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The development of geometrically optimized photocatalytic devices is a key challenge for advancing environ-
mental purification technologies. The incorporation of titanium dioxide (TiO2) nanoparticles into polymeric
materials, combined with additive manufacturing, offers a promising route to fabricate photocatalytic structures
with custom-designed architectures. This paper investigates how specific geometric design influences nano-
particle distribution and its effect on the photocatalytic performance. A commercial acrylic resin was loaded with
different TiO4 concentrations (2.5, 5, 10 wt%), and optimal printing conditions were identified to achieve high-
resolution structures. Characterization through cure depth measurements, ATR-FTIR spectroscopy, thermogra-
vimetric analysis, scanning electron microscopy, and energy-dispersive X-ray spectroscopy confirmed effective
photopolymerization and thermal stability, enabling evaluation of nanoparticle distribution in 3D-printed
nanocomposites. Gyroid, lattice, and wheel geometries were designed to assess shape effects on titania distri-
bution via photocatalytic testing. Topologically constrained and intralayer regions promote nanoparticle surface
enrichment. Specifically, complex networks exhibit greater surface segregation than simple geometries,
enhancing TiO2 photoactivity. The gyroid, characterized by the highest number of layers, displayed the best
photocatalytic activity, with a 43% increase in the reaction rate constant compared to the wheel geometry at 10
wt% TiOy. These findings demonstrate that tailoring material formulation and geometry can maximize the
performance of 3D-printed photocatalytic devices.

1. Introduction relatively low production costs [6]. TiO2 can be chemically activated by

UV light irradiation, triggering surface photochemical reactions through

Nanomaterials have attracted considerable attention in recent de-
cades due to their distinctive chemical and physical properties, which
differ markedly from those of their bulk counterparts [1-3]. At the
nanoscale, the high surface-to-volume ratio enhances surface reactivity,
making these materials highly attractive for a broad range of applica-
tions, including catalysis, energy storage, environmental remediation,
and pollutant detection [4,5]. Among the different nanomaterials
investigated, titanium dioxide (TiO3), commonly known as titania,
stands out for its excellent physicochemical characteristics such as high
thermal stability, strong photocatalytic activity, chemical inertness, and
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the direct absorption of incident photons [7]. These properties make it
an excellent candidate for applications in photocatalytic water and air
purification, self-cleaning surfaces, antibacterial coatings, hydrogen
production and storage, solar energy conversion, and sensor technolo-
gies [8,9]. Despite these outstanding functional properties, the practical
deployment of TiO, nanoparticles in real-world systems remains chal-
lenging. Their nanoscale dimensions complicate recovery, reuse, and
long-term stability, limiting scalability and industrial integration. A
promising strategy to overcome these limitations involves embedding
TiO5 nanoparticles within macroscopic three-dimensional structures,
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which facilitate handling and recovery while preserving catalytic effi-
ciency and structural integrity [10-12].

Polymeric materials are ideal candidates for such structural inte-
gration. Thanks to their various chemical composition and adaptable
morphological features, polymers provide a versatile matrix for inte-
grating photocatalytic nanomaterials [13-15]. A wide range of fabri-
cation techniques have been investigated for the development
polymer-based nanocomposites, aiming to combine the functional
properties of nanomaterials with the mechanical robustness and pro-
cessability of polymers [16-18]. However, beyond the mere inclusion of
nanoparticles in a polymer matrix, the architecture of the composite
plays a crucial role. The geometry of the support structure significantly
influences light penetration, photon absorption, and the accessibility of
the photocatalytic active sites [19-21]. Therefore, optimizing structural
design is essential for enhancing overall photocatalytic performance.

In this context, additive manufacturing (AM) has emerged as a
cutting-edge technology for producing polymer-based nanocomposites
with precise, complex, and customizable geometries [22,23]. Unlike
traditional subtractive approaches, AM offers greater design flexibility,
efficient material use, and rapid prototyping capabilities [24]. The
integration of nanomaterials with AM enables the development of
multiscale systems that retain the specific functionality of the nano-
materials while improving production efficiency through rapid proto-
typing, greater component integration, and reduced material waste
[25-27]. Embedding TiOs nanoparticles into printable polymeric
matrices allows for the fabrication of complex structures that preserve
the photocatalytic capabilities of the nanoparticles while leveraging the
scalability and dimensional control provided by 3D printing technolo-
gies [28].

