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Abstract 

The hydrolysis of Mg-based materials appears to be an ideal solution for clean energy production. Green hydrogen was produced by 
the hydrolysis reaction of a “standard” AZ91 alloy (called AZ91 in the following) in “model” seawater solution. Two milling speeds ( i.e. 
250 rpm and 350 rpm) were tested to enhance the reactivity of AZ91. Graphite and AlCl 3 were used as ball milling additives. Milling at higher 
rotational speed is more energetic, hence it ameliorates the most the hydrolysis performance of AZ91. Comparing both milling additives, 
AlCl 3 enhances the most the hydrolysis of AZ91 with a generation of 65% of its theoretical H 2 generation capacity. The best material was 
obtained by milling AZ91 at 350 rpm with graphite for 2 h followed by a further milling with AlCl 3 for 2 h – a yield of 75% of its theoretical 
H 2 generation capacity was reached within a few minutes. The corrosion behavior of milled AZ91 was investigated by anodic polarization 
and electrochemical impedance spectroscopy (EIS). The calculated electrochemical parameters from EIS fitting of two materials milled under 
different conditions but with the same milling additive are approximately the same. This suggests that, in order to fully evaluate the reactivity 
of AZ91, hydrolysis, anodic polarization and EIS must be considered. 
© 2021 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

The way we use fossil fuels as our main source of energy 

ince the industrial revolution has caused a massive increase 
n the levels of CO 2 and other greenhouse gases in our at- 
osphere, which is the main cause of global warming [1] . 
ecarbonizing the energy supply using clean, sustainable and 

enewable alternative energies is essential for future energy 

ustainability, global security and climate change [2 –7] . Re- 
ewable energy resources will play a key role in the transi- 
ion to a clean and sustainable energy system [8 , 9] . In fact,
ydrogen as an energy carrier is among the most promising 

olutions to the problems mentioned above [1 , 10 –12] . 
∗ Corresponding author. 
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Hydrogen can be produced using diverse domestic re- 
ources, including nuclear, natural gas, coal, biomass, and 

ther renewable sources [13] . The latter include solar, wind, 
ydroelectric, or geothermal energy. The production of hy- 
rogen can be achieved via various process technologies, 
amely electrolysis, photolysis, biolysis, thermolysis, plasma 
rc decomposition of methane, coal gasification, fermenta- 
ion, etc. [1 , 9 , 13 –15] . Nowadays, hydrogen is mainly pro-
uced by steam reforming of natural gas, a process that leads 
o massive emissions of greenhouse gases [16 , 17] . However, 
ll these production techniques are limited for economic, en- 
ironmental reasons and dependence on resources (especially 

or production from biomass). 
Conversely, hydrogen production by the hydrolysis reac- 

ion of magnesium can occur spontaneously under normal 
onditions of temperature and pressure without any catalyst. 
. This is an open access article under the CC BY-NC-ND license 
y of Chongqing University 
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Table 1 
Milling conditions used in each strategy. 

Parameter 
Mg 17 Al 12 study 
conditions [35] 

AZ91 study conditions 
[33] 

Rotational speed 250 rpm 350 rpm 

Powder-to-ball mass ratio 1/17 1/40 
Mill gas Ar Ar 
Continuous milling 15 min 10 min 
Pause 2 min 20 min 
Nomenclature 250 rpm 350 rpm 
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owever, magnesium hydrolysis is rapidly interrupted by the 
ormation of a passivation layer of solid magnesium hydrox- 
de on the surface of Mg, which limits the hydrolysis by 

locking the diffusion of H 2 O to Mg matrix. Recently, many 

ighly reactive Mg-based materials have been developed to 

mprove the hydrogen production by the hydrolysis reaction 

 e.g. Mg 2 Si [18] , Mg-Mg 2 X (X = Cu, Sn) [19] , Mg-Ni-Ce
20] , MgNdNi 15 [21] , Mg-Mg 2 Si [22] Mg – Graphite com- 
osites elaborated by plasma-assisted milling [23] ) and have 
een reviewed elsewhere [24] . On the other hand, it has been 

emonstrated that the hydrolysis of magnesium can be re- 
laced by that of Mg-based alloys and waste [25 –33] . This 
an enable the low-cost production of pure hydrogen by the 
ydrolysis reaction. On the other hand, ball milling has been 

hown to be beneficial in improving the reactivity of Mg- 
ased materials. Several milling strategies were investigated 

uch as using various additives, changing the milling atmo- 
phere, varying the rotational speed, using different milling 

evices [25 –38] . In this work, we present the production 

f hydrogen by the hydrolysis reaction of an AZ91 alloy. 
his “standard” alloy has schematically an Mg matrix and an 

g 17 Al 12 intermetallic phase [39 –41] . 
Previously [35] , we showed that ball milling for 5 h at 

50 rpm under inert atmosphere ( i.e. Ar) enhances the hydrol- 
sis reaction performance of Mg 17 Al 12 (from 6% to 11% of 
he theoretical hydrogen production capacity in 60 min). Upon 

ll the tested additives ( i.e. graphite, NaCl, MgCl 2 and AlCl 3 ), 
lCl 3 showed the best performance due to the beneficial ef- 

ect of its exothermic dissolution. The addition of graphite 
nd AlCl 3 simultaneously during ball milling of Mg 17 Al 12 

urther enhances its hydrolysis with a yield of 16% reached 

n less than 5 min. 
In our prior works [32 , 33] , Mg alloys waste (AZ31 mixed 

ith Al scraps in a proportion closer to that existing in AZ91) 
rovided from the sacrificial anode industry was ball milled 

o enhance its hydrolysis reactivity. Milling under H 2 was 
ound to be less efficient than that under Ar. When using a 
ingle additive ( i.e. graphite or AlCl 3 ), the best hydrolysis 
roperties are obtained with graphite (yield of 95% of its 
heoretical capacity reached in 5 min) due to the formation of 
he protective graphite layer. By incorporating both additives 
equentially, the best material from the hydrogen production 

oint of view was obtained by milling Mg alloy with G for 
 h and with AlCl 3 for 2 extra hours (complete hydrolysis 
eached in 5 min). 

