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Highlights

e Galvanic coupling accelerates the corrosion of the unconventional cathode Mgi7Al12.
e Detection of local flux of H, production from pure Mg and pure Mgi7Al12 by SECM.
e Mg and Mgi7Al12 in model Mg-Mgi7Al12 show higher H, production.

e Hydrogen production by the hydrolysis reaction increases at the interface between Mg-
Mgi7Al12.

Abstract

The effect of galvanic coupling on the corrosion behavior of Mg and Mgi7Al1; in Mg-Al alloys was
studied by Scanning ElectroChemical Microscopy (SECM). The effect of galvanic coupling
between Mg and Mgi7Al1; was investigated using a “model” Mg+Mgi7Al12 material with a
controlled microstructure to evaluate the hydrogen evolution at a micrometric scale. SECM maps
revealed that galvanic coupling between Mg and MgisAl12 accelerates the corrosion rate
(formation of a thicker passive layer) of both components. Mgi7Al12 acts controversially to a
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conventional cathode in galvanic system since hydrogen production by its hydrolysis reaction was
found to increase due to the electron transfer with the anode (Mg).

Keywords: SECM, galvanic coupling, corrosion, Mg, Mgi7Al12, hydrogen.

1. Introduction

The expend of magnesium (Mg) based materials used in many applications requiring lightweight
materials (automotive, biomedical, technological, etc. ) has shown many advantages [1,2].
Regarding the various applications of Mg-based alloys, their production continuously increases
leading to a large accumulation of waste [3,4]. However, their recycling is not economically
favorable [83, 84] since the processes (e.g. electrolytic (from MgCl,) and thermal (reduction of
MgO using graphite, Si, or Al)) are expensive [5,6]. In recent years, the production of hydrogen

by hydrolysis reaction of metal and their hydrides (e.g. Mg/MgH> [7-12], NaBH4 [13,14],
LiBH4 [15], ...) attracts increased attention for its safety and its amenability to mild reaction
conditions. Mg-based materials can be valorized by the hydrolysis reaction (corresponding to
their corrosion where Mg is oxidized to Mg?* and water is reduced to H; at normal conditions of
pressure and temperature and without applying potential) in seawater (i.e. 0.6 mol/L NaCl) to
produce the energy carrier H, [16-20].

AZ91 alloy (Mg+Mgi7Al12) is one of the most common Mg alloys due to its low production cost,
its good mechanical strength, and its corrosion resistance compared to pure Mg [21-25].

To better understand the corrosion (corresponding to the hydrogen production by the hydrolysis
of Mg-based material) of AZ alloys, the behavior of each material, Mg and Mgi7Al12 as well as
their interaction must be revealed. The corrosion of Mg was reported in previous studies [21, 26-
28] and the effect of Mg17Al12 on the corrosion mechanism of Mg-Al alloys has been previously
discussed where it has been shown that the intermetallic may act as a cathode (accelerating Mg
corrosion) or as a corrosion barrier (improving Mg corrosion resistance) [29-39].

This paper discusses the effect of the interaction between Mg and Mgi7Al12 and their
behavior during the corrosion process. Previous studies on the corrosion behavior of pure
Mgi7Al12 in NaCl solution (where Cl- anions favor the formation of water-soluble MgCl; inhibiting
the formation of Mg(OH). passive layer) [40,41] confirmed that a galvanic coupling between
Mg and Mg17Al12 exist and that “global” corrosion of Mgi7Al12 is slower than that of Mg. The effect
of the galvanic coupling between these two phases was studied indirectly through several AZ91
model materials where the microstructures of the materials can be controlled. The change in the
corrosion rate of Mg was attributed to the galvanic coupling between Mg and Mgi7Al12 [42].
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The local corrosion behavior of magnesium alloys has been studied using local probe techniques,
providing microscopic information on electrochemical processes occurring locally on the surface.
These techniques (e.g. localized electrochemical impedance spectroscopy [43,44], scanning
vibrating electrode technique [45], Kelvin probe force microscopy [46]) can measure currents
and/or potentials with high spatial resolution, to elucidate differences in electrochemical
behavior between different components on the same surface [47]. However, SECM has the ability
to measure the current based on a faradic reaction at a microelectrode. This technique
encompasses a wide variety of modes (feedback, generation/collection, redox competition,
direct and potentiometric) which provide information on local electrochemical activity and/or
surface topography on a micrometric scale [48-51]. Because of its high reactivity in water,
studying the corrosion of magnesium-based materials by SECM is challenging [47,52].

