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Abstract

Hydrolysis of Magnesium with water is an excellent way to produce H; at high rate, especially
when alloyed with nobler elements that accelerate its corrosion. In this work, the hydrogen generation
properties of four Magnesium based alloys with Long Period Stacking Ordered (14H-LPSO) structures
(Mgo1CuaYs; Mga1NisYs; MgeiNisGds and Mgs:1NisSms) are studied through standard electrochemical
methods. The hydrolysis experiment on coarse powder are coherent with the electrochemical
measurements performed on polished surface. The rare earth (Y, Gd or Sm) and transition metal (Ni
or Cu) involved in the LPSO are found to have a significant influence on the corrosion and hydrolysis

properties of alloys with 14H-LPSO structures.
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1. Introduction

With twelve protons, magnesium (Mg) is one of the lightest metals (1.738 g/cm?) and among
the most available on our planet (7"" most abundant element on earth’s crust) [1]. In addition, it has
good electrical and thermal conductivities, interesting mechanical properties and is biocompatible
(Mg?* is the 4" most abundant cation in human body) [2,3]. These characteristics make magnesium a
very interesting material for many applications such as lightweight structure materials, transport,
electronics, energy, fracturing ball technologies or biodegradable implants [2-7]. Widening Mg alloys
usability has motivated extensive scientific research on their oxidation and corrosion properties [6,8—
22]. There are several key features that make magnesium and its alloys a peculiar topic in the field of
corrosion science. First, magnesium has a very low corrosion potential ( -1.7 V/SCE (Saturated Calomel
Electrode) in aqueous solutions) and is highly sensitive to corrosion, particularly to galvanic corrosion
[23]. It is frequently used as sacrificial anode in the industry. Furthermore, enhanced hydrogen
evolution occurs under anodic polarization [8,15,24,25] and a discrepancy is thus observed between
corrosion rates measured from electrochemical methods and mass loss and H; collection [26]. Due to
its strong ability to corrode, Mg has attracted a lot of interest for di-hydrogen (H,) production via

hydrolysis reaction [27-33]

Among Mg alloys, Long Period Stacking Ordered (LPSO) is the name given to a family of
structures found in some Mg-Transition Metal (TM)-Rare Earth (RE) systems [34—37]. Because of the
presence of TM in the structure, LPSO shows higher corrosion potential than pure Mg which leads to
galvanic coupling between the two phases (i.e. Mg and LPSO) [38,39]. In the literature, the Mg-Y-Zn
system (in which Inoue et al. [40] discovered Mg-LPSO structure for the first time) is by far the most
studied one [37,40—-44]. Mg-Gd-Zn, Mg-Gd-Y-Zn and Mg-Y-Ni systems were studied for biodegradable
implants and fracturing ball applications [39,45,46]. In both cases, corrosion resistance is not desired
too important because the alloy is required to dissolve after use, this is why researchers focus on
controlling the degradation rate of the material. Beyond these few examples, reported works on
corrosion of LPSO containing other elements than zinc (Zn) and yttrium (Y) remain very scarce.
Additionally, recent study led in our group suggested that LPSO can be very efficient materials for H;

generation via hydrolysis [47].

It is common practice to lead hydrolysis experiment with Mg powder or end of life alloys scraps
with a roughened surface for optimized hydrogen generation performances (i.e. activated by ball
milling) [29,48,49]. In such conditions, the reacting surface is not well defined and it evolves
importantly throughout the reaction. The present work aims at comparing the behavior of Mg-LPSO

alloys under hydrolysis conditions (i.e. as gross powders) with electrochemical measurements led on



bulk surfaces. To achieve this goal, four samples were prepared by induction melting of pure elements
and annealing, namely: Mgo1CusYs, MgoiNisYs, MgoiNisGds and MgeiNisSms. Samples were
characterized physically and chemically with X-Ray Diffraction (XRD), Scanning Electrochemical
Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDXS). Hydrolysis reactions with powders
are presented and further interpreted in the light of standard electrochemical characterization on bulk
materials surfaces. The techniques involved are chronopotentiometry (Open Circuit Potential (OCP)
recording versus time), Electrochemical Impedance Spectroscopy (EIS) and potentiodynamic

