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Abstract: The purpose of this study was to explain the mechanism of formation and to examine the
composition of the anodic film formed on the surface of titanium in an anhydrous neutral methanol
solution of electrolytes. In an environment deprived of water molecules, the growth of a 3D-phase
titanium oxide layer is not possible. Electrochemical investigations demonstrated that the Ti surface
in CH30H-LiClOy solutions experienced a pseudo-passivation with the formation of a methoxy
layer, which resulted from the reaction of the metal surface with alcohol molecules. The presence of
this methoxy surface film was confirmed through XPS and in situ FTIR measurements. The layer
blocked the Ti anodic dissolution at the potential range corresponding to the stability of methanol
and methoxy ions (i.e., <0.55 V). At potentials over 0.55 V, the methoxy layer was oxidised, which
caused the “depassivation” of the metal surface and the etching of titanium. The addition of water
changed the properties of Ti in CH3OH-LiClOy solutions, but only with a water content above 0.2
mole fraction. Below this concentration of water, titanium behaved like it would in an anhydrous
solution of methanol. In the range of water concentration of 0.2 to 0.7 mole fraction, the structure of
the solution is strengthened because both components of the solvent formed separate percolating
networks. The strengthening of the solution structure resulted in a strengthening of the surface layer
of Ti(OH)m(OCHj3)n. Such a layer had strong barrier properties similar to the properties of an organic
polymer film. The formation and growth of a stable layer of TiO, were possible only in a solvent
when the water concentration was higher than ~0.7 mole fraction.
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1. Introduction

Titanium displays a high corrosion immunity in chloride-containing solutions [1-7], which
makes Ti and its alloys very attractive as corrosion-resistant constructional materials that are suitable
for applications in aerospace, marine, medical and other industries. The low density and good
biocompatibility render titanium alloys especially favourable for the production of biomaterials for
implants, prostheses, artificial heart components, etc. [6,7]. Due to the expansion of existing applications
and the development of new ones, the knowledge of the properties of titanium in various organic
solvents has been systematically expanded [8-24].

Particularly interesting is the corrosive behaviour of titanium in alcoholic environments. The reason
for this interest is found in the search for efficient anodes for the oxidation of alcohols [25,26], new ways
of producing TiO, nanoparticles [27] and the explanation of titanium stress corrosion in anhydrous
alcohol electrolytes [11,12,15]. Most of the studies are devoted to the corrosion behaviour of Ti in
neutral and acidic methanol solutions of chlorides [8,13,17-20,23,28,29]. The literature reports that
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passive titanium oxide is found to be very sensitive to the presence of aggressive ions in methyl alcohol
and undergoes cracking along the intergranular paths due to applied stress [18-22]. The stability of the
oxide layer on the Ti surface in methanolic solutions strongly depends on the water concentration [8].

An interesting issue is the phenomenon of the “pseudo-passivity” of metals in anhydrous organic
solutions of electrolytes [30]. In these media, the anodic polarisation curve shows a wide range of
anodic potentials in which the metal dissolution is inhibited by the formation of an anodic surface
product, similar to the passive range in aqueous environments [14,30-32]. Such a phenomenon is also
observed in the case of titanium [14,30-32].

This paper contributes to understanding the mechanism, composition and stability of a
pseudo-passive layer formed at the Ti surface in anhydrous methanol containing a LiClO4 solution,
which is an electrolyte with weak complexing abilities, as well as what allowed for the evaluation of
the role of methanol molecules in anodic passivation processes.

In our work, we also aimed to explain the role of intermolecular water-methanol interactions
on the anodic properties of titanium in mixed methanol-aqueous LiClO; solutions. Considering the
behaviour of the metal in water—-methanol solutions, the specific nature of this system must be taken
into account. Both water and methanol are liquids of high ordering. Water molecules in bulk are
organized in tetrahedral ice-like clusters [33]. Molecules in pure methanol form open, non-linear chains
with approximately tetrahedral coordination that are either hexa- and/or octamer molecular clusters
due to the intermolecular hydrogen bonding [34,35]. The thermodynamic values of water-methanol
solutions vary from what would be expected after the mixing of these two liquids [35-39]. Even a small
amount of methanol causes a change in the water molecules’ arrangement through the introduction
of hydrophobic methyl groups [39]. Due to hydrogen bond interactions, molecules of alcohol and
water form clathrates of dodecahedral and tetrahedral structures [39-55]. In water solutions of
diluted methanol, the water molecules catch the alcohol in the “cages” [53]; similarly, in diluted
solutions of water in methanol, the water molecules are enclosed in CH3OH clathrates [39,43,44,54].
Of particular interest is the concentration region of the water mole fraction in methanol between
0.4 and 0.7, where both components appear to form separate, percolating networks. This is the
concentration range where many transport properties and thermodynamic excess functions reach
extreme values [38,45,46,50,56,57].

