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1. Introduction

Climate change and environmental pollution
are increasingly stressing global freshwater re-
sources, representing an urgent issue for the sus-
tainable development of modern society. Conse-
quently, scientists are focused on the develop-
ment of novel, energy-efficient technologies for
advanced water purification. Among these, in-
terfacial solar evaporators are an emerging so-
lution to reduce pollution by harnessing solar
energy to induce water evaporation followed by
condensation into purified water [1].

However, the long-term reliability of these de-
vices is hindered by salt accumulation, biofoul-
ing, and poor rejection of volatile and semi-
volatile organic contaminants. While many re-
search works have been devoted to solving the
problem of low salt rejection, fewer papers have
addressed the effective removal of organic com-
pounds and biological fouling.

In this context, the incorporation of photocata-
lysts into solar-driven interfacial evaporators has
been suggested as an effective strategy to acti-
vate light-induced oxidation for organic pollu-
tant degradation and microbial inactivation [2].
Moreover, certain semiconductor photocatalysts

are able to form a superhydrophilic layer on their
surface under irradiation, thereby enhancing wa-
ter transport and self-cleaning properties |[3].
Recent studies have also observed a synergistic
interaction between photothermal absorbers and
photocatalysts, capable of enhancing the solar
evaporator performances. Of the investigated
materials, titanium dioxide (7%02) has been
widely employed due to its great photodegrada-
tion capability, chemical stability, high refractive
index, and non-toxicity [4].

This thesis was carried out within the frame-
work of the COPE project, which proposes an
innovative solar evaporator configuration com-
bining semiconductor quantum dot photoab-
sorbers with free-standing T%0Os nanotubular
membranes integrated onto a self-regenerating
wooden floating substrate. In particular, the
synthesis of titanium dioxide layers through elec-
trochemical oxidation and their photocatalytic
performances have been evaluated both with
and without quantum dot loading.



2. DMaterials and experimental
procedures

Free-standing 70Oy nanotubular membranes
were synthesized through a three-step electro-
chemical anodization process under galvanos-
tatic conditions, applying a current density of 11
mAcem ™2 to ensure controlled morphology and
improved structural uniformity (Figure 1).
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Figure 1: Experimental setup for titanium an-
odic oxidation.

The first anodization was conducted to form a
sacrificial oxide layer, which was then removed
to leave nanoimprints on the titanium surface
that formed a template to favor the growth of
highly ordered self-organized hexagonal Ti0O-
nanotubes.

After the second anodization, thermal anneal-
ing was performed to promote the crystallization
of the amorphous oxide layer into the anatase
phase to improve the photocatalytic activity and
mechanical integrity. Finally, a third anodiza-
tion step was carried out to form an intermediate
amorphous TiO4 layer, whose different chemical
etching resistivity compared to the crystalline
oxide was exploited to achieve selective disso-
lution and the synthesis of free-standing nan-
otubular membranes suitable for integration into
the solar evaporator system. In parallel, an-
odized T'i substrates were synthesized via single-
step potentiodynamic anodization with a volt-
age ramp of 2 V per second up to 45 V, and
maintained for 30 minutes.

For both conditions, the anodization process
was carried out in a glycol-based electrolyte
containing 0.1 M ammonium fluoride (NH4F),
2 M distilled water (H20), and 1.5 M lactic
acid (C3HgO3) to ensure the growth of a self-

organized nanotubular structure via the equilib-
rium between oxide growth and fluoride-assisted
chemical dissolution.

The nanotubular morphology was selected due
to its intrinsic advantages in photocatalytic ap-
plications, including enhanced charge carrier
mobility, quantum confinement effects, and out-
standing photon-harvesting capability. In addi-
tion, considering the superhydrophilic layer for-
mation on the surface of 7702 and the vertically
aligned microstructure, water is easily driven by
capillarity through the nanotubes from bulk wa-
ter to the evaporation surface.

