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Abstract

This study explores the link between voltage-controlled architectural engineering and the resulting lattice dynamics in
Cu-Fe functionalized TiO5 nanotubes. By systematically tuning the anodization potential (30-40 V) and time (40-60
min), we successfully tailored the nanotubular morphology and interfacial structure, as verified by XRD, Raman spectros-
copy, and SEM analyses. This work is to elucidate how these structural modifications influence govern the fundamental
thermodynamic behavior of the system. Through temperature-dependent heat capacity (C,,) measurements in the 2-300
K range, we reveal a complex vibrational beyond conventional. In the low-temperature regime, deviations from ideal
Debye behavior by a Schottky-type contribution indicate a defect rich interfacial environment, where oxygen vacancies
and structural disorder introduce discrete energy-level splittings. As temperature increases (50-210 K), a hybrid Debye-
Einstein model suggests structural stiffening in the functionalized nanotubes. This effect is reflected in the upward shift
of the characteristic phonon temperatures (fp and ), indicating increased lattice rigidity and modified sound velocity
within the nanotubular framework. Thermodynamic integration up to 298.15 K further demonstrates that the system’s free-
energy balance is predominantly governed by vibrational entropy rather than internal energy accumulation. These results
suggest that the performance of functionalized semiconductors arises not solely from composition, but from nanoscale
architectural features that influence phonon-related behavior.

Keywords Anodized - Titanium - Phonon dynamics - Heat capacity - Debye—Einstein model - Cu—Fe functionalization

1 Introduction

Titanium dioxide (TiO2) has been extensively studied due
to its wide range of applications, including photoelectro-
chemical water splitting, water and air purification, solar
energy conversion, biomedical devices, gas sensors, and
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supercapacitors. These applications arise primarily from the
semiconductor properties, chemical stability, and tunable
surface characteristics of TiOs. Various synthesis methods
for TiO2 have been reported in the literature [1-3]. Among
them, electrochemical anodization has been widely used
because it allows the formation of well-defined nanostruc-
tured architectures directly on titanium substrates [2, 3].
Depending on the electrolyte composition, different TiO4
morphologies can be obtained. In fluoride-free electrolytes,
compact oxide films are typically formed, whereas electro-
lytes containing fluoride ions promote the development of
porous structures and highly ordered TiO2 nanotube arrays.
These nanotubular architectures provide large surface
area, improved charge transport pathways, and enhanced
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interfacial properties, making them suitable for various
applications [2, 4].

Among the different synthesis methods, electrochemi-
cal anodization of titanium sheets has been widely used
for producing well-defined TiO2 nanostructures. In this
process, the titanium substrate acts as the anode in an elec-
trochemical cell and undergoes oxidation in an electrolyte
under an applied potential. The competition between oxide
growth and field-assisted dissolution leads to the formation
of self-organized oxide structures on the surface. By adjust-
ing parameters such as the applied voltage, electrolyte com-
position, and anodization time, different morphologies can
be obtained, ranging from compact oxide layers to highly
ordered TiO5 nanotube arrays.[5-9]. In this electrochemical
process, the titanium substrate acts as the anode in an elec-
trolyte, leading to the formation of an adherent oxide film on
the surface. Depending on the anodization conditions, the
oxide layer may exhibit porous structures with thicknesses
ranging from a few nanometers to several micrometers. Con-
trol of the applied voltage governs the rate of oxide growth
and the characteristic dimensions of the nanostructures,
while longer anodization times generally promote thicker
oxide layers. However, excessively high voltages may lead
to irregular growth or structural damage, whereas low volt-
ages can result in thinner or incomplete oxide films. These
characteristics make anodized TiO2 suitable for techologi-
cal application, including aerospace and biomedical fields,
where improved corrosion resistance and biocompatibility
are desirable [9-16].

The versatility of TiO2 nanotube architectures has stimu-
lated extensive research in areas ranging from solar energy
conversion to biomedical applications, mainly due to their
tunable semiconductor properties and high surface area. In
addition to morphological control, further modification of
TiO2 nanotubes can be achieved through surface function-
alization with transition metals. In particular, the incorpo-
ration of copper (Cu) and iron (Fe) introduces interfacial
states that can modify the electronic structure, optical band
gap, and magnetic response of the material. Beyond these
effects, metal-oxide interfaces may also influence the lattice
dynamics of the system by altering the phonon spectrum
through defect formation and interfacial coupling. Despite
the large number of studies focusing on structural and opti-
cal properties of anodized TiO2 nanotubes, the relationship
between architectural control, metal functionalization, and
the resulting phonon behavior remains less explored [17,
18]. Thermodynamic investigations of TiO2 nanostructures
remain relatively scarce compared to the extensive literature
on their optical and catalytic properties. One of the earliest
experimental studies was reported by Dames et al.[19], who
measured the specific heat of anatase TiO» nanotubes in the
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1.5-95 K range and reported deviations from bulk behavior
due to low-dimensional phonon effects. Subsequent stud-
ies have examined the heat capacity of TiO3 nanostructures
such as nanoparticles and nanowires, revealing strong size-
dependent contributions associated with surface phonons
and lattice disorder [20]. In particular, calorimetric inves-
tigations of TiOs have shown that the temperature depen-
dence of the heat capacity can be successfully described
using combined Debye—Einstein models, enabling the
evaluation of thermodynamic functions such as entropy and
enthalpy [21] . Despite these advances, most previous work
has focused on pristine TiO5 nanostructures, while the ther-
modynamic behavior of metal-functionalized TiO2 nano-
tube systems remains largely unexplored.

