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Abstract: The present study investigates the influence of organic acids, added to the electrolytic
solution, on the structure, morphology, and corrosion behaviour of plasma electrolytic oxidation
(PEO) coatings produced on titanium grade 2. Particular attention is paid to the role of functional
groups in the modification of the oxide’s properties. For this reason, all three selected acids, namely
glutaric, glutamic, and tartaric acid, display two carboxylic groups, thus they interact with the
substrate material mainly through –COO− adsorption. However, glutamic acid also has an amine
group, while tartaric acid has two hydroxyl groups. The presence of such additional functional groups
is found to impact the formation of the PEO coatings. According to scanning electron microscopy
(SEM) analyses, the number of defects and their dimension increase with an increasing number of
active groups present in the organic molecules. Then, when glutaric acid with only two carboxyl
groups, is employed as an additive, smaller pores are produced. The dimension of defects increases
when glutamic and tartaric acid are used. X-ray diffraction (XRD) testing demonstrates that rutile
and anatase are present in all the coatings and that when using tartaric acid, a relatively high
level of amorphism is reached. The electrochemical and corrosion behaviours are evaluated by
potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS) performed
in a heated sulphuric acid solution. It is found that all types of coatings provide protection against
corrosion, with oxides produced using glutamic acid showing the lowest corrosion current density
(0.58 mA·m−2) and low corrosion rate (1.02 µm·y−1).
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1. Introduction

Titanium and titanium alloys are commonly used in several applicational fields, such
as automotive, chemical, aerospace, marine, biomedicine, and food industries. This is
thanks to their great combination of properties like mechanical stability, high strength-
to-weight ratio, low density, high biocompatibility, rather high melting point, and great
corrosion resistance [1].

The enhanced corrosion resistance under a wide range of conditions is due to the
formation of a protective layer made of titanium dioxide (TiO2) on the metal surface. Such
film is spontaneously generated when Ti comes in contact with the atmosphere and its
maximum thickness generally does not exceed about 10 nm. Despite the good chemical
stability and adhesion to the substrate of the native oxide layer, there are some particularly
aggressive conditions, like environments containing fluorides, bromides, or strongly acidic
conditions, under which the thin oxide layer can undergo rapid dissolution [2].

Consequently, to improve the corrosion protection of titanium, surface treatments
could be performed in order to boost the formation of a thicker TiOx layer on its surface.
Different types of processes could be employed, both physical and chemical. Some ex-
amples are physical (PVD) and chemical (CVD) vacuum deposition, sol-gel treatments
and thermal or plasma spray. However, all these techniques present some limitations
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mainly associated with the low coating rate, the poor adhesion between the coating and the
substrate, the high energy consumption and the complexity of the technological setup [3,4].
An alternative and promising method for surface treatment of titanium, that overcomes
several of the above-mentioned disadvantages, is plasma electrolytic oxidation (PEO). This
electrochemical technique allows an increase in the thickness of the oxide from tens of nm
up to 100–200 µm. PEO consists of anodic oxidation of metals or alloys in aqueous solu-
tions performed at high voltages under the condition of plasma discharge. The discharge
promotes local high pressure and temperature causing complex plasma-chemical reactions
to occur contributing to the stabilization of ceramic-like structures [5].

The main characteristics of these PEO coatings are high adhesion to the substrate,
good thermal stability, mechanical strength, and hardness. Unfortunately, their structure is
affected by the presence of micro defects and pores connected by channels that significantly
reduce the corrosion resistance, since aggressive species can easily penetrate and reach the
metallic substrate where corrosion may occur. The formation of such morphological defects
is directly related to the PEO coating formation mechanism, making the electrode surface
continuously subjected to impervious cycles of thermal loads [6].

Nonetheless, upon the control of specific technological parameters, like the com-
position of the bath, it is possible to smooth out such defective regions. Depending on
the nature of the electrolytic solution, different conditions of dynamical equilibrium be-
tween oxide film formation and dissolution are established, influencing the oxide growth
behaviour. Moreover, selecting proper molecules with different adsorption capabilities
(owing to proper functional groups) onto the titanium substrate. it is possible to smooth
the detrimental action of the plasma [7].

Among all the possible types of electrolytes that can be used to modify the PEO
regime, attention will be focused on electrolytic solutions containing organic compounds.
In particular, to work regardless of the effect of the cationic species, organic acid will be
considered in the present work. Generally, when organic substances are added to a base
alkaline solution, they tend to interact with the surface of the metallic substrate, and form
oxides through their functional groups (–OH, –NH, –COOH, –CO–, etc.). Thus, the organic
substances will be incorporated in the final coating generating a hybrid organic-inorganic
(HOI) material that could be defined as a micro-composite able to combine the unique
properties of both types of materials [8].

In particular, the addition of three organic acids, namely glutaric, glutamic, and
tartaric acid, to the electrolytic solution will be analysed. Amino acids (glutamic acid) and
carboxylic acids are commonly used as corrosion inhibitors, especially for copper, steel,
and aluminum. The interaction between the metal and the organic molecules generally
occurs through the carboxyl group, –COOH, via electron donation (–COO−) and leads to
the formation of a protective film of molecules [9,10].