In this present investigation, a “standard” AZ91 ( i.e. in 

hich Al forms with Mg the intermetallic Mg 17 Al 12 ) is ball 
illed under Ar using the same mill device following two 

trategies: The first was used to enhance the hydrolysis per- 
ormance of Mg 17 Al 12 [35] and the second was applied to 

mprove the reactivity of Mg alloy waste [33] . The compar- 
son between both strategies was done by reproducing the 
est “additive + milling duration” combination on the present 
Z91. Hydrogen production by AZ91 is an electrochemical 

eaction where Mg is oxidized to Mg 

2 + and water is reduced 

o produce H 2 gas [28] . Thus, the higher hydrolysis perfor- 
ance of Mg-based materials corresponds to higher oxidation 
2 
f magnesium. As a consequence, both anodic polarization 

corresponding to the oxidation of Mg) and hydrolysis tests 
stimate the reactivity of the powder from an electrochemi- 
al and chemical aspects respectively. Hydrolysis test, anodic 
olarization and electrochemical impedance spectroscopy are 
sed to evaluate the corrosion rate of the milled materials and 

o investigate the effect of milling strategy on the hydrolysis 
roperties of the materials [42] . 

. Experimental details 

.1. Ball milling 

The plate of AZ91 (from a local supplier in Pessac, France) 
as crushed by face milling to reduce it into pellets. AZ91 

illing was performed under Ar at room temperature in a 
ritsch Pulverisette 7 planetary mill. The milling strategies 
sed in this work will be named according to the rotational 
peed. The milling conditions for both strategies are summa- 
ized in Table 1 . 

Based on our previous studies [25 , 32 –35] , we have adopted 

he addition of 5 wt.% of additives ( i.e. graphite G (Aldrich) 
nd anhydrous aluminum chloride powder AlCl 3 (98.5%, 
cros Organics)) during ball milling. The powder obtained 

fter ball milling was passed through a sieve of 200 μm and 

as stored in Argon-filled glove box to avoid air exposure. 

.2. Materials characterization 

The structural and morphological properties of AZ91 al- 
oy and milled AZ91 are investigated by X-ray diffraction 

Philips PANalyticalX’Pert (PW1820) diffractometer with Cu 

 α1 radiation ( λ = 1.5405 Å)), scanning electron microscope 
TESCAN VEGA3 SB microscope) equipped with energy dis- 
ersive X-ray spectrometer (EDS) and laser granulometry in 

bsolute ethanol (MASTERSIZER2000 from Malvern®). Par- 
icles size data are expressed as number distribution where d 90 

orresponds to the point in the size distribution, up to and in- 
luding which, 90% of the total number of particles in the 
ample is contained. 

.3. Hydrogen production and electrochemical measurements 

The hydrolysis reaction was carried out in a “model sea- 
ater” solution ( i.e. 3.5 wt.% NaCl) at room temperature (the 

xperimental setup is detailed in reference [43] ). Hydrogen 
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Table 2 
Mg crystallite size ( τMg ) and particles size d 90 of all the materials involved 
in this study. 

Sample Milling speed 
(rpm) 

τMg (nm) Particles size 
d 90 ( μm) 

AZ91 – 23 > 300 

AZ91 5h 250 24 33 
AZ91 + G 5h 250 23 16 
AZ91 + AlCl 3 5h 250 22 9 
AZ91 + (G + AlCl 3 ) 5h 250 21 6 

AZ91 2h 350 22 20 
AZ91 + G 5h 350 19 18 
AZ91 + AlCl 3 2h 350 20 12 
AZ91 + G 2 h + AlCl 3 2h 350 17 9 
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roduction is presented as the conversion yield (%), which is 
efined as the volume of produced hydrogen over the theo- 
etical volume of hydrogen if AZ91 (Mg + Mg 17 Al 12 ) powder 
s completely consumed. 

Open circuit potential (OCP), anodic polarization curve 
nd electrochemical impedance spectrum (EIS) were deter- 
ined using an electrochemical workstation (Ametek Versa- 
TAT 3F type) at room temperature in 3.5 wt.% NaCl solu- 

ion with a classical three-electrode cell setup (described in 

ef. [21] ). The working electrode was a pellet of 0.80 cm 

2 

0.05 cm 

2 (measured using ImageJ software) and was wet 
round with ethanol to a 4000-grit finish before each test. The 
reparation of the working electrode and the details about the 
lectrochemical tests conditions were performed following the 
rocedure reported in references [21 , 42] . EIS measurements 
ere carried out over a frequency ranging from 100 kHz to 

00 mHz with a 10 mV amplitude sinusoidal voltage at OCP. 
he EIS results were fitted using the commercial ZView 3.5f 
oftware. All above electrochemical measurements were re- 
eated at least twice to ensure reproducibility. 

Throughout this work, the materials will be named as fol- 
ows: 

- AZ91 mh: AZ91 milled for m hours 
- AZ91 + X mh: AZ91 milled with 5 wt.% of X for m hours
- AZ91 + (X+Y) mh: AZ91 milled with 5 wt.% of X and 

5 wt.% of Y for m hours and 

- AZ91 + X mh + Y nh: AZ91 milled with 5 wt.% of X for
m hours followed by a milling with 5 wt.% of Y for n 

hours, (X,Y = AlCl 3 , G). 

