Influence of stoichiometry on the corrosion response of titanium oxide coatings produced by plasma electrolytic oxidation 
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Abstract:
In this study the corrosion mechanism leading to coating debonding in low pH environments, produced by plasma electrolytic oxidation (PEO) on Ti, is investigated through the conjunction of electrochemical impedance spectroscopy (EIS), potential step chronometric, and a detailed structural characterization according to the use of electron energy loss spectroscopy (EELS). It will be demonstrated that a slightly reduced oxide will enhance proton adsorption and percolation leading to oxide debonding, while the synthesis of a barrier layer mainly composed by Ti4+ oxide bearing phases and low S content will retard H+ permeation enhancing H2 evolution in correspondence of the oxide surface.
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1. Introduction
When hydrogen makes its way into titanium, and the concentration eventually approaches the solubility limit of the material, weaknesses may arise from hydrides formation inducing loss in ductility and failure of the component [1]. This is particularly true when the metal is employed in cathodically protected structures like heat exchangers of desalination plants where the formation of scales, like Mg(OH)2 and CaCO3, onto the metal surface, affects the heat transfer coefficient decreasing the overall rated capacity of the plant. As a matter of fact, frequent descaling operations are generally carried out with the use of sulfuric acid [2,3] to restore design and in-service conditions. Several reports [3–6] demonstrated the high susceptibility of unalloyed Ti to low pH environments containing sulfates even manifesting corrosion rates of the order of ~ 8 mm·year-1 [5] for pristine grade 2 Ti immersed in 10 %v/v H2SO4 at 60 °C. The phenomenon of Ti corrosion in sulfuric acid has been well documented in literature where, according to coulometric weight-loss and polarographic analyses [7], it was established that the metal generally goes in solution as Ti3+ in case of electrode activity (i.e. corrosion potential Ecorr < ~ 620 mV/SSCsat. for Ti in 2 M H2SO4). On the other hand, as Ecorr rises ~ 100 ÷ 130 mV above a certain threshold, identified as the critical potential (Ecrit) falling around -477 mV/SSCsat. (for Ti in 2 M H2SO4) [7,8] Ti4+ are released in solution. It is well-recognized that, provided Ecorr is sufficiently negative in a low pH environment (pH < 2), H+ can not only be adsorbed, contributing to charge accumulation in the electrical double layer established at the oxide-solution interface, but also intercalate within TiO2 according to the reduction process described by Eq. (1) [9–11]: 
						           (1)
becoming feasible for Ecorr < 197 mVSSC [4] considering present conditions. Such a reduction process, assisted by proton intercalation, can be thought as a local charge compensation mechanism in correspondence of the formation of Ti3+ centers. Apart from electrochemical reduction chemical dissolution is also significant. Blackwood et al. [12,13], for example, hypothesized the presence of a first order reaction proportional to proton concentration. This is of direct relevance for the decrease of the electrode Ecorr until values required for electrochemical oxide reduction to be feasible. It should also be emphasized that this will cause the inevitable increase of the material conductivity making the coating an inefficient barrier against diffusion of charges. A rather recent technique, with important applications in industry and research field found to be effective against many forms of corrosion, like uniform attack in strong reducing acids or localized dissolution in halides rich environment, is plasma electrolytic oxidation (PEO) [14–16]. Typical PEO oxides present a morphology characterized by a porous outer layer, imparting to the coating a rather high thickness, whose features are generally affected by the plasma developed during the treatment, and a barrier layer immediately in contact with the metallic substrate responsible for corrosion protection. Even if a high pH environment is generally optimal for PEO applied on valve metals like Al and Mg, several attempts [4,17–19] are present for PEO applied on Ti surfaces in acidic solutions. Sulfuric acid, in particular, has the ability to favour the formation of rutile [18] demonstrated to be more resistant towards leaching in H2SO4 with respect to other TiO2 polymorph like anatase [20]. Until now, some publications have reported on the morphology [21,22] and microstructure [19,23] of Ti PEO oxides without providing, however, detailed stoichiometric information and its influence on the corrosion response of the material. 
It is expected, in fact, that stoichiometry is an important actor controlling the mechanism leading to corrosion of electrodes immersed in low pH environments. This has been largely because proton transport in oxides generally requires low activation energy owing to the combination of small dimension and the absence of an electron cloud. At low temperatures proton conduction, in nanometric oxides, can be in principle described by four different mechanisms [24]: 1) diffusion through the crystal lattice, 2) within an adsorbed H2O layer, 3) within grain boundaries and 4) beneath the space charge region formed at the water/oxide interface. Stoichiometric inhomogeneity expressed in the form of oxygen vacancies is particularly advantageous in proton conduction enhancement particularly in perovskites [25] where water molecules can find an easy path to dissociate into OH- and H+, the former being incorporated inside the oxygen vacancy while the latter forming a bond with a lattice oxygen atom [26]. Considering the present electrochemical investigation being limited to almost compact barrier regions, it is reasonable to hypothesize mass transport to occur in the bulk. As a consequence, after H+ adsorption, solid-state diffusion involves 1) a fast rotation around the host oxygen ion followed by 2) transfer to another oxygen ion through an hopping process [27].
