
Molybdate and vanadate ions as corrosion inhibitors for clad aluminium
alloy 2024-T3
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A B S T R A C T

Molybdate and vanadate ions were used as corrosion inhibitors for the clad aluminium alloy 2024-T3 in chloride
solution to investigate the differences in their inhibitory effect. Electrochemical measurements in 0.1 M NaCl
investigated the influence of inhibitor concentration from 0.5 mM to 250 mM, solution pH from 5 to 9 and
immersion time at open circuit potential of up to 12 h. Both compounds act predominantly as anodic inhibitors;
however, the effect of molybdate increases significantly at concentrations above 50 mM and leads to a broad
passive range. Surface analysis of the samples exposed to inhibitor performed by X-ray photoelectron spec-
troscopy showed that the inhibitor layers consist of oxides of multiple valences. Scanning electron microscopy
with chemical analysis was also used to characterise the inhibitor layers. Equilibrium diagrams of the aqueous
species in the selected concentration range were generated to better understand the inhibition mechanism and to
correlate the electrochemical data and data on surface properties.

1. Introduction

Replacing toxic and environmentally hazardous compounds with
those less toxic and harmful is the common red thread in today’s
research in a broad spectrum of scientific fields, including corrosion
protection. One of the notable examples of hazardous compounds with
excellent corrosion protection ability is hexavalent chromate anions; the
activities directed towards replacing chromates were initiated almost 20
years ago [1–4] and are still ongoing [5]. The compounds to replace
chromates should not be hazardous, or at least much less, and, at the
same time, equally fulfil the given performance task, i.e., to act as
effective corrosion inhibitors. In this study, we chose two viable alter-
natives, i.e. molybdate and vanadate anions.

Let us first consider their production, environmental exposure,
toxicity and carcinogenicity. Molybdenum trioxide (MoO3) is the most
important chemical product of molybdenite (MoS2). MoO3 is used
mainly in steel and alloy production [6]. Environmental exposures to
MoO3 are inconsiderable, whereas occupational exposures are mainly
related to mining and metallurgy processing of steel [7]. Vanadium

pentoxide (V2O5), the major commercial vanadium product, is mainly
used as a catalyst in the production of iron and aluminium alloys. It is
also used as an oxidation catalyst in the chemical industry. Exposure to
V2O5 in the workplace occurs during the refining and processing V-rich
mineral ores, burning fossil fuels, especially petroleum, handling va-
nadium catalysts in the chemical manufacturing industry, and cleaning
oil-fired boilers and furnaces. The major non-cancer health effect of
inhalation exposure to V2O5 involves acute respiratory irritation, char-
acterized as `boilermakers bronchitis’ [8].

According to the International Agency for Research on Cancer (IARC),
chromate compounds are classified as cancerogenic to humans (desig-
nated as Group 1) [9]. The potential human toxicity of molybdate and
vanadate is lower than that of chromate: both MoO3 and V2O5 belong to
the same category in terms of carcinogenicity, i.e. possibly carcinogenic to
humans (designated as Group 2B)1 as shown in Table 1 [7,8]. No human
carcinogenic data are available. V2O5 is mutagenic in vitro and possibly in
vivo in mice [8]. According to the Occupational Safety and Health
Administration (OSHA) Hazard Communication Standard (HCS) [9], so-
diummolybdate (Na2MoO4) and sodium vanadate (NaVO3) differ in their
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1 There is inadequate evidence in humans for their carcinogenicity but there is sufficient evidence in experimental animals for their carcinogenicity.
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classification: Na2MoO4 is not a hazardous chemical [10],2 whereas
NaVO3 is considered hazardous [11],3 For comparison, sodium chromate
(Na2CrO4) [12] is also classified as hazardous, but is classified4 as much
severely dangerous than NaVO3 [11].

The differences in toxicity can be compared by the lethal dose5

(LD50) or the exposure concentration LC50, which is lethal to 50 % of
exposed animals (rats; Table 1). LD50 for sodium vanadate is only 2.4
times larger than sodium chromate, while 30 times larger for sodium
molybdate [10–12].

Throughout the last decades, molybdate and vanadate have been
investigated as corrosion inhibitors and potential chromate re-
placements. Recently, Milošev published a comprehensive review on
corrosion inhibition of aluminium alloys by molybdate ions in aqueous
solutions and cooling systems [13]. The actions of molybdate as an in-
dividual inhibitor and incorporated as fillers, pigments and nano-
containers into various coatings were presented [13]. Molybdate has
been known as a corrosion inhibitor for over 80 years since it was
patented in 1939 by Bayes [14]. Vukasovich and Farr reviewed the
development of various formulations [15]. The inhibition effect of
molybdate was extensively studied on iron and steel [16]. Molybdate is
classified as an anodic inhibitor, but it requires the presence of oxygen or
an oxidizing agent in the solution [17,18]. The inhibitive action of
molybdate with the surface of aluminium alloys has been studied in
numerous papers [18–26]. Milošev recently summarized different
mechanisms of molybdate inhibitive action of Al metal and Al alloys
[13].

Another interesting issue concerning bothmolybdate and vanadate is
the possibility of a synergistic combination. The synergistic effect of
molybdate with rare earth cations (lanthanum and cerium) was identi-
fied in corrosion inhibition, which even outperformed the one exhibited
by the chromate anions [27–30]. The synergism of molybdate with other
species was also identified: with nitrite [14,31] on various metals, sili-
cate on AA2024-T3 [32], lanthanum as zeolite microparticles in a sol-
–gel coating on AA2024-T3 [33], cerium as nanowires [34] or
nanocontainers in an epoxy coating [35] on AA2024-T3, added in an
anodized layer formed in tartaric/sulphuric acid grown in AA2024-T3
[36], intercalated with layered double hydroxides (LDHs) on
AA2024-T3 [37] and combined with phosphate, citrate and benzimi-
dazole/benzothiazole on AA7075-T76 [38]. In addition, molybdate is

used as a basis for conversion coatings on various aluminium alloys
[39–42], zinc [43,44] and magnesium alloys [45].

In contrast to molybdate, vanadate has been investigated as a viable
corrosion inhibitor less intensively. Vanadates as corrosion inhibitors
were summarized by Hinton [2,3] and addressed by Kendig and Buch-
heit as a possible substitute for chromate compounds together with
molybdate [1]. Vanadate in the form of conversion coating increased the
pitting potential of AA2024-T3 in near-neutral solutions and increased
the oxygen reduction reaction (ORR) rate. The coatings consisted of
vanadium oxides in several oxidation states and could self-heal after
scratching [46]. Similar to molybdate, vanadate inhibited cathodic ki-
netics only in aerated solutions, mainly by suppressing Al2CuMg inter-
metallic particle (IMP) dissolution [47]. An order of magnitude
reduction in corrosion current density was observed at pH 8 and 10, and
a positive shift of pitting potential for 200 mV. Tetrahedrally coordi-
nated forms of vanadate (ortho-, pyro and metavanadates) acted
inhibitory, but orange octahedrally (decavanadates) forms did not pro-
vide inhibition [47]. The degree of inhibition was dependent on the type
of Al alloy: for AA7075 and AA6061, which contain less Cu-based IMPs,
the inhibition by vanadate was not strictly cathodically dominated but,
with time, became mixed or even anodic [48]. The inhibition perfor-
mance of vanadate on AA2024-T3 was studied from 10 to 80 ◦C [49].
The film formed at higher temperatures was thicker on IMPs and the
matrix. Reducing V(V) on the metal surface during exposure was pro-
posed to enhance subsequent polymerization promoted at higher tem-
peratures [49]. Ianuzzi and Frankel conducted extensive studies of
corrosion inhibition of AA2024-T3 by vanadate [50–52]. The effective
action of vanadate was also investigated against atmospheric pitting
corrosion of AA7075-T6 under evaporating droplets [53]. Kharitonov
et al. reported three studies on corrosion inhibition of AA6063-T5 by
vanadate [54,55,56]. Adsorbed vanadate provided mixed corrosion in-
hibition effects, mitigating both ORR on cathodic IMPs and anodic metal
dissolution, mainly on Mg2Si and interphase boundary regions [55].