. Results 

.1. AZ91 cast alloy 

AZ91, consisting mainly of 90 wt.% Mg, 9 wt.% Al and 

 wt.% Zn, is a part of AZ family used in the field of trans-
ortation, agriculture, chemical, construction and energy in- 
ustries owing to its impressive efficient properties such as 
astability, weldabilty, good machinability, rigidity, toughness 
nd lightness [44 –46] . 

Fig. 1. a shows the X-ray diffraction (XRD) patterns of the 
Z91 used in this work. The difference plot of the experi- 
ental XRD patterns of AZ91 alloy (open circles) and the 

alculated XRD patterns of Mg (red line) allows highlight- 
ng the presence of the intermetallic Mg 17 Al 12 . In addition, 
he difference curve shows that the peaks of Mg are doubled. 
his is indicative of the existence of a solid solution of Zn 

nto Mg (Mg 0.97 Zn 0.03 [47] ). Indeed, the substitution of Mg 

toms by Zn atoms in the hexagonal crystal lattice of Mg de- 
reases the cell parameters by 0.6% ( a decreases from 3.21 Å 

o 3.19 Å and c decreases from 5.21 Å to 5.18 Å). In fact,
n metallic radius (r Zn = 134 pm) is smaller than the one of 
g (r Mg = 160 pm). This results in a slight displacement of 

he peaks of Mg towards higher 2 θ angles ( e.g. peak of the 
lane (101) of Mg at 36.62 ° while that of Mg 0.97 Zn 0.03 is at 
6.85 °). Since the alloy contains 1 wt.% of Zn, the contribu- 
3 
ion of Mg 0.97 Zn 0.03 in the hydrogen production / corrosion 

ehavior of the alloys is considered similar to that of Mg. 

.2. Ball milling at 250 rpm 

In our previous work [35] , we stated that cheap additives 
 e.g. Graphite and AlCl 3 ) can be used to improve the hy- 
rolysis of Mg 17 Al 12 . In this section, we present the effect of 
all milling at 250 rpm for 5 h without additives (named AZ91 

 h), with 5 wt.% G (named AZ91 + G 5 h), with 5 wt.% AlCl 3 
named AZ91 + AlCl 3 5 h) and with 5 wt.% G and 5 wt.%
lCl 3 (named AZ91 + ( G + AlCl 3 ) 5 h). 

.2.1. Structural and morphological modifications 
Fig. 1. b shows the X-ray diffractograms of AZ91 alloys 

illed at 250 rpm before hydrolysis and AZ91 + (G + AlCl 3 ) 
 h after hydrolysis. The slight variation of the width of 
he diffraction peaks indicates an insignificant variation in 

he size of Mg crystallites ( τMg of approximately 23 nm, Cf 
able 2 ). Nevertheless, mechanical milling reduces the parti- 
les size from more than 300 μm for unmilled AZ91 to 6 μm 

or AZ91 + (G + AlCl 3 ) 5 h ( Table 2 ). These observations
ndicate that the milling at 250 rpm is not energetic enough 

o decrease Mg crystallite size. The reduction in particles 
ize, on the other hand, is probably due to the effect of ball 
illing additives. 
Indeed, the milling of AZ91 for 5 h without additives re- 

uces the particles size to 33 μm ( Fig. 2. a and Table 2 ) while
illing with 5 wt.% of graphite for 5 h decreases the parti- 

les size to 16 μm ( Fig. 2. b and Table 2 ). Milling with AlCl 3 
 i.e. AZ91 + AlCl 3 5 h) and with both graphite and AlCl 3 ( i.e.
Z91 + ( G + AlCl 3 ) 5 h) further reduces the particles size and

reates surface defects ( Fig. 2. c and d and Table 2 ). The bene-
cial effect of ball milling of Mg and Mg 17 Al 12 ( i.e. the main 

omponents of the AZ91 alloy) with both additives has been 

eported in the literature [34 , 35 , 37] . Indeed, graphite forms a 
rotective layer on the surface of Mg [34 , 37] and Mg 17 Al 12 

35] while the addition of AlCl 3 reduces the particles size and 

avors the formation of surface defects ( e.g. cracks). 
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Fig. 1. a) Observed (open circles) and calculated (red line) X-ray diffraction patterns of AZ91 with the difference (blue line) at the same scale plotted below 

and b) XRD patterns of AZ91 5 h, AZ91 + G 5 h, AZ91 + AlCl 3 5 h and AZ91 + (G + AlCl 3 ) 5 h milled at 250 rpm before hydrolysis and AZ91 + (G + AlCl 3 ) 
5 h after hydrolysis. 

Fig. 2. SEM images of a) AZ91 5 h, b) AZ91 + G 5 h, c) AZ91 + AlCl 3 5 h and d) AZ91 + (G + AlCl 3 ) 5 h milled at 250 rpm. Red circles indicate surface 
defects formed during ball milling with AlCl 3. 
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.2.2. Hydrogen production 

Fig. 3. a and b show the hydrogen production evolution 

y the hydrolysis of the milled AZ91 at 250 and 350 rpm, 
espectively. AZ91 flakes barely react with NaCl solution with 

nly a production of 7% of its theoretical production capacity 

n 60 min of reaction. Note that the theoretical production 

apacity was calculated for each sample taking into account 
he equations for the hydrolysis of Mg and Mg 17 Al 12 [35] and 
4 
he composition of the milled material ( i.e. quantification of 
he 2 phases) evaluated from XRD refinements (78 wt.% of 

g and 21 wt.% of Mg 17 Al 12 ). 
Milling AZ91 for 5 h at 250 rpm improves hydrolysis per- 

ormance with a production of 20% of the theoretical H 2 

eneration capacity in 60 min while milling with graphite 
or the same duration ( i.e. AZ91 + G 5 h) increases the pro-
uction of hydrogen to 50% ( Fig. 3. a). This can be ex- 
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Fig. 3. Hydrogen generation of a) AZ91, AZ91 5 h, AZ91 + G 5 h, AZ91 + AlCl 3 5 h and AZ91 + (G + AlCl 3 ) 5 h milled at 250 rpm and b) AZ91, AZ91 2 h, 
AZ91 + G 5 h, AZ91 + AlCl 3 2 h and AZ91 + G 2 h + AlCl 3 2 h milled at 350 rpm. 
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Table 3 
OCP values and corrosion current density (J corr ) for all the materials involved 
in this study. 

