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Recent advances in VAT photopolymerization
additive manufacturing of battery electrodes:
towards high-resolution 3D-printed batteries
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Additive manufacturing of battery components is a relatively new field mostly dominated by extrusion-
based 3D printing technologies. Alternatively, vat photopolymerization is starting to be noticed by the
battery research field since it can enable 3D printing of electrodes with fast processing and high
resolution. The high resolution allows for free-form-factor, which is not achievable with conventional
techniques such as slurry casting. Nevertheless, several challenges must be addressed before vat
photopolymerization can be considered a viable method for battery research and manufacturing. In this
review, we address several of these challenges and highlight strategies to overcome them, providing new
insights. In addition, we present a comprehensive review of the current state of the art in vat
photopolymerization—based 3D printing of battery components using different technologies. Its potential
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Introduction

Batteries and electrochemical energy storage devices tradition-
ally manufactured in the form of macroscopic coin cells,
cylindrical or prismatic cells, are part of our day-to-day life.
Nevertheless, the rapid growth of bioelectronics,"* medical
implants,® and wearable electronics* demands more adaptable
and innovative energy storage solutions. These demands have
promoted the development of new energy technologies,
including microbatteries® for the miniaturization of electronic
devices; structurally conformable and flexible battery for free-
form-factor electronics;® and the simultaneous enhancement
of both energy and power densities in conventional batteries to
support high-performance electric vehicles™® and grid-scale
energy storage.

Given the limitations of the current energy storage produc-
tion line, which is dominated by slurry-casting methods, battery
performance is approaching its practical limits. As an alterna-
tive, additive manufacturing has recently enabled the fabrica-
tion of complex geometries with high resolution. The most
common additive manufacturing methods are inkjet printing
(P), direct ink writing (DIW), selective laser sintering (SLS),
aerosol jet printing (AJP), fused deposition modelling (FDM),
and vat photopolymerization (VAT) methods, such as
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lithium-, sodium-, and zinc-ion batteries, will be finally discussed.

stereolithography (SLA), digital light processing (DLP) and two-
photon lithography (2 PP).>**

Additive manufacturing of battery components is a relatively
new field mostly dominated by extrusion-based additive
manufacturing.”™? In  contrast, VAT-based additive
manufacturing, although still primarily at the laboratory scale,
offers the highest resolution among additive manufacturing
methods, enabling finely detailed microstructures, excellent
surface finishes, rapid curing, and minimal material waste.
However, the adoption of photopolymerization in energy-
storage applications has been limited by the strong light
absorbance of most conductive additives and active materials.
This optical attenuation slows photopolymerization kinetics
and reduces cure depth, creating significant challenges for
printing highly loaded, functional battery architectures. Despite
these constraints, the trajectory of recent publications indicates
growing interest in VAT for 3D battery fabrication, particularly
for applications where its intrinsic advantages are most
impactful, such as microbatteries, free-form-factor devices, and
structural ~ batteries—areas in  which  conventional
manufacturing approaches face inherent limitations.

Positioning of this review and novelty
compared to prior literature

Battery 3D printing has recently attracted significant attention
within the energy-storage community, leading to a rapid rise in

high-impact review articles on the topic. A careful examination
of these reviews reveals that the existing literature generally falls

© 2026 The Author(s). Published by the Royal Society of Chemistry
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into six major categories. (1) Several reviews focus on the
architectural design of 3D-printed energy-storage systems,
including seminal contributions by Horowitz et al.** as well as
Scheideler et al** (2) Other reviews concentrate on specific
battery chemistries, such as the works by Huo et al.*® on lithium-
ion batteries and Gao et al.’” on zinc ion battery. (3) A number of
studies provide a broad overview of 3D-printing techniques for
energy-storage applications.®** (4) Some reviews adopt a mate-
rials-centric perspective, discussing how particular classes of
materials can be adapted for 3D-printed energy devices.'®* (5)
Additional reviews focus on individual additive-manufacturing
methods, such as inkjet and extrusion-based printing® as well
as DIW approaches®** for energy storage applications. And
finally, (6) few reviews target specific performance bottlenecks
in energy-storage systems including high mass loading elec-
trodes® tortuosity engineering,** interfacial
optimization.>

To date, only one review has specifically addressed VAT for
battery components.”® In contrast, the present work aims to
provide a more comprehensive and critically integrated
perspective on the challenges and prospects of adapting VAT for
additive manufacturing of battery components. Rather than
summarizing individual studies, we emphasize the funda-
mental constraints unique to VAT 3D printing processes such as
light attenuation, cure depth limitation, sedimentation etc., and
discuss how these factors shape the feasibility of printing
functional electrochemical architectures. Towards this goal, we
first provide an overview of the different VAT techniques and
their achievable resolution, followed by a discussion of resin
chemistries commonly employed in VAT-printed battery
components. Because battery 3D printing remains technically
demanding, we then outline the design rules and recurring
failure modes of manufacturing battery electrodes and the
common practices in the literature to overcome them. We
subsequently review recent advances in VAT-printed anodes,
cathodes, current collectors/supports, and electrolytes, orga-
nizing the discussion by component type. Finally, we highlight
the importance of electrode architecture and structural design,
supported by statistics on reported 3D-printed geometries and
a comparison between VAT and other additive-manufacturing
techniques. We conclude with a perspective on the future
potential of VAT 3D printing for battery manufacturing, while
outlining the key bottlenecks that must be addressed for
broader adoption.

as well as

A general overview of different VAT 3D printing methods

The first ever lithographic fabrication of a solid, known as SLA,
was patented by Chuck Hull in 1984.*” In SLA, photo-
polymerization occurs at the focal point of a UV laser, which
scans across the resin surface to selectively cure each cross-
sectional layer. This process, known as vector scanning,
builds the object layer by layer until the entire structure is
complete.”® This method can be performed using either a top-
down or a bottom-up approach (Fig. 1a). The top-down
method usually generates better print fidelity; nevertheless, it
suffers from oxygen inhibition (i.e., oxygen-generated inhibition
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of radical polymerization) and requires a large volume of pho-
topolymerizable resin.*® On the other hand, the bottom-up
fabrication requires less resin and reduces the effect of oxygen
inhibition; however, it is generally more challenging since every
built layer needs to be detached from the vat and reintroduced
into the resin.*

Mask projection methods are also layer-by-layer techniques;
however, instead of using a focused laser beam as in vector
scanning, the entire cross section of the object is cured at once
by generating a dynamic digital photomask that selectively
passes light according to the layer pattern.*® Mask projection
methods include techniques such as DLP (Fig. 1c), mask
projection micro-stereolithography (MP-uSL), or continuous
liquid phase production (CLIP; Fig. 1d). While MP-uSL is
similar to DLP, it is optimized for microscale printing. CLIP, on
the other hand, uses an oxygen-permeable window at the
bottom of the vat to exploit oxygen inhibition and create a non-
curing liquid interface between the vat and the printed part.
This layer prevents the cured resin from attaching to the vat,
thus eliminating the need to detach the build part,*” making
this method about 100x faster than DLP.*® While layer-by-layer
methods are based on linear light matter interaction, where the
curing happens at the first encounter of resin with light,
nonlinear light matter interaction can be exploited in volu-
metric printing which gives rise to voxel (i.e., volumetric pixel)
level spatial control, such as in 2 PP using multiphoton
absorption.* 2 PP can directly generate the 3D structure inside
the resin, leading to submicron level resolution (~100 nm),
Fig. 1b. Early volumetric 3D printing used multiple intersecting
light beams to project a 3D interference pattern onto the
photoresist, so curing occurs at the overlapping region where
the light intensity reaches the cure threshold.** Although
conceptually important, this method was largely limited to
periodic lattice structures. Volumetric printing was later
advanced by Kelly et al.*>* through the development of tomo-
graphic volumetric additive manufacturing. In this method,
a series of 2D light patterns-generated from the 3D model via an
amplitude encoding mask, are projected from multiple angles
onto a rotating cylindrical resin encoding the 3D objects. This
technique, called computed axial lithography (CAL), enables the
fabrication of aperiodic geometries, although the resolution in
the original implementation was limited to approximately 300
um, Fig. 1e.

