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Rare earth ions are amongst the most promising new generation corrosion inhibitors. This communication describes conditions
where, instead of inhibition, acceleration of corrosion occurs after rare earth salts are added to solution. The work was carried out
mainly with the Fe-Zn galvanic couple and different rare earth salts, using electrochemical techniques such as galvanic current
measurements, scanning vibrating electrode technique and linear sweep voltammetry (polarization curves). The increased activity
in the couple is associated to an unexpected cathodic reaction that is observed after adding the salts to solution. The new reaction
signifies supplementary oxidant species being reduced at the iron electrode (cathode), accelerating the oxidation of zinc (anode). The

nature of this cathodic process is discussed.
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Since the first description of the reduced corrosion rate of AA7075
in solutions containing small concentrations of CeCls,"? signifi-
cant progress has been achieved in identifying new rare earth (RE)
compounds with inhibiting properties, different forms of applica-
tion, and other metals and alloys for which RE ions can effi-
ciently reduce corrosion. In the following years various salts (chlo-
ride, nitrate, perchlorate, acetate, sulfate) of Ce, La, Y, Pr, Nd were
investigated,’’ and complex compounds were synthesized, includ-
ing dibutyl and diphenyl phosphates,® and rare earth carboxylate
complexes (salicylate, anthranilate, glycolate and cinnamate).” From
the initial additions to solution in low concentration,' RE com-
pounds were soon tested in conversion coatings,'®=* as sealants
in anodizing,’"* inhibitive pigments for organic coatings®®33 and,
more recently, inside nano/micro-reservoirs for incorporation in paint
formulations.’**° RE compounds were found to inhibit corrosion
in aluminum alloys, 248 10.1115.18-20.25.28.31-33.35-39 7inc and galvanized
steel,1022:242029.3430 masnesium alloys,'>?">%?"-3 mild and stainless
steels.>1>1*17 The inhibition mechanism has been attributed to the re-
action of RE ions with the OH™ ions generated at the cathodic sites,
which produces a precipitated oxide/hydroxide layer, covering the ca-
thodic area and blocking its activity.!*'~** A comprehensive account
of the progress on the use of RE compounds for corrosion protection
can be found in the book edited by Forsyth and Hinton.*’

In the course of the investigation with RE ions, the present au-
thors found many cases of successful corrosion inhibition using RE
ions, 33468 but also cases where corrosion was accelerated when RE
ions were added to solution.*’ This communication analyzes and dis-
cusses the conditions for this acceleration. Following Hayes et al.,”
in this work the term RE(III) refers to the oxidation state of RE in
hydrolyzed or oxide form whereas RE** refers to species that are, at
most, only weakly complexed with water.

Experimental

All solutions were prepared with distilled water and pro analy-
sis grade reagents. Electrodes were made with pure metals (99.9+%,
Goodfellow, UK) and carbon fiber reinforced plastic — (CFRP) — (65%
Tenax HT 24 K carbon fiber in an epoxy vinyl matrix). The metal rods
had diameters of 9.5 mm (Fe, Cu, Al) or 10 mm (Zn), and the CFRP rod
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had a diameter of 8 mm. Wires of 1 mm diameter (also from Goodfel-
low, UK) were used for the SVET measurements. The materials were
cast in epoxy resin and the mount surfaces were abraded down to SiC
P1200 grit paper, and finally rinsed with distilled water and ethanol.

Galvanic currents were measured with a zero-resistance ammeter
(ZRA) using a Gamry Interface1000E + Gamry Framework software
and are presented normalized by the cathode area. Polarization curves
(linear sweep voltammograms) were obtained with a PGStat 302N
Autolab potentiostat, at a scan rate of 1 mV s~!, in a 3-electrode
configuration, with pure iron or a 3 mm diameter platinum disk as
working electrode, a platinum wire as counter electrode and a satu-
rated calomel electrode (SCE) as reference. Some experiments were
performed with a rotating ring disk electrode (RRDE.PTPT, both plat-
inum) from Methrohm Autolab.