Sample Milling speed 
(rpm) 

OCP (V/SCE) J corr 

(mA/cm 

2 ) 

AZ91 – −1.63 ±0.05 0.03 ±0.001 

AZ91 5h 250 −1.55 ±0.04 4.1 ±0.2 
AZ91 + G 5h 250 −1.51 ±0.04 0.7 ±0.05 
AZ91 + AlCl 3 5h 250 −1.52 ±0.04 4.8 ±0.8 
AZ91 + (G + AlCl 3 ) 5h 250 −1.50 ±0.04 7.5 ±0.3 

AZ91 2h 350 −1.54 ±0.04 4.9 ±0.2 
AZ91 + G 5h 350 −1.51 ±0.04 8.3 ±0.4 
AZ91 + AlCl 3 2h 350 −1.53 ±0.04 10.4 ±0.4 
AZ91 + G 2 h + AlCl 3 2h 350 −1.50 ±0.04 11.3 ±0.4 
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lained by the formation of the protective layer of graphite 
25 , 34] which prevents the adhesion of the passive Mg(OH) 2 
n the surface. However, the best performances were ob- 
ained for AZ91 + AlCl 3 5 h and AZ91 + (G + AlCl 3 ) 5 h
ith a production of 65% of the theoretical capacity in ap- 
roximately 25 min and 10 min of reaction respectively. 
he exothermic dissolution of AlCl 3 during the hydroly- 
is of AZ91 milled with AlCl 3 generates, at the material- 
olution interface, H 

+ and Al 3 + acidic ions which promotes 
he dissolution of Mg(OH) 2 [35 , 48 –50] . Previously, we have 
hown that ball milling improves the hydrolysis of Mg 17 Al 12 

nd the reactivity was reported as follow: Mg 17 Al 12 < 

g 17 Al 12 + G 5 h < Mg 17 Al 12 5 h < Mg 17 Al 12 + AlCl 3 5 h <

g 17 Al 12 + G + AlCl 3 5 h [35] . As expected, the reactivity of
all milled AZ91 varies in the same way as that of Mg 17 Al 12 

ith a dissimilarity when milling with graphite which en- 
ances the hydrolysis performance more than AZ91 5 h. These 
esults highlight that contribution of Mg 17 Al 12 plays a key 

ole in the overall hydrolysis reaction of AZ alloys. When 

Z91 is milled with an additive, this latter will affect the 
eactivity of both Mg and Mg 17 Al 12 . AlCl 3 enhances the hy- 
rolysis performance of Mg [48 , 49] and Mg 17 Al 12 [35] while 
raphite only improves the hydrolysis performance of Mg 

34] (no significant improvement was observed for Mg 17 Al 12 

35] ). 
XRD patterns of AZ91 + (G + AlCl 3 ) 5 h after the hydrol-

sis ( Fig. 1. b) reveal the presence of Mg peaks which con- 
rm the incomplete reaction between AZ91 and the aqueous 
olution. Moreover, the formation of Mg x Al y (OH) z phases 
onfirms that the milling strategy increases the hydrolysis 
eactivity of Mg 17 Al 12 since a part of Al (from Mg 17 Al 12 ) 
ontributes in the hydrogen production while the XRD pat- 
erns of AZ91 5 h and AZ91 + G 5 h after the hydrolysis ( Cf
upplementary material Fig. 1) reveals the presence of Mg, 
g 17 Al 12 and Mg(OH) 2 but no Mg x Al y (OH) z can be detected. 
Open circuit potential (implying the corrosion potential 

 corr ) for all the materials were recorded during 30 min of 
mmersion in 3.5 wt.% NaCl aqueous solution. The corrosion 
p

5 
otentials E corr presented in Table 3 were obtained by aver- 
ging OCP values from 15 min to 30 min where the potential 
as the most stable. AZ91 alloy has an E corr of -1.63 V/SCE 

 Table 3 ) while Singh et al. [51] reported an OCP of -
.5 V/SCE. In fact, galvanic coupling exists between Mg and 

g 17 Al 12 [21 , 42] . Mechanical and thermal treatments during 

he manufacture of Mg-Al alloys affect the precipitation of the 
ntermetallic in Mg so that the distribution of Mg 17 Al 12 in the 

atrix varies [52] . This affects the surface area between each 

hase as well as the OCP [53] . Ball milling at 250 rpm for 5 h
hifts the OCP toward higher potentials (E corr = -1.55 V/SCE). 
he increase in E corr for milled AZ91 indicates a higher reac- 

ivity to form the passivation layer Mg(OH) 2 [54] . The vari- 
tion of the OCP of AZ91 + G is attributed to the galvanic 
oupling established between Mg-G and Mg 17 Al 12 -G 