The synergy of metavanadate with phosphate was reported to sur-
pass that of chromate; synergy was also observed with molybdate and
silicate [27–30]. In addition to being used as an aqueous corrosion in-
hibitor, vanadate was applied in versatile combinations and applications
on aluminium alloys: (i) as LDHs nanocontainers loaded with vanadate,
phosphate and 2-mercaptobenzothiazolate [57] and nanostructured
double Mg/Al and Zn/Al hydroxides with divanadate anions on AA2024
[58], (ii) as nanocontainers loaded into sol–gel coatings [59] and as
binary layers comprising LDH conversion layer loaded with vanadate
[60] and other inhibitors [37,61,62] and covered with a sol–gel layer,
(iii) as epoxy-based composite coating containing Al flakes covered with
vanadate-doped polypyrrole on AA2024-T3 [63], (iv) in the form of
conversion coating on AA2024-T3 [46,64,65], and (v) as post-treatment
for anodized Al and AA2024-T3 [66]. In addition to aluminium alloys,
vanadate as an inhibitor or conversion coating was studied on Zn [43,
67], Mg alloys [68,69], and hot-dip galvanized steel [70].

An advantage of vanadate is the possibility of self-healing, which has
been demonstrated as conversion coating tested in a scratch test [46], or
LDH conversion inner layers [57–59], thus achieving similar action as
traditional chromate coatings [1].

Literature review shows that the possibilities of using molybdate and
vanadate as individual inhibitors, conversion coatings, or in different
synergistic combinations as inhibitors, nanocontainers or bilayers are
broad and still open to numerous research options. On aluminium alloys,
the majority of studies have dealt with AA2024-T3, with Cu-rich IMPs
being the main promotor of localized corrosion. In the present study, we
used clad AA2024-T3 since no previous study has been performed on
this substrate concerning molybdate and vanadate. Generally, the
cladding layers (Alclad) are selected as anodic to the core metal, thereby
providing corrosion protection. Alclad sheet is widely used in applica-
tions requiring a combination of good mechanical properties and good
corrosion resistance, as in the manufacture of commercial aircrafts.

Table 1
Data on toxicity and carcinogenicity for sodium chromate, vanadate and
molybdate [10–12].

Compound LD50 oral [mg/
kg]

LC50 inhalation [mg/
m3]

Carcinogenicity

Sodium chromate 136 (rat) 104 (rat) Group 2B
Sodium vanadate 330 (rat) Not listed Group 2B
Sodium
molybdate

4000 (rat) >2080 Group 1

2 This chemical is not considered hazardous by the 2012 OSHA Hazard
Communication Standard (29 CFR 1910.1200) [10].
3 This chemical is considered hazardous by the 2012 OSHA Hazard

Communication Standard: Acute oral toxicity: 4; Skin and eye irritation: 2;
Specific target organ toxicity: 3, where the number represents the category, 1 is
the most and 4 the least hazardous [11].
4 This chemical is considered hazardous by the 2012 OSHA Hazard

Communication Standard (29 CFR 1910.1200): Acute oral toxicity: 3; Acute
dermal toxicity: 4; Acute Inhalation toxicity: 2; Skin Irritation: 1B; Eye irrita-
tion: 1; Respiratory senzitation: 1; Skin senzitation: 1; Carcinogenicity: 1A;
Germ cell mutagenicity: 1B; Reproductive toxicity: 1B; Specific target organ
toxicity (single exposure): 3; Specific target organ toxicity (repeated exposure),
where the number represents the category, 1 is the most and 4 the least haz-
ardous [12].
5 Lethal dose (LD50) is the amount of a chemical that is lethal to one-half (50

%) of the experimental animals exposed to it.
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2. Experimental

2.1. Equilibrium and fraction diagrams

Equilibrium diagrams log(c) vs. pH and fraction diagrams of mo-
lybdenum and vanadium species in solution were constructed using
Hydra/Medusa software programme, which already contains data on
equilibrium constants at 25 ◦C [71]. Species present in the solution were
selected at determined concentration.

2.2. Material and chemicals

The chemical composition of clad aluminium alloy AA2024-T3 was
provided by supplier Kaiser Aluminium, Trentwood, USA, as 4.35 wt.%
Cu, 1.33 wt.%Mg, 0.53 wt.%Mn, 0.25 wt.% Fe, 0.19 wt.% Cr, 0.09 wt.%
Si, 0.08 wt.% other elements, and 93.18 wt.% Al. The cladding process
included clad liner plates, cast and rolled, assembled and heated as a
unit with AA2024-T3. Flat sheets, 0.5 mm thick, were cut into 1.5 cm ×

1.5 cm samples. The clad layer is made of AA1230 alloy consisting of
≥99.3 wt.% Al, ≤0.70 wt.% Si + Fe, ≤0.10 wt.% Zn, ≤0.10 wt.% Cu,
≤0.05 wt.% Ti, ≤0.05 wt.% V, ≤0.05 wt.% Mg, ≤0.05 wt.% Mn and
≤0.03 wt.% other. According to the supplier, the minimum average clad
thickness is 4 %, ca. 20 μm.

Before each measurement, the samples were first water-ground on
SiC papers sequentially to 4000 grit; samples were then rinsed with
deionized water, cleaned in ethanol in an ultrasonic bath for 2 min and
dried with a nitrogen stream. Samples were then subjected to diamond
grinding on an MD-Piano 1200 disc using a DP-Lubricant Blue non-
water-based lubricant liquid, followed by the same cleaning step as
after the first grinding step. All grinding items were supplied by Struers
(Ballerup, Denmark).

The corrosive medium was 0.1 M NaCl solution (pH = 5.9) prepared
using sodium chloride, NaCl (≥99.5 %, Fischer Scientific) and Milli-Q
Direct water with 18.2 MΩ⋅cm resistivity at 25 ◦C (Millipore, Billerica,
MA). Sodium molybdate dihydrate Na2MoO4⋅2H2O (abbreviated
Na2MoO4, ≥99.5 % Honeywell Fluka) and sodium vanadate, NaVO3
(≥98 %, Aldrich) were tested as potential corrosion inhibitors. Other
chemicals used were absolute ethanol, EtOH (Carlo Erba), sodium hy-
droxide, NaOH (≥99 %, Merck), and hydrochloric acid, HCl (37 %,
Honeywell Fluka) for pH regulation.

Na2MoO4 and NaVO3 were added to 0.1 M NaCl at concentrations
0.5, 1, 5, 10, 50, 100, 150 and 250mM. Depending on the concentration,
the addition of Na2MoO4 changed the pH of 0.1 M NaCl from 5.9 to 9.2,
and the addition of NaVO3 from 5.9 to 7.2. An 827 pH Lab Metrohm pH
meter was used for measurements.

2.3. Electrochemical measurements

Electrochemical measurements were conducted with an Autolab
PGSTAT 204 potentiostat/galvanostat controlled by Nova 2.0 software.
Measurements were performed in aerated 0.1 M NaCl at room temper-
ature in a three-electrode corrosion cell (PAR Flat cell K0235, volume
250 mL). Working and counter electrodes were placed in a hole on each
end plate of the cell. Samples, pressed against the central hole of the wall
using an encapsulated silicone o-ring and with an exposed nominal area
of 1 cm2 to corrosive medium, served as working electrodes. A platinum
mesh was used as a counter electrode. The reference electrode bridge
tube is a vertical tube with an Ag/AgCl/saturated KCl electrode (E =

+0.197 V vs. standard hydrogen electrode, SHE).
Before measurement, all substrates were allowed to stabilize for 2 h

in electrolyte solution under open circuit conditions. In some experi-
ments, a stabilization time of 12 h was used. The stable, quasi-steady
state potential, open circuit potential, Eoc, is taken as being estab-
lished when the potential does not vary more than ±3 mV/min. The
linear polarisation measurements were performed in a potential range of
±10 mV vs. Eoc, using a 0.1 mV/s potential scan rate. The polarisation

resistance (Rp) values were deduced from the slope of fitted current
density vs. potential curves. Potentiodynamic measurements followed,
starting at 250mV negative to Eoc and increasing in the anodic direction.
The potential scan rate was 1 mV/s. The corrosion current density (jcorr),
corrosion potential (Ecorr) and anodic and cathodic Tafel slopes (βa and
βc) were determined from anodic and cathodic Tafel curves using Nova
software 2.1. The breakdown potential (Ebr) was determined as the
potential of an abrupt increase in anodic current density. The potential
span between Ecorr and Ebr is defined as ΔE = |Ecorr − Ebr| and is taken as
a measure of susceptibility to pitting corrosion, i.e., the larger the extent,
the smaller the susceptibility. Measurements were repeated at least three
times to ensure reproducibility. Representative potentiodynamic curves
(determined based on at least two close repetitions) are presented in
plots; electrochemical parameters deduced from representative mea-
surements are given in tables.

2.4. Surface analysis

A scanning electron microscope (SEM) JSM 7600-F (JEOL) and an
energy dispersive X-ray spectroscopy (EDS) INCA 350 (Oxford In-
struments) were used to analyse the morphology and composition of the
samples’ surfaces. SEM analysis was carried out using secondary elec-
trons (SE mode) and backscattered electrons (Compo mode) at an ac-
celeration voltage of 15 kV. Before analysis, samples were not coated.

