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1 Introduction

Rapid photoprinting of piezoelectric solid polymer
electrolytes for scalable structural energy storage
composites
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3D printing of solid polymer electrolytes (SPEs) offers a scalable platform for fabricating intricate architec-
tures whilst maintaining the desired electrochemical and mechanical properties. Here, we present an inno-
vative approach for the fabrication of bicontinuous SPEs, containing an ion-conductive solvate ionic liquid
(SIL) network within a mechanically reinforcing polymer, via photopolymerisation using masked stereo-
lithography (MSLA). Compared to mould-cured (bulk) SPEs of identical composition, the additively manu-
factured samples exhibited superior homogeneity and enhanced electrochemical and mechanical perfor-
mance, attributed to the uniform phase distribution and controlled microstructure enabled by additive
manufacturing. Additionally, these samples also displayed piezoelectric properties, with a linear correlation
between generated current/potential and applied pressure, highlighting their applicability in energy harvest-
ing and sensing applications. Building on this, we further demonstrate the potential of this rapid prototyping
process for structural energy storage by directly printing the SPE onto carbon fibre, functionalised with a
redox-active 2,6-diaminoanthraquinone, and viability of a separator-less structural supercapacitor with a
snap-fit interlocking polymer electrolyte design as a proof of concept for rapid prototyping of load-bearing
energy storage devices.

Keywords: Masked stereolithography; Solid polymer electrolyte; Piezoelectric energy harvesting; Carbon fi-
bre; Industrial materials design; Rapid prototyping.

mine the SPE's combined mechanical and electrochemical
performance.”*® Bicontinuous SPE architectures are espe-

Structural energy devices represent a prominent focus in ma-
terials' research, imparting multifunctionality through careful
selection of constituents in composite materials. Structural
energy storage composites are materials that carry load whilst
also storing charge and are central to this shift."” However,
this push now demands not only multifunctionality but also
rapid, scalable manufacturing. Solid polymer electrolytes
(SPEs) are a key enabling component,'® because they simulta-
neously reinforce the structure and provide the ionic conduc-
tivity required for charge/discharge. Resin chemistry, ionic
liquid choice, filler content, and processing route all deter-
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cially promising, since a continuous, load-bearing polymer
matrix coexists with an interpenetrating, ion-conducting pore
network created via the polymerisation-induced microphase
separation (PIMS) method. These structures can deliver the
balance of stiffness and ion transport required for real-world
structural cells.”” ™ Using widely available epoxies (e.g.,
Hexion RIM R935/H936) together with easily synthesised sol-
vate ionic liquids (SILs) produces a more practical, lower-cost,
and recyclable route to bicontinuous SPEs, making this com-
bination well suited to industrial-scale deployment.”**' H
ever, a critical manufacturing bottleneck remains. Ionic lig-
uids and SILs can accelerate epoxy curing by up to 20 times,
collapsing the processing window and forcing very rapid gela-
tion.”>?* That speed limits thorough mixing, degassing, and
impregnation steps, increasing void formation and degrading
electrochemical performance by introducing discontinuity. To
translate bicontinuous SPEs from lab-scale demonstrations to
high-throughput production, strategies that accommodate or
control this accelerated are essential. Rapid
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manufacturing solutions must be developed to preserve both
structural integrity and electrochemical function at scale,
such as tailoring the cure kinetics, continuous mixing and
degassing systems, or modifying formulations that decouple
curing and preserve ionic conductivity. Research has already
shown fully 3D direct-ink-written (DIW), shape-versatile Li-ion
batteries using rheological optimisation of printable inks for
solid current collectors and electrodes. Relying on photo-
curable, reinforced, PDMS-based gel polymer electrolytes for
high-throughput extrusion enabled free-form, customizable
power source fabrication.>® DIW was also used to fabricate ce-
ramic and hybrid all-solid-state electrolytes in arbitrary
shapes while retaining high ionic conductivity, which printed
free-standing geometries and direct printing onto LFP cath-
odes.” However, the main challenges of DIW for energy stor-
age revolve around balancing printable ink rheology with elec-
trochemical performance and ensuring uniformity and
reproducibility across large runs. Together these create diffi-
culties in maintaining strong interfacial adhesion and me-
chanical integrity of printed stacks, and meeting required
post-processing (curing, drying, sintering) without distorting
free-form parts. Additionally, long-term stability, safety, and
the need for customized industrial printers and environmen-
tal controls present hurdles compared to established
manufacturing methods.>®

Recent reports also detail the development of customised
SPEs using additive manufacturing processes that optimise
the electrochemical efficiency of energy storage systems like
supercapacitors and batteries.”” *° This approach enables the
creation of complex and intricate geometries that are other-
wise challenging to achieve with traditional manufacturing
methods, paving the way for large scale manufacturing of
structural energy storage composites. Among the diverse
methods of additive manufacturing, photopolymerisation
presents as a particularly effective technique for the swift pro-
duction of SPEs with enhanced electrochemical and mechani-
cal performance.*™*> Cheng et al.*® improved the printability
and electrochemical performance of polyethylene-oxide-based
composite polymer electrolytes for energy storage devices by
incorporating silane-treated hexagonal boron nitride (S-hBN)
platelets into the polymer matrix, enhancing both the ionic
conductivity and thermal management properties. Zekoll
et al.®>® used SLA printing to create Lij 4Aly4Ge; ¢(PO4)s-based
hybrid electrolytes with intricate 3D architectures, enhancing
both ionic conductivity and mechanical properties through
topography optimisation. McOwen et al.** developed lithium
lanthanum zirconium oxide-based inks for conformal, den-
drite resistant SPEs, demonstrating how controlled micro-
structures provide a pathway for improved ion transport and
performance in lithium-metal batteries. In general, research
limitations in the field of electrolyte manufacture lie in the
development of printable electrolytes that can function im-
mediately when used in an energy storage device for rapid
prototyping. Additionally, gaps remain in the understanding
of the microstructure of these electrolytes, particularly regard-
ing the inter- and intralayer ion transport and pore formation
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during photocuring in relatively thick (i.e., 50 pm) layers.
Thus, optimising the microstructure for reproducibility and
scalability remains an area that demands more
exploration.?”:28:30:32