In this study, the hydrogen evolution reaction on pure Mg, pure Mg17Al12 and Mg+Mg17Al12 model
material (with a similar composition of AZ91 alloy but a different microstructure) was
investigated locally through SECM. This original microstructure allows us to better identify each
material during the SECM imaging. Also by comparing the corrosion behavior of the same Mg and
Mg17Al1; powders as pure phases and when in contact in an AZ91 alloy, the effect of galvanic
coupling on the hydrogen production performances can be revealed. In fact, the use of a “model”
Mg+Mg17Al12 synthesized by mixing pure Mg and Mgi7Al1, offer the advantage (i) to control the
composition of each phase (e.g. second phase in AZ alloys is usually a mix Mg and Mgi7Al12 while
in the model material the second phase is pure Mgi7Al1,), (ii) to be able to compare the corrosion
behavior of pure Mg and Mg17Al12 and the same Mg and Mgi7Al12 in the alloy and (iii) to reduce
the effect of particle size on the hydrolysis performance [53] of the model material (conserving

the same particle size in the model material as those in each pure material).

The vertical tip-substrate distance was first adjusted through Z-approach curves using feedback
mode in an absolute ethanol solution while the electrochemical reactivity of the surface was
investigated by collecting the generated H» in NaCl solution. Measurements carried out on pure
Mg and pure Mgi7Al1; confirmed the previously reported results on the corrosion of each of the
two materials [41,42,54]. The effect of galvanic coupling on the corrosion behavior of both Mg
and Mgi7Al12 was clarified through SECM mapping of “Mg+Mgi7Al12” material with the same
composition of AZ91 (apart from the presence of 1 wt.% of Zn) but with a controlled
microstructure [42]. Our findings allow to better understand the effect of galvanic coupling on the
corrosion of both Mg and Mgi7Al1;.
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2. Experimental details

2.1. Materials and samples preparation

The studied materials are pellets, with an exposed surface of 0.8 cm?, manufactured by cold-
pressing of magnesium powder (Strem Chemicals, 99.8%), homemade MgisAl1; [55] and a
Mg+Mg17Al12 powder (corresponding to “Mg+Mgi7Al12 fusion” in reference [42]). Pure Mgi7Al12
was prepared by melting 56 wt.% of Mg with 44 wt.% of Al under inert atmosphere (i.e. Ar) at
813K for 8h followed by a sintering at 725K for 18h and cooling-down to ambient temperature
normally [55]. Mg+Mg17Al1> was prepared by melting 78 wt.% of pure Mg with 21 wt.% of pure
Mgi7Al12 (to facilitate the identification of both phases at glance during the positioning of the
UME during SECM measurements) following the same process adopted for the synthesis of pure
Mg17Al12 [42]. XRD patterns and elemental composition of the materials involved in this study are
presented in Supplementary materials Figures S1 and S2 respectively. The specimens were
abraded with SiC paper from 600 to 4000 grit in absolute ethanol consecutively. Experiments
were performed in 60 mmol/L NaCl (UNI-CHEM, 99.8%) prepared in ultrapure distilled water
(18.2 MQ.cm). The concentration of NaCl is 10 times less concentrated than the average
concentration of NaCl in seawater (i.e. 0.6 mol/L) to reduce the corrosion rate (consequently the
surface evolution and intense hydrogen bubbles formation) while retaining the effect of chloride
ions.

2.2. Microstructural analysis

The microstructure of Mg+Mgi7Al12 was analyzed using a TESCAN VEGA3 SB microscope
equipped with a backscattered electron detector (BSE) and an energy dispersive X-ray
spectrometer (QUANTAX EDS from Bruker) for the identification of both phases. Optical
micrographs before and after tests were acquired using a Leica Z16 APO microscope.

2.3. SECM setup

All electrochemical measurements were performed using the SECM, CHI920C from CH
Instruments, Inc. The instrument is equipped with an adjustable stage for tilt correction. It was
used in a typical three electrode configuration; the substrate was unbiased. The cell was made
from Teflon with an opening of 0.2 cm? in the middle into which the sample was tightly fitted.
The tip was a homemade Pt disk ultramicroelectrode (UME) with a radius (a) of 12.5 um and an
RG = 7. The Pt UME was used as the working electrode, a Pt wire as the auxiliary electrode and
an Ag/AgCl/NaCl 3 mol/L as the reference electrode. The sample was left at open circuit potential
during experiments.
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Line scan experiments were performed in the x-direction over a distance of 500 um every 5
minutes after immersion in 60 mmol/L NaCl solution with a scan rate of 10 um.s*. SECM images
were gathered as the tip was moved by the stepper controller over the sample surface (500 um
x 500 um) with a scan rate of 100 pm.s™. This scan rate was chosen to limit the surface evolution
between the start and the end of the measurement. The entire scanning time was approximately
22 minutes. All experiments were carried out in a Faraday cage at room temperature.