SVET measurements were performed with Applicable Electron-
ics Inc.’! equipment and controlled with the ASET software.’> The
SVET probe had a platinum black spherical tip of 10 pm in diameter,
and vibrated with 5 wm amplitude and 89 Hz frequency in the direc-
tion normal to the surface. Maps with 50 x 50 points were acquired,
100 wm above the surface.

Local pH was measured with a potentiometric microelectrode com-
prising a borosilicate glass micropipette (6 cm long and 1.5 mm diam-
eter) with one end thinned to ~ 2 pwm diameter tip, filled with 0.1 M
KCI + KH,PO, 0.01 M (internal solution), a silver|silver chloride wire
as internal reference electrode and a ~ 25 pwm column of pH selec-
tive gel (hydrogen I cocktail B ionophore, Fluka, Ref. 95293) at the
tip. A homemade silver|silver chloride|0.05 M NaCl electrode served
as external reference electrode. The pH microelectrode and the exter-
nal reference electrode were connected to a pre-amplifier head (input
resistance >10" Q) mounted in the 3D positioning system used for
SVET and connected to an IPA2 amplifier (input resistance > 10'?
Q) from Applicable Electronics. The microelectrode was calibrated
before and after the measurements with commercial pH buffers, and
presented a linear response in the 5 — 13 pH range with a slope of
54 mV per pH unit.

H, oxidation was measured with a Pt microelectrode using the
IPA2 amplifier in the amperometric mode and a pre-amplifier for cur-
rent detection produced by Applicable Electronics. The measurement
was performed with two electrodes, a 10 pm diameter platinum mi-
crodisc in glass sheath (CH Instruments, USA, Ref. CHI100) as work-
ing electrode and a homemade Ag|AgCl1|0.05 M NaCl electrode as
counter/reference electrode, with the microdisk potential setto 0 V vs
Ag|AgCl. More details about the localized techniques can be found in
a previous work.>?
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Figure 1. SVET maps with the current density (z component) measured
100 pm above a Fe-Zn galvanic couple in the first minutes of immersion in
50 mM NaCl without and with addition of Ce(NO3)3.

The measurements using microelectrodes were made above (5 pm
for pH and 100 pwm for H, oxidation) the center of a 1 mm diam-
eter Pt disk electrode connected to an Ivium CompactStat poten-
tiostat (SCE as reference and Pt wire as counter-electrode), which
was powered by the laptop and disconnected from the mains power
to avoid ground loops with the Applicable Electronics measuring
station.

All measurements were performed at room temperature (23£1°C)
inside a Faraday cage in quiescent and aerated conditions. In a few
measurements, low oxygen conditions were achieved by purging the
solution with argon for 30 minutes before the measurements.

Results and Discussion

Effect of cerium nitrate on the corrosion of the Fe-Zn galvanic
couple.—In a previous work*® performed by our group, Zn and Fe elec-
trodes showed very low corrosion activity when immersed in 50 mM
NaCl + 5 mM Ce(NOs); aqueous solution, but once they were elec-
trically connected (externally) the galvanic current passing between
the two was several times higher compared to the reference 50 mM
NaCl solution. The experiments carried out with SVET were repeated
in this work. A Fe-Zn galvanic couple was immersed in 50 mM NacCl,
without and with cerium nitrate (corrosion inhibitor) at a concentration
of 5 mM and SVET measured the z component of the current density
flowing in solution, 100 pm above the couple. Figure 1 shows maps
acquired during the first minutes of immersion. Anodic activity was
observed on Zn and cathodic activity on Fe, as expected.*>*3 The
currents were far much higher in the solution containing cerium nitrate
which was in line with the previous observations,* but still not quite
expected. These results denote an increase in corrosion rate where a
decrease was expected due to the presence of inhibitor. The galvanic
current flowing in the Fe-Zn couple during the first 12 hours of immer-
sion is presented in Figure 2. The values measured after 30 minutes of
immersion (around the time of the SVET measurements) were 43 A
cm~2 in NaCl and 251 pA cm~? in the Ce(IIl) containing solution.
After 12 hours the values decreased and were, respectively, 27 A
cm~2 and 184 wA cm™2.

