confirm reproducibility.

XNaTFs1 1 — XNaTFSI
Pbulk pol+salt = 1/( + ) (1)

PNaTFsI PPEGMEA

2.3.3. Differential scanning calorimetry. Differential scan-
ning calorimetry (DSC) was performed using a DSC1 from
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Mettler Toledo, to study the glass transition temperature (7g)
and the presence of crystallinity of the bulk polymer without
salt, the bulk polymer with salt and the coated CFs. The
samples, each weighing approximately 10 mg, were placed in
40 pL aluminium crucibles and cycled between —80 and
100 °C for two cycles under nitrogen flow (10 mL min™") at a
rate of 10 °C min™".

2.3.4. Fourier transform infrared spectroscopy. Fourier-
transform infrared spectroscopy (FTIR) was performed using a
PerkinElmer spectrum 100 in attenuated total reflection (ATR)
mode equipped with a MKII Golden Gate ATR accessory
(Specac Ltd). Bulk samples without salt, bulk samples with
salt and coated CFs were studied. Spectra were recorded over
the range 4000-600 cm™" and based on 16 scans at an average
resolution of 4.0 cm ™.

2.3.5. Nuclear magnetic resonance spectroscopy. 'H
Nuclear magnetic resonance (NMR) spectra were recorded to
evaluate the presence of unreacted monomer in the coated
SPE, that were subjected to the rinsing protocol, before and
after electrochemical cycling. Samples were prepared for the
uncycled and cycled coated CFs that were submerged in CDCl;
for a few minutes to allow monomer to leach out. For refer-
ence, a sample containing the PEGMEA monomer in CDCl;
was also prepared. A 400 MHz Bruker Avance III HD instru-
ment with TopSpin software was used to record the spectra at
room temperature. Chemical shifts (§) are presented in parts
per million (ppm) and relative to the residual solvent signal
(CHCI;: 'H, 6 = 7.26 ppm).

2.4. Electrochemical characterisation

2.4.1. Battery half-cell assembly. The SPE coated CFs were
evaluated electrochemically in a half-cell setup consisting of
CFs as the negative electrode and sodium metal as the positive
electrode. Three types of CF samples were used: uncoated,
coated and rinsed, and coated and leached. The CF tow was
stacked with a Whatman glass microfibre GF/A (260 pm) fabric
separator soaked in EC:PC 1:1 (wt/wt) and 0.8 M NaTFSI and
a sodium foil as the counter electrode with a nickel foil
current collector. The half-cell stack was placed in a PET
coated aluminium pouch, PET/AI/PE (12 pm/9 pm/17 pm)
(Skultuna Flexible), and vacuum sealed inside an argon filled
glove box.

2.4.2. Battery cycling. The three types of half-cells were
then subjected to rate performance tests whereas only the
coated-rinsed and the uncoated samples were subjected to
long-term cycling using a Neware CT-4008T-5V10mA-164
battery cycler. Both tests were performed galvanostatically in a
temperature-controlled environment (25 °C) at various specific
currents in the potential range of 2 to 0.01 V vs. Na/Na'. The
rate performance tests consisted of five cycles for each specific
current, 5.5, 16.4 and 32.7 mAh g '. The initial specific
current (5.5 mA g ') was repeated to evaluate whether the
capacity was regained after cycling at higher currents. The
stability test consisted of 100 cycles at a specific current of
10.9 mA g™, Lastly, all three types of samples underwent slow
cycling (1.4 mA g') to evaluate their maximum sodium

© 2026 The Author(s). Published by the Royal Society of Chemistry
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capacity. The maximum capacity tests were performed by a
Biologic VMP3 potentiostat.

2.4.3. Electrochemical impedance spectroscopy.
Electrochemical impedance spectroscopy (EIS) measurements
were carried out to obtain the intrinsic sodium conductivity
for the bulk polymer. Disks were punched out from the 0.8 M
NaTFSI bulk polymer (@ = 4 mm) and mounted inside a
Swagelock cell between two blocking stainless steel electrodes.
Since the 500 pm thick PEGMEA polymer is soft, a rigid
400 pm thick polytetrafluoroethylene (PTFE) spacer was used
around the disk to prevent further compression (beyond 500 —
400 pm) of the polymer upon pressurising the cell. A thinner
PTFE spacer compared to the polymer disk was chosen to
ensure good contact between the electrodes and polymer. The
Swagelock cells were assembled inside a glove box. The poten-
tiostatic EIS measurements were performed, using a VMP3
Biologic potentiostat in a frequency range of 1 mHz to 1 Hz
with an AC amplitude of 10 mV, at temperatures 25, 30, 40, 50,
60, 70 and 80 °C. The Swagelock cell was placed in a rack
inside the temperature chamber to maintain a horizontal posi-
tion of the polymer disk. The high frequency resistance, R,
was calculated from an average of three measured samples
and used in eqn (2) to calculate the conductivity, o, which was
used to construct an Arrhenius plot.