2. Materials and Methods

The electrochemical measurements (i.e., cyclic voltammetry (CV) and impedance measurements
(EIS)) were performed with the use of the electrochemical workstations VoltaLab PGZ 301, Radiometer
Analytical, Lyon, France and Autolab PGStat 30, Metrohm Autolab Utrecht, Netherlands, in a
three-electrode system. Pure titanium (99.99%) was used as a working electrode, a platinum foil
was used as a counter electrode and Ag/AgCl was used as a reference electrode. Every potential
value was recalculated versus a standard hydrogen electrode (SHE). Before each test, the sample was
mechanically ground with sandpapers up to 1000, washed in dry methanol and then electrochemically
polished in the tested solution. The study was performed in a CH;OH-0.1 M LiClO; solution prepared
with anhydrous methanol and dried salt, as well as in CH30OH-0.1 M LiClO4 xH;,O solutions, with
the water content ranging between 0.01 and 0.87 mole fraction (0.5, 1, 5, 10, 20, 50, 75 vol.%). Before
each experiment, the tested solutions were deaerated with argon for 2 h at room temperature (25 °C).
LiClO4 was used as a supporting electrolyte.

Cyclic polarisation curves were carried out in the potential range —1.75 to 1.5 V. Three cycles were
recorded in each experiment. The first cycle was used to remove the spontaneous passive film formed
on the titanium surface in the air; therefore, the results presented in this study were obtained from the
second cycle of the polarisation experiment. The EIS measurements were recorded over the frequency
range of 10 kHz to 10 mHz with an amplitude of 10 mV. The data were then analyzed using Echem
Analyst 5.21 software, Gamry Instruments, Warminster, PA, USA, with the help of the opportune
equivalent circuit.
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The morphology and the chemical composition of the surface layer were examined using a
scanning electron microscope (SEM), JEOL JSM 5500 LV, Hitachi, Fukuoka 812-0026, Japan, with the
help of electron diffraction (EDX). The composition of the anodic layers was evaluated using an X-ray
photoelectron spectroscope ESCA-VSW with a depth and area of approximately 5 nm and 3 mm,
respectively. Depending on the elements evaluated, the sensitivity of the method was approximately
0.05-0.5%. The magnesium anode was used for the K = 1253.6 eV line (without a monochromator).
The voltage was 13 kV and the heater current was 16 mA (power of 208 W). The beam angle was 15°.

The infrared spectra of the investigated solutions were obtained using an FTIR Spectrometer
Thermo Scientific Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA. The titanium layer was
examined with the use of a Seagull FTIR-ATR attachment adapted for an electrochemical cell. In this
cell, the working electrode was a Ti layer with a thickness of ~500 A, which was obtained by sputtering
pure titanium on a germanium hemisphere substrate (e.g., transparent to IR radiation). A platinum
tin was used as a counter electrode and an Ag wire covered with AgCl played the role of a reference
electrode. This method has been described in detail elsewhere [58,59].

3. Results
3.1. Anhydrous CH30H-LiCIO, Solutions

3.1.1. Polarisation Measurements

Figure 1a shows the cycle polarisation curves carried out at different scan rates on pure titanium
in a CH30OH-0.1 M LiClOy4 solution. The figure shows the presence of two anodic (i.e., a; and ap) and
two poorly defined cathodic peaks (i.e., c; and c;). The anodic peaks were attributed to the formation
of surface compounds. The linear dependence of the current density of anodic peaks with the potential
sweep, presented in Figure 1b, revealed the surface control of the oxidation/reduction processes.
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Figure 1. Polarisation curves of Ti in anhydrous CH3OH-0.1 M LiClO,: I—first pseudopassive range,
II—second pseudopassive range and IIl—transpassive range (a). Linear dependence of anodic and
cathodic peaks current on the potential sweep (b).