Effect of other rare earth salts.—Figure 2 also shows the galvanic
currents of the Fe-Zn couple in solutions containing CeCls and other
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Figure 2. Galvanic currents flowing in the Fe-Zn couple during the first
12 hours of immersion in 50 mM NaCl + 5 mM RE(III) salts (15 mM NaNO3).

RE salts, La(NO3)3, Y(NO3); and Pr(NO3);. In all cases the galvanic
currents were higher than in the reference NaCl solution (50 mM
NaCl). NaNO; was also tested to exclude the possibility of the in-
creased current coming from the presence of NO; ~. The currents were
measured at least in triplicate (see Figure S1 in Supplemental Mate-
rial). Figure 3 presents the mean galvanic current after 30 minutes and
12 hours of immersion, the total charge passed during the 12 hours
period and the corrosion potential of the couple after 12 hours of im-
mersion. The increased current in NaNO; containing solution can be
explained by the increase in its conductivity. With RE salts the cur-
rents were noticeably higher, being around 7 times greater in the case
of Ce(IlI), compared to the reference solution. The corrosion potential
of the couples was close to —1 Vgcg for NaCl and CeCls, and around
—0.8 Vg for the systems with NO; ™.

Linear sweep voltammetry.—To understand the galvanic currents
obtained with the Fe-Zn couple, the response of the electrolyte solution
was studied by linear sweep voltammetry with a platinum electrode (a
comparison of curves obtained with iron and platinum electrodes are
presented in Figure S2).

The first experiment was the cathodic sweep in the blank solu-
tion (0.05 M NaCl). The result is the red curve in Figure 4a, which
is characterized by the reduction of dissolved oxygen dominating the
plot until —0.9 Vscg and then, at more negative potentials, the reduc-
tion of water with hydrogen evolution. The addition of cerium nitrate
introduced a new wave, starting at around —0.7 Vgcg, with a limit-
ing plateau. This wave was unexpected. This extra cathodic current
can explain the higher galvanic currents observed in Figures 1 and 2.
However, its origin is unknown. Some hypotheses are: i) reduction of
nitrate, ii) reduction of RE(IV) after prior oxidation of RE(III), iii)
reduction of RE(III), and iv) reduction of H" chemically generated by
the hydrolysis of RE(III).

Hypothesis i) can be discarded because the wave does not appear
when NaNQOj is added to the NaCl solution, and is observed with
cerium chloride, sulfate and acetate. The wave is also observed with
La(III), Pr(IIT) and Y(III) — Figure 4b). Also important is the increase
of the limiting current in an almost linear relationship with the con-
centration of RE(III), as shown in Figure 4c) for the case of Ce(III).

Hypothesis ii) can be refuted because there is not sufficient oxy-
gen in solution to oxidize RE(IIl) to RE(IV), either directly or via
H,0,, in order to sustain the extra reduction current. The concen-
tration of dissolved O, in aqueous solution is around 0.25 mM.>7-8
The wave remains the same after decreasing the O, content in
solution — Figure 4d. Moreover, this hypothesis cannot be applied to
Laor Y because La(IV) and Y(IV) have never been reported. Finally,
the reduction of Ce(IV) to Ce(IIl) occurs at more positive potentials
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Figure 3. a) values of the galvanic current measured after 30 minutes and 12 hours of immersion; b) total charge passed in the 12 hours; c¢) corrosion potential

measured after 12 hours of immersion. All values are mean values of at least 3 measurements (original curves in Supplemental Material).

