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Fig. 14 (a) 3D printing fabricated geometric array samples and their application as support materials for photocatalysts.?*! (Copyright
2019, Elsevier) (b) Scheme diagram of the minimal surface support preparation procedure with MoS,.2™? (Copyright 2023, Elsevier) (c)
Photos, properties and reaction mechanisms of different configurations of 3D-printed alumina frameworks.”?""! (Copyright 2024, Elsevier) (d)
Photographs of preform, SiOC, and BTO/BT/SiOC-S and SEM of SiOC, and BTO/BT/SiOC-S.?7? (Copyright 2024, Elsevier)
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printed CF and HF scaffolds with Al,O; powder and
photosensitive resin, and obtained AL,O; carrier by
sintering at 1500°C "1 Carbon-bridge g-C5N; was
prepared by high temperature roasting, coated with
polyvinyl alcohol, and then roasting and fixed on the
support at 300°C. The band gap width and carrier
recombination rate of g-C;N4 were reduced by carbon
bridge modification. After negative CNMD, the
degradation rate of tetracycline reached 91%, the
efficiency of 10 cycles remained above 85%, and the
TOC removal rate exceeded 82%. LC-MS confirmed
that tetracycline was oxidized, deaminated and
mineralized to CO, and H,O, which provided a
reference for the development of recyclable non-
metallic photocatalyst support (Fig. 14c). Liu’s team
used vat photopolymerization 3D printing technology
to print porous preforms with methyl-silsesquioxane
resin, and prepared cuboidal and spherical porous SiOC
carriers by argon sintering at 900°C ™. The
Bi1,TiO,¢/BisTi30, S-type heterojunction was formed
by coprecipitation (Bi(NO;);*5H,O and tetrabutyl
titanate) and annealing at 600°C for 1 h. The
heterojunction promotes carrier separation and retains
strong REDOX capacity with the help of a built-in
electric field. The spherical pore can prolong the light
reflection path and increase the retention time of the
reactant, and the NO removal efficiency is 16.4%,
which is 1.39 times that of the cubic pore. After four
cycles, the activity is stable, which provides a scheme
for the monolithic catalyst for air pollutant treatment
(Fig. 14d). In order to solve the problems of high
carrier recombination rate and weak light absorption in
photocatalytic CO, conversion, Pan’s team prepared
gyroid structure preform by DLP 3D printing with ZnO
. 1 [273]
precursor slurry as raw material . After heat
treatment at 500°C to remove the organic phase and
sintering at 1300°C, P-doped ZnO (P-ZO) support was
prepared. Bi,S; nanoarrays were loaded onto the
surface of the nanocomposites by hydrothermal method
to construct S-shaped heterojunction metamaterials.
The P-ZO has a significant photothermal effect, which
can be heated to 89.2°C when coupled with Bi,S;. The
S-type heterojunction inhibits carrier recombination,
and the transient photocurrent density is 1.5 times
higher than that of pure P-ZO. Under simulated
sunlight, the production of CO and CH, reached 8.87
and 1.49 pmol h™', respectively, which were 3.45 and
4.65 times of that of pure P-ZO, and the activity of the
material was stable for 5 cycles, which provided a new

structure design idea for CO, conversion by
photothermal catalysis.
3.2.4 Others

Substrates with specific functions such as metal,

glass, and composite substrates are limited by
difficulties in manufacturing and application fields.
Although the application scenarios are less extensive
than the first three scenarios, they are irreplaceable in
the subdivision field with their unique performance.
Metal substrates focus on high strength and
conductivity, glass substrates focus on high light
transmittance, and composite substrates achieve
complementary properties through the cooperation of
multiple materials, providing more diverse solutions for
photocatalytic loading. In order to improve the
photocatalytic performance of TiO, and optimize the
efficiency of the reactor for environmental remediation,
Grandcolas et al. used direct metal laser sintering
(DMLS) 3D printing of Ti6Al4V alloy to prepare
planar and pyramidal (PYR), honeycombed (HON),
and octahedral (OCT) 3D structures %L TiO,
nanotubes were grown by anodization at 60V using a
solution of ethylene glycol containing 0.35 wt.% NH4F
and 2 vol% H,O as the electrolyte. The performance
test showed that the photocatalytic efficiency of the 3D
structure was significantly improved under the rotation
condition. The PYR structure achieved complete
degradation of MB within 200 min under UV-LED
illumination and rotation mode, while the HON
structure only increased the efficiency by 20% due to
poor light penetration. This study provides technical
ideas for the design of high-efficiency photocatalytic
reactors for environmental remediation (Fig. 15a).
Addressing the need for recyclable surface-enhanced
Raman scattering (SERS) substrates for point-of-care
testing (POC) analytical platforms, Malik et al
fabricated metal brushes using laser powder bed
melting (L-PBF) 3D printing of Inconel 625 alloy 7.
The IN_EuSTAg substrate was obtained by three-step
functionalization. The SERS enhancement factor of
RhB on the substrate reached 2.O2X104, and the RhB
degradation rate was 92.3% within 180 min under 370
nm UV light. The RHB could be recycled for 3 times,
providing a recyclable SERS solution for the POC
analysis platform (Fig. 15b).