Among the various AM techniques, vat photopolymerization, espe-
cially in its Liquid Crystal Display (LCD) variant, has proven especially
effective. This method enables the production of high-resolution, low-
porosity components with complex geometries, making it a promising
approach for the fabrication of efficient photocatalytic systems [29-33].
Polymer nanocomposites processed by additive manufacturing have
been widely explored using a variety of nanoparticles to impart
enhanced or multifunctional properties. Different fillers, such as bio-
char, silicon nitride, zinc oxide, and graphene nanoplatelets, have been
incorporated into polymeric resins to enhance mechanical, antibacte-
rial, biocompatible, or multifunctional properties of the printed com-
ponents [34-36]. In vat photopolymerization-based systems, particular
attention has been devoted to optimizing filler content in order to
maintain printability while improving bulk material performance.
Similarly, 3D printed titania-based composites have been investigated
primarily with respect to their physical, mechanical, and structural
properties, often in combination with additional functional fillers
[35,37]. While these studies clearly demonstrate the versatility of ad-
ditive manufacturing for producing multifunctional nanocomposites,
limited attention has been paid to how architectural design can actively
influence nanoparticle surface segregation and functional performance,
particularly in photocatalytic applications.

Addressing this gap, the present study aims to explore the tunability
of complex 3D-printed polymer structures loaded with TiO3 using LCD
printing technology for photocatalytic applications. To figure out how
geometries can influence nanoparticle distribution and its related pho-
tocatalytic performance, three architectures were selected: a triply pe-
riodic minimal surface (TPMS) gyroid, a spherical lattice, and a simple
wheel, thereby emphasizing the active role of structural design (Scheme
1). This approach can contribute to the rational development of next-
generation catalytic systems, where the 3D-printed support functions
not as a passive scaffold but as an active structural feature that in-
fluences overall catalytic performance. The dispersion of TiO, nano-
particles in the photopolymer resin was optimized to achieve high-
resolution printing formulations. As a preliminary and essential step
toward the fabrication of TiO»-based photocatalytic architectures by vat
photopolymerization, the printability of resin formulations containing
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Scheme 1. Schematic workflow of the preparation and characterization of
TiO,-based photocurable nanocomposites: resin formulation and dispersion,
LCD 3D printing of samples with different geometries (gyroid, lattice, and
wheel), and assessment of their photocatalytic activity.

2.5, 5, and 10 wt% TiO, was systematically assessed. The morphology
and distribution of TiO; loaded in the printed polymer structures were
characterized using scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX). Thermogravimetric analysis
(TGA) was employed to assess thermal stability and determine the actual
TiO4 content in the polymer matrix. Finally, the photocatalytic perfor-
mance of samples with different geometries and TiOy concentrations
was evaluated under UV irradiation by monitoring the degradation of a
model organic dye (methylene blue) in aqueous solution. The results
demonstrate that, in addition to TiO, content, geometric complexity
plays a key role in governing nanoparticle surface segregation. In
particular, triply periodic minimal surface architectures exhibit the
highest photocatalytic activity driven by enhanced nanoparticle
enrichment.

2. Experimental section
2.1. Materials

A clear acrylic UV resin designed for LCD 3D printing was supplied
by Phrozen Technology (Phrozen Aqua 3D Printer Resin), with viscosity:
50 — 100 cps, density of 1.11 g/cm® and tensile strength at break of 22
MPa. TiOy P25 Aeroxide (80% anatase, 20% rutile, 50 m2/g surface
area, <100 nm of particle size) was used as purchased from Acros
Organics.

2.2. TiOgy-based resin preparation

The TiOy-loaded resin was prepared following a three-step process to
optimize nanoparticle dispersion. First, titanium dioxide nanoparticles
were sieved through an 80-140 mesh to remove large agglomerates.
Then, they were added to the resin under mechanical stirring and mixed
for 15 min to achieve uniform initial dispersion. Finally, the loaded resin
was subjected to sonication using an ultrasonic homogenizer (UP200St,
Hielscher; 200 W, 26 kHz) to further enhance dispersion. The sonication
process was conducted in an ice bath, maintaining a temperature of
approximately 15°C. Sonication lasted 15 min, alternating 2 s of activity
with 2 s of rest, using a power of 30 W and an amplitude of 70%. The
resin was prepared with TiO, concentrations of 2.5 wt%, 5 wt%, and 10
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wt%. Dispersion stability was qualitatively assessed by observing
sedimentation.