When using an ionic liquid as the liquid phase in these
SPEs, an intriguing phenomenon was also reported recently,
wherein a liquid-to-crystalline phase transition occurs under rel-
atively low pressures, which results in a pressure-dependent
electric potential response.**® Thus, opening pathways of
imparting a third function to these structures (i.e., load bearing
due to inherent strength of CF, energy storage, and energy gen-
eration and harvesting in one). Previous studies have shown
some ILs can form crystal structures under compression,®® with
some only displaying crystal polymorphism during decompres-
sion.”” Phase behaviour of ILs under applied external pressure
has been investigated before, with Yoshimura et al.*® observing
vibrational changes in the CH stretching spectrum above 4 GPa,
using IL containing N,N-diethyl-N-methyl-N-(2-methoxyethyl)am-
monium (DEME) cation and TFSI anion. No crystallisation was
observed up to 5.5 GPa. When using 1-butyl-3-methyl-
imidazolium iodide IL, Takekiyo et al*® observed pressure-
induced partial crystallisation from the glassy state. Su et al.*
also monitored reversible crystallisation in situ with the same
cation, but a different anion ([BMIM][PF]), leading to the con-
clusion that liquid-to-crystalline phase transition in ILs and its
subsequent, recently identified piezoelectric effect in ILs is pres-
sure-dependant, as well as inextricably linked to the molecular
signature. Multiple phase transitions have been detected before
and even crystallisation under extreme pressure conditions.*”*
However, such pressures are prohibitively large for scalable en-
ergy harvesting. It was also recently shown that the neat [Li-G3]
TFSI SILs (a subset of ILs) displayed a similar piezoelectric effect
imparted by liquid-to-crystalline phase transition following
pressurisation, with this phenomenon also observed in SPEs,
where [Li-G3]TFSI is embedded within an epoxy-based resin sys-
tem.*® To further explore this property, the piezoelectric energy-
generation effect of additively manufactured SPEs developed in
this study has been systematically investigated. The ability of
MSLA approach to precisely tailor the microstructure is antici-
pated to yield a more consistent and enhanced piezoelectric re-
sponse. Building on this, we also demonstrate the utility of this
approach by directly printing the SPE onto the surface of CF, pi-
oneering the first reported separator-less structural energy stor-
age device using CF as electrodes as a proof of concept for rapid
prototyping structural supercapacitor concept. This approach
not only eliminates the use of a separator in these structural
supercapacitors, reducing the manufacture time, but also intro-
duces a novel interlocking design, akin to Lego® blocks, where
positive and negative interlocking SPE enhance structural integ-
rity and connectivity. Furthermore, we characterise the thermal,
electrochemical, and mechanical properties of photocured SPEs,
both when bulk cured and additively manufactured, demon-
strating the feasibility of this method for next-generation energy
storage applications. This approach enhances both the struc-
tural and functional performance of SPEs, paving the way for
their integration into advanced materials that can generate,
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store and release electrical energy whilst simultaneously con-
tributing to load bearing performance.

2 Results and discussion

This study systematically explored the development of an
SPE, incorporating [Li(G3)][TFSI] SIL within a photocurable
resin, containing bisphenol A ethoxylate dimethacrylate
monomer and 4-acryloylmorpholine as a crosslinking agent.
As an initial step, the photocuring behaviour of SIL-
containing resin formulations at varying ratios were investi-
gated within conventional moulds to evaluate their mechani-
cal properties, ionic conductivity, and morphology to deter-
mine viability as an SPE. Building upon these findings,
identical compositions were subsequently fabricated using an
MSLA resin printer to produce standard test coupons,
allowing direct comparison between mould-cured and addi-
tively manufactured samples. Based on this comparative anal-
ysis, optimal formulations and process parameters were iden-
tified (see 4.9) and applied to print the SPE directly onto
commercial CF fabric (Fig. 1). This approach seamlessly inte-
grates the electrolyte layer with the CF electrodes, paving the
way towards advanced structural supercapacitor devices that
have the potential for manufacture at scale. In the following
sections, all samples are referred to using a consistent no-
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menclature that reflects their formulation and processing
method (Fig. 1).

2.1 Bulk photocuring of SPEs in moulds

As a proof of concept, the photocurable resin was initially
blended with varying amounts of the SIL to assess if an SPE
with both ionic conductivity and mechanical integrity could
be fabricated, or if the SIL suppressed photopolymerisation.
Thus, a comprehensive evaluation of the mould-cured SPEs
was undertaken, including their mechanical, electrochemical,
and thermal performance. SIL contents exceeding 55 wt%
were employed to ensure the percolation threshold necessary
for the formation of a continuous, interconnected ionic net-
work within the polymer matrix via PIMS. As the SIL content
increases from 55% to 90%, the ionic conductivity steadily
improves from 7.33 x 10> mS em™" at 55% SIL to 7.83 x 10"
mS ecm™" at 90% SIL, due to the growing presence of liquid,
conductive domains within the bicontinuous polymer matrix
(Table S1, Fig. 2), approaching the ionic conductivity of the
neat SIL, which was evaluated at 8.98 x 10" mS em *.** How-
ever, this enhancement in ion transport comes at the expense
of mechanical integrity, as evinced by the depression of flex-
ural modulus from 8.28 + 1.50 MPa at 55% SIL to just 0.30 +
0.11 MPa at 90% SIL (Table S3, Fig. 2), behaving more like a
highly viscous gel.*" These opposing trends reflect the