In this context, temperature-dependent heat capacity
measurements provide a sensitive thermodynamic probe for
investigating lattice dynamics in nanostructured oxides. The
analysis of C,(T) allows access to the phonon density of
states and to low-energy excitations associated with defects
and interfaces. In the present work, Cu—Fe functionalized
TiO2 nanotube nanocomposites obtained through voltage-
controlled anodization are investigated. Structural, mor-
phological, Raman, and thermal analyses are combined to
understand how architectural control and interfacial modifi-
cation influence the vibrational behavior of the system. Heat
capacity measurements in the 2-300 K range were analyzed
using a Debye—Einstein model to evaluate the role of Cu—
Fe functionalization on phonon dynamics. By correlating
colorimetric results with structural and spectroscopic char-
acterization, we examine the relationship between voltage-
induced architecture, interfacial phonon modulation, and
the resulting thermodynamic properties of TiO2 nanotube
systems.

2 Materials and instrumentation

In this study, a commercial titanium film with a thickness
of 0.03 mm and a purity of 99.6% (grade 2) was used as the
substrate. Prior to the experiments, the titanium film was
cleaned to remove surface contaminants. The samples were
ultrasonically cleaned in isopropyl alcohol for 15 min and
subsequently dried in air at room temperature. The elec-
trolyte solution used for the anodization process consisted
of ethylene glycol (C2HgO2, Sigma-Aldrich), ammonium
fluoride (NH4F, Panreac), hydrofluoric acid (HF, 40 wt.%,
Panreac), and distilled water, following procedures reported
in previous studies [22-26].

In the anodization process, titanium foil was used as
both the anode. The electrolyte consisted of ethylene glycol
(EG), ammonium fluoride (NH4F), hydrofluoric acid (HF),
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Table 1 The samples were annealed at 350°C for 2 h after anodization. Copper and iron were subsequently deposited, followed by calcination at

450°C for 2 h. Sample 1 was anodized at 30 V and sample 2 at 40 V

volts sample time (min) compounds-Ti compounds-O compounds-Fe compounds-Cu
30 1A 40 v v

30 1B 60 v v

30 1C 40 v v v v
30 1D 60 v v v v
40 2A 40 v v

40 2B 60 v v

40 2C 40 v v v v
40 2D 60 v v v v

Electrode properties
Electrode material Elfwettos e
SR conifions e gecmetry Preparation of the solution (Fe,Cu)
Q
%
‘ 09,_.‘ « Substrate preparation
% 6 (cleaning -Ti)
o s %
7 %
[\J . .
& o : % % ) Spincoating
AnOd'z"‘g(Tl) %“; -% Deposit of the solution.

Drying and calcination

v

Fig. 1 The schematic illustrates the anodization of the titanium film and the subsequent deposition of copper and iron nanoparticles by the spin-

coating method

and distilled water. The anodization experiments were car-
ried out in a two-electrode electrolytic cell with an interelec-
trode distance of 2 cm. The process was performed under
potentiostatic (constant voltage) conditions at room temper-
ature. The electrolyte composition was 65 mL of ethylene
glycol, 3 mL of HF, 2 mL of distilled water, and 0.30 g of
NH4F. Anodization was conducted at applied voltages of 30
and 40 V for durations of 40 and 60 min. The experimental
parameters and the corresponding sample nomenclature are
summarized in Table 1.

Figure 1 shows a schematic representation of the main
parameters involved in the anodization process, followed by
deposition of copper and iron nanoparticles. Thin films of
copper and iron oxides were deposited onto the anodized
titanium substrate using the spin-coating. The precursor
solution was prepared by dissolving copper and iron salts in
a glycerol-water solvent mixture. After this step, the sam-
ples were subjected to an annealing treatment to promote
the formation of oxide nanoparticles.

The optical characterization of the nanotube samples was
carried out using a UV—Vis spectrophotometer (Cary 5000)
operating in diffuse reflectance mode. Structural character-
ization was performed by X-ray diffraction (XRD) using a
PANalytical Empyrean diffractometer in Bragg—Brentano
geometry at room temperature. The measurements were
performed in continuous mode with a step size of 0.02° in
the 260 range from 10° to 90°. The annealing process was
carried out in a Vulcan 3-1750 furnace with a heating rate
of 20 °C min—! up to 450°C, and maintained for 2 h. Ele-
mental analysis was performed by energy-dispersive X-ray
spectroscopy (EDS) using a JEOL JSM-6510 scanning elec-
tron microscope. Raman scattering measurements were per-
formed using a Jobin-Yvon T64000 triple monochromator
equipped with a CCD detector, using a 532 nm excitation
laser. Heat capacity measurements were carried out using a
PPMS DynaCool system (Quantum Design) employing the
thermal relaxation (two-7) method in the temperature range
from 2 to 210 K.
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3 Results

Figure 2 shows the X-ray diffraction (XRD) pattern of the
metallic titanium substrate in sheet form prior to any sur-
face modification. All observed reflections can be indexed

1 oy ] f [ |
- —
Ti substrate o
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s
>
=
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N
Q o
b= A
— 8
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Fig. 2 X-ray diffraction analysis of the titanium foil used as the
substrate

according to the ICDD/JCPDS card PDF No. 00-044-1294,
confirming the presence of metallic titanium without detect-
able secondary phases. The well-defined diffraction peaks
indicate a high degree of crystallinity, which is characteris-
tic of titanium foils produced by industrial rolling processes.
The reflections corresponding to the crystallographic planes
(100), (002), (101), (102), (110), (103), and (112) match
with the angular positions reported for hexagonal metallic
titanium [27].

Figure 3 presents the X-ray diffraction patterns of samples
anodized at 30 V with anodization times of 40 min (1A and
1C) and 60 min (1B and 1D), all calcined at 450 °C. In sam-
ples 1C and 1D, Fe and Cu were additionally deposited onto
the surface by spin coating after the formation of the TiO4
nanotubes. The diffraction patterns are mainly composed
of the reflections of metallic Ti, indicating that the anod-
ized oxide layer remains relatively thin, which is character-
istic of nanotubular architectures [28]. This observation is
consistent with anodization followed by thermal treatment
leading to surface oxidation without complete. Moreover,
increasing the anodization time from 40 to 60 min does not
lead to the appearance of additional crystalline phases, sug-
gesting that the main effect of the anodization time is associ-
ated with changes in nanotube morphology and oxide layer
thickness rather than with long-range crystallographic phase
transitions.