Selected analyses were conducted using field-emission SEM/EDS. FEI
Helios Nanolab 650 microscope, equipped with EDS (Oxford In-
struments Aztec system with X-max SDD detector), was employed to
deposit two Pt protection layers—electron-beam-assisted and ion beam
(Ga+)-assisted ones with thicknesses of 0.2 and 1 µm, respectively. A
trench was then opened by milling under rough conditions with Ga+

ions of 2.5 nA at 30 kV, followed by rough polishing (0.77 nA, 30 kV)
and fine polishing (0.4 nA, 30 kV). Within the trench, the cross-section
across the S-phase and the substrate was analysed by SEM-EDS in SE
mode at an accelerating voltage of 5 kV.

X-ray photoelectron spectroscopy (XPS) analysis was performed
using a PHI 5600 (Physical Electronics, US) spectrometer with an X-ray
source Al Kα (1486.6 keV). The diameter of the analyzed spot at the
sample was 0.8 μm × 0.8 μm. Energy and time resolution were 0.2 eV/
scan and 25 s/scan, respectively, and the pass energy was 23.5 eV. The
position of the peaks was adjusted to that of the C 1s peak at a binding
energy (Eb) of 284.8 eV, and the Multipak software, version 8.1 (Phys-
ical Electronic Inc), was used. Carbon as an adventitious element was
not considered when calculating the surface elemental composition.

The fitting procedure was carried out using an XFIT programme
[72]. It allowed signals to be evaluated by determining peak positions,
height, width and the ratio representing the Gaussian/Lorentzian na-
ture of the peak. The border positions were fixed by parameters of
standard peaks.

3. Results and discussion

3.1. The aqueous chemistry of molybdenum and vanadium

In a chemical sense, molybdenum and vanadium are very complex.
Although the passivity ranges of Mo and V are not very broad, and as
such, they would not be very interesting for corrosion protection [1,73].
The chemistry of their aqueous anions is versatile and offers a broad
range of possible chemical and electrochemical reactions. Molybdate
(MoO42− ) and vanadate (VO43− ) anions belong to transition elements
under high oxidation states, i.e. V(V) and Mo(VI), and in their maximum
oxidation state, in an alkaline medium, exist as tetraoxo monomers
[MO4](8− z)− [74]. These oxygen cluster anions of early transition metals,
polyoxometalates (POMs), can be divided into isopolyoxymetalates and
heteropolyoxometalates, depending on whether they contain only
transition anion (isopoly-) or additional hetero anion (heteropoly-, e.g.
phosphorus or silicon). Depending on the pH, condensation of vanadate
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leads to pyro-, meta- and decavanadate formation, whereas molybdate
condenses to para- and octamolybdates [74,75].

Fig. 1 presents fraction diagrams of species vs. pH constructed using
the Medusa programme for Na2MoO4 concentrations of 1, 10, 50 and
150 mM. Diagrams for all concentrations investigated given as equilib-
rium diagrams log(c) vs. pH are shown in Fig. S1 in the Supplement.

At pH > 6, molybdate tetraoxo [MoO4]2− monomer ions are a pre-
vailing species [13]. At more acidic pH, at pH < 5, protonated
[HMoO4]− and H2MoO4 are formed. Upon the addition of concentrated
nitric acid, yellow hydrated molybdenum(VI) oxide precipitates as
MoO3⋅xH2O (also denoted as molybdic acid H2MoO4⋅H2O).

The acidic region is characterised by the formation of polynuclear
species (see Figs. 1 and S1), especially at higher Mo concentrations
(>10− 4 M). The predominant species is heptamolybdate (para-
molybdate), formed according to [74]:

7 [MoO4]2− + 8H+ ⟶ [Mo7O24]6− + 4H2O (1)

Between pH 5 and pH 3, these species coexist with their protonated
forms [HMo7O24]5− (pK = 4.4), [H2Mo7O24]4− (pK = 3.5),
[H3Mo7O24]3− (pK = 2.5) [13,74]. The formation of polynuclear species
involves a change in Mo coordination from tetrahedral to octahedral.

It should be noted that thermodynamic data for Mo species vary
depending on the databases used [76], especially concerning consider-
able variation in the dominant polynuclear species present at high Mo
concentrations and low pH and the range of stability of intermediate
HMoO4− species.6

In the investigated concentration range between 0.5 mM and 250
mM, the pH of the NaCl solution with added molybdate is between 7 and
9.2, where [MoO4]2− is predominantly stable (see Fig. 1). Polynuclear
Mo species are formed at pH lower than 7 and do not contribute
significantly at the pH of tested solutions. The increase in molybdate
concentration is related to the increase in pHmainly due to the increased
contribution of MoO42− and HMoO4− . The former strongly increased at
concentrations higher than 50 mM. Under those conditions, the contri-
bution of HMoO4− also increased.

Fig. 2 presents fraction diagrams of species vs. pH constructed using
the Medusa programme for NaVO3 concentrations of 1, 10, 50 and 150
mM. Diagrams for all concentrations investigated given as equilibrium
diagrams log(c) vs. pH are shown in Fig. S2 in the Supplement. Vanadate
exists in several aqueous species [47,50,73,74,77]. At high pH values
(pH < 13), orthovanadate (VO43− ) and VO3OH2− species dominate in all
solutions. At pH between 9 and 12, orthovanadate can combine to form
pyrovanadates [V2O74− , HV2O73− , and VO3(OH)2− ] [74]:

2 [VO4]3− + 2H+ ⟶ [V2O7]4− + H2O (2)

2 [VO3(OH)]2− ⟶ [V2O7]4− + H2O (3)

Between pH 6 and 9, metavanadates [V3O93− , V4O124− , V5O155− , VO
(OH)3 and VO2(OH)2− ] can form [47,74]:

4 [VO4]3− + 8H+ ⟶ [V4O12]4− + 4H2O (4)

4 [VO2(OH)2]− ⟶ [V4O12]4− + 4H2O (5)

Both ortho- and pyrovanadates are colourless. As the concentration
of sodium vanadate increases in strongly basic solutions, the concen-
tration of V2O74− increases. By acidification from pH 3 to 6, the vanadate
solution becomes orange or red due to the formation of octahedral
decavanadates [74].

10 [VO4]3− + 25H+ ⟶ [HV10O28]5− + 12H2O (6)

5 [VO2(OH)2]− + 5 [VO(OH)3] ⟶ [HV10O28]5− + 12H2O (7)

In strongly acidic solutions (pH < 3), pervanadyl VO2+ and VO(OH)3
dominate [74].

In the investigated concentration range between 0.5 mM and 250
mM, the pH of the NaCl solution with added vanadate is between 6 and 7
and does not change significantly with concentration (see Fig. 2). At
these pH values, the metavanadates VO2(OH)2− , V3O93− and V4O124−

dominate in the solution. At higher concentrations of sodium vanadate
in the solution, an increase in V3O93− ions was observed. At concentra-
tions higher than 50 mM, condensation of vanadate ions occurs in the
solution, forming metavanadates V4O124− and also decavanadates
V10O286− . The solution coloured pale orange and became dark orange
with time, the colour characteristic of decavanadates.

3.2. The effect of molybdate and vanadate anions added to NaCl on the
electrochemical behaviour

The potentiodynamic polarization curve for clad AA2024-T3 in 0.1
M NaCl is given in Fig. 3. After 2 h, Eoc was stabilized at − 0.71 V.
Deduced electrochemical parameters are presented in Table S1. Polari-
zation resistance (Rp) with 54 kΩ cm2 is higher than that of unclad
AA2024-T3 with Rp of 16 kΩ cm2 [78]. The polarization curve also
confirmed improved corrosion resistance of the clad alloy due to the
passive range with width (ΔE) of 160 mV limited by the breakdown
potential at − 0.58 V. In comparison, bare AA2024-T3 exhibits ΔE of
only 30 mV and six times larger corrosion current density (jcorr) [78]: 1.9
μA cm− 2 compared to 0.31 μA cm− 2 (see Table S1). The cathodic po-
larization curve is related to the reduction of dissolved oxygen, and the
anodic part is to the oxidation of aluminium in the clad, resulting in the
formation of aluminium oxide. It assures protection in the passive range
before the abrupt increase of the current density at the breakdown po-
tential (Ebr) due to the localized corrosion induced by chloride ions [79].