70% SIL UV 3D

7\

wt.% SIL  Resin  Optional; if it
type  was additively
manufactured

Fig. 1 Flow of investigation, including the sample naming convention. The resin, containing bisphenol A and ACMO monomers, was mixed with
the solvate ionic liquid (top left) and printed using the masked stereolithography approach in 50 um layers directly on a CF woven mat attached to
the aluminium holder of the printer side-by-side. Sections with printed porous bicontinuous electrolyte on the CF (resulting in two electrodes)
were cut and assembled by aligning the interlocking hexagonal shapes, which formed the separator-less supercapacitor device. Separately, the
SPE was tested for its piezoelectric output using a custom setup based on the schematic in the bottom left corner.
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Fig. 2 A radar chart showing the flexural, tensile and compressive mechanical properties, and ionic conductivity of bulk cured SPEs. Values and
detailed explanation available in the SI. SEM images are showing the microstructure of bulk cured SPEs at varying wt% ratios, from 60% to 90%.

fundamental trade-off in SPE design, increasing SIL content
enhances ionic mobility by introducing more fluid, conduc-
tive domains but compromises structural cohesion due to re-
duced resin content. Conversely, lower SIL content favours
mechanical robustness but limits ionic transport, highlight-
ing the critical balance needed in tailoring SPEs for structural
energy storage applications.

SEM micrographs reveal a relative increase in the overall
porosity with rising SIL content from 60% to 80% (Fig. 2).
However, the pore morphology is heterogeneous, exhibiting a
broad distribution of pore sizes including both nanopores
and larger voids. Notably, the SIL was removed prior to imag-
ing, and in the case of 90% SIL sample, substantial shrinkage
occurred upon SIL extraction resulting in a distinctly wrin-
kled surface morphology, indicating a collapsed pore struc-
ture and deformation of the polymer matrix.

2.2 Additive manufacturing of SPEs via MSLA

The radar chart (Fig. 3a) illustrates the variation in mechani-
cal properties and ionic conductivity with increasing SIL con-
tent. Only 60, 70, and 80 wt% of SIL were selected as these
compositions exhibited the most favourable balance of prop-
erties in the mould cured samples. Test specimens still at-
tached to the print bed and illuminated under the UV light
are shown in Fig. 3b. The printed sample containing 60% SIL
exhibited the highest flexural modulus (11.78 + 0.55 MPa)
and ultimate compressive strength (10.69 + 1.59 MPa). In
contrast, the 80% SIL formulation demonstrated a substan-
tial reduction in mechanical properties (Table S4), coinciding
with a pronounced increase in ionic conductivity (Fig. 3), ris-
ing from 0.016 mS cm™" at 60% SIL to 0.252 mS cm™" at 80%
SIL (Table S1). The 70% SIL sample provided an intermediate
balance, exhibiting 0.043 mS em™ conductivity and moderate
mechanical strength.

Ind. Chem. Mater.

The additively manufactured SPEs demonstrated superior
combined mechanical and electrochemical performance
(Fig. 3c). Across all SIL content levels (60-80%), the printed
samples consistently exhibited higher flexural modulus
values, indicating enhanced mechanical robustness due to
controlled spatial curing and more uniform resin network
formation during the additive manufacturing process. Elec-
trochemically, they also showed comparable, and in some
cases improved, ionic conductivity. The 70% 3D printed sam-
ple achieved an 8% higher conductivity than equivalent
mould-cured sample and 70% epoxy-based SPE from our pre-
vious work (Fig. 3c), suggesting the MSLA photocuring ap-
proach promotes not only better mechanical integration be-
tween phases but also maintains conductive ion channels
within the resin matrix. The superior electrochemical and
mechanical performance of the photocured SPEs over those
produced using the RIM R935/H936 epoxy resin can be attrib-
uted in part to differences in mixing and curing methodolo-
gies. Assessment of the dimensional fidelity when printing
the SPE was acceptable (Fig. S15). Although thin walls (<1
mm) began to collapse, they did not rupture, and circular
voids (<1 mm) were printed with slightly smaller diameters
than those specified in the model. As such, the simultaneous
improvements in mechanical properties and ionic conductiv-
ity without significantly affecting printing resolution makes
these SPEs promising for structural energy storage applica-
tions, where both properties are essential for effective multi-
functional performance and tailored approach to design of
such devices.

All samples were prepared using high shear mixing with
integrated degassing, ensuring uniform dispersion of the SIL
and consistent crosslinking throughout the polymer ma-
2223 The improved phase connectivity and structural co-
herence in the photocured systems, particularly the photo-
cured variants, highlight the role of processing conditions in
tailoring the SPE performance. Additionally, the anisotropic

trix.
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(a) A radar chart showing the flexural, tensile and compressive mechanical properties and ionic conductivity electrochemical properties of

3D printed SPEs. Values available in the SI; (b) image of test specimens curing under a 400 W, 395 nm light source; (c) comparison of ionic
conductivity and flexural modulus values (with standard deviation error bars) between this work's 3D printed 70% SIL SPE, mould-cured 70% SIL
SPE from the proof-of-concept stage, and 70% SIL SPE based on thermosetting RIM R935/H936 resin from our previously published reports meth-
odologies.??2 Data points represent the mean value, with standard deviation used for the error bars (N = 5); (d) SEM images of 60%, 70%, and 80%
3D printed SPEs, with inset images showing sections under higher magnification.

nature of the layer-by-layer process means parts are strongest
within each deposited layer (the XY plane) and weakest per-
pendicular to those layers in the Z direction, where interlayer
bonds tend to more readily fail under load, regardless of the
fabrication method.**™** Consequently, orienting critical
load-bearing axes parallel to the build plate and aligning
infill rasters with those axes can partially mitigate but never
fully eliminate this inherent anisotropy.*’

SEM images of the printed samples reveal distinct and well
aligned layers from the manufacturing process, indicating con-
sistent layer deposition and good structural fidelity (Fig. 3d). In-

