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HIGHLIGHTS

e Qutlines 3D printing methods and their benefits in fabricating complex components for low-temperature hydrogen devices.
e Summarizes current applications in fuel cells and electrolyzers, highlighting recent progress in hydrogen energy.

e Explores future directions and challenges, offering insights into trends and opportunities in hydrogen-related systems.

ABSTRACT 3D printing, as a versatile additive manufacturing tech-
nique, offers high design flexibility, rapid prototyping, minimal material
waste, and the capability to fabricate complex, customized geometries.
These attributes make it particularly well-suited for low-temperature
hydrogen electrochemical conversion devices—specifically, proton

exchange membrane fuel cells, proton exchange membrane electrolyzer

cells, anion exchange membrane electrolyzer cells, and alkaline elec-

P
trolyzers—which demand finely structured components such as cata-
. . Proton exchange Anion exchange 2
lyst layers, gas diffusion layers, electrodes, porous transport layers, and Proton exchange AT nemibane Alkaline
membrane fuel cells electrolyzers

electrolyzer cells electrolyzer cells

bipolar plates. This review provides a focused and critical summary of d ey 1
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the current progress in applying 3D printing technologies to these key

components. It begins with a concise introduction to the principles and
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classifications of mainstream 3D printing methods relevant to the hydro-
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gen energy sector and proceeds to analyze their specific applications and
performance impacts across different device architectures. Finally, the
review identifies existing technical challenges and outlines future research directions to accelerate the integration of 3D printing in next-

generation low-temperature hydrogen energy systems.
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Abbreviations
3DP 3D-printed
3DPNi 3D-printed nickel

ABS
AEMECs
AFM
AIOBE
ALK
AM

BP
CCM
CFD
CL
DIW
DLP
DMD
DMLS
EBM
ePTFE
FDM
GDE
GDL
HER
HFR
HOR
ICR
P
MEA
MPL
OER
ORR
PEM
PEMECs
PEMFCs
PLA
PTL
RDE
SLA
SLM
SLS

SS
TF-LGDL
TPB
TPMS
uv
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Acrylonitrile butadiene styrene
Anion exchange membrane electrolyzer cells
Atomic force microscopy
All-in-one bipolar electrode
Alkaline electrolyzers

Additive manufacturing
Bipolar plates

Catalyst-coated membranes
Computational fluid dynamics
Catalyst layers

Direct ink writing

Digital light processing

Digital micromirror device
Direct metal laser sintering
Electron beam melting
Enhanced PTFE

Fused deposition modeling

Gas diffusion electrodes

Gas diffusion layers

Hydrogen evolution reaction
High-frequency resistance
Hydrogen oxidation reaction
Interfacial contact resistance
Inkjet printing

Membrane electrode assembly
Microporous layer

Oxygen evolution reaction
Oxygen reduction reaction
Proton exchange membrane
Proton exchange membrane electrolyzer cells
Proton exchange membrane fuel cells
Polylactic acid

Porous transport layers
Rotating disk electrode
Stereolithography

Selective laser melting
Selective laser sintering
Stainless steel

Thin film liquid/gas diffusion layers
Three-phase boundary

Triply periodic minimal surface
Ultraviolet

1 Introduction

Energy transition is a global trend, and finding more envi-
ronmentally friendly and low-carbon energy solutions is
an inevitable path [1, 2]. Hydrogen, termed the "ultimate
energy" of the twenty-first century, represents a genuinely
green and low-carbon clean energy source and has gradually
become one of the pivotal carriers in the global energy tran-
sition [3-6]. Water electrolyzers and fuel cells, as two key
low-temperature devices for hydrogen conversion, have rap-
idly developed over the past few years [7-10]. Water electro-
lyzers, significant for hydrogen production, can be integrated
with renewable energy generation technologies. During the
hydrogen production process, they essentially produce no
greenhouse gases, making them a crucial pathway for gen-
erating green hydrogen [11]. In the realm of fuel cells, par-
ticularly proton exchange membrane fuel cells (PEMFCs),
they are noted for their high conversion efficiency and rapid
response time even at low temperatures, thereby excelling
in specific operational contexts, such as heavy-duty trucks
on fixed routes [12—15].

3D printing technology represents an advanced method of
object fabrication, characterized by its ability to construct
three-dimensional objects through the successive layering of
materials [16]. Compared to traditional subtractive manufac-
turing techniques, the unique advantages of 3D printing have
garnered significant attention within the hydrogen energy
sector [17, 18]. Primarily, this technology offers remarkable
flexibility and customization [19]. Utilizing computer-aided
design software, users can precisely engineer and construct
objects of various shapes, sizes, and structures to meet spe-
cific requirements [20, 21]. This capability provides expan-
sive opportunities for innovation in hydrogen-related indus-
tries, such as designing flow field configurations for water
electrolyzers and bipolar plates in fuel cells [22]. Addition-
ally, 3D printing is more efficient and cost-effective relative
to conventional manufacturing methods, which typically
require the creation of molds or tools and involve multiple
production steps and extended durations. By enabling direct
object production from digital models, 3D printing reduces
both time and costs, effectively lowering the costs associated
with hydrogen production [23]. Furthermore, 3D printing
is resource-conserving and environmentally friendly, as it
minimizes waste production by manufacturing on demand,
thereby significantly reducing resource wastage [24, 25].

https://doi.
org/10.1007/s40820-025-01907-w
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The high adaptability of 3D printing technology within the
hydrogen energy field is poised to accelerate the industriali-
zation and widespread application of hydrogen technologies
[26, 27].

As illustrated in Fig. 1, the fundamental structures and
components of PEMFCs and various types of water electro-
lyzers are depicted. In the PEMFCs, the main components
include the bipolar plates (BP), gas diffusion layers (GDL),
catalyst layers (CL), and proton exchange membrane (PEM).
Except for the fabrication of the PEM, the other components
can be produced using 3D printing technology. The water
electrolyzers are primarily divided into proton exchange
membrane electrolyzer cells (PEMECs), alkaline electrolyz-
ers (ALK), and anion exchange membrane electrolyzer cells
(AEMECs). Components amenable to integration with 3D
printing technology include the electrodes, BP, and porous
transport layers (PTL). For both PEMFCs and water elec-
trolysis systems, the operating temperature generally does
not exceed 100 °C. The low-temperature environment not
only favors the long-term use of 3D-printed components but
also imposes relatively lower requirements for the materials’
high-temperature resistance and corrosion resistance, thus
providing a broader range of material choices for 3D-print-
ing technologies. Table 1 provides a succinct comparison
and introduction to the reaction equations, as well as the
advantages and disadvantages of the PEMFCs and different
types of water electrolyzers.

Jiao et al. [12] discuss the development trends of critical
components of PEMFCs, with particular emphasis on the
integration of the GDL and BP through 3D printing tech-
nologies. Traditional manufacturing methods face challenges
in achieving such integration, but combining these with 3D

printing holds promise for realizing this concept. Currently,
the main issues with this integration are the poor compatibil-
ity of materials and insufficient structural precision. An inte-
grated structure can effectively reduce interface resistance
and simplify assembly processes. This approach has been
previously explored in water electrolyzers, with experimen-
tal results affirming its feasibility [28]. Moreover, the config-
uration and gradient of devices can be effortlessly controlled
through computer-aided design and printed without the need
for molds [29]. In PEMFCs, such structural innovations can
positively impact water and gas management [30], aiding in
the separation and transfer of bubbles in water electrolyz-
ers [31]. Particularly with the continuous advancements in
3D printing technology, its compatibility with the hydrogen
energy sector is expected to reach unprecedented levels.

This article starts by introducing the working principles
of 3D printing technology, further delving into its extensive
applications in PEMFCs and water electrolyzers. The clas-
sification in PEMFCs includes the CL, BP, and GDL, based
on components fabricated through 3D printing. In the case
of water electrolyzers, the classification comprises electrode,
BP, and PTL. Finally, the paper summarizes the challenges
encountered by 3D printing technology in this emerging
field and forecasts the future development trends and pros-
pects of these technologies.

2 Overview of 3D Printing Technology

3D printing technology, characterized by its operational flex-
ibility, high production efficiency [32, 33], and access to a
broad range of materials, has been extensively applied across
various domains in recent years, including but not limited to
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bio-intelligent systems and energy conversion fields [34]. A
variety of 3D printing techniques, such as direct ink writ-
ing (DIW), inkjet printing (IJP), fused deposition modeling
(FDM), digital light processing (DLP), selective laser sinter-
ing (SLS), selective laser melting (SLM), and electron beam
melting (EBM), have been significantly developed. These
technologies have also found applications in the domain of
hydrogen energy, thereby laying a foundational framework
for advancing the role of 3D printing in the hydrogen sec-
tor [26, 35, 36]. They have been instrumental not only in
improving electrode design and component fabrication but
also in optimizing the overall architecture of electrochemical
cells. By leveraging 3D printing, researchers can enhance
fluid dynamics and boost operational efficiency—both criti-
cal to the performance of hydrogen energy devices. This sec-
tion focuses on the primary 3D printing methods employed
in hydrogen energy applications, with an emphasis on raw
materials, core processes, and key influencing factors. The
advantages and disadvantages of different 3D printing tech-
nologies are shown in Table 2.

