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Abstract: This study investigates the enhancement of surface properties in TiO2-based coatings on
the Ti-6Al-4V alloy through micro-arc oxidation (MAO), employing stevia sugar as a novel additive.
By incorporating stevia sugar into acetate–glycerophosphate–tetraethoxysilane solutions used in
MAO treatment, the porous morphology of TiO2-based oxide layers is regulated. The incorporation
of stevia moderates plasma discharge intensity, facilitating the formation of a uniform silicon-rich
structure characterized by reduced porosity and pore size. This effect is attributed to the interaction
between stevia and tetraethyl orthosilicate (TEOS), which modifies the TEOS hydrolysis process,
thereby enhancing structural uniformity and stability while concurrently reducing plasma discharge
intensity. Additionally, theoretical calculations offer a valuable understanding of the reactivity and
interactions of stevia, TEOS, and their complex during the MAO process, laying the groundwork for
further research and optimization in this promising field.
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1. Introduction

Titanium and its alloys are highly valued for their versatility and exceptional proper-
ties, making them crucial materials in industries ranging from biomedical and aerospace
to food processing and petrochemicals [1]. These alloys, particularly Ti6Al4V, are highly
esteemed for their appropriateness as implant materials in dental and orthopedic appli-
cations [2]. Their corrosion resistance hinges on the composition of a protective layer
containing TiO2 and Al2O3 oxides on their surfaces, effectively shielding the alloy from cor-
rosive attack [3,4]. However, the presence of aggressive ions like chloride can compromise
this protective layer, leading to a significant decrease in corrosion resistance and making
these alloys highly susceptible to localized corrosion.

Researchers have increasingly utilized micro-arc oxidation (MAO) to fabricate inor-
ganic coatings, aiming to enhance the corrosion resistance of metals and their alloys. This
method, well known for its plasma-assisted oxidation technique, is utilized on various
metallic and metallic alloy substrates [5–7]. The properties of the MAO coatings are im-
pacted by myriad factors, ranging from intrinsic attributes like substrate and electrolyte
composition to extrinsic variables such as oxidation duration, electrolyte temperature, and
electrical parameters [8]. Among these factors, the chemical composition of the electrolytes
significantly impacts the electrochemical characteristics of the oxide layers generated via
MAO. Nevertheless, a prevalent challenge in the production of MAO coatings arises from
the use of environmentally harmful or toxic additives such as fluoride, aluminate, 1,3,5,7-
Tetraazaadamantane, and Quinolin-8-ol [9]. The challenge at hand is, thus, to innovate new
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electrolyte systems that employ eco-friendly additives, paving the way for the creation of
high-performance coatings.

Introducing stevia sugar as an eco-friendly surface modifier presents an innovative ap-
proach to forming protective coatings on metal surfaces, leveraging its corrosion-inhibiting
properties derived from steviol glycosides [10,11]. This protective layer acts as a shield, de-
fending metals against corrosive substances and reducing the rate at which corrosion occurs.
The concept involves employing ST, a natural sugar substitute, as a plasma-softening agent
to reduce the intensity of plasma sparks during MAO treatment in an electrolyte-containing
tetraethyl orthosilicate (TEOS). By controlling plasma discharges during MAO, it becomes
feasible to manage defect formation, resulting in uniformity, and less coating, characterized
by high corrosion resistance. Additionally, employing density functional theory (DFT) will
elucidate the mechanism behind the inorganic layer formation during the MAO of Ti alloys.
To date, no studies have proposed the utilization of TEOS and ST for regulating plasma
discharges in MAO. Consequently, this study examines the effects of MAO treatments on Ti
alloy samples in electrolytes, both with and without the addition of ST. The resulting oxide
layers were analyzed for morphology, composition, and corrosion behavior. Additionally,
the adsorption behavior of ST during the coating formation was investigated using DFT.

2. Materials and Methods
2.1. MAO Process

Ti-6Al-4V alloy disks were utilized as substrates for the MAO treatment. The prepara-
tion process involved initially polishing the samples with emery papers up to 2000 grade,
followed by a thorough cleaning with distilled water and drying with a dryer. Two types of
electrolytes were prepared as indicated in Table 1. The base electrolyte consisted of calcium
glycerophosphate hydrate (CAGP) with the formula C3H7CaO6P.xH2O, calcium acetate
monohydrate (CaAC) with the formula Ca(CH3CO2)2·H2O, and tetraethyl orthosilicate
(TEOS) with the formula SiC8H20O4. The other electrolyte had the same composition but
included the addition of ST. The samples underwent oxidation through MAO for 3 min,
employing a current density of 100 mA/cm2. The sample coated in an electrolyte without
ST was labeled 0ST, while the one with ST was labeled 10ST.