Aiming at the problem of low solar energy capture
efficiency caused by the change of illumination Angle
in PEC water decomposition, Hegde et al. used DLP
3D printing of light-curing silica sol-gels, and prepared
transparent 3D silica lattices after aging, degreasing
and sintering . Then, ITO and Mo-BiVO, were
deposited sequentially by dip coating method to
construct 3DP/ITO/Mo-BiVOy electrode. The volume
current density of the electrode was 1.39 mA/cm® under
1.23 V and AM 1.5 G illumination, which was 2.4
times that of the flat glass substrate. The performance
fluctuation was only 6% when the illumination Angle
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Scattering substrates.*”

! (Copyright 2024, Elsevier) (c) (i) The manufacturing process of a translucent three-dimensional lattice structure for
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structures with different porosities.® (Copyright 2023, RSC Publishing) (d) 3D printing of fused quartz glass using the stereolithography
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changed. The stability test showed no current
attenuation and the Faraday efficiency of oxygen
precipitation was 91.24%. An angle-independent and
efficient solar energy capture scheme is provided for
PEC electrodes (Fig. 15¢). Wang et al. focused on the
problem of light attenuation and reactor amplification
during photocatalysis *’). A transparent silica
cylinder was printed by stereo-lithography technology
and used as a catalyst carrier for MB degradation in a
packed bed micro-photocatalytic reactor (MPR). The
transparent SiO, cylinders (S-1, S-2, S-3) were
obtained by printing, degreasing and vacuum sintering
at 1280°C, and loaded with P25-TiO, for MB
degradation in a packed bed micro-photocatalytic
reactor (MPR). The results showed that the
degradation rate of MB of S-1 was 91.4%, while that
of ALLOs; was less than 60%, and that of SiO, was
more than 90% (200-800 nm). The reduction of
specific surface area and mass transfer limiting

efficiency of S-2 and S-3 were significantly reduced.
This study provides key data support for the design
optimization and scale up of photocatalytic reactors.
In addition, in order to overcome the limitation of
traditional glass forming technology for the
preparation of complex structures, Kotz et al. used
SLA to 3D print SiO, nanoparticles and
photosensitive monomer paste, light curing green
parts "l A transparent fused silica glass with a
surface roughness of 2 nm and no pores was prepared
by heat degreasing and vacuum sintering at 1300°C.
The light transmittance of the glass is consistent with
that of commercial fused quartz, and it can withstand
800°C flames. Colored glass can be made by
immersing metal salt with brown parts. Micro-stereo
lithography can also realize 80 um resolution structure,
effectively expanding the application scene of glass in
the field of optics and microelectromechanical
systems (MEMS) (Fig. 15d).
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4 3D printing technology applied
to photocatalytic reactors and
reaction systems

Photocatalytic reaction is a green and -efficient
technology for pollution control and energy conversion.
The improvement of its reaction efficiency largely
depends on the performance of photocatalytic reactor
and related reaction system. An ideal photocatalytic
reactor should have high light utilization efficiency,
good mass transfer effect, uniform catalyst loading and
contact mode, and structural stability matching with the
reaction system. At the same time, it should also meet
the practical requirements such as simple operation and
easy expansion. Conventional photocatalytic reactors
are usually simple in structure and rely on mechanical
processing or traditional molding processes 7%,
Limited by manufacturing methods, it is often difficult
to realize the synergistic optimization of optical path

distribution, fluid path, and catalyst spatial arrangement.