The first anodic peak (i.e., in the range of —1.25 to —1.0V) could be attributed to the formation
of the Ti®* surface product as a result of the Ti—Ti?*—Ti®" pathway. According to the literature,
the metal/metal ion standard potentials only slightly differ in aqueous and methanol solutions [60].
In aqueous solutions, the equilibrium potential of the Ti/Ti?>* oxidation process is —1.75 V. The zero
current potential on the anodic polarisation curve is very close to this value. According to the E-pH
diagram, for titanium in neutral aqueous solutions, oxide/hydroxide passivation with the participation
of Ti** ions and water molecules occurs in the potential range —1.53 to —1.31 V [61]. The equilibrium
potentials of the reactions of methoxides formation, similar to the formation of hydroxides in water,
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are not known. We assumed that, as in aqueous solutions, the oxidation reaction of Ti>* - Ti*" already
occurs within the first anodic peak. In methanol solutions, metal ions at a lower oxidation state are
relatively stable. This also applies to Ti>* ions [62].

The potential of the second peak (i.e., about 0 V) may have been related to the reaction of Ti>* —Ti**
in the anodic film. The equilibrium potential of the redox reaction Ti**/Ti** in aqueous solutions is
—0.04 V [61]. In CH3;0H-0.01 M HCI-0.2 M LiCl solution, the half-wave potential of Ti** — Ti3* is
Eg5 =—-0.103 V vs. SHE [63].

The surface compounds formed at the anodic peaks caused the blocking of the titanium surface at
potentials up to 0.55 V. At the more positive potential, the polarisation curve describes the activation
of the titanium electrode due to the removal of the methoxy film blocking the metal surface in
the pseudo-passive range. This process was the result of the oxidation of methoxy anions and
methanol molecules.

The mechanism of oxidation of absolute methanol was proposed by Bélanger [64] and
Vassiliev et al. [65] based on measurements of platinum/anhydrous methanol solutions in an electrolytes
system. It can be described by the following reactions [64]:

CHBO'layer — e = CH30%1ution 1
CH;0H — CH3;0* + HY + e (2a)
CH30* + CH30* «& CH,0O + CH30H (2b)

The course of voltammetric curves at a high anodic overvoltage (>0.55 V) is the result of the
overlapping of three processes: the oxidation of the methoxy film, the oxidation of methanol on the
bare surface and the corrosion of titanium in the exposed areas. The high rate of the anodic reactions
in this transpassive range (the increase of the current density by almost three decades) leads to surface
oversaturation with the oxidation products of both titanium and methanol. An additional peak appears
indicating the adsorption or precipitation of the anodic product inhibiting the dissolution. This anodic
product can be adsorbed organic compounds (mainly CH,O [64,65] and/or precipitated Ti(OCHj3)3).
The presence of the latter was confirmed by the purple color of the solution after longer etching at
potentials higher than 1 V.

From the Koutecky—Levich plots (Figure 2a) obtained from the anodic and cathodic branches of
the polarisation curves presented in Figure S1 (supplement materials) and its extrapolation to w™°—0,
we could calculate the values of the kinetic current ix. Over the entire investigated potential range, the
current iy was anodic (Figure 2b). The small dependence of iy on the potential up to 0.2 V showed that
the anodic dissolution of titanium was effectively blocked. The imposition of the diffusion-controlled
cathodic current (likely corresponding to the reduction of methanol) and the anodic current of the
oxidation reaction of titanium (passivation process) was also observed. The reduction of methanol
proceeded with the formation of CH3O™ anions that were readily adsorbed on the electrode surface,
especially in the potential range of the parallel anodic reaction of the formation of titanium compounds
at lower oxidation states (Ti>* and Ti®"). The formation of a Ti-OCHj3 surface compound led to surface
blocking and inhibition of the methanol reduction.
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Figure 2. Koutecky-Levich plots of current values obtained from the polarisation curve in the anodic
direction (a) and kinetic current iy obtained via extrapolation of w0550 (b).

3.1.2. Impedance Measurements

The Bode diagrams for Ti polarised potentiostatically at specified potentials (—0.510, —0.010, 0.340
and 0.540 V vs. SHE) in the tested solution (Figure 3) revealed blocking properties related to the
formation of a barrier surface layer. The analysis of the dlog|Z|/dlog(f) slope (Figure 3a) allowed for
distinguishing a low-frequency range with a slope value close to —0.5 and a medium-frequency range
with a slope close to —1.0. The relationship between the negative phase angle and frequency exhibited
two minima (Figure 3b). The first high-frequency minimum (f > 10° Hz) was probably associated with
the electronic system. We did not interpret this range because it was not related to Faraday processes
or the pseudocapacity of the layer on the Ti surface.