Glutaric acid (C5H8O4) is an aliphatic carboxylic acid that interacts with the metallic
surface by adsorption through the –COOH group on the cathodic sites of the corroding
metal leading the alkyl chain of the molecule projected into the solution and causing the
formation of a barrier layer with an electron repelling character [10].

Glutamic acid (C5H9NO4) is characterized by the presence of an amine group and two
carboxyl groups and thanks to its structure it has the ability to coordinate with metals
efficiently covering their surface and forming a stable chelate system. The adsorption of
glutamic acid on the titanium surface is studied under the conditions of polarization at
low anodic potentials (0.5–1.0 V/SSC) in alkaline solutions. For pH > 7, the carboxylic
groups of glutamic acid are deprotonated, thus they interact electrostatically and coordinate
with the oxide layer on the titanium surface when the substrate is experiencing anodic
polarization (positively charged surface). Depending on the polarization potential one or
both the carboxyl groups of the acid can be involved in coordination with the metal, if the
voltage is lower than 750 mV only the distal group takes part in the interaction, while at
higher potentials, the proximal group also is involved [11,12].
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Tartaric acid (C4H6O6) is characterized by the presence of two carboxyl groups and
two hydroxyl groups [12].

The effect of tartaric acid addition in the PEO electrolyte is analysed in both acidic
and alkaline electrolytes. It is found that adding tartaric acid to sulphuric acid electrolytes
reduces the intensity of oxygen evolution inside the anodic film and the dissolution rate of
the oxide layer. As a result, the growth rate of the oxide film on titanium alloys increases [13].
Regarding the addition of tartaric acid to an alkaline electrolyte, it is observed that it leads
to a decrease of pore dimensions [14].

The aim of the present paper is to study the influence of the addition of organic
anions to the PEO solution in order to promote the formation of thick and compact ceramic
layers. In particular, two carboxylic acids and one amino acid will be studied. All three
compounds contain carboxyl functional groups, responsible for strong interaction with
the substrate. It will be shown that upon the addition of other functional groups such as
hydroxides or amine groups, it is possible to modulate the charge transfer and so the level
of plasma developing at the interfacial region of the electrode, dictating important features
like thickness, morphology, elemental composition, and corrosion resistance.

2. Materials and Methods

The PEO treatment is carried out over 10 × 10 × 1.6 mm3 Ti grade 2 (UNS R50400)
squared samples. The electrolytic bath consists of an alkaline solution of 1 M NaOH and
0.03 M Na2SiO3, containing the addition of 0.04 M of different organic acids (glutaric,
glutamic, and tartaric), data are summarized in Table 1. The solution is stirred using a mag-
netic anchor rotating at 600 rpm, for preventing mass transfer limitations and maintaining
homogenous temperature within the electrolyte. The process is performed in 500 mL of
solution in a Pyrex beaker using as counter electrode, a cylindrical net made of activated
titanium placed around the titanium coupon. PEO is performed using an AC/DC power
source (California Instruments Asterion 751). The applied signal consists of a duty cycle
60A%–40C%–7CP% (“A” and “C” indicating anodic and cathodic polarization, respectively,
and CP meaning the % of cathodic polarization applied with respect to the anodic one) re-
peated at 1000 Hz. The pulsed signal is provided under a potentiostatic regime considering
a final voltage of 90 V achieved through a 320 s time ramp.

Table 1. Electrolytic solutions composition.

Sample Base Solution Type of Organic
Additive

Concentration of
Organic Additive

PEO-GR NaOH 1 M
+ 0.03 M Na2SiO3

Glutaric acid
0.04 MPEO-GM Glutamic acid

PEO-TA Tartaric acid

During PEO treatments the voltage and current responsesare recorded using a Tek-
tronix TBS-1072B-EDU oscilloscope.

In situ optical emission spectroscopy (OES) is executed using an Ocean Optics S2000
spectrometer equipped with an optical fibre P400-1-UV-VIS, allowing an overall spectral
resolution of ~0.3 nm in a window between 300 ÷ 1100 nm.

The morphology of PEO oxide is investigated through a Carl Zeiss EVO 50VP SEM
(ZEISS, Oberkochen, Germany). For energy dispersive spectroscopy (EDS) a Bruker X-ray
spectrometer equipped to the SEM instrumentation is used. X-ray diffraction (XRD) anal-
yses, performed using a Philips PW3020 goniometer with Cu Kα1 radiation (1.54058 Å),
make it possible to determine the crystal structure of the coating. Glow discharge optical
emission spectroscopy (GD-OES) is performed to determine the oxide elemental composi-
tion by using a SpectrumA ANALYTIK GDA 750 HR analyser (Spectruma, Hof, Germany).

Electrochemical tests are performed using a Metrohm Autolab PGSTAT, employing
a standard three-electrode cell with an Amel Pt counter electrode and a KCl saturated
silver/silver chloride (SSC) reference electrode. The corrosion behaviour of the PEO
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samples is investigated through potentiodynamic polarization (PDP) and electrochemical
impedance spectroscopy (EIS) analyses. PDP measurements are performed at a scan rate
of 10 mV·min−1 by polarizing the sample at ±250 mV with respect to Ecorr. EIS is carried
out in a 10% v/v sulphuric acid solution heated to 60 ◦C, working within a frequency
window of 105 ÷ 10−2 Hz, applying a sinusoidal signal having an amplitude of 10 mVrms
and collecting 10 points per decade of frequency.