Some of these outcomes may have important implications on the corrosion response of the electrode, because of this here we provide a detailed stoichiometric investigation exploiting the outstanding lateral resolution of high-resolution electron energy loss spectroscopy (EELS) applied on Ti oxide coatings synthesized by PEO in direct current and pulsed regime. We demonstrate how the use of a pulsed regime supports the growth of a barrier layer mainly constituted by Ti4+ bearing oxide phases including a low level of S impurity. Our approach of designing a highly stoichiometric (Ti4+) and S deficient barrier layer results in enhanced protection of the metallic substrate, limiting H recombination at the oxide-metal interface. This process delayed the coating debonding thus preserving Ti from 24 h immersion in 10 %v/v sulfuric acid at 60 °C, a common environment adopted during metal pickling procedures [28]. 
2. Materials and methods
2.1 PEO treatments
Anodization treatments were performed in a water-based solution (0.5 M H2SO4) in a 1 L Pyrex beaker over 10 × 10 × 1.6 mm3 grade 2 Ti (UNS R50400) samples cut by metal shearing. Samples were incorporated into epoxy resin and mechanically polished with silicon carbide papers according to the sequence 100, 320, 600, 800, 1200, 2400/4000 mesh, and alumina particles to obtain a mirror like surface with roughness down to ~ 0.8 µm. After polishing, the specimens were sonicated in ethanol for 5 min and washed in deionized water. A cylindrical counter electrode based on activated titanium net (radius 50 mm) was placed around the titanium coupon while the solution was stirred, using a magnetic anchor rotating at 1500 rpm, in order to avoid mass transfer limitations. The anodization signal was designed according to the fully programmable California Instruments Asterion 751 series AC/DC power source. Two treatments were analyzed in this study: a DC process, further on referred as “PEO-DC”, and a pulsed signal with a hybrid duty cycle: 25A%-25C%-50R%-5CP% repeated at 1000 Hz called “PEO-H-25” where “A” and “C” stands for anodic and cathodic polarization while “R” indicates the % of rest time, i.e. no polarization applied at all. CP indicates the % of cathodic polarization applied with respect to the anodic one. Both conversion treatments were performed under potential-controlled regime considering a forming voltage of 160 V reached through a constant ramp of 0.5 V·s-1 leading to a total treatment time of 320 s.
2.2  FIB preparation and TEM analysis
A Focused Ion Beam (FIB)/Scanning Electron Microscope (SEM) Zeiss NVision 40 was used to mill and extract an electron transparent sample, from PEO oxides (∼ 100 nm thickness), for transmission electron microscopy (TEM) analysis. Given the sample preparation with a protective top layer on the coating, with final thinning at low energies carried out, we expect the damage, induced by FIB operations, to be minimal to few nm and uniform across the section. As a consequence, gradients through the thickness of the coating as seen with EELS are not expected. The sample was positioned onto a supporting grid and attached via electron beam deposition of a precursor gas, then stored into a double membrane layer. The phase distribution was investigated with EELS using a FEI Titan 80–300 TEM, operated at 300 keV with a field emission electron source equipped with an electron monochromator, allowing to improve the energy resolution down to around 0.11 eV. EELS spectra were extracted using a home-made script developed in Python environment, with the help of Hyperspy, an open source data processing software ​[29]. According to a rigorous investigation of the titanium oxide related EELS spectra, comparing them with reference data presence in literature, a component map (each component identified with a color code) based on automatic structural discrimination was obtained for all the coatings. Details about the script and its operation principles can be found elsewhere [30].
2.3 Electrochemical tests
All the electrochemical tests were performed using a Metrohm Autolab PGSTAT equipped with a FRA32M module for EIS using a standard 3 electrode cell (ASTM G5 [31]) with a KCl saturated silver/silver chloride (SSCsat.) reference electrode and an Amel Pt counter electrode. All the tests were repeated three times in 1 L solution. EIS and Ecorr evolution upon immersion were studied in a solution of 10 %v/v H2SO4 with temperature set to 60 °C using a Velp Scientifica Arex with VTF digital thermoregulator system. The impedance was evaluated cyclically at Ecorr, after 30 min of stabilization, until complete electrode activation in a frequency window between 10-2 to 105 Hz collecting 10 points per decade with a voltage amplitude, of the sinusoidal perturbation, of 10 mVrms. A salt bridge, composed by Agar-Agar and KCl, was used to not expose the reference electrode directly to the aggressive solution. EIS spectra were analyzed using to the Nova 2.1 software. Potential step chronometric responses were evaluated, in the above solution, holding a polarization of -1 V/SSCsat. for different times: 30, 45 and 90 s respectively monitoring the resulting current transient.