(the standard potential is +1.74 Vygg and the formal potential in 1 M
H,S0; is +1.44 Vyge).>® A few experiments were conducted with
Ce(SOy); in solution — (Fig. 4e). The reagent was dissolved in 1 M
H,S0, to prevent the precipitation of Ce(IV) basic salts.®° In such
conditions, the voltammogram of 10 mM Ce(IV) solution showed
the wave due to the reduction of Ce(IV) to Ce(Ill) starting close to
+1 Vscg and having a limiting current value of 1.3 x 107 A cm™2.
For comparison, the plot for Ce(NO3); is also depicted in Fig. 4e).

Hypothesis iii), reduction of RE(III), is also unlikely because lower
oxidation states are very rare or have never been reported and the
reduction to RE? takes place at very negative potentials.>

The fourth hypothesis is the reduction of H*(aq), formed by hy-
drolysis of RE3*,

RE’"+nH,0 = RE(OH),® ™*+nH" (aq) [1]

The reduction of this H* (aq) would give origin to a wave of hydro-
gen evolution at lower overpotentials.®"*> Experiments performed to
validate this hypothesis have failed. A wave was indeed produced in
acidic solutions (pH 2-3) but it started at potentials between —0.3 Vcg
and —0.4 Vgcg, far from —0.7 Vgcg (Figure S3). In addition, even a
0.2 M Ce(III) solution has a pH not lower than 4.3 (Figure S4). The
pH close (5 wm) to the electrode surface was measured with a micro-
electrode during the cathodic sweep — Figure 4f). No acidification was
detected. The local pH increased in 0.05 M NaCl during the oxygen
reduction and more after hydrogen evolution (E <—0.95 Vscg). With
Ce(IIl), the pH in the potential range dominated by the oxygen reduc-
tion did not rise above 5.8 — the produced OH™ reacted rapidly with
Ce(IIl) — and increased only after water reduction started.

The hypothesis of reduction of water molecules in the hydra-
tion sphere of the rare earth cations.—All hypotheses raised in the
previous section were proved incorrect. A similar wave, at the same
potential as in this work, has been found in the literature for cathodic
reactions on steel in aqueous solutions containing Y (III).%3 This wave
was explained by the reduction of water molecules bound to yttrium
aqua-complexes. Tran et al.%> assumed that the Y---OH, coordination
bond led to the weakening of the YOH---H bond in the water ligands
of the coordination shell. As a result, the overpotential necessary for
the reduction of the water-ligand was lower than that for the solvent

water molecules. The proposed overall reaction was:
Y (H,0)*" + ne™ =2 Y (H0)', + gHz +n0H-  [2]

The work was continued and led to a publication describing the
activation of water reduction in the presence of rare earth metal salts
in aqueous solution.** Later, Gustavsson et al. reported the in-situ
activation of hydrogen evolution in near-neutral pH electrolytes by
addition of multivalent cations.®® A reaction similar to 2 is believed
to occur in this study, being responsible for the voltammetric wave at
—0.7 Vscg. In fact, the following conclusions from Gustavsson et al.®
seem to describe well the results of Figure 4a: “The hydrogen evolution
reaction can be activated by the electrolyte addition of trivalent metal
ions. When adding the metal ions the reactant for hydrogen evolution
changes from free water to water molecules complex bound to the
metal ions, M(H,0),>*. Mass transport limitations for the activated
hydrogen evolution reaction can be observed, as the metal ions are
present at a much lower concentration than that of free water (about
55 M)”.%