polarization (data is analyzed using Tafel method).
2. Materials and methods

The compounds involved in the present study were synthesized using chunks of magnesium
(99.9%) from Kojundo Chemical Laboratory Co., Ltd., copper (Cu) (99.99%) and nickel (Ni) (99.9%) from
Furuuchi Chemical Co., and all Rare Earths (RE) (Yttrium (Y), Gadolinium (Gd) and Samarium (Sm)),
99.9% from Nippon Yttrium Co., Ltd. The pure elements were melted together in an induction furnace
under helium atmosphere. Due to its high vapor pressure, an excess of 7 wt.% of Mg was systematically
added. The obtained ingots were subsequently annealed for 10 days under argon atmosphere at 500°C

in a tantalum foil.

Synthesized alloys were characterized by XRD using a Philips PANalytical X'Pert (PW1820)
diffractometer with Cu Kal radiation (A=1.5405 A). SEM observations were made using a TESCAN
VEGA3 SB and SERON TECHNOLOGY microscope equipped with Secondary Electron and Back Scattered
Electron detectors (hereafter referred to as SE and BSE modes respectively). Furthermore, the

elemental composition of the surface was estimated using EDX spectrometer.

All electrochemical measurements were performed in simulated seawater solution (i.e. 0.6
mol/L NaCl) at room temperature with a three electrodes set-up (Working Electrode: bulk samples
were abrased up to 4000 grit SiC with ethanol as lubricant prior to each electrochemical test; Counter
Electrode: Titanium net; Reference Electrode: Saturated Calomel Electrode (SCE) - Hg/Hg>Cl,). EIS and
polarization measurements were made after 40 min OCP stabilization (except in the case where
immersion time is varied as a parameter). OCP and potentiodynamic polarization measurements were
done with VersaSTAT 4 potentiostat and controlled via VersaStudio software. Anodic and cathodic
polarization curves were recorded separately with a scan rate of 0.5 mV/s as follows: (i) a first sweep
from +50 mV to -250 mV vs OCP for the cathodic polarization measurement and (ii) from -50 mV to
+250 mV vs OCP for the anodic polarization measurement. EIS diagrams were recorded from 100 kHz
to 50 mHz with 10 mV amplitude versus OCP on a Biologic SP-150 potentiostat because of its good

stability in AC mode. The data was collected on EC-Lab software and fitted using the commercial Zview



software while Kramers-Kronig relations and Distribution of Relaxation Times (DRT) calculations were
done with in-house CANELEIS software using Tikhonov regularization method with weighing parameter
A=102 [50]. In order to help emphasize electrochemical features from these measurements, different
immersion times prior to measurements and different rotation speeds of the working electrode were
tested. Rotating Disc Electrode (RDE) measurements were carried out with an Origatrod electrode

connected to an Origaflex potentiostat.
The reaction of magnesium with water (hydrolysis process) considered in this study is:
Mg +2H,0 = Mg(OH)z + H, (1)

Kinetic study of hydrolysis reactions was carried out in a closed 100 mL three-neck round
bottom flask connected to a burette that dips in a beaker of water. The experimental setup was
previously described in ref [51]. Water from the beaker is initially sucked up into the burette. Then,
the di-hydrogen (H;) produced during the experiment induces water displacement back to the beaker
and a balance connected to a computer records the mass variation, allowing to follow in real time the
hydrogen generation. Bulk samples were filed and about 30 mg of material were taken to react with
20 mL of simulated seawater solution (i.e. 0.6 mol/L NaCl). The solution was rapidly stirred with a
magnetic bar and during the whole experiment, the temperature was kept at a constant value of 25°C.
After measurement, 1 mL of 2.4 mol/L HCl was added to complete the hydrolysis process and thereby
generate the maximum H; amount the sample could release. The yield of reaction was calculated from

