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Abstract

Nanostructured TiO2 thin films doped with Sm2O3 were synthesized by
the sol–gel method using titanium isopropoxide and titanium butoxide as pre-
cursors. The coatings were deposited on 316L stainless steel substrates and
investigated with respect to their morphology, structure, and protective effi-
ciency. Cyclic corrosion tests in a 3.5% NaCl solution for 100 h demonstrated
excellent protective behaviour. Samples containing 1 at.% Sm in titanium iso-
propoxide (Sm2) and 0.5 at.% Sm in titanium butoxide (Sm3) exhibited the
highest corrosion resistance, with negligible or zero corrosion rates. The results
indicate that the incorporation of samarium into sol–gel derived TiO2 coat-
ings enhances their protective performance and stability in chloride-containing
environments, making them promising candidates for advanced anticorrosion
applications.
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Introduction. Under real service conditions, various metal products are sub-
jected to the intensive impact of a number of corrosion factors. This significant
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problem affects the activities of various economic sectors [1–3], including construc-
tion, industrial production, energy, agriculture, transport, shipping, healthcare,
and many others. One of the commonly used approaches to protect metal prod-
ucts from corrosion and other factors is the application of appropriate protective
coatings [4–6]. At the same time, the development of new effective anticorrosion
coatings that can further extend the service life of materials remains of significant
interest [2, 6–8].

Titanium dioxide functional coatings are applicable in various technical indus-
tries, such as photocatalytic systems [9], electrochromic displays [10], photosensi-
tized solar cells [11], and many others. As a promising technological possibility,
the preparation of resistant anticorrosion protective coatings based on TiO2 has
been widely considered [12, 13]. The performance characteristics of TiO2 coat-
ings depend to a significant extent on the deposition approach and the applied
heat-treatment regime [14].

A suitable technological method for producing thin coatings is the sol–gel
technique, which provides a number of advantages [15–18], including higher ho-
mogeneity for multicomponent compositions, relatively low synthesis tempera-
tures, stable final-product characteristics, cost-effective yields, low environmental
impact, and relatively low equipment and reagent costs.

Two standard technological methods (spin coating and dip coating) are main-
ly used for the deposition of thin films by the sol–gel technique. During the synthe-
sis of oxide phases by the sol–gel method, several main stages can be distinguished
[15–17]: preparation of a solution from suitable precursors; hydrolysis and partial
condensation of alkoxides to form a sol; gel formation by polycondensation of the
hydrolyzed precursors; evaporation of the solvent during drying and formation of
a xerogel; and finally, obtaining stable oxide products after heat treatment.

The main objective of the present article is to study the characteristics of an-
ticorrosion protective coatings deposited by the sol–gel technique, based on TiO2

modified with Sm2O3. Sm2O3 was selected as a dopant because Sm3+ ions are
known to stabilize sol–gel oxide networks, reduce defect density and porosity, and
improve the barrier properties of TiO2 coatings, resulting in enhanced corrosion
resistance.

Materials and methods. Nanostructured TiO2 coatings doped with samar-
ium were synthesized by the sol–gel method with the aim of enhancing the corro-
sion resistance of 316L stainless steel. Two organic titanium precursors were em-
ployed for the preparation of the deposition sols: titanium isopropoxide (TTIP)
and titanium butoxide. Acetylacetone (AcAc) served as a stabilizing agent.

For the TiO2 sol preparation, TTIP, titanium butoxide, and AcAc were dis-
solved in 2-propanol. The obtained solution was clear and orange in colour, in-
dicating the formation of a chelated complex. After vigorous stirring at room
temperature, a mixture of distilled water and isopropanol (iPrOH) was added
dropwise under continuous stirring. The molar ratio of the components in the
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TTIP-based sol was TTIP:iPrOH:H2O:AcAc = 1:30:1:1. The sol based on tita-
nium butoxide was prepared following the same procedure.