l
o =
R. XA

(2)

The thickness of the polymer disc, I, was taken to be
400 pm at maximum compression and A was the area of the
disc. The activation energy was calculated for the ion move-
ment in the SPE by eqn (3).

6 = 6o exp (fE—Al) (3)

kg T

where o, is the pre-exponential factor, E, is the activation
energy and T is the absolute temperature.

3. Results and discussion

3.1. Electrografting

The characteristic grafting potential for the reaction mixture
used in the present study was identified by an LSV between 2
and —2 V vs. Na/Na'. As shown in the potential sweep of the
monomer-solvent mixture in Fig. 2(a), a small peak at 0.65 V
vs. Na/Na® is observed, which is characteristic of grafting.>” At
lower potentials, the equilibrium shifts toward polymerisation
in solution, resulting in an increasing current below the graft-
ing potential. In contrast, no current is observed in the graft-
ing potential region for the pure solvent, indicating solvent
stability at this potential.

The electrografting was conducted by holding the sub-
merged CFs at the 0.65 V vs. Na/Na' grafting potential for 250
s in the EC:PC 1:1 (wt/wt) and 0.8 M NaTFSI reaction mixture
while measuring the current output. The measured current,
normalised by the surface area of the CFs, initially measures at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Linear sweep voltammetry for the solvent mixture (ethylene
carbonate : propylene carbonate 1:1 (wt/wt) and 0.8 M sodium trifluor-
omethanesulfonimide) and the solvent mixture with the monomer (poly
(ethylene glycol) methyl ether acrylate) with a monomer-to-solvent
ratio of 1:1. (b) The measured current in the three electrode electro-
grafting setup as a function of time during the potentiostatic hold (0.6 V
vs. Na/Na*). The CFs (working electrode) are submerged in the reaction
mixture with aluminium foil as counter electrode and a sodium foil as
the reference electrode. (c) The CVs performed under argon atmo-
sphere at a scan rate of 10 mV s across the grafting potential between
1.1Vand 0 Vvs. Na/Na*, where c1-c5 refers to cycle 1-5.

—2 Am~? and decays to —0.1 A m~ after the initial 150 s. After
150 s, the current density stabilises at a constant background
current for the remaining duration of the potentiostatic hold,
see Fig. 2(b). A background current was also observed in the
study by Leijonmarck et al.,”® which was attributed to side
reactions related to the electrolyte and the insertion of Li into
the CFs. At the grafting potential for the present study (0.65 V
vs. Na/Na"), sodium is expected to insert into the CFs.**
However, since the solvents are stable at this potential for the
present system, we propose that the background current is
purely caused by sodium insertion.

The passivation efficiency of the electrografting was evalu-
ated by CVs where the voltage was swept across the grafting
potential. The efficiency is indicated by the reduction of the
grafting peak between cycles, where a larger reduction indi-
cates a more efficient grafting. As can be seen in Fig. 2(c), the
current of the grafting peak was reduced from -5 to —0.5 A
m~? by the second cycle and reached a value of 0 A m~> by the
third cycle. This indicates a highly efficient passivation of the
CF surface.

An efficient passivation is further elucidated from the low
grafting charge of 43 As m™2, which is the integrated area
marked in Fig. 2(b), indicating a rapid grafting and polymeris-
ation event.”” By comparison, the grafting charge observed in
the present study is an order of magnitude lower than the
grafting charge in the study by Leijonmarck et al.>® This is
expected since acrylates, as were used herein, are more reactive
to electrografting compared to their methacrylate counterparts
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which were used by Leijonmarck et al., given that the solvent is
not interfering with the grafting. Since the solvent is not inter-
fering with the grafting, as indicated by the efficient passiva-
tion, and is stable at the grafting potential, the present system
appears compatible. This shows that the donor numbers of EC
(16.4) and PC (15.1) are sufficiently high and that they do not
compete for adsorption sites on the CF surface with the
PEGMEA monomer.**%*

3.2. Polymer characteristics

The polymer characteristics of the coated SPE was studied and
compared to the bulk polymer. If not otherwise specified, the
coated CFs in this section refers to samples that were sub-
jected to the rinsing protocol described in section 2.1.