The tomographic techniques were further advanced by the
Moser group to achieve a resolution of 80 pm by employing
a low étendue illumination system and an integrated feedback
system to monitor polymerization kinetics in real time.** The
same group further evolved the method by replacing the stan-
dard amplitude mask with more efficient holographic phase
modulation, which improves the light efficiency, resulting in
short printing time and smaller feature size (~31 um) while also
extending applicability to opaque or scattering resins.*

In contrast to tomographic volumetric additive
manufacturing, xolography is a volumetric printing technique
based on nonlinear, dual-wavelength photochemistry rather
than tomographic reconstruction. It uses two intersecting light
sheets of different wavelengths to trigger localized
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Fig.1 Demonstration of VAT techniques and their basic differences, cost, resolution, mechanism, (a) SLA, inset shows a representative 3D object.
Reproduced from ref. 31 with permission from American Chemical Society. Copyright® 2026 American Chemical Society. (b) 2PP, inset shows
a representative 3D object, scale bar 40 um. Reproduced from ref. 32 with permission from Springer Nature under a CC BY 4.0 licence.
Copyright© 2022 Springer Nature. (c) DLP, inset shows a representative 3D object, scale bar 2 mm, Reproduced from ref. 33 with permission
from Wiley-VCH under a CC BY 4.0 licence. Copyright© 2025 Wiley-VCH. (d) CLIP, inset shows a representative 3D object. Reproduced from ref.
34 with permission from AAAS. Copyright© 2012 AAAS. (e) CAL, inset show a representative 3D object, scale bar: 5 mm. Reproduced from ref. 35
with permission from AAAS. Copyright© 2019 AAAS. (f) Comparison between different VAT techniques in terms of cost and resolution. Concept

based on ref. 36.

polymerization within a stationary vat of resin, enabling feature
sizes as small as 20 pm.*?

While the highest resolution is always desired, when
choosing the right VAT method, the required resolution and
cost must be considered. VAT is recognized for its superior
spatial resolution and exceptional surface quality, attributes
that are particularly advantageous in precision-demanding
applications such as energy storage. As of now, SLA and DLP
are the most widely used methods because they are more
affordable and provide sufficient resolution (i.e., ~10 pm). MP-
uSL, a more precise and costly version of DLP, can reach
a resolution of ~600 nm.** While CLIP improves the printing
speed, commercial CLIP can only provide resolution in the
range of 75-160 pm. Recently, single-digit-micrometre-
resolution CLIP was developed, achieving a resolution of 1.5
um.** However, CLIP is limited to low viscosity resins.** Volu-
metric techniques such as 2 PP and CAL can provide continuous
AM in viscous resin, thus improving the printing speed as well
as print fidelity and mechanical properties. In addition, unlike
the layer-by-layer approach, volumetric VAT can create complex
geometries without the need for support.** While CAL was
originally developed for transparent resins, recent development
has led to its application in ceramics as well as in light scat-
tering resins.***”*®* This method can provide resolutions of 80
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pm and 31 pm (for holographic techniques).*® Fig. 1e compares
different VAT techniques in terms of resolution and cost.

Photopolymerization chemistry in VAT 3D printing

The chemistry of the resins is crucial to address several issues
related to VAT additive manufacturing. It typically relies on free-
radical polymerization of a resin composed of multifunctional
acrylic monomers or oligomers. Upon UV or visible-light expo-
sure, the photoinitiator generates reactive radical species that
initiate the polymerization of (meth)acrylate groups. This
process rapidly forms a cross-linked polymer network, whose
structure and mechanical properties depend on the monomer
functionality and the radical kinetics. A typical resin formula-
tion contains a mixture of mono-, di-, or trifunctional acrylate/
methacrylate monomers, along with a photoinitiator chosen
to match the light source of the specific 3D printer. Additional
additives, such as reactive diluents or co-initiators, can be
incorporated to tune polymerization kinetics and adjust the
resin viscosity, thereby improving the resolution of printed
structures. Among the wide family of acrylate-based inks,
PEGDA is one of the most widely used due to its high reactivity,
good solubility in aqueous and organic media, and its ability to
produce homogeneous, mechanically tunable networks.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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As an alternative to free radical polymerization of acrylic
monomers, thiol-ene polyaddition reactions®>** have gained
significant attention in recent years in the field of VAT 3D
printing. In this case, a cross-linked polymer network is formed
via the step-growth addition of a multifunctional thiol to
a multi-allyl (ene-functional) monomer. Other photo-
polymerization chemistries are also being actively explored for
VAT 3D printing, including cationic polymerization of epox-
ides,” photobase- and photoacid-catalyzed ring-opening poly-
merizations of cyclic monomers such as thiolactones,* and
photoinduced ring-opening metathesis polymerization (photo-
ROMP) of cyclic olefins.**** In addition, cyclopolymerization
of difunctional cyclopolymerizable monomers* and cationic
ring-opening polymerization of spiro-orthoesters® have been
explored as low-shrinkage photopolymerization strategies.
Furthermore, a recent comprehensive review by Thijssen et al.>®
explored synthetic routes toward photopolymerizable polyester-
based systems, that can be applied in selected battery
components.

Here, we attempt to briefly review the chemistries that are
often used in battery manufacturing, to give the reader an
overview of the attempted formulation; nevertheless, we stress
that the future of battery 3D printing lies in developing new
chemistries that more closely align with each battery technology
(e.g- lithium ion, zinc or sodium batteries, etc.), and the
required outcome.

Lithium-ion batteries have been the most extensively investi-
gated energy-storage systems in battery 3D printing, predominantly
using VAT-based techniques. These approaches commonly employ
poly(ethylene glycol) diacrylate (PEGDA) as the primary monomer/
crosslinker, in combination with photoinitiators such as lithium
phenyl-2,4,6-trimethylbenzoylphosphinate  (LAP) or 2,4,6-tri-
methylbenzoyldiphenylphosphine oxide (TPO). In some formula-
tions, light absorbers such as tartrazine are added to mitigate
excessive light penetration and over-curing, a known limitation of
PEGDA-based resins.”*' Nevertheless, commercial acrylic resins
such as Genesis have also been reported for printing both battery
cathode and anode architectures.®* Other acrylate chemistries,
including urethane acrylate monomers (e.g;, Genomer 1122),
urethane acrylate oligomers (e.g., Allnex Abecryl 8210), and tri-
acrylate monomers such as ethoxylated trimethylolpropane tri-
acrylate (TMPTA), have been utilized when higher dimensional
fidelity and controlled porosity are required.*

More recently, researchers working on Zn-ion batteries
research has increasingly turned to 3D printing techniques,
largely due to challenges associated with non-uniform Zn
stripping/plating at the anode, which can lead to dendrite
formation and internal short circuits. The use of periodic elec-
trode architectures, such as gyroid structures, has been shown
to mitigate these issues by homogenizing current density and
suppressing localized Zn deposition. In addition, the increased
electrode-electrolyte interfacial area provided by such periodic
structures, when applied to both anodes and cathodes, can
reduce ion concentration gradients and improve electro-
chemical stability. To date, preceramic polymers (i.e., a photo-
resin composed of ceramic precursors and monomers) based
on acrylate monomers have been explored for 3D printing of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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both anodes and cathodes, followed by post-processing or
coating steps to incorporate electrochemically
materials.®**” In another study by Yu et al, graphite oxide
anodes were fabricated using a formulation consisting of
acryloyl morpholine (monomer), 1,6-hexanediol diacrylate
(HDDA, crosslinker), a polyurethane acrylate oligomer (PAO),
and surfactant-modified graphene oxide as a filler, yielding
improved dispersion and compositional homogeneity.*®