Table 1. Chemical compositions of the electrolytes used for the fabrication of the oxide layers.

Electrolyte
Composition Conductivity

ms/cmCaAC (M) CaGly (M) TEOS (mL) ST (g)

0ST 0.15 0.02 10 0 18.5
10ST 0.15 0.02 10 10 18.1

2.2. Characterization

Plasma sparks and voltage–time curves were recorded via Canon EOS700D during the
coating process to investigate the influence of additives on the formation of the coating. The
morphological characteristics of 0ST and 10ST samples were observed using a field emission
electron microscope (FE-SEM, HITACHI SU8010, Hitachi, Tokyo, Japan) linked with an
energy-dispersive X-ray spectrometer (EDS). Roughness measurements were carried out
via atomic force microscopy (AFM, ToscaTM Analysis, Anton Paar, Graz, Austria) to assess
the surface topography. The AFM was used to capture fine-scale surface features across the
coating samples. The calculated roughness values (Ra) were derived from an average of
15 individual measurements taken at different locations on the samples. Additionally, the
thickness of the MAO coatings was measured using an eddy-current meter tester (Minitest
2100, Electrophysik, Cologne, Germany). The analysis of porosity levels and micropore sizes
was performed using Image J software (version 1.47). An X-ray diffraction (XRD, RIGAKU,
D-MAX 2500, Tokyo, Japan) analysis was performed to understand the composition of
complex materials fabricated on the surface by shining X-rays onto the sample in the angular
range of 5–80◦ for crystal structure elucidation. Furthermore, samples were ascertained
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through X-ray photoelectron spectroscopy (XPS, VG Microtech, ESCA 2000, VG Microtech,
London, UK) providing data about different oxidation states of an element of the topmost
layers. The electrochemical properties were assessed via potentiodynamic polarization
(PDP) tests utilizing a three-electrode configuration immersed in a 3.5 wt.% NaCl solution.
This setup included Ag/AgCl, a Pt plate, and the tested sample, serving as reference,
counter, and working electrodes, respectively. The potential range during PDP tests was set
at −250 mV to +400 mV with a scan rate of 1 mV/s, and the open-circuit potential (OCP)
was stabilized for 5 h before conducting the PDP tests.

2.3. DFT Calculations

The designed molecules of TEOS, ST, and its complex (TEOS + ST) were made using
GaussView 6.0 software [12]. The calculation for the structure optimization was conducted
with Gaussian 09W software [13]. Density functional theory (DFT) with hybrid functional
theory, which is unrestricted a Becke, 3-parameter, Lee–Yang–Parr (B3LYP) function [14,15],
was chosen as the computational method. A 6-311G** basis set was selected as suggested
by Plumley et al. [16], where B3LYP/6-311G** is one of the best functional/basis set
combinations for complex systems and requires economical calculation. The optimized
structure, Mulliken charge, HOMO–LUMO region, molecular electrostatic potential (MEP),
electron localized function (ELF), density of states (DOS), reduced gradient density (RDG),
and its scattered plot were visualized. Other than GaussView 6.0, Multiwfn and VMD were
also used for the visualization [17]. The binding energy (Ebinding) of the complex compound
(TEOS + ST) is calculated by the following equation:

Ebinding = ETEOS+ST − ETEOS − EST (1)

where ETEOS+ST, ETEOS, and EST are the energy optimization of TEOS + ST, TEOS, and
ST as fragments. The models of the ST, TEOS, and TEOS + ST interacted with TiO2 on
both rutile and anatase phases and were visualized using Material Studio 2020. The
TiO2 structures were downloaded from crystallography open database numbers 9015662
(rutile) [18] and 7206075 (anatase) [19]. To prove the point regarding the quality of the
surface coating, the energy calculation of the TEOS–ST complex on TiO2 using the Dmol3

program [20–22] and GGA–PBE (generalized gradient approximation scheme with Perdew–
Burke–Ernzerhoff) function, double-sized numerical basis set plus d-functional (DND) basis
set, and followed by the Tkatchenko and Scheffler (TS) custom method for DFT-D were
utilized. The calculations used a direct inversion in the iterative subspace (DIIS), thermal
smearing of 0.1 Ha, and a self-consistent field (SCF) tolerance of 10−6. The adsorption
energy (Eads) of the compounds to the TiO2 layer is calculated by the following equation:

Eads = ETotal − Eadditives − ETiO2 (2)

where Eadditives and ETiO2 are the energy of additive (TEOS + ST) and TiO2 as fragments,
and ETotal is the energy of both optimized together. The TiO2 was placed close to the active
sites of the additives as reported based on the MEP surface visualization.