The thickness of the coated SPE was evaluated by studying
the cross-section of the coated fibres by SEM-EDS and by TGA
measurements. The SEM images reveal a homogeneous layer
of SPE covering all individual CFs, see Fig. 3(a), where the
brighter SPE covering the CFs longitudinally stands in contrast
to the darker CFs seen at the cross section where the cut was
made on the epoxy embedded CFs. The agglomerates observed
in this image are residues from the epoxy that was used to
embed the coated CFs. Fig. 3(b) shows the cross section of a
single CF from a cryo-cut sample, which is clearly coated with
the brighter SPE. The corresponding EDS line-scan performed
across the cross section, which depicts the oxygen levels, is
shown in Fig. 3(c). The oxygen level was found to be a useful
marker to differentiate between the CFs and the SPE, low
oxygen levels indicate CF, and high levels indicate the oxygen
rich SPE. Higher oxygen levels are seen across a span of
approximately 1.1-1.5 pm at both ends of the line scan and
lower oxygen levels span across roughly 5 pm inbetween. This
coincides well with the average fibre diameter specifications

\ovelmax [

/0,

—— Pristine CF
Coated CF
Bulk pol
20(....... Bulk pol + salt
PEGMEA
0 Ll PEGMEA EC+PC (1:1)

0 2 4 6 100 200 300 400 500 600
Distance [um] Temperature [°C]

level

O,
°
o

Fig. 3 (a) Epoxy embedded SPE coated CFs, (b) the cross section of a
single CF in a tow of CFs that were cryo-cut. (c) The oxygen levels
obtained from the EDS line-scan performed along the line marked in (b),
which are normalised by the maximum oxygen level. (d) The TGA results
obtained from heating the sample from 30 to 600 °C at a heating rate of
10 °C min~* under nitrogen flow (50 mL min™%).
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for IMS65 (5 pm). It should be noted that the CF is slightly
tilted in the image, which can cause a minor over or under
estimation of the SPE thickness.

The TGA results show that mass loss in the coated CFs
occurs in three distinct steps, see Fig. 3(d). For comparison,
the TGA curves of pristine CFs, bulk polymer (with and
without salt), the PEGMEA monomer, and a 1:1 (wt/wt)
mixture of PEGMEA and the EC:PC (1:1, wt/wt) solvent are
superimposed. This comparison helps differentiate mass
losses due to decomposition of the polymer, monomer,
solvent, or salt. As the pristine CFs exhibit no mass loss across
the temperature range (30-600 °C), all observed mass losses in
the coated samples can be attributed to the SPE, the PEGMEA
monomer, the NaTFSI salt or the solvents.

The first mass loss in the coated CFs begins at 100 °C and
is attributed to solvent evaporation or decomposition, as a
similar loss is observed in the PEGMEA-solvent mixture. Pure
PEGMEA decomposes in two steps at higher temperatures, a
minor loss between 180-280 °C and a major loss between
280-450 °C. In the coated CFs, the second and third mass loss
steps occur at around 350 and 460 °C, and are assigned to
polymer degradation and salt decomposition, respectively. The
mass loss at 350 °C may also include some unreacted
monomer, as this overlaps with the second decomposition
step of the PEGMEA monomer. Based on the total mass loss
from the first and second steps and using the estimated
density of the salt-containing polymer, the thickness of the
SPE coating is calculated to be approximately 1.1 pm, which is
consistent with the thickness observed in SEM images.