2.4 Weight-loss tests
According to standard ASTM G-31 [32], Eq. (2) was used to evaluate the minimum test time required, where “mpy” stands for the corrosion rate expressed in mils per year:
[bookmark: _Hlk19818171]                                                                                                                     	           (2)
Using the above equation, considering an average corrosion rate, for untreated grade 2 Ti, equal to 8.1 mm·year-1, evaluated during preliminary measurements in similar conditions, a minimum time of 6.3 h was found. However, to increase the magnitude of the mass loss value and decrease uncertainty, the test was run for 24 h. Corrosion rates were evaluated upon weight loss measurements performed with a Mettler-Toledo MS105 balance with a resolution of 10-5 g. Then according to ASTM G-31 weight-losses were converted into corrosion rates.
2.5 GD-OES analysis
Glow discharge optical emission spectroscopy was carried according to a SpectrumA ANALYTIK GDA 750 HR analyzer considering an anode diameter of 2.5 mm, an operating voltage of 700 V with internal Ar pressure of 2.3 hPa in RF regime.
3. Results
3.1 Morphology and structure:
Acquisition of SEM images allowed to distinguish relevant features imparted to the oxide surface depending on the technological parameters adopted. In particular, the surface of PEO-DC (Fig. 1 a) and c)) appeared flatter and with well-developed surface porosity typical of a Ti PEO coating in sulfuric acid.
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Fig.  1. SEM surface overview of a) and c) PEO-DC and b) and d) PEO-H-25.
Switching to pulsed anodizing, an apparently less homogeneous surface is observed, an indication that oxide synthesis occurred concurrently with fast gas delivery inducing the formation of a rough architecture. In particular, in Fig. 1 d), large holes were formed following the intense plasma developed according to the selected parameters used. These emissions were characterized, in our previous paper [30] to be type-B in nature and promoted according to the combination of high anodization frequency (1000 Hz) and the use of an hybrid duty cycle. It is reasonable to assign to those morphological depressions the role of weak points characterizing the electrochemical response of the coating. Accordingly, a TEM lamella was prepared trough by FIB operations and displayed in Fig. 2 b) where also the cross-section of sample PEO-DC is shown. The high porosity previously observed seems to be transmitted to the entire coating thickness with presence of large holes separating the barrier layer, in contact with the metallic substrate, to the porous outer layer. Concerning thicknesses bipolar PEO favored growth, leading to a thickness of ~ 3.2 µm compared to ~ 1.3 µm for PEO-DC.
[image: ]
Fig.  2. TEM overview of a) PEO-DC and b) PEO-H-25 cross sections.
Focusing on barrier layer properties, EELS was used to obtain a detailed characterization of the oxide stoichiometry of the layers immediately in contact with Ti. EELS spectra extracted from the present analysis are collected in Fig. 3, with Ti4+ bearing phases in a) and titanium sub-oxides in b). Spin orbit coupling is responsible for the formation of a doublet in all the spectra, manifested as the appearance of L3 and L2 edge components. Then, in case of Ti4+ valence crystal field effects determine a further splitting into four features labelled as: L3 t2g-eg and L2 t2g-eg listed according to increasing electron energy losses. Particularly useful, for structural discrimination, is the L3-eg component being very sensitive to the bonding environment surrounding the cation as the eg orbital points directly towards the ligand. The latter feature appears particularly modified in case of TiO2-D (“defected TiO2” displayed in blue) revealing the presence of a broad peak postulated to be related to crystal lattice modifications induced by retention of foreign elements like S [30].
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Fig.  3. EELS spectra of a) Ti4+ oxide bearing phases and b) Ti suboxides
For sake of representation, component maps (each component identified with a color code) based on automatic structural discrimination, of previous spectra collected in Fig. 3, were drawn for the barrier layers of both coatings, as shown in Fig. 4 and 5. It may be observed that upon the use of a DC regime, the stoichiometry regularly distinguished in naturally grown Ti oxide [33,34] is preserved, manifesting a characteristic three-layer structure: a first layer of TiO ~ 12 nm thick (Ti2+ in yellow) in contact with the metal followed by ~ 47 nm of Ti2O3 (in pink), and ~ 131 nm of titanium oxide with a strong  Ti3+ fingerprint (in green). Then, outside the barrier region, the structure evolved towards an oxide phase characterized by a strong Ti4+ character before saturating towards anatase (not shown) in the upper portion of the porous layer.
