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The feasibility of forming mesoporous anodic titanium oxide coatings in an Ethaline-

based electrolyte was investigated and compared with oxide layers formed in pure Ethaline

and in the conventional ethylene glycol/NH4F/H2O electrolyte. Electrochemical

characterization demonstrated that Ethaline possesses a wide electrochemical stability

window and is suitable for anodic oxidation of titanium. The anodization electrolyte was

found to strongly influence the electrochemical behavior, semiconductor properties, and

surface morphology of the resulting oxide films. Linear sweep voltammetry revealed that

the addition of NH4F and water promotes the formation of more protective oxide layers

compared with anodization in pure Ethaline. Mott-Schottky analysis confirmed n-type

semiconducting behavior for all samples, while significant differences in donor

concentration and flat-band potential indicated substantial changes in the electronic

structure of the anodic oxides. Profilometric measurements showed that the oxide formed

in the Ethaline/NH4F/H2O electrolyte possessed the highest surface roughness, reflecting

a different balance between oxide growth and localized dissolution compared with the

conventional nanotubular TiO2 obtained in the ethylene glycol electrolyte. The results

provide a basis for further optimization of Ethaline-based electrolytes through variation

in the water and fluoride contents to control the balance between oxide growth and field-

assisted dissolution, enabling the development of mesoporous titanium oxide coatings

with tailored functional properties.
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Introduction

Porous anodic metal oxides represent an
important class of functional materials owing to their
large specific surface area, controllable morphology,
and unique electrochemical and semiconducting
properties [1]. Such materials have attracted
considerable attention for applications in photocatalysis,
photoelectrochemical energy conversion, chemical and
biological sensing, water electrolysis, corrosion

protection, and electronic devices [2]. Among them,
anodic titanium dioxide is one of the most extensively
investigated systems because its morphology and
electronic properties can be tailored over a wide range
through electrochemical anodization [3].

The morphology of anodic TiO2 is primarily
governed by the anodizing electrolyte. Compact oxide
films are generally formed in fluoride-free electrolytes,
whereas fluoride-containing electrolytes promote the
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development of porous structures due to the competition
between field-assisted oxide growth and fluoride-assisted
oxide dissolution [4]. Conventional anodization of
titanium nanotubes is typically performed in ethylene
glycol-based electrolytes containing a small amount
of water and ammonium fluoride. In these systems,
water serves as the oxygen source for oxide formation,
while fluoride ions locally dissolve the growing oxide,
enabling the self-organization of highly ordered
mesoporous nanotube arrays. The structural
characteristics of anodic TiO2 are known to depend
strongly on anodization voltage, water content, fluoride
concentration, temperature, and anodization time [5].

In recent years, increasing attention has been
devoted to replacing conventional organic electrolytes
with environmentally benign media in accordance
with the principles of green chemistry. Deep eutectic
solvents (DESs) have emerged as promising alternatives
because of their low volatility, low toxicity, simple
preparation, high ionic conductivity, and wide
electrochemical stability window [6]. Among them,
the choline chloride–ethylene glycol mixture
(Ethaline) has been extensively investigated as an
electrolyte for electrodeposition of metals and alloys
[7], electropolishing of titanium and stainless steel
[8], and the preparation of composite coatings [9].
However, despite the rapidly growing interest in DESs,
their application to the anodic formation of titanium
oxide remains largely unexplored.

The formation of anodic oxide films in DESs
differs fundamentally from that in conventional aqueous
electrolytes because oxide growth depends on the
availability of oxygen-containing species within the
electrolyte. The high viscosity of Ethaline, its limited
water content, and the different transport properties
of ionic species may significantly influence the balance
between oxide growth and field-assisted dissolution
[10]. Whether a fluoride-containing Ethaline
electrolyte can support the formation of mesoporous
titanium oxide comparable to that obtained in
conventional ethylene glycol electrolytes remains an
open question.