this amount of H,.
3. Results and discussion

3.1. Material characterization

Four LPSO compounds have been selected and characterized by X-ray diffraction (XRD):
Mgo1CUsYs ; MgoiNisYs ; Mgs1NisGds ; MgeiNisSms. The associated patterns are reported on figure 1 and
show that the four alloys synthesized formed LPSO with a 14H structure. LPSO structures can be
described as alternating layers of Mg and Mg-TM-RE layers containing L1,-type atomic clusters
(TMGREs). In the case of 14H studied here, Mg layers are four atomic planes wide. The “H” stands for
“Hexagonal” and the “14” gives the number of atomic planes in a unit cell (counted along c direction).

Detailed information on LPSO structures can be found in dedicated works [35,52-56].
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Figure 1 : X-ray diffraction patterns on powders fiied from bulk alioys.

Figure 2: BSE-SEM micrographs of : A- MggiCusYs, B- MgoiNisYs, C- MgseiNiaGds and D- Mge;NisSms. The clear zones
(majoritarian) are LPSO phases, the dark zones are Mg phase and the small bright areas are Mg>TM or Y,03.




The microstructures of the elaborated samples have been characterized using SEM
micrographs and EDXS analysis. Main and secondary phases identification, surface proportions and
deduced experimental compositions are summarized in Table 1. The discrepancy observed between
measured and theoretical LPSO compositions has already been reported and may be explained by Mg
insertion or substitution in the TMgREs cluster [47,55,57]. It can be deduced from BSE-SEM images of
figure 2 that all studied alloys present both LPSO (bright zones) and Mg (dark zones) phases with Mg
surface proportions ranging from 15% to 27%. These values were estimated using contrast
thresholding with Image J software (with an accuracy of about 2%). In addition, Figure 2 shows that
the size and the morphology of Mg inclusions are quite large and well defined in alloys containing Y as
RE, while alloys with Sm and Gd present a very intricate Mg phase. According to the EDXS analysis, the
white particles visible on the BSE-SEM micrographs correspond to RE;Os and Mg,TM. The surface
proportion for these secondary phases has been estimated to be inferior to 4% by image analysis (Table
1). EDXS measurements revealed variations in the LPSO composition of each alloy. It results in very
different TM/RE ratios in the 14H-LPSO phases with different elements, that range from 0.6 for
Mgs1NisYs to 1.1 for Mge:1NisSms (the 14H LPSO theoretical value being 0.75). It should be noted here
that EDXS allows only for semi-quantitative characterization. The values discussed here are thus used

to compare the different alloys but should not be taken as exact composition values.

Table 1 : Studied alloys and their corresponding characterization features.

Main Mg surface | Secondary
Phases Secondary proportion phases EDXS measurement on LPSO
Alloy (XRD,EDXS) phases I(BSE, "f:) surface
mage proportion
(XRD,EDXS) (BSE, % TM/RE
Image J) Composition atomic
ratio
Mg91CU4Y5 14H+Mg IVIgQCu, Y,0; 27 3.6 MggoCUzl_sYs_s 0.82
Mg91NI4Y5 14H+Mg MgzNI, YzOg 15 1.8 Mg92N|3Y5 0.60
MgglNi4Gd5 14H+Mg Mgle 21 <1 Mggl_zNig_ng4_9 0.80
Mgs:NisSms | 14H+Mg Meg.Ni, 16 2.9 Mgz aNizsSma. 1.10
Sm203