Potentiodynamic polarization curves recorded in 0.1 M NaCl with
added Na2MoO4 in the range from 5 mM to 250 mM are shown in Fig. 3.
Related electrochemical results are presented in Fig. 4 and Table S1.
Electrochemical parameters of molybdate addition show two distinct
regions of linearity. The straight lines of jcorr as a function of the loga-
rithm of molybdate concentration, log cmolybdate, show two distinct re-
gions (Fig. 4a). In the concentration range from 0.5 mM to 50 mM (log
− 3.3 and − 1.3), jcorr decreased with increasing concentration from 0.19
to 0.13 μA cm− 2. However, at larger concentrations, jcorr increased
rather steeply and reached 1.6 μA cm− 2 at 250 mM (log − 0.6). Inter-
estigly, for cmolybdate ≤ 50 mM, Ecorr shifted slightly more positively,
while at higher concentrations, the trend reversed, attaining a steep
negative slope (Fig. 4b). For Ebr, the trend was just the opposite; a steep
positive slope accompanied concentrations above 50 mM (Fig. 4c).
Consequently, due to the negative shift in Ecorr and positive shift in Ebr,
ΔE extended considerably for cmolybdate> 50 mM (Fig. 4d), reaching 920
mV at 250 mM Na2MoO4 (Fig. 3). However, the broadening of ΔE was
accompanied by increased jcorr.

Two distinct regions of linear dependency of electrochemical pa-
rameters on molybdate addition can be related to the change in pH
(Fig. 4e) and the change in aqueous chemistry (Fig. 2), as discussed in
the text above. For cmolybdate ≤ 50 mM, NaCl solution’s pH with added
Na2MoO4 is between 6.9 and 7.6. However, for cmolybdate > 50 mM, pH
steeply increased to 9.2. When relating these findings with chemical
equilibrium diagrams in Fig. 2, it is evident that the increase in pH is
related to increased content of MoO42− and HMoO4− at cmolybdate > 50
mM.

Potentiodynamic polarization curves recorded in 0.1 M NaCl with
added NaVO3 in the range from 5 mM to 250 mM and related electro-
chemical results are presented in Fig. 5. Related electrochemical results
are presented in Table S2 and Fig. 4, together with those for molybdate.
In contrast to molybdate, the dependences of electrochemical parame-
ters follow the same linearity trend in the whole concentration range
investigated. The dependence of jcorr on the logarithm of vanadate
concentration, log cvanadate, is linear (Fig. 4a), giving a declining straight

6 The OECD Nuclear Energy Agency (NEA) Thermochemical Database Project
(TDB) is currently running a project of reviewing thermodynamic data on Mo
and expected to be published next year.
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line of jcorr = − 0.006 log cvanadate + 0.11, i.e. with a similar slope as for
the addition of molybdate in the same concentration range. The
dependence of Ecorr on the log cvanadate is also linear (Fig. 4b), giving a
relationship Ecorr= 0.075 log cvanadate − 0.59 with Ecorr ranging between
− 0.74 V and − 0.66 V. A similar trend is observed for Ebr: it shifted in the
positive direction from − 0.61 V to − 0.53 V (Fig. 4c). Since the negative
trend of Ecorr with increasing cvanadate is steeper than a concomitant
positive trend of Ebr, ΔE does not increase substantially with increasing
concentration but remained within − 30 mV and+ 80 mV relative to the
value in noninhibited NaCl solution (i.e. ΔE = − 0.041 log cvanadate +
0.092, Fig. 4d). However, both cathodic and anodic current densities are
reduced reflecting that VO3− acts as a mixed inhibitor but with a more
substantial effect on the anodic side at cvanadate ≥ 50 mM.

Depending on the concentration, the addition of NaVO3 in 0.1 M
NaCl increased the pH from 5.9 to 6.3 (at 5 mM) and 7.2 (at 250 mM)
(Fig. 4e). Although the pH does not change significantly, the chemical
equilibrium diagrams (Fig. 2) show that the increase in concentration is
related to increasing concentration of metavanadate V4O124− and also
decavanadate V10O286− .

Fig. 6 compares polarization curves recorded in 0.1 M NaCl with and
without added NaVO3 and Na2MoO4 for each concentration separately.
Notably, up to 50mM vanadate andmolybdate anions have similar effects
on the electrochemical response of clad AA2024-T3. Additions above 50
mM, however, resulted in a substantial extension of ΔE for molybdate but
at the expense of somewhat higher current densities. For vanadate, ΔE
followed the same trend as at smaller concentrations, but jcorr further
decreased. Therefore, it seems that for c > 50 mM, the inhibition by
vanadate ions has a more significant effect on the corrosion current
density and by molybdate ions on the extension of the passive range.

At 150 mM additions of vanadate and molybdate to 0.1 M NaCl so-
lutions the effect of immersion time at Eoc and the effect of solution pH
were also investigated. Prolonged immersion at Eoc from 2 to 12 h
slightly improved the electrochemical parameters for vanadate, with
jcorr reducing from 0.05 to 0.03 μA cm− 2 and Ecorr shifted negatively for
20 mV (see Fig. 7 and Table S3). For molybdate, however, the effect was
more substantial: not only that ΔE increased from 740 mV to 950 mV,
but jcorr reduced. Therefore, the action of molybdate improves with
immersion time, indicating that the inhibition process is dynamic and
involves sequential reactions.

The pH value of the solution is an essential parameter for the overall
inhibition effect (see Fig. 8 and Table S4). With addition of 50 mM of
NaVO3 and Na2MoO4 to 0.1 M NaCl with the pH value of 5.9, the pH
value of the solution changed to 7.1 and 8.9, respectively. In addition to
investigating the solutions with naturally attained pH after vanadate
and molybdate addition, the measurements were also carried out in two
solutions with adjusted pH values: for vanadate, pH was adjusted to 5
and 9, and for molybdate to 5 and 7. In a more acidic solution (pH 5), the
polarization curve in solution with 0.1 M NaCl and 150 mM NaVO3
shifted to higher current densities with no notable inhibition effect. In a
more alkaline solution (pH 9) than natural pH (pH 7.1), Ecorr shifted to
more negative values, leading to the broadening of ΔE from 120 mV to
240 mV. Therefore, a slightly higher pH than the natural one is still
suitable for the inhibiting action of vanadate on clad AA2024-T3.

For the molybdate solution, the pH effect was more pronounced (see
Fig. 8 and Table S4). A decrease in pH from 8.9 to 7 resulted in a loss of
inhibition effect, while at pH 5, it acted as an activator, similar to vana-
date. Therefore, the best inhibitive effect of both vanadate and molybdate
was achieved at the natural pH attained after adding these ions.

Fig. 1. Fraction vs. pH for species at selected concentrations of Na2MoO4 (1, 10, 50 and 150 mM) in 0.1 M NaCl solution. The diagrams were generated using Medusa
software. Equilibrium log(c) vs. pH diagrams calculated for all concentrations investigated are given in Fig. S1.
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3.3. The effect of molybdate and vanadate anions added to NaCl
solutions on the composition and morphology of the sample surface

3.3.1. SEM/EDS
SEM images of the samples’ surface are given in Fig. 9 for as-

prepared diamond-ground sample and samples immersed for 2 h in
0.1 M NaCl, 0.1 M NaCl+ 150 mM NaVO3 and 0.1 M NaCl+ 150 mM
Na2MoO4. The composition deduced from EDS spectra taken at different
spots at the surface is given in Table 2. The diamond-ground sample
shows a smooth matrix surface with IMPs within the clad layer (Fig. 9a).
AA1230 alloy clad layer contains over 99.3 wt.% Al (Table 1, site 1);
IMPs are based mainly on Fe and Si (sites 2 and 3), with the size of
between several hundred nanometres and 1 μm. Those containing Fe
appear bright in Compo mode (site 2), and those containing mainly Si
(site 3) appear similar to the matrix as they are much lighter than Fe. At
some spots, the oxygen concentration was larger (site 3), indicating that
these spots are preferentially spontaneously oxidized.

After 2 h immersion in 0.1 M NaCl, the sample surface was covered
with a thicker oxide layer, exhibiting a nodular-like morphology
(Fig. 9b). The layer was mainly homogenous when imaged in SE mode,
but defects in the form of trenching occurred at several spots, as visible
in Compomode. Trenching is related to the corrosion process in chloride
solution. EDS analysis confirmed that these spots are Fe-rich IMPs (sites
5 and 6), representing cathodic sites relative to the surrounding matrix
surface (site 4). Due to the excessive formation of hydroxyl ions, the
surrounding matrix surface dissolves, forming trenches [80]. The more
detailed images of Fe- and Fe-Si IMPS are given in Fig. S3.