Therefore, the aim of the present work was to
evaluate the feasibility of forming mesoporous anodic
titanium oxide films in an Ethaline-based electrolyte
containing ammonium fluoride. The electrochemical
behavior during anodization, the semiconducting
properties, and the surface morphology of the resulting
oxide films were systematically compared with those
of oxide layers produced in pure Ethaline and in the
conventional ethylene glycol/NH4F/H2O electrolyte.
The results provide new insight into the mechanisms
of oxide formation in deep eutectic solvents and
demonstrate the potential of DES-based electrolytes

for the preparation of functional anodic titanium oxide
materials.

Material and methods

All chemicals were analytical reagent grade.
Ethaline deep eutectic solvent was prepared by mixing
choline chloride and ethylene glycol in a molar ratio
of 1:2. The mixture was heated at 700C in ultrasonic
bath until a homogeneous, clear, colorless liquid was
obtained (near 30 min). The prepared DES was allowed
to cool to room temperature and stored in a sealed
container prior to use. Analytical-grade reagents were
used without further purification. For the preparation
of the fluoride-containing electrolyte, NH4F (0.3 wt.%)
and deionized water (5 vol.%, where applicable) were
added to the freshly prepared Ethaline under
continuous stirring until complete dissolution.
Composites were obtained by the original method,
which includes the stages of preliminary preparation
of the titanium substrate etching in 3% HF. The
technical titanium grade was VT1-0. Coatings were
obtained on titanium foil with an area of 1 cm2.
Three types of anodic titanium oxide electrodes were
prepared for comparison. The first sample was obtained
by anodization of titanium foil in pure ethaline at a
constant potential of 15 V for 3 h. The second sample
consisted of conventional TiO2 nanotube arrays
prepared in an ethylene glycol-based electrolyte
containing 0.3 wt.% NH4F and 2 vol.% H2O at a
constant potential of 60 V for 3 h [5]. The third
sample was fabricated in ethaline containing 0.3 wt.%
NH4F and 5 vol.% H2O by anodization at a constant
potential of 30 V for 3 h. All anodizations were
performed under potentiostatic conditions. During
oxidation, the current density exhibited the
characteristic transient behavior, passing through a
maximum before gradually decreasing to a quasi-steady
value. To ensure comparable synthesis conditions,
the maximum current density was maintained below
10 mA⋅cm–2 in all experiments. Three types of
anodically treated titanium electrodes are hereafter
referred to as Sample 1, Sample 2, and Sample 3.

The surface morphology and roughness were
characterized using a Micron-alpha 3D optical
profilometer (Ukraine). Representative surface images
and line profiles were used to evaluate the roughness
factor of the anodic oxide films.

The electrochemical properties of the materials
were studied in a 1 M HClO4 aqueous solution using
quasi-stationary voltammetry and electrochemical
impedance spectroscopy with a VersaSTAT 3A
Potentiostat Galvanostat (USA). All potentials were
measured and are reported versus an Ag/AgCl/KCl
(sat.) reference electrode.
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Results and discussion

The electrochemical behavior of titanium during
anodic processes is strongly influenced by the
polarization conditions. In particular, the passivation
of titanium electrodes depends on the electrolyte
composition, with electrolyte anions exerting a
particularly pronounced effect. The growth of the oxide
film and the oxidation rate of titanium and its alloys
are governed by the transport of ions through the
oxide layer to the reaction zone, i.e. to the electrolyte/
electrode interface. The principal factor controlling
oxide film growth during anodic polarization is the
electric field strength across the oxide layer (the
potential drop per unit film thickness), which
determines the generation of mobile ionic species
and their migration rate toward the reaction zone
[11,12].

Despite the extensive body of research on the
formation of porous anodic titanium oxide, important
questions regarding its formation and the possibilities
for controlling this synthesis remain unresolved.