Electrolyte development for VAT 3D printing has been
explored for both lithium-ion and Zn-ion battery systems. For
lithium-ion batteries, PEGDA-based formulations have been
widely reported, often combined with photoinitiators such as
LAP or TPO and liquid electrolytes.®*”> Beyond its favourable
printability, PEGDA is attractive due to the ability of its poly(-
ethylene oxide) segments to coordinate alkali metal ions,
including Li" and Na', and facilitate salt dissociation, and
enable ionic conductivity through segmental motion in the
amorphous polymer domains.”” Furthermore, the highly
crosslinked nature of PEGDA networks can provide mechanical
reinforcement that helps suppress lithium dendrite growth;
this effect can be further tuned by incorporating additional
multifunctional monomers such as TMPTA. Nevertheless,
alternative chemistries have also been reported, including
polyurethane acrylates™ and systems based on N,N-di-
methylacrylamide (DMAAm), a monofunctional acrylamide,
crosslinked with divinylbenzene (DVB) and blended with
poly(vinylidene fluoride) (PVDF).”® To introduce controlled
porosity, formulations combining PEO-uCTA with isobornyl
methacrylate (IBoA) and acrylate monomers such as TMPTA
have been explored.” Ceramic electrolytes have also been
fabricated via 3D printing, often using commercial resins or
HDDA-based formulations. For Zn-ion batteries, acrylamide
and bis-acrylamide are commonly used as the monomer and
crosslinker, respectively, forming polyacrylamide networks after
polymerization. Polyacrylamide is highly hydrophilic, enabling
efficient uptake of aqueous Zn electrolytes, while its compati-
bility with high-resolution VAT 3D printing allows the intro-
duction of controlled porosity to further enhance electrolyte
absorption.”” In related formulations, acrylamide combined
with N,N-methylenebisacrylamide has been specifically
employed to address non-uniform Zn deposition at the anode.
The resulting polymer electrolytes provide tunable and precisely
controlled axial pressure, which is critical for regulating Zn>*
nucleation kinetics and suppressing dendrite formation.”®
Fig. 2a summarizes the most common chemistries that are
often used for VAT 3D printing of battery components.

In principle, all battery components can be fabricated using
3D printing. However, as illustrated in Fig. 2b, most reported
studies have focused on printing electrodes and electrolytes.
Compared with conventional slurry-casting methods, battery
3D printing offers significantly greater design freedom espe-
cially in solid-state battery design, such as tailoring of electrode/
electrolyte interface to meet specific power requirements and
the fabrication of shape-conformable or free-form-factor
batteries (Fig. 2c and d). These aspects will be discussed in
more detail in the following sections.

active
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Fig. 2 3D printing of battery components chemistry and design, (a) common chemistries in VAT 3D printing of battery components, (b) 3D
printing of common battery components enable precise control over battery architecture, (c) 3D printing of solid state batteries enables tailoring
the porosities while slurry casted electrodes often lack interface engineering and high surface area required to achieve high power and energy
densities, (d) flexible and shape conformable battery using battery 3D printing.

Design rules and common failure modes in VAT 3D printing
of battery components

The primary advantage of 3D-printed batteries lies in the
precise control over electrodes and electrolyte's three-
dimensional architectures. Additive manufacturing enables
the creation of well-defined geometries with increased surface
area, uniform material distribution, tailored porosity, and
periodic structural motifs. These features enhance ion trans-
port, shorten diffusion pathways, and improve electrochemical
homogeneity. As a result, 3D-printed batteries can significantly
improve the utilization of active materials under high mass
loading and mitigate issues such as volume expansion and
dendrite formation in metal electrodes.

In solid-state batteries, 3D printing enables substantial
enlargement of the electrode—-electrolyte interfacial area, while
providing flexible shape design and precise control over layer
thickness (Fig. 2c and d), thereby improving ionic conductivity
and interface stability.” Similarly, tailoring the effective surface
area of the anode was shown to promote more uniform ion
migration and reduce local current density.*® Beyond lithium
systems, additive manufacturing has been successfully applied
to sodium and zinc batteries: in sodium-ion systems, 3D-
printed Na metal electrodes accommodate volume fluctua-
tions and foster uniform Na deposition, suppressing dendrite
growth;*" in aqueous zinc-ion batteries, 3D-printed architec-
tures have helped overcome limitations related to low cathode
loading and Zn dendrite formation.**

Despite these advances, most reported approaches rely on
extrusion-based techniques, which inherently provide limited

10868 | Chem. Sci., 2026, 17, 10864-10885

resolution and require inks with high viscosities and restricted
formulation windows. High-resolution additive manufacturing—
such as VAT 3D printing—can generate finely tuned geometries
and hierarchical porosity at micro- and nanoscales, potentially
enabling substantial increases in energy density.

It is worth noting that many of the challenges identified during
the early development of VAT 3D printing, such as light scattering
by suspended particles, sedimentation, increased viscosity, and
limited cure depth, etc., which limit the solid loading, remain
highly relevant today. Addressing these issues requires solutions
grounded in materials design, including careful control of chem-
ical structure, optical properties, and rheological behaviour, as
well as advances in processing and manufacturing strategies.
Below, we summarize some of the most common challenges
encountered in the VAT-based fabrication of battery components.

Solid electrolyte design

Ionic conductivity remains a critical bottleneck. Typically, solid
gel electrolytes incorporate organic electrolytes, ionic liquids, or
deep eutectic solvents, which must be embedded within poly-
meric matrices to achieve mechanically stable, three-
dimensional architectures. This integration requires careful
optimization to identify a formulation threshold that maintains
sufficient ionic mobility without compromising the mechanical
integrity or printability of the structure.

Anodes and cathodes

Both the anode and the cathode face several challenges during
3D printing, drying, and post-processing, such as pyrolysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Common issues that need to be addressed properly include
curing gradient and efficiency, sedimentation of active battery
materials, mechanical properties, shrinkage and changes in
porosity, and cracks after pyrolysis due to an unoptimized
debinding stage.

Curing gradient and efficiency: electrode design requires
active materials as well as conductive materials such as carbon
nanotubes, graphene, or PEDOT:PSS, among others, all of
which are known for insolubility, poor dispersibility and strong
optical absorption, which reduces penetration depth and curing
efficiency of the polymers that compose the resin. Filler parti-
cles must negligibly contribute to light scattering and be
adequately clear to allow satisfactory curing depth (Cq4). Derived
from the Beer-Lambert law, C4 can be expressed as eqn (1):

Cd = Dan(Emax/Ec) (1)

where Dp is the penetration depth of light, Enyax (J m™?) is the
exposure, and E. (J] m ?) is the critical minimal exposure to
initiate polymerization of the photocuring resin. In addition, as
light passes through the resin medium, it is attenuated by
scattering, adsorption, etc., thereby reducing polymer conver-
sion and causing a curing gradient. This physical phenomenon
can be described using the Beer-Lambert law eqn (2):

[=Ie ™ @)

I is the transmitted light, I, is the incident light, « is the
attenuation coefficient, and x is the light path length. This
curing gradient often compromises the electrochemical
performance of battery electrodes and must be addressed by
properly optimizing the resin formulation and printing
parameters. In addition, matching the photoinitiator to the
resin can help improve curing issues. A comprehensive overview
of photoinitiators is presented in a review by Bao, which also
discusses overcoming the scattering issue in certain resins.*

Ink stability and sedimentation

As colloids, the resin formulations, particularly the anode and
cathode, tend to sediment due to the large density difference
between the active materials and the photosensitive resin,
adversely affecting the homogeneity of the printed layers. Thus,
it requires the proper selection of monomers and solvents to
disperse the functional materials.

Mechanical properties

Tailored resin formulations are essential for electrode
manufacturing to ensure stable mechanical performance. In
electrode 3D printing, structural collapse can occur either
during printing—due to insufficient or poorly controlled
fluidity—or after drying, as a result of high solvent content in
the formulation and shrinkage. Such a collapse can damage the
electrode's porous architecture. Therefore, the resin must
exhibit controlled fluidity (viscosity) during printing and sulffi-
cient mechanical robustness after drying to preserve structural
integrity and pore morphology.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Pyrolysis and debinding steps

Pyrolysis is often used to remove extra polymer materials and
make the electrode more conductive. Nevertheless, pyrolysis
requires careful optimization, especially during the debinding
stage, where polymeric materials are converted to carbonaceous
materials to improve conductivity and active material loading.
Cracks and shrinkage are very common in this step. While
shrinkage can be compensated for by adjusting the printed elec-
trode size, cracks, especially in the porous structure, are very
common and sometimes difficult to avoid. Therefore, both the
resin formulation and the calcination profile need to be optimized.