Such reactors often suffer from serious light scattering,
insufficient contact between reactants and catalysts,
and high local mass transfer resistance, which results in
low photocatalytic efficiency. In addition, it is often
necessary to assemble multiple components to integrate
complex functions, which not only introduces
systematic errors, but also limits the miniaturization
and customization of reactors 2%,

The emergence of 3D printing technology provides a
new approach for the design and manufacture of
photocatalytic reactors. Based on its unique principle of
layer-by-layer manufacturing and successive assembly,
3D printing can precisely construct complex three-
dimensional structures that are difficult to achieve
through traditional processes, such as irregular flow
channels, micro-nano-level light guiding structures, and
gradient porous catalyst carriers “*”. This enables
targeted solutions to the inherent defects of traditional
reactors in light utilization, mass transfer efficiency,
and structural integration. Through digital design and
integrated manufacturing, 3D printing can not only
achieve precise matching of reactor structure and
photocatalytic reaction mechanism but also simplify
the setup process of the reaction system, promoting the
development of photocatalytic technology towards
efficiency, miniaturization, and customization 281 The
following text will elaborate on the specific
contributions of 3D printing technology in the
innovation of photocatalytic reactor design and the
optimization of reaction system setup, revealing how it
provides key support for the practical process of

photocatalytic technology.
4.1 Design of photocatalytic reactors

4.1.1 Fluidized bed reactor

Based on the form of the catalysts, photocatalytic
reactors can be classified into fluidized bed reactors
and fixed bed reactors. The fluidized bed photocatalytic
reactor is a type of photocatalytic reaction device
characterized by a “slurry-like” dispersion system. Its
core operation mode is that the catalyst particles and
the reactant mixture containing the target pollutants are
suspended together in a liquid phase or an air-liquid
mixed reaction medium, and a pseudo-fluidized state is
formed through the disturbance of the fluid ***. In
terms of the supply method of light radiation, either an
external transparent window on the reactor wall can
introduce an external light source, or an immersed lamp
tube can be directly placed inside the reaction system to
provide energy. The regulation of the reaction
performance is influenced by multiple factors in a
coordinated manner. The concentration of catalyst
particles needs to be maintained within a reasonable
range. Too low a concentration will lead to insufficient
active sites, while too high a concentration will cause
enhanced light absorption and scattering due to light
obstruction between particles. The matching degree of
the wavelength of light radiation, the intensity
distribution, and the irradiation path directly determine
the efficiency of photon utilization. The flow rate and
turbulence degree of the reaction medium, as well as
other flow state parameters, significantly affect the
mass transfer efficiency and interface contact
frequency between the catalyst and the reactants.

The ordinary fluidized bed photocatalytic reactor has
significant technical advantages, which can maximize
the inherent activity of the catalytic material, expose
the active sites on the catalyst surface to the light
radiation and the reactant atmosphere to the greatest
extent. In addition, it has a simple overall structure and
convenient operation, making it suitable for various
scenarios of pollutant degradation and energy
conversion. However, its inherent drawbacks are also
quite prominent. The light scattering effect of
suspended particles will lead to local light intensity
attenuation, reducing the light utilization efficiency.
After the reaction, the separation and recovery of the
catalyst require an additional solid-liquid separation
process, which not only increases the operation cost but
also may cause catalyst loss and secondary pollution
due to incomplete separation. Wei et al. used SLS
metal 3D printing technology to fabricate three
autocatalytic flow-bed reactors of Fe-SCR, Co-SCR,
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and Ni-SCR, and designed channels with hemispherical
convex inside the reactor to expand the specific surface
area !, Fe-SCR and Co-SCR can efficiently produce
liquid fuels in high pressure Fischer-Trop synthesis and
CO, hydrogenation. Co-SCR has a Cs; selectivity of
65%, and Ni-SCR can achieve 65% CH, and 71% CO,
conversion in high temperature CH4/CO, reforming
reaction. The ratio of H,/CO is close to 1, which can
withstand the harsh conditions of high temperature and
high pressure, and realize the integration of catalyst and
reactor functions in ordinary fluidized bed reactor
(Fig. 16a). Zhou et al. prepared two lab-scale 3D-
printed plastic sinusoidal flow-through photocatalytic
reactors, with Reactor A having no baffles and Reactor
B being equipped with baffles ***. Both reactors were
lined with a P25 TiO,/PLA coating, and after 168 h of
UVA pre-conditioning, they could repeatedly
photocatalyzed the degradation of circulating aqueous
solutions of MB and phenol (PhOH) without obvious
activity loss. Owing to the enhanced lateral mixing of
laminar flow by baffles, the degradation rate of MB in
Reactor B exhibited much lower dependence on flow
rate compared to Reactor A. For Reactor A, the
photonic efficiencies for MB and PhOH degradation
were 0.025% and 0.052%, respectively, and its
Ehotocatalytic space-time yields (PSTY) were 0.98x10