3. Results and Discussion
3.1. Voltage–Time Curves

The voltage response plotted against coating time for both the 0ST and 10ST samples
treated with MAO is shown in Figure 1. Based on the voltage–time curve, three stages of
MAO were distinguished by observing the gradual increase in voltage. The initial stage
(Stage I) demonstrated a rapid slope increase as a passive film developed on the substrate
through conventional anodization, adhering to Ohm’s law [23–25]. This film continued
to grow until reaching the breakdown voltage, where the applied potential exceeded
the dielectric breakdown threshold, initiating plasma discharges. As a result, the cell
voltage increased steadily due to the consistent growth rate of the oxide layer. Stage II was
marked by a decreasing slope after breakdown voltage, while Stage III showed a further
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decrease in slope, exhibiting plateau-like characteristics as the oxide layer growth rate
remained relatively constant. From Figure 1a, it was observed that the breakdown voltage
of the 10ST sample (~150.78 V) was lower compared to that of the 0ST sample (~170.50 V),
despite minimal alterations in the electrolyte conductivity. These findings indicate that
the physical and chemical adsorption of TEOS and ST on the bare substrate’s surface
during the initial stages of MAO might contribute to the differences in breakdown voltages
observed between the 0ST and 10ST samples. Since the final voltages for both samples
were nearly identical, around 321.81 V for the 0ST sample and approximately 310.16 V for
the 10ST sample, it confirms that stevia molecules may only influence breakdown voltages
by forming a complex with TEOS molecules (as further validated later). This complex is
subsequently subjected to decomposition under the influence of plasma sparks beyond the
breakdown voltage.
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Figure 1. (a) Voltage–time curves of the 0ST and 10ST samples produced via MAO treatment of the
Ti alloy; (b) The evolution of plasma discharges formed on the 0ST and 10ST samples during MAO
over the coating durations of 30, 60, 120, 150, and 180 s.

Figure 1b depicts the images of plasma sparks observed during the MAO process of
both the 0ST and 10ST samples. Overall, the plasma sparks tended to be weaker upon
the addition of ST to the electrolyte. As illustrated in Figure 1b, without the ST additive,
plasma discharges exhibited a non-uniform distribution, mainly concentrated in areas
with high-intensity discharges. Conversely, the 10ST sample displayed a relatively more
uniform and subdued intensity of discharges throughout all stages of the MAO process,
suggesting the advantageous effect of stevia addition. The uniform and moderate sparks
developed on the 10 ST sample were expected to lead to the generation of an oxide layer
with fewer pores.

3.2. Morphologies of the Oxide Layers

Figure 2 illustrates surface morphologies, EDS elemental analyses, and AFM assess-
ments of both the 0ST and 10ST samples. Despite differences in electrolyte composition,
both samples exhibited the typical porous surface characteristic of MAO layers. The
calculated pore size and porosity for the 0ST sample were approximately 7.18 ± 1.51%
and 1.02 ± 0.7 µm, respectively, while for the 10ST sample, they were 4.32 ± 0.84% and
0.53 ± 0.24 µm, respectively. This implies that the presence of ST additive in the electrolyte
led to a reduction in pore size and porosity, likely due to the generation of less energetic
sparks upon its inclusion. As previously documented, denser coatings typically offer better
corrosion protection than less compact ones. Therefore, it is reasonable to expect that the
10ST sample has better chemical stability than the 0ST sample.



Inorganics 2024, 12, 134 5 of 16Inorganics 2024, 12, x FOR PEER REVIEW 5 of 17 
 

 

 
Figure 2. SEM images, EDS, and AFM results on the surface of the (a-c) 0ST sample and (d-f) 10ST 
sample. 