Fig. 3 X-ray diffraction (XRD)
patterns of anodized samples:
(1A) 30 V for 40 min; (1B) 30 V
for 60 min; (1C) 30 V for 40 min
followed by Cu and Fe deposi-
tion by spin coating; and (1D) 30
V for 60 min followed by Cu and
Fe deposition by spin coating. All
samples were calcined at 450°C
for 2 h after anodization and, when
applicable, after metal deposition
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In contrast, samples 1C (40 min) and 1D (60 min), which
were surface-coated with Fe and Cu by spin coating, exhibit
additional diffraction patterns. Besides the reflections attrib-
uted with oxide phases involving Fe and Cu species. These
features indicate that the metallic species deposited on the
nanotube surface undergo oxidation and interact with TiO,
matrix during possibly leading to the formation of second-
ary oxide phases [29]. This behavior suggests a thermally
induced interfacial interaction between the deposited metals
and the TiO5 nanotube framework, promoting the formation
of mixed oxide structures at the surface.

The persistence of intense reflections from metallic Ti
indicates that the anodized oxide layer remains relatively
thin, which is characteristic of nanotubular architectures.
No additional secondary phases were detected. Increasing
the anodization time from 40 to 60 minutes does not intro-
duce new crystalline phases, suggesting that its main effect
is associated with changes in nanotube morphology and
oxide layer thickness rather than to long-range structural
phase transformations [28, 29].

As shown in Fig. 3, the X-ray diffraction patterns also
reveal weak reflections attributable to anatase TiOs (PDF
00-002-0406 / 01-071-1167), located at the characteristic
angular positions around ~ 25° (101), ~ 48° (200), ~ 54°
(105), ~ 62-63° (204), and ~ 75° (215)/(220), confirm-
ing the crystallization of the oxide layer after annealing at
450 °C. In sample 1A, additional contributions consistent
with non-stoichiometric titanium oxides (PDF 10-086-
1155, Tig.7802) are observed, suggesting the presence of
a partially reduced Ti/TiO; interfacial region enriched in
structural defects and oxygen vacancies. In contrast, the
spin-coated samples (1C and more prominently 1D) dis-
play increasingly additional diffraction patterns due to the
appearance of additional reflections associated with Fe and
Cu containing oxide phases(PDF 01-089-2812 and 01-078-
1627). These results suggest that the Fe—Cu species depos-
ited on the nanotube surface may interact with the TiO,
surface during annealing likely favored by the high surface
area and enhanced reactivity of the nanotubular architecture
[30].

In Fig. 4, the X-ray diffraction patterns of the samples
anodized at 40 V (2A and 2B) show only minor differences
compared with those obtained at lower anodization voltages,
suggesting that the overall crystalline phase composition
remains essentially unchanged. The diffraction patterns con-
tinue to be mainly composed of reflections from the metal-
lic Ti substrate, while the anatase TiOy peaks are preserved
at their characteristic angular positions. The main effect of
increasing the anodization voltage is a moderate increase in
the intensity of the anatase reflections, which may indicate
improved crystallinity or a slightly higher effective oxide
fraction, rather than the formation of additional crystalline
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Fig. 4 X-ray diffraction (XRD) patterns of TiO2 nanotube samples
anodized at 40 V: 2A) 40 min and 2B) 60 min anodization time. Both
samples were calcined at 450 °C

phases [31-33]. Overall, the XRD analysis indicates that
the anodization conditions primarily influence the crystal-
linity and effective thickness of the TiO2 nanotube layer
without inducing major phase transformations. These struc-
tural characteristics are relevant for understanding the sub-
sequent morphological, vibrational, and thermodynamic
behavior of the system.

In Figure 5a, the optical absorption edge located at
approximately 2.9 eV lies below the nominal band gap of
anatase TiOs (=3.1-3.2 eV). This behavior is commonly
attributed to sub-gap absorption tails associated with struc-
tural and electronic disorder, including defect states such
as oxygen vacancies, Ti?t species, and interface states at
the nanotube—substrate boundary, rather than to an intrinsic
narrowing of the band gap [32, 33]. In contrast, Figure 5b
exhibits a sharper and well-defined absorption edge, indicat-
ing a reduction in sub-gap states and improved structural

@ Springer
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Fig. 5 Tauc plots derived from UV—Vis diffuse reflectance spectros- 30 V for 40 min; b) 1B: anodized at 30 V for 60 min; ¢) 1C: anodized
copy (DRS) using the Kubelka—Munk transformation for optical band- at 30 V for 40 min with Cu/Fe deposition onto TiO2 nanotubes; d) 1D:
gap determination of TiO2 nanotube arrays annealed at 450 °C. Indi- anodized at 30 V for 60 min with Cu/Fe deposition; e) 2A: anodized at
rect allowed electronic transitions were assumed. a) 1A: anodized at 40 V for 40 min; and f) 2B: anodized at 40 V for 60 min
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order associated with the longer anodization time and
subsequent annealing, yielding a band-gap value close to
3.1 eV, characteristic of well-crystallized anatase TiO2 [33].

In Figure 5c (sample 1C), two optical absorption edges
can be distinguished: a high-energy transition at ~3.2 eV
corresponding to the fundamental band-gap transition of
TiO3, and a lower-energy edge at ~2.2 eV associated with
visible-light absorption introduced by Cu and Fe related spe-
cies and/or interfacial states. In Figure 5d (sample 1D), the
visible absorption edge shifts further to ~1.9 eV, suggest-
ing a stronger contribution from CuO/Cu—O-Fe containing
oxide species or an increased density of deposition-induced
defect states, while the TiOs-related transition remains
essentially unchanged at ~3.1 eV [32].