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[bookmark: _Hlk85639846]Fig.  4. EELS component map based on the spectra identified with a color in Fig. 3 for PEO-DC barrier region where gray corresponds to metallic Ti, green to mix-Ti3+, light blue to mix-Ti4+, pink to Ti2O3 and yellow to TiO.
Things are different when looking at sample PEO-H-25: pulsed anodizing comprising cathodic polarization favored the oxidation of the first 62 nm in contact with Ti, denoting a prevalent Ti4+ character. After that, 258 nm of defected TiO2 developed followed by the establishment of the prevalent TiO2 polymorph present in this coating, i.e., rutile (in purple). 
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Fig.  5. EELS component map based on the spectra identified with a color in Fig. 3 for PEO-H-25 barrier region where gray corresponds to metallic Ti, green to mix-Ti3+, light blue to mix-Ti4+, blue to TiO2-D, light orange to anatase and purple to rutile.
Sulfur accumulation in correspondence of the barrier region, and its effect in altering the crystal structure of the material, can be used as a further criterion to separate barrier from porous layer and its presence easily distinguished upon modification of the fine structures observed in EELS spectra. Following this idea, but also referring to TEM images, in section 3.3 GD-OES will be used to control the elemental distribution along coating depth and to sputter, according to the use of an argon plasma, all the porous layer leaving the barrier layer only. This allowed to isolate the barrier region contribution and to effectively assess the role of the oxide stoichiometry on the corrosion response of the material.
3.2 Ecorr evolution and weight-loss measurements
As a preliminary step samples were immersed 24 h in 10 %v/v H2SO4 and investigated for weight-losses and Ecorr evolution displayed in Fig. 6. 
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Fig.  6. Ecorr evolution in time for PEO-DC (in green) and PEO-H-25 (in red).
A corrosion rate of 6.2 mm·year-1was verified on coating PEO-DC while PEO-H-25 demonstrated to be very resistant towards the aggressive solution with only 0.03 mm·year-1. Evolution of Ecorr in time indicates that PEO-DC underwent debonding after few hours of immersion, passing from a passive condition (region 1) to an active state (region 3). The region in correspondence of the potential drop (region 2) is an active-passive transition zone comprising the main processes resulting in the detachment of the oxide layer. For sake of clarity, some relevant redox reactions are indicated by dashed horizontal lines, whose thermodynamic threshold was corrected according to the present experimental conditions.
3.3 Barrier layer analysis
A first GD-OES analysis was done, on both samples, to understand the total thickness and the elemental quantification, allowing to plot results as in Fig. 7:
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Fig.  7. GD-OES elemental profiles for a) PEO-DC and b) PEO-H-25.
thickness values agree very well with data extracted from TEM analysis denoting the presence of a high accumulation of S in correspondence of the barrier layer [35] (denote as “B”). According to that, a second run was performed removing only the porous layer (“P”), leaving metallic Ti and a residual thickness corresponding to the barrier region (according to TEM ~ 190 nm for PEO-DC and 320 nm for PEO-H-25). Ar etching parameters, listed in section 2.5, were optimized to limit as much as possible roughness and indentations resulting in homogeneous crater shapes (see Fig. S1 in Supplementary material). Arithmetical roughness (Ra) was evaluated for both craters (~ 93 nm and ~ 138 nm for PEO-DC and PEO-H-25) and the value used as a “safety” tolerance to anticipate the shut-down of the sputtering procedure. In this way, the region of interest can be assumed to be almost preserved from indentations and residual stoichiometric alterations (if any considering the robust nature of titanium oxides) imparted by impacts with the energetic particles.
EIS results carried out on PEO-DC sample are presented in Fig. 8 in the form of Nyquist and Bode representation. For sake of brevity, spectra regarding PEO-H-25 were avoided as the trend was qualitatively comparable.
[image: Diagram

Description automatically generated]
Fig.  8. Nyquist representation and related Bode diagram of EIS tests carried out on PEO-DC.
It is possible to see how the residual barrier layer held passivity for the first few minutes of immersion in perfect agreement according to Ecorr evolution measured on the complete oxide. This demonstrates the relevant role covered by the barrier region in determining the corrosion response of the electrode. A single depressed semicircle in the Nyquist representation, typical of almost passive materials, manifests a distribution of time constants becoming more evident at progressively increasing immersion time: the depression in – phase angle, evidenced around 10 Hz, determined the appearance of two peaks as the immersion time and the electrode degradation advanced. To get insight about the time scale governing the electrochemical process, by-passing the contribution of the solution resistance, the imaginary impedance is plotted in Fig. 9 for the most relevant processes verified during immersion of both electrodes:
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Fig.  9. Imaginary impedance plot for a) PEO-DC and b) PEO-H-25.