2.3. Evaluation of printing conditions

The printability of the TiOy-based resin was evaluated through
photopolymerization experiments using an LCD 3D printer, the Phrozen
Sonic Mini 8 K (Phrozen Tech Co., LTD, Hsinchu, Taiwan). The photo-
polymerization depth of the dispersions, Cq, was measured at different
exposure times, te, (ranging from 10 s to 100 s) by determining the
thickness of the single cured layer with a micrometer. Each measure-
ment was performed in triplicate to ensure reproducibility. To deter-
mine the optimal printing conditions for high dimensional accuracy, a
test sample was designed. The 3D-printed model consisted of a flat
square base topped with a raised square frame, featuring sides of 10 mm
and a wall thickness of 0.5 mm, as illustrated in Fig. S1. Dimensional
accuracy was assessed through microscopic measurements of three key
parameters: the outer side lengths of the frame (I, and Iy, respectively)
and its thickness (ty). Optimal printing conditions were defined as those
that minimized deviations from the nominal dimensions. For each resin
formulation, the test sample was printed at three different exposure
times using default printing profiles optimized for the specific resin,
unless otherwise specified. After printing, samples were cleaned by
sonication in isopropanol and dried using compressed air to eliminate
residual uncured resin. A post-curing step was then performed in a UV
chamber for 10 min to complete polymerization.

2.4. Printed sample characterization

To verify the chemical composition of the materials and confirm the
absence of unreacted monomers in the final composites, samples were
characterized by Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy (ATR-FTIR). Spectra were recorded within the
2400-540 cm ! range using a Thermo Scientific™ Nicolet™ iS50 FTIR
Spectrometer equipped with a Diamond DLaTGS detector. Each spec-
trum was acquired by averaging 32 scans at a resolution of 4 em™L,
Thermogravimetric analysis (TGA) was performed using a Perkin Elmer
TGA 8000 (Waltham, MA, USA) apparatus to assess the thermal stability
and actual TiO, content of the printed samples. Approximately 8 mg of
each sample was heated under a nitrogen flow (60 mL/min) from 50°C
to 700°C, followed by heating under an air flow (60 mL/min) up to
800°C at a rate of 10°C/min. Morphological characterization of the
printed samples was conducted using a Thermo Phenom ProX desktop
SEM (Thermo Fisher Scientific, Waltham, MA, USA). Prior to analysis,
the samples were coated with a gold layer thinner than 10 nm to
enhance conductivity. The surface distribution of TiO2 was examined
using energy-dispersive X-ray spectroscopy.

2.5. Geometry design

Three distinct geometries, gyroid, lattice, and wheel, were designed
to explore the impact of printing geometry on the nanoparticle distri-
bution and the corresponding photocatalytic properties of the resulting
nanocomposites. The structures were generated using Autodesk Netfabb
(version 2025), maintaining a fixed nominal surface area of about 5.2
cm? and a wall thickness of 0.5 mm. These parameters were standard-
ized to ensure comparability, as photocatalysis is a surface-driven pro-
cess [38]. Further details on the three geometries are provided in the
Supplementary Information (Fig. S2). Subsequently, the models were
processed for 3D printing using Chitubox (Shenzhen, China), a profes-
sional slicing software. This step involved optimizing the orientation of
the structures and integrating necessary supports to ensure optimal
printability and structural integrity.
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2.6. Photocatalytic tests

The photocatalytic activity of the 3D-printed nanocomposites with
different geometries (gyroid, lattice, and wheel) was assessed through
the degradation of methylene blue (MB), a widely used cationic organic
dye that is a benchmark compound in photocatalysis research under UV
irradiation [39]. For each geometry, three samples were immersed in a
vial containing 20 mL of MB aqueous solution at an initial concentration
of 5 ppm. Before UV exposure, the samples were kept in the dark until
saturation to allow adsorption-desorption equilibrium to be reached,
thus ensuring that subsequent dye removal was attributable to photo-
catalytic activity rather than simple adsorption. Photocatalytic experi-
ments were conducted under continuous stirring using a platform shaker
operating at 100 rpm to maintain homogeneous agitation of the dye
solution. UV irradiation was provided by a UV-A lamp with a wave-
length of 395 nm and a power of 40 W, with the vials positioned 15 cm
from the light source. MB degradation was monitored at predefined time
intervals using a UV-Vis V-750 spectrophotometer (Jasco Inc., Easton,
MD, USA). The measurements were taken across the 800-400 nm range,
with the primary focus on the dye’s characteristic absorption peak at
664 nm. Dye concentration was quantitatively analysed using the
Lambert-Beer law. To validate the photocatalytic activity of the TiO»-
based nanocomposites, control experiments were conducted on the MB
aqueous solution under identical conditions but without samples. This
baseline allowed for the isolation of the photocatalytic contribution of
each sample by accounting for other potential degradation mechanisms,
such as dye instability under UV irradiation.