2.1 Direct Ink Writing

DIW represents a quintessential extrusion deposition tech-
nology in 3D printing (Fig. 2a), applicable to a myriad of
materials for fabricating structurally complex 3D objects
[37-40]. This technique involves the precise, layered stack-
ing of flowable pastes to craft objects with desired shapes
and functionalities, finding extensive applications in the field
of hydrogen energy [41]. Typically, pastes with high vis-
coelasticity and self-supporting characteristics are chosen to
ensure that the material maintains its intended shape upon
deposition to the substrate without succumbing to gravita-
tional deformation or leveling [42]. The rheological behavior
of the paste, which refers to its deformation and flow prop-
erties under external forces or strains, serves as a primary
characterization method in DIW. Rheological parameters are
crucial for controlling changes in the paste, impacting both
the printability and the final structure significantly [43]. The
yield stress (c,) is the threshold at which the paste begins to
flow and deform; controlling o, is vital for ensuring appro-
priate rheological properties during printing. An optimal
o, facilitates fine structural control throughout the printing
process [44]. Furthermore, the storage modulus (G’) and the
loss modulus (G”’) reflect the paste’s elasticity and viscosity,

https://doi.
org/10.1007/s40820-025-01907-w
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Table 2 Comparison of 3D Printing Technologies for Low-Temperature Hydrogen Electrochemical Conversion Devices

Technology Type Applicable Components

Technology Features

Advantages

Disadvantages

DIW CL/GDL/PTL/Electrode Deposits material as continuous fib-  High material flexibility Slow print speed
ers via a nozzle to build complex Customizable properties Limited resolution
structures Complex structures possible Material preparation complex
up CL Precisely deposits material droplets ~ High resolution Limited material types
via printheads to form uniform and Material saving Nozzle clogging risk
controllable structures Fast layer deposition
FDM BP Extrudes molten material layer by Low cost Low resolution
layer to build parts Wide material range Poor surface finish
Limited mechanical strength
DLP CL/GDL/PTL/Electrode Uses light to cure resin layer by layer, High precision Limited material types
achieving high precision Fast printing speed High equipment cost
Good surface quality Post-curing required
SLS CL/GDL/PTL/Electrode Uses a laser to sinter powder materi- Wide material range Material waste
als, eliminating the need for sup- No support structures Post-processing needed
port structures High mechanical strength
SLM CL/GDL/PTL/Electrode Melts metal powder with a laser High-density parts Low resolution
to build high-density complex Complex structures Post-processing required
structures High mechanical properties
EBM CL/GDL/PTL/Electrode Melts metal powder with an electron Rapid forming High equipment cost

beam in a vacuum for rapid form-

ing

High energy efficiency Size limitations

respectively, both of which influence the rheological behav-
ior during the DIW process. A higher G’ helps maintain the
structure’s shape, while an appropriate G*” ensures sufficient
plasticity and deformability. Viscosity () affects the resist-
ance to flow of the paste, directly impacting the printing
speed and the resolution of the structure. By adjusting 1,
one can achieve the desired flowability while maintaining
structural integrity [45]. Understanding these parameters is
instrumental in modulating the rheological performance dur-
ing the printing process, ensuring the quality and fidelity of
the desired shapes.

2.2 Inkjet Printing

1JP technology capitalizes on the capabilities of inkjet heads
to eject liquid ink onto paper or other substrates, facilitating
the selective layer-by-layer deposition of liquid ink to form
patterns or three-dimensional models while precisely con-
trolling their structure and composition [46]. This technique
is extensively utilized across various domains, including
printing, drawing, marking, and the application of functional
coatings. In comparison to alternative printing methods,
IJP is distinguished by its high precision in ink deposition,
which ensures the accuracy of the printed dosage by con-
trolling the volume emitted from the nozzles. Moreover,

SHANGHAI JIAO TONG UNIVERSITY PRESS

1JP offers considerable flexibility regarding substrates; ink
formulations can be printed on a diverse range of materials
[47] and can be directly employed for patterned manufactur-
ing of CL on PEM. However, there are inherent limitations
associated with IJP, such as the relatively high cost of inks
and the complexity of their formulation. The printing quality
is contingent upon the state of the ink, and the technology’s
slower speed during high-resolution printing considerably
hinders its development in the hydrogen energy sector.

2.3 Fused Deposition Modeling

FDM is a 3D printing technology based on the extrusion
of molten filament materials (Fig. 2b) [48]. This process
is characterized by its simplicity, user-friendliness, and
low cost, making it particularly suitable for rapid proto-
typing of thermoplastic resins [49, 50]. In the FDM pro-
cess, the rapid prototyping system feeds the filament to the
print head, where the material is heated above its melting
point. Under the precise control of a computer, the print
head moves along a predetermined path on the build plate,
extruding the molten filament to form the desired shape
[51]. Variations in the parameters of the FDM printing
process significantly influence the mechanical properties
of the final product [52]. Studies have demonstrated that

@ Springer
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Fig. 2 a Schematic diagram of DIW process. Reproduced with permission from Ref. [39]. Copyright 2022, Wiley—VCH GmbH. b FDM utiliz-
ing a medium container for printing. Reproduced with permission from Ref. [48]. Copyright 2022, Wiley—~VCH GmbH. ¢ DLP experimental

equipment. Reproduced with permission from Ref. [33]. Copyright 2021,

Elsevier. d SLS printing process. Reproduced with permission from

Ref. [25]. Copyright 2021, Elsevier. € SLM printing process. Reproduced with permission from Ref. [71]. Copyright 2023, Elsevier. f EBM
experimental equipment. Reproduced with permission from Ref. [78]. Copyright 2018, Elsevier. g Multi-material printing device with two inde-
pendently controlled injection pumps. Reproduced with permission from Ref. [86]. Copyright 2022, Wiley—VCH GmbH. h Picture of the equip-
ment with four pressure-driven syringe dispensers and a two-component mixing dispenser. Reproduced with permission from Ref. [87]. Copy-
right 2022, Wiley—VCH GmbH. i Schematic diagram of a multi-core shell nozzle. Reproduced with permission. Reproduced with permission

from Ref. [88]. Copyright 2018, Wiley—VCH GmbH

the nozzle temperature primarily affects the flowability
of the extruded material, and its precise control is crucial
for enhancing the interlayer shear strength [53]. Param-
eters such as the fill angle and layer thickness substan-
tially impact tensile strength, flexural strength, and impact
resistance, with layer thickness being a predominant factor
affecting tensile and flexural performance [54]. Adjust-
ments in fill density and nozzle diameter also significantly

© The authors

influence the porosity of the product, while fill density
affects surface roughness and nozzle diameter impacts
contour shape accuracy [55]. By carefully controlling
these process parameters, it is possible to fabricate FDM-
printed products with superior mechanical properties,
meeting the specific requirements of different devices in
the field of hydrogen energy.

https://doi.
org/10.1007/s40820-025-01907-w
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2.4 Digital Light Processing

DLP printing technology, as depicted in Fig. 2c, leverages
projected ultraviolet (UV) light to initiate cross-linking in
low molecular weight photosensitive resins, resulting in
the formation of high molecular weight polymers [56, 57].
The UV light, processed by a digital micromirror device
(DMD), projects the cross-sectional images of the model
onto the surface, thereby printing the layered images of the
designed model layer-by-layer until the entire three-dimen-
sional structural model is completed. In this technology, the
intensity and stability of the UV light directly impact the
printing speed and quality. High-intensity UV sources typi-
cally enhance printing speed, while the stability of the UV
source aids in maintaining consistent print outcomes [58].
The resolution of the DMD profoundly influences the mini-
mum precision achievable by the printer. While striving for
accuracy, efficiency considerations must also be balanced,
as higher precision often necessitates longer print times.
The selection of the DMD resolution thus requires a trade-
off between accuracy and efficiency [59]. DLP technology
also imposes specific requirements on printing materials.
The photosensitive resin used must be compatible with the
specific wavelength of the UV light and possess appropriate
curing characteristics. Furthermore, the material needs to
exhibit good flow properties to ensure timely coverage of the
print area and filling of the model, presenting a challenge in
material selection [60]. Compared to other photolithographic
printing methods such as stereolithography (SLA), DLP can
achieve higher structural precision [57]. However, main-
taining uniformly stable flow characteristics of the paste in
practical printing processes remains challenging, affecting
precision stability [61]. Nevertheless, as technology continu-
ally advances, the shortcomings of DLP are gradually being
overcome and improved. The technology has found applica-
tions in various fields, including the custom production of
medical implants [62], fabrication of optical components
[63], and printing of porous electrodes [64].