The second flat minimum in a low-frequency range (f < 10> Hz) resulted from the overlapping
of two relaxation processes associated with the capacitive and diffusive properties of the
metal/film/electrolyte system. The impedance in the low-frequency range was attributed to the diffusion
processes, whereas the medium-frequency range was associated with the capacitive behaviour of the
surface film.

The local etching of the titanium surface at a high anodic overvoltage (1.020 V) was reflected in a
significant decrease in the impedance. The EIS spectrum was highly disturbed in the low-frequency
range due to the instability of the investigated system. This instability was caused by the changes in
the active surface area during the local etching of titanium.
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Figure 3. Effect of the potential on the impedance spectrum of titanium in anhydrous CH3;OH-0.1 M
LiClOy4 and the fitted equivalent circuit. Bode (a) and Phase (b).
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The analysed impedance spectrum obtained in the second pseudo-passive range (<0.55 V) was
well-described by an equivalent circuit R(Q1R1(Q2Rz)) consisting of two parallel components (QR;)
in the medium and (Q;R;) in the low-frequency range. The first element (Q1R;) corresponded to
the capacitive behaviour of the surface film, while the second (Q,R;) was related to the diffusion
constituent at low frequencies (Table S1 in the Supplementary Materials).

The Mott-Schottky relationship (Figure S2) for potentials ranging from —0.5 to 0.5 V (the
pseudo-passive range), constructed using the parameter C, calculated for the Q1R; element using
the formula: C = (Q;Rg™)" [66], demonstrated that the anodic film generated at potentials
corresponding to the stability of Ti(IV) compounds was an n-type semiconductor layer, probably doped
with Ti* ions. For the lower potentials, there was no such relationship, which indicates the adsorption
nature of the surface layer.

3.1.3. SEM Measurements

The titanium sample etched in the first pseudo-passive range (E = —0.3 V vs. SHE) was covered
with a layer consisting mainly of O- and C-containing compounds (Figure 4a). The dark spots indicated
a layer with high carbon content and with a small contribution of titanium. The SEM picture of the
Ti-etched surface in the second pseudo-passive range (E = 0.123 V vs. SHE) (Figure 4b) showed a
surface covered with a thin compact film with white spots. These spots consisted mostly of oxygen
and carbon. The analysis of the Ti etched surface at E = 0.6 V vs. SHE (Figure 4c) revealed the strong
corrosion of metal. The bright areas consisted of pure Ti, whereas the darker regions were enriched
with O and C. The presence of such a large amount of carbon in the surface layer suggests that the
layer was not an oxide layer, but rather a methoxy film.
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Figure 4. SEM images (with EDX analysis) of the Ti surface polarized in CH3OH-0.1 M LiClOy at the
following potentials: —0.3 V vs. SHE for 40 min (a), 0.12 V vs. SHE for 20 min (b), and 0.6 V vs. SHE
for 2min (c) [58].



Electrochem 2020, 1 93

3.1.4. XPS Analysis

The XPS spectra are presented in Figure 5. The high-resolution peak core levels were analysed
through a deconvolution fitting of the complex spectra. The binding energies and the corresponding
quantification (%) of each peak component are presented in Table S2. The analysis of the Cls
level spectra for the Ti etched in CH30H-0.1 M LiClO; at the potential of the first pseudo-passive
range (E = —0.3 V vs. SHE) indicated the presence of carbon bonded with oxygen and carbon in the
hydrocarbon group. The dominant peak, with the energy of approximately 285 eV, corresponded
to the presence of the C-C and C-H bonds (adventitious carbon) [67-69]. The peak of energy of
about 286 eV was assigned to C-O bonding and the signal at 289 eV was related to C=0O bonding [70].
The same binding energies were recorded for the species of the surface layer formed on Ti after etching
at the potential in the second pseudo-passive range (E = 0.123 V vs. SHE) and at the potential of the
transpassive region (E = 0.6 V vs. SHE). The only change was the intensity of the bands.

The spectra recorded in the Ols band for all potentials contained signals from oxygen bound
with titanium —O-Ti (530.5 eV) [70,71]. The peaks at the binding energy of 531.8-532.6 eV, according
to Attard and co-authors as well as Atuchin et al. [70,71], were attributed to the oxygen in the OCHj3
group bound with the metal surface. The band of energy at 533 eV originated from C=O bonding [72].