In Figure 5e (sample 2A, 40 V, 40 min), the apparent
optical gap falls below ~2.8 eV, which can be attributed
to a dominant contribution from defect surface state medi-
ated absorption associated with enhanced optical disorder.
In contrast, Figure 5f (sample 2B, 40 V, 60 min) displays a
near UV absorption edge at ~3.0 eV, indicative of a more
bulk-like optical response of TiO5. Overall, the slight down-
shift of the optical edge observed in the pristine samples
is more plausibly related to defect mediated sub band gap
absorption tails arising from anodization-induced disorder
and residual populations of Ti3* species and oxygen vacan-
cies, rather than to a genuine narrowing of the intrinsic TiO2
band gap [31, 32]. To correlate the optical response with
the structural characteristics of the anodized layers, the mor-
phology and nanotubular architecture of the samples were
further examined by SEM.

As observed in the SEM micrographs, electrochemical
anodization at 30 V for 40 min leads to the formation of a
uniform nanotubular oxide layer, as shown in Fig. 6¢. Fig-
ure 6a presents the pristine titanium surface prior to anod-
ization, characterized by a relatively smooth morphology.
After anodization (Fig. 6b), the surface exhibits the initial
formation of the nanotubular oxide layer, although residual
electrolyte species are likely present. Following thermal
treatment at 450 °C for 2 h (Fig. 6¢), a well-defined and
homogeneous TiOy nanotubular architecture is obtained.
This thermal step is associated with the removal of residual
electrolyte and improved the structural integrity of the oxide

Fig.6 SEM micrographs of the
titanium substrate: a) pristine Ti;
b) anodized Ti; and ¢) anodized
Ti after thermal treatment at 350 °
Cfor2h

layer, resulting in a more stable and uniform nanotubular
coating [34].

All samples were prepared during the anodization pro-
cess using the same electrolyte composition, as described in
the previous section. The anodization time was set at 40 and
60 min, with applied potentials of 30 and 40 V. After anod-
ization, the samples were thermally treated at 350 °C for 2 h
to reduce residual electrolyte species. The anodized Ti films
were then cleaned and used as substrates for the deposition
of Cu and Fe by spin-coating. Finally, all samples were cal-
cined at 450 °C to stabilize the oxide layer and the deposited
species.

In the anodization process, the evolution of the current
density as a function of time is typically monitored, as
reported in the literature [22, 23]. When a constant voltage
is appled, the formation of a porous oxide layer leads to a
characteristic current density time curve. The kinetics of this
process can generally be divided into three distinct stages.
The first stage is characterized by a rapid decrease in current
density, corresponding to the initial formation of a compact
oxide barrier layer on the Ti surface. This layer exhibits high
electrical resistance and forms through the electrochemi-
cal interaction between Ti*t ions and O?~ species derived
from the electrolyte [35]. The overall anodic reaction can be
expressed follows:

Ti+2H,0 — TiOy +4e” +4H™ (1)

The current density increases until reaching a maximum
value, corresponding to the onset of pore formation. This
results areassociated with the field-assisted chemical disso-
lution of the initially formed oxide layer, in the presence
of fluoride ions present in the electrolyte. Under the influ-
ence of the electric field established between the electrodes,
localized dissolution occurs at the oxide/electrolyte inter-
face, initiating the development of nanopores. The dissolu-
tion process can be described by the following reaction [35]:

TiOy + 6F~ +4H" — TiF;~ + 2H,0 ()

At longer times, the current density reaches a nearly steady
value, indicating a dynamic equilibrium between oxide

@ Springer
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formation and field-assisted dissolution, which leads to the
growth of TiO5 nanotubes and marks the completion of the
anodization stage. Detailed analyses of the current density
evolution as a function of time, voltage, and electrolyte
composition can be found in previous studies [22, 23, 25,
36]. After completion of the anodization process and subse-
quent drying of the samples, copper and iron nanoparticles
were deposited onto the anodized TiO2 nanotube layers.

Figures 7a and 7b show FESEM images of the TiO2
nanotubes obtained at an anodization potential of 30 V
with an anodization time of 40 min (sample 1A). Figure 7a
presents the surface morphology after thermal treatment,
revealing open and uniformly distributed nanotubes across
the surface. In Figure 7b, a fracture produced using a clamp
allows observation of the lateral morphology and thickness
of the nanotubular layer. Figures 7c and 7d correspond to
the sample anodized for 60 min at 30 V (sample 1B). In
Figure 7c, traces left mechanical removal of nanotubes with
tweezers are observed, confirming the uniform distribution
of the nanotubular array. Figure 7d shows a fractured region
where the nanotubes appear longer than in the 40 min sam-
ples, indicating a progressive increase in nanotube length
with increasing anodization time.

In Figures 8a, 8c, and 8e, the morphology of sample 1C
anodized at 30 V for 40 min and subsequently modified by
Cu and Fe deposition via spin coating is shown. In Figure 8a,
the inset image shows a uniform nanotubular substrate with
open and well defined nanotube mouths. A layered sur-
face structure can also be distinguished, consisting of the

Fig.7 FESEM images of TiO2
nanotubes obtained by anodiza-
tion at 30 V (method 1). a) Surface
morphology of sample 1A after
40 min of anodization. b) Cross-
sectional fracture of sample 1A
(40 min). ¢) Traces of nanotubes
from sample 1B after mechanical
removal using tweezers. d) Cross-
sectional fracture of sample 1B
after 60 min of anodization

@ Springer

underlying nanotube array followed by elongated nanopar-
ticles aggregates and, above them, particles exhibiting
a lamellar morphology. In Figure 8c, clusters of rice like
nanoparticles are observed beneath a hierarchical surface
structure distributed across the surface. Finally, the cross-
sectional fracture in Fig. 8¢ shows the presence of a Cu—Fe
particle layer formed on top of the TiO2 nanotubes.