2.5 Selective Laser Sintering
SLS, occasionally referred to as direct metal laser sinter-
ing (DMLS) [65], employs a computer-controlled laser that

sequentially scans and sinters powdered material, construct-
ing cross-sections of an object (Fig. 2d). During this process,

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

the laser selectively fuses powder particles along the contour
of the current layer. The thermal energy causes the parti-
cles to bond, gradually accumulating to form a solid object
[66, 67]. After each layer is completed, the build platform
descends by one layer thickness to accommodate a new layer
of powder, and this procedure is repeated until the entire
three-dimensional model is constructed. This layer-by-layer
advancement is similar to that of DLP, but SLS differs in that
it utilizes a laser as the light source, which offers broader
material versatility. From the perspective of SLS principles,
various materials such as plastics, metals, and ceramics can
serve as raw materials for selective laser sintering if they can
be bonded upon exposure to laser heat to form the neces-
sary shapes [68]. Additionally, SLS does not require support
structures, allowing materials to bond more robustly and
enhancing mechanical stability [69]. In the realm of hydro-
gen energy, titanium is a crucial metal and can be used as
raw material for bipolar plates. The combination of SLS
technology with titanium alloy powders facilitates the manu-
facturing of components with complex geometrical shapes
and fine structures [70], thereby driving innovation in the
production of critical components such as bipolar plates and
advancing hydrogen technology.

2.6 Selective Laser Melting

SLM technology, as depicted in Fig. 2e, employs a laser
to melt metal powders layer by layer, thereby constructing
three-dimensional objects [71]. The system leverages a laser
beam to control the scan paths meticulously, targeting spe-
cific regions of the metal powder. The energy emitted by
the laser instantaneously melts or partially melts the powder
in the targeted areas. Upon the completion of a scan, the
build platform descends by a minuscule distance, followed
by the application of a new layer of metal powder. The laser
then scans this new layer, melting the powder to gradually
form the cross-sections of the three-dimensional object.
This layer-by-layer construction process is repeated until
the entire object is fabricated [72]. In SLM processes, the
porosity and impurities within each layer are minimal, which
facilitates the homogenization of defects [73]. Post-process-
ing steps, such as the removal of unmelted powder, surface
treatment, and heat treatment [74], are generally required
after printing to meet the final physical and mechanical prop-
erty specifications.

@ Springer



61 Page 8 of 32

Nano-Micro Lett. (2026) 18:61

2.7 Electron Beam Melting

EBM represents an advanced metal 3D printing technology
(Fig. 2f). This manufacturing technique involves utilizing
an electron beam as the heat source to construct three-
dimensional objects through the sequential printing and
stacking of metal powders [75]. The process closely mir-
rors SLM, yet EBM operates around an electron beam. The
high energy of the electron beam facilitates rapid melting of
the metal powders, thus enhancing overall production effi-
ciency [76]. In practical applications, titanium and its alloys
serve as crucial materials within the aerospace sector [77].
Aerospace components often require a combination of high
mechanical strength and precision. EBM technology meets
these demands and aligns well with large-scale production
[78, 79] The high-temperature environment of the melting
process enables precise printing of complex geometrical
shapes in high-temperature metal alloys such as titanium
alloys [80], offering an outstanding solution for the manufac-
ture of aircraft and spacecraft. Beyond aerospace, EBM also
demonstrates unique value in fields such as the medical and
energy sectors. In the medical domain, EBM is employed to
fabricate orthopedic implants. The high precision and cus-
tomizability of this technology ensure that the implants are
optimally adapted to the patient’s bone structure [81-83].
In the energy sector, EBM holds potential for manufactur-
ing parts with low residual stress and high strength, thereby
enhancing the performance and longevity of energy equip-
ment [84].

In addition to the aforementioned techniques that have
been practically applied in the field of hydrogen energy
involving the printing of singular materials, considerable
attention has been directed towards multi-material and multi-
scale hybrid printing technologies [85]. These include, but
are not limited to, multi-nozzle printing, hybrid jet printing,
extrusion-based multi-material printing, and multi-material
laser sintering techniques. Multi-material 3D printing tech-
nology enables the use of multiple materials in a single
printing process, significantly enhancing design flexibility
and functionality. As shown in Fig. 2g—i, different modes
of multi-material printing can be achieved by controlling
the nozzle structure: alternating printing of multiple mate-
rials [86], mixed printing of multiple materials [87], and
materials in a mutually encapsulated state [88]. The rapid
development of multi-material 3D printing technology
allows for the replication of the diverse characteristics of

© The authors

complex components, offering new possibilities for creating
sophisticated and high-performance 3D-printed structures
[89]. Moreover, multi-scale 3D printing technology inte-
grates both micro and macro 3D printing, allowing for the
creation of structures at both microscopic and macroscopic
scales to meet different structural precision requirements.
In the integration of water electrolyzers and fuel cells, there
is a demand for components to utilize materials of vary-
ing qualities and precision. Should this technology become
widespread, it would inevitably promote integrated design
advancements.

3 Application of 3D Printing Technology
in Proton Exchange Membrane Fuel Cells

3.1 Fabrication of Catalyst Layer via 3D Printing
Technology

As illustrated in Fig. 3a, the CL is identified as a pivotal
component within the membrane electrode assembly
(MEA), serving as the primary site for electrochemical
reactions in PEMFCs [90]. Specifically, when the catalyst
is directly coated onto the GDL, it forms a gas diffusion elec-
trode (GDE) [91-93], whereas when the catalyst is coated
onto both sides of the PEM, it forms a catalyst-coated mem-
brane (CCM) [94]. Hydrogen undergoes a hydrogen oxida-
tion reaction (HOR) at the anode CL, producing protons that
are subsequently transported toward the cathode CL. These
protons participate in the oxygen reduction reaction (ORR)
with oxygen and electrons at the catalyst active site [95, 96].
Due to the slow kinetics of the ORR, the cathode CL is cur-
rently the primary focus of research aimed at enhancing the
performance of PEMFCs [97, 98]. For instance, some stud-
ies have focused on reducing oxygen transport resistance in
the cathode CL through an ordered design, which facilitates
faster oxygen diffusion to the three-phase boundary (TPB),
enhancing its participation in the electrochemical reaction
[99]. Moreover, the development of novel, low-cost catalysts
is prioritized due to the high costs associated with the cata-
lysts [100]. Despite numerous studies on non-precious metal
catalysts, platinum on carbon remains the most effective
and commercially viable catalyst. Therefore, reducing the
platinum loading has become an essential trend towards cost
reduction in PEMFC development. Taylor et al. [101] were
the pioneers in utilizing IJP to deposit CL onto the GDL,

https://doi.
org/10.1007/s40820-025-01907-w
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forming patterned GDE, as depicted in Fig. 3b. They suc-
cessfully printed catalyst ink onto GDL and demonstrated
that varying the deposition patterns of CL could be achieved
through controlled printing. IJP allows for the deposition of
small volumes of aqueous-based catalyst inks with precision
reaching picoliter levels. In their work, the catalyst loading
was reduced to 0.020 mgp, cm™2, with a platinum utilization
exceeding 16 W mg™"! . Furthermore, by employing IJP for
layer-by-layer deposition of catalysts with varying platinum
concentrations—higher near the membrane and lower fur-
ther from it—they showed that gradient CL performs bet-
ter than uniformly distributed CL when the total loading is
similar. Subsequently, Deiner et al. [102] used IJP to prepare
CCM, GDE, and a bilayer of CCM and GDE, demonstrating
that GDE prepared by thermal pressing achieved a power
density of 1.067 W cm™2, surpassing that of MEA based
on CCM (0.579 W cm™2). Moreover, the superiority of IJP-
prepared GDE was further validated through electrochemical
impedance spectroscopy and microstructural analysis. As
shown in Fig. 3c, atomic force microscopy (AFM) revealed
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that the roughness (R) of Nafion increased by an order of
magnitude post-printing, whereas only a minimal increase
was observed in the R, of the carbon paper. This difference
in deposition fidelity between Nafion and carbon paper
resulted in divergent performance outcomes. Differing from
the aforementioned approaches, Willert et al. [103] explored
three methodologies for 3D printing of CCM functional lay-
ers using IJP, as shown in Fig. 3d: the first method involved
depositing a polymer layer and a second CL on top of a base
layer of slot-die-coated CL; the second involved depositing
two CL layers on a commercial membrane; and the third
used an enhanced PTFE (ePTFE) layer as a substrate, on
which Nafion and CL were deposited on both sides. They
found that MEA based on ePTFE substrates exhibited a peak
power density 15% higher than traditional MEA, highlight-
ing its superior performance. Currently, IJP technology has
matured in its application within PEMFCs CL, offering sig-
nificant advantages in reducing catalyst loading and con-
trolling microscale morphology compared to traditional CL
fabrication methods. Additionally, the design of patterned
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CL structures has also entered the research domain [104,
105], providing new perspectives on the potential applica-
tions of IJP technology in CL development.