Further experiments were performed in an attempt to detect the
formation of H, in the potential window between —0.7 Vgcg and
—0.9 Vgcg. Figure 5a presents the current measured on the ring of
a RRDE kept at constant potential E,;,, = —0.5 Vscg while poten-
tiodynamic cathodic sweeps were carried out on the disk electrode —
Figure 5b. The negative current measured on the ring comes from the
reduction of dissolved oxygen in solution. It is smaller in the presence
of Ce(III) due to the partial electrode hindrance by the precipitation of
cerium oxides/hydroxides. At more negative potentials, the current be-
comes positive and is ascribed to the oxidation of H, that comes from
the water reduction at the disk. For the blank solution, the current be-
comes positive at Eggc = —0.96 Vgcg. When Ce(IIl) is in solution,
the onset of positive current happens before, at Eggx = —0.7 Vgcg, in
agreement with an earlier oxidation of H,. This H, oxidation current
almost attains a plateau. Then, it increases for Egix < —1 Vgcg, when
the solvent water reduction adds to the existing bound water reduction.
In another experiment — Figure 6 — a Pt microelectrode (10 wm diam-
eter disk) was polarized at 0 V vs Ag|AgCl|50 mM NaCl and placed
100 pwm above a Pt electrode (1 mm diameter disk) whose potential
was swept in the negative direction with a scan rate of 1 mV s~!,
A positive current was measured by the microelectrode, starting at
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Figure 4. Cathodic voltammetric sweeps on platinum in 50 mM NaCl: a) with different Ce(III) salts, b) with other RE(III) ions, ¢) with varying concentration of
Ce(NOs3)3, d) in aerated and deaerated solution, ) with 10 mM Ce(IV) in 1 M HSOy, f) pH measured 5 um above the platinum surface during cathodic sweeps

in 50 mM NaCl and 50 mM NaCl + 10 mM Ce(NO3)3.

substantially more positive potentials in the solution containing
Ce(I1), confirming the results of the previous experiment.

Both experiments show that the product of the reaction associated
with the wave at —0.7 Vgcg diffuses away from the electrodes and
is detected in the ring and in the microelectrode tip. The most likely
candidate is H,, as no Ce species in solution can be oxidized at this
potential. For a direct verification of H, evolution, the potential of the
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1 mm Pt disk was fixed at —0.8 Vscg while the surface was monitored
with a camera. A deposit was slowly formed at the surface — most
likely Ce(III) oxides/hydroxides — and a small solution disturbance
near the surface was detected in the video image, supposedly caused
by gas evolution dispersed all over the surface, but without visualiza-
tion of gas bubbles. After gently scratching the surface, gas bubbles
immediately appeared — Figure 7. This is a direct identification of
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Figure 5. RRDE experiments in 50 mM NaCl and 50 mM NaCl + 10 mM
Ce(NO3)3 (200 rpm). a) Current in the ring polarized at Eyjng = —0.5 Vscg
while the disk is swept in the negative direction at a scan rate = 1 mVs~!; b)
current at the disk during the potentiodynamic sweeps.

hydrogen evolution at —0.8Vcg in a solution 50 mM NaCl 4+ 10 mM
Ce(NOs3)3, confirming the hypothesis raised in this discussion. After
a few seconds no further bubbles were formed. The scratched surface
was slowly covered by a thin layer and the video image showed again
small disturbance in solution above the electrode.

Inhibition vs acceleration.—This work showed an acceleration of
the corrosion of the Fe-Zn couple in the presence of RE** ions. The
acceleration comes from an extra cathodic process that appears when
these ions are present in solution. A hypothesis about this reaction
has been discussed above, but its exact identification is still yet to be
confirmed.

It is clear that a galvanic potential of E < —0.7 Vg is a necessary
condition for the acceleration. However, it is not sufficient. Zinc in
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Figure 6. a) Current sensed by a 10 wm diameter Pt microelectrode polarized
at0V vs Ag|AgCl|50 mM NaCl and placed 100 wm above the surface of a 1 mm
Pt disk while it is swept in the negative direction at a scan rate = 1 mVs~!, in
50 mM NaCl with and without 2.5 mM Ce(NO3)3; b) current at the disk during
the potentiodynamic sweeps.
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Figure 7. Pt disk immersed in 50 mM NaCl 4+ 10 mM Ce(NO3)3, polarized
at —0.8 Vgcg with formation of gas bubbles.