After immersion for 2 h in the solution containing vanadate ions, the
surface appeared non-corroded, confirming the inhibition action of
vanadate ions (Fig. 9c). The layer morphology is rather smooth, almost
like the diamond-ground sample’s (Fig. 9a). At IMPs, a low

concentration of vanadium was detected (site 8). In contrast, at the
matrix, no V could be detected using EDS, indicating that, if present, the
layer of vanadium oxide was too thin to be detected using a 15 kV beam
(site 7). EDS analysis was conducted at different acceleration voltages
(Fig. S4) and could be detected only at IMPs at 7 kV but not at 5 kV;
however, the quantification of V concentration is unreliable due to
significant errors. Therefore, EDS is not an appropriate technique for
characterising such a thin layer. Instead, XPS was used, as shown in the
text below.

A different situation is encountered for molybdate ions (Fig. 9d).
After immersion for 2 h, the surface also appeared non-corroded,
without trenching, confirming that added molybdate ions act inhibi-
tory. The layer appeared thick since no polishing mark could be
observed. The layer consisted of differently-sized nodules, as observed in
the SE image. The Compo image shows that the layer grown above IMPs
(site 11) was rich in Mo, reaching up to 15 at.% (Table 2). A high oxygen
concentration of 61 at.% (compared to ca. 7 at.% in uninhibited solu-
tion) confirms the formation of an abundant oxide layer, mainly related
to molybdenum oxide. At the same time, the concentration of Al was
reduced to 16 at.% indicating that the molybdenum oxide formed is
overlying the Al oxide. At another IMP, Fe-Si-based (site 10), the Mo
concentration was smaller, indicating that the growth of the layer is
strongly dependent on the electrochemical activity of the sites at the
surface and is thicker at the most active IMPs. Additional proof for
substantial layer thickness is cracking around IMPs. At the matrix (site
9), the Mo concentration is smaller than at IMPs but detectable by EDS,
in contrast to the layer formed in the vanadate solution (Fig. 9c).

The formation of the layer formed in the presence of molybdate was
analysed further using different acceleration voltages and cross-section
analysis. Fig. 10 shows the sample surface imaged and analysed by
EDS at 5 kV and 15 kV (Fig. 10). When imaged at a smaller voltage of 5

Fig. 2. Fraction vs. pH for different concentrations of NaVO3 (1, 10, 50 and 150 mM) in 0.1 M NaCl solution. The diagrams were generated using Medusa software.
Equilibrium log(c) vs. pH diagrams calculated for all concentrations investigated are given in Fig. S2.
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kV, the analysing depth is smaller (Fig. 10a). Accordingly, detected
concentrations of Mo are higher, around 20 at.% (Table 3). The layer
was homogeneous throughout the matrix, but cracking appeared at sites
where the layer formed above IMPs, i.e., where it is thicker (site 2).
Again, this confirms the IMPs act as initiation sites of molybdate layer
formation, which then spreads all over the matrix. When imaged at 15
kV (Fig. 10b), i.e. with larger analysing depth, the concentration of Mo
can still be detected at all sites, i.e. at the matrix and at smaller (sites 4
and 6) and larger domes (site 5). Importantly, at the largest Mo-
containing spot, Fe was detected, proving that the layer was the thick-
est when formed above Fe-containing IMP (site 5).

The cross-section analysis was conducted on one of the thicker spots
(domes) at the surface, as presented in Fig. S5. Once the material was
removed, the cross-section showed that the thick dome was formed
above Fe-Si-containing IMP within the clad layer. SEM images of the
cross-section are presented in Fig. 11; results of complemented EDS

analysis conducted at the numbered spots are presented in Table 4. The
large dome, ca. 0.7 μm thick, contained predominantly Mo-oxide and
some Al (Fig. 11a, spot 1). The presence of some Al within the dome
(Table 4) suggests its selective dissolution from the Fe-Si IMP; on its
outward path, it is trapped with a growing Mo-oxide layer. The edge of
IMP within the dome is also covered by Mo-oxide (site 4 given in detail),
but is concentration is lower than within the dome and similar to that at
the outside matrix (sites 5 and 6 in Fig. 11b). The dome is edged by
cracks (marked by blue arrows) formed probably due to internal stress
within the thick and fast-growing dome. The surrounding matrix is
covered by a homogeneous Mo-oxide layer, but its thickness, ranging
around 100–150 nm, is much smaller than above IMPs (Fig. 11b).

The cross-section at the middle of the dome was further described by
EDS line analysis. EDS spectra recorded at site 1 (dome), site (4) (in-
termediate area between IMP and dome), and sites 5 and 6 (matrix) are
presented in Fig. 11c. Interesting behaviour is observed in the

Fig. 3. Potentiodynamic polarization curves recorded for clad AA2024-T3 in 0.1 M NaCl solution and with added Na2MoO4 in the concentration range from 0.5 mM
to 250 mM. Measurements were made in an aerated solution at room temperature after stabilization at open circuit potential for 2 h. dE/dt = 1 mV/s. Deduced
electrochemical parameters are presented in Fig. 4 and Table S1.
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intermediate area (4); here Al oxide prevails over Mo-oxide indicating
that the top of Fe-Si-IMP was subjected to selective dissolution of Al.
Since IMPs are spots where a cathodic oxygen reduction reaction occurs,
dissolved Al ions can be precipitated as Al-hydroxide in an alkaline
environment. A similar mechanism, including selective dissolution of Al
and Mg from Fe- and Mg-based IMPs, was noticed during the forming of
cerium conversion layers on AA7075 [81]. On the contrary, with the
dome (site 1), Mo-oxide is a predominant oxide.

Elemental EDS mapping across the middle of the dome and under-
lying IMP is presented in Fig. 12. Elemental mapping confirms that the
bottom part, i.e. IMP, consists of Al, Fe and Si. Mo and O are the main
elements in the dome area.

3.3.2. XPS
The composition of surface layers deduced from XPS spectra is pre-

sented in Table 5, and survey spectra are presented in Fig. S6. Spectra
were recorded on diamond-ground clad AA2024-T3 and after immersion
for 2 h in 0.1 M NaCl with and without added Na2MoO4 and NaVO3. The
as-prepared surface contained only Al and O; after immersion in NaCl,
some Cl was also detected. When formed in NaCl with added inhibitors,
the signal of Al was less intense, especially for molybdate. Since the
analysis depth of XPS (<10 nm) is much smaller than for EDS (ca. 1 μm),
the Al signal indicates that either layers formed in inhibitor solutions are
thinner than 10 nm or that the layer formed is a mixture of Al and Mo-
and V-oxides, respectively.

Devonvoluted high-resolution spectra for Al 2p, O 1s, Mo 3d and V
2p are presented in Figs. 13 and 14. Details of component peak pa-
rameters (binding energy, width, tail parameters and Gaussian/Lor-
entzian ratio) and fitting procedure are given in Table S5. Al 2p spectra

were fitted using four peaks denoting Al metal centred at 71.5 eV,
suboxide AlOx at 73.4 eV, Al2O3 at 74.0 eV and Al(OH)3 at 74.8 eV,
respectively [82]. After grinding, surface oxide, a native oxide/hydr-
oxide layer of AlOx, Al2O3 and Al(OH)3 is formed, which is thinner than
10 nm since the peak of Al metal is still present (Fig. 13). Deconvolution
of O 1s peak was carried out using three peaks denoting oxide 530.1 eV,
hydroxide at 531.5 eV and adsorbed water at 532.5 eV, respectively
(Fig. 13). The hydroxyl contribution prevails over oxide [83].

After 2 h in NaCl, the Al metal peak disappeared, AlOx was reduced,
and the oxide contained mainly Al2O3 and Al(OH)3. In addition, a small
Cl 2p peak is identified, indicating that some chloride remained in the
layer (Fig. S7). The centres of Cl 2p3/2 and 2p1/2 peaks were located at
198.4 eV and 199.7 eV, which is consistent with the formation of
chloride compounds: CuCl (198.4 eV,199.1 eV), CuCl2 (198.7 eV, 199.2
eV, 199.4 eV) or, presumably, oxychloride [84].