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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plane alignment preferentially preserves continuous conductive
pathways and yields higher effective capacitance and lower ESR.
We observed modest anisotropy in our samples, with clear layer
lines and solid interlayer bonding seen from SEM characterisa-
tion. Due to the high SIL loading in the tested SPEs, adhesion
to the build plate would prevent fabrication of specimens with
the mechanical loading axis not aligned with the build plane
due to the prohibitively small surface area and contact needed
for adhesion. Additionally, the SPE is orders of magnitude
weaker compared to CF and any device-level mechanical perfor-
mance would solely rely on the inherent strength of the fibres,

Ind. Chem. Mater.
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with CF composites also exhibiting extensively-documented an-
isotropic behaviour and modes of failure.**™*® While full elimi-
nation of this bias is not likely, as is common to all additive
manufacturing methods, the main load-bearing performance
would solely rely on the CF electrodes and not the SPE. Never-
theless, mitigations for SPE-level mechanical performance could
include optimising exposure dose and overlap to ensure as full
cure as possible at layer interfaces, reducing layer thickness to
minimise interfacial defects, and using high energy post-cure
annealing. Focus on a tailored approach to design that matches
the end-use scenario in terms of load bearing distribution
would have the highest impact to performance. Placement and
shape then become more critical by designing component ge-
ometry and locating fibres so that CF-dominated load paths
align with the primary service loads which is essential to achiev-
ing the required mechanical stability.

BJH gas sorption analysis was used to determine porosity
of the SPE composition chosen for the fabrication of elec-
trodes for the structural supercapacitor device. This method
provides reliable pore size distribution and specific surface
area measurements for mesoporous materials by analysing
nitrogen adsorption/desorption isotherms and applying the
BJH (Barrett-Joyner-Halenda) method to the adsorption
branch to quantify the pore diameter in the 2-50 nm range,
making it well suited to determine the porosity of the printed
sample. As expected, a stochastic pore distribution was ob-
served (Fig. S10), with most pores at 8.149 nm in diameter.
With the 80% sample, the surface also exhibited extensive
cracking, likely occurring from the removal of the SIL for
SEM imaging, resulting in structural collapse of the polymer
matrix.

A comprehensive thermal characterisation was also per-
formed on both bulk-cured and additively manufactured
samples with varying SIL contents to elucidate the influence
of processing method on their structural and functional
properties (SI Note: thermal analysis-TGA, DSC, TMA). In gen-
eral, these data showed no significant change between SPE
samples regardless of the fabrication method.

2.3 Piezoelectric response of the SPE

The photocured SPE was also evaluated for piezoelectric
properties, to confirm viability of rapid prototyping of a
trifunctional structural supercapacitor, enabling energy har-
vesting under externally applied mechanical force on the de-
vice. An SPE cylinder with the same dimensions as the inter-
nal opening of an aluminium holder was compressed,
monitoring open circuit electric potential (OCP) and short
circuit current in the process. Results showed a clear correla-
tion between increasing force and OCP response (Fig. 4a), up
to a maximum pressure of 0.7 MPa. After this, the OCP re-
sponse showed exponential behaviour to the horizontal as-
ymptote of maximum electric potential output, up to a maxi-
mum tested 1.77 MPa (Fig. S14). This behaviour indicates
that the system's maximum electric potential output reaches
the pressure limit of the generated electric potential due to
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the saturation of the induced crystallisation under these test
conditions. However, current response increased at pressures
over 0.7 MPa, indicating a drop in resistance since the volt-
age remained unchanged. Similar to our previously published
reports,”® a reduced pressure was applied directly after
reaching the maximum pressure (Fig. 4a-250 seconds). It was
observed that the output reduced from 1.89 V to 0.64 V when
the pressure was reduced from 0.69 MPa to 0.18 MPa. This
matches previous findings in neat ionic liquids from Hossain
et al®* In our system, the SIL partly crystallises within the
polymer and then redissolves when pressure is released.
Thus, the output reflects the extent of crystallisation.

In our work, pressures reached a maximum of 1.77 MPa,
with a linear pressure dependence up to 0.7 MPa (Fig. 4c). In
the linear region electric potential increased by 3.03 V MPa™"
(R? = 0.994) and current at 1.62 pA MPa™* (R® = 0.924) (Tables
S11 and S12), which can still act as a piezoelectric energy har-
vesting system with reasonable resolution in an optimised
electrical circuit with smoothing capacitors. Thus, making
sensing capabilities plausible with the CF-based structural
energy storage devices, with the maximum power density
reaching 14.11 mW m™ at a low 0.7 MPa (Fig. 4d) under
these test conditions.

Melodia et al.’” used [BMIM] cation to achieve 60x higher
conductivity at the same IL wt% loading than this work,
likely due to custom polymer formulation. In our system,
boosting the SIL fraction to 70 wt% more than doubles the
ionic conductivity (from 0.0160 to 0.0435 mS cm™*, Table S1).
Furthermore, piezoelectric response of these SPEs can syner-
gistically improve the device performance via capturing ambi-
ent or supplied energy for self-charging purposes, which has
been explored before in a thermosetting resin system."°

2.4 Direct printing of SPE on carbon fibre

Finally, the SPE was directly printed onto the surface-
functionalised CF fabric (Fig. 5), simply by attaching it to the
aluminium printing stage. A hexagonal patterned positive-
negative snap fit design was employed to enable mechanical
interlocking between the two electrodes. Following the inte-
gration of the current collectors, a separator-less super-
capacitor was successfully assembled. The solid polymer elec-
trolyte was stable up to 0.6 V (Fig. S1), which is adequate to
harness the pseudocapacitive effect of the redox active DAQ
and its carbonyl groups when covalently bound to the CF.*’
The experimental data showed a progressive and rapidly ris-
ing tail at higher electric potentials, indicating significant
electrolyte decomposition and loss of stability beyond this
limit. No change was detected in the stability even at higher
operating temperatures (60 °C, Fig. S1), as expected due to
degradation temperatures of 188.3 °C and 321.1 °C for the
SIL and neat resin, respectively (Table S8).