Different approaches in VAT 3D printing of battery electrode

Here, we outline the common strategies employed in VAT 3D
printing to address these issues. Some of these approaches have
already been applied in the battery field; however, many remain
unexplored. In the following section, we first discuss these
strategies in general terms and then examine their application
to battery materials, with particular focus on electrochemical
performance and their integration into components such as
cathodes, anodes, and electrolyte.

Slurry method: directly mixing solid active materials with
photo-curable resin

3D printing of ceramics and metals was initiated by directly
mixing ceramic and metal nanoparticles with photo-curable
resin® and it was later extended to energy storage applica-
tions.*® To circumvent issues associated with the addition of
suspended particles, active material loading was kept low, and
thermal post-processing to sinter the nanoparticles and
partially remove the polymer matrix was often followed by
printing. Nevertheless, light scattering and the increased resin
viscosity remain significant challenges, resulting in lower
resolution compared to particle free resins. In addition, thermal
treatment often results in anisotropic shrinkage and loss of
original print dimensions caused by resin inhomogeneity.

Reducing the loading of active materials and conductive
carbons often results in lower electronic conductivity, which
can be addressed by modification of the filler, or chemically
matching the filler and matrix. As electronic conductivity of the
final electrode is of paramount importance for the functioning
of the device, in the slurry based method, forming a percolating
network can enhance the conductivity of the final 3D printed
structure. As an illustrative example, Hensleigh et al*®. devel-
oped a cross-linked graphene oxide (XGO) by ultrasonically
dispersing a GO hydrogel monolith. A photoresin containing
1 wt% of this XGO mixed with acrylate monomer and photo-
initiator can be 3D printed, forming final micro-architectured
graphene after drying and pyrolysis. This method enables 3D
printing complicated structures such as octet truss demon-
strating superior conductivity of 60 S m™" after pyrolysis. In
addition, the unique 3D structure allows enhanced mechanical
properties at reduced density.

Furthermore, the existing literature has disregarded the
importance of the compatibility of the resin type with the filler
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type, while, there are valuable studies show casing the impor-
tance of such compatibilities, which will enable reaching elec-
trical percolation threshold before the rheological one. Using
such strategy will ensure printability of the conductive resin.
This was investigated by Sevriugina et al.*” using aromatic and
nonaromatic resin types combined with 0, 1 and 2D carbona-
ceous fillers (i.e. CB, MWNT, and graphene). The aromatic resin
was demonstrated to induce stronger interaction between the
MWNT and polymer resin, which leads to electrical percolation
at lower filler concentration compared to rheological percola-
tion-electrical percolation at 0.1 wt% filler vs. rheological
percolation at 0.25 wt% filler.

Precursor approach: 3D printing of chemical precursors
soluble in the 3D printed resins and generation of final
electrode materials by thermal treatment

To address light-scattering issues associated with directly mixing
active materials into photo-curable resins, a precursor approach
has been introduced. In this method, chemical precursors of the
active materials are either chemically embedded into the pho-
tocurable resin via various synthetic routes®*** or incorporated
by mixing water-soluble precursor salts with the resin without
chemical attachment (so-called chemical reactor method).*® The
resulting particle-free photoresist can be printed with high
resolution owing to its homogeneity, low viscosity, and trans-
parency. The 3D-printed parts then undergo thermal processing
to form the final active materials, such as ceramics, metals,
conductive additives, or inorganic battery compounds, with the
advantage of isotropic shrinkage enabled by the homogeneous
nature of the precursor resin.

Among the different methods, the chemical reactor method,
pioneered by Yee et al.,* relied on the incorporation of precursor
salt, often nitrate, into monomer matrix or cross-linkers such as
polyethylene glycol diacrylate (PEGDA), together with the initi-
ator. After 3D printing, the precursor remains unbound to the
monomer, and the 3D-printed body acts as a “chemical reactor,”
allowing the synthesis of inorganic active materials during post-
thermal processes. Using this approach, nanoparticle-free resins
have been demonstrated to yield ZnO structures with feature
sizes down to ~250 nm viag 2 PP.

As an alternative to the previous case, chemical integration
of the precursor into the monomer or polymer backbone has
also been attempted. This concept was pioneered by the use of
preceramic polymers in 3D printing,*® which contain polymer
chains with ceramic backbones (e.g., polysilazanes, poly-
carbosilanes), serving as precursors for generating inorganics.*
This principle was subsequently extended to metals, where
ligand-exchange reactions between metal alkoxides and acrylic
acid produced metal-acrylate resins suitable for high-resolution
printing of nickel (25-100 nm features, ~90% purity).*” Simi-
larly, this route has been applied to TiO, (rutile) and can be
generalized to other elements.” More recently, metal-organic
frameworks (MOFs) have been explored as precursors, where
neutralization of alkaline MOFs with acrylic acid yielded pho-
toresins that enabled 2PP printing of ZnO and Co;0, with
resolutions down to ~170 nm.*
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Emulsion based stereolithography

Even though VAT 3D printing techniques can create sub-micron
feature size enabling enhancement of the surface area, this
method still falls short of providing high porosity that is required
for certain battery applications due to the limitation of the current
3D printers or the ink itself. One strategy is to use a colloidal
system like water in oil (W/O) dispersion, where the photo-curable
resin acts as the oil phase while precursors are dissolved in the
water phase. After 3D printing of the structure, the as-printed
object demonstrates porosities, which can be tuned by changing
the volume of the dispersed phase (i.e. using high shear mixing or
fine-tuning the surfactant kind and amount).”* This method is
referred to as emulsion stereolithography.

Liquid phase infusion or infiltration method

Hydrogel infusion additive manufacturing (HIAM) supports the
fabrication of microscale metal or alloy structures using a single
photoresin formulation.” In this method, instead of incorporating
the precursor directly into the photo-curable resin, the precursors
are infused into a 3D-printed hydrogel by immersing the part in
a precursor salt solution for an extended period. The pre-soaked
structures are then calcined to produce the desired material.

Implosion Fabrication (ImpFab), developed by Oran et al.,*
is conceptually similar to HIAM but does not require a final
heat-treatment step, since nanoparticles are directly anchored
onto the 3D-patterned structure. In this approach, hydrophilic
nanoparticle dispersions—such as semiconductor or metal
nanoparticles—are infiltrated into a 3D-patterned acrylate
hydrogel containing reactive groups that act as anchoring sites.
The entire construct is subsequently shrunk using either a salt
or an acid solution, followed by dehydration, producing nano-
scale features with approximately 100 nm resolutions.

Electrodeposition and coating on 3D printed support

Another interesting strategy to avoid adding active materials
directly to the photocurable resin is to 3D print a base or support,
often using preceramic polymers, and then coat the surface using
further surface modification and deposition techniques. This
method has been demonstrated for the fabrication of both anode
and cathode.”**® Fig. 3 illustrates these methods.

Additive manufacturing of current collector/support, anodes,
cathodes and electrolytes

In this section, the most common additive manufacturing
strategies applied to the different components of battery cells,
such as the electrolyte and cathode, are discussed. Although
VAT 3D printing of some of these components, such as the
cathode or current collector, is more challenging and requires
several steps and strategies to overcome particle scattering and
sedimentation, other parts, such as the electrolyte and, in some
cases, the anode, are more straightforward.

