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ABSTRACT: In this work, large 3D Ti meshes fabricated by
direct ink writing were wirelessly anodized for the first time to
prepare highly photocatalytically active TiO2 nanotube (TNT)
layers. The use of bipolar electrochemistry enabled the fabrication
of TNT layers within the 3D Ti meshes without the establishment
of an electrical contact between Ti meshes and the potentiostat,
confirming its unique ability and advantage for the synthesis of
anodic structures on metallic substrates with a complex geometry.
TNT layers with nanotube diameters of up to 110 nm and
thicknesses of up to 3.3 μm were formed. The TNT-layer-modified
3D Ti meshes showed a superior performance for the photo-
catalytic degradation of methylene blue in comparison to TiO2-
nanoparticle-decorated and nonanodized Ti meshes (with a
thermal oxide layer), resulting in multiple increases in the dye degradation rate. The results presented here open new horizons
for the employment of anodized 3D Ti meshes in various flow-through (photo)catalytic reactors.
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One-dimensional TiO2 nanostructures have gained
tremendous attention in the last decades due to their

intriguing applications as sensors, solar cells, and photo-
catalysts.1,2 Among the different nanostructures, anodic TiO2
nanotube (TNT) layers are highly ordered, are strongly light
absorbing, and are directly connected to a Ti substrate that can
act as a back contact. Furthermore, anodic TNT layers are easy
to prepare, using low-cost instrumentation, with well-control-
lable dimensions, such as the nanotube diameter and layer
thickness, and possess a high surface to volume ratio.1,2 Flat Ti
substrates, such as foils and sheets, are most frequently used for
TNT layer production. However, within the past decade
several works have been dedicated to the anodization of more
complex Ti substrates, including 2D meshes,3−5 wires,6−8 and
spheres,9 with the aim of maximizing the surface coated with
TNT layers, which is of paramount importance for catalytic,
sensing, and solar conversion applications.
Additive manufacturing opens the door to the fabrication of

near-net-shaped, self-supported, three-dimensional (3D) sub-
strates with a regular and periodic porous network that
maximizes the surface for the anodic growth of TNT layers,
allows the homogeneous flow of fluids, minimizes the dead
volume of the catalytic reactor, and avoids pressure drops,
especially in the flow-through arrangement. Such open-cell
porous Ti meshes, further denoted as 3D Ti meshes, can be
fabricated by direct ink writing (DIW), a method based on the

computer-controlled extrusion of a Ti paste (ink) following a
predesigned in silico pattern and sintering of the deposited
part.10 DIW, also known as robocasting, can produce periodic
3D meshes with different pore architectures by changing the
path that the extrusion robot follows for ink deposition. The
pore size is controlled by setting the distance between the
deposited filaments. The height of the 3D mesh depends on
the number of layers stacked, and the filament diameter
depends on the aperture of the nozzle used for extrusion.
Unlike other metal additive manufacturing technologies based
on powder bed fusion, such as selective laser melting and
electron beam melting, DIW only uses the amount of powder
needed for the fabrication of the mesh,10 reducing operation
costs and waste of the material.
The challenge is the anodization of 3D Ti meshes with a

relevant size for the production of efficient (photo)catalytic
reactors, due to the high surface area and the high possibility of
dielectric breakdown during anodization.11 Only recently have
TNT layers been produced by two-step anodization of
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relatively small 3D titanium alloy porous 3D meshes to
enhance osseointegration.12 While the size of the 3D Ti-6Al-
4V porous meshes (d = 10 mm and h = 2 mm) fabricated by
selective laser melting was sufficient enough for cell culture
growth on the laboratory scale, it is too small for any
reasonable catalytic application. Apart from that work, the
anodization of additive manufactured structures made of Ti
and Ti alloys has been reported only for solid plates, strips,
sheets, bars, conical arrays, and two-dimensional meshes,13−21

but never for 3D meshes. Furthermore, these anodized-Ti-
based structures were only used for biomedical applica-
tions12−20 and water splitting21 but never for (photo)catalytic
applications.
While they have been commonly produced by anodic