In the realm of 3D printing, IJP is not the sole technol-
ogy applied to the fabrication of CL for PEMFCs. A nota-
ble development was undertaken by Jung et al. [106], who
engineered a three-dimensional tailored architecture of plati-
num nanostructures demonstrating superior ORR activity
compared to conventional Pt/C when tested in a rotating
disk electrode (RDE) system. As depicted in Fig. 3e, the
research utilization of nano-transfer printing to create plati-
num nanowire catalysts with feature dimensions of 50 and
200 nm, respectively. However, in single-cell configura-
tions, the former exhibited a propensity for flooding at high
current densities due to elevated mass transfer resistance,
while the latter underperformed due to its lower porosity.
To address these challenges, the authors proposed a mul-
tiscale arrangement of platinum nanowires, alternating
between dense and sparse building blocks, which enhanced
the maximum power density by 43% over Pt/C electrodes.
This work signifies an innovative stride in leveraging 3D
printing for constructing three-dimensional CL structures,
particularly in designing ordered sub-micrometer-scale pore
channels, a capability beyond the current scope of IJP tech-
nology. Nevertheless, there remains room for improvement.
For instance, the absence of ionomers might increase the
proton transfer impedance between the membrane and CL,
although adding ionomers could potentially raise the mass
transfer impedance. It is therefore suggested that enhancing
the hydrophilicity of the platinum nanowire CL could better
meet the requirements for proton transport.

In addition to inkjet and nano-transfer printing, several
other additive manufacturing techniques have emerged for
catalyst layer and support fabrication in PEM systems. For
example, hierarchical nanoporous gold electrodes have
been realized via extrusion-based 3D printing followed by
dealloying, producing multiscale porosity—from macro-
scale architectures (10—1000 pm) to nanoscale ligaments
(30-500 nm)—that markedly enhance mass transport and
catalytic accessibility in both liquid and gas-phase reactions
[107]. SLM-based direct metal printing has also enabled
the creation of mechanically robust, hollow metallic scaf-
folds with tunable pore geometries; when these supports are
coated in situ with NiCo,S, nanoneedles, they exhibit low
overpotentials, small Tafel slopes, and outstanding oxygen
evolution reaction (OER) performance at current densities
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up to 100 mA cm™2, with improved bubble release and cor-
rosion resistance [108]. Furthermore, SLM has facilitated
the fabrication of monolithic metallic electrodes incorporat-
ing internal reactant delivery channels, resulting in~40%
enhanced hydrogen oxidation kinetics by alleviating mass
transport limitations [109]. These advances demonstrate the
diverse capabilities of emerging 3D printing methods—each
offering unique strengths in architectural design, mechanical
integrity, and integrated transport features—and broaden the
toolkit for engineering high-performance catalyst layers in
PEMFCs.

Whether utilizing IJP for the deposition of CL or con-
structing CL through platinum nanowires, both approaches
demonstrate significant advantages in enhancing the utiliza-
tion of platinum catalysts. However, due to the ultra-thin
thickness and complex pore structure of CL, the application
of 3D printing in this context remains in a nascent stage.
Among the methods employed, IJP, despite being widely
used, shows no significant improvements in the performance
of CL, primarily due to its inability to enhance structural
design. Looking ahead, the orderly preparation of CL rep-
resents a future trend [12]. Compared to traditional CL, the
orderly CL can enhance active sites, thereby significantly
reducing the load of precious metals. 3D printing, controlled
by predetermined computer programs, aligns well with the
concept of orderly preparation of CL. With the rapid devel-
opment in types and precision of 3D printing, the construc-
tion of orderly CL through this technology may increasingly
come into the purview of researchers.

3.2 Fabrication of Bipolar Plates Utilizing 3D Printing
Technology

BP represents one of the most compatible components for
integration with 3D printing technology within PEMFC
systems [110, 111]. Leveraging 3D printing enables the
customized fabrication of BP, allowing for the flexible
design of complex structures to enhance cell performance
and effectively address design challenges that are difficult to
overcome with traditional manufacturing techniques [22]. As
pioneers in integrating these two technologies, Bourell et al.
[112] conducted a detailed study on the effect of chopped
carbon fiber volume fraction on the strength and conductiv-
ity of graphite BP fabricated via laser sintering. They found
that the flexural strength of the finished parts increased from
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35 MPa to nearly 50 MPa with the addition of carbon fibers.
This finding confirms the viability of combining these meth-
odologies from an intrinsic property’s perspective. In addi-
tion to graphite, a common BP material in PEMFCs, Lee
et al. [113] explored printing polymers using FDM technol-
ogy to develop BP structures with optimized shapes. They
reported a three-type flow channel design with an accuracy
of 88.8%. However, neither Bourell et al. nor Lee et al. pro-
gressed beyond the BP printing optimization stage; neither
study applied the printed BP in an actual PEMFC system.
Also, in FDM technology, to address the issue of poor con-
ductivity in 3D-printed polymer BP, Jang et al. [114] suc-
cessfully enhanced the performance by sputtering a silver
coating onto the polymer BP surface. This modification ena-
bled the BP to achieve an open-circuit voltage of 0.96 V in
PEMEC testing. D. Gould and colleagues [111] employed
DMLS to produce titanium alloy plates with embedded flow
fields, subsequently applying these in PEMFCs. Although
the performance discrepancies from expected outcomes per-
sisted, this further substantiates the feasibility of 3D printing
in the fabrication of PEMFC components. As 3D printing
technology continues to advance, improvements in compo-
nent precision and surface smoothness are expected to meet,
if not exceed, anticipated performance levels. The rapid
evolution of 3D printing technology promises enhanced
flexibility, efficiency, and performance in PEMFC systems,
potentially driving innovation and progress in PEMFC tech-
nology [115].

In recent years, 3D printing technology has garnered sig-
nificant attention, with marked improvements in precision
that facilitate the fabrication of complex three-dimensional
structures [116]. In PEMFC systems, three-dimensional flow
fields, compared to traditional 2D flow fields, can leverage
angular gradients to enhance the entry of reactant gases
into the CL, thereby improving the uniformity of gas-liq-
uid distribution. Huang et al. [117] successfully fabricated
bipolar plates with grid flow fields and obstacle flow fields
using SLM technology. The results showed that the bipolar
plates fabricated using SLM technology had high dimen-
sional accuracy (error <3%) and surface quality (average
R,=0.5 pm). The SLM process has significant advantages
in the fabrication of bipolar plates with complex flow
field structures. Performance data for individual cells can
be obtained quickly, providing experimental data support
for subsequent structural optimization. Wang et al. [118]
employed SLM printing technology to design and fabricate a
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three-dimensional flow field bipolar plate composed of hol-
low ramp units. The polished real-life images and their 3D
profiles are shown in Fig. 4a, b. The results showed that the
maximum power density generated by 3D-III was 451.4 mW
cm™2. In PEMFCs, the flow rate of oxygen directly influ-
ences the distribution of oxygen and water within the cell,
as demonstrated in Fig. 4c, which depicts the oxygen flow
rate distribution at the cathode side GDL/CL interface when
using 3D-III. Due to the perforations in the elevated areas
of 3D-III, the reactant gases have a longer residence time in
the flow field, allowing more extensive diffusion into the CL.
This is beneficial for enhancing the oxygen concentration
distribution on the CL. The red curve in the figure represents
the change in oxygen flow rate along the Line 2 direction;
at the inlet, the lower flow rate prevents water from being
carried into the CL with the gas stream, reducing the water
content at the CL, whereas at the outlet, an increased oxygen
flow rate facilitates the timely expulsion of product water.
Lu and colleagues [22] combined simulation with
experimental methods to study the mass transfer issues
in three-dimensional flow field bipolar plates, using SLM
technology to construct 3D step flow fields with varying
step widths (Fig. 4d). At 0.55 V, the measured power den-
sity of the Stepped-1V cell reached as high as 672.7 mW
cm™2, which is about 26% higher than the conventional
parallel flow field. To more intuitively and concretely illus-
trate the impact of flow field structure on the transport
performance of reactive gases, the authors processed com-
putational fluid dynamics (CFD) data to obtain the oxygen
mass fraction along the y-axis direction of the intermedi-
ate channels and their distribution on the yz-plane cross-
section, as shown in Fig. 4e. The oxygen mass fraction in
different flow field channels decreases progressively from
the inlet to the outlet, with a notable oxygen deficiency
occurring at the outlet of the parallel flow field channel.
In contrast, the stepped flow field significantly alleviates
this oxygen deficiency problem. When the step size was
set to 0.75 mm, the inlet and outlet flow velocities reached
approximately 1.64 m s~! and 2.39 m s~!, respectively,
which was significantly better than when the step size was
set to 1 and 1.25 mm. This is attributed to the smaller
cross-sectional area of narrower step channels, which
enhances the flow velocity of gases, strengthens convec-
tive effects, and effectively improves gas—liquid mass
transfer performance (Fig. 4f). Local oxygen concentration
under the flow channel ribs is lower, and water flooding
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is more severe, which also affects PEMFC performance
[119]. Addressing this issue, Chen et al. [30] utilized metal
3D printing technology to intricately modify traditional
parallel and serpentine flow fields by creating some ribs
as hollow structures and incorporating auxiliary channels
(Fig. 4g). This modification increased local oxygen con-
centrations under the ribs and enhanced drainage capa-
bilities, thereby improving cell performance under high
current densities.