and 1.49x10™ m® of reaction solution per (m3 reactor
volume-day-kW), respectively. This work confirms that
3D printing enables the rapid and low-cost fabrication
of flow-through photocatalytic reactors with stable
performance (Fig. 16b). Ramos et al. fabricated an
ABS  material plate-packed bed flow-through
photocatalytic reactor by fused deposition molding
(FFF) 3D printing, filled with 1.0 mm ZnO-coated
glass or steel beads for the degradation of para-
acetamide **. The apparent reaction rate of the steel
bead carrier was about 75% higher than that of the
glass bead carrier at the first use, but it was easily
inactivated. The apparent first-order rate constant of
glass beads can reach 1.9-9.5x10™* s™', which is 10
times faster than that of conventional suspension bed,
which is typical of ordinary packed flow bed reactor
(Fig. 16¢c, d). Phang et al. used DLP 3D printing
technology to fabricate a rese-based flow-bed
photocatalytic reactor *%). The main body was made of
highly heat-resistant resin, the cover was made of
transparent resin, and the bottom of the reactor was
coated with g-C;N; homo-junction thermosetting
coating. Under 50 W LED irradiation, the degradation
efficiency of RhB reached 95.62% within 24 h, the
kinetic rate constant was 2.1x10° min™, the activity
remained 98.5% after 5 cycles, and the TOC removal
rate was 78.56%. This study provided an example for

the sustainable application of ordinary circulating
fluidizing-bed reactor.

To overcome these limitations, researchers have
proposed microchannel-type fluidized bed
photocatalytic reactors. These reactors fix the catalysts
on the inner walls of microchannels or on specific
substrate materials, allowing the reaction to take place
in a transparent and particle-free clean medium. This
design not only significantly simplifies the catalyst
recovery process, reduces subsequent processing costs,
but also significantly improves the penetration depth
and utilization efficiency of light radiation by
eliminating  particle scattering. Moreover, the
miniaturization and micro-miniaturization of the
reactor provide great portability and safety, and
through structural design, it can achieve more precise
control of the reaction process, which is precisely the
direction that 3D printing technology excels in.
However, compared with the “slurry-like” system, the
immobilization of the catalyst will result in a relatively
reduced total amount of exposed active sites,
sacrificing some reaction activity to a certain extent.
Roibu et al. printed a PLA material microchannel flow-
bed photocatalytic reactor by FDM technology, with a
channel cross section of 1x1 mm Y. The reduced TiO,
was made into a film, which was fixed on a glass
substrate and integrated into the reactor. With
imidacloprid as the target pollutant, the degradation
efficiency of P25 coating was 28.4% in the single water
flow mode under 395 nm wavelength illumination, and
increased to 47.8% after air entry, with a residence time
of only 1.1 min. The film maintained stable activity
during 150 min operation and belonged to a
microchannel flow-bed reactor. Pellejero et al. 3D-
printed ABS curved mold, treated by plasma, then
loaded Au@POM/TiO, by dip coating, and then cast
PDMS and dissolved the mold to make microchannel
flow-bed reactors with 0.5x0.5 mm and 1x1 mm cross
sections . Under 365 nm LED irradiation, the
conversion rate of 4-nitrophenol was 93% when the
1x1 mm design was treated at a flow rate of 2 mL h™".
The 0.5%0.5 mm design had a larger specific surface
area and better performance under a short residence
time (6.3 min), achieving uniform fixation of the
catalyst in the microchannel and efficient
photocatalytic reaction (Fig. 16e).