3. Results and discussion
3.1. Printability

Photopolymerization experiments were conducted using LCD 3D
printing to investigate the printability of both the unfilled resin and
formulations containing different concentrations of TiO5 nanoparticles.
A preliminary assessment of dispersion stability was performed by
monitoring sedimentation over time. After more than 48 h, no visible
signs of TiO, sedimentation were observed, and all dispersions remained
visually homogeneous (Fig. S3). To assess the photopolymerization
behaviour of the different formulations, the photopolymerization depth,
Cq, was measured as a function of UV exposure time, t., thereby
modulating the total energy delivered to the system. As expected for
photopolymerizable systems, Cq exhibited an exponential increase with
increasing exposure time (Fig. 1a) [40,41]. The addition of TiO5 nano-
particles significantly reduces the cure depth at any given exposure time.
Moreover, the thickness of the cured layer decreases proportionally as
the TiO, content increases, demonstrating a clear dependence of light
penetration and polymerization efficiency on TiO; concentration. The
photopolymerization kinetics are well described by a logarithmic rela-
tionship known as Jacobs’ working curve, which relates the cure depth
to the delivered energy according to the following expression (Eq. (1))
[42]:

E,
Ca = Dpln* )

where E, is the energy per unit area delivered to the resin (calculated by
multiplying the UV exposure time, te, by the power per unit area, 0.65
mW/cm?, as measured on the printer screen), D, represents the mate-
rial's sensitivity to energy variations, and E. is the critical energy
required to start photopolymerization. Plotting C4 versus the logarithm
of E, yields a linear trend (Fig. 1b), from which the parameters D, and E,.
were derived for each formulation (Table 1). The results demonstrate
that increasing the TiO3 nanoparticles content significantly affects these
parameters: D, decreases, while E. increases with higher nanoparticle
loadings. This trend reflects a reduction in the photosensitivity of the
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Fig. 1. Printability of TiO,-filled resin at different concentrations. (a) Photopolymerization depth, Cq4, as a function of UV exposure time, te, in LCD printing for pure
resin and resin systems loaded with 2.5%, 5%, and 10% TiO,; (b) dependence of photopolymerization depth on the energy density supplied to the material, E,, of
pure and TiO,-loaded resin; (c) SEM images of the cured single layers at t. = 60 s (scale bar 100 pm). The dashed lines are guides for the eye.

Table 1

Material sensitivity to a variation in supplied energy (Dp) and critical energy
required to start the photopolymerization (E.) of the resin loaded with different
TiO, contents.

TiOy [wt.%] D, [pm] E. [mW/cm?]
0 120 1.5
2.5 57 1.8
5 40 2.2
10 33 3.0

resin formulations. These findings corroborate the results obtained from
direct measurements of cure depth. At an exposure time of 60 s, Cq
decreases by 54% for the 2.5% TiO; formulation, 70% for 5%, and 79%
for 10%, compared to the unfilled resin (see red box in Fig. 1a). This
progressive reduction in cure depth is attributed to the optical properties
of TiO, nanoparticles, which strongly absorb and scatter UV light [43].
Owing to their strong absorption in the UV-A and UV-B regions
(280-400 nm), consistent with a wide bandgap of around 3.2 eV [44],
TiO particles act as competing absorbers, limiting the amount of UV
energy available to activate the photoinitiator. Therefore, a substantial
portion of the incident light is attenuated before it can activate the
photoreactive species within the resin matrix, reducing the overall ef-
ficiency of the photopolymerization process. The dispersion of TiOs
nanoparticles within the different formulations was carefully evaluated
using SEM analysis. In particular, comparing single layers obtained with
and without sonication, demonstrating that the sonication step signifi-
cantly reduces nanoparticle aggregation throughout the polymer matrix
(see Fig. S4 in the Supplementary Information). SEM images of the cured
layers after 60 s of UV exposure (Fig. 1c) confirm the increased presence
of TiO, with higher loadings and reveal a generally good distribution of
nanoparticles throughout the matrix. Despite the TiOz-induced attenu-
ation, all formulations achieve a sufficient cure depth to ensure
compatibility with LCD-based 3D printing. These results suggest that
although TiO, addition affects the kinetics and extent of polymerization,
proper adjustment of exposure parameters can effectively mitigate these
limitations, allowing for consistent and reliable printing performance
even at high nanoparticle concentrations.