© The authors

Should PEMFCs exhibit the capacity for flexible bending,
their applicability would be substantially extended [120].
Such versatility would render them suitable for use as power
sources in portable applications, including wearable elec-
tronics and foldable smartphones. Traditional fabrication
methods pose significant challenges in producing flexible
PEMEFC:s. In contrast, utilizing the versatility of 3D print-
ing technology appears feasible for realizing this concept.
Yoo et al. [121] innovatively adopted 3D printing technology

https://doi.
org/10.1007/s40820-025-01907-w
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and successfully printed a bendable flow field plate (Fig. 4h)  field design can enhance gas transport, reduce mass trans-
using a flexible, rubber-like, translucent photosensitive poly-  fer polarization, and improve the cell’s water management
mer called TangoPlus. They creatively applied it to PEM-  capabilities [122]. In recent years, researchers have devel-
FCs, thereby improving performance. Subsequent finite  oped a variety of structurally distinct flow field configura-
element analysis elucidated the performance enhancement: tions, including but not limited to stepped flow field [123],
as the curvature of the PEMFCs increases, the compres- three-dimensional wavy flow field [124, 125], biomimetic
sive stress at the MEA escalates, leading to a significant  leaf vein flow field [126], and biomimetic honeycomb flow
reduction in ohmic resistance and charge transfer resistance. field [127]. Theoretically, these configurations can facilitate
In addition, durability tests were conducted to investigate ~ water drainage in PEMFCs; however, due to manufacturing
the irreversible degradation of the MEA caused by flexible  constraints, certain flow field designs have remained solely
fuel cells, although the test period was relatively short at  in the numerical simulation phase. Three-dimensional print-
only 12 h. However, comparing the first cycle with the last  ing technology represents a viable solution to this limitation.
cycle, the rate of irreversible performance degradation was It allows for the production and in situ testing of various
approximately 0.34%, which is negligible. The successful  theoretical flow field structures, thereby uncovering opera-
fabrication and application of flexible flow field plates hold  tional issues that simulations fail to address. This capabil-
extraordinary significance for broadening the application ity enables subsequent modifications and advances in BP
spectrum of PEMFCs. development.

The design of the flow field on the BP exerts a substantial
impact on the performance of PEMFCs. An optimal flow
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3.3 Fabrication of Gas Diffusion Layers via 3D Printing
Technology

GDL is recognized as a pivotal component in PEMFCs,
bridging the CL and flow fields and facilitating the trans-
port channels for gas phases [96, 128—130]. As depicted in
Fig. 5a, GDL typically consist of a macroporous layer and
a microporous layer (MPL), but some GDL do not contain
MPL. The macroporous layer principally provides struc-
tural support to the GDL, predominantly fabricated from
carbon paper. In contrast, the MPL, characterized by smaller
pore sizes, plays a crucial role in distributing the gas-liquid
phases within the system, typically formed by mixing car-
bon black with hydrophobic materials through spraying or
pressing techniques [131, 132]. However, due to the limited
mechanical properties of carbon paper and its susceptibility
to carbon corrosion [133], Arunkumar et al. [134] explored
the fabrication of a carbon-free GDL using 3D printing
technology. The authors employed SLS to ablate aluminum
powder to serve as a GDL substrate, successfully producing
alumina and manufacturing a uniform, defect-free film on
its surface to enhance its conductive and thermal properties.
Despite the compatibility of the aluminide’s mechanical and
electrical characteristics with the operational conditions of
PEMFCs, a significant limitation is aluminum’s propensity
to oxidize in PEMFC environments, potentially damaging
the membrane components with formed metal ions, thus
questioning the feasibility of this approach.

Furthermore, Niblett and colleagues [135] pioneered the
application of 3D-printed GDL in PEMFCs. They experi-
mented with GDLs of varying microstructures, ultimately
selecting those that did not deform post-carbonization for
use in PEMFCs. Employing CFD, the authors investigated
the ideal performance of oxygen distribution within the
cathode flow field and the GDL (Fig. 5b). The results indi-
cated a more uniform and effective distribution of oxy-
gen across the flow field facilitated by the 3D GDL, with
enhanced diffusion flux and convective flux towards the
edges of the flow field, areas where diffusion limitations
were markedly evident in traditional carbon paper. The
oxygen concentration distribution data extracted from the
GDL region, averaged along the X-axis from the inlet to
the outlet, are presented in Fig. 5c. Within all areas of the
cell, the oxygen concentration in 3D GDL (represented by
the green line) was consistently higher than that in carbon
paper materials (depicted by the black line). However, the
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application of 3D GDL in PEMFCs is not devoid of chal-
lenges, such as notably lower open-circuit voltages, attrib-
uted to the inability of 3D GDL to match the precision
of commercial carbon papers, potentially causing damage
to the membrane and consequently severe hydrogen per-
meation, significantly impacting the power density of the
PEMFCs. Simultaneously, the larger pore size of the 3D
GDL reduces the contact area with the CL by more than
half, significantly increasing the contact resistance. These
observations validate the feasibility of 3D printing in
PEMFCs and highlight the need for continued research to
ideally integrate these technologies. Recently, Dorenkamp
et al. [136] have made significant progress in the 3D print-
ing of GDL for use in PEMFCs. The authors addressed
common water management issues in PEMFCs by using
DLP technology to fabricate GDLs with different struc-
tures from photopolymerizable Phrozen Aqua-Gray 8 K
resin, as shown in Fig. 5d;, d,, which illustrate the best-
performing 3DMPL and the commercial Toray assembly
structure. Concurrently, in-situ testing and advanced char-
acterization simulations validated its unique role in water
permeability guidance. Polarization curves and high-fre-
quency resistance (HFR) test results both demonstrated
the feasibility of applying 3DMPL (Fig. 5¢). Compared to
Toray’s poor performance under high humidity conditions,
the performance of 3DMPL remained notably superior.
In PEMFCs, the mechanical properties, electrical con-
ductivity, and gas—liquid transfer capabilities of the GDL
present significant challenges. The performance of the
GDL substantially impacts the power density of PEMFCs.
Due to its role in facilitating gas—liquid transport, poros-
ity is a critical parameter for the GDL [137]. However,
higher porosity may compromise the contact between the
GDL and the CL, often necessitating the addition of an
MPL on the surface of the GDL as a form of structural
optimization. In the future, modifications to the GDL
structure, particularly gradient design, are anticipated to
enhance gas supply and liquid expulsion, positively influ-
encing the mass transport processes within the GDL [12].
Zhang et al. [138], in designing next-generation PEMFCs,
noted that future directions for GDL development primar-
ily involve gradation and integrated assembly, which can
be perfectly achieved through 3D printing technology.
With examples already present in water electrolyzers,
the continuous development of 3D printing technology
is believed to significantly propel the evolution of GDL
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Table 3 Typical Applications of 3D Printing in PEMFCs

Compo-
nent

Printing Methods Characteristics of Application Impact

Current Density @0.6 V Year of

Publica-
tion

Refer-
ences

CL 1P

SLM

BP DMLS

FDM

SLM

SLM

GDL SLS

DLP

DLP

Graded CL

Create intricate monolithic
geometries

Titanium alloy BP with
embedded flow channels

Silver-plated polymer BP

3D flow field with hollow
slope units

3D step flow field

3D-Printed Aluminum GDL

GDL with porous microstruc-
tures

GDL with water permeability
guidance function

1JP applied to CL preparation

1JP enables precise catalyst
deposition, especially for
ultra-low platinum

Promote mass transfer

DMLS prints titanium alloy
BP

DMLS enables complex
structures with no welds

Rapid prototyping validation,
but weight and flatness need
improvement

FDM printing ultra-light
polymer BP

A silver layer was sputtered
on the polymer BP surface
to enhance conductivity

SLM fabricates hollow slope
flow fields

3D printing combined with
CFD model validation

SLM combined with a 3D
flow field

New 3D flow field plates
outperform conventional
2D plates

Fewer steps and narrower
width improve cell perfor-
mance

First attempt at SLS fabrica-
tion of non-carbon-based
GDL

3D printing of carbon-based
GDL

Controlled pyrolysis pre-
serves microstructure

3D-printed resin undergoes
carbonization treatment

The excellent performance
of 3DMPL in PEMFCs
validates its application
prospects

0.508 A cm™2 (80 °C,
H,/0,)

0.987 A cm™2 (80 °C,
H,/Air)

0.450 A cm™2 (25 °C,
H,/Air)

0.756 A cm™2 (50 °C,
H,/Air)

1.123 A cm™2 (70 °C,
H,/Air)

0.604 A cm™2 (60 °C,
Hy/ 0,)

1.127 A em™2 (50 °C,
H,/ Air)

2007

2019

2015

2022

2023

2024

2016

2022

2025

[101]

[109]

[111]

[114]

[118]

[22]

[139]

[135]

[136]

in PEMFCs. Reducing the thickness of the component

4 Application of 3D Printing Technology

is further enhanced by utilizing 3D printing to integrate
the GDL with the BP, as shown in Fig. 5f. This approach
reduces overall thickness and eliminates contact resistance
between the GDL and BP. Table 3 summarizes the typical
applications of 3D printing in PEMFCs.
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in Water Electrolytic Cells

In the context of PEMFCs, the BP and GDL are predomi-
nantly fabricated from carbon materials due to the specific
functional requirements and work environments. Com-
monly, graphite BP and carbon paper GDL are employed

@ Springer



61 Page 16 of 32

Nano-Micro Lett. (2026) 18:61

in PEMFCs. In contrast, the anodic environment of water
electrolyzers, characterized by high voltage and an oxygen-
rich atmosphere, demands materials with superior corro-
sion resistance, often resulting in the use of titanium-based
BP and PTL with coatings [135]. Furthermore, there are
structural differences between the components used in PEM-
FCs and those in water electrolyzers. To ensure uniform gas
distribution and prevent leakage, the GDL in PEMFCs is
typically designed to be homogeneous and dense, incorpo-
rating MPL; whereas, the PTL in water electrolyzers exhib-
its a more pronounced porous structure, which facilitates
greater surface area and enhances gas—liquid transport chan-
nels. These material and structural variations dictate distinct
approaches to integrating water electrolyzers with 3D print-
ing technology compared to their application in PEMFCs.