The ratio between the weight loss step corresponding to the
polymer and the salt for the coated CFs (Fig. 3(d)) yields the
polymer-to-salt ratio, which can be used as an evaluation of
salt enrichment in the polymer during electrografting.>® For
reference, the polymer-to-salt ratio for the bulk polymer, which
contains the same salt content as the reaction mixture used
for electrografting, is estimated to 5.4 from the weight loss
steps in Fig. 3(d). By comparison, the polymer-to-salt ratio is
5.5 for the coated CFs, which shows that no salt enrichment
occurs in the coated polymer. This stands in contrast to what
was observed in*® where the salt concentration had more than
doubled in the coated polymer. The average ethylene oxide
group to sodium (EO:Na) ratio in the coated SPE for the
present system was found to be approximately 30 : 1. For PEGs,
an EO:Na ratio of 10:1-20:1 typically yield a conductivity
maxima, according to literature.’® This means that increasing
the salt concentration in the reaction mixture in the present
study could increase the SPE conductivity. However, increasing
the salt concentration can reduce the coating thickness and
induce inhomogeneities, as previously observed in a lithium-
based system.?® Consequently, higher salt concentrations were
not explored using the single-step process employed in the
present study. Nevertheless, higher salt concentrations may be
attainable by using a higher donor number (DN) solvent,
increasing the monomer concentration alongside the salt con-
centration in the reaction mixture, or through post-polymeris-
ation swelling of the grafted SPE.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The conductivity for the bulk polymer shows Arrhenius-type
behaviour and a linear increase with temperature, see Fig. 4.
At room temperature, the ionic conductivity is ¢ = 6 x 107> §
em™! and at the maximum temperature (80 °C) the conduc-
tivity is an order of magnitude larger (6 = 6 x 107* S em™).
This agrees with values found in literature.”?°>® The acti-
vation energy for the ion movement in the PEG is calculated
from the Arrhenius equation and is found to be E, = 38 KkJ
mol .

The thermal transitions of the SPE were evaluated by DSC,
the results of which is depicted in Fig. 5(a). The bulk polymer
containing no salt exhibits a T, of —60 °C, which agrees with
values found in literature for PEGs,”® and a melting point at
3.5 °C. Thus, the bulk polymer containing no salt is in a
molten state at room temperature. In comparison, the bulk
polymer containing salt has a slightly higher T, (—53 °C) and
no observed melting point. This shows that the presence of
the sodium salt, which coordinates to the conducting EO
groups, completely supresses the crystallinity of the PEG. The
coordination between the EO groups and sodium salt also
decreases the mobility of the polymer chains, which explains
the higher T,. For the coated polymer, the T, is increased
further to —49 °C. The additional increase in T, can be
explained by the fact that the polymer chains are anchored to
the CFs, which increases the energy required for the polymer
chains to move freely. A complete suppression of crystallinity
is also observed for the coated CFs, which is beneficial for the
SPE conductivity.” No other thermal events are observed for
the salt containing samples during the second heating scan at
temperatures higher than their respective T, values within the
studied temperature range.

The coordination between the salt and the conducting EO
groups is confirmed by FTIR, where the peak for C-O-C
stretching found at 1250 cm™" is split into two peaks for the
samples containing salt, see Fig. 5(b). The new peak, found at
1230 cm™*, corresponds to the coordinated conducting groups

4.4 : : : :
28 28 8§ 81 @2 83 34

1000/T [K™"]

Fig. 4 The Arrhenius plot calculated from the average high frequency
resistance obtained from three EIS measurements conducted on the
bulk polymer in a Swagelock, stainless steel blocking electrode cell at
temperatures 25, 30, 40, 50, 60, 70 and 80 °C.
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Fig. 5 (a) The second DSC heating cycle between —80 and 100 °C for
the bulk polymer, bulk polymer containing salt and the coated CFs. (b)
The peaks related to uncoordinated (1250 cm™) and coordinated
(1230 cm™) C-0O-C groups found in the FTIR spectra for the bulk
polymer, bulk polymer containing salt and the coated CFs. (c) The first
and second DSC heating cycles for the coated CFs. (d) The NMR spectra
for the PEGMEA monomer, uncycled coated CFs and the cycled coated
CFs.

whereas the peak with reduced intensity found at 1250 cm™"

corresponds to the uncoordinated groups. This behaviour is
observed both for the bulk polymer containing salt and the
coated polymer.

The DSC measurement showed a thermal event in the first
heating cycle that was not present during the second heating
cycle for both the coated CFs, Fig. 5(c), and the bulk polymer
containing salt. This thermal event can be explained by a heat-
initiated polymerisation of unreacted monomer in the SPE,
causing the heat flux observed during the first heating cycle.
Since the monomer reacts in the first cycle, a similar event is
not observed in the second heating cycle. Interestingly, the
same behaviour was not observed for the bulk sample without
salt, Fig. S1, implying that the salt affects the polymerisation.