The reduction in photopolymerization depth caused by the

incorporation of TiO5 nanoparticles made it necessary to define specific
exposure times, distinct from those optimized for the commercial neat
resin. Identifying the optimal exposure time for each nanoparticle-
loaded formulation is essential to ensure that the printed components
accurately reproduce the shape and dimensions defined during the CAD
design phase. To this end, a test specimen was designed (Fig. 2a) and
printed using three different exposure times for each of the four for-
mulations considered, i.e. the neat resin and its three TiOy-based dis-
persions. The exposure times were selected to ensure the formation of
single layers with a thickness of 50 um, a value chosen to ensure high
resolution and dimensional quality. These times were determined based
on the experimental data correlating cure depth to UV exposure time
(Fig. 1a). For each printed sample, three characteristic dimensions,
namely the side lengths, I, and [,, and the frame thickness, t,, were
measured to evaluate the deviations from the nominal design di-
mensions. The results, shown in Fig. 2b-e, allowed identification of the
exposure time that minimized dimensional variation (Ad) for each
formulation. The analysis revealed that increasing the TiO2 content re-
quires a corresponding increase in exposure time to achieve dimensional
accuracy. Specifically, the neat resin achieved the highest dimensional
precision at an exposure time of 10.5 s, in accordance with the resin data
sheet (Fig. 2b). The formulations containing 2.5% and 5% TiO» required
20 s (Fig. 2c, d), while the 10% TiO5 formulation needed 30 s of expo-
sure (Fig. 2e). These findings confirm the reduced photopolymerization
efficiency induced by the TiOz nanoparticles and highlight the impor-
tance of carefully calibrating printing parameters, particularly exposure
time, according to resin composition. Importantly, despite the longer
exposure times required by nanoparticle-filled formulations, the opti-
mized values remain within the range typically used for commercial
resins in LCD-based 3D printing [45]. This ensures that all formulations
remain compatible with standard processing times and equipment.

3.2. Printed nanocomposite characterization

The chemical nature of the resin employed was investigated through
ATR-IR spectroscopy. Although the resin is a commercial formulation
with undisclosed composition, some insights into its chemical structure
were obtained by analyzing the pure resin before curing, the resin after
3D photopolymerization, and the corresponding composites containing
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Fig. 2. Identification of optimal printing conditions. (a) Schematic representation of the 3D-printed model; dimensional variation, Ad, as a function of UV exposure
time, t., in LCD printing for: pure resin (b) and resin loaded with 2.5% (c), 5% (d), and 10% (e) of TiO, nanoparticles.

2.5%, 5%, and 10% TiOy (Fig. 3a). In the unpolymerized resin, char-
acteristic absorption bands associated with C=C stretching vibrations
around 1620 cm’!, as well as out-of-plane bending modes of mono- and
disubstituted alkenes at approximately 910 and 790 cm ™!, were clearly
observed. These peaks disappeared completely after photo-
polymerization (see red boxes in Fig. 3a), confirming the conversion of
carbon-carbon double bonds during the curing process. This behavior is
consistent with the typical reactivity of acrylate monomers [46] and
indicates the effective crosslinking of the resin, with no detectable re-
sidual monomer, thus validating the reliability of the applied printing
parameters. Notably, the same spectral evolution was observed for all
TiOy-loaded composites, demonstrating that the photopolymerization
process remained effective even at the highest nanoparticle content.
This result confirms that the selected UV exposure times were suffi-
ciently optimized to ensure complete polymerization, despite the
increased UV light absorption and scattering introduced by the TiOq
filler. Additional relevant peaks include C-O stretching bands at 1110,
1190, 1240, and 1290 cm ™, the C=0 stretching vibration at 1720 cm™?
attributed to carboxylic acid, and the C=O stretch of amide (1640, 1680
cm™Y). In the spectra of the TiO,-containing composites, a broad band
appearing below ~ 750 cm ™! is observed, which can be attributed to the
Ti-O stretching vibrations (see grey box in Fig. 3a) [47]. Thermal
properties of the printed samples were assessed via thermogravimetric
analysis under air atmosphere (Fig. 3b). The addition of TiO2 nano-
particles did not lead to significant changes in the overall thermal sta-
bility of the pure printed resin. However, a notable enhancement in
thermal stability was observed in the temperature at which a 5% weight
loss occurs (Ts%). As reported in Supplementary Information Table S4,
samples with 2.5% and 5% TiO, exhibited an increase in Ts% of
approximately 28% relative to the pure resin. The thermal degradation
profile displays two main weight-loss steps: the first between 300°C and
530°C, and the second from 560°C to 745°C. These steps are attributed
to the degradation of the polymeric matrix, whose precise composition is