The outcomes of the EDS analysis, as depicted in Figure 2b,e, uncovered the existence 
of the Ti, Al, and V elements originating from the substrate, alongside the Ca, P, O, and C 
elements derived from the electrolyte solution. The Ca/P ratio was approximately 2.67 for 
the 0ST sample and about 0.85 for the 10ST sample. These results emphasize the substan-
tial effect of the ST additive on modifying the Ca/P ratio within the MAO coatings. In the 
10ST sample, the oxide layer exhibits a Ca/P ratio below 1.67 in HA, whereas the 0ST sam-
ple demonstrates a Ca/P ratio exceeding 1.67, suggesting the addition of ST to the electro-
lyte would affect the electrochemical reactions that occur during the MAO. The deviation 
from the value of 1.67 in HA suggests that distinct chemical processes would occur during 
the MAO process in electrolytes both with and without the ST additive. The increased 
calcium content in the 0ST sample would be linked to the plasma-assisted hydrolysis of 
TEOS molecules. During the hydrolysis of TEOS, it liberates OH- ions into the electrolyte, 
aiding in the migration of Ca2+ cations towards the anode, thereby promoting their incor-
poration into the TiO2 layer. Considering the calcium content in both 0ST and 10ST sam-
ples, it is hypothesized that the presence of ST would impede the hydrolysis of TEOS 
molecules, consequently decreasing the presence of Ca2+ cations in the 10ST sample. Fig-
ure 2c,f illustrate the surface roughness of the 0ST and 10ST samples, respectively. The Ra 
values for the oxide layer were slightly higher in the 0ST sample (~0.63 µm) compared to 
the 10ST sample (~0.51 µm), as revealed via AFM analysis capturing fine-scale surface 
features focusing on micro- to nanoscale roughness. The presence of larger pores in the 
0ST sample likely contributed to increased surface irregularities, leading to a slightly 
higher Ra measurement. On the other hand, the addition of ST had an insignificant impact 
on the thickness of the oxide layer, with both samples showing nearly identical values of 
6.5 ± 1.1 µm. 

3.3. Compositional Analysis 

Figure 3a illustrates the XRD patterns of the 0ST and 10ST samples, predominantly 
composed of TiO2 phases (rutile and anatase) along with HA. Carbon-based compounds 
were absent from the XRD patterns of both oxide layers, indicating that carbon is probably 
incorporated into the coating layer as either elemental carbon or amorphous compounds 
[26]. The presence of HA in both samples is likely due to plasma conditions during the 
MAO process, which facilitate interactions between Ca2+ and PO43- ions (Equation (3)) [27]. 

Figure 2. SEM images, EDS, and AFM results on the surface of the (a–c) 0ST sample and (d–f) 10ST
sample.

The outcomes of the EDS analysis, as depicted in Figure 2b,e, uncovered the existence
of the Ti, Al, and V elements originating from the substrate, alongside the Ca, P, O, and C
elements derived from the electrolyte solution. The Ca/P ratio was approximately 2.67 for
the 0ST sample and about 0.85 for the 10ST sample. These results emphasize the substantial
effect of the ST additive on modifying the Ca/P ratio within the MAO coatings. In the
10ST sample, the oxide layer exhibits a Ca/P ratio below 1.67 in HA, whereas the 0ST
sample demonstrates a Ca/P ratio exceeding 1.67, suggesting the addition of ST to the
electrolyte would affect the electrochemical reactions that occur during the MAO. The
deviation from the value of 1.67 in HA suggests that distinct chemical processes would
occur during the MAO process in electrolytes both with and without the ST additive.
The increased calcium content in the 0ST sample would be linked to the plasma-assisted
hydrolysis of TEOS molecules. During the hydrolysis of TEOS, it liberates OH- ions into the
electrolyte, aiding in the migration of Ca2+ cations towards the anode, thereby promoting
their incorporation into the TiO2 layer. Considering the calcium content in both 0ST and
10ST samples, it is hypothesized that the presence of ST would impede the hydrolysis of
TEOS molecules, consequently decreasing the presence of Ca2+ cations in the 10ST sample.
Figure 2c,f illustrate the surface roughness of the 0ST and 10ST samples, respectively. The
Ra values for the oxide layer were slightly higher in the 0ST sample (~0.63 µm) compared
to the 10ST sample (~0.51 µm), as revealed via AFM analysis capturing fine-scale surface
features focusing on micro- to nanoscale roughness. The presence of larger pores in the 0ST
sample likely contributed to increased surface irregularities, leading to a slightly higher
Ra measurement. On the other hand, the addition of ST had an insignificant impact on
the thickness of the oxide layer, with both samples showing nearly identical values of
6.5 ± 1.1 µm.

3.3. Compositional Analysis

Figure 3a illustrates the XRD patterns of the 0ST and 10ST samples, predominantly
composed of TiO2 phases (rutile and anatase) along with HA. Carbon-based compounds
were absent from the XRD patterns of both oxide layers, indicating that carbon is prob-
ably incorporated into the coating layer as either elemental carbon or amorphous com-
pounds [26]. The presence of HA in both samples is likely due to plasma conditions
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during the MAO process, which facilitate interactions between Ca2+ and PO4
3- ions (Equa-

tion (3)) [27].
10Ca2+ + 6PO3−

4 + 2OH− → Ca10(PO4)6(OH)2 (3)

In Figure 3b, the Ti2p spectrum reveals three discernible peaks at 457.01, 457.56,
and 463.06 eV, indicative of metallic Ti and anatase and rutile (TiO2) [28,29]. Figure 3c
demonstrates the deconvolution of the P2p spectrum, displaying peaks around 131.63,
132.1, 132.73, and 137.67 eV, suggesting the existence of P-O and PO4