To confirm the presence of unreacted monomer in the SPE
and to evaluate whether it is initiated electrochemically upon
cycling the coated CFs, 'H NMR measurements were per-
formed (Fig. 5(d)). The peaks between 1 and 2 ppm stem from
the polymer and are clearly present for both coated CF
samples, which shows that unanchored polymer chains exist
both prior to and after electrochemical cycling. Such unan-
chored polymer chains are expected since the polymerisation
reaction is an equilibrium between forming grafted polymer
chains and polymerising in bulk solution.”” Whereas the equi-
librium favours the formation of grafted polymer chains at the
grafting potential, bulk polymerisation will also occur in these
conditions. Additional peaks are seen for the coated CFs
between 4 and 5 ppm which are related to the solvents, EC and
PC. Evidently, the peak around 6 ppm related to the vinyl bond
in the PEGMEA monomer, is visible for the uncycled coated
CFs. However, the cycled coated CFs show no peaks around
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this chemical shift, confirming the absence of monomer after
cycling. Thus, the rinsing protocol is not sufficient in removing
unreacted monomer and this is electrochemically relevant
since the monomer reacts upon cycling.

3.3. Electrochemical performance

The rinsed and leached SPE coated CFs and the uncoated CFs
were assembled in half-cell configurations and cycled against
sodium metal to evaluate their electrochemical performance.
The rate performance test reveals that all three samples regain
their initial capacity by the final five cycles, see Fig. 6(a). The
uncoated CFs outperform both types of coated CF samples in
terms of capacity for all three specific currents. Of the two
types of coated CF samples, the leached sample show a higher
specific capacity for all three currents. This suggests that the
resistance of the SPE on leached samples is lower than the
rinsed samples. As evidenced by the "H NMR spectra, the
rinsed samples contain unreacted monomer that reacts upon
electrochemical cycling. Although the CVs indicate complete
passivation of the CF surface, Fig. 2(c), we propose that this
reaction still occur near the CF/SPE interface during electro-
chemical cycling. This is because the longer cycling time scale,
compared to that of the CVs, allows unreacted monomers to
diffuse to the interface. This is supported by the fact that it
appears as a loss in capacity, which is attributed to electron
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Fig. 6 (a) Rate performance tests for half-cells containing coated-
rinsed (C,R), coated-leached (C,L) and uncoated (UC) CFs, respectively.
The voltage window is 2—-0.01 V vs. Na/Na*. The specific current for
cycles 1-5 is 5.5 mA g, for cycles 6-10 it is 16.4 mA g%, for cycles
11-15 it is 32.7 mA g~* and the last five cycles are cycled at the initial
current, 5.5 mA g~ (b) Maximum capacity tests performed at a low
specific current of 1.4 mA g~ for the rinsed and leached coated CFs and
the uncoated CFs. (c) The average capacity for both types of coated and
uncoated CFs when cycled at 1.4 mA g~%, which equates to ~C/100. The
red bar indicated both the rinsed and leached coated CFs and the error
bars show the standard deviation. (d) The average irreversible first-cycle
capacity loss and the initial coulombic efficiency (ICE) observed in the
rate performance tests for the uncoated, coated and rinsed, and coated
and leached samples, respectively. The error bars show the standard
deviations.
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transfer to monomers at the CF surface. Formation of chemi-
sorbed anions can subsequently react further with neighbour-
ing monomers, leading to densification of the SPE at the inter-
face and in the bulk of the polymer film, thereby increasing its
ionic resistance, as shown in the rate performance tests in
Fig. 6(a). Thus, by removing unreacted monomer by the leach-
ing procedure prior to electrochemical cycling, the densifica-
tion is supressed and thereby also the resistance increase.