3.2. Di-hydrogen generation

All four alloys were filed into coarse powders to generate di-hydrogen gas (Hz) by water
hydrolysis. The associated kinetic curves are displayed in figure 3 along with the performances of pure
Mg and Mg-Ni-C powder. Mg-Ni-C mixture is considered as reference material whose preparation has
been optimized in previous works [29,58,59]. It consists in a ball milling of 3 hours at 250 rpm of 95%wt.
Mg powder (99.98%), 5%wt. Ni powder (99.98%) and 5%wt. graphite. Even without prior surface
activation, Mgs:NisSms and Mgs1NisGds gross powders present hydrogen generation performances (i.e.
kinetics and yields) comparable with an optimized mixture. Hydrolysis experiment confirms the strong
potential of LPSO materials as efficient hydrogen production materials. Mgs:1CusYs has a much lower
H, generation kinetic compared to alloys containing Ni as TM. For this alloy, two stages with different
gas generation speeds can be distinguished on figure 3. The transition between the two kinetic stages
that occurs when about 30%at. of the alloy is consumed could be linked to the prior reaction of Mg
phase ( which would be consistent with SEM estimation). The alloys with Ni as TM also present

different kinetics depending on the RE involved.
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Figure 3 : Hydrolysis at 25°C in 0.6 mol/L NaCl solution with approximately 5% accuracy.
The hydrolysis reactions of the different alloys showed very different features depending on
the TM and RE involved in the LPSO phase. Hydrogen generation properties of the alloys will be further

investigated in the next sections with electrochemical characterization of bulk material’s surface.



3.3. Electrochemical measurements

3.2.1. Open Circuit Potential

Open Circuit Potentials (OCP) were recorded versus time in 0.6 mol/L NaCl solution and are
presented in figure 4. OCP of pure Mg is also reported as a matter of comparison. It is interesting to
note that MgsiNisYs, Mgs:1NisGds and Mgs:1NisSms alloys have almost identical stabilized OCP values
(close to -1.35V/ECS). The nature of the RE involved in the LPSO phase does not seem to influence
much the steady state potential of the alloy. This result can be analyzed considering that, in NaCl
solutions, RE elements have relatively close corrosion potentials neighboring that of magnesium

[60,61].

OCP recording versus time shows that thermodynamic equilibrium of Cu containing alloy is
closer to that of pure Mg as compared to Ni containing alloys (figure 4). Mg in Mgy:CusYs may thus be
less likely to corrode than in Mgs:NisREs alloys with nobler nature. This statement is consistent with
hydrolysis experiments in which reaction kinetic was clearly lower for Mgy:CusYs. The hydrolysis
kinetics of the three Mgo1NisREs alloys were slightly different and their stabilized OCP about even. It
can be deduced here that the transition metal strongly influences the OCP voltage in the Mgs1 TM4REs

alloys while the RE does not. Hydrolysis experiments for Mgs:1NisREs alloys may thus be understood

from kinetics perspective explored in the next sections.
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Figure 4 : Open Circuit Potentials (OCP) versus time at 25°C in 0.6 mol/L NaCl solution with
approximately 1% accuracy.



After 2400s of immersion, the surfaces of the samples are in major part covered of black
corrosion product. This phenomenon have been assigned to magnesium hydroxide precipitation :
MgOH, formation has been confirmed by XRD in previous work [47]. Electrochemical measurements

(EIS and polarization) have been performed when the OCP are stabilized, i.e. after 2400s of immersion.
3.2.2. Electrochemical Impedance Spectroscopy