3− anion in the
HA structure [30]. The confirmation of SiO2 in the coating is established through the
decomposition of the Si2p spectrum in Figure 3d, which exhibits multiple peaks at 100.95,
101.76, 102.39, and 120.9 eV [31,32].
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When examining the MAO process without ST additive, it is crucial to comprehend the
reasons behind the robust spark occurrence in this scenario. The hydrolysis of TEOS initiates
the breakdown of silicon–oxygen bonds within the molecule, leading to the formation of
silanol groups (Si-OH) and ethyl alcohol as byproducts (Equation (4)). The subsequent
condensation of these Si-OH groups leads to the creation of Si-O-Si bonds, facilitating the
incorporation of SiO2 in the amorphous form [33].

Si(OC2H5)4 + 4H2O→ Si(OH)4 + 4C2H6O (4)
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Si(OH)4 + Si(OH)4 → Si(OH)3 −O− Si(OH)3 + H2O (5)

Si(OH)3 −O− Si(OH)3 → 2SiO2 + 3H2O (6)

While the formation of a hybrid layer primarily composed of TiO2 and SiO2 is sig-
nificant, it is essential to recognize that the hydrolysis of TEOS can produce byproducts
that impede the electron avalanche [34]. The accumulation of these side products occurs
on the surface of the barrier passive layer, which develops on the substrate surface be-
fore the breakdown phenomenon. The buildup of hydrolysis byproducts substantially
hampers electron flow within the plasma, posing a hurdle to its continuous propagation.
Consequently, the MAO process produces more intense plasma sparks when ST is absent.
The increased spark intensity directly corresponds to the plasma’s effort to penetrate the
barriers formed by the buildup of hydrolysis products, thus surmounting the hindrance to
electron flow. As a result, a coating with larger pores and a rough surface was developed in
the 0ST sample. Conversely, the introduction of ST additive and its interaction with TEOS
may form a complex that undergoes decomposition at the elevated temperature of MAO,
thereby releasing new species that impact plasma discharges. Moreover, the addition of ST
may potentially influence the hydrolysis of TEOS, thereby resulting in notable changes in
the MAO process, particularly in terms of breakdown and final voltage values. Hence, the
appearance of various moderate levels of spark intensity is probably due to an intricate
interplay of factors, necessitating further exploration for comprehensive comprehension.

3.4. Corrosion Behavior

Figure 4 displays the PDP curves of the substrate, 0ST, and 10ST, after immersion
in the test solution for 5 h. Parameters including corrosion potential (Ecorr), corrosion
current density (icorr), and Tafel slopes (βa/βc) for both anodic and cathodic branches were
determined via the Tafel approach. Additionally, the polarization resistance (Rp) values
were calculated using Equation (7) [35].

Rp =
βa.βc

2.303 icorr(βa + βc)
(7)
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The resulting data are tabulated in Table 2. The sample with higher Ecorr and lower
icorr typically indicates better corrosion protection. As evident from Table 2, the addition of
stevia to the electrolyte resulted in a shift of Ecorr to higher values and icorr to lower values,
indicating an enhancement in the anticorrosive properties of the oxide layer. Specifically,
the Ecorr of the bare substrate shifted towards a nobler direction from −0.428 V to −0.022 V
vs. Ag/AgCl after MAO treatment in an ST-containing solution, while its absence led to a
shift in Ecorr to −0.313 V vs. Ag/AgCl. Furthermore, the 10ST sample demonstrated the
lowest icorr value compared to the bare substrate and 0ST samples. Its measured value
was four orders of magnitude less than that of the bare substrate and roughly one order
lower than the 0ST sample. The enhancement in protective properties resulting from the
addition of stevia to the electrolyte was evident in the significantly higher value of Rp,
which was three orders of magnitude greater than that of the bare substrate and one order of
magnitude higher than the 0ST sample. This suggests that samples treated in an electrolyte
with ST provided better protection for the Ti-6Al-4V alloy substrate compared to the others.
This improvement is likely due to the characteristics of the coating structure, including
lower porosity and smaller pore size.

Table 2. Polarization results of the bare substrate, 0ST, and 10ST samples immersed in a 3.5 wt. %
NaCl solution.