3. Results
3.1. Voltage and Current Response

The voltage (V)-time plots of PEO samples are displayed in Figure 1. It is \ noted that
voltage peaks overcoming 90 V are produced, especially in the last stages of the process
(from 280 s). This is particularly true for PEO-GM (Figure 1a) and PEO-GR (Figure 1b)
which are characterized by the presence of surges reaching ~147 V and ~142 V, respectively.
Concerning PEO-TA (Figure 1c) a smoother V ramp is observed.
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The anodic portion of the current duty cycle, collected after 300 s of treatment, is
plotted and fitted by an exponential decay function, the black curve of Figure 2a. The
current (I)-time plot (Figure 2) shows a profile common to all the samples. After an initial
capacitive peak, related mainly to the charging of the double layer, I decays to a plateau with
values around 1.25 A·cm−2 for PEO-GR and about 2.5 A·cm−2 for the other two samples.
Only the anodic portion is plotted as no noticeable differences are encountered during the
cathodic half-cycle.
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The decaying current trend is fitted according to a simple exponential decay function
in order to extrapolate the time constant governing the double layer relaxation. This
contribution is useful to get insight into the influence of the different anions adsorbed at the
interfacial region during the anodic polarization which strongly depends on the presence of
certain functional groups, like carboxylic, and on the mobility of the anions subjected to the
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high field process. Indeed, the kinetics are directly related to the mobility by which anions
move further away from the adsorption sites located in the electrical double layer and
subjected to repeated anodic and cathodic cycles occurring every 1 ms (1000 Hz). Thus, the
retention and consequent adsorption of organic anionic species, over the electrode surface,
can contribute to control the development of plasma [15,16].

3.2. Characterization of the PEO Process

OES spectra, collected after 300 s of treatment, (Figure 3) reveal that elements of both
the electrolyte (such as Si, Na, C) and the substrate (Ti) take part in the discharge process
and that the most intense lines belong to Ti, O, C and Si species. In particular, intense
signals associated with Si II and C I are recorded.
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Figure 3. OES spectra of (a) PEO-GR, (b) PEO-GM, and (c) PEO-TA.

The spectrum of PEO-GR is less developed than the others, while PEO-TA shows a
particularly intense background and signals related also to Ti III and O III species. Pictures
acquired during the process agree with the intensity of the optical emission signal.

3.3. Structure and Morphology
3.3.1. X-ray Diffraction

The bulk structure of the oxide is investigated by XRD diffractograms performed in
Bragg-Brentano geometry (Figure 4).
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Both anatase and rutile are present in all the coatings. Rutile is always the most
abundant phase, and the most intense signals are collected for PEO-GR. The reflections
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intensity, instead, is lower for PEO-TA, for which in the region between 30 and 35◦ it is
possible to note a broad feature attributable to the contribution of amorphous silica [17].

An estimation of the contents of the two TiO2 polymorphs (Table 2) is provided by
using a modified Spurr–Meyer Equation (1).

XR =
1

1 + 0.8
(

IA
IR

) (1)

Table 2. Modified Spurr–Meyer XRD quantification results.

Sample Anatase% Rutile%

PEO-GR 8.84 91.16
PEO-GM 10.91 89.09
PEO-TA 13.4 86.60

IA and IR being the intensities of the highest XRD-peaks associated with anatase and
rutile, found at 25.30◦ (Anatase—card number: PDF 00-064-0863) and 27.44◦ (Rutile—card
number: PDF 01-089-0553), respectively. The modified Spurr–Meyer method assumes that
the oxide layer is completely crystalline, so an overestimation of the real relative quantities
is obtained. The validity of this assumption is questionable in the case of PEO-TA, because
of the abundant presence of amorphous material. Nonetheless, the analysis can be used to
express relative quantities with affordability. This evidence agrees with the lower intensity
of all the reflections found in PEO-TA.

The addition of organic additives significantly modifies the structure of the PEO
coatings with respect to that of an oxide produced using the same PEO parameters but
without organic acids. In the latter case, rutile is the only crystalline structure of titanium
oxide to be found (Supplementary Materials Figure S1), while when acids are added even
anatase is produced. Moreover, the level of amorphism is strongly reduced when the
organic additives are used.

3.3.2. SEM and EDS Analyses

SEM images of the samples’ surface (Figure 5) highlight the presence of some common
features for all the oxides as small pores, cracks, and acicular formations.
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Working with glutaric acid, an oxide with a quite dense distribution of small pores
(~3.28 ± 1.02 µm) and short cracks is obtained.

The surface of PEO-GM is crossed by long cracks which connect pores. The pore
dimension varies from ~2.16 ± 0.59 µm for small, rounded holes, to about 7.95 ± 2.92 µm
for crater-like structures. The presence of acicular morphology is particularly evident.

PEO-TA is characterized by the presence of globular structures, some of which are
crossed by crater-like pores (~6.38 ± 1.66 µm), while in other cases small pores are formed
at the boundary of these features. There are also some globules partially covered by
acicular formations.
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The globular formations noted for PEO-TA are observed even when the treatment is
carried out working only with the base solution, without any organic acids (electrolytic
bath consisting of NaOH 1 M + 0.03 M Na2SiO3, keeping constant all the other parameters).
In this case, the globules are much more numerous and prominent, showing an almost
spherical shape [18].