initially as the electrode held passivity, a single peak in -Z'' established around 0.025 Hz for sample PEO-DC, indicating a corrosion mechanism prevalently controlled by diffusion. At progressively increasing immersion time charged species diffuse through the compact oxide lattice in a semi-∞ manner as it is demonstrated by the low frequency straight line (slope = 1) of Fig 8 c) and corresponding phase angle approaching 45 °. A change of slope of the imaginary impedance component in correspondence of 0.25 Hz (for PEO-DC) and 0.32 Hz (for PEO-H-25) denotes the presence of concomitant reactions with different time scales, as in case of processes in mixed diffusion-charge transfer control. Interestingly the same relaxation frequency (0.25 Hz or 0.32 Hz) is observed for the electrode in the active state where such a peak is generally attributed to electrochemical desorption of H+ (Heyrovsky step) [4,36,37]. Electrode activation also favors the observation of the middle frequency time constant (158 Hz for PEO-DC and 89 Hz for PEO-H-25) describing H+ discharge reaction (Volmer step) previously hindered by the capacitive reactance of the protecting film. Similar conclusions can be drawn for sample PEO-H-25 apart from the absence of the low frequency diffusion related time constant observed for PEO-DC in case of electrode passivity. This outcome relates to the slower mass transport occurring inside PEO-H-25, according to the lower diffusion coefficient (and even the slightly larger thickness) resulting from the analysis present in section 4. It is certainly evident that this can cause incompatibility between the time scale of the phenomenon under investigation and the experimental frequency window (not detected even in case of lower bound decreased to 5 mHz). To gain deeper insight on the corrosion mechanism, the first derivative of -Z'' was plotted in Fig. 10 considering a regime of semi-∞ diffusion:
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Fig.  10. First derivative of the imaginary impedance of sample a) PEO-DC and b) PEO-H-25
despite the similar Ecorr (~ -160 mV/SSCsat.) it is evident the pronounced high frequency shoulder, manifesting in between 102 ÷ 103 Hz, related to a potential dependent relaxation process (HER). 
A significant transition between semi-∞ to finite diffusion takes place as charges approach a reflecting boundary or even charge saturation of the material is reached. This can be seen according to the raise of the imaginary impedance in the low frequency region of the Nyquist representation where the slope of the low frequency Nyquist tail passed from 1 (- phase angle = 45 °) to almost ∞ (- phase = 90 °). Fig. 11 offers a perspective of the above-mentioned shift, where a transition frequency (ωtrans = 39.1 mHz for PEO-DC), between semi-∞ to finite diffusion can be extracted. As the process proceeds, the latter parameter shifted towards higher values passing from 0.025 Hz, after 102 min of immersion, to 0.1 Hz in case of a prolonged immersion time (180 min). Considering Eq. 3 it is fairly clear that ωtrans variation can be related to modification of the finite diffusion layer (which can be reduced by material dissolution) or variation of the diffusion coefficient due to a different state of charge of the electrode.
											           (3)
After the blocking condition is approached, barrier layer dissolution and consequent coating debonding occurred. This can be visualized in Fig. 11 according to the formation of a low frequency capacitive loop with negative real impedance describing the release of charge accumulated in the redox capacitance of the material during immersion in the acidic solution. 
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Fig.  11. Normalized Nyquist representation to focus on the diffusion transition and dissolution.
This occurred as Ecorr became cathodic with respect to the conduction band edge of TiO2 found to be ~ - 166 mV/SSCsat. [38,39] as a result of its Nernstian dependence on pH. After that the electrode can be considered as almost proton transparent thus losing its barrier effect.
4. Discussion
During immersion in the aggressive solution a strong concentration gradient favored proton diffusion inside the porosity of the oxide filling all the active surface in contact with the acidic electrolyte. The presence of donor defects, like oxygen vacancies, generates almost free electrons necessary for proton reduction at the oxide-solution interface enhancing surface adsorption and consequent oxide reduction according to Eq. 1. As the Ecorr potential, in the first period of immersion, was very anodic no concurrent HER is observed concomitantly to H+ intercalation, thus only a low frequency relaxation (0.025 Hz) was detected and attributed to diffusional phenomena. Once HER became thermodynamically feasible a time constant coincident with the relaxation of the Heyrovsky step, generally well discernable on active Ti, appeared around 0.25 Hz. Volmer discharge reaction remained hindered by the capacitive reactance of the still present oxide coating until the metallic substrate was exposed to the aggressive solution. As the immersion time goes on, the semi-∞ diffusion process shifted towards finite diffusion due to charge saturation of the oxide layer. According to previous observations, indicating slightly different electrochemical reaction and a marked mismatch between the corrosion response of both coatings a procedure, based on EIS [40,41], will be adopted to extract mass transport parameters. According to that it is possible to evaluate the oxide redox capacitance (Credox) by fitting the low frequency tail of the Nyquist plot in Fig. 12 using the definition of capacitive reactance:
											           (x)
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Fig.  12. Nyquist representation of a) PEO-DC and b) PEO-H-25 in correspondence of charge saturation and coating debonding.
where the slope extrapolated by linear regression, of data shown in Fig. 13, permits the estimation of the low frequency Credox arising from electron coupled proton intercalation.