Fig. 1 compares the cyclic voltammograms
recorded on a Pt disk electrode and a Ti foil electrode
in pure ethaline. Despite the substantial difference in
the electrochemical properties of these substrates, the
voltammograms are remarkably similar over the
potential range from –1.1 to +1.1 V (vs. Ag/AgCl).

The absence of additional oxidation or reduction peaks
and the close agreement of the current responses
indicate that no significant Faradaic processes occur
within this potential window. In particular, no evidence
of pronounced titanium passivation or platinum surface
oxidation is observed under these conditions. These
results demonstrate the wide electrochemical stability
window of ethaline and confirm that the solvent does
not interfere with the electrochemical behavior of the
substrate. Therefore, ethaline can be considered an
appropriate solvent for controlled anodic oxidation of
titanium after the introduction of oxygen-containing
species (e.g. water), which act as the oxygen source
for oxide formation.

The anodization conditions were selected to
ensure comparable maximum current densities
(≤10 mA⋅cm–2), thereby minimizing the influence of
excessive Joule heating and dielectric breakdown while
allowing direct comparison of oxide films formed in
conventional and deep eutectic solvent electrolytes.

Figure 2a shows the first linear sweep
voltammograms of Samples 1–3 recorded in 1 M
HClO4. Perchloric acid was selected as the supporting
electrolyte because ClO4

– ions exhibit negligible
specific adsorption on titanium oxide surfaces and do
not participate in oxide dissolution or complex
formation. Consequently, the recorded anodic response

Fig. 1. Cyclic voltammograms on a Pt disk electrode (1) and on a Ti foil electrode (2) in Ethaline.

Potential scan range: –1.1 to +1.1 V. Scan rate: 100 mV⋅s–1
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primarily reflects the intrinsic electrochemical
properties of the anodically formed surface layers.

The electrochemical response of the as-prepared
electrodes (Fig. 2a) differs markedly from that observed
after electrochemical oxidation (Fig. 2b), indicating
stabilization of the anodic oxide layer during the initial
polarization.

The anodization electrolyte strongly affects the
electrochemical behavior of the resulting titanium oxide
films. Figure 2a represent the anodic oxidation and
passivation of the titanium surface. Sample 1, prepared
in pure ethaline, exhibits the earliest increase in anodic
current at approximately 0.096 V, indicating active
anodic dissolution of titanium followed by the formation
of a passive oxide film. The polarization curve displays
a characteristic passivation peak and subsequent current
decrease, reflecting the gradual development of the
protective oxide layer. This behavior is consistent with
the formation of only a thin passive film during
anodization in pure ethaline, leaving a significant
fraction of the metallic titanium surface
electrochemically accessible. In contrast, Samples 2
and 3 exhibit substantially more positive potentials
(0.41 and 0.87 V, respectively), indicating that these
surfaces are already covered with oxide films formed
during anodization. Consequently, the anodic current
is mainly associated with further oxidation of the
pre-existing oxide, i.e. oxygen incorporation and
thickening of the oxide layer, rather than oxidation
of metallic titanium. The different positions of these
features demonstrate that the anodization electrolyte
strongly influences the structure and electrochemical
properties of the oxide films.

The polarization behavior changes markedly after
the oxide films have been established (Fig. 2b).
At higher anodic potentials, the electrochemical
response is governed by charge transport through the

oxide layer rather than by oxidation of metallic
titanium. At 1.7 V, the anodic current density reaches
1.90⋅10–4 mA⋅cm–2 for Sample 2, 1.13⋅10–4 mA⋅cm–2

for Sample 1, and 7.56⋅10–5 mA⋅cm–2 for Sample 3.
The highest current observed for Sample 2 indicates
the highest electronic conductivity of the oxide film,
which is attributed to the highly defective mesoporous
nanotubular oxide formed in the conventional ethylene
glycol/NH4F electrolyte. Sample 1, anodized in pure
ethaline, exhibits a lower current, consistent with the
presence of a relatively thin passive oxide layer. In
contrast, Sample 3 shows the lowest current density,
indicating the formation of the least conductive oxide
layer, whose structural and electronic properties differ
substantially from those of the conventional
nanotubular oxide.