Figures 8b, 8d, and 8f correspond to sample 1D anodized at
30V for 60 min. Figure 8b displays a homogeneous dispersion
of elongated nanoparticles on the nanotubular surface. In con-
trast to Fig. 8c, the hierarchical morphology is not observed in
Fig. 8d; instead, only a single type of nanoparticle morphol-
ogy is present which indicates. The fractured region shown
in Fig. 8f confirms the formation of a Cu—Fe particle layer on
the nanotubes, although this layer appears slightly thinner than
that observed for the sample anodized for 40 min [37].

Figure 9a illustrates the sample anodized at 40 V for
40 min. The surface exhibits open TiO3 nanotubes, although
slight morphological irregularities are observed compared
with those formed at 30 V. Figure 9b shows the fractured
sample anodized at 40 V for 60 min, where the nanotubular
architecture remains visible along the cross-section. Fig-
ures 9c and 9d correspond to the sample anodized at 40 V
for 40 min after deposition of Cu and Fe particles. In Fig-
ure 9c, aggregates composed of elongated nanoparticles are
observed on the nanotubular surface. Figure 9d provides a
higher magnified view of these nanoparticles, which appear
uniformly distributed with a relatively narrow size distribu-
tion [37].
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Fig.8 FESEM images of TiO2
nanotubes obtained by anodization
at 30 V (method 1) after Cu and Fe
deposition. Sample 1C: a) surface
morphology showing the nanotube
openings with Cu and Fe particles;
¢) general surface exhibiting a
flower-like morphology; e) cross-
sectional fracture of the sample.
Sample 1D: b) surface morphology
of the sample; d) magnified view of
the nanotubular surface; f) cross-
sectional fracture of the sample

In addition, Figures 9¢ and 9f correspond to the sample
anodized at 40 V for 60 min with Cu and Fe deposition
(sample 2D). In this case, the deposited particles form a
compact layered morphology that differs from the particle
aggregates observed in Fig. 8. The fractured region shown
in Fig. 9f shows that this morphology develops mainly on
top of the nanotube layer, suggesting a coalescence of Fe/
Cu nanoparticles rather than a destruction of the underlying
nanotubular structure. To relate the surface morphology to
the chemical composition of the deposited layer, elemental
mapping was carried out by energy-dispersive X-ray spec-
troscopy (EDS).

Figure 10 shows the EDS elemental mapping of samples
1A, 2A, 1B, and 2B. The maps consistent with a homoge-
neous spatial distribution of Ti and O across the analyzed
regions, confirming the formation of a TiO2 oxide layer

over the titanium substrate. In addition, the presence of
fluorine is detected uniformly on the surface. This signal is
associated with residual fluorinated species originating from
the fluoride-containing electrolyte (NH4F/HF) used during
anodization, which participate in the dissolution—growth
equilibrium through the formation of soluble [TiFs]?>~ com-
plexes [38]. The homogeneous distribution of F is consistent
with the presence of Ti—F surface terminations and the high
surface area characteristic of the nanotubular architecture.
The nitrogen signal observed in the maps is attributed
to residual nitrogen-containing species from the electrolyte
(NHI), which may remain weakly adsorbed on the nano-
tube walls or trapped within the nanotubular channels, par-
ticularly in samples with longer anodization times. Although
present in low concentration, both F and N species can influ-
ence the surface electronic structure by modifying surface
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Fig. 9 FESEM images of TiO2
nanotubes obtained by anodization
at 40 V (method 2). a) Sample 2A;
b) sample 2B; (c,d) sample 2C; and
(e,f) sample 2D

0.5um

states and band bending, potentially affecting charge trans-
port and trapping processes without altering the crystalline
phase of TiO4 identified by XRD.

The differences between samples 1A/IB (30 V) and
2A/2B (40 V) are mainly related to variations in the anodiza-
tion voltage and time, which control the electric-field-driven
balance between oxide growth, ionic migration, and fluo-
ride-assisted dissolution at the TiOs/electrolyte interface.
As a result, higher voltages and longer anodization times
favor deeper electrolyte interaction with the nanotube chan-
nels and slightly increased incorporation of fluorinated and
nitrogen-containing species within the nanotubular structure.

As shown in Fig. 11, the SEM—EDS analysis of samples
1C, 2C, 1D, and 2D indicates the successful incorporation
of Cu- and Fe-based oxide species onto the anodized TiO»
nanotubular framework. The strong and continuous Ti and
O signals indicate that TiO5 remains the dominant structural
matrix after spin-coating deposition and subsequent calci-
nation at 450 °C. In addition, the elemental maps reveal a

@ Springer

homogeneous spatial distribution of Cu and Fe across the
analyzed regions, suggesting an intimate interfacial interac-
tion between the deposited metal oxides and the TiOy nano-
tube surface. The co-distribution of Cu and Fe signals is
consistent with the formation of a mixed Cu—Fe oxide layer
dispersed over the TiO5 nanotubular surface [37]. Raman
spectroscopy was employed to further probe the vibrational
modes and structural order of the TiO5 nanotube arrays,
complementing the structural and compositional informa-
tion obtained from XRD, SEM, and EDS analyses.