With immersion in the molybdate-containing solution, the oxide
formation is even more pronounced than in the uninhibited solution.
The intensity of the Al 2p peak was reduced to only 4 at.%, and oxide
and hydroxide components of the O 1s spectrum increased due to the
formation of Mo-oxide (Fig. 13). We did not attempt to fit the O 1s peak
using component peaks of two oxides, i.e. Al- and Mo-oxide and relied
on metal peaks. The deconvolution of the Mo 3d spectrum (Fig. 14) is
demanding, as evidenced by a complex shape revealing that it is inte-
grated of peaks of more than one oxidation state. Therefore, the layer
formed is not univalent but consists of Mo species of different valencies.
Mo(VI) species exhibit 3d5/2 and 3d3/2 peaks at 232.5 eV and 235.6 eV
ascribed to MoO3 [19,26,85]. Mo(IV) species in the form of MoO2
exhibit 3d5/2 and 3d3/2 peaks at 229.3 eV and 232.5 eV, respectively
[85,86]. In addition, the 3d peak of Mo(IV) species is reported to be

Fig. 4. (a–d) Electrochemical parameters (jcorr, Ecorr, Ebr, ΔE) deduced from potentiodynamic polarization curves (Figs. 3 and 5) and (e) pH presented as a function of
the logarithm of the concentration of NaVO3 and Na2MoO4 added to 0.1 M NaCl (concentration in M).
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asymmetric, containing additional peaks ascribed to electron-pair ex-
citations around the Fermi level induced by the appearance of the core
hole, at 1.7 eV and 4.9 eV above the 3d5/2 peak [85]. These additional
peaks are broader than the main 3d5/2 and 3d3/2 peaks [85]. The
experimental spectrum for Mo 3d (Fig. 14) was deconvoluted using
synthetic component peaks in line with literature data, i.e. two peaks
related to Mo(VI) and four peaks related to Mo(IV) species. However,
even when deconvoluting the experimental Mo 3d spectrum using these
six component peaks, the agreement between the experimental and
fitted curve was still unsatisfactory, and another pair of peaks was
added, which can be justified by the literature [85]. This pair is provi-
sionally ascribed to mixed valence oxide close to Mo2O5 (as proposed in
ref. [85], or, possibly, with the incorporation of MoO42− species, as
proposed in ref. [19]). The final deconvoluted spectrum thus consisted
of eight peaks ascribed to Mo(IV) at 229.9, 231.0, 232.2 and 234.6 eV,
Mo(V) at 231.1 and 233.8 eV, and Mo(VI) at 233.0 and 235.9 eV. Based

on the area of component peaks used for the deconvolution, the distri-
bution of oxides is as follows: Mo(IV) oxide 50%,Mo(VI) oxide 33% and
Mo(V) oxide 17 %.

Moshier and Davis used six peaks (three doublets) to describe the
experimental spectra: MoO2, MoO42− and MoO3 with the 3d5/2 peaks at
229.7 eV, 231.6 eV and 233.4 eV, respectively [19]. At low MoO42−

concentrations and near neutral pH, the film consisted mainly of MoO2,
whereas at higher MoO42− concentrations, the film consisted mainly of
molybdate [19]. Lopez-Garrity and Frankel deconvoluted experimental
spectra using four peaks (two doublets) ascribed to MoO2 and MoO3
with the 3d5/2 peaks at 229.9 eV and 232.6 eV [26]. Kharitonov et al.
described the experimental spectrum using six peaks (three doublets) to
describe the experimental spectrum: MoO2, Mo2O5 and MoO3 with the
3d5/2 peaks at 229.2 eV, 229.9 eV and 232.7 eV, respectively [24]. Based
on these considerations, it is justified to conclude that the oxide layer
formed in molybdate solution contains oxides in at least two oxidation

Fig. 5. Potentiodynamic polarization curves recorded for clad AA2024-T3 in 0.1 M NaCl solution and with added NaVO3 in the concentration range from 0.5 mM to
250 mM. Measurements were made in an aerated solution at room temperature after stabilization at open circuit potential for 2 h. dE/dt = 1 mV/s. Deduced
electrochemical parameters are presented in Fig. 4 and Table S2.
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states, i.e. it is a mixed oxide of MoO2 and MoO3, possibly with the
incorporation of MoO42− species or intermediate oxide close to Mo2O5.
The reduction of Mo(VI) species, which proceeds preferentially over
Fe-Si-based IMPs which act as local cathodes [24,26], can take place
according to the reaction [87]:

[MoO4]2− + 4H+ + 2e− ⟶ MoO2 + 4OH− , E◦ = − 0.780 V vs. SHE(8)

To reveal the exact nature of the oxides within the layer is beyond the
scope of this study and would require additional surface analytical,
possibly in situ tools, since the composition may be affected by the ex-
situ nature of the sample preparation and air transfer to the
spectrometer.

Fig. 6. Potentiodynamic polarization curves recorded for clad AA2024-T3 in 0.1 M NaCl solution and with added NaVO3 and Na2MoO4 in the concentration range
from 0.5 mM to 250 mM. Measurements were made in an aerated solution at room temperature after stabilization at open circuit potential for 2 h. dE/dt = 1 mV/s.
Deduced electrochemical parameters are presented in Fig. 4 and Tables S1 and S2.
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After immersion in vanadate-containing NaCl solution, the intensity
of the Al 2p peak decreased and comprisedmainly Al(OH)3 (Fig. 13). The
increase in intensity at ca. 71 eV is related to the last part of V 3s peak
(denoted by arrow). Although no vanadium was identified by EDS
(Table 2), XPS analysis identified vanadium at the surface, confirming
that the layer formed was too thin to be detected by EDS (at least when
using15kV). Therefore, XPS confirmed the formationofVoxide (Fig. 14).
Experimental V 2p spectrum was deconvoluted using two 2p3/2–2p1/2
doublets, i.e. for V2O5 at 517.1 eV and 524.2 eV, and VO2 at 516.1 eV and
524.2 eV, in agreement with the literature [88,89]. These doubles ach-
ieved satisfactory agreement with experimental data, and we did not
introduce additional possible doublets related toV2O3with2p3/2 at 515.1
eV and V6O13 at 516.9 eV [88], also due to the relatively narrow Eb range
to achieve reliable data. XPS thus corroborated thatVoxide is formed in at
least two oxidation states, V(V) and V(IV). Based on the area of compo-
nent peaks used for the deconvolution, the distribution of oxides is as
follows: V(IV) oxide 43 %, V(V) oxide 57 %.

The present findings are in line with results by Kharitonov et al. [56],
who proposed a two-step mechanism of corrosion inhibition on
AA6063-T5 in which V(V) species are first reduced to V(IV) or V(III)
above cathodic IMPs and then oxidized to mixed-valence V(V)/V(IV)

polymerized compounds. V(III) species were detected by confocal
Raman spectroscopy, while XPS detected V(V) and V(IV) [56], as in the
present study. The following reaction was proposed for the reduction of
adsorbed vanadium(V) species [56]:

[VnO3n]n− + 2nH+ + ne− ⟶ nVO2 + nH2O (n = 3, 4, 5) (9)

The shape of O 1s in vanadate-containing solution differed from that
in uninhibited solution (Fig. 13); the peak centre shifted to lower Eb, and
the component oxide peak increased, indicating the formation of addi-
tional oxide. Since the concentration of Al was reduced to almost one-
half compared to the uninhibited NaCl solution, we can assume that at
least half of the oxide/hydroxide component is related to the formation
of vanadium oxide. As for molybdate, we did not attempt to fit the O 1s
peak using component peaks of two oxides, i.e. Al- and V-oxide, since
their positions are very closed and relied on the V 2p peak.

3.4. Corrosion inhibition mechanism of clad AA2024-T3 by molybdate
and vanadate anions

Differences in the behaviour of molybdate and vanadate as corrosion
inhibitors are related to both their aqueous chemistry and their

Fig. 7. Potentiodynamic polarization curves recorded for clad AA2024-T3 in 0.1 M NaCl solution with added (a) 150 mM NaVO3 and (b) 150 mM Na2MoO4 after
stabilization at open circuit potential for 2 h and 12 h. Measurements were made in an aerated solution at room temperature. Deduced electrochemical parameters
are presented in Table S3.
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behaviour as adsorbed species at the clad alloy surface. Milošev
described the differences in the corrosion mechanisms of molybdate
inhibition on Al metal and Al alloys [13]. Fig. 15a illustrates the possible
mechanism of molybdate inhibition (150 mM) on clad alloy containing
Fe-Si IMPs postulated based on the experimental evidence gained in this
study. The mechanism is similar to Al alloys, where the Al-oxide-covered
matrix acts as an anode, and Fe-Si IMPs are cathodic sites. On the
oxide-covered-Al matrix surface, the adsorption of Cl− and subsequent
formation of AlCl4− complexes generates defects or flaws in the Al oxide
layer, acting as the preferential adsorption sites for molybdate adsorp-
tion [21]. On the matrix, adsorption of molybdate does not necessarily
lead to its reduction but causes the blocking of flaws and, thereby,
corrosion inhibition. The adsorbed molybdate layer is thick, as evi-
denced by SEM. This is reflected in the Mo XPS 3d signal comprising ca.
half of Mo(VI) component (Fig. 14). In contrast, on Fe-Si IMPs, which
represent cathodic sites, adsorbed molybdate is partially reduced to Mo
(IV) oxide, thus rapidly leading to the mitigating of the cathodic activity
and thus inhibition of corrosion. The reduction proceeds to MoO2
and/or MoO⋅(OH)2 (Fig. 15b).