The photocatalytic performance was analyzed
through photodegradation experiments carried
out on the synthesized membranes and anodized
substrates, which were immersed in an aqueous
solution of Rhodamine-B, selected as a model
organic contaminant, and irradiated under UV
light. The degradation process was monitored
via UV-vis spectrophotometry, exploiting the
Lambert-Beer law to derive the dye concentra-
tion from the absorbance of the solution after ev-
ery hour. Following the Langmuir-Hinshelwood
model for pseudo-first-order reactions, the reac-
tion rate constants of degradation were evalu-
ated through linear regression of the experimen-
tal data, allowing the comparison of the photo-
catalytic efficiencies of the different systems.

In the last part of this thesis work, quasi-type I
CdSe/CdS core-shell quantum dots (QDs) were
employed as photosensitizers on 17705 mem-
branes to enhance visible-light absorption and
electron transfer toward the nanotubes for aug-
mented photocatalytic activity. In parallel,
CdSe core-only nanoparticles were applied to ob-
tain a comparative assessment of the effect of
the core-shell heterostructure on enhanced pho-
tocatalysis. Quantum dot loading on both free-
standing layers was achieved through the drop-
casting technique, and different QDs-to-ethanol
ratios were used to determine an optimal loading
volume. In addition, both core-shell and core-
only quantum dots were deposited on anodized
substrate to evaluate the versatility of this sur-
face modification approach, even without mem-
brane detachment.

The photocatalytic performance of the function-
alized samples was assessed with the same pho-
todegradation procedure before quantum dot
loading.



3. Results and discussion

3.1. Ciritical aspects of electrochemi-
cal anodic oxidation

A systematic investigation of the anodization
process observed the occurrence of morpholog-
ical and structural defects under certain operat-
ing conditions. The first defect encountered was
the pronounced brittleness of the oxide layers,
which was associated with the use of a freshly
prepared glycol-based electrolyte [5]. Although
the growth of regular, self-ordered nanotubes is
enhanced when the electrochemical system es-
tablishes an equilibrium between oxide forma-
tion and field-assisted dissolution, a fresh elec-
trolyte favors excessive chemical etching. This
imbalance determined the formation of a fragile
oxide layer made of thin nanotubes with non-
uniform morphology, particularly susceptible to
delamination, as shown in Figure 2a. Further-
more, the slightly acidic character of the as-
prepared solution contributed to mechanical in-
stabilities and uneven distribution of internal
stresses on the base layer.

From a comparison with the outcomes achieved
from previous studies focused on optimization
of the electrochemical parameters, an ideal time
window of 10 hours for electrolyte aging was
identified for achieving stable and regular nan-
otube growth. However, excessive electrolyte ag-
ing stimulated additional issues for anodization
in galvanostatic conditions. As an electrolyte
near the end of its usable lifetime loses part of its
viscosity and electrical conductivity, the energy
dissipated within the electrochemical cell is al-
tered, resulting in a rapid temperature increase.
Under these conditions, the system approached
the dielectric breakdown limit, where elevated
local current densities flowing through the oxide
are triggered, disrupting the regular oxide for-
mation. Consequently, the nanotubular struc-
ture partially collapsed, localized detachment of
the oxide layer occurred, and the generation of
micro-sparks led to burned regions of titanium
dioxide (Figure 2b).

Moreover, the reduced chemical stability of the
aged electrolyte intensified the local heating at
the edges of the substrate, as the electric field
in these regions is inherently enhanced due to
the cell geometry. This resulted in a distinct
separation between the regular nanotubes grown

at the center of the samples and the lateral ar-
eas, where defective zones appeared. These re-
gions were delineated by elongated opaque lines,
shown in Figure 2c, that acted as transition
boundaries between stable and unstable growth
regimes.

(b)

Figure 2: Delamination issue occurred during
the second anodization step on 7' substrate,
where part of the oxide layer broke into small
pieces under low pressure applied (a). State
of an anodized T'% substrate after the system
reached the dielectric breakdown limit during
electrochemical oxidation (b). Close-up image
of a sample showing the dark, gold layer where
regular nanotubular structure growth was hin-
dered by the amplification of the local tempera-
ture at the lateral zones (c).