4.1.2 Fixed bed reactor

Compared with the fluidized bed photoreactor, the
catalyst in the fixed bed photoreactor is loaded on the
surface of the carrier or structure inside the reactor in a
fixed form, and will not be taken away by the reaction
medium. The mass transfer and reaction of the
reactants only occur on the surface of the catalyst. The
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“scaffold-removal” method.™” (Copyright 2020, Elsevier)

light supply mode is similar to that of the fluidized bed.
The light source can be introduced from the outside
through the transparent reactor wall, and the immersed
light source can be placed inside the reactor to ensure
the effective delivery of light to the active site of the
catalyst. When using 3D printed integrated catalysts,
the key factor affecting the reactor performance is more
inclined to the regulation ability of the printing

technology on the reactor structure. The geometric
parameters of the 3D printed flow channel, such as
curvature, section size, and branch Angle, directly
determine the flow behavior of the reaction medium.
Too narrow flow channel can easily lead to excessive
pressure drop, while too wide flow channel may make
the residence time of reactants insufficient. The optical
properties of the printing material significantly affect
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the transmission efficiency of optical radiation ', The
high transparency resin helps to reduce light
attenuation, and the specular reflection of the metal
surface helps to optimize the light field distribution.
The integration accuracy of the reactor with the light
source is also controlled by the print size tolerance. For
example, if the alignment deviation between the LED
array and the catalytic region is too large, the photon
utilization efficiency will be reduced. In addition, the
interlayer bonding strength and pore sealing
performance of the printed structure directly affect the
thermal and corrosion resistance of the reactor. Inter
layer defects may trigger leakage or structural damage,
especially when dealing with acidic or alkaline reaction
media.

The advantages of fixed-bed photoreactors are
evident. Catalyst immobilization avoids the difficulty
of catalyst separation and recovery in fluidized beds,
reducing operational costs and the risk of secondary
pollution. The design flexibility of the support
structure allows optimization of light absorption and
mass transfer processes. Fabian and colleagues
prepared catalytic materials using a two-step mixing
process, with TiOz-?olyproperne (PP) composite
filaments as the core %, First, recycled PP and TiO,
were melt-compounded into blocks, which were then
crushed, pelletized, and extruded into filaments.
Subsequently, 3D printing was used to fabricate a
cyclone fixed-bed reactor with a cylinder-cone
structure, along with six different TiO,-PP catalytic
inserts, including grid-type and double-grid-type.
Among them, the grid-type insert, due to optimized
flow field, achieved a 19% degradation rate of MB
after 76 h. The double-grid insert showed the highest
initial rate for nitrobenzene reduction, at 0.53 nmol s
The study achieved layered integration of
photocatalysis and acid catalysis by mechanically
depositing and immobilizing solid acids on 3D-printed
PP cylinders. The quinoline selectivity reached 8%,
higher than the 3% in the suspension system.
Moreover, no downstream separation was required,
effectively addressing issues such as difficult catalyst
separation and mass transfer-lighting imbalance in
traditional reactors (Fig. 17a). Pan et al. prepared a
biomimetic palisade cell structure
BiOBr/Sr,Nb,O7/Al¢Si,01; photocatalytic reactor b
combining 3D printing with solvothermal method *.
The periodic porous structure regulated photon transfer
and reactant adsorption, enabling sufficient light
scattering inside and smooth reactant flow. The p-n
heterojunction interface electric field formed by BiOBr
and SNO  (SroNb,O;) effectively  separated
photogenerated electron-hole pairs. Under simulated

sunlight, the reactor achieved a CO production rate of
13.68 pmol g' h™' and a CH, production rate of 6.37
umol g h™', which were 3.5 and 8 times higher than
those with SNO alone, respectively, enhancing CO,
reduction performance. After 4 cycles, its
photocatalytic =~ performance  remained  stable.
Additionally, the structural ceramic matrix exhibited
good mechanical properties, enabling it to withstand
harsh reaction environments (Fig. 17b).

However, its drawbacks cannot be ignored: the
exposure of active sites may be limited after catalyst
loading, and the fixed structure may increase local
mass transfer resistance. If the carrier pores become
clogged, reaction efficiency will be further reduced.
For example, although monolithic nickel-based nano-
photocatalytic reactors simplify the recovery process,
the loading of a single active source may limit the
maximization of catalytic activity to some extent.