3MoO42− + 6H+ + 2Al → 3MoO2 + Al2O3⋅3H2O (10)

3MoO42− + 12H+ + 6e− ⟶ 3MoO⋅(OH)2 + 3H2O (11)

Reduced molybdate in (IV) form is not the final product. Based on
XPS data, it is evident that Mo oxide formed comprised not only Mo(IV)
but also (V) (and (VI). One plausible explanation is that the reduction to
Mo(IV) is followed by subsequent oxidation to Mo(V)/(VI), allowing the
formation of molybdenum oxide with several oxidation states.

The reduction of molybdate, however, leads to local acidification
[26]. Under acidic conditions, condensation and polymerisation of
molybdate species (Mo7O246− , Mo8O264− ) occur, as described in [13], and
subsequent oxidation to intermediate oxides such as Mo4O11 [26], re-
actions (1, 13, 14). It can be hypothesised that these polymerised oxides
are formed in trenches around the IMPs due to local acidification.

3MoO42− + 6H+ + 2Al ⟶ 3MoO2 + Al2O3⋅3H2O (12)

8MoO2 + 6H2O ⟶ 2Mo4O11 + 12H+ + 12e− (13)

5MoO42− + 14H+ + 14e− ⟶ MoO⋅(OH)2 + Mo4O11 + 6H2O (14)

The formation of a thick Mo oxide with varying oxidation and
polymerisation states, especially at concentrations above 50 mM, is
responsible for the effective inhibitive action on clad 2024-T3 alloy. This
is related to the significantly increased content of molybdate as a pre-
vailing species at pH 9 (Fig. 1). The oxide covers the whole sample

Fig. 8. Potentiodynamic polarization curves recorded for clad AA2024-T3 in 0.1 M NaCl solution with added (a) 150 mM NaVO3 (pH = 7) and (b) 150 mM Na2MoO4
(pH = 9). Measurements were conducted also in solutions with adjusted pH (5 and 9 for vanadate and 5 and 7 for molybdate). Measurements were made in an aerated
solution at room temperature after stabilization at open circuit potential for 2 h. Deduced electrochemical parameters are presented in Table S4.
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surface, matrix and IMPs and represents a strong barrier for the ingress
of chloride ions, reflected in a broad passive range.

In contrast to molybdate, the oxide layer formed in the presence of
vanadate in NaCl solution is much thinner in the comparative concen-
tration range. Despite that, it mitigates the dissolution in the region
around Ecorr, as evidenced by an almost one-decade smaller jcorr than in
the presence of molybdate (Fig. 6). However, this layer cannot with-
stand larger overpotentials, and the layer is susceptible to localized
breakdown at the same or slightly more positive potential as the unin-
hibited solution. Unlike in molybdate-containing solution, the increased
concentration does not lead to broadening the passive region. Namely,
in the investigated concentration range between 0.5 mM and 250 mM,
the pH of the NaCl solution with added vanadate is between 6 and 7 and
does not change significantly with concentration (Fig. 2) but affects the
jcorr, which is linearly reduced. Both molybdate and vanadate are pri-
marily anodic inhibitors.

Fig. 15b illustrates the possible mechanism of vanadate inhibition on
clad alloy containing Fe-Si IMPs. Under comparative conditions of
concentration and immersion time, there is a striking difference between
molybdate and vanadate in the thickness of the layer formed. For the
former, a thick layer is formed throughout the surface covering the
matrix and IMP, whereas for vanadate, a very thin layer was formed on
the matrix (not identifiable by EDS) and somewhat thicker at the IMPs.
Similar to molybdate, vanadate may adsorb at the flaws and blocks the
reactive sites at the matrix. Immersion time at Eoc produces a lesser ef-
fect on vanadate than on molybdate solution. This leads to the conclu-
sion that the kinetics of vanadate adsorption is vital for blocking the
defects in the oxide layer. The adsorption is more extensive at IMPs,
where a thin layer of V oxide is detected. The metavanadates are the
prevailing species at a pH value of around 7. XPS corroborated that V
oxide is formed in at least two oxidation states, V(V) [VO43− , V3O93− ,
V4O124− , VO2(OH)2− , VO3OH2− ] and V(IV) [V4O92− and V5O155− ]. However,

Fig. 9. SEM images recorded in Compo and SE modes are given on the left and right panels, respectively. Images were recorded on (a) diamond-ground clad AA2024-
T3 samples and after immersion for (b) 2 h in 0.1 M NaCl, (c) d) 2 h in 0.1 M NaCl+ 150 mM NaVO3 and (d) 2 h in 0.1 M NaCl+ 150 mM Na2MoO4. The acceleration
voltage was 15 kV. Numbers mark the spots where EDS analysis was carried out; the results are given in Table 2.
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at concentrations above 50 mM, the presence of decavanadates is pre-
dicted by the equilibrium diagrams (Fig. 2), which are known to be
ineffective inhibitors [26].

Metavanadates were proven effective inhibitors exhibiting strong
inhibition of ORR at a level similar to chromate [50]. The reduction of
metavanadate solution was very slow, so it was proposed that the in-
hibition is a consequence of the adsorption of the metavanadate and not

Table 2
Chemical composition (in atomic %) deduced by EDS analysis at enumerated
sites, tagged on the SEM images in Fig. 9.

Site Concentration (at.%)

Al O Si Fe V Mo Na

Diamond-ground sample
1 93.2 6.8 – – – – –
2 87.8 4.2 – 8.0 – – –
3 54.3 30.4 15.3 – – – –
Immersed for 2 h in 0.1 M NaCl
4 92.5 7.5 – – – – –
5 63.4 18.3 3.6 14.7 – – –
6 80.5 6.0 0.5 13.0 – – –
Immersed for 2 h in 0.1 M NaCl+ 150 mM NaVO3
7 95.2 4.8 – – – – –
8 77.3 12.5 2.1 7.8 (0.3) – –
Immersed for 2 h in 0.1 M NaCl+ 150 mM Na2MoO4
9 85.0 13.7 – – – 1.3 –
10 52.9 36.0 2.1 2.6 – 5.4 1.0
11 16.3 61.5 – 2.9 – 15.5 3.8

Fig. 10. SEM images recorded in Compo mode on diamond-ground clad AA2024-T3 samples after immersion for 2 h in 0.1 M NaCl+ 150 mM Na2MoO4. The
acceleration voltage was (a) 5 kV and (b) 15 kV. Numbers mark the spots where EDS analysis was carried out; the results are given in Table 3.

Table 3
Chemical composition (in atomic %) deduced by EDS analysis at enumerated
sites, tagged on the SEM images in Fig. 10. EDS analysis was conducted at 5 kV
(spots 1, 2) and 15 kV (spots 3–6).

Site Concentration (at.%)

Al O Fe Mo Na

Immersed for 2 h in 0.1 M NaCl+ 150 mM Na2MoO4
1 31.4 50.3 – 15.9 2.4
2 19.1 56.0 – 21.4 3.5
3 82.9 14.8 – 2.0 0.3
4 73.6 21.4 – 4.4 0.6
5 68.8 24.8 0.6 5.2 0.6
6 79.4 17.5 – 2.7 0.4
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from the formation of reduced species. Metavanadate was shown to
adsorb on the surface following a Langmuir isotherm with a critical
concentration of 0.05 mM [52]. Kharitonov et al. reported that after 24 h
immersion in NaCl containing 3 mM NaVO3, a micrometre-thick layer
was formed consisting of V(IV) and V(V) polymerized species, especially
on IMPs on AA6063-T5 [56]. It was suggested that V(V) is first reduced
to V(IV) or V(III) and then oxidized to a mixed-valence (V)/(IV) poly-
merized compound with an amorphous bottom layer and a crystalline
outer layer [56]. The precipitate film was thinner on the oxide-covered
Al matrix [56), similar to this study. In the present work, the film was
much thinner (2 h immersion), which was not indicative that prolonged
immersion time to 12 h significantly affected the effect.