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Fig.  13. Graphical procedure for extrapolation of Credox of sample a) PEO-DC and b) PEO-H-25
Graphical extrapolation of the low frequency resistance (R), determined as the intersection between a virtual vertical line fitting data in the charge saturation regime and the real impedance axis, inserted in Eq. 4 is used to evaluate H+ diffusion coefficient inside the barrier layer of length “l”:
									  	           (4)
 providing slightly different values for both electrodes:
· 
· 
Diffusion coefficient extraction was done considering EIS tests performed in correspondence of the active-passive transition region highlighted in Fig. 6 where effective proton intercalation was thermodynamically feasible. To confirm the solid-state nature of the diffusion process the procedure was repeated considering solution stirring and deviations inside the experimental error were obtained.
The value of Credox extracted according to previous method, applied on data collected immediately before oxide debonding, can be used to evaluate the number of charges accumulated during the overall oxide reduction process. Considering an excitation potential, used during EIS, of 10 mVrms 1.66·1015 and 3.412·1016 H+ intercalated inside PEO-DC and PEO-H-25. With the aim of evaluating the number of Ti4+ reduced during immersion in the acid it is possible to roughly consider (see calculations in Supplementary material) the total number of Ti4+ centers assuming PEO-H-25 barrier region to have similar crystal cell parameters as rutile. This allowed to verify a total of 4.62·1016 Ti4+ concluding that oxide debonding occurred after the reduction of ~ 85 % ± 9 % of Ti4+ sites after an immersion period of 28 h ± 2 h. Considering the low content of Ti4+ present in PEO-DC (no chance to quantify according to structure highlighted in section 3.1) the smaller number of charges involved in the diffusion process, until the occurrence of debonding, correlates with the lowest amount of Ti4+ centers and time required to lose the oxide protectiveness (< 3 h).  
To confirm previous results, potential steps were applied monitoring current transient after the application of -1 V/SSCsat. for 30, 45 and 90 s. Such potential was sufficiently cathodic to determine proton intercalation, while the polarization times sufficiently small to assume semi-∞ diffusion of H+ thus justifying the adoption of the Cottrell equation (Eq. 5) to extract  
											           (5)
from the fitting of the linear portion of the i -  trend. From Table 1, it appears evident that the decrease in the diffusion coefficient, by increasing the polarization time to 90 s, approaches numbers found in saturation regime: 8.6   10-11 and 7.51   10-12 cm2·s-1 for PEO-DC and PEO-H-25 respectively. Furthermore, the experimental values of H diffusion in PEO-H-25 correlated well with the one extracted according to the use of Eq. 6 applied by Hupfer et al. [42] for H+ diffusion in rutile along the c-axis.
	 				           (6)
However, with both electrochemical techniques, a slightly lower H+ diffusion coefficient was verified for the oxygen rich PEO-H-25 barrier layer, indicating a slower transport with respect to the interfacial region of PEO-DC constituted by oxygen deficient material made up of TiO (12 nm) and Ti2O3 (47 nm). This was also highlighted by Yen et al. [43], emphasizing the importance of oxygen content with respect to oxide thickness. The role of oxygen vacancies, in fact, can be related to Hads enhancement, a property also observed in other oxide systems like WO3 [44]. This can lead to substantial modifications of the corrosion mechanism particularly on HER occurring on the electrode surface.
To shed light on the role of the oxide structure on the electrochemistry occurring on the electrodes, current transients were further fitted considering a model (which can be found elsewhere [45]) allowing separation of the three main contributions, according to the use of Eq. 7, arising from: double-layer response, diffusional current and ongoing faradaic reactions
								           (7)
where V is the applied polarization, Cedl, R, B and F are fitting parameters, evaluated according to non-linear least square regression performed thanks to SciPy [46]. R is a series resistance attributed to electrolyte, electrodes, and cables, Cedl is the double layer capacitance, B is a mass transport index containing parameters of the Cottrell equation while F relates to the presence of current arising from residual faradaic reactions (mainly HER). Results, in terms of cathodic current density Vs time, are plotted in Fig. 14 in case of cathodic polarization held for 45 s for both materials. 