By looking at the EDS maps of the surfaces (Supplementary Materials Figure S2) it is
possible to note that the concentration of Na is particularly high in correspondence with
such acicular formations, while Ti seems to accumulate inside and around pores, probably
as a consequence of the ejection of material caused by type-B discharges [19].

The EDS analyses also confirm what was noticed by in situ OES about the presence of
elements belonging to both the electrolyte and the substrate in the oxide coating.

SEM (Figure 6) analyses are performed also on the cross-section of the PEO samples.
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Figure 6. SEM images of the oxide cross-section of (a) PEO-GR, (b) PEO-GM, and (c) PEO-TA.

The coating of PEO-GR is quite thin, ~13 µm, but shows only small pores.
PEO-GM oxide is very thick, about 30 µm, and compact with only some large pores

that are not interconnected with each other.
Using tartaric acid, a thick but highly defective layer is formed. There are large

pores, which at the bottom of the coating are interconnected, and channels that cross the
entire thickness of the oxide. A large and continuous crack cut the PEO-TA layer from the
substrate, a sign that the adhesion of the coating is quite low.

The structures of the three coatings appear quite different from that of the oxide layer
produced when PEO is performed in absence of organic additives. In the latter case, the
coating is highly ununiform with sudden thickness variations (from 100 to 20 µm) due to
the presence of defects and the detachment of portions of the coating because of lack of
sintering of the oxide [18].

The EDS maps (Supplementary Materials Figure S3) of the cross-sections highlight
that Si is mainly concentrated at the oxide/substrate interface, while Na content is larger in
the external portion of the coatings.

3.3.3. GD-OES Analyses

For GD-OES analyses (Figure 7) relative intensities of the element signals, through the
oxide thickness, are considered and each signal is multiplied for a constant factor for sake
of representation.

Once again, the presence of elements coming from the electrolytic solutions is confirmed.
All the samples are characterized by a uniform distribution of O across the coating

thickness, Na intensity is higher at the surface of the oxide while Si content slightly increases
at the oxide/metal interface. Na and C intensities are particularly enhanced in the case
of PEO-TA.

The C concentration significantly increases at the oxide/substrate interface and at the
coating surface. Comparing the three spectra it is also possible to note that the C intensity
at the oxide/substrate interface for samples prepared using glutamic acid is significantly
lower than that of PEO-GR and PEO-TA.
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Through GD-OES analysis it is also possible to obtain an estimation of the thickness
of oxide coatings which results to be ~12 µm for PEO-GR, and ~30 µm for PEO-GM and
PEO-TA, respectively.

3.4. Corrosion and Electrochemical Behaviour
3.4.1. Potentiodynamic Polarization Test

Figure 8 reports the potentiodynamic curves performed in a 10% v/v sulphuric acid
solution at 60 ◦C. By means of the Tafel extrapolation, corrosion current density (icorr), cor-
rosion potential (Ecorr) and cathodic Tafel coefficient (bc) are derived (Table 3). Additionally,
the polarization resistance, Rp, is calculated by using the Stern–Geray equation [5].
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Figure 8. Tafel curves for PEO-GR, PEO-GM, and PEO-TA immersed in 10% v/v sulphuric acid at
60 ◦C.

Table 3. Data from Tafel extrapolation.

Sample Ecorr (mV/SSCsat.) bc (mV·decade−1) Rp (Ω·cm2) icorr (mA·m−2) CR (µm·y−1)

PEO-GR 169 121 1.4 × 105 1.68 2.94
PEO-GM 208 95 4.3 × 105 0.58 1.02
PEO-TA 197 99 2.4 × 105 1.05 1.84

All the samples display a free corrosion potential nobler than the bare metal
(−668 mV/SSCsat.) and a corrosion current density four orders of magnitude lower, proving
the protection effect of the PEO coatings [18].
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PEO-GM is characterized by the lowest corrosion current density which is one order
of magnitude lower than those of the other samples.

According to bc values, the cathodic reaction is hydrogen evolution with the Volmer
step being the rate-determining step (120 mV of voltage increase for decade of current) [20].

3.4.2. Electrochemical Impedance Spectroscopy Test

Data obtained from EIS tests are plotted in Nyquist and Bode diagrams for all the
samples (Figure 9).
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It is immediately noticeable that the Nyquist curves obtained for the PEO samples are
significantly different from those of the untreated Ti Gr. 2. The coated specimens produce a
single capacitive semicircle, while the bare material is characterized by a double capacitive
loop which generally is observed when corrosion accompanied by hydrogen evolution
takes place [18].

From the Nyquist curves it is possible to extrapolate the polarization resistance of the
coating, Rp, defined as the intersection of the semicircles at ω → 0 with the Z′ axis, values
are listed in Table 4 for all the samples with also the time constants extracted from the
negative imaginary part of the impedance (indicated by the red stars in Figure 9).
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Table 4. Polarization resistances, Rp, in Ω·cm2 and time constant τ in s, derived from the Nyquist curves.