The spectrum in the Ti2p band at the first pseudo-passive range was dominated by a signal
originating from Ti(IV) compounds (459 eV), the signal was about one-fifth the size of the peak recorded
at a higher potential (0.125 V). The spectrum also contained signals from the metallic Ti and titanium
of the lower valance states (456—457 eV for trivalent Ti and 455 eV for divalent Ti) [68,70].

The XPS analysis indicated that in the first pseudo-passive range, the surface film was dominated
by carbon compounds. At higher potentials, the surface film contained mainly titanium (IV) but the
participation of methoxy groups continued to be significant.
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Figure 5. XPS spectra for the Ti surface that was potentiostatically etched in anhydrous CH3;0OH-0.1 M
LiClOy at the prepassive range (—0.3 V vs. SHE for 90 min), passive range (0.125 V vs. SHE for 60 min)
and transpassive range (0.6 V vs. SHE for 2 min).

3.1.5. FTIR-ATR Measurements

To clarify the chemical nature of the surface layer formed on the Ti surface in the CH;OH-0.1 M
LiClOyq solution, in situ FTIR-ATR experiments were performed. The spectra for specified polarisation
potentials (E = —0.800 to +0.800 V vs. SHE) were obtained by subtracting the background, which
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represented the spectrum recorded at an open circuit potential (Figure 6). The most important was
the lack of the signal from the OH group (1600 cm~! and 3750 cm~!) and the presence of the peak
originating from the Ti-OCHj bond [73] appearing near the signals from C-O stretching for alcohols at
a wavelength of ~1029 cm™.
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Figure 6. FTIR-ATR spectra of the Ti layer obtained at various polarisation potentials (E = —0.650,
—0.250, —0.100, +0.150 V vs. SHE) in an anhydrous deaerated CH3OH-0.1 M LiClO; solution [58].

The analysis of the intensity of bands that came from the Ti-OCHj3 group compared with the
polarisation curve of Ti on Ge demonstrated the increase of the methoxy group’s intensity towards
both cathodic and anodic potentials (Figure 7).
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Figure 7. The intensity of the signal from the Ti-OCHj group compared to the polarisation curve (scan
rate v = 0.0017 V/s) of Ti sputtered on a germanium hemisphere in CH30OH-0.1 M LiClO; solution.

3.2. The Effect of the Methanol-Water Interaction on the Passivation Process of Titanium

3.2.1. The Structure of the CH3;OH-H,O-0.1 M LiClOy4 Solutions

Our study of the physicochemical properties, as well as the FTIR spectra of the
methanol-water—LiClO; solutions, was convergent with the structure of the methanol-water system
described in the introduction. The properties of solutions containing less than 0.2 mole fraction of
water (i.e., viscosity and conductivity) were practically the same as those observed in the case of the
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anhydrous methanolic solutions (Figure S3). The slight minimum observed of the viscosity curve,
and the maximum observed in the conductivity curve after the addition of a small amount of water
(x =0.01), could be associated with the relaxation of the methanol structure [56]. The maximum
strength of the mixed solvent that was observed in viscosity measurements occurred at a water
content of x = 0.7, which is consistent with the literature [45,46,74,75]. The minimum conductivity
for the methanol-water mixture was visible for a ~0.2 mole fraction of water (20% mol), while the
minimum for a solution containing 0.1 M LiClO, was observed at a mole fraction of water equal to
0.7, (corresponding to a water content of approx. 50%). Shifting of the conductivity minimum in the
presence of dissolved salts may be related to the preferential hydration of the ions by water molecules,
and thus its lower content in the solution.