not disclosed. At 800°C, the residual weight closely matches the theo-
retical filler content for each formulation: 0% for the neat resin, and
approximately 2.7%, 5.3%, and 10.5% for the 2.5%, 5%, and 10% TiO4
composites, respectively. These values confirm the successful and ho-
mogeneous incorporation of the inorganic filler. To investigate the
surface morphology, SEM analysis was performed on the printed spec-
imens. As shown in Fig. 3c, SEM images of the surface parallel to the
printing direction reveal the characteristic stepwise architecture typical
of LCD-based 3D printing, resulting from the layer-by-layer curing
process [48]. Each layer exhibits a uniform thickness of 50 pm, in
agreement with the defined printing parameters and consistent across
all resin formulations. An increase in surface roughness was observed
with increasing TiO; content. This effect is attributed to the progressive
accumulation of nanoparticles on the surface. Since the photo-
degradation reactions triggered by TiO, occur at the material/water
interface, this surface enrichment of nanoparticles is a positive outcome
for the final application of such materials. EDX analysis further confirms
the increase in surface TiOy concentration as the filler content of the
uncured resin increases, with measured values exceeding the nominal
nanoparticle loadings (Table S2). Moreover, EDX elemental mapping
reveals a non-uniform distribution of the nanoparticles, with higher
concentration detected in the interlayer regions (Fig. 3d). This suggests a
tendency for TiO, nanoparticles to migrate toward the surface and
accumulate at the interfaces during the layer curing [41,49], which
could influence both the surface morphology and the photocatalytic
behaviour of the final printed sample.

3.3. Geometry effect on photocatalytic properties

The photocatalytic activity of 3D printed TiOz-based nano-
composites was measured to investigate the effect of printing geometries
on nanoparticle distribution. Three distinct architectures, gyroid, lat-
tice, and wheel (Fig. 4a) were designed. Each structure was printed
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Fig. 3. Chemical, thermal and morphological properties of 3D printed nanocomposites. (a) ATR-IR profiles of the prepolymer and printed samples; (b) TGA ther-
mograms of 3D-printed model sample loaded with different TiO5 contents; (c) SEM images related to the surface morphology of the model samples (scale bar 50 pm);
(d) EDX elemental mapping for data for C, O and Ti in 3D-printed model sample loaded with 10% TiO, (scale bar 30 pm).

using resin formulations containing 2.5 wt%, 5 wt%, and 10 wt% TiO»
nanoparticles. Given that photocatalysis is a surface-dominated phe-
nomenon, all geometries were designed to have a consistent nominal
surface area of 5.2 cm? and a uniform wall thickness of 0.5 mm. This
approach ensured that differences in photocatalytic activity could be
attributed primarily to geometry and TiO, surface enrichment, rather
than to variations in surface area. All formulations were printed using
the baseline process parameters recommended for the specific com-
mercial resin (Table S3), ensuring reliable and reproducible printing
conditions. The only variable parameter was the UV exposure time,
which was individually optimized for each TiO, loading based on the
printability and curing behaviour determined in Section 3.1 (Fig. 1).
This optimization was essential to compensate for the increased light
absorption and scattering phenomena induced by the nanoparticles.
Furthermore, all specimens were 3D printed with a 45° tilt angle and
positioned 5 mm above the build platform, supported by light scaf-
folding structures. This inclination was selected based on preliminary
printing tests, which showed that 45° orientation enhances excess resin
drainage, thereby improving the resolution of the printed structures.
Under these conditions, the number of layers required for complete
fabrication depends on the geometry: 242, 185 and 171 layers for the
gyroid, wheel, and lattice, respectively. SEM images of the three ge-
ometries containing 2.5% TiO; are presented in Fig. 4b, highlighting
their distinct architectures. Detailed dimensional parameters for each
structure are available in the Supporting Information (Fig. S2). SEM
analysis confirmed the successful fabrication of the specimens and
revealed different surface textures, which are critical for evaluating

photocatalytic performance.

The photocatalytic performance of the 3D-printed TiOs-based
nanocomposites was evaluated by monitoring the UV-induced degra-
dation of methylene blue (MB), selected as a model organic pollutant.
The photocatalytic degradation mechanism of methylene blue in the
presence of TiOy under UV irradiation, schematically illustrated in
Fig. 5a, is governed by the generation of electron-hole pairs upon
photoexcitation of the semiconductor. When TiO, absorbs photons with
energy equal to or greater than its bandgap, electrons are promoted from
the valence band to the conduction band, leaving positively charged
holes in the valence band. These charge carriers can migrate to the TiOy
surface, where they participate in redox reactions with adsorbed species.
Photogenerated holes oxidize surface-bound water molecules or hy-
droxyl ions, leading to the formation of highly reactive hydroxyl radicals
("OH), while electrons reduce dissolved oxygen to generate superoxide
radicals ("O3). These reactive oxygen species act as the main oxidative
agents responsible for the stepwise degradation of methylene blue
molecules adsorbed at the TiO,-solution interface, ultimately leading to
their mineralization into smaller, less harmful species such as CO5 and
H30. Before exposure, all samples were kept in the dark to reach
adsorption—desorption equilibrium, ensuring that subsequent changes in
MB concentration were solely due to photocatalytic activity (Fig. S5).
The degradation process was monitored using UV-Vis spectrophotom-
etry, by measuring the variation in intensity of the characteristic MB
absorption peak at 664 nm. Spectra were collected at regular time in-
tervals to follow the temporal evolution of the photocatalytic degrada-
tion. MB concentrations were calculated from absorbance values using
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Fig. 4. Morphology of the three different geometries. (a) different three-dimensional macroscopic structures: wheel, gyroid, and lattice; (b) SEM images of the

surface morphology of the three macrostructures loaded with 2.5% TiO,.