A samarium solution was obtained by dissolving Sm2O3 in 2 M nitric acid and
isopropanol to a final concentration of 0.1 M. The required volume of samarium
solution was added to the titanium sols to prepare four compositions:

• Sm1 – sol containing 0.5 at.% Sm in TTIP-based solution;
• Sm2 – sol containing 1 at.% Sm in TTIP-based solution;
• Sm3 – sol containing 0.5 at.% Sm in titanium butoxide-based solution;
• Sm4 – sol containing 1 at.% Sm in titanium butoxide-based solution.
Atomic force microscopy (AFM) was performed using a NanoScope V system

(Bruker Ltd., Germany) operating in tapping mode under ambient conditions.
Silicon cantilevers (Tap300Al-G, Budget Sensors, Innovative Solutions Ltd., Bul-
garia) with a 30 nm aluminum reflex coating were used. According to the man-
ufacturer’s specifications, the cantilevers had a spring constant of 1.5–15 N/m, a
resonance frequency of 150 ± 75 kHz, and a tip radius below 10 nm. Images were
acquired at a scan rate of 1 Hz in the highest resolution mode (512 × 512 pix-
els). NanoScope software was employed for cross-sectional analysis and roughness
evaluation.

X-ray diffraction (XRD) analysis was performed using a Philips PW1030
diffractometer in θ−2θ Bragg–Brentano geometry with CuKα radiation (30 kV,
20 mA) and a wavelength of λ = 1.5406 Å. The XRD patterns were recorded at
room temperature over the 2θ range of 19◦−40◦, with a step size of 0.02◦. The
diffractograms were interpreted using the PDF 2-2022 database (ICDD).

The surface morphology of the coatings was examined by scanning electron
microscopy (SEM, HIROX5050) operated at an accelerating voltage of 30 kV in
secondary electron mode.

Results and discussion. Protective properties of the sol–gel coat-
ings. The protective efficiency of the applied sol–gel coatings was evaluated by
cyclic corrosion tests carried out in a 3.5% NaCl medium for a total duration of
100 h. The results demonstrated that the coatings exhibited excellent protective
properties. After the completion of the tests, no visible signs of corrosion damage
were detected on the coated samples. The surfaces remained smooth, without
turbidity or the presence of macroscopic defects.

Among the investigated specimens, samples Sm2 and Sm3 showed the lowest
corrosion rates. In particular, after 100 h of testing, sample Sm3 did not exhibit
any measurable mass loss, corresponding to a corrosion rate of zero (Table 1). For
sample Sm2, no corrosion was observed during the first 50 h, and after 100 h the
corrosion rate reached only 0.0007 g/m2h. These results confirm the beneficial
influence of samarium incorporation on the corrosion resistance of the coatings.

In order to clarify the kinetics of the corrosion processes of the four types
of coatings, potentiodynamic polarization curves (PDC) of the samples in 3.5%
NaCl solution were recorded. Figure 1 shows the curves with designations corre-
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T a b l e 1

Results after 100 h of cyclic testing in 3.5% NaCl medium

Designations of
the samples

Weight loss
∆m [g/m2]

50 h

Corrosion rate –
K [g/m2h]

50 h

Weight loss
∆m [g/m2]

100 h

Corrosion rate –
K [g/m2h]

100 h
Sm1 0.22664 0.00453 0.26441 0.00529
Sm2 0 0 0.03515 0.00070
Sm3 0.02033 0.00410 0 0
Sm4 0 0 0.12334 0.00247

sponding to the sample codes Sm1, Sm2, Sm3, and Sm4. The obtained results
for the corrosion potential (Ecorr), corrosion current density (Icorr), polarization
resistance (Rp), and anodic (βa) and cathodic (βc) Tafel slopes are summarized
in Table 2. Potentiodynamic polarization measurements were performed at room
temperature in 3.5% NaCl using a conventional three-electrode electrochemical
cell. The corrosion parameters were determined by Tafel extrapolation of the
anodic and cathodic branches.