3. Results and discussion

During SECM measurements using an amperometric probe [50], the recorded current, resulting
from the collection of redox species, depends on the sample surface electrochemical reactivity
and the distance between the probe and the sample [56]. In order to improve the collection
efficiency of the tip, a small distance between the tip and the substrate should be achieved (L<2)
[57]. Nowadays, SECM can be coupled with an optical microscope to adjust the distance L [58]
or with a shear force system [59]. Considering that this combination is not always available, the
feedback mode was used to control the tip-substrate distance.

The positioning of the tip above the surface was achieved by locating defects on the surface of
Mg+Mgi7Al12. These defects were visible at a glance (Figure 1).

Figure 1: Optical micrographs of Mg+Mgi7Al:, surface before immersion in 60 mmol/L NaCl solution.
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3.1. Tip-substrate distance control

Mg-based material (Mg and Mgi7Al12, Cf reactions (1) and (2) respectively) reacts with the
aqueous NaCl solution to produce H; and a hydroxide by-product [55].

Mg + 2 H,0 - Mg(OH), + H, (1)

Mg,,Al;, + 58 H,0 - 17 Mg(OH), + 8 Al(OH); + 4 Al'1 + 29 H, (2)

Generated hydrogen, during the corrosion of Mg and/or Mgi7Al1, is an electroactive species that
can be oxidized at the Pt UME following reaction (3) (figure 2.a):

H,—>2H"+2e” (3)
TC m
a) SG/TC mode b) ...
4.5
4.0 H
3.5 1
Pt UME B -
d =25 um Etip_OV/Afvjfc/ 3.0
= 254
2.0+
H, 2H
1.5—1
H,0 H, H, H0 H, HO0| "]
U U U "
0o 1 2 3 4 5 & 7 8 9 10
Substrate L=d/a

Figure 2: a) SECM experiment on a 25 um Pt UME using SG/TC mode for the detection of hydrogen, Ep =
0 V/Ag and b) the approach curve recorded above Mgi,Al1, surface using SG/TC mode with detection of
H,. Tip radius = 12.5 um, approach rate = 1 pm.s™.

Figure 2.b shows the approach curve above on the less reactive material Mg17Al12 surface [42] in
60 mmol/L NaCl solution monitoring the flux of the generated H; (the same approach curves are
presented using micron scale in Supplementary materials Figure S3). The measured current ir,
proportional to the concentration of H; in the medium, increase when the dimensionless factor

1 Al'is covered by a protective Al(OH)s layer preventing its hydrolysis in “extreme” hydrolysis solutions (e.g. 0.5M
HCI).
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L(L= g, with d the tip-substrate distance and «a the tip radius) with decreases from 10 to 1 as

expected due to the formation of H, on the substrate. Nevertheless, the current gradually
decreases for L<1, indicating lower H. concentration when the tip is closer to the substrate.
Consequently, the determination of the tip-to-substrate distance by the collection of hydrogen
in SG/TC mode is not straightforward and may differ according to the corrosion behavior of the
sample, in this case it is not clear if L = 0 is really the surface of our substrate. The poor
reproducibility of the curves obtained in SG/TC mode, and the difficulty in determining the
surface of the substrate, led us to use the feedback mode to control the distance between the
tip and the substrate.

a) FB mode b) .|
3.0 4
2.5
£r LV E; =0.6 V/Ag|
d=25pum > S 20-
1.5
1.0
Fe(MeOH), Fe(MeOH),* /'f
) / 0.5
Substrate 0 1 2 3 4 ] Z/ 6 7 8 9 10|
=d/a.

Figure 3: a) SECM experiment on a 25 um Pt UME using Feedback mode in 1 mmol/L of Fc(MeOH),in
ethanol, Eyp, = 0.6 V/Ag and b) the approach curve recorded above Mgy7Al1; surface using Feedback
mode with Fc(MeOH), as mediator at 1 mmol/L in ethanol, Exp= 0.6 V/Ag. Tip radius = 12.5 um, approach
rate =1 um.s™.