Surface morphology was further evaluated by
3D optical profilometry. Representative surface images
of the three samples are shown in Fig. 3. Significant
differences in surface topography are observed
depending on the anodization electrolyte. Sample 1
exhibits a relatively smooth and homogeneous surface,
whereas Samples 2 and 3 display a progressively more
developed surface morphology.

Representative line profiles extracted from the
profilometric data are presented in Fig. 4. Sample 1
shows only minor height variations along the scanned
region, indicating a relatively smooth surface. Sample
2 exhibits a moderately developed surface profile,
consistent with the formation of a mesoporous TiO2

layer. The largest height fluctuations are observed for
Sample 3, indicating the development of a highly
rough oxide surface.

The electrochemical behavior also correlates with
the surface morphology. The calculated roughness
factors were 4.08, 2.99, and 7.30 for Samples 1, 2,
and 3, respectively. The highest roughness factor

Fig. 2. Linear sweep voltammograms of Samples 1–3 recorded in 1 M HClO4 at a scan rate of 100 mV s–1:

(a) as-prepared electrodes; (b) electrodes after electrochemical oxidation
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obtained for Sample 3 indicates that anodization in
the ethaline/NH4F/H2O electrolyte produces the most
developed surface. This result agrees well with the
electrochemical measurements, where Sample 3
exhibited the highest oxygen evolution overpotential
and the lowest anodic current density after
electrochemical oxidation, suggesting the formation
of the most protective oxide layer.

Impedance measurements were carried out in a
1 M HClO4 aqueous solution in order to investigate
the semiconducting properties of the samples involved.

If the surface region of the semiconductor

electrode in the investigated potential range is depleted
of majority carriers, the experimental data obtained
by measuring the electrode capacitance should be linear
in coordinates of C–2 vs. E and follow the Mott–
Schottky equation [13]:
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where C is the capacitance of the electrode; ε is the
electron charge; N is the carrier concentration; Efb is
the flat-band potential; k is the Boltzmann constant;

Fig. 3. Surface images of Samples 1–3 obtained by 3D optical profilometry. The radial lines indicate the directions used for

surface profile analysis

Fig. 4. Representative surface line profiles of Samples 1–3 measured by 3D optical profilometry over the selected scan region 

(500–700 µm)
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T is the absolute temperature; ε is dielectric constant;
and ε0 is the electric constant.

When N>1020 cm–3, the capacitance of the
space-charge layer becomes comparable to the
Helmholtz capacitance (approximately 20 µF⋅cm–2).
Because these capacitances are connected in series,
the 1/C2 plot is significantly shifted toward more
negative potentials. Therefore, to determine the true
flat-band potential, a positive Helmholtz correction
must be applied to the extrapolated potential:
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Figure 5 presents the Mott–Schottky plots of
the investigated anodic TiO2 films, while the
corresponding semiconductor parameters are
summarized in Table. All samples exhibit positive
slopes, confirming the n-type semiconducting behavior
of the anodic titanium oxide films. The donor
concentrations calculated from the slopes are in the
range of 1.57⋅1021 to 5.40⋅1021 cm–3, indicating a high
density of electrically active donor defects.

Fig. 5. Mott–Schottky plots of Samples 1–3 recorded in a 1 M HClO4 aqueous solution. Frequency: 50 kHz

Sample 1 exhibits a donor concentration of
1.65⋅1021 cm–3 and the most negative flat-band potential
(–1.31 V vs. Ag/AgCl). The highly negative flat-
band potential suggests that the oxide possesses
electronic properties close to those of relatively
stoichiometric TiO2. Since anodization in pure ethaline
produced only a thin oxide layer, as evidenced by the
electrochemical measurements, the electronic response
may also be influenced by the underlying titanium
substrate. Charge transfer between the metallic substrate
and the thin oxide film can therefore contribute to
the experimentally determined donor concentration.