Overall, 3D printing technology has been extensively
applied in ALK, predominantly utilized for the fabrication
of electrodes with various configurations. Its application in
PEMEC and AEMEC has been relatively limited, with few
implementations focused on the preparation of PTL and BP.
Research on the complete fabrication of water electrolyzers
via 3D printing remains comparatively sparse [140, 141].
In the actual process of water electrolysis, the separation
of gases and the removal of bubbles are critical; addressing
these challenges is difficult when only focusing on individual
key components and necessitates specialized designs of the
complete electrolysis cell. It is anticipated that 3D print-
ing technology could resolve these issues. With the ongoing
advancements and refinements in 3D printing technologies,
it is expected that they will bring more innovation and break-
throughs to the field of water electrolysis, offering increased
possibilities [142, 143].

4.1 Fabrication of Electrodes via 3D Printing
Technology

In the context of water electrolysis, the issue of gas—liquid
two-phase mass transfer has consistently been a primary
impediment to performance enhancement under high current
densities [144]. During the electrolysis process, bubbles gen-
erated are likely to accumulate on the surface of the catalyst,
which diminishes catalyst utilization, leads to an increase in
ohmic resistance, and consequently restricts the hydrogen
production rate [35]. Commonly, foamed nickel is employed
as the electrode in ALK its porous structure facilitates mass
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transfer, yet the disordered arrangement of the framework
significantly hinders bubble migration. 3D-printed elec-
trodes can be engineered to possess regular porous struc-
tures, which, while maintaining the intrinsic advantages of
foam nickel, ensure rapid transfer of the gas—liquid two-
phase system. Kou et al. [145] utilized DIW technology to
fabricate 3D-printed nickel (3DPNi) electrodes with highly
controllable periodic structures, effectively mitigating bub-
ble aggregation. As depicted in Fig. 6a, the fabrication pro-
cess of the 3DPN:i electrode involves shaping the paste into
a predetermined three-dimensional structure through a noz-
zle, followed by heat treatment and subsequent coating of
the electrode surface with a C-Ni,;_,O catalyst. Utilizing a
high-speed camera, the authors developed a computational
model based on the multiphase lattice Boltzmann method to
study the migration process of individual bubbles within a
porous medium. Within foamed nickel, the random distribu-
tion of pores leads to frequent collisions and deformations of
bubbles, thereby increasing the propagation distance of the
bubbles. In contrast, in periodic structures, the pore distri-
bution is regular and the pore size larger, effectively short-
ening the bubble transfer distance (Fig. 6b). Following a
similar approach, Xu et al. [146] employed DLP technology
to fabricate gradient pore periodic structured 3D electrodes,
which were then applied in a fully 3D-printed ALK. At a
current density of 500 mA cm™2, these electrodes maintained
performance without significant degradation over 1000 h,
demonstrating the feasibility of this method.

Fu et al. [147] focused on the issue of bubble transfer
during water electrolysis, developing a 3D-printed self-sup-
porting metal electrode with Janus porosity. The gradient
internal structure of the electrode creates an internal pres-
sure differential that facilitates bubble migration. To intui-
tively explain the impact of the pore gradient structure on
the internal bubble release of the electrode, simulations were
conducted to examine the pressure distribution and veloc-
ity within the gradient structure. As depicted in Fig. 6c,
the internal pressure in smaller pore structures is notably
higher than that in larger pores, resulting in a significant
internal pressure differential that drives hydrogen bubbles
from smaller to larger pore structures. Figure 6d, e indi-
cates that the average velocity of bubbles in the large pore
structures on the upper side of the 3DP Ni-G electrode is
approximately 12.3 pm s~!, which is 62.9% higher than that
in the smaller pore structures on the middle and lower sides.
This significantly accelerates the detachment of hydrogen
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from the electrode, demonstrating the positive effect of
the gradient pore structure on bubble transport. Similarly,
Rocha et al. [148] employed SLM technology to fabricate a
3D-printed electrode with a triply periodic minimal surface
(TPMS), ideally having zero curvature to enhance gas expul-
sion. Through a combination of experimental and modeling
approaches, the structural parameters of the TPMS were
determined, contributing to the optimization of 3D geomet-
ric structures.

Differently from the focus on mass transfer pro-
cesses, Peng et al. [149] have intensified research on

SHANGHAI JIAO TONG UNIVERSITY PRESS

the mechanical strength of 3D-printed electrodes. The
authors innovatively incorporated a structure mimicking
the setae on gecko feet, as illustrated in Fig. 6f, by inter-
spersing one-dimensional carbon nanotubes among layers
of two-dimensional graphene nanoplates during 3D print-
ing. This addition enhances the interlayer friction, thereby
augmenting the bending strength of the electrodes. Fig-
ure 6g depicts the biomimetic structure of graphene/
interlaced carbon nanotubes on the walls of the 3DP GC
electrode. As shown in Fig. 6h, compared to bifunctional
water-splitting catalysts documented in related literature,
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the 3DP GC electrode exhibits superior performance,
achieving a current density of 30 mA cm™2 at a low cell
voltage of 1.58 V. The material was subsequently used
as the cathode and anode in a two-electrode water-split-
ting cell. Large-area electrodes (L-3DP GC/NiFeP) were
printed using 3D printing technology and installed in an
H-type electrolytic cell to effectively separate and collect
hydrogen and oxygen. This setup produced 1.34 mL of
hydrogen and 2.64 mL of oxygen within 1200 s. These
results highlight the scalability and practicality of 3D GC
electrodes for large-scale applications.

In the realm of electrode manufacturing, besides the
direct 3D printing of conductive materials to serve as elec-
trodes, it is also a common approach to enhance insulating
substrates through methods such as surface deposition and
coating. Liu et al. [150] demonstrated the viability of a
composite material by electrodepositing nickel on com-
mercially available 3D-printed acrylonitrile butadiene sty-
rene (ABS), followed by the deposition of a nickel—-iron
catalyst. The unmodified ABS displayed no OER activity,
indicating that the deposition of the nickel—-iron catalyst
effectively enhances OER activity through surface modi-
fication. Meanwhile, Marquez et al. [151] employed SLS
techniques to ablate nylon powder for electrode structur-
ing. They sequentially deposited copper and nickel layers
on the plastic electrode structures, followed by electroplat-
ing a nickel-iron coating in accordance with the literature.
The resulting 3D electrodes exhibited favorable hydrogen
evolution reaction (HER) and OER performances, as well
as efficient bubble dispersion capabilities, thereby broad-
ening the applicable scope of materials for 3D-printed
electrodes.

In the field of electrolytic water electrode fabrication,
3D printing technology has demonstrated numerous suc-
cessful applications. Predominantly, the controllability
inherent to 3D printing has facilitated the creation of a
diverse array of ordered electrode structures. The organ-
ized nature of these structures inherently advantages the
promotion of mass transfer and bubble migration without
substantially increasing costs, thus playing a pivotal role
in enhancing the overall performance of water electrolysis.
Looking forward, if advancements in simulation technol-
ogy could be integrated, utilizing computational models
to circumvent the time and resource expenditures associ-
ated with traditional trial-and-error approaches, it would
be possible to identify electrode structures with optimal
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performance potential. Subsequently, the actual fabrication
and performance validation of these structures through 3D
printing could significantly enhance both the efficiency
and accuracy of electrode design. This strategy, aimed at
improving both the structure of electrodes and the overall
performance of electrolytic water systems, represents a
highly promising solution.

4.2 Fabrication of Porous Transport Layers via 3D
Printing

In both the AEMEC and PEMEC devices, the PTL serves
as a critical component within the electrolysis cell, as illus-
trated in Fig. 7a. The primary function of the PTL is to facil-
itate mass transfer between the gas—liquid phases across the
CL and BP flow fields, supply electrons to all reaction sites,
and ensure uniform heat distribution. An optimal PTL must
meet the following criteria: 1) moderate porosity, 2) superior
thermal and electrical conductivity, 3) high corrosion resist-
ance, and 4) substantial mechanical stability. Utilizing 3D
printing technology, complex three-dimensional designs can
be converted from digital models into tangible objects. Spe-
cifically, for titanium, the most commonly used material in
water electrolyzers, 3D printing enables the creation of PTL
with controllable pore and structural configurations [152,
153]. This capability is instrumental in developing advanced
PEMEC models with enhanced performance characteristics.