The corrosion current densities (J corr ) are determined from 

he anodic polarization curves [55] . The anodic polarization 

urve ( Fig. 4. a) demonstrates the formation of a passivation 

lm for AZ91, while the passivation is negligible when the 
lloy is milled with and without additives. AZ91 corrodes in 

he “model” seawater solution with a corrosion current density 

f 0.03 mA/cm 

2 ( Table 3 ) in total agreement with that reported 

reviously (J corr = 0.0255 mA/cm 

2 according to ref. [51] ). As 
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Fig. 4. Anodic polarization curves for a) AZ91, AZ91 5 h, AZ91 + G 5 h, AZ91 + AlCl 3 5 h and AZ91 + (G + AlCl 3 ) 5 h milled at 250 rpm and b) AZ91, 
AZ91 2 h, AZ91 + G 5 h, AZ91 + AlCl 3 2 h and AZ91 + G 2 h + AlCl 3 2 h milled at 350 rpm in 3.5 wt.% NaCl aqueous solution. 
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Fig. 5. Electrical equivalent circuit used to interpret the experimental impedance data. 
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valuated by the hydrolysis tests, ball milling increases the 
orrosion rate of the milled materials to 4.1 mA/cm 

2 for AZ91 

 h and a maximum reactivity for AZ91 + (G + AlCl 3 ) 5 h with
 corr = 7.5 mA/cm 

2 ( Table 3 ). 
On the other hand, a dissimilarity between the hydroly- 

is test and anodic polarization is observed for AZ91 + G 5h: 
he hydrolysis test shows that AZ91 + G 5 h is more reac- 

ive than AZ91 5 h while the anodic polarization test shows 
hat AZ91 5 h is more reactive. Such dissimilarity is due to 

he presence of the protective graphite layer on the surface 
f the pellets during the polarization test which changes the 
lectrical properties of the surface. 

.2.3. Electrochemical impedance spectroscopy 
EIS is known as an efficient method to investigate the ef- 

ect of ball milling additives on the corrosion behavior of 
aterials [34] . Therefore, we investigate the electrical proper- 

ies of the milled materials surface during immersion in NaCl 
olution by electrochemical impedance spectroscopy measure- 
ents. The Nyquist EIS spectra of AZ91 and milled AZ91 at 
CP display a capacitive loop (Z im 

< 0) and an inductive loop 

Z im 

> 0, Cf Fig. 5 ). Previously, Cao et al. [56] fitted the EIS
xperimental data of AZ91 by neglecting the presence of the 
6 
nductive loop. King et al. [57] considered the contribution 

f the inductive loop (by adding an inductor to their electri- 
al equivalent circuit) while fitting the EIS data of pure Mg 

n NaCl solution. The inductive loop can be interpreted by 

he formation of a reaction intermediate ( i.e. multi-step reac- 
ion) [55 , 58 –60] and its adsorption on the surface. It is worth 

oting that the inductive loop is not a measurement artefact. 
In the present study, we adopted the equivalent circuit of 

ing et al. [57] to fit our experimental data and we used 

onstant phase element (CPE) for the representation of the 
apacitive elements ( Fig. 5 ). 

Fig. 6 shows relevant examples of the various impedance 
urves obtained for AZ91 and AZ91 milled at 250 rpm. 
IS spectra of AZ91 + G 5 h and AZ91 + (G + AlCl 3 ) 5 h
 Supplementary material Fig. 2.a and b, respectively) are sim- 
lar to AZ91 + AlCl 3 5 h ( Fig. 6. c). The effective capacitances 
or both CPE1 and CPE2 were calculated from the values of 
he capacitance Q(i), the CPE exponent order n(i) and the as- 
ociated resistance R(i) [61] . For CPE1, n1 values are greater 
han 0.5 while for CPE2, n2 decreases to 0.55 in the case of 
Z91 + (G + AlCl 3 ) 5 h indicating that the corrosion mecha- 
ism becomes diffusional. The values of all electrochemical 
arameters of AZ91 and milled AZ91 at 250 rpm determined 
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Fig. 6. Nyquist (left) and Bode (right) plots for: a) AZ91, b) AZ91 5 h, and c) AZ91 + AlCl 3 5 h milled at 250 rpm. 
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sing ZView software are summarized in Supplementary ma- 
erial Table 1. 

From the EIS fitting results, equivalent circuit parameters 
ere calculated and presented in Table 4 . R s is the solu- 

ion resistance, C 1 and C 2 are the effective capacitances of 
PE1 and CPE2 respectively, R t the charge transfer resis- 

ance and R p the polarization resistance. Based on the calcu- 
ated values of the capacitances, C 1 is most likely a double 
ayer capacitance on a roughened electrode [57 , 62 , 63] while 
 2 characterizes the pseudo capacitance of the adsorption of 
 corrosion intermediate ( e.g. Mg 

+ [55 , 59 , 60 , 64] or MgH 

+ 
7 
58] ) or a corrosion product ( i.e. Mg(OH) 2 ). High C 2 values 
ere justified and discussed for pseudo capacitance in previ- 
us investigations [57 , 65] and the variation in the capacitance 
s proportional to the surface of the working electrode. Ball 
illing for 5 h at 250 rpm reduces the particles size of AZ91 

o 33 μm ( Table 2 ). Note that electrochemical tests are per- 
ormed using condensed powder. Consequently, milled AZ91 

lectrode shows more grain boundaries than unmilled AZ91 

hich act as reaction ( i.e. corrosion and hydrolysis) initiator 
ites and increase the reaction kinetics. Moreover, when cor- 
osion rate increases, the surface of the pellets ( i.e. working 
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Table 4 
Electrochemical parameters calculated from best fit of impedance data of AZ91, AZ91 5 h, AZ91 + G 5 h, 
AZ91 + AlCl 3 5 h and AZ91 + (G + AlCl 3 ) 5 h milled at 250 rpm. 