Fc(MeOH); was used as a mediator in an absolute ethanol solution for the approach curve in
feedback mode (Figure 3) since the corrosion rate of Mg in pure ethanol is much slower than in
pure H,O or in NaCl aqueous solution [60,61]. Lowering the corrosion rate of the substrate

during the SECM adjustment is necessary to decrease the hydrogen evolution since its generation
will disturb the steay state current due to the oxidation of Fc(MeOH),. Indeed, at E«i, =0.6 V, the
potential applied to oxidize the Fc(MeOH),, H, can also be oxidized, and the current measured at
the tip is proportional to both the concentration and the diffusion coefficient of the electroactive
species. Figure 3.b shows the approach curve on Mgi7Al1; surface in 1 mmol/L Fc(MeOH);
solution. A typical approach curve represents the normalized current, It = i/it- (tip
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current/steady state current) in function of the normalized distance L. The calculated [62]
steady state current ir- was 3.0 nA while the experimental value of it~ was in the range of 2.7
nA to 3.0 nA. Since it~ is almost constant regardless the substrate composition as shown in
Supplementary materials Figure S5, we can conclude that the substrate does not affect the
composition of the Fc(MeOH); solution.

When the tip is positioned close to the surface (0.1 < L < 1, Cf Figure 1.b), ir is lower than /7
indicating that the surface has an intermediate behavior that tends to the negative probe
approach curve. This result indicates that the Mg alloy is covered by an oxide layer (i.e.
corresponding to the passivation layer [63]) that hinders the diffusion of the mediator. However,
the pure negative FB behavior, that can be obtained for example on a Teflon surface (Figure S6),
is not reached. This result indicates that the Fc(MeOH),* can penetrate inside the oxide layer to
react with metallic layer below, which means that the oxide is porous [64,65]. In fact, corrosion

of Mg-based materials occurs in ethanol with a lower corrosion rate as mentioned above.
However, it was not possible to observe a fast electron transfer between the mediator and the
substrate and the current did not increase when the distance between the tip approaches near
the surface. At lower L (L < 0.1), the tip seems in direct contact with the conductive Mgi7Al12 and
an increase of the current is observed in Figure 3.b. For more details about the adjustment of the
tip to substrate distance, the reader can refer to the supplementary materials section “SECM
using feedback mode”.

3.2. Hydrogen generation

The working distance of the UME tip above the surface was set to 20 um (L=1.6) for the reasons
mentioned below:

(i) for optimum collection efficiency of the tip, L is recommended to be lower than 2
[57].
(ii) the oxidation reaction of hydrogen at the tip generates H* ions which lower the pH

and favors the dissolution of the passivation layer (following the Henderson-
Hasselbalch equation [55]). This favors the oxidation of unreacted Mg and therefore,
the current modification is attributed to the destabilization of the passivation layer.
Hence the tip should not be too close to the substrate so that the effect of H*ions will
be less pronounced (figure 2.a).

(iii) the formation of the passivation layer can reduce the distance between the tip and
the surface. Keeping the tip at L = 1.6, allow us to avoid any damage to the tip.
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Hydrogen evolution (e.g. hydrogen collection, ...) is one of the most efficient methods of
measuring the corrosion rate of magnesium and its alloys in aqueous media [16-18,42]. Using
SECM in SG/TC mode presents an alternative way of studying the corrosion rate by collecting
hydrogen at the tip (Figure 2.a). After the approach curves measurements and the positioning of
the tip, the Fc(MeOH); solution was replaced by a 60 mmol/L NaCl solution to investigate the
corrosion behavior of the samples by SG/TC mode by collecting the generated H,.

3.3. Interaction between Mg and Mgi7Al12

SECM has shown great potential to map the corrosion process in heterogeneous materials [66].
In order to investigate the electrochemical interaction between Mg and Mgi7Al12, SECM maps
were carried out in 60 mmol/L NaCl solution.

Figures 4.a and 4.b show the SEM micrographs with BSE detector and EDS mapping respectively.
The yellow zone in Figure 6.b corresponds to Mgi7Al1> while Mg appears red. The area of interest
of 500 um x 500 um is delimited by the white square on Figures 4.a and 4.b. However, the
measured surface during immersion may deviated and the overlay of the SECM and the
micrograph is complicated since the surface evolves even in low conductivity (1 mmol/L
Fc(MeOH); in ethanol) solution.

Figure 4: SEM image with a) BSE detector and b) EDS detector of the surface of Mg+Mgi7Al12. The area of
interest (500 um x 500 um) is delimited in the white square.
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3.3.1. Surface mapping in NaCl solution

SECM mapping was carried out without applying any voltage. Higher ir reflects higher H;
production hence higher corrosion reactivity while lower iris indicative of either unreacted
surface or passivated surface. To distinguish between the latter cases, the maps were collected

successively after 1 min (Figure 5.a) and 23 min (Figure 5.b).