RE solutions lies within this potential range and has low corrosion
rates,>16:22:24.2629.3440 The fact that inhibition ceases when coupled to
iron suggests a competition between two processes involving RE**
ions: one related to the precipitation of a RE oxide/hydroxide film
that hinders the reacting surface, and another process that increases
the cathodic current thus increasing the overall corrosion process. The
actual conditions that favor one process or the other, and the conse-
quent inhibition or acceleration of corrosion, remain undefined and
are under investigation.

Other galvanic couples.—So far, this work has focused on the
Zn-Fe galvanic couple. Other couples were tested to verify whether
the observed effect also occurs with different galvanic combinations.
Figure 8 shows the galvanic current, the charge passed in the cell,
and the potential of the couple after 12 hours of immersion for the
following galvanic couples: Zn-Fe (for comparison), Cu-Zn, CFRP-
Zn, Fe-Al, CFRP-Al and Cu-Al. The presence of Ce(I1I) decreased the
galvanic current in Fe-Al, CFRP-Al and Cu-Al. These couples showed
corrosion potentials more positive than —0.7 Vscg, therefore they do
not satisfy the necessary condition for corrosion acceleration identified
above. On the contrary, the couples with zinc meet that condition (the
three have potentials more negative than —0.7 Vgcg). Corrosion is
accelerated in Fe-Zn and Fe-Cu but not in CFRP-Zn. It seems that
the extra reduction can proceed on copper, while it his hindered or
is too slow on CFRP. This reveals another condition required for the
acceleration. The kinetics of the cathodic reaction must be fast to have
impact in the overall corrosion process. The kinetics depends on the
catalytic properties of the cathode material for this reaction and also
on the competition with the precipitation of RE oxides/hydroxides that
might block the surface, hindering it for further reactions.

Final remarks.—The acceleration of galvanic corrosion by added
chemical species expected to act as inhibitors has a tremendous practi-
cal impact. This is particularly important for galvanized steel, which is
extensively used worldwide, and corresponds precisely to the galvanic
couple studied in this work. The rare earth ions can initially reduce
the degradation of the galvanized (Zn) layer, but once the steel base is
exposed, the extra reduction reaction will increase the Zn consumption
and significantly shorten the durability of the material.

Conclusions

RE** ions, commonly associated with cathodic inhibition, were
observed to accelerate corrosion. The acceleration occurred in some
galvanic couples with Ecgypie < —0.7 Vgcg. The rate increase is at-
tributed to an additional reduction reaction that appears when RE*
salts are added to solution. A hypothesis is raised that it corresponds

Downloaded on 2019-12-20 to IP 77.54.79.213 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (16) C642-C648 (2019)

Co647

a) 260 Il NaCl 50 mM b) ?

I NaCl 50 mM + Ce(NO,), 10mM

/Ccm?

galv

. 2
igay / HA CM
Q

I NaCl 50 mM
11 I NaCl 50 mM + Ce(NO,), 10mM |

-1.2
C) I NacCl 50 mM

I NaCl 50 mM + Ce(NO5)5 10mM
-1.14 o

vs SCE/V

couple

E

A C C AN G C
S R Ry
) v

SV
N

Figure 8. Results of various galvanic couples immersed in 50 mM NaCl and 50 mM NaCl + 10 mM Ce(NOs3)3. a) Galvanic current measured after 12 hours of
immersion; b) total charge passed in the 12 hours; ¢) corrosion potential measured after 12 hours of immersion. All values are mean values of at least 3 measurements.

to a pre-wave of hydrogen evolution due to the reduction of water
molecules in the primary hydration sphere of RE3* aqua-complexes.
In spite of this extra reduction reaction, the corrosion acceleration is
seldom detected and seems to occur under very specific circumstances
that still need to be clarified.
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