Cycling at low specific currents show maximum capacities
reaching 200 and 150 mAh g~ for the pristine and coated
IMS65 fibres, respectively. The pristine IMS65 outperform the
capacity for other polyacrolynitrile (PAN)-based fibre types
found in literature, which exhibit a 170 mAh g~ capacity.*'
The charge/discharge profile of the IMS65 carbon fibres exhi-
bits the typical characteristics of hard carbon materials, featur-
ing both a slope and a plateau region, see Fig. 6(b).>* Most of
the capacity (~60%) originates from the plateau region, the flat
section of the curve below 0.1 V vs. Na/Na" close to the lower
cut-off voltage. Due to its flat nature and proximity to the cut-
off voltage, even small overpotentials can result in a portion of
this capacity becoming inaccessible. In contrast, the slope
region, which contributes ~40% of the total capacity and is
accessed at higher potentials (>0.1 V vs. Na/Na') is much less
sensitive to overpotentials. Interestingly, the relative capacity
difference between coated and uncoated samples is more pro-
nounced at low specific currents, which may seem counterin-
tuitive. However, charge/discharge curves from the rate per-
formance tests reveal that the plateau region is only accessed
at the lowest specific current (5.5 mA g~'), while at higher cur-
rents (16.4 and 32.7 mA g '), only the slope region is utilised,
see Fig. S2. This implies that although overpotentials increase
with current, the low-current condition (5.5 mA g™ ) affects
capacity more severely due to its reliance on the overpotential-
sensitive plateau region. Thus, the impact of the coated SPE
on the capacity is largest at low specific currents due to the
inherent charge/discharge profile of the carbon fibres.

A capacity difference between the coated and uncoated
samples is also observed when eliminating the influence of
overpotentials by cycling at a very low specific current (1.4 mA
g™ "), see Fig. 6(b). The charge/discharge profiles are parallel,
indicating no mechanistic differences in the sodiation/deso-
diation of the samples. Taking the intercept of the charge and
discharge curves as the shift between the slope and plateau
regions, the capacity is divided by approximately 40:60 for
both coated and the uncoated CFs. Since the capacity of the
coated samples is lower for both the slope and plateau region
by an equal amount, the difference in capacity can be
explained by a loss of active mass during electrografting.
During manufacturing, some fibres do not establish direct
electrical contact with the current collector when the CF tow is
attached. This is a direct consequence of manually dividing
the as received 24K fibre tow into the ~1.5K tow sample size
used herein. Specifically, the manual division process dis-
places a fraction of the fibres below the attachment point to
the current collector, preventing direct contact. As a result,
these fibres are electrically connected to the current collector

© 2026 The Author(s). Published by the Royal Society of Chemistry
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only indirectly, via contact with neighbouring fibres. This
indirect electrical contact is nevertheless sufficient to enable
electrochemical grafting and the initiation of a monolayer of
monomer on the CF surface, because this initiation step
occurs instantaneously.?” Once initiated, propagation proceeds
as a purely chemical process and therefore continues even if
the indirect electrical contact is subsequently lost.
Consequently, SEM images (Fig. 3a and b) show a homo-
geneous coating across all fibres. However, coating of the SPE
removes fibre-fibre contact points, which in turn eliminates
the indirect electrical pathways to the current collector. This
electrically isolates fibres that previously relied on indirect
contact. Because electrically isolated fibres cannot participate
in electrochemical cycling, this loss of connectivity directly
results in a reduction of the electrochemically active mass.
This explains why the specific capacity is lower for the coated
samples even at very low specific currents.

On average, the loss of active mass equates to 23% for
both the rinsed and leached coated CFs, see Fig. 6(c).
Considering this loss of active mass, the influence of the
coated SPE on the rate performance test, Fig. 6(a), is exagger-
ated. Even with this exaggerated influence on capacity, the
SPE coated CFs perform similarly to the uncoated CFs. This
implies that resistance of the SPE is indeed sufficiently low
to allow high power and energy density separator-less struc-
tural sodium batteries.

The influence of the coated SPE on irreversible first-cycle
capacity loss and initial coulombic efficiency (ICE) is evaluated
for uncoated, coated-rinsed, and coated-leached CFs, see
Fig. 6(d). Both coated-rinsed and coated-leached CFs exhibit
lower irreversible capacity loss compared to the uncoated
samples, which is consistent with a reduction in active CF
mass during the electrografting process. Between the two, the
coated-rinsed CFs display higher capacity loss and lower ICE
than the coated-leached CFs, which is attributed to the
initiation of unreacted monomer. This is further supported by
the large standard deviations observed for the coated-rinsed
samples, suggesting variability in monomer content within the
SPE. Therefore, to assess the intrinsic effect of the coated SPE
without the influence of unreacted monomer, the uncoated
CFs are compared to the coated-leached CFs. Interestingly, the
reduction in irreversible first-cycle capacity loss (25%) closely
matches the reduction in maximum capacity (23%), indicating
that the reduction in irreversible loss is proportional to the
loss in active CF mass.