The EIS diagrams were recorded between 0.1 Hz and 100 000 Hz with 10 mV of amplitude. In
order to verify the stationarity of the system, Kramers-Kronig relations were used [50,62]. As shown in
figures 5A and 5B, the results have good correlation both for real and imaginary parts, which indicates
that the data is consistent and causal in the range 1Hz — 100 000Hz. According to the literature, in the
low frequency range (i.e. freq - 0 Hz), the real part of the impedance can be assigned to the electrode
polarization resistance, which is inversely proportional to the corrosion rate of the alloy (Jeorr=B/Rp)
[21]. In the present study, alloys with LPSO phase are corroding so rapidly that a steady state (e.g.
stable OCP, same surface condition ...) cannot be held for the long time required by low frequencies
measurements. Thus, Jcrr could not be determined by EIS. The Nyquist diagram of Mg of figure 6A and
the corresponding Bode plot of figure 6B both show two well-separated relaxation frequencies, in the
high frequency (HF) range and in the medium frequency range (MF). In contrast to pure Mg, LPSO bode
plots (figure 6B) are flattened at HF. The DRT calculation method allowed to evidence the relaxation
times from EIS data [50,63]. The DRT spectra of figure 7 confirm the presence of two relaxation times
in the case of Mg (at ca. 40 Hz and 1000 Hz) while for LPSO a multiplicity of peaks with lower intensity
appears (illustrated with Mgs1NisYs on figure 7). As LPSO containing alloys corrode more than pure Mg,
their impedance magnitude is smaller (figure 6A compares pure Mg and Mgy1CusYs Nyquist plots) and
different time constants may appear because of the irregularity of the surface, roughened by
corrosion. Surface irregularities lead to impedance distribution and result in a strong convolution of
the HF and MF peaks that cannot be distinguished in the case of alloys with LPSO (figure 5B). The
multiple DRT peaks of LPSO should not be attributed to different mechanisms but to spreading of
relaxation time due to irregular surface. The EIS data of alloys with LPSO is thus fitted with the same
model as pure Mg, with only two contributions (HF and MF). Constant Phase Elements (CPE) have
been used to account for the distributed impedance responses by introduction of a exponent (0 < a <
1). Capacity values discussed below are effective capacities calculated as follows:

Rx 1/a
Ceff = &2~ (2)
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and a the exponent that reflects the impedance distribution.

with Ceff the effective capacity, R the corresponding resistance parallel to the CPE, Q the CPE capacity
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Figure 5: Impedance spectra and Kramers-Kronig (KK) tests for A- Real and B- Imaginary parts.
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Figure 8 shows the equivalent circuit used as well as Nyquist plot of Mgs1NisGds and HF and
MF contributions simulated independently. According to the preliminary analysis of Mg impedance
diagram and the literature on magnesium corrosion [11,21,64], an equivalent circuit with two parallel
CPE was used to model EIS data. Initially designed for the corrosion of a metal covered with organic
coating, the chosen model appeared to be relevant and widely used for corrosion of bare metals
[21,64-66]. The serial resistance Rs is associated to the electrolyte resistance and is measured when
frequency tends toward infinite. The double-layer capacitance Cq4 accounts for charge separation at
the electrolyte-material interface. This capacitive behavior shortcuts other phenomena at HF. In order
to avoid over-fitting, the different possible interfaces (oxide/electrolyte, hydroxide/electrolyte ...)
were not distinguished; their overall contribution is described by a unique CPE. Since the porous
oxide/hydroxide film is not perfectly insulating the surface, a film resistance Rfaccounts for the current
passing through this layer. The adsorption capacitance Cagsis the pseudo-capacitive phenomena linked
to adsorption of species on the metal surface and occurs in the MF range. The charge transfer

resistance R at the metal/electrolyte interface is associated in parallel to Cags.
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Figure 8 : Nyquist plot of Mge;NisGds and equivalent circuit used for fitting EIS data.

The fitted parameters obtained for all alloys and pure Mg using the equivalent circuit of figure
6 are reported in Table 2. Typical oxide layer capacity is in the order of few tens of uF/cm? [67-70],
such values are in good agreement with the Cqy measured in the present study (Table 2). The
particularly high value of 172 uF/cm? obtained for Mgy NisSms indicates that the effective reacting
surface of this material has significantly increased during the initial immersion time of 2400s, which is

most likely due to crevices and porous hydroxide layer formation. In contrast, the low double layer



capacity Cq of pure Mg (11 puF/cm?) corresponds to an oxide coating capacity [67,68], meaning that
less corrosion occurred on this material surface during the immersion. Indeed, after this immersion
period all LPSO are mostly covered of black corrosion products while pure Mg still shows silvery parts
which is the color of air formed MgO. This oxide layer covering pure Mg material also explains its higher
value of Rf compared to those of LPSO that are covered by Mg(OH), porous layer. The total resistance
measured by EIS for LPSO compounds are all very close (Rs + Rf + Rt = 11 ohm.cm?) which makes
comparisons thorny. However, it can be noticed that Mgs;NisSms is the only alloy with such low R and
high C.4s (Table 2), which indicates a strong interaction affinity between metallic surface and ions from

the solution.