The FTIR study of the structure of CH30H 0.1 M LiClO4 xH,O solutions was carried out in
three frequency regions (Figure S4). In the first frequency region of 1635 cm™, the signal was only
caused by the OH groups of water molecules. The small addition of methanol caused the shift of
the 5oy band to a higher wavelength/lower frequency, i.e., a redshift. In solutions with a water
content above 0.7 mol fraction, the frequency of the band was practically constant, which means that
methanol had little influence on the solution’s properties. The second frequency range (1447 cm™!)
corresponded to the bending vibrations of the C—H bond in the OCHj3 group. The spectrum shifted
towards lower wavelengths (higher frequencies). In the third range, the frequency range of the
stretching vibration of the C-O bond in the CH30O group was the result of the imposition of the five
bands. Every sub-component corresponded to a specific type of hydrogen bond [76-78]. The first band
(1032 cm™!) could be attributed to the C-O vibrations in the methanol molecule hydrogen-bonded
with two other CH3OH molecules, forming a polymeric chain [76,78]. A narrow and intensive band
at 1026 cm™1, which was noticeable only for the solutions containing less than 0.2 mole fraction of
water, corresponded to non-hydrogen-bonded methanol molecules [76,78]. In the concentration range
of water up to 0.4 mole fraction, at the frequencies of 1019 cm™!, 1016 ecm™!, and 1014 cm™!, three
additional bands could be observed. According to the literature [76,78], these bands may be assigned
to the methanol molecules associated with two water molecules via hydrogen bridges. Above the
concentration of 0.6 mol fraction, a wideband at 1012 cm™! could be observed. This value is similar to
the frequency attributable to the hydrogen bridges between oxygen and the hydrogen atom of the
water molecule [76,78]. The interaction is stronger than in the bridges, where the hydrogen origin
forms the alcohol molecule [76].

The structure of the methanol-water interactions in the tested solution can be described using the
scheme proposed by Dixit et al. [57]. The figure reveals three ranges of solution structure associated
with the low, medium and high concentrations of water (Figure 8).

At lower concentrations (x < 0.2), the structure of the liquid corresponds to the structure of pure
methanol. The addition of small amounts of water does not cause a substantial change in the pattern
of the liquid. Methanol molecules, linked by hydrogen bridges, form chains containing up to 10
molecules. The chains are mostly linearly dominated by clusters containing six and eight molecules of
methanol [35]. Hydration takes place at the ends of methanol chains via hydrogen bonds with water
molecules as hydrogen donors [57].

At medium concentrations (—0.2 < x < —0.7), the water molecules cause cracking of alcohol chains
and create a percolating network of methanol and water clusters, i.e., incomplete mixing occurs at the
microscopic level [79]. In this range, the strengthening of the solution structure occurs.

At higher concentrations (x > —0.7), the complete hydration of methanol molecules takes place
and hetero-clathrates are formed and dispersed in the water structure.

This model illustrates the methanol-water interactions. For solutions of lithium perchlorate, it is
expected that additional Li* cations and ClO,~ anions have an additional but not determinant impact
on the structure of the solution.
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Figure 8. The effect of the methanol-water system structure on the anodic properties of the
potentiodynamic polarisation curves of titanium in CH3OH-LiClO4-H,O solutions (scan rate:

0.17 V/s) [57].

3.2.2. Polarisation Measurements

Figure 9 illustrates the effect of water on the course of the anodic polarization in a 0.1 M
LiClO4-CH30H xH,O solution. Regardless of the presence of water, the titanium surface remained
blocked at the potential range corresponding to Ti(IIl) stability (the area between the first and second
anodic peak). This pseudo-passivation formed in the anhydrous methanol-LiClO4 solution was the
effect of the methoxylation of the metal electrode surface and formation of the Ti-OCHj surface film,
whose formation was described in the previous section.

Ti/CH30H-0.1M LiClO4-x H20, 0.017 V/s Ti/ CH,OH-0.1M LiCIO,-x H,0, 0.017 Vis
14 , 17,
04 0
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Figure 9. Effect of water on the polarisation of titanium in CH3OH-LiClO4-H,O solutions: (a) low
water content (x < 0.1) for 0.1 M LiClOy, and (b) medium and high water content (x > 0.2) for 0.1 M
LiClOy.

The effect of water on the composition of the surface layer in this potential range was complicated.
The current value in this range (i,1) reached a minimum at the concentration of water of 0.2 to 0.69
mole fraction, which reflected the impact of the strengthening of the solution structure through the
methanol-water interaction. The forming surface layer had strong barrier properties but was not
stable at the anodic potentials corresponding to the growth of TiO,. At high anodic potentials (>1.5 V),
the layer dissolved and the local corrosion of the titanium surface was observed. The formation of
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a stable oxide layer took place over the potential corresponding to the formation of Ti(IV) species
(above the second peak) only after the water concentration exceeded about 0.7 mole fraction. This was
the concentration range in which the water molecules were no longer fully bonded by the methanol
particles and may contribute to the growth of the surface layer.