Additive manufacturing of electrode support/current collector

3D printing of electrode supports or current collectors, followed
by further surface modification or electrodeposition, can be

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

readily applied to fabricate both anode and cathode, often using
a preceramic polymer resin. For instance, Zhang et al.*®
employed a preceramic polymer photoresin to improve the
performance of the Zn ion battery by 3D printing a gyroid
structure of silicon oxycarbide (SiOC) as a support for both the
anode and the cathode. After printing the structure and pyrol-
ysis, several surface modifications were applied, which render
the surface conductive. Afterward, the negative and positive
electrodes’ active materials (i.e., Zn and K,MnO,, respectively)
were applied onto the support via either reduction of
a precursor solution (KMnO,) or electrodeposition of the active
materials (Fig. 4a). This design minimizes the ion concentration
gradient in the electrolyte, leading to more consistent striping
plating of the zinc electrode and, eventually, improving the
battery's performance in terms of both cycle life and capacity
compared to using a Zn foil. Finally, with the optimized elec-
trode design, the gyroid electrode structure can lead to
improved performance, such as better capacity retention and
coulombic efficiency.

A similar approach was taken by Wang et al.®® in which
a preceramic polymer resin support was printed using three
types of periodic lattices (coincident, parallel, decussate). The
as-printed lattice support was then calcinated to form SiOC and

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

coated with Cu (SIOC@Cu). The final copper-plated support is
then immersed in a Se-containing solution to generate the final
electrode (SIOC@Cu,Se). These electrodes showed high
modulus and compressive strength, resulting in higher load-
bearing capacity than the traditional two-dimensional elec-
trode. This new design enables the use of a battery in conditions
where constant mechanical pressure is applied.

Zhang et al.®* have 3D printed alumina (alumina ceramic
periodic surface substrates, abbreviated as ACPSS) with four
different 3D structures (diamond, cubic, body-centered, and
octet-truss periodic surface). The 3D-printed ACPSSs were
copper-plated (Cu@ACPSS), followed by a second chemical bath
to generate CuO/Cu@ACPSS electrodes. The final electrode was
used as the cathode in a Zn-ion battery, with Zn foil as the
anode. A volumetric capacity of 16.16 mA h cm™® and
coulombic efficiency of 95.49% after 60 cycles were achieved.

Martinez et al.*® used a strategy similar to HIAM to 3D print
a copper current collector by 3D printing the base resin, which
consists of PEGDA/H,0/TPO, dehydrating the green bodies, and
soaking the dehydrated 3D structure in Cu precursor. After
complete soaking of the precursors, the final structure was
calcinated in air to remove the resin and reduced in H,/Ar gas at
950 °C to generate pure copper. Electrophoretic deposition was

Chem. Sci., 2026, 17, 10864-10885 | 10871
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then employed to deposit graphite onto the copper current
collector (Fig. 4b). The anode was tested in a half-cell vs. lithium
foil in liquid electrolyte. The first-cycle capacity of 371 mAh g™"
at C/20 is very close to the theoretical capacity of graphite
(372 mA h g~ 1), but with subsequent cycling, this capacity fades,
and after the 60th cycle, around 100 mA h g~ was retained
(~73% capacity loss). This loss was associated with the gradual
loss of active materials from the current collector.

Additive manufacturing of cathodes

Cathode fabrication in VAT-based AM has been attempted using
several approaches such as precursor method, slurry method
and emulsion stereo lithography.

Yee et al.** used the precursor approach (chemical reactor) to
fabricate lithium cobalt oxide (LiCoO, or LCO) using lithium
and cobalt nitrate aqueous photoresin in a DLP 3D printer to
achieve precise geometry, which can be calcined to generate
LCO with linear shrinkage of 40-50%. Using cubic lattice
geometry with a 1 mm unit cell, around 100 mA h g capacity
was achieved, which retained 75% of its capacity after 130 cycles
(Fig. 5a). Later on, Martinez et al.*® used the same approach to
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3D-print NMC 111. Similar to Yee's approach, they mixed nitrate
salts of metallic elements in stoichiometric amounts in aqueous
solution with a photoinitiator and a cross-linker (PEGDA).

After 3D printing the resin using DLP into an octahedral
lattice structure, they used a thermal debinding method to
synthesize NMC 111 and remove the inactive polymer binder
and photoinitiator (Fig. 5b). The debinding step was critically
studied, as it is fundamental to the electrode's final perfor-
mance. Using an iterative approach, a capacity of around
100 mA h g~ was reported at the C/10 rate.

Using emulsion stereolithography, Saccone and Greer** 3D
printed a porous structure using an emulsion resin containing
aqueous precursor Li,SO,-H,O0 as the water phase and photo-
resin as the oil phase. The 3D printed object undergoes post-
pyrolysis to synthesize Li,S (Fig. 5c). The final electrode
features a 50 um dimension and contains Li,S active materials,
whereas feature sizes smaller than 150 pm were not reported for
AM of sulphur compounds. The final battery demonstrated
a first-cycle discharge capacity of 310.1 mA h g%, 79.8%
capacity retention after 100 cycles, and an average coulombic
efficiency of 95.8%.

Martinez et al.®* used the slurry method to 3D print an LCO
cathode using the commercial resin (Genesis), Super C45 as
conductive carbon and LCO as active materials. Three different
inks were developed: a control ink without C45 (85 wt% resin,
15 wt% LCO), an experimental ink with good resolution
(4.7 wt% LCO, 0.3 wt% C45, 95 wt% resin) and a primary ink
with optimal electrochemical response (28 wt% LCO, 2 wt%
C45, 70 wt% resin). The control ink highlighted the detrimental
impact of C45 on the resin's printability, with concentrations as
low as 1.5 wt% significantly impairing the printing process. The
importance of the thermal post-processing is well demonstrated
in this study, where the electrode demonstrated 62 mAh g~
C/50 in the green state, whereas after sintering, it was capable of
delivering close to 160 mAh g~ " (Fig. 5b). However, the perfor-
mance of the electrode in terms of the capacity retention still is
not comparable to the commercial LCO electrode. As the
dispersed particles were not stable in the ink, care was taken to
reduce the maximum printing time in order to reduce the
inhomogeneity of the final print, which pinpoints the chal-
lenges related to slurry-based method.

Using the precursor method, the AMs of both the cathode
and the anode for aqueous Fe-Ni batteries were determined.
Similar procedures were repeated for both the anode and the
cathode, in which the iron or nickel substrate was first 3D
printed using the precursor metal salt (M,(SO,4),) in combina-
tion with the photocurable resin consisting of HDDA, E-TMPTA,
and TPO. Then, the photoresin was 3D printed using DLP into
a gyroid and lattice structure, and finally, the active materials
were mounted on the substrate using a hydrothermal method in
an autoclave, resulting in NiCo,S,@3DNi and Fe;O,@3DFe for
the cathode and anode, respectively. Finally, the iron-nickel
battery was assembled with aqueous electrolyte, achieving
a high areal capacity of 7.32 mA h cm™? at 44.85 mA cm™ > with
4 mm thick electrodes. The areal capacity was not affected by
the electrode's thickness, which indicates the deconvolution of
the electronic and ionic diffusion. In addition, the mechanical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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properties were vastly improved using smaller feature periodic
structures.®”

Additive manufacturing of anodes

Maurel et al.®® used the slurry method for 3D printing of an
anode containing TiO, for a lithium-ion battery. The resin
consisted of a commercial methacrylate matrix (Genesis), Super
C45, and 18 wt% TiO,. A DLP 3D printer with the capability to
restock the resin was found suitable, as the ink's viscosity
hindered the printing process. Electrodes were printed in solid,
cubic, and gyroid structures. The as-printed electrodes were
sintered to increase conductivity to a reasonable value of 3.5
mS cm !, leading to specific capacities of 2 mA h g,
122 mA h ¢, and 164 mA h g~ for solid, cubic, and gyroid
structures, respectively (Fig. 6a). Both the cubic and the gyroid
designs showed about a 60% capacity loss. The undesirable
performance was attributed to the use of TiO, particles with an
average diameter of 100 nm. This suggests that using smaller,
nanosized particles with greater mesoporosity and potential for
carbon coating could enhance performance.

VAT 3D printing can also be utilized in a less challenging
approach to generate porous carbonaceous structures as anodes
or electrodes for a double-layer capacitor. Narita et al.®® have
explored this strategy using a commercial acrylate-based resin.
The printed electrode after pyrolysis was monolithic glassy
carbon with strong mechanical properties, enabling the
designed electrode to withstand the exerted pressure by the cell
packaging (Fig. 6b). This method facilitates tailoring the elec-
trode tortuosity and lithium ion diffusion length. Furthermore,
by varying the number of unit cells in the electrode, the fraction

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

of active material can be modified. The final electrode could
reach the mass loading of 70 mg cm > and areal capacity of
3.2 mA h cm™> at a current density of 2.4 mA cm . By
comparison with the graphite electrode, the 3D printed elec-
trode shows lower overpotential and higher capacity.