the Lambert-Beer law, enabling a quantitative evaluation of photo-
catalytic efficiency. Fig. 5b shows the time-dependent decrease in MB
concentration under UV exposure for the gyroid geometry at different
TiOy contents. Comparable degradation trends were observed for the
lattice sphere and wheel geometries, and their datasets are available in
the Supplementary Information (Fig. S6). To validate the intrinsic
photocatalytic activity of the TiO,-based nanocomposites, control ex-
periments were carried out using MB aqueous solutions without any
printed samples under identical UV irradiation conditions. This baseline
correction accounted for non-catalytic degradation pathways, such as
MB photolysis and other non-catalytic degradation pathways, thereby
allowing accurate quantification of the net photocatalytic contribution
of each composite. All data were corrected accordingly. As expected,
increasing the TiO» nanoparticle content led to a marked enhancement
in photocatalytic activity across all geometries. Assuming pseudo-first-
order kinetics, which typically describe the early stages of dye degra-
dation [50], the reaction rate constant (k) was calculated using the
following expression (Eq. (2):

In (%) ket @)

where Cj is the initial dye concentration, C is the concentration at time ¢,
and k is the rate constant. The linear fit of the experimental data for the
gyroid samples is shown in Fig. 5c, while analogous plots for the other
geometries are provided in the Supplementary Information (Fig. S6).
The calculated rate constants for all samples were then plotted as a
function of TiO, content (Fig. 5d). A linear increase in the rate constant
(k) was observed with increasing nanoparticle loading, confirming the
positive correlation between filler content and photocatalytic efficiency.
Importantly, the photocatalytic performance was also significantly
influenced by geometry. Among the tested structures, the gyroid ge-
ometry demonstrated the highest photocatalytic efficiency, followed by
the lattice, while the wheel geometry showed the lowest activity. These
findings underscore the dual role of material composition and structural
design in governing photocatalytic behaviour. While TiO concentration
is a dominant factor, the geometry of the printed component directly
impacts active surface area.

To better understand how printing geometry affects the photo-
catalytic performance of TiOz-based nanocomposites, SEM-EDX ana-
lyses were conducted to investigate the spatial distribution of TiO both
on the surface and within the printed samples (Fig. 6). The EDX
elemental mapping of the cross-section of the wheel sample containing
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Fig. 5. Photocatalytic performance of 3D printed nanocomposites. (a) Photocatalytic degradation mechanism of methylene blue in the presence of TiO, under UV
irradiation; (b) photocatalytic degradation of methylene blue over time from the gyroidal samples with 0%, 2.5%, 5% and 10% of TiOy; (c) linear fit of the con-
centration variation during the first 6 h of testing for the gyroid samples; (d) rate constant variation in the photocatalytic reaction relative TiO, content for gyroid,
lattice, and wheel samples. The dashed lines are guides for the eye. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

10% TiO, reveals a pronounced enrichment of nanoparticles on the
outer surface of the sample (Fig. 6a). This indicates a tendency for
nanoparticles to migrate toward the outermost regions of each printed
layer during fabrication, likely driven by segregation phenomena arising
from flow dynamics and curing kinetics in the layer-by-layer printing
process. To assess how geometry influences the distribution of TiOq,
SEM imaging coupled with EDX mapping was performed on different
zones of the three distinct printed architectures (Fig. 6b—d). Across all
geometries, TiOy was found to preferentially accumulate in intralayer
regions (Fig. 6b'-d"), consistent with observations made on earlier test
samples (Fig. 3d). This intralayer enrichment likely enhances photo-
catalytic efficiency, as these regions represent high-density interfacial
areas where UV light can activate surface-bound TiO,. Notably, the
gyroid structure, which showed the highest photocatalytic performance,
has the highest number of printed layers (242), compared to 185 for the
wheel and 171 for the lattice. The higher layer count increases the total
intralayer surface area, providing more favourable sites for TiO, accu-
mulation and thus promoting enhanced light-nanoparticles interactions
during UV exposure. In addition to intralayer accumulation, localized
enrichment of TiO5 was consistently observed in structurally complex or
intersecting regions across all geometries, such as the inner corner of the
wheel (Fig. 6b"), the internal cavities of the gyroid (Fig. 6¢"), and the
interstitial zones of the lattice structure (Fig. 6d"). These non-uniform
distributions, particularly the tendency of nanoparticles to accumulate
in geometrically intricate or topologically constrained regions, lead to a
higher local density of exposed active sites, resulting in variations in
photocatalytic performance across different structures. Consistent with