Sample 2, prepared in the conventional ethylene
glycol/NH4F/H2O electrolyte, exhibits the highest
donor concentration (5.40⋅1021 cm–3) and a flat-band
potential close to –0.03 V. This behavior is consistent
with the formation of a highly defective mesoporous
TiO2 nanotube layer containing a large concentration
of oxygen vacancies and Ti3+-related donor states
[14,15]. The large thickness and porous morphology
of the nanotube layer may additionally promote spatial
non-uniformity of charge transport, with
electrochemical reactions occurring predominantly at
the outer surface while the inner regions of the pores
contribute less efficiently to the measured capacitance.

Sample 3 demonstrates intermediate
semiconductor characteristics, with a donor
concentration of 1.57⋅1021 cm–3 and a flat-band
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potential of –0.57 V. Together with its high roughness
factor and the electrochemical data, these results indicate
the formation of a well-developed oxide layer
possessing a lower defect density than the nanotubular
oxide formed in the conventional electrolyte, while
remaining more defective than the oxide produced in
pure ethaline. Unlike Sample 1, the thicker oxide
layer formed in the ethaline/NH4F/H2O electrolyte
effectively screens the influence of the metallic titanium
substrate on the measured semiconductor properties.

Overall, the Mott–Schottky analysis confirms
that the composition of the anodizing electrolyte
strongly influences the electronic structure of the
resulting titanium oxide films. Whereas anodization
in the conventional fluoride-containing ethylene glycol
electrolyte produces a highly defective nanotubular
oxide with the highest donor concentration, the deep
eutectic solvent based on ethaline enables the formation
of oxide layers with intermediate electronic properties.
These results demonstrate that ethaline-based
electrolytes provide a promising platform for tailoring
the semiconductor characteristics of anodic titanium
oxide through optimization of electrolyte composition
and anodization conditions.

The semiconductor properties obtained from the
Mott–Schottky analysis correlate well with the
electrochemical behavior and surface morphology
discussed above, confirming that the anodizing
electrolyte governs both the structural and electronic
properties of the resulting titanium oxide films.

Conclusions
Three types of anodic titanium oxide films were

successfully prepared by potentiostatic anodization
in pure Ethaline, a conventional ethylene
glycol/NH4F/H2O electrolyte, and an Ethaline/ NH4F/
H2O electrolyte. Their electrochemical behavior,
semiconductor properties, and surface morphology
were systematically compared.

Cyclic voltammetry demonstrated that Ethaline
possesses a sufficiently wide electrochemical stability
window and does not induce significant parasitic
electrochemical reactions on either titanium or
platinum within the investigated potential range,
making it a suitable medium for anodic oxidation
studies.

Linear sweep voltammetry in perchloric acid
revealed pronounced differences in the electrochemical
behavior of the as-prepared oxide films. The oxide
formed in pure Ethaline exhibited the lowest onset
potential and highest anodic current, indicating the
formation of a relatively thin and less protective oxide
layer. The addition of NH4F and water promoted the
formation of significantly more protective oxide films,
shifting the anodic oxidation toward more positive
potentials.

Mott–Schottky analysis confirmed that all
anodic films behave as n-type semiconductors. The
semiconductor properties strongly depended on the
anodizing electrolyte. The nanotubular oxide formed
in the conventional electrolyte possessed the highest
donor concentration, whereas the oxide synthesized
in the Ethaline-based electrolyte exhibited intermediate
electronic characteristics together with the highest
surface roughness, indicating a different mechanism
of oxide growth.