Figure 12 presents the Raman spectra of the TiO5 nano-
tube samples obtained under different anodization condi-
tions and surface modifications. The spectrum of sample 1B
(30 V, 60 min) shows the characteristic Raman modes of
anatase TiO2, located at approximately £, 145 cm ™! (most
intense), £, 200 cm™ !, By, 399 cm™!, By, 514 em™?, Ay
519 cm~!, and E, 640 cm™'. These vibrational features are
consistent with the presence of the anatase phase, consistent
with the XRD results for samples calcined at 450 °C [39].
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25 i

25.um

Fig. 10 EDS elemental maps of samples 1A a), 2A b), 1B ¢), and 2B d), showing the spatial distribution of C, O, Ti, F, and N across the sample
surface. The maps reveal a homogeneous distribution of these elements over the analyzed areas. Scale bar: 25 um

Fig. 11 EDS elemental maps of samples 1C a), 2C b), 1D c), and 2D rich oxide matrix and a progressively more compact elemental distri-
d), showing the spatial distribution of O, Ti, Cu, Fe, and C. The maps bution across the analyzed areas. Scale bar: 25 pm
reveal a uniform co-distribution of Ti, Cu, and Fe within an oxygen-
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Fig. 12 Raman spectra of TiO2
nanotube samples obtained under
different anodization conditions
and surface modifications. a)
Sample 1B, b) sample 2B, ¢)
sample 1C with peak deconvolu-
tion, d) sample 2C, e) sample 1D
with peak deconvolution, and

f) sample 2D. The dashed lines
indicate the characteristic Raman
modes of anatase TiO2
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As observed in Figs. 12 (1B, 2B, 2C, and 2D), the main
Raman vibration modes correspond to anatase TiOs, par-
ticularly the intense £, mode at ~ 145 cm™!. Minor contri-
butions potentially associated with rutile TiO, may appear
around ~ 447 and ~ 612cm™!, although these signals
remain weak. For sample 2B (40 V, 60 min), the anatase
fingerprint is preserved. The increase in anodization voltage
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tends to modifies the nanotube geometry (diameter and wall
thickness), increasing the effective scattering volume within
the Raman excitation region. In addition, higher anodization
voltages may introduce residual strain and point defects, such
as oxygen vacancies and Ti3* species, which can manifest
as variations in relative peak intensities and moderate band
broadening. The slightly elevated background observed in
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this spectrum may also be associated with defect-related
structural disorder. The appearance of vibrational features
in Sample 2B at ~447 cm~! and within the 200-400 cm~—!
region corresponds to the E; mode of rutile TiO and the
activation of lattice signatures from sub-stoichiometric Tig
O phases, respectively, indicating a voltage-induced tran-
sition toward a more complex, defect-rich interfacial envi-
ronment [39]. These modes provide spectroscopic evidence
of the localized structural disorder and oxygen-deficient
growth kinetics that underpin the enhanced lattice rigidity
observed at higher anodization potentials [40].

In samples 1C and 1D, following the deposition of Fe
and Cu onto the nanotubular TiOy surface and subsequent
calcination, the Raman spectra exhibit significant band
broadening. This effect can be attributed to interfacial
modifications at the Fe—Cu/TiOs interface, including lattice
strain, increased defect density, and local structural disor-
der. As a result, the weaker anatase modes become partially
masked, while additional vibrational contributions appear
that may be associated with copper and iron oxides formed
during calcination.

Reported Raman bands of CuO are typically located near
~ 298, ~ 346, and ~ 630 cm~!, while a-Fe;O3 (hematite)
exhibits characteristic modes around ~ 225, ~ 247, ~ 293
,~ 412, ~ 499, and ~ 613 cm~!. Because several of these
modes lie close to TiO2 vibrational features, spectral over-
lap occurs, making it difficult to unambiguously identify the
dominant oxide phase solely from Raman analysis. The pro-
nounced linewidth broadening further suggests an increased
degree of structural disorder associatde with the Fe—Cu sur-
face modification [40].

For sample 2D (40 V, 60 min anodization followed by
Fe—Cu deposition and calcination at 450 °C), the Raman
spectrum shows significant changes. The dominant anatase
E, mode at ~ 145cm™" is strongly attenuated, while the
most intense band appears near ~ 300 cm~!. This behavior
suggest that the raman response is mainly governed by the
Fe—Cu oxide overlayer rather than the underlying TiO3 nano-
tubular matrix. The band position is consistent with reported
modes of a-Fe;03 (~ 293 cm ™) and CuO (~ 298 cm™1),
suggesting the formation of iron and copper oxide phases on
the surface after calcination [40]. The attenuation of anatase
modes and the enhanced band broadening further indicate
strong interfacial coupling and increased structural disorder
at the Fe—Cu/TiO5 heterojunction. These results suggest
that, for sem, longer anodization times, the surface oxide
layer becomes dominant within the Raman probing depth
[41]. The contrast in the Raman baseline between the 30
V (1C/1D) and 40 V (2C/2D) series arises from localized
structural disorder and a higher density of electronic defect
states such as oxygen vacancies and Ti** rather than macro-
scopic morphology. The presence of oxygen vacancies and

Ti3*t defect states in TiO5 is well known to introduce elec-
tronic states within the band gap and to significantly modify
the optical and vibrational response of the material, includ-
ing changes in Raman spectra and optical absorption behav-
ior. Consistently, while these defects are associated with an
elevated background in the 30 V samples, the signal in the
40 V series is mainly governed by the more compact Fe-Cu
oxide overlayer, which effectively shields the disordered
TiO; interface [42].

3.1 Heat capacity analysis

Figure 13 presents the temperature dependence of the spe-
cific heat for the pristine anodized TiO, nanotubes 2B),
establishing the thermodynamic reference behavior of the
system. The corresponding analysis for the Cu Fe func-
tionalized sample 2D) is shown in Fig. 14, where the upper
panel reveals a clear deviation from ideal Debye behavior
in the low-temperature region, while the lower panel dis-
plays the intermediate temperature regime highlights the
Debye—Einstein model. This comparative representation
underscores the modification of lattice dynamics associated
with surface functionalization [21, 43].

To analyze the experimental heat capacity data, the tem-
perature range was divided into distinct intervals in order
to apply the appropriate lattice-dynamical models. In crys-
talline solids, low energy acoustic phonons are described
within the Debye formalism, which accounts for long wave-
length collective vibrations, whereas higher energy optical
modes are better described by the Einstein model.