100 um

100 um

Figure 5: Hydrogen evolution maps of Mg+Mgi,Al1; acquired by SG/TC mode without applying any
voltage after a) 1 min and b) 23 min of immersion in NaCl 60 mmol/L. Scan rate = 100 pm.s* and
acquisition time for each image = 22 minutes.

The contrast observed in Figures 5.a and 5.b shows the difference in the reactivity between
surface components. ir varies in a wide range (e.g. 27-1.2 nA when immersed for 5 minutes) due
to the presence of different materials with different corrosion reactivities (the “global | corrosion
kinetics of pure Mg is higher than pure Mgi7Al1, [42]). After 23 minutes of immersion (Figure 5.b),
the corrosion reactivity of Mg+Mgi7Al1; decreased due to the formation of the passivation film
on the surface.

The evolution of the surface was investigated by comparing Figures 5.a and 5.b to identify Mg
and Mgi7Al12. Pure Mg corrodes faster than pure Mgi7Al12 as reported in references [41,42,55].
This will induce the formation of an oxide layer on Mg much faster than on Mgi7Al12. As a
consequence, for Mg, ir will significantly decrease between both figures while it increases or
varies slightly for Mgi7Al12. Based on this reasoning, Mg zones were marked as “Al, A2, A3 and
A4” and Mgi7Al12 zones were marked as “B1, B2, B3 and B4” on Figures 5.a and 5.b. We were
obliged to use this reasoning because it was not possible to match the SEM image with the image
obtained by SECM.
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The main variance between Mg and Mgi7Al1,, in the alloy, is their spatial reactivity where the
current recorded above Mg is minimal at the Mg-Mgi7Al12 interface while it is maximal at the
interface for Mgi7Al12. The galvanic coupling between Mg and Mg17Al12 increases their corrosion
at their interface:

- This effect is noticeable for Mg17Al12 (e.g. zone “B4”) where the current is maximal at the
interface between Mg and Mgi7Al12 in Figure 5.a while it becomes minimal in the same
region as shown in Figure 5.b. Moreover, zone “B3” shows that, for MgisAl12, the
hydrogen production is higher at the interface.

- For Mg, considering its corrosion rate, the interface is rapidly passivated (ir decreases)
resulting in lower current at the interface. The current recorded above the zone “A1”
decreases from 6.0 nA to 0.8 nA with a maximal current above the interface while carrying
out the second SECM map (Figure 5.b).

The higher corrosion rate at the interface is attributed to the electronic transfer between the
anode (Mg with Eocp (Mg) = -1.65 V/SCE [54]) and the cathode (Mg17Al12 with Eocp (Mg17Al12) = -
1.2 V/SCE [41]) and to the surface defects (e.g. grain boundaries, cracks, ...) that acts as corrosion
initiator sites [67]. The passivation of Mg when it is in contact with Mg17Al1; is favored.

The overlay of SECM maps and SEM images is necessary in the corrosion investigation by SECM.
However, optical micrographs of Mg+Mgi7Al1, after SECM measurements (Figures 6) show the
surface evolution which complicates the overlay of SECM results with morphological analysis
(scanning electron microscopy and optical microscopy images).

Figure 6: Optical micrographs of Mg+Mgi7Al1; surface after immersion in 60 mmol/L NaCl solution.
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3.3.2. Comparison with pure materials

In an attempt to reveal the effect of galvanic coupling on the corrosion (consequently hydrogen
production) of Mg and Mgi7Al12 in the model material, current was recorded along the same line
every 5 minutes above pure Mg and pure Mgi7Al1; (i.e. the same materials used for the synthesis
of the model material) for better comparison. The measurements were acquired without
applying any voltage (at their OCP), the samples were scanned in x direction, at a constant
distance of 20 um, for 500 um.

IPure Mg, Al,,

i Mg+Mg__Al..)
/Imax( 1772
— Mg+Mg_ Al

i (nA)

mean i, (Mg) -

641 (Mg, Al) .
1, e MIAL) G (Mg+Mg, Al) meeyiT(Mgwmm)‘

min

2# T~
0

5 10 15 20 25 30 35 40 45
Immersion time (min)

Figure 7: Variation of the measured current irin SG/TC mode using the generated H, for pure Mg, pure
Mgi7Al12, and Mg+Mgi7Al1> with immersion time in 60 mmol/L NaCl solution.