this interpretation, the lattice structure, although composed of a similar
number of layers as the wheel (171 and 185, respectively), showed su-
perior photocatalytic activity due to its elevated number of interstitial
spaces, which enhance the nanoparticle surface enrichment.
Quantitative EDX elemental mapping of several regions of the prin-
ted samples further confirmed these trends (Fig. 7). In all systems, the
surface TiO, content exceeds the bulk nanoparticle concentration
determined by TGA analysis (Fig. 3b), supporting the tendency of the
nanoparticles to migrate toward the surface during printing. Moreover,
the surface TiOy concentration varied depending on the specific zone
analysed. Geometrically simpler areas, such as the lateral surface of the
wheel (region W3 in Fig. 7c), show lower TiO5 content, whereas more
complex regions, such as those in the spherical lattice structure (Fig. 7b),
exhibit higher nanoparticle accumulation. The gyroid consistently dis-
plays the highest surface TiOy levels (Fig. 7a), suggesting that the
increased architectural complexity of TPMS-based systems promotes
more efficient nanoparticle migration toward the surface. This phe-
nomenon can be theoretically framed within the segregation models for
suspension-based additive manufacturing, as described by Bae et al.
[51]. The non-uniform distribution is driven by the squeeze flow dy-
namics occurring during the platform's downward movement and the
subsequent resin displacement. In complex architectures like the gyroid,
the restricted flow paths and the significantly higher number of printing
layers act as a 'geometrical trap' that promotes the accumulation of TiO»
at the intralayer interfaces. As supported by Guillaume et al. [49], these
interfaces often exhibit a higher filler concentration than the bulk due to
the preferential migration of nanoparticles toward the liquid-solid
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boundary during the fast photopolymerization cycles. In summary, both
geometric complexity and layer count play crucial roles in influencing
nanoparticle localization within the printed structures. This, in turn,
governs the availability of active TiO; sites, underscoring the impor-
tance of architectural design in optimizing the photocatalytic perfor-
mance of LCD 3D-printed nanocomposites. It is worth noting that the
observed trends in nanoparticle surface segregation and photocatalytic
efficiency are specific to the studied resin-TiO, system processed by LCD
vat photopolymerization. Changes in resin chemistry or formulation
may affect light penetration, curing behavior, and nanoparticle migra-
tion during printing. Consequently, while the absolute photocatalytic
performance may differ for other resin systems, the role of geometry and
layer-by-layer fabrication in influencing nanoparticle distribution can
still be considered a relevant design aspect for similar vat-
photopolymerized composites.

4. Conclusions

The printability of TiO2-based nanocomposites via LCD 3D printing,
as well as the interplay between material formulation, processing pa-
rameters, and structural design in driving photocatalytic performance,
were investigated. The incorporation of TiO2 nanoparticles in a pho-
tocurable resin significantly affected photopolymerization kinetics by
reducing cure depth due to enhanced UV light absorption and scattering.
However, by optimizing exposure times for each formulation, accurate
and high-resolution structures were successfully printed. Chemical,
thermal, and morphological characterization confirmed the quality and
integrity of the printed nanocomposites. ATR-FTIR analysis confirmed
complete polymerization and the absence of residual monomers, while
TGA and SEM/EDX analyses validated the thermal stability and effective
dispersion of TiOy within the printed matrices. Notably, EDX mapping
revealed a preferential accumulation of TiO within intralayer and to-
pologically complex regions, which play a central role in nanoparticle-
light interactions and the consequent enhancement of photocatalytic
efficiency. Photocatalytic performance, evaluated through methylene
blue degradation as a model dye, was found to depend strongly on both
TiOy concentration and printed geometry. Three geometries, wheel,
lattice, and gyroid, were designed with identical nominal surface areas.
Among the tested architectures, the gyroid structure exhibited the
highest photocatalytic efficiency, attributed to its greater geometric
complexity and higher number of layers, which promote more effective
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nanoparticle surface enrichment and UV activation. Overall, these
findings highlight how structural design is essential for improving
functional properties. By strategically tuning material formulation and
geometry, it is possible to fabricate advanced 3D-printed devices for
environmental remediation. Such applications include water and air
purification, self-cleaning surfaces, and other technologies requiring
light-activated catalytic functionality.
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