Given that TiO2 is a multi-atomic crystal with several
atoms per unit cell, its vibrational spectrum is not fully
described by a purely Debye-type approximation. There-
fore, a combined Debye—Einstein approach was adopted.
The low-temperature region was analyzed within the Debye
framework, while intermediate temperatures (50-210 K)

300 (a) Pristine anodized TiO, nanotubes
2501 — 5p: fit
- ¢ 2B
L 200
E 150 Debye-like regime
S
& 100 5
o ¢
50 0 Tt
0 e 0 10 20 30
0 50 100 150 200
T(K)

Fig. 13 Temperature dependence of the specific heat of pristine anod-
ized TiO2 nanotubes 2B). Solid lines correspond to the fitted model
described in the text. The inset shows the low-temperature region,
highlighting the deviation from ideal Debye behavior
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0.4% (b) Cu-Fe functionalized TiO, nanotubes
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Fig. 14 Specific heat analysis of the Cu—Fe functionalized TiO2 nano-
tubes (2D). Top panel: low-temperature region displayed as C, /T ver-
sus T'2, highlighting non-Debye behavior. Bottom panel: intermediate-
temperature region fitted using the Debye—Einstein model. Solid lines
correspond to the model fits described in the text

were fitted with Einstein contributions associated with local-
ized optical modes, particularly those related to Ti—O bond
vibrations. The experimental heat capacity was described by
the following expression [43]:

Osen \2  efsen/T
T

Cp(2 — 40K) = 4T + B3T3 + BsT° + B;T" 4 BoT® 4+ nscn R (— B s—

(14 efsen/T)
Cp(40 —50K) = Ag+ Ay - T+ Ay - T? + Az - T3
Cp(50 —210K) =np D(T, 0p) +ng E(T,0g),

For sample 2D, the following equation was employed:

CI(50 — 180K) = np D(T,0p) + np E(T,0g), +AT

T 3 p0p)T 4, u
D(T,0p) = 9R () / L du,
oo/ Jo (e

605/T

0p\’
E(T,05)=3R(2L) —— .
o) <T) (ef5/T — 1)
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At low temperatures (2-40 K), the heat capacity was
analyzed including possible additional low-energy con-
tributions. In insulating crystalline systems, the domi-
nant term is expected to follow a 7° dependence arising
from acoustic phonons. A negligible linear coefficient
confirms the absence of an electronic contribution. The
inclusion of a Schottky type term allows for of defect-
related or interfacial excitations, which may become rel-
evant in nanostructured systems. The linear coefficient (y
) is not attributed to conduction electrons in this system
[44], instead, such a linear in temperature contribution is
more plausibly associated with lattice defects, particularly
vacancy-related disorder that introduces low-energy exci-
tations. The Schottky term (nsR) may arise from defect
related surface states of hydroxyl (—OH) groups bound
to defect sites, which generate discrete energy-level split-
ting contributions to the heat capacity. 40-50 K interval
was modeled using a third-order polynomial to ensure
a smooth crossover between the low- and high-temper-
ature regimes, preserving continuity for thermodynamic
integration.

In the 50-210 K range, the experimental C,, ,,(T) data
were described using a Debye—Einstein model,

Cp(T) = npD(T,0p) + neE(T,0r), 3)

where the Debye function D(T,0p) represents collec-
tive acoustic phonons and the Einstein function E(T,05)
accounts for optical vibrational modes associated with
localized Ti-O bonding dynamics. The weighting factors
np and ng quantify the relative phonon contributions,
while the characteristic temperatures 6p and 0 define the
corresponding vibrational energy scales. In particular, 6p
provides insight into the effective elastic response of the
nanotubular framework [43].

In Table 2, sample 2B exhibits a Schottky type con-
tribution with fsq, = 10.12 K. The linear coefficient
~ = 3.923 x 10~° is small but finite. For an ideal intrinsic
semiconductor, this term should be essentially zero. Its non-
zero value suggests a finite density of low-energy electronic
states, attributed to structural defects, oxygen vacancies,
and surface states associated with the nanotubular morphol-
ogy of anodized TiOs.

The Schottky contribution suggests the presence of cen-
ters with small energy splitting, consistent with discrete
levels induced by point defects and surface-trapped states.
These findings are consistent with the defect-rich nature
of electrochemically anodized TiOs. The relatively high
RMSE value (222%) suggests that the adopted model does
not fully capture the system’s complexity, most likely due
to the superposition of multiple thermal and electronic pro-
cesses in the low-temperature regime.
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Table 2 Fitted coefficients of the Cj,(7") models and derived thermo-
dynamic functions for anodized TiO2 nanotube samples. Sample 2B
corresponds to pristine anodized TiO2, whereas sample 2D represents
the Fe/Cu surface-modified system

Parameter 2B 2D

Low-temperature region (2—40 K), Schottky + power series

vy g K™Y 3.923 107° -

B3 (J g 1K™ -3.953 107 -

Bs (J g7 K™ 1.348 107° -

By (J g K™% -7.425 10713 -

By (J g~ 1. K~10) 1.403 10716 -

nsch (8) 4.136 10~* -

Ogen (K) 10.12 -

RMSE% 2225 -

Range (K) 2-40 -
Intermediate region (4050 K), Polynomial fit

Ao (J g—l.K—l) -0.132 -

A (Tg K™% 6.861 1073 -

Az (J g 1K™9) -1.003 1074 -
As(Jg7LK™ 7379 1077 -

RMSE% 5.61 -

Range (K) 40-50 -
High-temperature region (50-210 K), Debye—Einstein model

np (g) 1.016 102 5402 1073
0p (K) 336.9 393.1

ng (g) 4.194 1073 3.082 1073
0g (K) 589.6 717.9

A1 (J g 1K™?) - 2.545 1074
RMSE% 1.63 5.16

Range (K) 50-210 50-180
Thermodynamic functions at 298.15 Kel

729815 a gfl_) 58.14 _

§298-15 (mJ g—l.K—l) 362.7 —

In sample 2B, the 40-50 K interval defines a thermal
crossover regime where residual defect related excitations
coexist with the progressive activation of lattice phonons.
The nonlinear curvature of C,(T"), evidenced by the alter-
nating polynomial coefficients, indicates a smooth transition
from localized low-energy states to collective vibrational
dominance. The low RMSE (5.61%) supports the robust-
ness of the fit and excludes critical anomalies or phase tran-
sitions in this temperature range.