A contributing factor to the better effectiveness of molybdate over
vanadate may be the higher pH of NaCl solution upon addingmolybdate,
reaching almost 9. Namely, it was reported that the Al passive oxide layer
is stable between 4 and 10 with an almost constant thickness of ca. 4 nm
[90]. In thepassive range, however, the chloride concentrationwithin the
layer decreased linearly as a function of pH, reaching a minimum at

Fig. 11. SEM images of the cross-section made across one of the larger domes of Mo-oxide, as shown in Fig. S5. (a) Mo-oxide dome (site 1) is formed above Fe-Si IMP
(site 2) within clad (site 3). Mo-oxide is also present at site 4, enlarged in red-marked detail. (b) The enlarged area of the site green-marked in (a) shows the Mo-oxide
layer (sites 5, 6) formed over the clad matrix where no IMP is present (site 7). Blue arrows mark the crack at the edge of the dome. SEM and EDS analyses were
conducted at 5 kV. Results of EDS analysis at marked numbered spots are presented in Table 4. (c) EDS spectra showing O, Al and Mo signals at sites 1, 4, 5 and 6.

Table 4
Chemical composition (in atomic %) deduced by EDS analysis at enumerated
sites, tagged on the SEM images in Fig. 11. The sum is not 100 % because Ga and
C were not considered in the table.

Site Concentration (at.%)

Al O Fe Si Mo Na

Immersed for 2 h in 0.1 M NaCl+ 150 mM Na2MoO4
1 17.8 41.4 – – 31.5 2.3
2 69.4 6.7 16.4 3.8 – –
3 92.4 4.4 – – – –
4 80.6 13.2 – – 5.0 –
5 27.7 32.7 – – 17.0 2.6
6 43.8 26.4 – – 15.0 2.0
7 92.4 4.2 – – – –
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around 10 [90]. Chloride deposition includes chloride accumulation on
the surface and in the passive film. This may imply that the number of
defects/ flawsmaybe smaller in the solution containingmolybdatewith a
pH of around 9 than that containing vanadate with a pH of around 7.

Finally, it should be noted that the identification of the exact nature
of the polymerised species is beyond the scope of this study and should
involve additional structure-sensitive techniques.

4. Conclusions

Aluminium alloy 2024-T3 clad with aluminium oxide (AA1023) is
susceptible to corrosion in chloride solutions, mainly due to interme-
tallic Fe-Si particles acting as cathodic sites on the surrounding Al oxide
matrix. Although molybdate and vanadate ions have been extensively
studied on other aluminium alloys, no study on clad AA2024-T3 has
been reported, especially a comparative study. Both ions are charac-
terised by a complex chemistry in aqueous solution involving mono-
nuclear and polynuclear ions and are highly dependent on pH and
concentration. In the concentration range tested (0.5–250 mM), vana-
dium is present in solution mainly as metavanadate, but also as

Fig. 12. SEM image of the cross-section with the area where EDS elemental mapping is made in the brown-marked rectangle. Elemental maps for Mo, O, Al, Fe and Si
are given in the lower raw.

Table 5
Chemical composition (in atomic %) deduced by XPS analysis (Figs. 13 and 14).

Concentration (at.%)

Al
(2p)

O
(1s)

Cl
(2p)

V
(2p)

Mo
(3d)

diamond-ground 20.1 79.9 – – –
2 h NaCl 20.0 77.8 2.2 – –
2 h in 0.1 M NaCl+ 150 mM
NaVO3

13.3 72.3 – 13.1 –

2 h in 0.1 M NaCl+ 150 mM
NaVO3

4.5 74.9 – – 17.7
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Fig. 13. XPS high-resolution spectra (Al 2p and O 1s) recorded on diamond-ground clad AA2024-T3 samples and after 2 h immersion in 0.1 M NaCl, 0.1 M NaCl+
150 mM NaVO3, and 0.1 M NaCl+ 150 mM Na2MoO4. Red cross—experimental data, dashed curve—fitted curve, solid lines—component peaks used for fitting.
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decavanadate at higher concentrations. While the former are efficient
inhibitors, the latter are not. The adsorption of metavanadates leads to
corrosion inhibition, but the greater proportion of decavanadates at
higher concentrations slows down the effect. In contrast, the effective-
ness of molybdate as a corrosion inhibitor increases steeply above 50
mM, as the species MoO42− and HMoO4− predominate at pH above 7.5.
Once adsorbed, they are involved in subsequent reduction reactions to
form Mo(IV) and possibly in reoxidation to form Mo(V)/(VI).

The potentiodynamic polarization curves for the cinhibitor ≤ 50 mM
are quite similar and show a slight decrease in jcorr and no significant
shift in Ebr compared to the uninhibited 0.1 M NaCl solution. However,
with a cinhibitor > 50 mM, molybdate leads to a strong expansion of the
passive region to 1.6 V, accompanied by an increase in jcorr. Increasing
the concentration does not change the trend for vanadate, which induces
a smaller jcorr but a much narrower passive range than molybdate. The
effect of molybdate benefits from the prolonged immersion in the open
circuit potential for 12 h; a small shift in the negative direction was

observed for vanadate. Both ions primarily inhibit the anodic reaction.
The pH value of the solution has a strong influence on the inhibitory

effect of the two ions. After addition of the highest vanadate concen-
tration, the pH value changes to 7.2. In contrast,the addition of mo-
lybdates at c > 50 mM shifts the pH value to 9.2 and thus contributes to
the stability of the natural Al oxide formed. The inhibitory effect of
molybdate at a natural pH of 9 decreases when the pH drops to 7. The
reverse is true for vanadate. Both ions become activators when the pH of
the solution drops to 5 due to the prevalence of polynuclear Mo species
and decavanadates, respectively.

SEM/EDS analysis confirms that the layers formed in 0.1 M NaCl
with 150 mM vanadate and molybdate differ greatly in thickness, with
the latter being much thicker. The formation of the V-oxide layer is
restricted to the Fe-Si-based IMPs, while the formation of the Mo-oxide
layer is distributed throughout the IMPs and the matrix, being thickest
on the former, as shown by the cross-section SEM. XPS analysis enabled
the speciation of the oxide layers formed and thus contributed to a better

Fig. 14. XPS high-resolution spectra (Mo 3d and V 2p) recorded on diamond ground clad AA2024-T3 samples after 2 h immersion in 0.1 M NaCl+ 150 mM Na2MoO4
and NaCl+ 150 mM NaVO3. Red cross—experimental data, dashed curve—fitted curve, solid lines—component peaks used for fitting.
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understanding of the inhibition mechanism. The reduction of molybdate
and subsequent oxidation to higher valence leads to the formation of the
oxide layer with mixed valences. Similarly, V oxide with mixed valences
of (IV) and (V) is formed. Identifying the exact nature of the polymerised
species is beyond the scope of this study and should involve additional
structure-sensitive techniques.
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[64] A.S. Hamdy, I. Doench, H. Möhwald, Intelligent self-healing corrosion resistant
vanadia coating for AA2024, Thin. Solid Films 520 (2011) 1668–1678, https://doi.
org/10.1016/j.tsf.2011.05.080.

[65] P. Wang, X. Dong, D.W. Schaefer, Structure and water-barrier properties of
vanadate-based corrosion inhibitor films, Corros. Sci. 52 (2010) 943–949, https://
doi.org/10.1016/j.corsci.2009.11.017.

[66] S. Liu, G.E. Thompson, P. Skeldon, Vanadate post-treatments of anodised
aluminium and AA 2024 T3 alloy for corrosion protection, Trans. Inst. Metal
Finish. 96 (2018) 137–144, https://doi.org/10.1080/00202967.2018.1419629.

[67] Z. Zou, L. Ning, D. Li, Corrosion protection properties of vanadium films formed on
zinc surfaces, Rare Metals 30 (2011) 146–149, https://doi.org/10.1007/s12598-
011-0214-8.

[68] Z. Feng, B. Hurley, J. Li, R. Buchheit, Corrosion inhibition study of aqueous
vanadate on Mg alloy AZ31, J. Electrochem. Soc. 165 (2018) C94–C102. http
s://iopscience.iop.org/article/10.1149/2.1171802jes/meta.

[69] T. Shulha, M. Serdechnova, S.V. Lamaka, X. Lu, C. Feiler, C. Blawert, M.
L. Zheludkevich, Corrosion inhibitors intercalated into layered double hydroxides
prepared in situ on AZ91 magnesium alloys: structure and protection ability, ACS
Appl. Mater. Interfaces 15 (2023) 6098–6112, https://doi.org/10.1021/
acsami.2c18675.

[70] Z. Gao, D. Zhang, X. Qiu, S. Jiang, Y. Wu, Q. Zhang, X. Li, The mechanisms of
corrosion inhibition of hot-dip galvanized steel by vanadyl oxalate: a galvanic
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