AZ91 AZ91 5h AZ91 + G 5h AZ91 + AlCl 3 5h AZ91 + (G + AlCl 3 ) 5h 

R s ( �/cm 

2 ) 13 19 26 45 16 
n1 0.92 0.64 0.9 0.75 1 
C 1 ( μF/cm 

2 ) 5 47 181 240 140 
n2 0.67 0.9 0.67 0.89 0.55 
C 2 ( μF/cm 

2 ) 9 ∞ ∞ ∞ ∞ 

R t ( �/cm 

2 ) 1245 42 16 8 11 
R p ( �/cm 

2 ) 700 27 13 5 8 
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lectrode) becomes rougher (consequently the surface area in- 
reases) due to the formation of soluble MgCl 2 in NaCl solu- 
ion [21] . C 1 increases from 5 μF/cm 

2 for AZ91 to 47 μF/cm 

2 

or AZ91 5 h and higher than 100 μF/cm 

2 for AZ91 milled 

ith additives ( Table 4 ). This variation is expected since the 
apacitance is proportional to the surface area of the working 

lectrode ( i.e. AZ91 pellets). 
The charge transfer resistance R t is determined from the 

IS Nyquist plot where Z im 

→ 0 �/cm 

2 (at f > 0 Hz) and the
olarization resistance R p is estimated by 

1 
Rp = 

1 
R1+R2 + 

1 
R3 

where Z im 

→ 0 �/cm 

2 at f → 0 Hz) [57] . For both resistances, 
he rise in their value is attributed to lower corrosion resis- 
ance. In the literature, R t is considered when evaluating the 
orrosion rate by EIS without considering the inductive loop. 
ence, the corrosion rate is underestimated by a factor of 2 

57] . Table 4 shows that R t is higher than R p as stated by
ing et al. [57] due to the contribution of the inductive loop 

by the resistance R 3 ) in the calculation of the polarization re- 
istance. R p decreases from 700 �/cm 

2 for AZ91 to 27 �/cm 

2 

fter ball milling mainly for the reason that R p is inversely 

roportional to the surface area (while the surface area varies 
nd the corrosion rate vary proportionally previously indi- 
ated) [61] . The calculated R p for milled AZ91 shows that 
Z91 + G 5 h is less corrosion resistant than AZ91 5 h as

tated by the hydrolysis test. This dissimilarity between J corr 

etermined by anodic polarization technic and R p is proba- 
ly attributed to the protective graphite layer as previously 

entioned. The increase of C 1 values and the diminution of 
 p and R t for milled AZ91 is attributed to the destabilization 

f Mg(OH) 2 induced by the presence of additives. In fact, 
he exothermic dissolution of AlCl 3 during the immersion of 
Z91 + AlCl 3 5 h in NaCl solution increase the temperature 

t the interface material-solution and generates locally Lewis 
cid cations Al 3 + et Brønsted acid cations H 

+ [48 , 54] which 

ncrease the solubility of Mg(OH) 2 at the interface. While the 
resence of graphite during the mechanical treatment forms a 
rotective layer which prevents the adhesion of Mg(OH) 2 on 

he surface. 
The inclusion of inductor was justified in previous reports 

57 , 63] and is attributed to the adsorption of corrosion inter- 
ediate ( e.g. Mg 

+ [55 , 59 , 60 , 64] or MgH 

+ [58] ). However,
he inductance values (L) shown in Supplementary materials 
able 1 are only considered as qualitative indication of the 

ormation of reaction intermediate. 

8 
.3. Ball milling at 350 rpm 

Ball milling of Mg alloy used in sacrificial anode industry 

t high speed under H 2 [32] and under Ar [33] ameliorates 
ts hydrolysis performance. We showed that milling under H 2 

s less efficient than that under Ar, in term of hydrolysis per- 
ormances, due to the formation of less reactive MgH 2 [32] . 
xtending milling time to more than 2 h without additives 
r with AlCl 3 deteriorated the hydrolysis performance while 
g alloy milled with graphite for 5 h was optimal and gen- 

rates 95% of its total H 2 production capacity in 5 min [33] . 
he best hydrolysis performance was obtained by milling 

ith graphite for 2 h followed by milling for additional 2 h 

ith AlCl 3 . Finally, we showed that milling using the “high- 
nergy” Fristch Pulverisette (the same mill device used in 

his investigation) was more beneficial than the “low-energy”
ustralian Uni-Ball-II. 
Higher milling speed was proved beneficial to ameliorate 

he hydrolysis reactivity of Mg-based alloy, so that AZ91 was 
illed at 350 rpm and the milling time was chosen based on 

hese previous studies. Therefore, AZ91 2 h, AZ91 + AlCl 3 
 h, AZ91 + G 5 h and AZ91 + G 2 h + AlCl 3 2 h milled at
50 rpm were analyzed in this work. The structural and 

orphological properties and the hydrogen production per- 
ormances ( i.e. hydrolysis, anodic polarization and EIS) of 
Z91 2 h, AZ91 + AlCl 3 2 h, AZ91 + G 5 h and AZ91 + G
 h + AlCl 3 2 h milled at 350 rpm are reported below. 

.3.1. Structural and morphological modifications 
Milling AZ91 at higher energy (i.e. 350 rpm) decreases Mg 

rystallite size from 22 to 17 nm and particles size from 20 to 

 μm for AZ91 2 h and AZ91 + G 2 h + AlCl 3 2 h respectively
 Cf XRD patterns are shown in Supplementary material fig- 
re 3). Milling with AlCl 3 further decreases particles size to 

2 μm for AZ91 + AlCl 3 2 h. In fact, chlorides are known as
xcellent milling agents because they improve the efficiency 

f the milling process by creating microstructural defects and 

nabling the reduction of particles size thus increasing the 
urface area [66] . 