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Fig.  14. Experimental data and fitting of the current transient of sample a) PEO-DC and b) PEO-H-25 arising from application of a potential step of -1 V/SSCsat. held for 45 s.
A slight deviation from the theoretical model is observed for PEO-H-25, caused by the higher residual current due to HER, continuously increasing along all the selected time windows. Fitting parameters are collected in Table 1:
Table 1. Electrochemical parameters extracted according to fitting of the current transient response highlighted in Fig. 14.
	
	30 s
	45 s
	90 s

	Parameters
	DC
	25
	DC
	25
	DC
	25

	Rs (Ω·cm2)
	1.620.1
	1.730.1
	1.550.1
	1.630.2
	1.750.14
	2.060.11

	Cedl (F·cm-2 10-4)
	2.770.2
	1.380.1
	2.780.1
	2.000.1
	2.920.31
	2.490.27

	B (10-3)
	16.31.8
	39.12.7
	11.90.9
	5.760.7
	1.850.08
	0.580.42

	F (A·cm-2 10-2)
	1.670.1
	0.880.0
	1.600.1
	2.250.1
	1.430.06
	3.790.12

	DH+ (cm2·s-1 10-9)
	3.860.2
	5.000.3
	2.070.1
	0.470.03
	0.0860.004
	0.00750.00026


It is possible to see that, generally, the PEO-DC condition was characterized by higher Cedl increasing with polarization time due to charge accumulation in the electrical double layer according to abundant Hads. The parameter B, related to mass transport, was high during the initial 30 s of polarization (DH+ ~ 10-9 cm2·s-1) indicating prevalence of liquid phase diffusion. In case of longer cathodic polarization times DH+ saturated towards values associated to solid state-diffusion according to previous analysis. Apart from mass transport phenomena a higher residual current for sample PEO-H-25 indicates faster kinetics of HER occurring on the oxide surface which is beneficial to retard oxide debonding. In fact, this allowed to decrease protons percolation through the oxide layer leading to reduction and eventual recombination at the metal-oxide interface. The lower HER kinetics in case of PEO-DC was due to the high content of S left by the continuous anodic field applied during oxide synthesis verified according to previous GD-OES profiles. This happens when cathodic poisoners, like S containing species, inhibit molecular hydrogen formation, resulting in accumulation of H in contact with the metal where it can eventually recombine leading to oxide debonding. One can argue that HER is generally favored by the presence of oxygen vacancies, particularly for structures like Ti2O3 (with band gap ~ 0.1 eV [47]) or even better TiO [48] which thanks to vast structural vacancies manifests a d-like metal conductivity. However, it is worth noting that the third layer composing PEO-DC barrier region, surmounting the previous structures (~ 12 nm of TiO and ~ 47 nm of Ti2O3), corresponds to an oxide phase (~ 131 nm thick) with mixed Ti3+/Ti4+ character (EELS spectrum shown in Fig. 15 in green) whose catalytic property towards HER cannot be considered as advantageous as the one verified on more conductive structure like Ti2O3 or TiO [48]. From a structural point of view, the transition between a “pure” Ti3+ bearing oxide like Ti2O3 (in pink) and other phases characterized by a more or less abundant presence of Ti4+ centers (higher in case of spectrum in light blue denoted as “mix Ti4+”) can be distinguished by looking at the so called “oxidation parameter”, which increases with the Ti4+ content, defined as the intensity difference between the L3-t2g peak and the following valley (null in case of corundum Ti2O3) or even at the ∆L3 splitting arising from crystal field interaction. Having demonstrated the inhomogeneity and the lower oxidation state of the cation, it is reasonable to hypothesize that the concurrent presence of oxygen vacancies and consequent presence of Ti3+ centers can lead to strong Hads making the desorption an unlikely step required for gas evolution.
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Fig.  15. EELS spectra and fine structure related parameters indicating different oxidation levels.
The same kinetic conclusions can be drawn even from EIS: considering Fig. 12 c) and d) the charge transfer resistance Rct was extracted graphically from the diameter of the high frequency semicircle thus obtaining: 24.1 and 5.5 Ω·cm2 for PEO-DC and PEO-H-25 respectively. Upon evaluation of the characteristic frequency (ωmax), corresponding to the value in proximity of the maximum of -Z'' in the Bode representation, it is possible to calculate the double layer capacitance using Eq. 8:
		                  						                       (8)       values of 2.9710-3 and 3.0710-4 F·cm-2 were obtained, thus denoting a good correlation with parameters extracted from previous step potential measurements. Such high values demonstrate that the capacitances did not merely arise from charge separation but also accumulation in the EDL. The faster kinetics of HER on PEO-H-25, expressed by the lower Rct and the lower Cedl, can support the increase of the near-surface pH of the electrode thus altering chemical and electrochemical processes responsible for the corrosion response of the material for example by favoring oxide stability. Furthermore, TiO2 surfaces are generally covered predominantly by molecular water thus decreasing the number of OH- terminations responsible for H+ conduction [49]. However in presence of oxygen vacancies adsorbed water dissociates leaving the surface mainly covered by hydroxyls raising proton conductivity [50].