In another study by Katsuyama et al.,” periodic micro-lattice
structures were printed with an SLA 3D printer using a resin
consisting of phenolic epoxy resin (41-53%), methacrylate
monomer (21-42%), and photoinitiator (3-5%). The 3D-printed
structure was further carbonized at 400 and 1000 °C for 4 h each
(Fig. 6c). The resulting carbon micro-lattice anodes showed
enhanced sodium-ion transport properties with 1 M NaPF6
electrolyte. The areal capacity that was achieved using this
electrode was 21.3 mA h cm ™2 at 98 mg cm ™ loading, which is
much higher compared to the conventional monolithic elec-
trode (5.2 mA h em ™ at 92 mg cm ™), Fig. 6d. For more infor-
mation about the carbonization process applied to 3D-printed
structures, the reader is referred to a comprehensive review by
Onffroy et al.*®

Yu et al.*® reported the 3D printing of reduced graphite
oxide using the slurry method as an anode material for aqueous
zinc-ion batteries. The slurry was prepared using surfactant-
functionalized graphite oxide in a photocurable resin contain-
ing acryloylmorpholine (ACMO), HDDA as a monomer and
crosslinker, and PAO and TPO as photoinitiators. The resulting
resin was 3D printed using the DLP method into a gyroid
structure, and after heat treatment under N, in a furnace to
remove polymers, it was electroplated with Zn in ZnSO, solu-
tion. The final anode (3DP-rGG@Zn) together with polyaniline-
intercalated vanadium oxide (PVO) as the cathode was used for

Chem. Sci., 2026, 17, 10864-10885 | 10873
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Zn-ion batteries. Using the 3D gyroid structure, the local
current density distribution was controlled, resulting in
uniform zinc deposition sites. This uniformity resulted in
remarkably reversible striping plating over 1000 cycles at a high
current density of 10 mA cm ™2 for the half-cell anode. The full
cell showed an outstanding capacity of 345.12 mA h cm 2,
which was retained for 1000 cycles (final capacity of
307.46 mA h cm?). In the following tale (Table 1), the summary
of these methods and the chemistries used for the 3D printing
of battery electrodes are listed.

As battery 3D printing is still in an early stage of develop-
ment, there are wide discrepancies in the literature regarding
key reported metrics such as density, porosity, loading, and
capacity. While gravimetric capacity and architectural geometry
are routinely documented, critical parameters such as active
mass loading (mg cm?), electrode porosity, and bulk density
are frequently omitted, hindering comparative analysis. It is
important to emphasize that, in the context of battery 3D
printing, these metrics are critical, as they dictate effective ion
conductivities, tortuosity factors and achievable electrode mass
loading. Furthermore, the lack of uniformity in testing condi-
tions, specifically C-rates and current densities, often reflects
individual laboratory protocols rather than standardized

10874 | Chem. Sci., 2026, 17, 10864-10885

benchmarks. To facilitate a rigorous cross-study evaluation of
emerging 3D-printing techniques, it is imperative to stan-
dardize these reporting parameters.

Additive manufacturing of solid electrolyte

VAT 3D printing of solid electrolyte is generally less challenging
relative to that of the electrode, as the electrolyte does not need
dark conductive additives or solid particles. The polymer elec-
trolyte photoresin typically contains dissolved ions except
ceramic-based hybrid solid electrolytes, which contain solid
particles. To date, several strategies have been explored for 3D
printing solid electrolyte: (1) blending the liquid electrolyte
(such as IL, or conventional liquid electrolytes) with photo-
curable resin, whether commercial or lab-formulated,®®-7*101-103
(2) chemically grafting the photo-polymerizable units onto an
ionically conductive ionic liquids (IL),"** or (3) incorporating
lithium-conductive ceramic fillers into photo-curable
matrices. Employing photo-Reversible Addition-Frag-
mentation Chain Transfer (RAFT) polymerization induced
micro-phase separation (PIMS), which enables control over
both mechanical properties and ionic conductivities,”®**® (4)
soaking the 3D printed polymer structure into an electrolyte
solution.'”
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3D printing of solid electrolyte was first reported by Schultz
et al.* A phosphonium-based IL was co-polymerized with
poly(ethylene glycol) dimethacrylate (PEGDMA) via photo poly-
merization using MP-uSL, which allowed the fabrication of
complex structures with feature sizes ~400 um. Using this
method, several properties of the solid polymer electrolytes can
be adjusted, such as glass transition temperature and ionic
conductivity. Increasing the mol% of IL monomer and reducing
that of PEGDMA (as in poly(PEGDMAg,-co-TOPTf,N,,) would
increase the ionic conductivity to ~0.1 mS cm™" at 150 °C and
reduce the glass transition temperature (7,) to —18 °C. While
increasing PEGDMA (as in poly(PEGDMAg,-co-TOPTf2N;,)
resulted in reduced ionic conductivity (0.01 mS cm ™" at 150 °C),
more cross-linked density, faster cure time and improved print
fidelity (Fig. 7a).

Blending commercial liquid electrolytes with photoresins
has emerged as the most straightforward and most frequently
reported strategy for fabricating 3D-printed solid electrolytes.
Simple mixing of sulfonated ILs with commercial methacrylate
resins has yielded ionic conductivities up to 3.4 mS cm ™" at 90 ©
C.' Thiol-ene photopolymerization has also been employed,
notably by Ahmed et al.,’** achieving transparent, flexible, and
thermally stable (220 °C) printed bodies with conductivities of
5.4 mS cm~ " at room temperature.

Alternative approaches include blending polymer matrices
with salts and solvents. Rahman et al.'* fabricated PVDF-based
electrolyte with conductivities ranging from 0.35 to 0.65
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mS cm ™' at room temperature which increased by one order of
magnitude upon heating to 90 °C. 3D printed PEGDA-NaClO,
composites for Na-ion batteries reached 0.3 mS cm ™' at room
temperature.” Gel polymer electrolytes based on PEGDA mixed
with liquid electrolytes (1 M LiClO, in EC/PC) have also been 3D
printed, showing ~1 mS cm ™' conductivity at room tempera-
ture. The cathode and anode (i.e. LFP and LTO), were separately
mixed with the electrolyte and were manually filled into the
cathode and anode compartment of the solid electrolyte.®
Structural optimization further improves performance. For
example, He et al.”® demonstrated that an archimedean lattice
could be printed using PEGDA and liquid electrolyte composi-
tion. The resulting 3D-printed electrolyte exhibited an ionic
conductivity of 0.3 mS cm ™" at room temperature. Half-cell tests
comparing the Archimedean-structured electrolyte with
a structure-less (bulk) counterpart revealed superior electro-
chemical performance in the former enabling higher cathode
loadings. Maurel et al. tested the effect of MW of PEGDA in
performance and printability. Using resin composition of
PEGDA, TPO, succinonitrile (SCN) and LiClO, ionic conductivity
and performance in lithium ion battery were tested. While
higher MW improves the electrochemical performance, the
print accuracy was adversely affected. The highest ionic
conductivity of 9.2 x 107> mS cm ™" was achieved using a blend
of 575 and 700 MW."*° Blending of acrylamide monomer, N,N’
methylene bisacrylamid (MBA), LAP, tartazine (photo absorber
dye) in 2 M ZnSO, solution and 3D printing using DLP, enabled
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scaffold