The ICE remains comparable for the uncoated (60%) and
coated-leached (58%) CFs. Surprisingly, this suggests that the
presence of the coated SPE does not significantly impact SEI
formation or the irreversible entrapment of sodium ions
within the CF microstructure. This observation indicates that,
although the SPE film is homogeneous (Fig. 3(a) and (b)) and
clearly passivating (Fig. 2(c)), the density of the grafted
polymer chains is probably low and therefore may not entirely
suppress reactions between the liquid electrolyte and the CF
surface that lead to SEI formation. Increasing the solvent DN
could enhance the density of grafted polymer brushes and
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Fig. 7 (a) Stability tests cycling at cycles 10.9 mA g2, corresponding to
a C-rate of approximately C/10, over 100 cycles for rinsed coated and
uncoated CFs in half-cell configurations showing the coulombic
efficiency. (b) The discharge capacity over the 100 cycles for the rinsed
coated and uncoated CF half-cells.

improve the ICE. However, such an increase in grafting density
may also adversely affect the ionic conductivity of the SPE.

Stability tests were conducted on both coated-rinsed and
uncoated CFs, during which 100 charge/discharge cycles were
completed. After initial stabilisation, both samples exhibited
high coulombic efficiencies exceeding 99%, as shown in
Fig. 7(a). Notably, an increase in both coulombic efficiency
and cyclable capacity was observed during the first 40 cycles
before reaching a steady state, see Fig. 7(a) and (b). The most
significant rise in coulombic efficiency occurred within the
initial five cycles for both coated and uncoated CFs, consistent
with expected capacity losses due to solid electrolyte inter-
phase (SEI) formation and the irreversible entrapment of
sodium ions within the CF structure."’

Although the absolute capacity increase over the first 40
cycles is similar for both samples, the relative increase is
greater for the coated CFs. This difference can be attributed to
the initially lower capacity of the rinsed coated CFs, which is
attributed to active mass loss during electrografting and
increased overpotential induced by the SPE. The comparable
absolute increase across both samples suggests that the
capacity enhancement originates primarily from the CFs them-
selves or the sodium counter electrode, rather than from the
SPE.

Similar behaviour has previously been observed in other
studies of hard carbon materials, where the capacity increases
over the initial 10-50 cycles.**** This may be caused by voltage
drift, which is known to occur for sodium metal in organic sol-
vents,** effectively leading to cycling over a larger voltage
window. As most of the capacity is typically delivered in the
low-voltage plateau region, even small changes in the voltage
window can lead to a substantial increase in capacity.

4. Conclusions

This study demonstrates an efficient method for coating
carbon fibres (CFs) with a thin, fully amorphous PEG-based
solid polymer electrolyte that exhibits excellent electro-
chemical durability, thermal stability, and low ionic resistance.
The electrografting process enables uniform SPE deposition
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over the CF surface within a short time frame (150 seconds).
Following electrografting, leaching of the coated CFs to remove
unreacted monomer is essential for reducing internal cell re-
sistance and mitigating irreversible capacity loss during the
first electrochemical cycle. The resulting SPE layer has a thick-
ness of approximately 1.1 pm, an EO:Na ratio of 30:1, and an
ionic conductivity of 6 x 10> S em™" at 25 °C. Given that PEG/
NaTFSI systems typically exhibit maximum conductivity at higher
salt concentrations, an increase in the salt content is expected to
further enhance ionic conductivity in this system. The thermal
stability of the SPE is high, with decomposition occurring at
390 °C, indicating suitability for battery applications. Despite
partial loss of active CF mass during electrografting, the SPE-
coated CFs exhibit high reversible sodium storage capacities of
approximately 150 mAh g~*. The influence of the SPE on rate per-
formance is minor, especially when accounting for the reduction
in active material. Interestingly, the sodium storage capacity
increases over the initial 40 cycles before stabilising, which could
be the results of a voltage drift of the sodium counter electrode.
After stabilisation, the coated CFs maintain high coulombic
efficiencies exceeding 99% through 100 cycles.

Collectively, these results highlight the significant potential
of sodium-SPE coated CFs in the development of sustainable,
high energy and power density separator-less structural
sodium batteries. This controlled way of creating SPEs could
likely be of interest also for conventional sodium-ion batteries.
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