The bulk of the observed capacitance arose from electro-
chemical double-layer formation (EDLC) at the electrode/elec-
trolyte interface and pseudocapacitive contributions from the
redox-active 2,6-diaminoanthraquinone covalently bound to

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 4 Piezoelectric testing of 70% SIL UV 3D printed bicontinuous solid polymer electrolyte. (a) Double y-axis plot of pressure and electric poten-
tial over time; (b) double y-axis plot of pressure and current over time; (c) double y-axis plot of potential and current as a function of pressure.
Data points represent the mean value, with standard deviation used for the error bars (N = 3). Details of line of best fit can be found in SI Note: pie-
zoelectric testing; (d) power density plot as a function of pressure. Data points represent the mean value, with standard deviation used for the error

bars (N = 3).

the CF surface. Electrochemical impedance spectra recorded
before and after cyclic voltammetry revealed a slight increase
in the charge-transfer resistance, consistent with the growth
of a thin, resistive solid electrolyte interphase (SEI) on the
electrode surface during cycling.

Thermal stability of the diazotised DAQ and functionalised
CF was also investigated, which showed an onset of a distinct
mass loss step of 40.52% at ~110 °C (Fig. S13c), correspond-
ing to diazonium cleavage and nitrogen evolution reaction, as
well as accompanying polymerisation with a sharp exothermic

peak on the DSC trace. Onset of degradation reactions was
then observed at 174 °C, roughly corresponding to the SIL
degradation (Table S8). Conversely, such mass loss due to dia-
zonium cleavage was not seen in the DAQ-functionalised CF
due to the electrochemical reaction mechanism forming a
radical by breaking this bond at the covalent attachment of
DAQ onto CF step.'”*’

This device showed modest performance (Fig. S3), how-
ever it was stable (Fig. S2), and its purpose as a proof-of-
concept device is critical to the discussion and direction of

Fig. 5

Interlocking hexagonal SPE design on CF, under 400 W 395 nm UV light source, and a schematic of assembled supercapacitor device with

the layers peeled open. Detailed electrochemical analysis of this device, including CV, GCD, EIS, fitted circuit, goodness-of-fit metrics, explanation,
and parameters can be found in the SI Note: electrochemical characterisation.
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future work in multifunctional (structural, energy harvesting,
energy storage), scalable composites. Firstly, the device's 1
mm thick SPE served a dual role, both as the ion-conducting
medium and as the physical separator between electrodes,
eliminating the need for additional separators due to the
manufacturing method locking the underlying CFs in place
and protecting against stray fibre bridging the gap between
electrodes. Separators often introduce manufacturing com-
plexity, can be incompatible with electrode materials, as well
as pose a delamination risk, leading to diminished device
performance or premature failure and delamination. Sec-
ondly, the continuous liquid phase's energy harvesting capa-
bility is an unusual and peculiar function of this electrolyte
which might warrant a trade-off in lower device-level energy
storage performance if the piezoelectric energy can be har-
vested passively from converting the environmental stresses,
such as vibration during high-speed motion or wind energy,
into usable electrical energy to power devices such as sensors
for structural health monitoring of composite structures.
Nevertheless, a photocured SPE printed directly on the
functionalised CF electrodes presents itself as a viable rapid
prototyping method for scalable energy storage device manu-
facture, limited only by the additive manufacturing ma-
chine's bed size in this case, enabling future optimisations in
device topography for end-use scenarios. However, perfor-
mance increases in energy storage can be achieved in many
ways without compromising the ability of the electrolyte to
act as an energy harvesting component. Apart from pore size,
the relative amount and continuous nature of the polymer
electrolyte is also a critical aspect. By coupling thermody-
namic and kinetic controls during PIMS processing and
adjusting resin composition (SIL:polymer ratio and mono-
mer polarity) to change phase volume fraction and interfacial
tension, the conductive phase can indeed become even more
continuous. Additionally, polymer chemistry can be tuned via
molecular weight changes or addition of compatibilisers to
modulate conductivity and domain spacing, such as a low
molecular weight block copolymer with a photocurable end
and a conductive end (e.g., PEO-b-PMMA).>® The incorpora-
tion of additives or sacrificial templates such as nanoparti-
cles or porogens would also enable fine-tuning of pore
sizes.”® However, a trade-off in ionic conductivity versus me-
chanical strength is still an inherent problem in this field, so
optimisation requires balancing increased conductive phase/
porosity for ion transport against retained mechanical integ-
rity. Additionally, microstructuring of polymers would benefit
from the incorporation of other polymerisation methods into
the existing setup, such as RAFT to add agents that moderate
chain growth, molecular weight distributions, end-group
functionality and can also improve compatibility with ionic
liquids or facilitate post-polymerisation modification.>””*® On
the processing side, a controlled local cure rate and exposure
dose would lead to a faster cure which can achieve finer
structures, whilst slower cure would favour larger pore forma-
tion. This could further be enhanced via voxel size variation,
layer thickness and print orientation to affect local diffusion
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fields during cure, whilst designing features like micro-
channels directly in the CAD step could also expose an addi-
tional route to optimise through-thickness ion pathways for
optimised ion transport and mechanical performance. This
device is a proof-of-concept device to confirm feasibility of
this scalable method of fabrication. As such, long-term test-
ing, including variable temperature and humidity cycling,
standardised impact and interlaminar toughness tests are re-
quired to fully establish their serviceability and quantify du-
rability. Optimisation of SPE formulation and interlock geom-
etry for both electrochemical and structural resilience in
higher TRL devices is currently being considered for future
works. Additionally, alternate methods of manufacture to in-
corporate  UV-transparent optics, laser-based stereo-
lithography and other projection systems are being explored
to avoid LCDs, opening the broader UV-visible spectrum for
photopolymerisation initiation.