Sample Ecorr (V) icorr (A/cm2) βa (V/Decade) |βc| (V/Decade) Rp (Ω.cm2)

substrate −0.428 1.01 × 10−6 0.430 0.164 7.24 × 105

0ST −0.313 8.77 × 10−9 0.309 0.106 1.19 × 108

10ST −0.022 1.72 × 10−10 0.264 0.158 5.98 × 109

3.5. DFT Insights into Surface Adsorption and Reactivity

The chemical structures and optimized configurations of TEOS and TEOS + ST, along
with their Mulliken charge analyses, are depicted in Figure 5, alongside corresponding
results for ST molecules. The binding energy needed to form the complex of TEOS + ST is
−30,000.24 eV, the negative value of the Ebinding indicates that bond formation is energeti-
cally favorable. In addition, changes in the Mulliken charges after the complex was shown
where the charge of the Si atom became more positive (1.391 to 1.492 e) and the O atoms
from both the carboxylic and hydroxyl groups became more negative (−0.568, −0.316, and
−0.408 e to−0.342,−0.345, and−0.346). These changes happened due to the redistribution
of electrons associated with the bonding or electron transfer process. To complement our
understanding of the underlying interactions between TEOS, ST, and TEOS + ST and the
MAO layer, Figures 6 and 7 are provided to offer a detailed view of the electronic and
electrostatic properties of the TEOS and TES + ST complex. The highest occupied molecular
orbital–lowest unoccupied molecular orbital (HOMO–LUMO) energy gap (∆E) is a crucial
indicator of chemical stability, where a wider energy gap signifies higher chemical stability,
lower chemical reactivity, and greater kinetic stability [36]. Based on the ∆E values illus-
trated in Figure 6, the reactivity of the molecules followed the sequence TEOS < TEOS + ST
< ST. TEOS exhibits a distinctive electronic characteristic with the most negative EHOMO
value, signifying a higher-energy barrier for electron donation, suggesting its reduced
tendency to donate electrons. In contrast, ST alone displays a favorable electron-donating
propensity, with the highest EHOMO value, indicative of its capability to contribute electrons
to surface interactions. In Figure 6a, the total density of states (TDOS) plot for TEOS reveals
its highest peak at−13.4 eV, primarily stemming from contributions from carbon, hydrogen,
oxygen, and silicon atoms within the compound. Si exhibits slight contributions at energy
levels ranging from −21.1 to −18.2 eV, −14.6 to −11.3 eV, −10.0 to −6.6 eV, and 8.9 to 10.0
eV. The EHOMO of TEOS is situated at −8.2 eV, with oxygen serving as the primary contrib-
utor at this energy level, followed by Si and C. This finding is further corroborated by the
visualization of the HOMO region, which centers around the oxygen atom. In contrast, the
ELUMO at 7.9 eV is predominantly influenced by carbon and oxygen atoms, a conclusion
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supported by the visualization of the LUMO region. As for ST, the TDOS plot shown in
Figure 6b displays a more complex electronic structure with numerous detected peaks com-
pared to TEOS. The highest peak in the electronic density occurs at −13.0 eV and is mainly
attributed to contributions from carbon and hydrogen atoms within the compound. The
electronic energy levels further reveal that ST’s EHOMO lies at −4.6 eV, centered around the
C=C double bond in ST, as confirmed by the electronic density distribution. Additionally,
the ELUMO is situated at 0.7 eV and is primarily influenced by carbon and oxygen atoms,
with the electron density distribution centered around the carboxyl functional group of ST.
For comparison, Rouhani M. [37] calculated ST with the 6-311++G (d,p) basis set, resulting
in 6.6 eV band gap energy, higher than the calculation in this study (5.3 eV). The difference
lies in the additional diffuse functions (++G) that improve the description of electrons that
are far from the nucleus, while this study uses a 6-311G (d,p) basis set without the diffuse
functions. Despite lower accuracy, the 6-311G (d,p) basis set was chosen due to its lower
cost of computational resources and faster calculation time considering the large number of
atoms in the compound after the complexion with TEOS. Nevertheless, the optimized ST
by Rouhani cannot be compared to TEOS and TEOS + ST in this paper, due to the difference
in the basis set. The TEOS + ST complex, formed when TEOS and ST are added together
into the electrolyte, exhibits distinct electronic properties as depicted in Figure 6c. The
highest peak of the TDOS for the TEOS + ST complex is detected at an energy level of 3.5 eV,
with carbon and oxygen atoms as the main contributors. The difference in the shape of the
silicon peak (purple color) in Figure 6a,c may indicate interactions between the electronic
states of different components after interaction with the ST compounds. Additionally, a
broad silicon peak is detected across the energy levels from 1.3 to 10.0 eV. The EHOMO
for TEOS + ST is located at −6.7 eV, and carbon atoms primarily contribute to this peak.
Interestingly, the HOMO region visualization reveals that it is centered not only around the
C=C double bond but also around the cyclohexanol ring of ST. Furthermore, the ELUMO
at −0.7 eV is mainly contributed by C and O atoms, a finding that is confirmed by the
LUMO region visualization which is centered around each carboxyl functional group. To
elucidate the differences between the TEOS, ST, and TEOS + ST samples, the TDOS plots
for the three molecules are illustrated in Figure 6d. A significant observation lies in the
region where zero density of states (DOS) appears, which is an essential element of the DOS
graph. The region of zero DOS of ST is located at −3.5 to −0.6 eV, while in TEOS’s case, a
large region of zero DOS is observed at −7.2 to 6.9 eV. The presence of this region indicates
there are no available electronic states for electrons to occupy; therefore, the molecules with
smaller regions of zero DOS will be more reactive. After the formation of the TEOS + ST
complex, the presence of ST led to a smaller gap compared to TEOS alone, attributed to
contributions from carbon and oxygen atoms. In addition, the changes in peak shapes
and intensity especially at −15 to −5 and 0 to 10 eV may indicate interactions between the
electronic states of different components (ST and TEOS). This variation raises the possibility
of a shift in electronic properties for TEOS + ST, likely due to its more intricate molecular
composition and larger molecular size, as compared to TE and ST samples.