4.2 Design of photocatalytic reaction systems

Thanks to the excellent structural design flexibility,
3D printing technology can also realize the integrated
design and functional integration from the catalyst to
the system, providing customized solutions for core
photocatalytic reaction process This method
significantly surpasses the limitations of traditional
manufacturing methods in complex structure forming
and multi-function integration, and can realize the
integrated and collaborative optimization of mass
transfer, light transfer and catalysis in the
photocatalytic reaction system ***). Gok et al. prepared
Pc-1@MCM-41 heterogeneous photocatalysts and used
3D printing technology to build a low-cost customized
photoreactor **. The PETG reactor consisted of a base,
a LED mounting side panel, and a top cover. The total
cost of the reactor was about 115 euros. The catalyst
achieved 89% conversion and greater than 99%
selectivity in 15 min under atmospheric air conditions
while maintaining high stability. The 3D printed
reactor effectively improved the practicability and
scalability of the photocatalytic reaction (Fig. 18a). In
their other work, ZnPc was covalently bonded to
functionalized MCM-41-Cl to prepare MCM-41-ZnPc
catalyst, which was used to build a photoreactor by 3D
printing *°!. The total cost of this study was 21 euros
using PETG as material and the reactor was equipped
with a 50 W red LED light source. The system was
used for the degradation of MB, and the removal rate
reached 86% within 90 min. The pollutants were
removed by the synergistic effect of adsorption and
photocatalysis, and the activity of the catalyst remained
more than 67% after 4 cycles (Fig. 18b).
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In terms of light field control, the use of transparent
materials to print built-in optical components such as
microlens arrays or optical waveguide structures can
realize the redistribution and accurate guidance of light
sources, effectively eliminate the light dead zone in the
reactor, and ensure uniform irradiation on the catalyst
surface. Zheng et al. used 3D printing to fabricate a
composite parabolic collector (CPC) photoreactor made
of plastic with integrated reflective aluminum strips
and quartz tubes, allowing precise control of the
structure size ) The reactor was filled with g-
C3Ny/chitosan hydrogel beads (GCHBs) to construct a
fluidized bed system for the treatment of phenol,
sulfamethoxazole and other pollutants. Under
simulated sunlight, the performance of the system was
comparable to that of the suspension bed, and the
activity was not significantly inhibited when processing
water samples from real water plants. The outdoor 12-

inch 3D printed CPC reactor could also operate stably,
and the global single-day water yield was estimated,
which proved the value of light regulation in the large-
scale construction of photocatalytic system (Fig. 18c-e).
Different from a single process optimization, 3D
printing can realize the multi-functional integration of
photocatalytic system. By incorporating cavities and
microfluidic channels into the printed structure, and
integrating micro-sensors and micro-actuators, it is
possible to construct an intelligent photocatalytic
system. This system is capable of real-time monitoring
of reaction conditions and dynamic adjustment of
operational parameters, thereby achieving integrated
perception, control, and catalysis at the system level.
Although no such construction method has been
applied to 3D printed photocatalytic integrated systems,
it can be inspired by applications in other fields. Li et al.
fabricated a circular concave support by 3D printing to
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Fig. 18 (a) Decomposition diagram of 3D printed photo-reactor system.™ (Copyright 2025, Wiley-VCH) (b) Image of the fully
assembled photoreactor with its top and perspective views.”®! (Copyright 2025, Wiley-VCH) (c) Side view and dimension of the 3D printed
compound parabolic collector reactor. Experimental setup for photocatalytic contaminant degradation under (d) simulated sunlight irradiation
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build a layered 3D solar energy reaction system
integrated with phase change material (PCM), and the
inner side of the support was covered with PMCB
coating 1. The system achieved a maximum output
voltage of 3.51 V and an evaporation rate of 4.0 kg m™
h™" under natural sunlight. PCM shortened the capacitor
charging time by 57.9% and increased fresh water
production by 29.9%. 3D printing support optimizes
the sunlight capture efficiency and establishes a
photocatalytic reaction system that considers both
power output and freshwater production. The ingenious
structure of the reaction system realizes the integration
of a variety of sensors and actuators (Fig. 18f, g).