Through iterative anodization experiments and
confrontation with the existing literature, the
electrolyte usage was optimized to achieve the
reliable fabrication of free-standing membranes.

3.2. Analysis on photocatalytic per-
formance

The dye concentration during photodegradation
tests exhibited a progressive decrease for all
investigated samples, confirming the photocat-
alytic nature of the oxide layer.

By applying the Langmuir-Hinshelwood kinetic
model, a linear relationship was obtained by
plotting the natural logarithm of the absorbance
of the solution normalized to its initial value as
a function of irradiation time (Figure 3 and 4).
Two graphs are reported below, offering a visual
representation of the outcomes of photodegrada-
tion tests from anodized 1" substrates and free-
standing 7102 membranes.
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Figure 3: Plot of the Langmuir-Hinshelwood
equation and its linear regression for two 1'% sub-
strates after single-step anodization in potentio-
dynamic conditions and thermal annealing.
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Figure 4: Plot of the Langmuir-Hinshelwood
equation and its linear regression for six free-
standing membranes synthesized with the stan-
dard three-step anodic oxidation process.

When comparing free-standing membranes with
anodized titanium substrates, differences in pho-
tocatalytic efficiency were observed. Although
both configurations exhibited evident photocat-
alytic activity, the outcomes for the membranes
showed slower photodegradation kinetics and
more scattered data. This behavior was associ-
ated with the reproducibility and quality of the
experiments. While for anodized T substrate,
the oxide layer remained uniform throughout the
measurements, free-standing membranes were
more difficult to handle due to their intrinsic
fragility. As a result, some of them appeared
fragmented into small pieces at the end of the
process. Nonetheless, after evaluating the spe-
cific reaction rate constants with respect to the
exposed area, the results from both configura-
tions were very similar, as shown in Table 1,

highlighting the efficacy of the oxide layer in de-
grading the organic dye.

Table 1: Table reporting the specific reac-
tion rate constants (kspecific) for both the two
anodized T substrates (S), and the six free-
standing 7705 nanotubular membranes tested

(T).

Sample | kspecific [min~! cm™?]
S1 1.56 x 103
S2 1.60 x 1073
T1 2.08 x 1073
T2 2.20 x 1073
T3 2.27 x 1073
T4 1.61 x 1073
T5 1.83 x 1073
T6 2.25 x 1073

The encouraging outcomes from these pho-
todegradation experiments constituted a solid
baseline for subsequent functionalization of the
nanotubes with quantum dots for enhanced pho-
tocatalytic activity.

3.3. Assessment on enhanced photo-
catalysis through quantum dot
loading

To evaluate the photocatalytic performance of
both free-standing membranes and anodized
substrates after quantum dot loading, the same
photodegradation procedures previously applied
to bare oxide layers were followed. Photodegra-
dation tests performed on free-standing mem-
branes after deposition of CdSe/CdS core-shell
and CdSe (core-only) quantum dots yielded the
absorbance values of the Rhodamine-B solution.
The degradation trend was analyzed through the
Langmuir-Hinshelwood model, and the specific
reaction rate constants were determined from
the linear regression of the resulting curves.
Despite the intrinsic fragility of free-standing
nanotubular membranes, which resulted in scat-
tered data and compromised the reliability of the
experiment, the evaluation of the specific reac-
tion rate constants, shown in Figure 5, still al-
lowed a comparative assessment.

Compared to core-only quantum dots, quasi-
type 1 core-shell heterostructures demonstrated
better photocatalytic efficiency, which was at-
tributed to their ability to extend light absorp-
tion in the visible range and to promote fast elec-



tron transfer from the C'dSe shell to the Ti05
nanotubes, leading to efficient degradation of
the organic dye. As for the optimal loading
range of quantum dots identified at the lowest
volume employed in this experiment, such as 5
L, the cause can be attributed to the risk of
nanotube clogging, since the photocatalytic ac-
tivity of TiOs is intrinsically related to the avail-
ability of its surface to participate in the oxida-
tion of organic contaminants.
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Figure 5: Comparison between the specific re-

action rate constants of the first two batches
of QD-loading, where core-shell and core-only
nanoparticles have been loaded on free-standing
membranes.
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Significant improvements in the photocatalytic
performance were also reported for both core-
shell and core-only quantum dot-loaded an-
odized T'i samples. The curves derived from the
Langmuir-Hinshelwood law as a function of irra-
diation time exhibited steeper slopes after nan-
otube functionalization, indicating faster pho-
todegradation kinetics.