Sample PEO-GR PEO-GM PEO-TA

Rp (Ω·cm2) τ (s) Rp (Ω·cm2) τ (s) Rp (Ω·cm2) τ (s)

1 h 1.17 × 105 64 2.03 × 105 / 9.12 × 105 /
4 h 1.17 × 105 40 5.75 × 104 / 1.01 × 105 63
8 h 8.40 × 104 40 2.80 × 104 63 3.58 × 104 50

16 h 2.91 × 104 25 1.29 × 104 50 1.49 × 104 31
24 h 1.16 × 104 20 8.24 × 103 25 9.30 × 103 16

The Rp values found after the first hour of immersion are in accordance with the
results of potentiodynamic tests. All the values are in the order of magnitude 105 Ω·cm2,
however in the case of PEO-TA a slightly higher Rp is measured at the beginning of the
EIS test.

The negative imaginary impedance is considered, given that this parameter was
unaffected by the ohmic drop of the solution, thus providing direct insight into the time
scale governing the corrosion reaction. In particular, PEO-GR presents a maximum even
after 1 h of immersion. As the frequency of the occurrence of such a phenomenon is
generally below 10−1 Hz it is reasonable to speculate the nature of a diffusion-related
process inside the electrode, like proton transport. Being the time constant, describing
diffusion processes, inversely proportional to the diffusion length, it is not strange to
account for a peak in the negative imaginary part of Z even after 1 h of immersion of
sample PEO-GR, whose thickness is about one third that of the other samples. On the other
hand, the thickness and compactness found in PEO-GM do not allow the frequency window
of the first two acquisitions to collect the relaxation of the diffusion process. However,
the high level of crystallinity causes the electronic conduction to be considerably higher
than the one observed for example in PEO-TA, resulting in lower Rp values, even if the
proton transport along the oxide was considerably slower. This is not strange as the ionic
conduction in a crystalline phase is more impervious, particularly in the rutile phase, whose
crystal cell volume is considerably smaller than the one of the other TiO2 polymorphs, for
which values around 10−12 cm2·s−1 [21,22] are generally observed. Furthermore, the EIS
tests reveal that all three types of PEO coatings, despite a copious decrease of Rp, keep the
metallic substrate protected from the aggressive environment. This is demonstrated by
the single semicircle present even after 24 h of immersion. It is well known that Ti, once
activated, presents two well-resolved time constants [16,23].

4. Discussion

The experimental analyses carried out highlight a correlation between the functional
groups of the organic additives and the final properties of the PEO coatings.

Depending on the functional groups, the interaction among the additives and the
substrate changes influences the final structure and morphology of the oxide layers. The
modification of such features strongly impacts the protective effect of the coatings against
corrosive species, as highlighted by the results of the electrochemical tests.

4.1. Characterization of the PEO Process

The contribution of organic additives introduced into the electrolyte to plasma events
is verified through OES analysis: indeed, signals related to C belonging to the acids are
present in all the spectra, meaning that they participate in discharge processes.

The same is valid for the other additive of the electrolytic solution, Na2SiO3, whose
involvement in plasma formation is confirmed by the intense Si II signals.

PEO with glutaric acid (PEO-GR) shows a less developed spectrum than the other
samples. This is probably due to the occurrence of weaker discharges during anodization
because of the formation of an adsorbed layer of glutarate ions on the metal surface
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which partially shields it from the applied electric field and the electrolyte, preventing the
development of highly energetic discharges.

Indeed, when describing the interaction between the treated Ti samples, the growing
oxide, and the electrolytic species it is important to consider the possibility of anions adsorp-
tion onto the electrode surface, which may modify the charge transfer reaction immediately
preceding the discharge event. The efficiency of the coverage of the surface provided by
the anions strongly depends on the steric hindrance, the structure, the molecular weight,
and the functional groups of the molecules that are involved in the PEO process [24,25].

In the present study, the influence of functional groups is found to be dominant while
the effect of molecular weight is almost negligible in a first approximation since it is quite
similar for the three acids (MW = 132.12, 147.13, 150.09 g·mol−1 for C5H8O4, C5H9NO4,
and C4H6O6 respectively).

4.2. Effect of the Functional Groups

Glutaric acid has two carboxyl groups that favour the interaction with the surface of
the substrate by electron donation. The molecule is linear with only five C atoms along
the backbone, permitting the formation of an ordered adsorbed layer. In this way, the
interaction of both the carboxyl groups with the metal surface is permitted. Consequently,
the alkyl chain of the molecules, with a weak electron-repelling character remained exposed
to the solution, partially hindering the interaction with the electrolyte and preventing the
growth of a thick oxide. As a result, an effective coverage of the anodic surface could be
obtained, shielding it by the applied external electric field preventing too many destructive
discharges from occurring.

In the case of glutamic acid, the interaction with the metal substrate should involve both
the carboxyl groups according to what is explained in the introduction about the activation
of the two groups depending on the applied potential. The steric hindrance is larger with
respect to that of glutaric acid because of the presence of the lateral deprotonated amine
group, and this can affect the efficiency of the coverage of the sample surface [26]. As a
result, larger discharges with respect to the case of PEO-GR are produced, but typically
they do not show a pronounced destructive character.