oxidation using the Ti substrate as the anode, it was recently
shown that TNT layers can be produced wirelessly as well by
employing bipolar electrochemistry.9,22−27 The advantage of
this approach is that the Ti substrate does not need to be
directly connected to the potentiostat. Thus, especially small
metal objects or complicated metallic shapes, such as the 3D
shapes shown here, can be anodized. It is also possible to
anodize the complete Ti substrate without establishing any
electrical contact,9 which could release unwanted ions to the
electrolyte, if it is made from a material other than Ti, and thus
poison the electrolyte. Furthermore, a cut of the electric
contact due to dielectric breakdown when high-surface-area Ti
substrates are anodized is avoided using wireless bipolar
electrochemistry.11 These unique features are of paramount
importance to allow the anodization of complicated 3D Ti
shapes and to exploit some new advanced applications of TNT
layers.
In the present work, the wireless anodization of 3D Ti

meshes with two different filament spacings produced by DIW
is demonstrated for the first time by employing bipolar
electrochemistry, using the anodization setup shown in Figure
1a. The 3D Ti mesh was placed between two Pt foils (feeder
electrodes), which were connected to the potentiostat. Each

3D Ti mesh had a diameter of 20 mm and a height of 8 mm
and consisted of an orthogonal Cartesian grid pattern (Figure
1b,c), allowing the flow of gases and liquids. This is an
advantage in the case of fluid-phase catalysis and photo-
catalysis, as the whole surface of the meshes will be in contact
with the reacting molecules of the fluid. Exact details on the
effective surface area and porosity of the meshes can be found
in Methods. In fact, the surface area and the porosity can be
tuned by computer-aided design to promote the interaction
with the fluid and the fluid flow through the mesh. The
filaments forming the meshes showed sintered Ti particles that
result in an uneven surface (Figure 1d). The roughness of the
Ti substrate is known to influence the ordering of the
nanotubes;28,29 however, in general TNT layers grow on Ti
substrates with rough as well as smooth surfaces. Thus, it is
expected that the roughness of the 3D Ti meshes does not
influence the overall TNT layer growth.
In order to anodize the 3D porous Ti meshes in a fluoride

ion containing ethylene glycol based electrolyte, an alternating
potential with an amplitude of 140 V and frequency of 0.0667,
0.0167, or 5.55 × 10−4 Hz was applied, meaning the potential
was changed every 15 s, 60 s, or 30 min, respectively. The
applied potential was selected by considering two factors. First,
the potential should be high enough to prepare TNT layers on
the whole sample:9 i.e., on the filaments close to the edge and
also in the filaments in the middle of the meshes. Second, to
prevent dielectric breakdown events, the current flowing
between the feeder electrodes should not heat up the
electrolyte above room temperature.30,31 At a potential of
140 V currents of up to 500 mA were reached and the
electrolyte temperature increased significantly during the
anodization process, even though the electrolyte was precooled
to 5 °C before anodization and a cooling system was employed
during the process, limiting the potential to this amplitude. It
must be emphasized here that, even though the anodized
surface area and consequently the recorded currents were
extremely high, no sign of dielectric breakdown was observed.
Thus, the use of bipolar electrochemistry gives a possibility to
anodize large surface areas, reducing the otherwise very high
risk of dielectric breakdown.
Figure 2a shows that TNT layers were successfully produced

within the 3D meshes. As expected, the uneven surface of the
Ti filaments (Figure 1d) did not influence the overall TNT
layer growth. As shown in Figure 2b, the average diameters of
the nanotubes received by applying the mentioned different
frequencies were relatively similar to 111.6 ± 9.7, 80.9 ± 10.6,
and 78.9 ± 10.4 nm, respectively. SEM images were taken of
both upper sides of the 3D Ti meshes, and the measured
diameters were in the same range on both sides. In terms of the
nanotube dimensions inside the 3D mesh, one can state that
on the basis of a preliminary investigation of the nanotube
layers inside the mesh (upon cutting and SEM observation),
average diameters and layer thicknesses were about ∼30−40%
smaller (not shown here) in the middle of the meshes than at
the sides facing the feeder electrodes directly. This is due to an
unequal distribution of the potential along the 3D Ti meshes,
when bipolar electrochemistry is used for anodization.9,23