In the 50-210 K regime, the Debye Einstein parameters
suggest a structural stiffening associated with the Fe/Cu
modification. The increase in 6 (336.9—393.1 K) indicates
an enhancement of the effective lattice rigidity and average
sound velocity, while the reduction in the acoustic weight
np (1.016x1072 —5.402x10~3) indicates a relative sup-
pression of low energy phonon contributions. Consistently,
the rise in 0g (589.6—717.9 K) reflects a shift of optical
modes toward higher energies, attributable to strengthened

Fe-O and Cu-O bonds, accompanied by a decrease in ng
(4.194x1073 —3.082x1073), suggesting a redistribu-
tion of the phonon density of states. The emergence of the
additional A; term in 2D indicates a residual electronic or
defect-related contribution associated with functionaliza-
tion. The low RMSE values (1.63% and 5.16%) support the
robustness of the model and indicate a clear modification of
the vibrational spectrum following surface coating.

For sample 2B at 298.15 K, the evaluation of its energetic
and entropic state at ambient conditions was carried out by
determining the corresponding thermodynamic functions,
which were obtained from the integrated heat capacity:

298.15
H?815 = / Cp(T) dT, (4)
0
298.15
§29815 — / L’;T) dr. (5)
0

For sample 2B, the resulting values are

H2%8:15 = 5814 Jg™t, %15 =0.3627 Jg P KL (6)

The corresponding thermal Gibbs function,

(298-15 _ [r298.15 7 g298.15 7)
yields

7529815 — 298.15 x 0.3627 = 108.14 Jg~ 1, ®)
G815 ~ —50.00 Jg~. )

The ratio between entropic and enthalpic contributions,

T8298'15

fraos1s ~ 186, (10)

demonstrates that at 298 K the thermal state is predomi-
nantly governed by vibrational entropy rather than inter-
nal energy accumulation. In other words, the multiplicity
of thermally accessible phonon microstates dominates the
free-energy balance.

To assess the proximity to the classical Dulong-Petit
limit [45, 46]:, the theoretical high-temperature heat capac-
ity for TiOg is

Cypp = 3nR =9R = 74.83 Jmol ' K™} (11)
which corresponds, in mass units, to

OUe) =0.9367 Jg LKL (12)
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Given the extracted characteristic temperatures 6 p = 336.9
K and 0 = 589.6 K, the ratios

T T
— ~0.89 — ~0.51
go S080, o~ 05l (13)

indicate that while the acoustic phonon branch approaches the
classical regime at 298 K, a substantial fraction of high-energy
optical modes remains partially unpopulated. Therefore, the
system has not fully reached the Dulong—Petit limit at ambient
temperature and resides in a mixed quantum—classical vibra-
tional regime. This interpretation is consistent with the signifi-
cant entropic contribution to the Gibbs thermal function and
the relatively high Einstein characteristic temperature.

The combined spectroscopic and calorimetric analyses
indicate that lattice dynamics in Fe/Cu-modified TiO5 nano-
tube systems are influenced by nanoscale morphology and
interfacial architecture. The pristine nanotubular framework
can be considered as a thermodynamic reference state in which
the free energy balance at ambient temperature is dominated
by vibrational entropy. In contrast, the Fe/Cu-modified archi-
tecture, characterized by layered oxide domains anchored to
the nanotube walls, exhibits increased Debye and Einstein
characteristic temperatures together with Raman observed
phonon sharpening, indicating enhanced lattice rigidity asso-
ciated with metal oxide interfacial coupling. Across the dif-
ferent morphologies, the vibrational response not determined
solely by elemental composition, but also influenced by the
structural hierarchy of the system.

Phonon hardening, whereas disordered hierarchical
assemblies introduce additional phonon scattering and
vibrational broadening. Taken together, these findings sug-
gest that nanoscale architectural design can be used to tune
the vibrational behavior and thermodynamic of oxide nano-
tube systems, highlighting interfacial design as a relevant
pproach to modulate phonon-mediated energy transport in
TiO2-based nanostructures relevant to photocatalysis, sens-
ing, and energy conversion technologies.

4 Conclusions

The combined structural, spectroscopic, and thermody-
namic analyses indicate that anodization parameters and Fe/
Cu functionalization influence the morphological hierarchy
and interfacial architecture of TiO2 nanotube arrays while
preserving anatase as the dominant phase after annealing
at 450 °C. SEM-EDS indicates homogeneous Fe/Cu oxide
domains anchored to the nanotubular framework, and opti-
cal measurements suggest additional electronic states asso-
ciated with the surface oxides without altering the intrinsic
TiOgy lattice. Raman spectra together with calorimetric
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measurements indicate that lattice dynamics are influenced
by morphology-driven interfacial coupling. Pristine nano-
tubes exhibit a thermodynamic state dominated by vibra-
tional entropy, whereas the Fe/Cu-modified architecture
shows increased Debye and Einstein temperatures (336.9—
393.1 K and 589.6—717.9 K), indicating phonon hardening
and enhanced lattice rigidity. These suggest that nanoscale
architectural control influences the vibrational behavior and
thermodynamic response of TiO2 nanotube systems, with
interfacial morphology acting as an important parameter in
phonon-mediated energy transport in oxide nanostructures.
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