Tartaric acid has lateral –OH groups, which in the alkaline solution could be de-
protonated [27–29]. Such groups not only increase the steric hindrance of tartaric acid
molecules but when tartrates interact with the Ti surface through the carboxyl groups, the
deprotonated –O− probably occupy lateral positions causing repulsions between adjacent
molecules, preventing the formation of a uniform adsorbed layer able to protect the surface
during plasma phenomena. Therefore, intense and static discharges are produced.

This phenomenon agrees with the highly intense signals recorded for PEO with
tartaric acid in the OES spectrum. Among them, there are high O III-related lines, which are
associated with the huge quantity of gas observed during the running of the treatment and
probably in part also caused by the thermal decomposition of the organic matter. Thermal
decomposition of tartaric acid, in particular, starts at about 169.85 ◦C and leads to the
generation of water and carbon dioxide [30]. Such temperatures are easily achieved at the
discharge sites that, when working with tartaric acid, are particularly numerous. Another
peculiarity of PEO with the tartaric acid spectrum is the presence of Ti III signal, which
is absent in all the other spectra and is indicative of the evaporation of titanium oxide
through TiO molecules [21,31]. Moreover, it is important to note that C related lines when
dealing with PEO-TA are considerably less intense than the ones observed with the other
conditions, corroborating a lower participation of the organic anion to the spark events.

The occurrence of the interaction described above and so different for the three acids
is more deeply investigated. Given also the different relaxation kinetics observed in the
three electrolytes, EIS is performed at the free corrosion potential, Ecorr, for Ti samples
immersed in the PEO solutions (Nyquist diagrams are displayed in Figure 10, while the
phase diagrams are reported in Supplementary Materials Figure S4). The result is fitted
according to a simple Randle circuit where Rs and Rp are the solution and polarization
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resistance and CPE is the constant phase element accounting for the distribution of time
constants. An effective capacitance is extracted according to Brug’s Equation (2) accounting
for a surface distribution of time constant.

Ce f f . = Y0
1
n

(
1

Rs
+

1
Rp

) n−1
1

(2)
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All values extracted from circuit fitting are summarized in Table 5.

Table 5. Parameters extrapolated from the fitting of EIS data with a Randle circuit and Ceff. Calculated
using the Brug’s equation.

Sample Rs (Ω·cm2) Rp (Ω·cm2) Y0 (sn Ω−1·cm−2) n Ceff. (F·cm−2) χ2

PEO-GR 1.01 4.09 × 105 3.15 × 10−5 0.91 1.11 × 10−5 0.04
PEO-GM 1.08 2.73 × 105 2.99 × 10−5 0.94 1.63 × 10−5 0.03
PEO-TA 0.80 4.57 × 104 4.34 × 10−5 0.91 1.58 × 10−5 0.06

The higher Rp found for PEO with glutaric acid correlates with the stronger adsorption
of glutarate anions, over the electrode surface, this attributed by its two carboxyl groups.
This can prevent the adsorption of other species present in the PEO solution like hydroxide
group, resulting in a lower Ceff. Very different figures are observed when dealing with
PEO with tartaric acid. The different molecular arrangement, comprising two additional
hydroxyl groups and one less C atom along its backbone, exerts profound differences in
terms of the adsorption capability of the molecule. As a result, Rp diminished by one order
of magnitude to 4.57 × 104 Ω·cm2 with respect to PEO-GR.

The results obtained for PEO-GM solution are in between those of the two previous
electrolytes. This can be observed by Rp, with a value of 2.73 × 105 Ω·cm2 as the result
of the action of the amine group present in glutamic acid. The interaction involving the
amino acid generally occurs by bidentate chelating adsorption on the titanium surface
promoted by the fact that glutamate at the present pH value can be considered completely
deprotonated, thus a double negative charge, located near the two carboxyl groups can
favour the adsorption [12,26].

4.3. Oxide Structure

Regarding the XRD diffractograms, as noted before, they reveal that TiO2 is present
as both anatase and rutile in all the samples. The base mechanism of titanium dioxide
formation is described by reaction (3)

Ti4+ + 4OH− → TiO2 + 2H2O (3)
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where Ti4+ are the thermally activated cations coming from the metallic substrate, while
the anions come from the electrolytic solution [5].

Interestingly, the lower rutile percentage is found for PEO-TA which shows a contribu-
tion coming from amorphous material, probably amorphous titanium oxide and primarily
silica [32]. This condition can be explained according to the fact that the highly intense
plasma events that are observed during the PEO process in presence of tartaric acid cause
the formation of a large amount of molten material, which quickly solidifies because of
the contact with the cold electrolyte. The rapid cooling does not allow the formation of a
large amount of rutile (which is time-dependent) but leads to the generation of amorphous
material. The presence of a high content of SiO2 is related to the mechanism of retention of
SiO3

2− ions in the coating. The anions enter the oxide through the discharge channels due
to the action of the intense electric field. Since the treatment of PEO-TA is characterized
by numerous sparks, it is reasonable to assume that a certain quantity of SiO3

2− is with-
drawn within the discharge channels and then converted into amorphous SiO2 according
to reactions (4) and (5) [33,34]:

SiO2−
3 + 2H+ → SiO2 + H2O (4)

SiO2−
3 → 2SiO2 + O2 + 4e− (5)

The same mechanism of silica formation may occur even when the PEO treatment
is carried out in the base solution without acids leading to the high level of amorphism
highlighted in the diffractogram of the oxide (Figure S1). The amorphous structure of the
PEO coating is also attributable to the generation of very intense plasma events causing
the achievement of elevated temperatures in the molten material. Then the quenching
occurring due to the contact with the electrolytic solution is so rapid that crystallization is
limited, favouring the formation of an amorphous oxide.