The specific reaction rate constants obtained
from the anodized T'i substrates, before and af-
ter functionalization with core-shell and core-
only quantum dots, have been reported in Fig-
ure 6.
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Figure 6: Comparison between the specific reac-
tion rate constants evaluated from photodegra-
dation tests with anodized T substrates before
and after quantum dot loading.

As illustrated in the graph above, the difference
in performance between core-shell and core-only
QD loading is less evident compared to the re-
sults from loaded free-standing membranes. In-
terestingly, the greatest relative improvement
was achieved by TSCo-A, a core-only QD-loaded
sample. The significant enhancement in the pho-
todegradation efficiency on anodized substrates
emphasized the versatility of this surface mod-
ification approach, even without membrane de-
tachment.

As the outcomes of photodegradation tests on
functionalized oxide layers exhibited evident
discrepancies between samples prepared under
identical conditions, further analyses were con-
ducted to assess the capability of the drop-
casting technique to produce reproducible data.
New anodized substrates were synthesized with
a single-step potentiodynamic anodization and
functionalized with core—shell and core-only
quantum dots at lower loading volumes (0.05,
0.25, 0.5, and 5 puL).

The photocatalysis tests revealed that the high-
est specific reaction rate constants for both core-
shell and core-only systems, reported in Fig-
ure 7, were obtained at the lowest loading vol-
ume, confirming that excessive nanoparticle de-
position can cause nanotube clogging and re-
duce the photocatalytic performance. However,
despite quantum dot loading strongly enhanc-
ing the photocatalytic activity, the results high-
lighted the limited reproducibility of the drop-
casting technique. Due to its high sensitivity to
deposition parameters, which may lead to non-
uniform nanoparticle distribution, further opti-
mization of the loading procedure is required to
achieve consistent results.
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Figure 7: Comparison between the specific reac-
tion rate constants evaluated from photodegra-
dation tests with anodized T'i substrates after
core-shell and core-only quantum dot loading.



4. Conclusions

The three-step electrochemical anodization pro-
cess enabled the fabrication of self-organized
nanotubular 790> membranes. However, the
process proved to be highly sensitive to the
electrolyte conditions. After multiple anodiza-
tion experiments, the degradation of the solu-
tion altered the nanotube growth and affected
the structural integrity of the oxide layer. There-
fore, careful control and optimization of the elec-
trolyte usage were fundamental for the produc-
tion of stable and uniform nanotubular mem-
branes.

Despite these limitations, both free-standing
membranes and anodized T substrates exhib-
ited optimal photocatalytic activity, supporting
the reliability of Ti02 nanotubes in degrading
the organic contaminant.

The assessment of quantum dot functional-
ization demonstrated a clear enhancement of
the photodegradation performances, highlight-
ing the effectiveness of this surface modification
technique, even with the oxide layer still bonded
to the substrate.

Overall, these experimental results demonstrate
the critical aspects of the synthesis of TiO2 nan-
otubes by electrochemical oxidation, while also
showing the viability of the method in producing
systems for water purification purposes. Future
research should focus on the following points:

e Further investigation on the factors influ-
encing titania nanotube growth during elec-
trochemical anodization.

e Photocatalytic tests conducted on 7709
nanotubular membranes loaded with semi-
conductor nanoparticles and integrated on
a wooden floating substrate, to evaluate the
performance of the complete solar evapora-
tor.

e Optimization of the parameters adopted for
the drop-casting technique to achieve an
acceptable reproducibility in photocatalytic
tests.
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