.
pl:\n?er Calcination Polymer
filling sintering filling polishing
Homogeneous Block Copolymer Kinetically Arrested
Microphase Separation Morphology
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Fig. 7 Strategies for 3D printing of solid electrolyte, (a) co-polymerization of IL with PEGDMA, increasing the molar concentration of IL
compared to that of PEGDMA increase the ionic conductivity of the solid electrolyte. Reproduced from ref. 104 with permission from American
Chemical Society. Copyright© 2026 American Chemical Society. (b) Schematic of the templating procedure used for the synthesis of structured
hybrid electrolytes with the example of the cube microarchitecture. Corresponding SEM images of each synthesis stage of cube LAGP—epoxy
electrolytes are included below each schematic. Concept from ref. 105 (c) self-healable polymer electrolyte for 3D printing. Reproduced from
ref. 109 with permission from Wiley-VCH under CC BY 3.0 license. Copyright©2024 Wiley-VCH (d) illustration of PIMS self-assembly process and
resulting nanostructured material featuring ion-conducting channels (blue) and robust crosslinked domain (yellow). Reproduced from ref. 76
with permission from Wiley-VCH under CC BY-NC 4.0 licence. Copyright©2022 Wiley-VCH.
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precise control over axial pressure on the anode side due to the
capability of printing technique in generating precise thickness
and surface finish in addition to fine porosity (3 micron). This
pressure help improve interfacial properties of anode electrolyte
interface (AEI) and improve cycle-ability of the cell even at high
current density of 2 mA cm™> over 1400 h.”®

Beyond polymer-rich systems, hybrid and ceramic-based
electrolytes have also been reported. Zekoll et al.'® demon-
strated performance of hybrid polymer/Li,; sAlysGe; sP301,
(LAGP) electrolyte using several 3D architectures of gyroid,
cubic lattice, etc., amongst which the gyroid structure showed
the highest mechanical resilience and ionic conductivity of 0.16
mS cm™ ' at room temperature (Fig. 7b). Karuppiah et al*®
fabricated honeycomb-structured tantalum-doped Li;La;Zr,01,
(LLZO). They were able to print a honeycomb structure with
minimum feature size of ~800 pm. This electrolyte reaches
ionic conductivity of 3.7 mS ecm " at 25 °C, while Sabato et al.*’
achieved 6.4 mS cm ™" with corrugated LAGP architectures that
increased interfacial surface area.

Elizalde et al.* have developed a photo-curable polymer
based on a hindered urea bond (HUB), bonded with PEO
(known for its ion-conducting ability) and end-capped with
photo-curable methacrylate groups. The final polymer was
mixed with PEGDA (MW = 575 g mol ) and photoinitiator 2,2-
dimethoxy-2-phenylacetophenone (DMPA) to generate a pho-
tocurable resin with fast curing properties (around 0.9 s for
normal layers printing). The as-printed part was further post-
cured and swelled in liquid electrolyte (1 M LiPFq in EC/DEC)
to impart ionic conductivity. The membrane demonstrated
self-healing properties when exposed to mechanical damage
(Fig. 7c). The effect of porosity and soaking time has been tested
for Zn-ion battery solid electrolyte using polyacrylamide, N,N-
dimethylformamide (DMF) and LiClO,, Increasing the porosity
(i.e. 0%, 20% and 40%) improves the ionic conductivity, while
the swelling time shows an optimum time of 60 min, above
which the conductivity starts reducing. An impressive room
temperature ionic conductivity of 28.10 mS cm ' was
achieved."™

Polymerization-Induced Microphase Separation (PIMS),
originally developed by Seo and Hillmyer*** and later applied to
solid polymer electrolytes (SPEs),'** enables the formation of
nanostructured electrolytes with decoupled mechanical and
transport properties, a feature desired in developing SPE for
lithium metal batteries.”® In this approach, as the block-co-
polymer formation initiates, spontaneous micro-phase separa-
tion (thermodynamically driven) segregates the ion-conducting
domain from the mechanically robust domain. The presence of
cross-linker causes kinetic arrest of the self-assembled struc-
ture, forming two distinct micro-phase separated domains, an
ion conducting domain (which contains PEO solvated IL) and
a mechanically robust domain.

Recent advances using photo-RAFT PIMS (Boyer's group)
highlight its potential for 3D-printed SPEs. Lee et al”® used
photo-RAFT PIMS to generate SPE with both high module and
high conductivity. In this study, PEO-uCTA was mixed with IBoA
as the monomer, together with a cross-linker, a photoinitiator,
and BMITFSI as the electrolyte. The choice of IBoA as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a monomer is crucial for the final self-assembled structure.
Having high T, and hydrophobicity would ensure the rigidity of
the final SPE. Moreover, its bulky structure would hinder tight
molecular packing, resulting in a network with high void
volume and the formation of micro-pores, which facilitate ion
transport. As the kinetically arrested self-assembled structure is
formed, IL would preferentially relocate to the PEO phase,
creating a so-called PEO solvated IL (Fig. 7d). Using this
method, the 3D printed gyroid lattice structure SPE demon-
strates both high modulus and high ionic conductivity (i.e. 0.3
mS cm ' and 1 mS em ™! at RT and 90 °C, respectively). Struc-
tural tuning via branched vs. linear macro-CTAs (e.g., PEO-uCTA
vs. POEGMEA-uCTA) further allows balancing conductivity,
modulus, and printability. While the ionic conductivities
improved up to 1 order of magnitude using the branched nCTA
(up to 1.2 mS ecm ™" at 30 °C), the storage module was reduced
compared to the linear PEO-uCTA. These studies underscore
PIMS as a powerful strategy to engineer SPEs with nanoscale
control, enabling simultaneous improvements in conductivity,
mechanical robustness, and additive manufacturing compati-
bility."*® Table 2 lists the studies related to VAT 3D printing of
electrolyte.

Battery modelling and 3D architecture design

Currently, lithium-ion batteries have dominated the market due
to their high energy density and long cycle life. However, their
ionic diffusion (which determines power density) suffers
significantly under the current manufacturing method (slurry
casting), which produces two-dimensional electrodes. In the
two-dimensional electrode, the energy and power densities are
often interrelated, which limits the electrode loading to achieve
full utilization of the active electrode material in the electrode's
bulk. These limitations originate from slow interfacial kinetics
and/or ohmic potential losses (related to small area-to-volume
ratio and long ionic/electronic diffusion pathways, respec-
tively).""* To overcome this issue, often thin electrodes were
adopted to increase the interfacial area, which severely affects
the areal energy and power densities.***

The concept of electrode design, like an architect, was first
introduced in the highly cited work by Long et al.***"** To think
like an architect in electrode design requires the designer to
consider both plumbing and wiring of the electrode (i.e. void
space and electronic/ionic conductivity, respectively). By
designing the electrode interior, a transition from 2D to 3D is
possible, allowing access to charge-storing species throughout
the electrode’'s volume and reducing the diffusional length of
ions.

Another important aspect of electrode design is ensuring
a uniform current-potential distribution throughout the elec-
trode volume.'® A uniform current potential distribution,
specifically in the design of anode materials-can often lead to
drastic improvement in the cycle life, coulombic efficiency and
overall performance of the cell, as this non-uniformity often
induces local dendrite growth and cell shortening."*”**® The
same issue in the design of the cathode can induce local current
densities giving rise to underutilization and/or degradation of

Chem. Sci., 2026, 17, 10864-10885 | 10877
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Table 2 Summary of the reported methods of VAT-based additive manufacturing for battery solid electrolytes