3 Conclusions

This study demonstrates the application of masked stereo-
lithography (MSLA) to fabricate acrylate-based thermoplastic
bicontinuous solid polymer electrolytes (SPEs) incorporating
a solvate ionic liquid (SIL) [Li-G3][TFSI] within a photocurable
acrylate resin system. Through controlled layer-by-layer
photopolymerisation, the printed SPEs exhibited markedly
improved microstructural uniformity, mechanical perfor-
mance, and ionic conductivity compared to mould-cured ana-
logues. At 70 wt% SIL, the SPE fabricated via MSLA achieved
an ionic conductivity of 0.0435 mS cm ™" alongside a flexural
modulus of 6.71 MPa, outperforming both mould-cured and
thermoset RIM R935/H936 epoxy-based SPEs reported previ-
ously. Additionally, this system was also piezoelectrically ac-
tive, which under 1.77 MPa of pressure exhibited a stable
maximum output of 2.02 + 0.07 V and displaying a maximum
power density of 14.11 mW m™> The electric potential re-
sponses demonstrated a strong linear correlation with ap-
plied pressure (R*> > 0.99), highlighting its potential for inte-
grated energy harvesting and sensing applications.

All fabrication was performed using a commercial resin
and consumer-grade printer under ambient conditions, elimi-
nating the need for an inert atmosphere, water exclusion, or
specialised facilities. The SPEs were successfully printed di-
rectly onto functionalised CF electrodes, forming the first re-
ported separator-less structural supercapacitor with a snap-
fit, interlocking electrolyte architecture showing mechanical
stability, intact ion conduction pathways, and facile device as-
sembly by removing the need for discrete separators. Overall,
this work presents a scalable, cost-effective, and accessible
platform for producing multifunctional SPEs and related
multifunctional systems with tuneable mechanical, electro-
chemical and, most importantly, piezoelectric properties of
the SPE, and establishes a proof of concept towards rapid
prototyping of structural energy storage and smart sensing
within advanced composites and energy harvesting systems
in one package.
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4 Experimental
4.1 Materials

Triglyme (G3) was purchased from Sigma-Aldrich (Merck Life
Science Pty Ltd, Australia) and used as received without fur-
ther purification. Lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) was sourced from AA Blocks, Inc. (San Diego, USA) &
Oakwood Products, Inc. (South Carolina, USA). SLA printer
Sonic Mini 8K S and Aqua-Clear Resin were acquired from
Phrozen (Phrozen Tech Co., Ltd., Taiwan). RIM R935/H936
resin was procured from Ironbark Composites (Torquay, Aus-
tralia). A 395 nm 400 W ultraviolet (UV) lamp was used to
cure mould cured samples.

4.2 Synthesis of solvate ionic liquids [Li-G3]TFSI

The synthesis of [Li(G3)][TFSI] SIL was carried out following
standard methods for equimolar [Li(G3)][TFSI] prepara-
tion.”"?* Lithium bis(trifluoromethanesulfonyl)imide and G3
(triglyme, triethylene glycol dimethyl ether) were combined
in a 1:1 molar ratio, with the mixture stirred at room tem-
perature for 48 hours. Afterward, it was subjected to drying
under high vacuum at 140 °C for 1 hour to remove any re-
maining water. SIL water absence was confirmed using Karl
Fischer titration on the 899 Coulometer (Metrohm, Switzer-
land), with the acceptable level for use considered at <10
ppm water content.

4.3 Synthesis of solid polymer electrolyte (SPE)

Mixtures of [Li(G3)][TFSI] SIL and Phrozen Aqua-Clear UV
resin were prepared at the following weight ratios (SIL: resin)
=90:10, 80:20, 70:30, 60:40, and 55:45. Each formulation
was homogenised using an ARE-250 planetary centrifugal
mixer (Thinky U.S.A., Inc., Laguna Hills, USA) at 2000 rpm for
5 minutes. The resulting mixtures were immediately trans-
ferred into silicone moulds, kept wrapped in aluminium foil
to prevent premature light exposure, then cured under a UV
lamp for 5 minutes to produce mould-cured SPE samples for
further testing. The mixing process was the same for the 3D
printed SPE samples with the uncured SIL:resin solution be-
ing transferred to the printer rather than a mould. Further
detail on the additive manufacturing settings is provided in
the stereolithography (SLA) additive manufacturing experi-
mental section.

4.4 Scanning electron microscopy (SEM)

The microstructures of the SPE samples were examined using
a field emission scanning electron microscope JSM-7800F
(Jeol, Ltd. Japan) set to an operating voltage of 5 kV. The sam-
ples were sputtered with a 5 nm gold coating with an ACE600
sputter coater (Leica Microsystems, Germany) to enhance
conductivity.

4.5 Electrochemical characterisation

Electrochemical measurements were conducted using a VMP-
300 electrochemical station (BioLogic, France) and Biologic EC-
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Lab v11.42 software in a two-electrode floating earth configura-
tion at room temperature (17.5 + 0.5 °C). Electrochemical im-
pedance spectroscopy (EIS) was used to determine the ionic
conductivity of SPEs, and the frequency range was scanned from
100 kHz to 100 mHz with 10 data points per decade and a sinu-
soidal amplitude of 10.0 mV. The sample blocks were placed be-
tween two polished copper plates within a battery testing clip.
The electrochemical stability window was tested using cyclic
voltammetry (CV) at 10 mV s™* scan rate using a similar setup
as for ionic conductivity testing.

The electrochemical performance of prototype super-
capacitor devices was evaluated via cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and EIS measure-
ments. All tests were performed in a two-electrode floating
earth configuration under ambient conditions (17.5 + 0.5 °C).
Further experimental details, including the relevant equa-
tions used for data analysis, are provided in the SI Note: elec-
trochemical characterisation.

4.6 Mechanical testing

4.6.1 Flexural testing. Flexural testing was performed
using a load frame fitted with a 10 kN load cell (Instron 6800
Series Universal Testing System, Illinois Tool Works Inc.,
USA) using ASTM D2344/M specifications to ensure adequate
data attainment and correct mode of failure. Seven speci-
mens, each 35 mm long, 12 mm wide, and 4 mm thick, were
positioned on a three-point bending setup with a 30 mm
span between the support pins. A 10 mm diameter central
roller applied the bending force at rates of 4 mm min™".