In the electrolysis of water, the potential at the anode is
notably high, leading to an enrichment of oxygen. Given
these conditions, the utilization of carbon-based materi-
als, commonly employed as anode materials in PEMFCs,
is impractical due to their susceptibility to degradation.
Instead, corrosion-resistant metallic materials are more
suitable for the design and manufacturing of PTL in water
electrolyzers. On this basis, Mo et al. [154] employed EBM,
a technique from the realm of 3D printing, to fabricate
titanium-based anode PTLs, which were subsequently suc-
cessfully implemented in PEMEC. The PTL fabricated via
EBM showcased uniformly distributed square pores with
smooth surfaces and consistent thickness, which signifi-
cantly enhanced the contact interface and reduced the con-
tact resistance with CL, as illustrated in Fig. 7b. Compared
to titanium meshes with similar wire thickness and porosity,
the EBM-fabricated PTL demonstrated an 8% improvement
in performance. This success underscores the substantial

https://doi.
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potential of 3D printing technologies in the PEMEC sec-  leading to bubble accumulation and increased mass transfer
tor. Further advancing the field, Huang et al. [155] utilized  resistance under high current densities, the DIW-fabricated
DIW technology to fabricate nickel-based PTL with three-  PTL featured regularly arranged pores as shown in Fig. 7c,.
dimensional periodic structures for use in AEMEC. Unlike  This structural arrangement facilitated smaller bubble sizes
traditional methods, which produce foamed nickel with tor-  during operation compared to those using foam nickel as
tuous gas—liquid diffusion channels as depicted in Fig. 7c;,  PTL, allowing for more efficient expulsion of bubbles from
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the system and enhancing mass transfer efficiency, as shown
in Fig. 7d. Additionally, the 3D-printed PTL exhibited
enhanced hydrophilicity and oxygen-repelling properties,
effectively reducing the adhesion force of bubbles on the
PTL surface, as demonstrated in Fig. 7e, thereby decreasing
the mass transfer resistance.

The pore size and distribution of the PTL play a crucial
role in the mass transfer of gas—liquid phases within water
electrolyzers. At high current densities, an increased poros-
ity is necessary to enhance mass transfer rates and prevent
high oxygen saturation, which can lead to bubble blockages
and the creation of dead zones within the PTL. However,
higher porosity levels reduce the contact area between
interfaces, leading to increased electrical resistance and
diminished overall electrochemical performance. Address-
ing this pivotal issue, Huang et al. [31] built upon previous
work and utilized DIW to fabricate a series of periodically
ordered Ni PTL with varying mesh sizes for research pur-
poses. The ink used was prepared by a multi-solvent gradi-
ent evaporation method. The ink’s apparent viscosity drops
sharply with increasing shear rate, showing shear-thinning
and non-Newtonian behavior, which facilitates smooth noz-
zle flow. Additionally, the storage modulus exceeds the loss
modulus, enabling the formation and stability of the printed
structure. As illustrated in Fig. 7f, the 3D profile and optical
microscopy images of the Ni PTL are presented for a mesh
size of 240 pm. To concurrently tackle the challenges of
mass transfer and interface contact, Huang et al. arranged Ni
PTL of different mesh sizes in a gradient fashion. Figure 7g
depicts a schematic cross-section of the gradient PTL. The
experimentally designed Ni 240/550 gradient PTL achieved
a current density of 2 A cm™ at a cell voltage of 1.95 V,
as shown in Fig. 7h, demonstrating superior battery perfor-
mance. The comparison of bubble escape between Ni-240
and Ni 240/550, shown in Fig. 7i,, i,, indicates a significant
reduction in bubble diameter after gradient modification,
effectively enhancing the bubble release rate.

Given the demanding operational environment of the PTL
in water electrolyzers, there is a high requirement for corro-
sion resistance. Titanium is the preferred substrate material
due to its compatibility with such environments. However,
manufacturing titanium into forms such as titanium felt or
mesh through fine processing to ensure adequate mechanical
strength and porosity significantly increases costs, which is
not conducive to cost control in PEMEC. The utilization
of technologies like SLM and SLS with titanium powder

© The authors

can achieve structured PTL with adjustable porosity and
enhanced mechanical strength, reducing costs while improv-
ing two-phase transport within the PTL, thereby enhancing
polarization performance. The main challenge currently
faced by these technologies is achieving the required preci-
sion. PTL in PEMEC typically requires thicknesses at the
sub-millimeter scale, while commercially available SLM
and SLS technologies generally have resolutions around the
millimeter scale. In addition to well-known metal printing
techniques, recent advancements have been made through
a collaboration between Mitsubishi Materials Corporation
and Yokohama National University, using binder jetting 3D
printing technology. This method uses pure titanium powder
to successfully fabricate a novel titanium electrolytic elec-
trode with a gradient dual-layer structure for use in PEMEC,
capable of operating at current densities up to 4 A cm™2.
This successful fabrication not only provides a new solution
for precision issues but also opens up possibilities for over-
coming the technological limitations of conventional metal
3D printing to support the development of hydrogen energy
technologies. Emerging 3D printing technologies, such as
binder jetting, which can achieve resolutions down to 10 pum,
meet the basic requirements for devices in the hydrogen sec-
tor. Further exploration is needed to assess the compatibility
of this technology with specific components.

4.3 Fabrication of Bipolar Plates Utilizing 3D Printing
Technology

BP serves as a crucial component of the water electroly-
sis cell, providing structural support as depicted in Fig. 8a.
Similar to the PTL, the harsh conditions at the anodic high
potentials impose stringent requirements on the material
selection for BP, necessitating excellent corrosion resistance
and stability. Additionally, to ensure performance, precious
metal coatings are often applied, significantly increasing the
cost of traditional BP, which can account for over 50% of
the total cost of the electrolysis cell. Developing novel, cost-
effective fabrication techniques and lightweight materials
for BP is a primary method to reduce the costs associated
with water electrolyzers. Currently, 3D printing of BP stands
out as the most promising technological solution to address
this issue [156]. Utilizing 3D printing not only reduces the
cost of the plates themselves but also allows for significant
improvements in the design of the flow fields on the plates,
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enhancing the uniform flow of gas and liquid and improving
gas evacuation efficiency.

Titanium is commonly used as the metal substrate for
manufacturing BP due to its excellent properties, although it
is relatively expensive. In an effort to fundamentally reduce
costs, Sanchez-Molina et al. [157] utilized laser powder bed
fusion technology to fabricate BP from AISI 316L stain-
less steel (SS), known as additive manufacturing (AM) BP,
which were then polished and applied in a PEMEC. Com-
pared to BP manufactured using traditional methods, the
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AM BP exhibited higher surface flatness, which contributes
to reducing interfacial contact resistance. Across all com-
parison temperatures, the performance of AM BP closely
mirrored that of the conventionally manufactured (MEC)
BP, showing no significant differences due to the change
in material. The correlation between the measured voltages
of AM BP and MEC BP reached 0.95261, as illustrated in
Fig. 8b, demonstrating the practical application prospects of
3D-printed BP technology. Similarly, using stainless steel
as a substrate, Yang et al. [158] produced AM SS BP using
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SLM technology for application at the PEMEC cathode and
conducted the first in situ studies in PEMEC. Notably, at
80 °C, the AM SS BP enabled achieving a current density
of 2 A cm™ at a reduced voltage of 1.779 V, outperforming
many PEMECs that employ graphite plates on both sides.
Yang et al. [159] further investigated the gold plating of
AM SS BP. The gold-plated samples were denoted as Au-
coated AM SS BP. Under a pressure of 1.45 MPa, the inter-
facial contact resistance (ICR) of Au-coated AM SS BP was
approximately 6.4 mQ cm?, while the ICR of the uncoated
AM SS BP was as high as 22.3 mQ cm?. The results indicate
that the gold layer can significantly reduce the ICR between
AM SS BP and other components, which will help enhance
the performance of PEMEC. In addition, to verify the sta-
bility of the electrodes prepared by this method, the authors
conducted potentiostatic tests on Au-coated AM SS BP in a
three-electrode system, as shown in Fig. 8c, achieving excel-
lent durability for over 100 h.

In addition to employing metal materials for the fabri-
cation of BP, the combination of non-conductive materials
with localized noble metal coatings has also been explored
in BP design and fabrication. Chisolm et al. [160] utilized
the FDM technique to print polypropylene BP, which was
subsequently enhanced in conductivity by applying two
layers of silver paint as a post-treatment. However, due to
silver’s susceptibility to oxidation, durability testing was
conducted to assess the feasibility of this method. Over
the 96-h experimental duration, the battery’s performance
decreased on average by 2.1 mV h™!. Specifically, there was
a significant drop of 161.2 mV in the first hour of operation.
Following this initial degradation, the battery entered a rela-
tively stable phase, with performance declining at a rate of
1.0 mV h™! for approximately 26 h. Thereafter, the battery
became more stable, with degradation of only 0.14 mV h™!
over the remaining 70 h of the experiment. Although the
performance of these BPs still requires improvement to meet
the demands of PEMEC, this approach offers novel insights
into reducing weight and cutting costs and can potentially
be adapted for PEMFC fabrication. In continuous efforts
to improve, Husaini et al. [156] developed a polymer BP
using DLP, which was further enhanced with nickel and gold
coatings through spraying and electrophoretic deposition.
Employment of a gold layer increases the conductivity from
300 to 400 S cm™!, which enabled the corrosion current den-
sity to drop to 0.470 uA cm~2. The introduction of a nickel
layer not only improved the adhesion of the gold coating but
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also significantly enhanced the overall conductivity of the
BP. However, the actual application and performance of this
polymer BP within PEMEC remain unreported, thus neces-
sitating further investigation.