4.4. Oxide Morphology

Observing the SEM images, it is possible to suppose a relationship between the
occurrence of large and highly energetic discharges during PEO and the formation of large
pores in the final oxide. Indeed, the smallest defects are observed on the surface of PEO-GR,
which is associated with weak plasma events, while the largest pores and craters are those
of PEO-TA, for which big static discharges are observed. When no organic acids are present
the plasma can be even more aggressive than for PEO-TA since there is not any shielding
effect provided by the adsorbed layer of organic molecules, thus a highly defective and
inhomogeneous coating is produced.

Some pores of the PEO coatings are connected by cracks which probably originate
because of the generation of thermal stresses during the cooling of the molten oxide and
found a preferential propagation path across pores.

Pores and cracks could potentially be detrimental to the protective effect of the oxide
from corrosion since the aggressive solution can penetrate through the defects easily
reaching the inner layer of the oxide and the metal substrate.

The oxide morphology of PEO-TA differentiates from the others in the presence
of globular structures over the surface. The formation of such globules may be due to
the generation of high-pressure gas bubbles within the oxide. When such bubbles are
surrounded by molten material, they could push the melted outward, causing the formation
of globular features with central large pores. The longer the lifetime of the discharge, the
longer the duration of the molten zone, and then larger spheres are produced at the surface.
The central large pores are difficult to fill with melted material coming from new plasma
events because of the presence of the globules themselves [18,35]. So, the final oxide will be
crossed by large pores. This mechanism is more probable in the case of a melted oxide with
high viscosity, as is the case for SiO2 more than TiO2, and according to the XRD spectrum,
this hypothesis is more consistent in the cases of PEO-TA and the PEO oxide produced in
absence of organic additives.
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4.5. Oxide Composition

The EDS maps of the surface of the three samples show higher Na concentration in
correspondence with the acicular formations. Therefore, it is possible to speculate the
generation of sodium titanate. Titanates are generally characterized by acicular structure
and can be generated by alkaline hydrothermal mechanism at relatively low temperature
when crystalline TiO2 is immersed in an aqueous NaOH solution [36]. The temperature
increase that occurs during plasma events can be sufficient to promote the generation
of such compound, which, indeed, are more concentrated in correspondence of pores or
globules (in case of PEO-TA) where the higher temperatures are achieved.

By analysing the EDS images of the cross-section, it is noted that Si accumulates in the
internal layers of the oxide. A possible explanation for this distribution relies again on the
fact that field-driven SiO3

2− anions enter the coating through the discharge channels and
are withdrawn to the bottom of the oxide film. On the contrary, Na concentration is larger
at the surface of the coating, a sign that this element is involved mainly in type-A and C
plasma discharges which occur at the surface of the growing film [19].

The distribution of Si and Na is confirmed also by GD-OES spectra, which also
highlights a specific trend for C profile. The C concentration significantly increases at the
oxide/substrate interface and at the coating surface probably because of the adsorption
and interaction of the organic molecules and anions on the metallic and oxide surfaces.
Carbon signal is particularly high in case of PEO-TA, this may be due to the presence
of several huge pores on whose surface tartrates could interact. On the other hand, the
different C intensity observed between PEO-GR and PEO-GM can be the result of a different
physical-chemical interaction of the two compounds with the substrate, stronger when
dealing with glutarates, leading to higher C intensity inside the coating.

4.6. Corrosion and Electrochemical Behaviour

The potentiodynamic and EIS analyses highlight the primary role played by the
coating’s thickness.

PEO coatings produced with glutaric acid show the highest corrosion current density
even if they are characterized by the most compact structure. This behaviour is associated
with the reduced thickness which is almost one-third that of the oxide layers obtained using
the other two organic acids. The small thickness allows a faster diffusion of aggressive
ions through the oxide layer leading to the highest time constant during the first hours
of immersion. However, the presence of only small defects in the glutaric acid treated
coatings allows for minimizing the contact between the corrosive medium and the oxide
layer, partially compensating for the disadvantage associated with the small thickness. This
is clear looking at the evolution over time of the polarization resistance of the samples
treated with glutaric acid which starting from about 4 h of the EIS test remains higher
than that of PEO-coatings formed with tartaric acid for the entire duration of the analysis
revealing a reliable anti-corrosion behaviour.

PEO-coatings produced with glutamic acid, instead, are characterized by the lowest
corrosion current density (0.58 mA·m−2) and the lowest time constants for the diffusion
process. Such a trend is due to the compactness of the oxide layer and its thickness. Indeed,
the higher the thickness, the longer the time required for the diffusing of aggressive species,
like protons, to reach the metallic substrate. Thus, for long exposure time, PEO samples
treated with glutamic acid are highly advantaged with respect to those produced with
the glutaric one and they efficiently limit the charge circulation from the electrolyte to the
substrate providing great corrosion protection.