The frequency had a large effect on the average thickness of
the TNT layers, which was around 1.7 times thicker at low
frequency (3.3 ± 0.7 μm for 5.55 × 10−4 Hz) than at higher
frequencies (1.86 ± 0.8 and 1.95 ± 0.2 μm for 0.0667 and
0.0167 Hz, respectively). The growth of the nanotubes was
limited at higher frequencies, because for each alternation of

Figure 1. (a) Scheme of the anodization setup based on bipolar
electrochemistry. (b) Photograph of the cylindrical 3D Ti mesh with a
filament spacing of ∼857 μm as fabricated by DIW. (c, d) SEM
images of the filaments of nonanodized Ti meshes with a filament
spacing of ∼857 μm.
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the potential a new electrochemical equilibrium has to be
established, reducing the time for the thickening of the layer.
The relatively large standard deviation for the TNT layer
thicknesses is related to the strong influence of the layer

thickness on the anodization potential, which varies along the
3D Ti mesh.9,23 Even along one Ti filament (one wire of the
3D Ti mesh) the applied potential varies, with the highest
potential on the side of the filament facing the feeder electrode.
Figure 3a shows X-ray diffraction (XRD) patterns of 3D Ti

meshes that were anodized and annealed and 3D Ti meshes
that were nonanodized but annealed: i.e., with a thermal oxide
layer. Figure 3b shows the patterns for classical Ti foils
prepared in a conventional anodization setup as reference.
TNT layers on 3D Ti meshes and foils consisted of the anatase
phase with the main peak at 2θ = 25.4° corresponding to the
(101) orientation (ICDD: 00-021-1272). The visible Ti signals
(ICDD: 04-005-7594) stem from the underlying Ti substrates.
Intensities recorded for the 3D Ti meshes (Figure 3a) were
much lower than for the Ti foils (Figure 3b) due to the
porosity of the meshes, which reduces the area analyzed by the
X-rays. Thus, in general, no differences between the main
anatase phases were recorded for the anodized Ti foil and 3D
Ti mesh. In contrast, with a thermal oxide layer there was no
signal of TiO2, as the oxide layer was very thin, and the X-rays
penetrated through it. Grazing incident XRD was not used to
reduce the penetration depth, as the morphology of the 3D Ti
meshes forbids this. However, after annealing a color change of
the 3D Ti meshes and foils was visible, indicating the
formation of thermal TiO2.
3D Ti meshes with two different filament spacings (857 and

1173 μm) were anodized by applying a frequency of 5.55 ×
10−4 Hz to obtain thick TNT layers. Afterward, they were
employed for the photocatalytic degradation of methylene blue
(MB) dye, as a model pollutant. Ti meshes decorated with
TiO2 nanoparticles (NPs) and nonanodized annealed Ti
meshes with a thermal oxide layer were used as reference. SEM
images of the NP-decorated Ti meshes are shown in Figure S1.
Figure 4a shows the photocatalytic experimental setup, with

six Ti meshes stacked in a closed quartz-glass reactor together
with a magnetic stirring bar. The photocatalytic degradation
rates of MB are shown in Figure 4b. The degradation rate
constants were calculated to be k = 0.0501, 0.0288, and 0.0091
min−1 for the anodized, NP-decorated and nonanodized
annealed 3D Ti meshes with 857 μm spacing and k =
0.0219, 0.0132, and 0.0089 min−1 for the anodized, NP
decorated and nonanodized annealed 3D Ti meshes with 1173
μm spacing, respectively. The approximately 5.5 times
enhancement of the rate constant for the anodized Ti meshes

Figure 2. (a) SEM images of TNT layers produced on 3D Ti meshes
with filament spacing of ∼857 μm using alternating potentials of
different frequencies. The times given on the left side correspond to
the anodization time before the direction of the potential was
changed. (b) Diagram showing the dependence of nanotube diameter
and TNT layer thickness on the frequency of the applied alternating
potential. The error bars indicate the standard deviation.