Table 2 : Fitting results (with approximately 5% accuracy) for EIS measurement performed in 0.6 mol/L NaCl after
2400 s immersion.

Alloy Rs Cai Rt Cads Ret
(ohm.cm?) | (uF/em?) | (ohm.cm?3) | (uF/cm?3) | (ohm.cm?)

Mgs1CusYs 3.7 52 2.6 210 4.7

Mgo1NiasYs 34 30 0.9 89 6.8

Mgo1NisGds 3.7 82 2.3 309 53

Mgo1NisSms 2.7 172 6.8 22545 0.7

Pure Mg 4.2 11 22 35 91

3.2.3. Potentiodynamic polarization

10° 4
l MQQWCU4Y5
_MgewNLYs
] =—— Mg, Ni,Gd,

10™ 4 1= Mg,,Ni,;Sm,

4 T T T L N T T T T 10° T T T T T T
-1.5 -1.4 13 E,_, 12 -1.1 -1.8 -1.6 -1.4 -1.2
E (V/SCE) E (V/ISCE)

Figure 9 : A- Tafel extrapolation method (Mgs1NisGds) and B- Polarization curves at 25°C in 0.6 mol/L NaCl solution.



As corrosion is a faradaic process, there is a direct link between the quantity n(H,) (mol/cm?)

of H, produced and the corrosion rate of the alloy :

Jcorrxt

n(H2) = e

(3)

with Jeorr the corrosion current (A/cm?), t the time (s), F the Farraday constant (96485 C/mol) and z the
valance of the species (2). Determining Jcorr for a material is thus a direct characterization of its ability

to produce hydrogen by hydrolysis.

Linear sweep voltametry experiment allowed the construction ot Tafel plots (Log|J| = f(E))
shown on figure 9. Tafel extrapolation method (figure 9A) was used to determine the corrosion
currents densities Jcorr listed in table 3. Current measured under anodic polarization is characteristic of
the dissolution kinetic of the metal (i.e. M oxidizes into M™ + ne’). In the case of Mg, interpretation of
this measurement is not that trivial because of the anomalous Hydrogen Evolution (HE) observed on
anodically polarized surfaces (also known as Negative Difference Effect) [6,14,15,25]. Even though not
predicted by conventional corrosion theory, Mg undergoes an increasing HE with increasing potential
toward positive values. For this reason, anodic current is underestimated since part of electrons
recombine to form H; and do not flow in external circuit. Even after IR drop correction, the alloys tend
to exhibit higher current densities under anodic polarization than under cathodic. This may be partly
due to a non neglectable part of the surface being covered by H, bubbles during cathodic polarization.
Anomalous HE and partial surface coverage by H, bubbles may explain the discrepancies reported for
corrosion current values measured by electrochemical means and mass loss and hydrogen collection
methods. [6,26]. Despite these points, corrosion current densities reported in Table 3 are in good
agreement with hydrolysis experiments since alloys with higher corrosion currents also have higher
hydrolysis kinetics. Indeed, while all above-mentionned bias may lead to underestimation of the
corrosion current density values determined by Tafel method, the comparisons between alloys is

possible since they all undergo these phenomena.

Table 3 : Values obtained from OCP and polarization measurements at 25°C in 0.6 mol/L NaCl solution, average on at least 3 measures
and standard deviation in brackets.