SEM micrographs display particles size reduction after ball 
illing for 2 h ( Fig. 7. a), the formation of relative flat surface 

n AZ91 + G 5 h ( Fig. 7. b) and microstructural defects ( i.e.
racks) in AZ91 + AlCl 3 2 h ( Fig. 7. c). The surface rough- 
ess of AZ91 + G 2 h + AlCl 3 2 h is justified by the effect of
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Fig. 7. SEM images of a) AZ91 2 h, b) AZ91 + G 5 h, c) AZ91 + AlCl 3 2 h and d) AZ91 + G 2 h + AlCl 3 2 h milled at 350 rpm. Red circles indicate surface 
defects formed during ball milling with AlCl 3 . 
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oth additives (flat surface during the first milling with G and 

racks formation when AlCl 3 is added, Cf Fig. 7. d). 

.3.2. Hydrogen production 

Ball milling AZ91 for 2 h at 350 rpm enhances its hydrol- 
sis performance with a production of 15% of the theoret- 
cal H 2 volume in 60 min ( Fig. 3. b). AZ91 + G 5 h gener-
tes 65% of its theoretical generation capacity in 35 min 

hile AZ91 + AlCl 3 2 h produces the same H 2 volume in 

nly 8 min. Fig. 3. b shows that the best hydrolysis perfor- 
ances were obtained for AZ91 + G 2 h + AlCl 3 2 h with 75%

f its theoretical H 2 generation capacity reached in less than 

 min. The reactivity, in term of hydrolysis performances, of 
he AZ91 milled in this study varies in the same order as 
he milled AZ91 sacrificial anodes [32] . The slightly lower 
ydrolysis performance obtained with this present AZ91 al- 
oy is attributed to the presence of less corrosive Mg 17 Al 12 

35] since only Al (no Mg 17 Al 12 ) was detected in the sacrifi- 
ial anode AZ91 [33] . 

Open circuit potential of AZ91 milled at 350 rpm in- 
reases from -1.63 V/SCE for un-milled AZ91 to an average 
f -1.52 V/SCE. This variation is attributed, as mentioned in 

ection 3.2.2 , to the formation of Mg(OH) 2 on the surface 
uring the immersion in the “model” seawater solution while 
he increase of the OCP for AZ91 milled with graphite 
s attributed to a galvanic coupling between Mg – G and 

g 17 Al 12 – G. On the other hand, anodic polarization mea- 
urements ( Fig. 3. b and last 4 rows of Table 3 ) confirm the
9 
ydrolysis results mentioned above. Indeed, the calculated 

urrent density (J corr ) increases from 0.03 mA/cm 

2 for AZ91 

lloy to 4.9 mA/cm 

2 for AZ91 2 h, 8.3 mA/cm 

2 for AZ91 + G 

 h, 10.4 mA/cm 

2 for AZ91 + AlCl 3 2 h and 11.3 mA/cm 

2 

or AZ91 + G 2 h + AlCl 3 2 h ( Table 3 ). The effect of each
illing additive was reported in Section 3.2 . 

.3.3. Electrochemical impedance spectroscopy 
EIS spectra (Nyquist plot) of AZ91 milled at 350 rpm 

isplay the presence of a capacitive and an inductive loop 

 Fig. 8 ). AZ91 2 h and AZ91 + AlCl 3 2 h spectra display
he same trend as AZ91 + G 5 h and AZ91 + G 2 h + AlCl 3 
 h ( Supplementary material Fig. 4). Electrochemical pa- 
ameters calculated from the fit of the experimental data 
re represented in Table 5 . The electrochemical parame- 
ers determined using ZView software are summarized in 

upplementary material Table 2. 
The double layer capacitance C 1 increases to 20 μF/cm 

2 

or AZ91 2 h and 130 μF/cm 

2 for AZ91 + G 5 h ( Table 5 ). The
ecrease in C 1 for AZ91 milled with AlCl 3 may be attributed 

o the dissolution of AlCl 3 which changes the composition 

f the electrolyte at the interface material-electrolyte. As ob- 
erved previously ( Section 3.2.3 ), R t are higher than R p due 
o the consideration of the inductive loop in the calculations. 

oreover, both R p and R t decrease in the following order: 
Z91 2 h < AZ91 + G 5 h < AZ91 + AlCl 3 2 h < AZ91 + G
 h + AlCl 2 h. 
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Fig. 8. Nyquist (left) and Bode (right) plots for: a) AZ91 + G 5 h and b) AZ91 + G 2 h + AlCl 3 2 h milled at 350 rpm. 

Table 5 
Electrochemical parameters calculated from best fit of impedance data of AZ91, AZ91 2 h, AZ91 + G 5 h, 
AZ91 + AlCl 3 2 h and AZ91 + G 2 h + AlCl 3 2 h milled at 350 rpm. 

AZ91 AZ91 2h AZ91 + G 5h AZ91 + AlCl 3 2h AZ91 + G 2 h + AlCl 3 2h 

R s ( �/cm 

2 ) 13 15 15 10 11 
C 1 ( μF/cm 

2 ) 5 20 130 90 80 
C 2 ( μF/cm 

2 ) 9 1.3 ∞ ∞ ∞ 

R t ( �/cm 

2 ) 1245 90 15 8 6 
R p ( �/cm 

2 ) 700 56 10 5 4 
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EIS results are in accordance with the results obtained 

y the hydrolysis tests and the anodic polarization measure- 
ents. In fact, ball milling with the chronological addition of 

raphite and AlCl 3 is beneficial to improve the reactivity of 
Z91 alloy. On the other hand, milling for shorter duration 

 e.g. 2 h) with AlCl 3 is better than milling with graphite for 5 h
J corr (AZ91 + AlCl 3 2 h) = 10.4 mA/cm 

2 > J corr (AZ91 + G
 h) = 8.3 mA/cm 

2 ). 