Figure 7 shows the mean current ircalculated by averaging the results from each line scan, every
five minutes. These measurements were repeated at least thrice. An example of the line scan
recorded after 5 minutes and 25 minutes of immersion in NaCl solution is presented in
Supplementary materials Figure S4. This calculation allows us to reduce the impact of the
inhomogeneity on the surface to be able to compare the samples. However, as the current
measured at each time represents the average on the line, it allows us to have an order of
magnitude on the average reactivity of the surface. The variation of ir values during SECM maps
acquisition (Figures 5.a and 5.b) are presented as imax(Mg+Mgi7Al12) and imin(Mg+Mgi17Al12) in
Figure 7 to compare the corrosion behavior of Mg and Mg17Al12 in the model material to pure Mg

292



and pure Mgi7Al12. The values from 5 to 20 minutes correspond to the first map (Figure 5.a) while
the values from 25 to 45 minutes correspond to the second map (Figure 5.b).

Scanning above Mgi7Al12, after 5 min in the corrosive solution, the average current measured is
around 1.6 nA. This low current indicates a low production of H, on the material compared to
pure Mg where the current start at 14.7 nA. This value is around 10 times higher than that
reached for Mgi7Al12. This high difference between the two surfaces allows us to conclude that a
high production of H; is stretched above Mg, as expected. This current decreases with time in
both cases, suggesting the formation of the passivation layer that slow down the production of
H, as previously reported [68]. Above Mgi7Al1; the production of H; is almost stopped.
Comparing the values of irrecorded above pure Mg and pure Mgi7Al1; to those measured during
the SECM map acquisition (Figure 5), the Mg+Mg17Al12 has the higher current at the beginning of
the experiment. This result suggests that the combination of the two materials induces a higher
generation of Hy which implies a higher corrosion reactivity. Nevertheless, the value of the
current is of the same order of magnitude that the one for Mg. However, the current decreases
faster on Mg+Mgi7Al12 than above Mg confirming the higher corrosion rate when the galvanic
coupling is established. Hydrogen collection decreases by prolonging the immersion time in NaCl
solution for pure Mg, pure Mgi7Ali; and Mg+Mgi7Al1; in total agreement with previous
observations [40,42]. The corrosion is interrupted by the formation of an inhomogeneous
passivation layer of solid MgO/Mg(OH), on the surface [63] which inhibits the reaction between
water and Mg/Mgi7Al12 thus limiting the hydrogen production [69]. The current above
Mg+Mgi7Al12 becomes lower than Mg due to the faster formation of the passivation layer,
implying higher initial corrosion reactivity.

The variation of ir extracted from SECM mapping results is represented for comparison between
Mg and Mg17Al12 (i.e. imax and imin, Cf Figure 7). These results should be taken with caution because
the surface scanned in SECM is not homogeneous. The gap between imax and imin is related to the
non-uniform corrosion of Mg and Mgi7Al1 [28]. After 5 minutes of immersion in NaCl solution,
the current varies in the range 19.3 — 10.5 nA, 2.6 — 0.54 nA and 27.3 — 1.2 nA for pure Mg, pure
Mg17Al12 and Mg+Mgi7Al12 respectively (Figure 7). The greater difference between imex and imin
for Mg+Mg17Al1; (i.e. 27.3 — 1.2 nA) is attributed to the heterogeneous composition of the surface
(Mg and Mgi7Al12). imin (Mg+Mg17Al12) is higher than imax (Mgi7Al12) while imex (Mg+Mgi7Al12) is
greater than imax (Mg) after 5 min of immersion in NaCl solution. These results show that the
galvanic coupling established between Mg and Mgi7Al1; accelerates H; production by the
hydrolysis (i.e. corrosion) of both materials in contradiction with previous studies stating that
galvanic coupling is not significant between both materials [31]. By definition, galvanic coupling
favors the oxidation of the less noble material (Mg) while it lowers the one of the more noble
(Mg17Al12) [70]. Note that Mgi7Al12 in Mg-Al alloys can behave simultaneously as an anode
(reaction 2) and a cathode (AE (Mgi7Al1—-Mg) > 250 mV considered for galvanic coupling [54]
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which accelerates the corrosion of the anode Mg [41,71]). For the latter reasons, Mgi7Al12 is
considered as an “unconventional cathode” in Mg-Al alloys (e.g. AZ alloys).

Our results indicate that, in Mg-Al alloys, the galvanic coupling between Mg and Mgi7Al12
accelerates H, production (i.e. corrosion) from both the anode (Mg) and the unconventional
cathode (Mgi7Al1).