4.6.2 Tensile testing. Tensile testing was performed using a
load frame fitted with pneumatic grips and a 1 kN load cell
(Instron 5967 Series Universal Testing System, Illinois Tool
Works Inc., USA), following the ASTM D638-22 (type V) method.
At least 5 specimens were positioned in the pneumatic grips
with a separation distance of 25.4 mm, and each specimen was
measured individually, using the Bluehill Universal® v4.13 soft-
ware. The strain rate was set to 1 mm min ", Air pressure was
set to 25 psi for 55% SIL samples, with a gradual (linear) de-
crease to 18 psi for 80% to prevent compressive damage on the
tabs of the specimen. The load and the associated displacement
were recorded at a capture rate of 20 milliseconds which was
used for stress-strain curve analysis.

4.6.3 Compression testing. Compression testing was con-
ducted on a load frame fitted with a compression fixture and
a 1 kN load cell (Instron 5967 Series Universal Testing Sys-
tem, Illinois Tool Works Inc., USA), following the ASTM
D695-23. At least 5 specimens were tested by positioning
them in the centre of the compressive fixture and a strain
rate of 1 mm min " was applied. Specimen dimensions were
25.4 mm in height and 12.7 mm in width, but each specimen
was measured using a set of callipers, which was entered at
the time of testing in the software.

All tests were performed via the Bluehill Universal® v4.13
software. Further details on testing procedures and calcula-
tions are provided in the SI Note: mechanical testing.

Ind. Chem. Mater.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5im00320b

Open Access Article. Published on 29 January 2026. Downloaded on 2/25/2026 1:50:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

4.7 Thermal analysis

4.7.1 Thermomechanical analysis (TMA). TMA was per-
formed with a 402 F1 Hyperion (Netzsch Group, Germany),
which utilised a 4 mm diameter flat-tip pushrod for measur-
ing expansion and compression. A steady force of 0.05 N was
maintained on the sample during the tests. The samples were
all cylindrical, with a diameter of 5 mm and a depth ranging
from 3 to 3.5 mm and were compared against a fused silica
control standard that measured 10 mm in height and 6 mm
in diameter. Two Al,O; sample spacers were used, each 6
mm in diameter. The temperature was gradually increased
from —50 to 150 °C at a rate of 5 °C min™" for all tests. The
transitions for each sample were determined by identifying
the minima in the derivative of the dL um™ versus tempera-
ture (°C) curve, which corresponded to the inflection points
in the gradient. The average coefficient of linear thermal ex-
pansion for the resin samples was calculated between —30 °C
and 30 °C, as specified in ASTM D696-16.

4.7.2 Thermogravimetric analysis (TGA). TGA experiments
were carried out with a TG 209 F1 Libra instrument (Netzsch
Group, Germany). The samples were prepared by cutting
them for core usage in the TGA measurements. These mea-
surements entailed heating the samples to 600 °C at a rate of
10 K min™" whilst maintaining a nitrogen atmosphere. The
temperature at which a 5% mass loss occurred above 150 °C
was used to determine Ty (°C). This approach was adapted
from the methodology described by Ueno et al.>*

4.7.3 Simultaneous thermal analysis (STA). STA experi-
ments were conducted on a STA 449 F5 Jupiter instrument
(Netzsch Group, Germany). The diazotised DAQ powder was
loaded into an open alumina crucible. DAQ-functionalised
CF was tied into a knot and placed in a similar crucible. Both
tests used a heating rate of 10 K min™' under an argon
atmosphere.

4.7.4 Differential scanning calorimetry (DSC). Differential
scanning calorimetry (DSC) was conducted using a Netzsch
Polyma DSC system with core sections extracted from dis-
sected specimens, under a nitrogen environment. The ther-
mal protocol involved heating the samples to 120 °C at a rate
of 10 K min™", cooling them to =70 °C, holding for 5 minutes
at that temperature, and then reheating from -70 °C to 120
°C for the second scan. Data from the second heating cycle
was used for analysis, as the initial scan removes any prior
thermal history of the material.

4.8 Surface functionalisation of woven carbon fibre

Toray FT300B (Toray Industries, Inc., Japan) plain woven CF fab-
ric was desized via Soxhlet extraction with acetone at reflux for
at least 48 h. The CF mat was then retrieved via vacuum filtra-
tion using a Biichner funnel and dried in a conventional oven
for 1 hour. CF electrodes were manufactured via the use of elec-
trochemical surface functionalisation of desized CF mats before
directly using them as a substrate for additive manufacturing. A
conductive copper tape (RS Components Pty Ltd, Australia) was
applied to the long edge of a rectangular piece of the woven CF.
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Araldite was also applied to the copper-CF junction to prevent
accidental copper contact with the electrografting solution.
2,6-Diaminoanthraquinone (DAQ) (CAS 131-14-6) was then cova-
lently grafted onto CF electrochemically in a 3 electrode setup
using potentiostatic cyclic voltammetry from 0 to -1.5 V at 10
mV s for 20 cycles, with CF mat as the working electrode,
leakless Ag/AgCl reference electrode (Model ET069, eDAQ Pty
Ltd, Australia) and a 192 gsm non-woven CF mat G-TEX M (Gen
2 Carbon Ltd., Australia) as a counter electrode with a larger
surface area. Grafting solution contained 10 mM of diazotised
DAQ, all submerged in a grafting solution containing ACN:
DMF in a v/v ratio of 19:1. This electrochemical grafting has
been reported and experimentally confirmed in literature, re-
sulting in covalent attachment to the CF surface and simulta-
neous increase in interfacial and capacitive properties.*’