The combined electrochemical, profilometric,
and semiconductor characterization demonstrates that
fluoride-containing Ethaline electrolytes are capable
of producing functional anodic titanium oxide films
with properties distinct from both compact oxides
formed in pure Ethaline and conventional nanotubular
TiO2 prepared in ethylene glycol. These results
highlight the potential of deep eutectic solvents as
alternative electrolytes for tailoring the structure and
electronic properties of anodic titanium oxide coatings.
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Semiconductor properties of TiO2 in a 1 M HClO4

aqueous solution

Sample N/cm
–3 

Efb/V 

1 1.65⋅10
21

 –1.31 

2 5.40⋅10
21

 –0.03 

3 1.57⋅10
21

 –0.57 
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ÀÍÎÄÍ² ÎÊÑÈÄÈ ÒÈÒÀÍÓ: ÔÎÐÌÓÂÀÍÍß Â
ÃËÈÁÎÊÈÕ ÅÂÒÅÊÒÈ×ÍÈÕ ÅËÅÊÒÐÎË²ÒÀÕ ÍÀ
ÎÑÍÎÂ² ETHALINE ÒÀ ÍÀÏ²ÂÏÐÎÂ²ÄÍÈÊÎÂ²
ÂËÀÑÒÈÂÎÑÒ²

Ñ. Øåìåò, Ä. Êîâòóíîâ, Î. Øìè÷êîâà, Ò. Ëóê’ÿíåíêî,
Î. Âåë³÷åíêî

Äîñë³äæåíî ìîæëèâ³ñòü ôîðìóâàííÿ ìåçîïîðóâàòèõ
àíîäíèõ îêñèäíèõ ïîêðèòò³â òèòàíó â åëåêòðîë³ò³ íà îñíîâ³
Ethaline òà ïðîâåäåíî ¿õ ïîð³âíÿííÿ ç îêñèäíèìè øàðàìè,
ñôîðìîâàíèìè â «÷èñòîìó» Ethaline òà òðàäèö³éíîìó
âîäíîìó åëåêòðîë³ò³ íà îñíîâ³ åòèëåíãë³êîëþ ç NH4F ³ H2O.
Åëåêòðîõ³ì³÷í³ äîñë³äæåííÿ ïîêàçàëè, ùî Ethaline õàðàêòå-
ðèçóºòüñÿ øèðîêèì â³êíîì åëåêòðîõ³ì³÷íî¿ ñòàá³ëüíîñò³ òà
º ïðèäàòíèì ñåðåäîâèùåì äëÿ àíîäíîãî îêèñíåííÿ òèòà-
íó. Âñòàíîâëåíî, ùî ñêëàä åëåêòðîë³òó àíîäóâàííÿ ñóòòºâî
âïëèâàº íà åëåêòðîõ³ì³÷íó ïîâåä³íêó, íàï³âïðîâ³äíèêîâ³
âëàñòèâîñò³ òà ìîðôîëîã³þ ïîâåðõí³ ñôîðìîâàíèõ îê-
ñèäíèõ ïë³âîê. Ìåòîäîì ë³í³éíî¿ âîëüòàìïåðîìåòð³¿ ïîêà-
çàíî, ùî äîäàâàííÿ NH4F ³ âîäè ñïðèÿº ôîðìóâàííþ á³ëüø
çàõèñíèõ îêñèäíèõ øàð³â ïîð³âíÿíî ç àíîäóâàííÿì ó «÷è-
ñòîìó» Ethaline. Àíàë³ç çà ìåòîäîì Ìîòòà-Øîòòê³ ï³ä-
òâåðäèâ n-òèï ïðîâ³äíîñò³ âñ³õ äîñë³äæåíèõ çðàçê³â, òîä³
ÿê ñóòòºâ³ â³äì³ííîñò³ ó êîíöåíòðàö³¿ äîíîð³â ³ ïîòåíö³àë³
ïëîñêèõ çîí ñâ³ä÷àòü ïðî çíà÷í³ çì³íè åëåêòðîííî¿ ñòðó-
êòóðè àíîäíèõ îêñèä³â. Ïðîô³ëîìåòðè÷í³ äîñë³äæåííÿ ïî-
êàçàëè, ùî îêñèä, ñôîðìîâàíèé â åëåêòðîë³ò³ Ethaline/
NH4F/H2O, õàðàêòåðèçóºòüñÿ íàéá³ëüøîþ øîðñòê³ñòþ ïî-
âåðõí³, ùî â³äîáðàæàº ³íøèé áàëàíñ ì³æ ðîñòîì îêñèäíî¿
ïë³âêè òà ¿¿ ëîêàëüíèì ïîëå-àñèñòîâàíèì ðîç÷èíåííÿì
ïîð³âíÿíî ç òðàäèö³éíèì íàíîòðóá÷àñòèì TiO2, îòðèìà-
íèì â åëåêòðîë³ò³ íà îñíîâ³ åòèëåíãë³êîëþ. Îòðèìàí³ ðå-
çóëüòàòè ñòâîðþþòü ï³ä´ðóíòÿ äëÿ ïîäàëüøî¿ îïòèì³çàö³¿
åëåêòðîë³ò³â íà îñíîâ³ Ethaline øëÿõîì âàð³þâàííÿ âì³ñòó
âîäè òà ôòîðèä-³îí³â ç ìåòîþ êåðóâàííÿ ñï³ââ³äíîøåííÿì
ì³æ ðîñòîì îêñèäíî¿ ïë³âêè òà ¿¿ ïîëå-àñèñòîâàíèì ðîç÷è-
íåííÿì, ùî â³äêðèâàº ìîæëèâîñò³ äëÿ ðîçðîáëåííÿ
ìåçîïîðóâàòèõ îêñèäíèõ ïîêðèòò³â òèòàíó ³ç çàäàíèìè
ôóíêö³îíàëüíèìè âëàñòèâîñòÿìè.