4. Conclusions

The present study demonstrates the efficiency of the scanning electrochemical microscopy to
investigate the corrosion of Mg-based materials by standard equipment (without optical
devices). Approach curves were carried out by feedback mode in 1 mmol/L Fc(MeOH); in absolute
ethanol to decelerate the corrosion of Mg-based materials before performing the corrosion
measurements in NaCl solution to keep the same tip-to-substrate distance. The local corrosion
behavior was investigated by SG/TC mode using the generated H,. Our method was used to study
the galvanic coupling of Mg and Mgi7Al1; at the micrometric scale.

Hydrogen collection in SG/TC SECM mode is an efficient method to investigate the corrosion
behavior of heterogeneous Mg-based materials surface. Hydrogen production decreases when
prolonging immersion time in NaCl due to the formation of the protective passivation layer. The
current recorded above pure Mg and pure Mgi7Al12 were taken as references to distinguish the
effect of galvanic coupling between both materials. Monitoring the hydrogen production above
the surface of Mg+Mgi7Al1> shows that the reactivity of pure Mgi7Al12 is lower than that of
Mgi7Al12 in contact with Mg. This suggests that galvanic coupling in Mg-Al alloys not only
promotes corrosion of the less noble material (i.e. Mg) but also the corrosion of the more noble
material (Mg17Al12). Local corrosion measurements map the hydrogen production at the interface
between Mg-Mgi7Al12. Above Mgi7Al12, higher reactivity is recorded at the interface while the
reactivity was maximal above the surface of Mg. The corrosion rate of Mg increases owing to
galvanic coupling; hence Mg corrodes faster at the interface Mg-Mgi7Al12, resulting in rapid
formation of a passivation layer. This results in recording a lower current for Mg above the Mg-
Mgi7Al12 interface, instead of measuring the highest current above the same region.
Nevertheless, this phenomenon is observed above Mgi7Al12 due to its low corrosion rate.

In conclusion, the present investigation showed that galvanic coupling increases the corrosion
rate of the unconventional cathode (anode and cathode simultaneously) in Mg-Al alloys. We
anticipate that these findings will offer better understanding of the galvanic coupling between
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Mg and Mg17Al12 in Mg-Al alloys and of the effect of Mg17Al12 on the corrosion mechanism of the
alloy.
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Local enhancement of hydrogen production by the hydrolysis
of Mg7Ali2 with Mg “model” material
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Supplementary materials

o — Mg
b4 Mg17AI12
— Mg+Mg,Al,
e
°
‘ ° °
A A A ox2
5 i : »
8 i &
> i w 111
7 i ‘ i
5 1y . 1 yiil
- v | | A A 4
€ LAY YyvvvYvYY LY

20 25 30 35 40 45 50 55 60 65 70
26 (°)

Figure S1: XRD patterns of pure Mg, pure Mg 7Al12 and the model material Mg+Mg,7Al .
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a) Mg K
Element  Weight%  Atomic % Error %
Mg K 100 100 1.12
0.0 13 26 39 52 65 78 91 104 117 13.0
b) Mg K
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0K 1.21 1.91 10.84
AlK Al K 44.08 41.30 6.63
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0K 2.48 3.76 1.59
Al K 10.94 9.83 456
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0.0 13 26 39 5.2 6.5 7.8 9.1 10.4 11.7 13.0

Figure S2: Elemental composition of the surface of a) pure Mg, b) pure Mg7AlL» and ¢) Mg+Mgi7Alr2
evaluated by EDS.

S2

297



a) 504 b);s ]
4.5
3.04
4.0
3.5 25
< 304 W
< 5 204
cusd 254
2.0 1.5
15
1.0 4
_— Vf
0.5 05
T T T T T T T ! & ¥ T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 0 10 20 30 40 50 680 70 80 90 100 110 120
d (um) d (um)

Figure S3: Approach curves recorded above Mg7Al)» surface using a) SG/TC mode with detection of Ha
at the tip, Eq, = 0 V vs. Ag/AgCl/NaCl and b) Feedback mode with Fe(MeOH). as mediator at 1 mmol/L
in ethanol, Egq,= 0.6 V vs. Ag/AgCI/NaCl. Tip radius = 12.5 um, approach rate = 1 um.s™.
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Figure S4: Line scan recorded above the surface of pure Mg, pure Mg;;Al;> and Mg+Mg7Aly, after 5
minutes (solid linc plot) and 25 minutes (dash line plot) of immersion in 0.06 M NaCl solution. Tip scan
rate =10 pm.s™.
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SECM using feedback mode