Figure 3. XRD patterns of the anodized annealed and nonanodized annealed (a) 3D Ti meshes (filament spacing 857 μm) and (b) classical Ti
foils. Abbreviations: A, anatase; Ti, α-titanium.
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with 857 μm filament spacing and approximately 2.4 times
enhancement of the rate constant for the anodized Ti meshes
with 1173 μm filament spacing in comparison to the
nonanodized annealed Ti meshes was attributed to the
significantly increased available TiO2 active surface area of
the anodized Ti meshes. In the case of the NP-decorated Ti
meshes, there were 3.2 times and 1.5 times enhancements for
meshes with 857 and 1173 μm filament spacing, respectively,
in comparison to the nonanodized annealed Ti meshes.
Clearly, the performance of the NP-decorated Ti meshes was
lower than that for the anodized Ti meshes with TNT layers.
This difference is attributed to the fact that only the uppermost
part of the NP layer is active, even though the light is absorbed
sufficiently deep in the layers. On the other hand, for the
anodized Ti meshes with TNT layers, the photocatalytic
reactants and products can reach the interiors of the
nanotubes, which are also strongly light absorbing. Thus,
there is a greater surface area available for the light-driven
photocatalytic reaction.
Figure S2 shows SEM images of the TNT layers on 3D Ti

meshes after the photocatalytic experiments. As one can see,
the TNT layers do not show any defects that would stem from
the photocatalytic experiment. The SEM images of the NP-
decorated Ti meshes after photocatalytic experiments are
shown in Figure S3. Also, in this case, hardly any changes are
visible in comparison to the unused Ti meshes. This
demonstrates the usability and robustness of the anodized
high-surface-area 3D Ti meshes in photocatalysis and, in
principle, in any catalytic reaction, where TiO2 can act as a
catalyst or catalyst support.
In comparison to a reactor packed with spheres (beads) it

should be easier for the liquid to flow through the 3D meshes
(essentially regardless of composition or surface chemistry).
With packaged spheres a higher pressure would probably be
needed to maintain the flow at the same speed. Furthermore,
the mechanical strength of the 3D Ti meshes provides
structural support to the catalytic reactor and the pattern of
the meshes can be optimized to maximize the active surface
area, while allowing fluid flow through the whole structure
without significant fluid flow reduction. The structural
optimization of the 3D Ti meshes is in fact a topic for future
research, together with the exploration of different anodization
and pretreatment conditions that might produce a wider range
of TNT layer dimensions on the 3D Ti meshes.

In summary, we demonstrated for the first time the
photocatalytic application of additively manufactured 3D Ti
meshes, modified with TNT layers by wireless anodization. It
is believed that the large surface area of the TNT-layer-
modified 3D Ti meshes will offer the key to a wide range of
applications. In comparison to the classical 2D Ti substrates,
the additive manufacturing of 3D meshes significantly
enhances the surface area, which has a great advantage for
applications such as photo- and electrocatalysis, sensing, and
water splitting. Furthermore, the meshes have a great potential
for self-supported flow-through catalytic systems. The
application of bipolar electrochemistry facilitates the anodiza-
tion of the 3D Ti meshes, as the establishment of any electrical
contact on the Ti substrate is gratuitous.

■ METHODS

3D Ti meshes with a diameter of 20 mm and a height of 8 mm
were fabricated by DIW.10 The ink was prepared by mixing
commercially pure spherical Ti powder (ASTM grade 1; TLS-
Technik, Germany) with a particle size of 20−63 μm with an
organic binder soluble in water, gelatin. The ink was
introduced into the cartridge of the robotic deposition device
immediately after mixing. Two different kinds of meshes were
fabricated in air at a speed of 20 mm/s using an orthogonal
deposition pattern in consecutive layers with the distances
between filaments of 857 ± 26 and 1173 ± 56 μm,
respectively. The porosity of the Ti meshes equals 68 ± 1%
and 71 ± 1%, while the effective surface areas were 61 and 55
cm2, which are equivalent to 2.4 and 2.2 mm2/mm3,
respectively. The meshes were allowed to dry at room
temperature for 12 h. Afterward, the binder was removed by
heating in air to 350 °C for 12 h in a muffle furnace, and then
the meshes were sintered under an argon atmosphere at 1400
°C for 10 h. After sintering the meshes had an equiaxial α-Ti
grain microstructure free of secondary phases and visually
showed a metallic aspect.
Before further use, the meshes were sonicated in isopropanol

and acetone for 1 min each, rinsed with isopropanol, and dried
in air.
Electrochemical anodization of the 3D Ti meshes was

carried out in an ethylene glycol based electrolyte containing
170 mM NH4F and 1.5 vol % of H2O using bipolar
electrochemistry.9 For this, two Pt foils were used as feeder
electrodes, connected to a high-voltage potentiostat (PGU-
200V, IPS Elektroniklabor GmbH). The Ti meshes were