Finally, oxide coatings produced with tartaric acid show an intermediate corrosion
current density. Even if the thickness of the oxide is comparable with that reached for
treatment with glutamic acid, the coating obtained using tartaric acid is crossed by several
long cracks and contains large pores and craters. All these defects are highly detrimental
from the corrosion protection point of view since they facilitate the penetration of the
aggressive electrolyte through the oxide layer and the contact between it and the Ti substrate
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can easily occur. In addition, as highlighted by XRD analysis, coating produced using
tartaric acid is characterized by the presence of amorphous phases which reduce the barrier
effect towards ionic diffusion leading to a reduction of the time constant with respect to
PEO with glutamic acid [37]. On the contrary, the prevalent crystalline structure of PEO
with both glutaric and glutamic acids and the high content of rutile slower ions migration
making more impervious H+ diffusion through the bulk of the oxide. The contribution of
rutile to the high corrosion resistance of oxide layers could also be associated with the low
degree of lability characterizing Ti(IV) cations lowering the rate of exchange of oxygen ions
to sulphate ions thus reducing the dissolution of the PEO coatings [38].

On the other hand, the lower level of crystallinity of coatings treated with tartaric acid
reduces the electron transfer leading, in short exposure test, to the achievement of high
Rp values. This justifies the quite unexpected result of EIS test with tartaric acid treated
samples showing the highest polarization resistance for the first hour of immersion.

Another factor that influences the corrosion resistance of the oxides is the uniformity
of the coating on the Ti surface. The more homogenous coating is obtained using glutamic
acid, for which the treated samples are almost completely coated by the thick white oxide.
The surface of the samples appears uniform even after the corrosion test, suggesting that
the oxide dissolution occurs evenly. In the case of glutaric acid the oxide is less uniform as
highlighted by the alternation of smaller white oxide regions and larger grey areas. Thus,
corrosion occurs unevenly and at the end of the weight loss experiment, there are some
small zones of the coupons where the oxide is completely removed. Oxide obtained in
the presence of tartaric acid is the less uniform, especially at the edges of the specimens.
Such regions exhibit a lower corrosion resistance than the central region of the samples,
where the oxide layer is more even, and is principally involved in corrosion leading to the
formation of wide exposed areas of the metal substrate after the immersion test, justifying
the significant decrease of the polarization resistance.

5. Conclusions

The influence of organic acids on the properties of PEO coatings produced on titanium
is found to mainly depend on the type and the number of functional groups present in the
organic molecules. All three acids (glutaric, glutamic, and tartaric acid) are characterized
by the presence of two carboxyl groups which probably are the main responsible for
the interaction of the molecules with the metallic substrate and the growing oxide layer.
Glutaric acid, which has only these two –COOH functional groups, strongly interacts with
the titanium surface partially shielding it from the external electric field and the other
electrolytic species, thus preventing the development of highly energetic plasma events.
As a result, a thin but compact oxide layer is produced.

When an amine group is introduced, as it is for glutamic acid, the interaction of the
organic molecules with the metallic substrate becomes weaker due to their larger steric
hindrance related to the deprotonated amine groups. This weaker interaction leads to the
occurrence of more energetic discharges that on one hand cause the formation of larger
defects, but on the other hand, allow to produce thicker coatings.

The effect of the functional groups becomes even more evident working with tartaric
acid that displays two hydroxyl groups in addition to the carboxyl ones. In this case,
plasma is particularly intense and unevenly distributed large discharges are produced
on the titanium specimens. The ceramic-like layer produced exhibits a less uniform and
defective structure among the three types of coatings. The presence of huge pores and
cracks significantly affects the protective behaviour of PEO coatings, then the samples
treated with tartaric acid are characterized by the largest reduction of the polarization
resistance over time.

On the contrary, PEO treatment performed using glutaric and especially glutamic
acid allows to produce coatings with an enhanced anti-corrosive effect, as proved by the
relatively low values of corrosion current density (~0.58 mA·m−2 for coatings produced
with glutamic acid) and the high polarization resistance values (~1.2 × 104 Ω·cm2 for
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glutaric acid treated samples). This high corrosion resistance is the consequence of the
compact structure and the high degree of crystallinity of the oxide layers, which the
penetration of aggressive substances as well as the migration of protons. In particular,
the best performance in terms of corrosion protection, is provided by coatings obtained
through the PEO process performed in the presence of glutamic acid. Such coatings not
only show the advantageous structure described above but are also thick (~30 µm), further
slowing down the diffusion of aggressive species towards the metallic substrate showing
an improved and reliable protective effect.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings14060703/s1, Figure S1: XRD diffractogram of
PEO oxide produced in absence of organic acids; Figure S2: EDS maps of the surface of PEO coatings
where the color code is oxygen in turquoise, sodium in orange, silicon in red, and titanium in blue;
Figure S3: EDS maps of the cross-section of PEO coatings where the color code is oxygen in yellow,
sodium in green, silicon in pink, and titanium in blue; Figure S4: Phase diagrams of Ti samples
immersed in the electrolytic solution used for producing PEO-GR, PEO-GM, and PEO-TA.
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