Alloy OCP (V/SCE) Ecorr (V/SCE) Jeorr (MA/cm?)
Mgo1CuaYs -1.51 (0.05) -1.50 (0.01) 1.5 (0.1)
Mgo1NizYs -1.34 (0.03) -1.31 (0.01) 2.0 (0.1)
Mgs1NisGds -1.33 (0.02) -1.27 (0.01) 2.2 (0.01)
Mgs:NisSms -1.32 (0.01) -1.32 (0.01) 2.7 (0.1)

Mg 1.7 (0.02) -1.65 [71] 0.6 [71]

Corrosion current density of pure Mg by this method has already been reported in the same

conditions [71] and is three times inferior to Mgs1Cu4Ys, the LPSO with lowest corrosion rate (table 3).



The different corrosion rates (and hydrolysis kinetics) observed between the three Mgq:Ni4REs alloys
may be explained by materials characterizations. It has indeed been demonstrated that phase
repartition has a major role on corrosion rates [71], the galvanic corrosion being favored in alloys with
more intricate phases. Mges1NisYs has a microstructure with larger Mg phases domains (figure 2B)
compared to Mgq1NisGds and Mgs:NisSms (figures 2C and 2D), its corrosion rate and hydrolysis kinetic
are also smaller. Even though visible on figures 2C and 2D, microstructural differences between
Mgo1NisGds and Mgy:NisSms are more difficult to analyze. The actual chemical composition of the LPSO
may explain the slight corrosion kinetics between these two alloys. EDXS analyses of LPSO given in
table 1 show that Sm-14H (LPSO in Mgs1NisSms) contains a higher Ni proportion compared to Gd-14H
(LPSO in Mgg1NisGds). This LPSO nobility difference may lead to both stronger micro galvanic coupling
with Mg and higher inner LPSO corrosion (stronger coupling between Mg and Mg-RE-TM layers within
the LPSO).

3.2.4. Electrochemical measurements using Rotating Disk Electrode (RDE)

Using Rotating Disc Electrode (RDE) allows controlling the convection effect in the electrolyte
and leads to electrochemical measurements on a rotating surface that helps the diffusion of species in
the electrolyte near the reacting surface. If the corrosion mechanism is limited by mass transport, the
inverse of the measured current should evolve as the inverse of the squared root of the electrode
rotation speed [72,73]. However, according to Tafel plots reported on figure 10 for Mgs;NisYs at 25°C

in 0.6 mol/L NaCl solution it seems that the rotation speed has no effect on the polarization curves
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Figure 10 : Polarization curves of MgeiNisYs at 25°C in 0.6 mol/L NaCl solution for
different rotation speeds.
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recorded on Mgo:NisYs electrode material. Indeed, anodic polarization domain (E> -1.2V/ECS) of all
rotation speed (0 to 1500 rpm) superimposes. On the cathodic side, the differences of current density
values are assigned to hydrogen bubbles covering (randomly) the surface from electrolyte. This is also
the reason why these measurements are noisy. The same experiment has been done on Mgy:NisGds
with rotation speed in the range 2000 to 5000 rpm and similar results were obtained. Electrochemical
characterization using RDE confirms that mass transport (i.e. diffusion) is not the limiting step in the
corrosion process of LPSO and cannot explain the difference in corrosion current densities between

the compounds.
3.2.5. Effect of immersion time

Figure 11A shows the OCP evolution for Mgs1CusYs with corrosion currents estimated by Tafel
method at different immersion times. The associated current density recorded at t=500 ; 2400 and
4000s have been reported on the figure 11A. In addition, EIS diagrams have also been measured at
the same selected immersion times (see figure 11B). It can be noticed that the corrosion current

density values tend to increase with immersion time for two reasons :

(i) The longer the sample is immersed the less passivated regions remain and the more regions

start to corrode (surface is “activated”).

(ii) During the OCP immersion where corrosion propagates, the actual surface of the sample
increases with forming pits and crevices. The surface by which recorded current is normalised

is the geometrical surface measured prior to the test and is necessarily smaller than the real

surface.
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Figure 11 : Effect of immersion time in 0.6 mol/L NaCl solution on Mgs:Cu4Ys : A- OCP and corrosion currents and B- Nyquist plot of EIS data.