Figure 4. (a) Scheme of the setup used for the photocatalytic degradation of MB. (b) Photocatalytic degradation kinetics of MB on anodized
annealed (TNT), NP-decorated annealed (NP), and nonanodized annealed 3D Ti meshes (TO) with filament spacings of 857 and 1173 μm.
Photofading describes the degradation of MB upon UV light illumination in the absence of a catalyst.
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placed upright between the feeder electrodes with a distance of
∼0.5 cm to both feeder electrodes. The anodization was
carried out using an alternating potential of ±140 V for 4 h
with frequencies of 0.0667, 0.0167, and 5.55 × 10−4 Hz, i.e.
keeping the potential constant for 15 s, 60 s, or 30 min,
respectively, before changing its direction. Before and during
anodization the electrolyte was cooled to 5 °C.
TNT layers on Ti foils (Sigma-Aldrich, 127 μm thick) were

prepared in the same electrolyte at 60 V for 4 h using a
conventional anodization setup with a Ti foil as the anode and
a Pt foil as the cathode.
After anodization the Ti meshes and foils were annealed in a

muffle oven at 400 °C for 1 h at a heating rate of 2.1 °C/min
and cooled naturally in order to obtain an anatase crystalline
structure.
3D Ti meshes decorated with TiO2 nanoparticles (NPs)

were prepared using hydrolysis of TiCl4.
32 TiCl4 (Sigma-

Aldrich, 99.9%) and deionized water were used for the
preparation of a 1 M TiCl4 solution at ∼1−4 °C. The 3D Ti
meshes were completely immersed into the pickling solution
and ultrasonicated at room temperature for 15 s at 37 kHz with
50% power, followed by storage at 70 °C for 30 min and
rinsing with deionized water. This chemical treatment was
repeated four times and considered as four dips of NP
decoration. Finally, the NP-decorated 3D Ti meshes were
annealed at 400 °C for 1 h at a heating rate of 2.1 °C/min.
The morphology of the TNT layers was characterized using

a field-emission scanning electron microscope (JEOL JSM
7500F). Cross-section images were obtained by carefully
scratching the TNT layers from the Ti meshes. Proprietary
Nanomeasure software was used to measure the nanotube
diameter and the TNT layer thickness by analyzing a minimum
of six SEM images for each anodization condition.
The XRD patterns for 3D Ti meshes and Ti foils were

acquired on a Panalytical Empyrean diffractometer using a
Bragg−Brentano geometry. The diffractometer was equipped
with a Cu X-ray tube in point focus mode and a monocapillary
of 135 mm length with a 0.1 mm diameter size output beam.
The detector was Pixcel3D, working in scanning mode. The
patterns were measured in the 2θ range of 5−65° with a step
size of 0.026°.
Photocatalytic degradation of methylene blue (MB) dye was

carried out in a homemade quartz glass reactor at room
temperature. Six anodized and annealed 3D Ti meshes were
stacked horizontally into the reactor, and 27 mL of a 1 × 10−5

M MB solution was added. Six nonanodized 3D Ti meshes
with thermal oxide (annealed under the conditions described
above) and six NP-decorated meshes were used as references.
Prior to the photocatalytic measurements, the Ti meshes were
kept in the MB solution for 1 h in the dark to reach an
adsorption/desorption equilibrium of the dye. Afterward, the
reactor was irradiated by an LED-based UV lamp (10 W, λ =
365 ± 5 nm, intensity 555 mW/cm2) under constant stirring
(170 rpm) of the MB solution, and the optical absorbance of
the MB solution was periodically measured using a UV−vis
spectrometer (S-200, Boeco) at a wavelength of 670 nm to
monitor the dye degradation rates.
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