. Comparison between both milling strategies 

The crystallinity of AZ91 is affected by the milling strat- 
gy: Mg crystallite size is approximately constant for AZ91 

illed at 250 rpm while τMg decreases more for AZ91 milled 

t 350 rpm ( Table 2 ). As for particles size d 90 , milling at
10 
50 rpm without additives further decreases the particles size 
33 μm for AZ91 5 h vs . 20 μm for AZ91 2 h, Cf Table 2 ). For
Z91 + G 5 h milled at 250 and 350 rpm, the approximately 

ame d 90 values can be attributed to the lubricant effect of G 

hich minimizes the effect of ball-powder collisions. 
AZ91 milled at 350 rpm are more reactive with the 

model” seawater solution than those milled at 250 rpm. In- 
eed, AZ91 + G 5 h milled at 350 rpm generates 65% of its
heoretical H 2 generation capacity in 35 min while the same 

aterial milled at 250 rpm generates only 45% of its theo- 
etical H 2 generation capacity in 60 min. Extending milling 

ime with graphite promotes the homogeneous repartition of 
raphite on the surface of AZ91 hence forming a “continu- 
us” protective layer. On the other hand, the addition of AlCl 3 
mproves the hydrolysis performance of AZ91 more than 
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raphite. In fact, AlCl 3 enhanced the hydrolysis performance 
f Mg 17 Al 12 [35] which constitutes 21 wt.% of AZ91 alloy. 
he synergetic effect of G and AlCl 3 is beneficial whatever 

he milling rotation speed. Nevertheless, the chronological ad- 
ition of G followed by AlCl 3 ( i.e. AZ91 + G 2 h + AlCl 3 2 h)
eads to the highest reactivity in term of hydrolysis perfor- 
ances with a generation of 75% of its theoretical capacity 

n few minutes [32 , 33] . 
OCP of milled materials is only affected by the milling 

dditives. For example, each of the following couple of ma- 
erials have the same potential: AZ91 milled without addi- 
ives, AZ91 milled with graphite, AZ91 milled with AlCl 3 and 

Z91 milled with graphite and AlCl 3 ( Table 3 ). The corro- 
ion current densities were higher for AZ91 milled at 350 rpm 

except for AZ91 milled without additives) in agreement with 

he hydrolysis tests results. 
EIS measurements are an efficient tool to evaluate the ef- 

ect of milling strategies. In this study, we are interested in 

valuating the variation of R p and R t since it permits the esti- 
ation of the corrosion rate ( i.e. R p and R t are inversely pro- 

ortional to J corr ). The double layer capacitance C 1 is higher 
or AZ91 milled at 250 rpm suggesting higher thickness of the 
assivation layer formed on the surface during the immersion 

n 3.5 wt.% NaCl solution. Conversely, R t and R p are lower 
or AZ91 milled at 350 rpm indicating higher corrosion rate 
or these materials. Note that AZ91 + G 5 h in both cases 
 i.e. 250 and 350 rpm) reveals approximately the same elec- 
rochemical parameters calculated from EIS fitting. Moreover, 
Z91 + AlCl 3 2 h and AZ91 + AlCl 3 5 h shows approximately 

he same R p and R t . This suggests that the electrical prop- 
rties of the surface in combination with physico-chemical 
rocesses are only affected by the milling additive and not 
y the global milling strategy ( i.e. milling rotational speed, 
owder to ball mass ratio and milling sequence). 

. Conclusion 

In brief, both milling strategies lead to activate a 
standard” AZ91 alloy ( i.e. contains Mg, Mg 17 Al 12 and 

g 0.97 Zn 0.03 ) and enhance its hydrolysis performance. How- 
ver, milling at 350 rpm is more energetic and improves the 
ost the reactivity of AZ91. The best material (yield of 75% 

eached in less than 5 min) was obtained by chronological 
ddition of G and AlCl 3 where AZ91 was milled at 350 rpm 

or 2 h with graphite followed by further milling for 2 h with 

lCl 3 . By this process, the hydrolysis yield and consequently 

he corrosion rate increased by more than 400% compared 

o AZ91 ball milled 2 h at 350 rpm and almost 1000% com- 
ared to AZ91 alloy. H 2 production was also faster: this ball 
illing strategy leads to the multiplication of the hydrogen 

eneration rate by 60 and 128 times compared to AZ91 ball 
illed 2 h at 350 rpm and AZ91 alloy respectively. 
The evaluation of the reactivity of the milled materials is 

ore complex. The rapid Mg dissolution rates complicates 
he process of determining long-term corrosion rates via an- 
dic polarization. Furthermore, EIS measurements elucidate 
he effect of the presence of milling additives without dis- 
11 
inguishing between 2 materials milled with the same addi- 
ives but with different strategies. Additionally, the dissimi- 
arity between electrochemical tests and hydrolysis tests can 

e attributed to the morphological properties of the material. 
n fact, powders are used for the hydrolysis test while pellets 
rom condensed powder are used in the electrochemical tests. 

e believe that, in order to investigate the hydrogen produc- 
ion from a material (hence its corrosion), the three technics 
 i.e. hydrolysis, anodic polarization and EIS) should be con- 
idered. The corrosion rate estimated by EIS measurements 
 i.e. R p and R t ) is only relevant on the milling additive effect 
nd not on the milling strategy effect. 

To conclude, starting from a “standard” AZ91, one of the 
ost corrosion-resistant Mg-based alloys, we improved the 

ydrogen production by its hydrolysis in a “model” seawater 
olution with a generation of 75% in a few minutes. Replac- 
ng pure Mg with Mg-based waste will reduce the cost of 
ydrogen production by this technology. Therefore, by us- 
ng this “green” hydrogen generator with a proton-exchange 
embrane fuel cell, a clean energy generator can be estab- 

ished for light and/or short distance mobility. 
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