Table 4 : Fitting results (with approximately 5% accuracy) for EIS measurement performed in 0.6 mol/L NaCl at
different immersion times for Mgq;Cu4Ys.

Immersion Rs Cal R¢ Cads Ret
time (s) (ohm.cm?) | (uF/cm?) | (ohm.cm?®) | (uF/cm?) | (ohm.cm?)
500 7.1 19 7.1 59 19
3000 6.6 110 3.0 230 5.5
4000 6.6 145 2.7 17 4.3
5000 6.3 181 2.4 24 3.0

EIS diagrams measured for Mgs;:Cu,Ys at different immersion times show similar shapes but
have significantly different amplitudes. Figure 11B shows that the overall resistance of the system is
smaller when the immersion time increases. This is consistent with the polarization experiment where
an increase of the current with immersion time is observed. EIS data has been fitted using the
equivalent circuit exposed earlier and results are shown in Table 4. Rrand R« values decrease with
immersion time and can be associated to MgO passive layer replacement by porous Mg(OH),. After
about 1700s, the OCP also shifts abruptly towards higher values, which can only be explained by a
significant diminution of Mg proportion on the surface. Double layer capacitance Cgq values are
increasing linearly with immersion time, which confirms the statement made in EIS section that Cq
reflects the physical evolution of the surface (active surface area). This point is further supported by
SEM micrographs of figure 12 that show the important surface modification associated with immersion

time.

Figure 12 : Evolution of Mgs;CusYs surface with immersion time : A- 500s (BSE), B-5000s (BSE) and C-5000s (SE).
Electrochemical measurements analytically enlightened the different hydrolysis properties

observed on powders. Potentiodynamic polarization (i.e. Jcorr determination) emphasized the kinetic
differences recorded between the alloys during hydrolysis experiment. OCP measurement showed
that thermodynamic stability of the systems is more dependent on the presence of transition metal
than that of rare earth. The electrochemical impedance spectroscopy did not show major corrosion
mechanism differences between Mg and LPSO (i.e. same shape of Nyquist diagram) but an important

difference of impedance magnitude, which showed the very small corrosion resistance of LPSO alloys.



When analyzing corrosion on bulk material, corrosion rates increases and impedance diminish because
the reacting surface increases. However, in hydrolysis experiment on powders, the kinetic is maximal
in the initial stage and decreases as available reactant is consumed. Despite these different testing

conditions, the results obtained with electrochemical tests are coherent with hydrolysis experiment.

4. Conclusion

Four alloys with high 14H-LPSO content (Mgo1CuasYs ; MgoiNisYs ; MgeiNisGds ; MgeiNisSms)
were synthesized from different elements (Mg + Ni or Cu + Y, Gd or Sm) in order to compare their
electrochemical properties with their hydrogen generation performances as powders. The main results

of this study are summarized as follows:

- Good correlation was observed between hydrolysis experiments and electrochemical
measurements, highlighting the relevance of surface characterization on bulk materials for

understanding hydrogen generation by hydrolysis with powder.

- 14H LPSO structures have high corrosion current densities and low impedance values
compared to pure Mg, reflecting their strong ability to corrode in seawater. These results

explain the good hydrogen generation kinetics obtained from powders of these materials.

- Changing the nature of the rare earth (Y, Gd or Sm) and of the transition element (Ni or Cu)

in the alloy resulted in both microstructural and LPSO chemical composition differences.

- These differences in turn influenced the corrosion rates determined by Tafel method as the
alloys with most intricate Mg-LPSO phases and LPSO with higher Ni content happened to

corrode faster.

- The double layer capacity Cq, measured by impedance spectroscopy after a given immersion
time informed, in an indirect manner, on the alloy ability to corrode by informing on the

actively reacting surface.
- 14H-LPSO corrosion rate is not controlled by diffusion processes.

Depicting further the fundamental corrosion mechanisms would be greatly helped with lower

scale characterization of LPSO.
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