3.2.3. EIS Investigations

The results of impedance measurements, performed in the potential range of —0.510 V to —0.01 V
(range of pseudo-passive layer stability) confirmed the important role of the water-methanol interactions
on the anodic behavior of titanium (Figure 10). Impedance diagrams for the methanolic solutions at
low (<£0.02 mol fraction) and high (>0.69 mol fraction) water content had a shape corresponding to
the titanium passivation. In the low water-content range, there was methanolate pseudo-passivation,
while in the high water-content solutions, oxide passivation took place. In the range of medium water
content (0.1 to 0.36 mole fraction), the impedance spectrum corresponded to the metallic surface being
blocked with the membrane of very high resistance and very low capacitance, which is presented in
Figure S5.
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Figure 10. Effect of the molar fraction of water on the impedance spectra of titanium in CH3OH-H,0-0.1
M LiClOy solutions at the potential of —0.510 V vs. SHE (a) and —0.010 V vs. SHE (b).
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3.2.4. FTIR-ATR Measurements

The in situ FTIR-ATR measurements of Ti in 0.1 M LiClO4 CH30H x H,O solutions at potentials
of the pseudo-passive range of polarisation (—0.1 V) confirmed the results of the polarisation studies.
The intensity of the Ti-OCHj3 band (Figure S6) decreased with an increase in water content (Figure 11
and Table S3). The band intensity due to the water hydroxyl group started to increase only when the
water concentration exceeded the value of 0.2 mole fraction, which means that the OH groups took
part in the formation of the Ti(OH)m(OCH3),, surface film, where m + n = 3.

1 TiIICH30H-0.1M LiClO4-x H20

relative intensity

Figure 11. Effect of water concentration on the intensity of FTIR-ATR bands due to Ti-OCH3z and OH
groups in CH3OH-0.1 MLiClO4-H,O solutions.

4. Discussion

The study of the anodic properties of titanium in an anhydrous CH3OH-LiClOy solution showed
that the metal underwent pseudo-passivation, which was associated with the formation of a methoxy
layer. The formation of this layer was similar to the formation of the passivation process observed
in aqueous solutions. In water solutions, the passivation process is the direct reaction of titanium
with water molecules [80,81] in the Ti—>Ti?*—Ti**—Ti** sequence, resulting in the amorphous
Ti;O3/TiIOOH layer transforming into TiO, film as a result of further oxidation. In the case of greater
anodic overvoltage (>1 V), titanium behaves in aqueous solutions like typical valve metal. The increase
in anodic overpotential results in increasing the film thickness and the layer growth is determined by a
high field mechanism [82]. In methanol solutions, in the range of potential up to about 0.5 V, the anodic
properties of Ti are similar to those in aqueous solutions, where the water molecules behave similar to
methanol and hydroxyl ions behave similarly to the methoxy anions. The formation of the surface
methoxy film is a result of the direct reaction of titanium with methanol molecules. The presence of
this film was confirmed by in situ spectroelectrochemical measurements (FTIR-ATR).

In contrast to the oxide film in aqueous solutions, the methoxy layer is stable in a relatively narrow
potential range up to about 0.55 V. This range is limited by the stability of methanol and methoxy
anions. Above this potential, both methoxy anions and methanol are oxidised (reactions (1)—(3)) and
the formation of methoxy film stops. There is also no possibility of the formation of a Ti oxide layer due
to the absence of water molecules. Under such conditions, the titanium loses its corrosion resistance
and undergoes etching. We have named this range of potential “transpassive” since the methoxy
anions, as a component of the barrier film, undergo oxidation in this potential range. The activated
titanium (devoid of the layer) dissolves in the form of trivalent ions, as evidenced by the violet colour
of the solution.

The effect of the methanol-water interaction is summarised in Figure 12. Changing the properties
of the solution affected the anodic behaviour of Ti and the nature of the surface film that was formed
on the metal surface.
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In solutions with a low water content, where the molecules of water are enclosed in methanol
clathrates and thus separated from the titanium surface, Ti reacts with methanol, forming a
pseudo-passive methanolate layer (Figure 12a).

An increase in the H,O concentration above 0.2 mole fraction up to 0.7 mole fraction changes
the nature of the methanol-water interaction, followed by the strengthening of the solution. It seems
that in this range of water concentrations, the film properties changed and the impact of the hydroxyl
groups began to dominate the interactions of methoxy groups, which was followed by the formation
of the surface film consisting of Ti(OH)m(OCHj3)n, where m + n = 3 (Figure 12b).