5 Conclusions and perspectives

This review systematically describes the rapidly
developing applications of 3D printing technology in
photocatalysis, including the design of catalysts and
catalytic carriers, as well as the manufacturing of
advanced photocatalytic reactors and integrated
systems. The core advantage of 3D printing lies in its
high-precision geometric control and customized
manufacturing ability, which can effectively deal with
the problems of low light utilization efficiency, mass
transfer limitation, difficulty in catalyst recovery and
insufficient stability in traditional photocatalytic
technology. In terms of photocatalyst design, a variety
of 3D printing techniques such as FDM, DIW,
SLS/SLM, and SLA are used to fabricate catalyst
structures with high porosity, complex channel
networks, and customized specific surface areas. These
structures significantly increased the active site
exposure and improved reactant diffusion, thereby
enhancing the photocatalytic efficiency. In addition, in
the development of catalyst support, 3D printing
supports the flexible use of a wvariety of materials
(polymers, carbon materials, metals, ceramics, etc.),
and can prepare support structures with specific
properties according to specific photocatalytic
requirements, which provides the possibility to
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construct  high-performance integrated catalytic
systems. 3D printing has also promoted innovation in
the design of photocatalytic reactors and systems. This
technology can be used to construct novel reactor
configurations to optimize fluid distribution and light
field configuration, thereby improving the overall
efficiency of energy and mass transfer. More
importantly, it makes it possible to integrate functional
components such as sensors, mixers, and light-guiding
structures into the reaction system, creating conditions
for the development of scalable, efficient, and
intelligent photocatalytic processes.

3D printing has brought revolutionary design
freedom to the field of photocatalysis, and its layered
manufacturing characteristics have solved the complex
structural customization that traditional processes
cannot achieve. The ability to co-print multiple
materials has realized the integrated integration of
catalysts, carriers, and functional components, reflecting
the unique value of this interdisciplinary field. However,
there are still limitations that cannot be ignored. Firstly,
the adaptability of the ink system is poor. Most existing
printing inks rely on polymer or ceramic slurries, which
make it difficult to balance printing smoothness and

catalytic activity, and it is difficult to print
photocatalysts with a high proportion of active
components. Secondly, the contradiction between

technical cost and scale is prominent. High-precision
technology equipment such as SLA/SLM has a unit
price exceeding one million, while the precision defects
of low-cost FDM cannot meet high-end demands.
Thirdly, the long-term stability lacks verification. Most
research only focuses on short-term catalytic activity,
and issues such as mechanical strength degradation and
active component detachment of 3D printed structures
in acid-base environments or continuous flow reactions
have not been systematically solved.

Based on the analysis of technological progress and
limitations mentioned above, we can further identify
future challenges and development opportunities
(Fig. 19). Perhaps we can carry out in-depth work from
the following aspects:
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Fig. 19  Challenges and prospects of 3D Printing Technology in Photocatalysis Applications.
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1. Currently, the types of 3D printing inks suitable
for photocatalysis are relatively limited, and it is often
difficult to meet the requirements of printing process
and catalytic function at the same time. The
development of multifunctional ink with excellent
printability, high catalytic efficiency and long-term
stability is an important prerequisite for realizing high-
performance customized catalytic structure.

2. The photocatalytic system needs to integrate
catalytic materials, optical elements and support
systems. However, the problems of interface bonding,
thermal  expansion  matching and  chemical
compatibility between different parts have not been
systematically solved. The key of building a complex
functional system is to realize multi-material integrated
printing and stable integration.

3. In the process of industrial application, the current
3D printing technology is still difficult to maintain high
resolution, large size and low cost at the same time. It
is an important direction for practical application to
develop new printing technology suitable for large-
scale production and optimize the balance between
printing efficiency and structural performance.

4. Most studies have focused on the initial activity of
the catalysts, but there is still a lack of sufficient
verification of the mechanical stability and catalytic
durability of the printed structures under continuous
operation, high temperatures, strong light exposure, and
chemical corrosion environments. It is crucial to
establish a systematic life evaluation method and
develop effective strengthening strategies.

5. By leveraging artificial intelligence, machine
learning and computational fluid dynamics, it is
possible to achieve collaborative design and
optimization of the catalyst’s microstructure, the
macroscopic reactor flow channels and the optical path.
This significantly shortens the research and
development cycle and provides the possibility of
constructing intelligent catalytic systems that are
customizable on demand and have predictable
performance. This significantly shortens the research
and development cycle and provides the possibility of
constructing intelligent catalytic systems that are
customizable on demand and have predictable
performance.

6. The development of environment-friendly printing
materials and energy-saving printing processes,
combined with CO, conversion, pollutant degradation
and other environmental application scenarios, will

significantly improve the sustainability of the
technology in the whole life cycle.

In conclusion, 3D printing has brought
unprecedented design freedom and functional

integration capabilities to the field of photocatalysis.
The future development urgently requires in-depth
collaboration among multiple disciplines such as
materials, engineering, chemistry and information, in
order to achieve breakthrough progress environmental
remediation and energy conversion areas.
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