4.9 Masked stereolithography (MSLA) additive manufacturing

Samples were manufactured on Phrozen Sonic Mini 8k S SLA
printer using the Phrozen Aqua-Clear resin at a layer height
of 50 um. For the neat resin samples manufacturer recom-
mended profile was used with 6 bottom layers’ exposure time
of 15 seconds. All other layers had the exposure time set to 9
seconds, with 0.1 seconds of rest time after lift and 3 seconds
of rest time after retraction. 7 millimetre lift distance was
used, with a retraction speed of 180 mm min™" for the first 5
millimetres of retraction and 90 mm min ' for the last 2
millimetres. Exposure times alone were adjusted with the ad-
dition of SIL, determined by a series of experiments where
UV light exposure was increased in 5 second increments, un-
til even cure without deformation was observed. Briefly, iden-
tical resin, layer thickness, and light intensity was used, ex-
posing each sample for progressively longer times in linear
steps. After each exposure, samples were post-cured under
400 W 395 nm UV light source at 15 cm before detachment
from the stage. Dimensional fidelity and layer adhesion were
then evaluated using visual inspection and optical micros-
copy to determine the minimum exposure at which parts
were considered fully cured. A safety margin was also added
to account for variability in light output or resin batch differ-
ences, since the addition of the liquid SIL provided a heat
sink effect and largely prevented significant rise in tempera-
ture in the SPE samples compared to neat resin samples. Bot-
tom exposure time was ultimately set to 90 seconds for all
SIL-resin mixtures. 60 wt% of SIL required an exposure time
of 60 seconds, 70 wt% 75 seconds, and 80 wt% 90 seconds,
regardless of printing surface (i.e., either directly on alumin-
ium stage or CF). If printed on CF, the woven mat was first
attached to the aluminium stage in a dot grid pattern using
the thermosetting resin West System 105/205 Fast Hardener
(ATL Composites, Molendinar, Australia). UV resin infiltra-
tion through the CF mat increased the weight dramatically
when saturated with uncured SPE, resulting in detachment
from the aluminium stage during the inverted setup of the
manufacturing process. Thus, necessitating the use of a ther-
moset pattern to ensure a flat planar configuration and
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adherence without compromising conductivity by forming an
insulating layer on the expected electrode connection side of
the CF mat.

4.10 Electrical analysis

To investigate the piezoelectric response, both potential and
current outputs were monitored during mechanical compres-
sion tests. The sample was mounted in an aluminium holder
with the internal mean diameter of 15 + 0.14 mm, giving a
mean surface area of 174.9 mm? and ensuring electrical contact
via a copper wire. A PLA cylinder, embedded with a transverse
copper wire was positioned in direct contact with the sample
and inserted into the aluminium holder. The two copper elec-
trodes were connected to separate data acquisition instruments
for simultaneous voltage and current measurements.

Three distinct loading protocols were employed to assess the
electromechanical response under varying compressive condi-
tions. All tests were performed at a constant speed of 5 mm s,
with a 10 second rest interval between successive load steps.
Each force increment was applied three times to ensure repro-
ducibility (N = 3). In method 1, the applied load was initiated at
5 N and incrementally increased by 5 N up to a maximum of 80
N. Method 2 involved an initial force of 10 N, incremented by
10 N to a peak of 120 N, followed by immediate drop to 10, then
20 and finally 30 N. Method 3 applied compressive forces
starting at 25 N with 25 N increments, reaching a maximum of
300 N.

4.10.1 Potential measurements. Open circuit potential
(OCP) was recorded using an Autolab PGSTAT101 potentiostat
(Metrohm, Switzerland). Data acquisition was carried out via
the NOVA 2.1.8 software suite. The electric potential was mea-
sured continuously throughout the compression cycles to cap-
ture transient and steady-state voltage responses.

4.10.2 Current measurements. Current responses were
measured using a 6514 System Electrometer (Keithley, USA)
known for its high input impedance and low noise character-
istics. Signal acquisition was performed using the e-corder
410 High-Resolution Data Recorder (eDAQ, Australia) in con-
junction with eDAQ Chart software. The system was config-
ured with an input range of +2 V to accurately capture the
low-current outputs.

4.11 Barrett-Joyner-Halenda (BJH) analysis

BJH was used to determine the pore size distribution, pore vol-
ume, and pore area of the additively manufactured SPE. The SPE
with 70 wt% SIL was additively manufactured in a 10 X 5 cm
rectangle at 150 pm layer height and the same parameters as de-
scribed above in section 4.9. To prevent pore collapse, samples
were washed in ethanol and water sequentially 5 times to re-
move the majority of the SIL from the pores. Full solvent ex-
change protocol was completed by keeping the samples in 1 L of
deionized water for 4 days. After that, samples were frozen to
-20 °C for 15 hours, followed by a freeze-drying cycle over 72
hours on the Martin Christ Beta 2-8 LSCbasic laboratory freeze
dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Germany)
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to remove water and keep the porous structure intact. A 12 mm
quartz bulb tube without a rod was used for the gas sorption
analysis. Samples were outgassed at 80 °C for 12 hours with a
liquid nitrogen-cooled trap. Nitrogen gas adsorption isotherm
was used for the BJH analysis with the Quantachrome®
ASiQwin™ v5.21 software on the Quantachrome Autosorb iQ gas
sorption analyzer (Quantachrome Instruments, Inc., Anton Paar
GmbH, Germany).

4.12 Supercapacitor fabrication

A hexagonal interlocking design was employed (Fig. 5) at a fi-
nal thickness of the SPE at 1 mm after assembly. Direct print-
ing of the SPE onto the functionalised CF mat thus elimi-
nated the need for a separator, since this method prevented
generation of short circuit pathways between electrodes and
would not pose a risk to the device. Electrodes were cut from
the slightly larger CF mat in 35 x 35 mm squares and assem-
bled by pairing the interlocking hexagonal features, with the
SPE active area of the supercapacitor being 900 mm?® (Fig.
S5). Electrochemical testing was performed on the Biologic
VMP-300 Electrochemical workstation (BioLogic, France). Full
details and relevant equations can be found in the SI Note:
electrochemical characterisation.
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