When the water content in the solution exceeded 0.7 mole fraction, the situation reversed and the
water molecules formed clathrates in which methanol molecules were enclosed such that their access
to the metal surface was cut off. Ti in such a solution behaved like it would in water and its surface
was covered with a stable TiO; layer (Figure 12c).
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Figure 12. The effect of the methanol-water system structure on the anodic properties of the
potentiodynamic polarization curves of titanium in CH3OH-LiClO4-H,O solutions (scan rate: 0.017 V/s).
(a) low water content; (b) medium water content; (c) high water content.

5. Conclusions

Titanium underwent pseudo-passivation in anhydrous methanol as a result of the anodic reaction
of Ti with methanol molecules, leading to the formation of methoxide layer.

The presence of the titanium methoxide film was confirmed using SEM, XPS, and FTIR-ATR in situ
techniques. The barrier layer on the metal surface was stable only at relative low anodic overpotentials
(<0.55 V). At higher anodic voltages, the layer underwent dissolution and intensive metal etching
occurred. The instability of the methoxide layer at high anodic overvoltages could be associated
with the lack of a source of methoxy ions/radicals, which are necessary for film formation, because of
methanol oxidation.

The growth of a TiO, oxide film in anhydrous methanol is impossible due to the lack of a source
of oxygen; therefore, in the potential range over 0.55 V, titanium underwent rapid dissolution because
of the decomposition of methoxide layer.

The oxide passivation of titanium was not possible in the solutions with a water content of less than
0.2 mole fraction. However, there was a possible formation of a methanolate or hydroxy-methanolate
surface layer involving titanium at a lower oxidation state (Ti (III)). This pseudo-passive film was
stable only in a limited range of potential (up to about 0.55 V) corresponding to the stability of the
compound Ti(OH)y (OCHj3),, where m + n = 3.

In the range of 0.2-0.7 mole fraction, strengthening of the solution structure occurred, resulting in
a strengthening of the surface layer of Ti(OH)y,(OCH3)n. Such a layer had a strong barrier property
similar to the properties of organic polymer film blocking the growth of the oxide layer. This film was
corrosion-resistant only within the range of potentials corresponding to the stability of the methoxy
anions and methanol (<—0.5 V). Above this potential, the film was destroyed by oxidation of the
methoxy anions and local titanium corrosion was observed.
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The formation and the growth of a stable oxide layer of TiO, were possible only at water
concentrations above 0.7 mole fraction (50 vol.%). Methanol molecules were completely “enclosed”
inside the water clathrates in this case and did not block the admission of water molecules to the
titanium surface.

Supplementary Materials: The following are available online at http://www.mdpi.com/2673-3293/1/2/9/s1,
Figure S1 Effect of RDE rotation rate on polarization of Ti in CH30H - 0.1M LiClO4 (v = 0.17 V/s), (a) scan in anodic
direction, (b) reverse scan, Figure S2 Mott-Schottky diagram for Ti polarized in anhydrous CH3OH-0.1 M LiClOy,
Figure S3. Effect of water content on viscosity (a) and conductivity of CH3OH-electrolyte-H,O solutions, Figure S4.
Effect of water content on the FTIR spectrum of CH3OH-x H,O-0.1M LiClOy solutions, Figure S5. Effect of water
concentration on parameters of Re;(Q1R) element of equivalent circuit of impedance spectrum of titanium in
CH30OH-H,0-0.1M LiClOy, Figure S6. FTIR-ATR spectra of layer formed on Ti in the pseudo-passive range
in CH30H-0.1 M LiClO4-H,O solutions, Table S1 Parameters of equivalent circuit Rej(Q1R1(Q2R3)) calculated
for impedance spectra presented in Figure 3, Table S2. Interpretation of XPS spectra for Ti surface etched
potentiostatically in anhydrous CH3OH-0.1M LiClO, at the prepassive range (—0.3 V vs. NHE, 90 min), passive
range (0.125 V vs. NHE, 60 min) and transpassive range (0.6 V vs. NHE, 2 min), Table S3. Parameters of equivalent
circuits Re(Q1R1) and Re(Q1R1(Q2Ry)) calculated for impedance spectra of Ti in CH30OH-H,O-0.1M LiClO4
solutions at potentials of —0.0510 V and —0.010 V, Table S4. Interpretation of band positions in FTIR-ATR spectrum
of Ti surface in 0.1M LiClO4-CH3OH-xH,O solution.
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