Êëþ÷îâ³ ñëîâà: àíîäíèé îêñèä òèòàíó; ãëèáîêèé
åâòåêòè÷íèé ðîç÷èííèê; Ethaline; àíîäóâàííÿ; àíàë³ç
Ìîòòà-Øîòòê³; ìåçîïîðóâàòèé TiO2.
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ANODIC TITANIUM OXIDES: FORMATION IN
ETHALINE-BASED DEEP EUTECTIC ELECTROLYTES
AND THEIR SEMICONDUCTOR PROPERTIES
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Dnipro, Ukraine
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The feasibility of forming mesoporous anodic titanium
oxide coatings in an Ethaline-based electrolyte was investigated
and compared with oxide layers formed in pure Ethaline and in
the conventional ethylene glycol/NH4F/H2O electrolyte.
Electrochemical characterization demonstrated that Ethaline
possesses a wide electrochemical stability window and is suitable
for anodic oxidation of titanium. The anodization electrolyte was
found to strongly influence the electrochemical behavior,
semiconductor properties, and surface morphology of the resulting
oxide films. Linear sweep voltammetry revealed that the addition
of NH4F and water promotes the formation of more protective
oxide layers compared with anodization in pure Ethaline. Mott-
Schottky analysis confirmed n-type semiconducting behavior for
all samples, while significant differences in donor concentration
and flat-band potential indicated substantial changes in the electronic
structure of the anodic oxides. Profilometric measurements showed
that the oxide formed in the Ethaline/NH4F/H2O electrolyte
possessed the highest surface roughness, reflecting a different balance
between oxide growth and localized dissolution compared with
the conventional nanotubular TiO2 obtained in the ethylene glycol
electrolyte. The results provide a basis for further optimization of
Ethaline-based electrolytes through variation in the water and
fluoride contents to control the balance between oxide growth
and field-assisted dissolution, enabling the development of
mesoporous titanium oxide coatings with tailored functional
properties.

Keywords: anodic titanium oxide; deep eutectic solvent;
Ethaline; anodization; Mott–Schottky analysis; mesoporous TiO2.
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