Apart from kinetics and mass transport phenomena, responsible to the increase of Credox of the material until charge saturation occurred, oxide debonding was always anticipated by the formation of a growing bubble (see the red arrow in Fig. 16 a)) developed at the metal-oxide interface. 
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Fig.  16. Nyquist representation of PEO-DC and in-situ images collected during process evolution.
Once the bubble reached a critical thickness, mechanical lift up of the coating took place as in the insert of Fig. 16 b) highlighted by the blue arrow. In correspondence of bubble formation a capacitive low frequency loop with negative real impedances always manifested. Linear polarization resistance test (LPR) (displayed in Fig. S2 of Supplementary material), performed immediately after EIS, confirms the presence of a negative differential resistance as a consequence of the negative slope of the potential-current plot in the anodic overpotential region. The only presence of anodic current, during LPR test, is indicative of the natural tendency of the electrode to shift cathodically as the result of oxide debonding while the progressively decreasing anodic current verified for higher anodic overvoltages (responsible for the negative differential resistance) is due to the abundant release of charges accumulated inside Credox during the oxide immersion.
A similar behavior was already observed in different scientific fields: for example researchers working on capacitors [51] verified it after complete charging of the device due to the occurrence of voltage relaxation phenomena inducing charge release back to the system. Even in the corrosion field this trend is not new: in fact, Boukamp et al. [52,53] obtained such a negative impedance loop in case of corroding Cr electrodes immersed in sulfuric acid attributing the observation to surface coverage variations during the active-passive transition. After oxide debonding occurred three capacitive loops are generally observed before saturating towards the two typical relaxations referring to hydrogen evolution on an active metal [36,54,55].
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Fig.  17. Imaginary impedance versus frequency showing a) three and b) two time constants for active Ti electrode.
Considering actual experimental conditions (pH ~ -2 at 60 °C) it is reasonable to assume the critical solubility of H in Ti for hydride formation (~ 0.002 ÷ 0.004 in H:Ti atomic ratio) to be reached acting, similarly to the first monolayers of oxide/hydroxides always present on the metal when immersed in an aqueous solution, as a diffusion barrier towards H absorption. This made possible the appearance of the third middle frequency time constant attributed by Lasia et al. [54] to H absorption phenomena, whose relaxation frequency (4 Hz) can be easily extracted from Fig. 17a. However, as Ecorr moved below ~ - 620 mV/SSCsat. (near the TiO2 stability limit as highlighted in Fig. 6) H absorption became so fast to make the middle-frequency time constant no more easily discernable, a result coming from the loss of protectiveness of even the few layers of oxide/hydroxide (the thermodynamic stability limit of TiO2 is reached) always present when Ti is in contact with an aqueous solution.
5. Summary and conclusions
The synthesis of titanium oxides characterized by different stoichiometry, using plasma electrolytic oxidation (PEO), allowed to conclude an important effect of crystal structure on the corrosion response of titanium oxide electrodes immersed in hot concentrated sulfuric acid. Once the technological choices allow the formation of an oxide barrier layer composed by a homogeneous stoichiometry, comprising mainly Ti oxidized as 4+ and a relatively low level of S, oxide debonding was largely retarded (not observed for 24 h electrode immersion in 10 %v/v H2SO4 at 60 °C) as the result of decreased H+ diffusion coefficient, evaluated electrochemically to be ~ 10-12 cm2·s-1, and enhanced hydrogen evolution reaction (HER) at the oxide-electrolyte interface. On the other hand, using PEO with a DC voltage preserves the natural three-layer structure of the oxide layer, growing on Ti in common oxidizing environments, resulting in the following relevant features for oxide debonding and consequence high corrosion rate ~ 6.2 mm·year-1:
1) The abundant presence of oxygen vacancies enhances Hads and favors H+ diffusion (~ 10-11 cm2·s-1).
2) Sulfur species act as cathodic poisoners, limiting hydrogen recombination and increasing dramatically H accumulation in correspondence of the metal-oxide interface.
3) Oxide debonding incubation time scaled substantially with the content of Ti4+: after the reduction of ~ 85 % ± 9 % of Ti4+ cations coating debonding occurred.
4) Debonding was found to result according to the mechanical action of H2 bubbles grown over the metal surface after charge saturation of the material. The present research demonstrates with success the opportunity to detect the occurrence of oxide debonding according to the formation of a low frequency capacitive loop with negative real impedance in the Nyquist representation.
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