Fig. 1. Potentiodynamic polarization curves (Tafel plots) for samples
Sm1, Sm2, Sm3, and Sm4

The shapes of the obtained PDCs for Sm1, Sm2, Sm3, and Sm4 indicate that
uniform surface corrosion occurs in all samples. The graphs do not show a clear
dominance of either the anodic or cathodic region.

From the electrochemical values presented in Table 2, it can be seen that
for both types of precursors, the corrosion potential (Ecorr) shifts slightly with in-
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T a b l e 2

Potentiodynamic polarization data for samples Sm1, Sm2, Sm3, and Sm4

Sample
designation Ecorr [V] Icorr [A/cm2] βa [V/dec] βc [v/dec] Rр [Ω]

Sm1 −0.114 3.6299 × 10−6 0.16281 0.156 12601
Sm2 −0.094 2.199 × 10−6 0.27491 0.32671 30320
Sm3 −0.172 2.3902 × 10−7 0.19992 0.12758 13551
Sm4 −0.162 2.936 × 10−5 3.3367 0.5501 6946

creasing Sm content. For samples Sm1 (−0.114 V) and Sm2 (−0.094 V), obtained
with titanium isopropoxide precursor, the corrosion potentials are higher (more
noble) than those of samples Sm3 (−0.172 V) and Sm4 (−0.162 V), obtained with
titanium butoxide precursor.

For the corrosion current density (Icorr), no direct dependence on the type
of precursor or the Sm concentration was established. The lowest values of Icorr
were obtained for samples Sm3 and Sm2, containing 0.5 at.% Sm in the tita-
nium butoxide precursor and 1 at.% Sm in the titanium isopropoxide precursor,
respectively.

The highest corrosion resistance (Rp) was measured for sample Sm2. In this
case, the βc Tafel slope is the highest, the corrosion potential Ecorr is shifted in
the most positive direction, and the polarization curve indicates improved anodic
protection. Based on these results, it can be stated that the Sm2 coating provides
effective protection of the steel substrate.

In contrast, the Sm4 coating (1 at.% Sm, titanium butoxide precursor) shows
the lowest polarization resistance (Rp = 6946 Ω), the highest current density
(Icorr = 2.936 × 10−5 A/cm2), and the largest anodic Tafel slope βa (3.3367),
indicating an accelerated anodic reaction and reduced corrosion resistance.

The results of the electrochemical corrosion tests are consistent with the gravi-
metric data, confirming that the best protective performance is achieved with the
Sm2 coating, obtained with 1 at.% Sm and titanium isopropoxide precursor.

Surface characterization by atomic force microscopy. The prepared
samples, containing different concentrations of Sm2O3 in either titanium isoprop-
oxide- or titanium butoxide-based sols, were characterized by atomic force mi-
croscopy (AFM). AFM provides nanometer-scale precision in surface imaging and
has become an essential technique for analyzing morphology and topography in
nanotechnology and surface science. In this study, AFM imaging was employed
to assess the topography and roughness of the coatings both before and after
corrosion testing.

The surface area scanned was 5×5 µm2, with a vertical z-range of 500 nm. The
comparison of the coatings revealed differences in both morphology and roughness
depending on the precursor type and the samarium concentration.
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Fig. 2. 3D AFM images of the surface of samples Sm1, Sm2,
Sm3, and Sm4 before and after corrosion (scan area 5 × 5

µm2, z = 500 nm)

The measured roughness values (Ra) are summarized in Table 3. Samples
Sm1 and Sm3 showed a more pronounced increase in Ra after corrosion compared
to samples Sm2 and Sm4. Notably, the roughness of sample Sm4 remained nearly
unchanged, indicating a stable surface topography. These observations suggest
that both the precursor type (titanium isopropoxide vs. titanium butoxide) and
the samarium content influence the coating morphology and, consequently, the
resistance to corrosion attack. In some cases, a slight decrease of Ra after corrosion
exposure may occur due to the removal of weakly bonded nanoscale asperities
and rounding of sharp crack edges, which results in an apparent smoothing effect
without degradation of the coating integrity.