In contrast to traditional flow plates that require the
involvement of metallic materials, Yang and colleagues
[161] have leveraged 3D printing technology to develop
a non-conductive BP, achieving substantial performance
breakthroughs. Utilizing the FDM method, they developed
a non-conductive polylactic acid (PLA) BP, which elimi-
nates the need for additional post-treatment processes. By
employing wet etching to fabricate a novel thin film liquid/
gas diffusion layers (TF-LGDL) integrated with the PLA BP,
they replaced high-cost technologies. After 100 h of testing,
the electrolyzer voltage increased from 1.635 to 1.751V,
with an average decay rate of 1.16 mV h™!'. However, the
decay rate varies over time. Within the first 5 h, the voltage
increased from 1.635 to 1.650 V, with an average decay rate
of 3.00 mV h™!. Over the final 90 h, the electrolyzer reached
a stable state, with a decay rate of only 1.03 mV h™'. After
accounting for PEM degradation, catalyst loss, and oxida-
tion, the negative impact of PLA bipolar plates on PEMEC
stability is limited. As illustrated in Fig. 8d, the conventional
electron conduction pathway in PEMEC, which typically
proceeds through the BP and PTL, is altered in this novel
PEMEC design. Electrons are directed laterally from the
exterior through the TF-LGDL to the CL, eliminating the
need for the PLA BP as a mandatory electron conduction
route. This adaptation allows non-conductive PLA to serve
as a feasible material for BP, paving a new path for the devel-
opment of low-cost, high-performance PEMEC and demon-
strating the viability of integrating BP with PTL.

Further exploring the capabilities of 3D printing tech-
nology, Yang et al. [162] used SLM to integrate four con-
ventional PEMEC components—PTL, BP, gasket, and cur-
rent distributor—into a single multifunctional AM plate
without molds or tools. They experimented with printing
different flow structures, including parallel and pin flow
fields, successfully printing a pin flow field with PTL, as
shown in Fig. 8e. When these AM plates were mounted in
the PEMEC for testing, the results were impressive: the
pin flow field with PTL demonstrated excellent perfor-
mance, reaching 2 A cm2 at 1.715 V (Fig. 8f). The struc-
tural innovations of the multifunctional AM plates pro-
vide a fundamental development for the simplification of
PEMEC. Shortly afterward, building on the original study,
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Yang and others [28] proposed the concept of an all-in-one
bipolar electrode (AIOBE), which integrates the CL, PTL,
BP, current distributor, and gasket into a single component
using 3D printing, reducing the number of components in
the PEMEC cathode assembly from five to one, as depicted
in Fig. 8g. This compact structure significantly enhances
the mass activity compared to traditional PEMEC, nearly
14-fold, as shown in Fig. 8h. Even under low loading con-
ditions, the HFR of the AIOBE remains significantly lower
than that of traditional PEMEC, as shown in Fig. 8i. This
innovative design reduces the number of parts and elimi-
nates ICR, markedly lowering the overall ohmic resist-
ance of the PEMEC, thereby substantially enhancing its
performance.

In PEMEC, the design of the flow channels in the BP
has garnered significant attention. Currently, due to limi-
tations in manufacturing techniques, the flow channel
structures commonly implemented on a large scale include
parallel and single serpentine channels. Parallel channels
lead to uneven distribution of fluid flow speeds within the
channels, adversely affecting the efficiency of electroly-
sis. On the other hand, single serpentine channels result

Table 4 Typical Applications of 3D Printing in Water Electrolyzers

in longer flow paths and greater flow resistance within
the serpentine channels, which can cause uneven flow
distribution [163, 164]. Addressing these limitations, the
flexibility offered by 3D printing technology enables the
customized design of BP. This approach allows for the
development of optimized flow channel structures tailored
to specific application needs, thereby enhancing electroly-
sis efficiency. Table 4 summarizes the typical applications
of 3D printing in water electrolyzers.

S Conclusions and Prospects

3D printing offers notable advantages for hydrogen energy
applications, particularly in the fabrication of fuel cells and
water electrolyzers. As shown in Fig. 9, the 3D printing
technologies that can be matched with PEMFC and water
electrolyzer componentsare summarized. Compared with
traditional methods, it provides greater design flexibility,
cost control, and production efficiency. Its compatibility with
energy device manufacturing makes it a promising tool for
structuring key components such as BP, PTL, GDL, and
CL. This paper reviews current applications of 3D printing

Specific Applications Printing Methods Characteristics of Applica-  Over-potential Cell Voltage @1A cm™ Year of  Refs
tion Publica-
tion
Electrode DIW Ordered periodic controlla- 425 mV@1000 mA cm™2 / 2020 [145]
ble 3D electrode
SLS Ordered coating 3D porous 300 mV@10 mA cm™2  / 2022 [151]
electrode
SLM Microstructured cylindrical 300 mV @10 mA cm™2 / 2023 [148]
electrode
DLP Micro-porous ordered 310 mV@500 mA cm™2  / 2023 [146]
nickel-based electrode
PTL EBM Structurally controllable / 1.76 V (65 °C) 2016 [154]
titanium PTL
DIW Graded adjustable ordered / 1.78 V (80 °C) 2023 [31]
nickel PTL
DIW Nickel PTL with through- / 1.80 V (80 °C) 2023 [155]
hole 3D periodic structure
BP FDM Silver-plated polypropylene / 242V (50 °C) 2014 [160]
BP
SLM Gold-Plated SS BP / 232V (80°C) 2018 [159]
FDM With Titanium Thin filmon / 221V (20°C) 2019 [161]
non-conductive type BP
AIOBE Metal 3D Printing Integrated CL/PTL/BP / 1.62 V (80 °C) 2021 [28]

/Current Distributor/Gasket
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in the hydrogen sector, highlighting its use in designing and
fabricating components with improved performance. Metal-
based techniques like SLS and SLM are particularly effec-
tive, offering organized structures with sufficient mechanical
strength, conductivity, and corrosion resistance. However,
the limited precision of current 3D printing technologies
remains a barrier, especially for the stringent requirements
of electrolyzers and fuel cells.

3D printing, as an advanced manufacturing technology
that receives significant global attention, is anticipated to
overcome its current challenges through dedicated research
efforts. The integration of 3D printing with the hydrogen
energy sector is viewed as an emerging trend. Based on this
perspective, the following projections are made regarding
the development of 3D printing in the hydrogen energy
domain.

In the development of fuel cells and water electrolyzers,
3D printing technology plays a pivotal role in optimizing key
components. In CL, where precision is critical, 3D printing
allows for the deposition of ultra-thin, ordered structures,
reducing material costs without sacrificing efficiency. One
major research focus is the graded and ordered structuring
of the GDL and PTL, which significantly enhances material

© The authors

transport—especially under high current densities. Simi-
larly, rational flow field design in BP is crucial for efficient
mass transport and stable operation. Simulations combined
with 3D printing allow for precise and customizable flow
field optimization. For ALK electrodes, 3D printing offers
rapid prototyping capabilities, enabling swift adjustments
to structure and material configurations with quick experi-
mental feedback. This flexibility shortens the research and
development cycle and supports performance improvements.
Another emerging trend is the integration of system com-
ponents to reduce contact resistance, simplify assembly,
and lower maintenance and design complexity. 3D print-
ing accelerates the construction and validation of these
integrated structures, supporting the development of more
compact and efficient devices. Altogether, these advances
are driving the evolution of next-generation hydrogen energy
systems, opening new pathways for innovation and applica-
tion in the clean energy sector.

This paper does not cover photolithographic metal manu-
facturing—a high-precision, material-compatible 3D print-
ing method—despite its growing relevance. This technique
supports commonly used substrates in hydrogen technolo-
gies, such as titanium and stainless steel, and enables the

https://doi.
org/10.1007/s40820-025-01907-w
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fabrication of finely structured, corrosion-resistant, and
conductive components, all critical to fuel cells and water
electrolyzers. As the technology matures, its role in hydro-
gen energy is expected to grow. Beyond fabrication meth-
ods, material development is also key. Corrosion-resistant
metal powders are being optimized for better printability and
electrochemical durability. Likewise, efforts are underway
to design conductive polymers with improved environmen-
tal stability, thermal resistance, and mechanical strength—
particularly for polymer-based bipolar plates. Additionally,
inks with tunable rheology are enabling high-resolution,
geometrically complex printing. Together, these material
innovations and advanced methods like photolithographic
printing are enhancing the performance and reliability of
3D-printed components in hydrogen systems.

Although 3D printing technology is still in the exploratory
and developmental stages for applications like fuel cells and
water electrolyzers, its potential for advancement in these
areas is immense. Continued improvements in 3D printing
are expected to drive further innovation in energy device
fabrication.
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