The molecular electrostatic potential (MEP) maps presented in Figure 7a–c provide
critical insights into the reactivity of TEOS, ST, and TEOS + ST. These MEP maps provide
valuable guidance for understanding and predicting adsorption behavior during the MAO
process. In TEOS, the presence of negative electrostatic regions surrounding oxygen
atoms highlights their nucleophilic character, while the absence of positive electrostatic
regions indicates limited electrophilic potential. Conversely, ST’s MEP map showcases
negative regions around oxygen atoms, particularly from the carboxyl and hydroxyl groups,
indicating favorable electrophilic attack to these sites. Additionally, the presence of positive
electrostatic regions around hydrogen atoms in the hydroxyl group suggests electrophilic
reactivity. This result is consistent with the study of ST by Zhu et al. [38], although a
different basis set was used (6–31 + G(d,p)). The main reactive sites are two oxygen and two
hydrogen atoms as the electron donor and acceptor, respectively, from both the carboxyl
and hydroxyl groups. In the case of TEOS + ST, the MEP map reveals an increase in
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both positive and negative electrostatic regions, creating more active sites, and giving an
advantage for intermolecular interaction. This combination suggests that TEOS + ST would
be highly adsorbable due to its nucleophilic and electrophilic features.

Furthermore, for a more intuitive representation of lone-pair electrons, the electron
localization function (ELF) based on localized molecular orbitals provides valuable in-
sights [39]. In the case of TEOS molecules, as illustrated in Figure 7d, the ELF results reveal
Si in yellow, indicating an intermediate to the high value of ELF. This suggests a high
probability of finding electrons in this region, commonly associated with strong chemical
bonds like covalent bonds and lone pairs of electrons. Additionally, in the ELF map of
ST depicted in Figure 7e, the presence of a red region around the carbon atom signifies
the presence of covalent bonds. Figure 7f further illustrates changes in ELF values, with
Si transitioning from a blue to green color in the center, indicating a lower value of ELF
compared to before the complex formation. These findings align with the Mulliken charge
of 1.492 e, signifying that higher positive charges correspond to regions with less localized
electrons.
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The study of weak interactions was investigated via RDG analysis, shown in Figure 7g–l,
showing the ability of each molecule to interact through intermolecular interactions [40].
TEOS showed very little weak interaction while ST exhibited more interaction and more
spikes at lower RDG levels; the hydrogen bonding is mainly formed by the hydroxyl and
carboxyl groups of ST, resulting in a more functionalized network structure of ST on the
substrate surface during the initial stages of the MAO process. After the complex, TEOS + ST
shows the most interaction. However, as the molecule is larger, it shows a high steric effect.
Moreover, the RDG scatter plot of ST shows more sharp and concentrated spikes than
TEOS + ST, showing the TEOS + ST complex has a lower probability of being adsorbed
on the substrate surface than ST. These intermolecular interactions such as H-bonding,
π–π interactions, and electrostatic interaction formed synergistic effects and increased the
strength of the coordination behavior of TEOS, ST, and TEOS + ST to construct a stable
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protecting layer with a more favorable electron donor–acceptor character. Based on the
preceding discussion, it can be inferred that the enhanced absorbability of the TEOS–ST
complex on the bare substrate surface, compared to TEOS alone, likely contributes to the
generation of lower-intensity plasma discharges, as shown in Figure 1. This, in turn, results
in the formation of a less porous structure, as observed in the 10ST sample (Figure 2d),
which exhibits higher corrosion resistance compared to the 0ST sample.