The roughness parameter Ra represents the arithmetic average of the abso-
lute deviations (Zj) of the surface profile from the mean plane. Lower Ra values
indicate smoother surfaces and are typically associated with enhanced protective
behaviour.
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T a b l e 3

Roughness values of the coatings before and after corrosion testing

Samples Sm1 Sm2 Sm3 Sm4
Ra before corrosion 45.3 nm 38.7 nm 41.8 nm 15.6 nm
Ra after corrosion 15.8 nm 20.9 nm 12.6 nm 13.2 nm

X-ray diffraction analysis. The crystalline structure of the coatings was
further examined by X-ray diffraction (XRD). Figure 3 illustrates the diffrac-
tion patterns of samples Sm1 and Sm3, both containing 0.5 at.% Sm2O3 but
synthesized from different titanium precursors: titanium isopropoxide (a) and ti-
tanium butoxide (b). The analysis revealed the presence of two crystalline phases:
TiO2 in the anatase modification and a Magnéli-type phase corresponding to non-
stoichiometric titanium oxides.

Fig. 3. XRD patterns of samples Sm1 and Sm3 (0.5 at.% Sm2O3) synthesized from (a)
titanium isopropoxide and (b) titanium butoxide

Surface morphology after corrosion. A comparison of the coatings before
and after corrosion testing showed no significant surface degradation. The surfaces
remained generally smooth, with only a limited number of small pits and no
detectable deposition of corrosion products. A closer examination revealed that
the edges of pre-existing cracks exhibited morphological changes: before testing,
the crack edges appeared sharper and more contrasting, whereas after testing
they became more rounded. Importantly, no propagation or widening of cracks
was observed even after 100 h of exposure (Fig. 4).

SEM observations (Fig. 4) reveal that the TiO2/Sm2O3 coatings exhibit a
typical sol–gel derived surface morphology. The coating surface is divided into
compact domains separated by fine microcracks. This morphology is commonly
attributed to shrinkage stresses during solvent evaporation, gel densification, and
subsequent thermal treatment, rather than to corrosion-induced damage. Impor-
tantly, the surface inside the polygonal domains remains relatively uniform and
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Fig. 4. SEM images of the coatings before and after 100
h cyclic corrosion testing (scale bar: 10 µm)

compact, and no deposition of corrosion products or extensive surface degradation
is observed. After corrosion exposure, the crack edges appear slightly rounded;
however, no widening or propagation of cracks is detected, indicating that the
coating preserves its integrity and provides an effective barrier against chloride
attack.

Conclusion. The combined results demonstrate that the sol–gel derived
TiO2 coatings doped with Sm2O3 provide an effective protective layer on 316L
stainless steel substrates. The improved corrosion resistance, particularly observed
for samples Sm2 and Sm3, can be attributed to the stabilizing effect of samarium
ions, which modify the sol–gel network and enhance the homogeneity of the coat-
ings. Moreover, the observed correlation between precursor type and corrosion
behaviour indicates that both chemical composition and processing parameters
are critical for optimizing coating performance.

Analyses confirmed that smoother surfaces with lower roughness values corre-
spond to higher corrosion resistance, whereas increased roughness was associated
with reduced protective ability. XRD results further highlighted the importance
of the crystalline phases, suggesting that the presence of anatase and Magnéli-type
oxides may contribute synergistically to the coatings’ durability.

Overall, the study demonstrates that carefully controlled sol–gel synthesis,
combined with samarium doping, leads to the formation of nanostructured TiO2

coatings with superior protective properties, opening opportunities for their appli-
cation in corrosive environments. The results further indicate that an optimal Sm
content (Sm2 and Sm3) provides the best balance between structural stabilization
and electrochemical protection, whereas excessive Sm (Sm4) may lead to a less
protective microstructure.
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