3D printing Conductivity
Ref.  Materials method Function (mS em™) Method
104 TOPTf,N/BDA/PEGDMA/DMPA MP-uSL Electrolyte ~ 0.01 at 60 °C Polymerization of IL
76 PEO-uCTA/IBoA/TMPTA/TPO DLP Electrolyte 0.3 @ 22 °C Photo-raft PIMS
108 POEGMEA-CTA/IBoA/TMPTA/TPO DLP Electrolyte 1.2 @ 30 °C Photo-raft PIMS
109 Poly(Urea-urathane)/PEGDA/DMPA DLP Electrolyte 3@20°C Soaking in electrolyte
105 LAGP/commercial resin (IP-S) SLA Electrolyte ~ 0.16 @ RT Blending
106 LLZO/HDDA/Igracure 1173/Dispersant (BYK-2152) DLP Electrolyte 0.031 @ RT Blending
107 LAGP/acrylate based commercial resin (Genesis) SLA Electrolyte 0.064 @ 25 °C Blending
69 LiClO,/EC/PC/PEGDA/BAPO MP-uSL Electrolyte 1@RT Blending
101 IL/thiol-ene cross linker/acrylate monomer/Irgacure 127 SLA Electrolyte 5.4 @ RT Blending
102 Sulfonated-IL/commercial resin (FLGPCL02) SLA Electrolyte 0.07 @ RT Blending
103 PVDF/DMAAmM/EG/LiCl/DVB/kemisorp 11S/a-ketoglutaric acid ~ SLA Electrolyte 0.65 @ RT Blending
70 LiTFSI/SCN/PEGDA/BAPO SLA Electrolyte 0.3 @ RT Blending
71 NaClO,/EC/PC/PEGDA/TPO SLA Electrolyte 3.3 @RT Blending
111 Acrylamide/bis-acrylamide/LAP/Zn(CF5S03),/H,0 DLP Electrolyte =~ 28.10 @ RT Soaking
74 Polyurethane acrylate resin/LiClO,/DMF SLA Electrolyte 1.24 @ RT Blending
110 PEGDA/SCN/LiClO,/TPO DLP Electrolyte  0.092 @ RT Blending
78 Acrylamide/MBA/LAP/tartazine/ZnSO,/H,0 DLP Electrolyte 244 @ RT Blending

active species."*® Nevertheless, in 3D design, both geometrical
length scale (such as electrode radius, length and spacing
between electrodes) as well as materials properties (e.g. elec-
tronic conductivity) are required to be optimized."** The effect
of the electric field of the electrode's double layer on the
migration of ions through the electrolyte is also an important
aspect that needs to be considered in design, which depends on
the electrode's spacing and dimensions."™* When architected
properly, the 3D electrode can decouple the energy and power
density; therefore, it would be possible to increase both without
any compromise. Nevertheless, the 3D electrode design is still
a new concept, which requires more in-depth analysis using
computational modelling such as Finite Element Analysis
(FEA). EFA uses numerical methods to analyse the effect of
geometry on the current-potential distribution.’***** Other
computational methods, such as the Vibrational Multiscale
Method (VMS)*** and Density Functional Theory (DFT),">*'*
focus on vibrational and atomic-level analyses, respectively.
These techniques can link the local distribution of ions across
the electrode to changes in local electrode properties.'*

The literature frequently highlights methods such as porous
templating," inverse opal structures,”® self-assembly,”” and
aerogel chemistry,'”® among others, for achieving a 3D electrode
structure. However, these approaches are often labour-
intensive, technically demanding, and difficult to scale. In
addition, most of these methods are limited in their ability to
create structural form factors (i.e., restricted control over
tortuosity) because they rely on physical laws or natural
phenomena. In contrast, VAT-based 3D printing, particularly
with recent advances in resolution, offers a more accessible and
versatile alternative for fabricating complex architectures. This
enables more in-depth investigation of ionic and electronic
processes within electrodes, ultimately guiding the design of
geometries that promote more uniform current and potential
distributions. We refer readers to a study by Huddy et al.** in
which different lattice structures were compared in terms of

10878 | Chem. Sci,, 2026, 17, 10864-10885

electronic conductivity, surface area, pore size, density, etc.
Given the limitations of most 3D printing techniques, limited
structural form factors can be achieved. These form factors
often include simple structures such as grids, coils, disks, and
interdigitated structures. However, given the high resolution
and fine surface finish of recent VAT 3D printing methods such
as 2 PP and MP-uSL, more complex geometries, such as gyroid
and other cellular structures, can be designed, enabling further
analysis of the effects of different geometries on the electrode's
current-potential distribution. Fig. 8a and b compare the
structural form factors achieved through VAT-based 3D printing
with those produced by other 3D printing techniques, such as
DIW, FDM, AIP, and IJP.

Summary and perspective

Here, a comprehensive review of the current state of the art in
VAT-based 3D printing of battery components is presented. In
recent years, additive manufacturing of battery components has
been a highly evolving field, mostly dominated by extrusion-
based 3D printing technologies. Alternatively, VAT 3D printing
is increasingly being recognized for enabling fast, high-
resolution electrode 3D printing. As highlighted in the last
part of the review, recent advances in simulation and modeling
are improving our understanding of electron and ion transport
across diverse electrode architectures and battery form factors.
These insights enable the emergence of novel designs with
enhanced energy and power densities. In this context, high-
resolution additive manufacturing techniques offer a prom-
ising pathway for realizing complex electrode architectures with
precise, controllable form factors. Such architectures are not
attainable using conventional slurry-casting methods, which
are largely limited to non-reproducible, two-dimensional elec-
trode films.

Nevertheless, several challenges need to be addressed before
this method can be established as a standard method for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Overview of structural design trends and emerging applications in 3D-printed battery architectures. (a) Stacked-column chart
summarizing the reported 3D-printed electrode architectures fabricated using VAT photopolymerization and other additive-manufacturing
methods. References for the studies included in this figure are provided in appendix | (Sl). (b) Representative 3D electrode geometries enabled by
different AM techniques. (c) Illustration of next-generation wearable and conformable electronics—such as garments, goggles, and wristbands—
powered by integrated battery modules manufactured through additive-manufacturing approaches.

battery research and manufacturing. This is primarily because
most energy storage active materials absorb and scatter light
while also increasing the resin's viscosity, which hinders the
printing process. In this review, we address several of these
challenges and highlight the strategies developed to overcome
them. To date, these limitations have been addressed by
reducing the concentration of active materials in the slurry
formulation or by using particle-free, precursor-based resins
(so-called “chemical reactors”). Both approaches require post-
processing, such as calcinations to remove excess polymer
and synthesize the active materials. Alternative strategies, such
as hydrogel infusion, additive manufacturing, and preceramic
polymer resins, can be used for the additive manufacturing of
the electrode, accompanied by further post-processing, such as
active-material coating.

On the other hand, the recent progress of VAT 3D printing
technologies has allowed to mitigate several limitations of the
resins, such as high viscosity. For example, new SLA based
additive manufacturing techniques, such as linear scan-based
VAT 3D printing*° enable 3D printing of high viscosity resins.
Other emerging technologies,” such as multi-material
printing, may offer solutions in the battery area. Multi-
material 3D printing uses two different wavelengths of light
simultaneously, enabling the fabrication of printed structures
that cannot be achieved using conventional VAT 3D printing
techniques such as DLP and SLA. Currently, the application of
multi-material 3D printing has enabled additive manufacturing
with two different materials from a single resin, for example 3D
printing of soft vs. hard,"** multicolor,"* etc. Additionally, multi-
material 3D printing can be used to improve the printing
speed™**** and resolution by inhibiting over-curing, which is

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

often a problem when printing with a single wavelength**'%”
Given the capabilities of multi-materials 3D printing, the future
use of this new emerging technique can revolutionise battery
manufacturing.

However, it is important to note that the broader adoption of
these technologies as a manufacturing method will require
careful consideration of several practical constraints, including
low throughput, resin safety (particularly the handling of
monomers and photoinitiators), reproducibility, quality
control, and overall cost. Compared to conventional roll-to-roll
or slurry-casting processes, the throughput of additive
manufacturing remains limited due to the inherently slower
layer-by-layer fabrication and the need for extensive post-
processing. Materials safety also presents challenges, as many
monomers and photoinitiators used in VAT 3D printing are
toxic or irritant, complicating large-scale handling and storage.
Furthermore, reproducibility is rarely reported in the literature
even though VAT 3D printing is highly sensitive to small vari-
ations in resin formulation, light exposure, and processing
conditions, factors that have not yet been demonstrated at an
industrial scale. Finally, because the technology is still in an
early stage of development, significant progress is needed
before VAT 3D printing becomes economically viable for large-
scale battery manufacturing.

All in all, additive manufacturing of battery components is
a relatively new field mostly dominated by extrusion-based 3D
printing technologies. The recent advances of VAT 3D printing
technologies shown in this review anticipate that these tech-
nologies can play a role in the future development of 3D
microstructured batteries.
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