Inorganics 2024, 12, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 6. (a-c) HOMO–LUMO visualization and DOS fragment distribution for TEOS, ST, and TEOS 
+ ST, respectively; (d) TDOS comparison of TEOS, ST, and TEOS + ST. 

The molecular electrostatic potential (MEP) maps presented in Figure 7a–c provide 
critical insights into the reactivity of TEOS, ST, and TEOS + ST. These MEP maps provide 
valuable guidance for understanding and predicting adsorption behavior during the 
MAO process. In TEOS, the presence of negative electrostatic regions surrounding oxygen 
atoms highlights their nucleophilic character, while the absence of positive electrostatic 
regions indicates limited electrophilic potential. Conversely, ST’s MEP map showcases 
negative regions around oxygen atoms, particularly from the carboxyl and hydroxyl 
groups, indicating favorable electrophilic attack to these sites. Additionally, the presence 
of positive electrostatic regions around hydrogen atoms in the hydroxyl group suggests 
electrophilic reactivity. This result is consistent with the study of ST by Zhu et al. [38], 
although a different basis set was used (6–31 + G(d,p)). The main reactive sites are two 
oxygen and two hydrogen atoms as the electron donor and acceptor, respectively, from 
both the carboxyl and hydroxyl groups. In the case of TEOS + ST, the MEP map reveals 
an increase in both positive and negative electrostatic regions, creating more active sites, 
and giving an advantage for intermolecular interaction. This combination suggests that 
TEOS + ST would be highly adsorbable due to its nucleophilic and electrophilic features. 

Figure 6. (a–c) HOMO–LUMO visualization and DOS fragment distribution for TEOS, ST, and
TEOS + ST, respectively; (d) TDOS comparison of TEOS, ST, and TEOS + ST.

Chaudhary et al. [41] studied the adsorption and dissociation of TEOS on the ru-
tile TiO2 (110) surface with GGA–PAW (generalized gradient approximation-projector-
augmented wave) method. For TEOS adsorption, one compound was placed on the slab,
and C1s XPS spectra were simulated via the GPAW–PBE (grid-based projector-augmented
wave) method. Varied energy adsorption ranging from 0.18 to 1.54 eV was obtained, de-
pending on the bond dissociation [41]. It was reported that C-O or Si-O bond dissociation
performs the highest Eads of 1.54 eV, suggesting a high-stability configuration. Figure 8
depicts a visualization of ST, TEOS, and TEOS + ST on the rutile phase of TiO2, showing the
possibility of close-contact interaction (≤2.2 Å) between the compound with the surface.
While ST and TEOS only show up to two possible interactions, TEOS + ST performs three
possible interactions on the surface, marking the higher possibility of being adsorbed on
the TiO2. Other than the rutile phase, the anatase phase was also detected in the XPS results
(Figure 3). Figure 9 shows the visualization of the studied compounds on the anatase
phase, theoretically. The difference in shapes of this phase increases the potential of the
compounds to interact with the surface. Each ST, TEOS, and TEOS + ST own five, six,
and eight close interactions. Therefore, when the ST, TEOS, and TEOS + ST interacted
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during the anatase phase, TiO2 has a higher chance of undergoing a bond dissociation and
performing better adsorption in the anatase phase of TiO2 compared to the rutile phase.
The Eads of TEOS + ST on the anatase phase of the TiO2 surface (Ti50O84) was calculated
to be 8.46 eV. However, this value cannot be compared to Chaudhary’s results due to the
difference in the functional and basis set used. To compare the adsorption energy of TEOS
before and after the addition of ST, further research for the calculation of energy adsorption
needs to be conducted.
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4. Conclusions

This study demonstrates the effectiveness of incorporating stevia sugar as a novel
additive during MAO coatings on the Ti-6Al-4V alloy. The inclusion of stevia sugar resulted
in notable improvements in surface morphology and anticorrosive properties. Below are
several key findings from this research.

1. The addition of stevia moderates the intensity of plasma discharge, which promotes
the development of a uniform silicon-rich structure with decreased porosity and
smaller pore size.

2. The sample treated in an electrolyte with stevia additive showed better corrosion
resistance than the counterpart treated in an electrolyte without stevia.

3. The HOMO–LUMO energy gap analysis indicates that TEOS exhibits higher chemical
stability, while ST shows a favorable electron-donating propensity.

4. The TDOS plots reveal distinct electronic structures, with TEOS + ST displaying
unique characteristics. MEP maps highlight the electrophilic and nucleophilic reactiv-
ity of the molecules, suggesting their potential adsorption behavior.

These findings contribute significantly to our understanding of the underlying molec-
ular mechanisms involved in the MAO process. Furthermore, they pave the way for future
research aimed at enhancing protective coatings, especially those leveraging advantageous
electron donor–acceptor properties.
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