Cyclic voltammetry in the bulk of Fc(MeOH): solution was performed at the microelectrode
without any influence of the substrate (Supplementary materials Figure S5). The steady state
current appeared above 0.6 V/Ag and the oxidation of Fc(MeOH); at the tip is limited by diffusion.
Therefore, the tip was biased at 0.6 V vs. Ag in order to obtain complete diffusion-limited

electrochemical oxidation of Fc(MeOH): to Fe(MeOH):" in feedback mode.
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Figure S5: Cyclic voltammogram on the SECM probe in 1 mmol/L Fc(MeOH), between 0 V/Ag and
0.6V/Ag above a Teflon surface, Mg, Mgi7Al1; and Mg+Mg)7Al. Scan rate = 5 mV.s™.

The shape of the negative feedback approach curves in ethanol can be fitted with the model
described by Cornut ef al. [1]. This model suggests that the variation of the approach curve is
directly related to the geometry of the UME and to the tip-substrate distance (ir/ir.»=f(d, a, RG)
where d the tip-substrate distance, a the UME radius and RG the ratio between the radius of the
insulating sheath and the radius of the conductive disk; hence it is used to verify the RG ratio of
the UME. Cornut et al. [2] developed an analytical approximation of kinetically limited feedback

behavior, permitting the evaluation of the apparent heterogeneous rate constant kapp, between the
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Fc(MeOH)>' and the surface. Since we worked without supporting electrolyte, the migration must
play a role in the mass transport of Fc(MeOH),'. However, because the shape of the approach
curves is close to the pure negative feedback, where the diffusion of Fc(MeOH): is the limited
step, we made the hypothesis that the migration can be neglected. By consequence, these
theoretical curves have made it possible to evaluate the apparent heterogeneous rate constant kapp

corresponding to the redox conversion of Fc(MeOH)2 to Fc(MeOH): ™ on the substrate [2].

1.0 4

0.9 1

0.8 1

0.7 4

0.6 1

n 0.5 1 ]
- Experimental data | Theoretical curves

0.4 / a Mg =0
034 ° Mg Al, x=0.01
1 4 Mg+Mg, Al k=0.03

0244

0.1

L=d/a

Figure S6: Z-approach curves (expressed as scatter line plot) recorded above pure Mg ([J), pure Mg7Al;2
(O) and Mg+Mgy7Al;2 (A) in feedback mode using Fe(MeOH), as mediator and the theoretical curves
(expressed as continuous line plot) calculated for RG = 7 and k = 0 (=), k = 0.01 (==) and x = 0.03 (=).
Approach rate = 1 pm.s™'.

The experimental (scatter line plot) and the theoretical (continuous line plot) approach curves
recorded above the surface of pure Mg, pure Mgi7Al12 and Mg+Mgi7Al12 are shown in Figure S6.
Table S1 shows the values of the apparent heterogeneous rate constant kapp and the corrosion rate
densities of the three materials. Tefashe et al. [3] showed that prolonging the immersion time of

Mg in Fc(MeOH): solution increases the thickness of the passivation layer and decreases the
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apparent heterogeneous rate constant Kapp. All the curves were recorded after an immersion time
of 15 min. In our case, we never observed the positive feedback with Fc(MeOH): in ethanol. This

result suggests that a passivation layer is present even by using ethanol [4].

Table S1: The apparent heterogencous rate constant kapp estimated from feedback approach curves fitting
and the corrosion current densities (Jeorr) in 0.6 mol/L NaCl solution for the three materials.

Pure Mg | Pure Mgi7Aliz | Mg+Mgi7Aln
Kapp (X107 cm.s™h) 0.49 1.54 0.51

Jeor (nAcm?) | 558[5] 52'3[7[]6,3 9500 [8]

* measurements were performed in 0.1 mol/L NaCl solution [7].

The kapp calculated for Mgi7Al12 is greater than that on pure Mg while kqpp (Mg+Mgi7Al12) was
similar to Mg because the approach curve is performed on the Mg part of the material. The
corrosion current densities estimated from the Tafel plots varies as follow: Mgi7Al12 < Mg <
Mg+Mgi7Al12 [5-8]. The fact that kapp value for Mgi7AlL2 is higher while the corrosion current
density of Mg17Al12 is extremely lower than that of Mg indicates that the apparent heterogeneous
rate constant is probably affected by the composition of the passivation layer as well as its

thickness, which influence the diffusion of the mediator.
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