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Abstract: Magnesium has bright market prospects such as generating thrust for under water engines
and hydrogen production. However, the passive oxide film on the surface of magnesium powder
prevents the further reaction of magnesium with water at room temperature. In this paper, highly
active magnesium-based materials were prepared via ball milling pure Mg with different chlorides
(NiCly, CoClp, CuCly, FeCl3). The activity of the as obtained powder was analyzed through Scanning
Electron Microscopy (SEM), Energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron spec-
troscopy (XPS), synchrotron X-ray tomography, Extended X-ray Absorption Fine Structure (EXAFS),
etc. Among the various compositions, the Mg-6%CoCl, composite exhibited the best hydrogen
production performance with a hydrogen generation volume of 423 mL/(0.5 g) and a conversion
yield of 96.6%. The related activation mechanism was thoroughly studied, showing that the addition
of chloride during ball milling can effectively break the continuity of oxide films on Mg surfaces and
introduces a large number of micro defects. In addition, the EXAFS and tomography data verified
that metallic cobalt was generated during the ball milling process, subsequently forming a Mg-Co
micro glance cell, and the C1~ in the system accelerates the corrosion of Mg. The active mechanism
can be verified as synergistic effects of micro glance cell and as-generated surface microcracks.

Keywords: hydrogen production; magnesium powder activation; ball-milling; activation mechanism

1. Introduction

As a promising new energy source [1-3], magnesium-based materials with unique
physical and chemical properties, exhibit high mass and volume energy density [4,5].
The abundant resources of magnesium in the earth (contents in crust and seawater are
2.4% and 0.13%, respectively) and low cost make it a promising candidate material for
energy storage and energy conversion [6,7]. Magnesium has been employed in various
applications. For instance, the burning of Mg in CO, showed high specific impulse
performance [8-10], and the realization of high-efficiency powder ignition will determine
the future application prospects of the engine [10]. Magnesium could react easily with water
with high reaction speed and efficiency [11-13]. Interestingly, magnesium could achieve eco-
friendly hydrolysis reaction with high purity hydrogen and nano-size Mg(OH),. However,
once the hydrolysis reaction begins, a dense oxide film will generate on the surface of the
magnesium, which would highly reduce the activity of magnesium powder [13-16]. To
solve this problem, the development of novel material systems and multiple modification
processes have been reported. The modification of magnesium-based materials, as well as
the optimization of the hydrolysis process, has received much attention [17,18]. Current
research on the activation of Mg mainly focuses on ball-milling modification. Grosjean
et al. [19,20] found that the specific surface area of Mg powder decreased linearly along
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with the increase of milling time, and correspondingly, the hydrolysis conversion rate
increased from 9% to 26%. Huang et al. [21] mixed Mo and its compounds with Mg via
ball milling, and found that Mg-10 wt% MoS, exhibited excellent hydrogen production
efficiency by hydrolysis in seawater. The excellent catalytic effect was mainly attributed
to the synergistic effect introduced by the addition of catalyst. On one hand, the specific
surface area of Mg enhanced the mechanical crushing effect during the ball milling process.
On the other hand, the Mg could form a galvanic in the seawater medium, which promotes
the corrosion of Mg. Huang et al. [22] investigated the activity of Mg powder with CozO4
addition during ball milling, which can produce Mg powders with smaller size and higher
specific surface area. Furthermore, the Co3O; accelerated reaction rates of Mg powder
compared to pure Mg milled powders. Zou et al. [23] prepared highly reactive Mg-Al-
based hydro-reactive materials using high-energy ball milling. The Mg-Al hydro-reactive
materials had excellent hydrolysis performance and could react completely with seawater
in a short time, which showed the feasibility of its utilization for green energy production.
Matsuzaki et al. [24] studied the hydrogen production performance of Mg chips generated
via the hydrolysis reaction in seawater by machining. A notable improvement in hydrogen
formation production was observed after ball milling and the hydrolysis reaction rate can
be enhanced by the presence of NaCl in water. The addition of Ni during ball milling
showed little impact in the hydrolysis reaction within non-conductive media. Grosjean
et al. [20] found a significant increase of the H, production by milling Mg sample with
chloride ions for 30 min. They explained that the ball milling process would induce defects
and accentuation of the pitting corrosion by CI~. Kravchenko et al. [25] investigated the
oxidation processes of Mg, Mg alloys with Ni, Co, Cu powder mixtures and ball milling
alloy. Nearly stoichiometric amounts of hydrogen in respect to Mg can be obtained at
production rates of up to 640 mL-/g~! xmin~! by oxidation of Mg-Co alloy or mechanically
processed Mg-Co powder (“mechanical alloy”) in aqueous solutions of Na or K chlorides.
Activator metals are not oxidized during this reaction. They assumed that Mg oxidation is
the result of the electrochemical corrosion.

Besides the studies of Mg-metal activated composites and the reaction of Mg with chlo-
ride solutions, chloride salts were also proven to be effective in activating the hydrolysis of
Mg in neutral water. Liu et al. [26] found that the 6 h-milled Mg-3mol% AICl; exhibited
excellent performance with a hydrogen yield of 93.86% and IHGR (initial hydrogen genera-
tion rate) of 455.9 mL min~!(g Mg) ! within 1 h. Wang et al. [27] investigated the effect of
Co or Ni and anions on Mg-H,O reaction. Hydrogen was rapidly generated after adding
Mg to an aqueous CoCl, solution due to the synergistic reaction of the pitting of C1~ ions,
the micro galvanic cells and the active Co or Ni formed by oxidization/reduction reaction.
The results from Sun et al. [28] indicated that the activated Mg-CoCl, composites are very
promising materials for hydrogen generation. The hydrolysis reaction of the Mg-6% CoCl,
composite initiated immediately when immersed in pure water (50 °C).

The above studies show that chloride is effective in promoting the hydrolysis reaction
of ball milling Mg. However, no detailed mechanism was revealed. In this work, we firstly
studied the activity of ball-milled magnesium powder containing different chloride salts
(6% NiCl2, 6% CoCl2, 6% CuCl2, 6% FeCl3). We then studied the inner morphology of ball
milling Mg-6%CoCl2 composite using synchrotron X-ray tomography and the valence state
of cobalt through EXAFS. The synergistic effects of ball milling, micro-galvanic corrosion,
and modification effect of Cl- are attributed to the activation of Mg.

2. Experimental
2.1. Material Preparation

Magnesium powder (60-300 mesh, 99 wt.% purity), NiClp, CoCl,, CuCly, and FeCl3
(AR > 99.5% purity) are the raw materials, the chloride content of ball milling is 6 percent
of the mass fraction of Mg [28]. The milling process parameters are provided in Table 1.
Masses of raw materials and water are 0.5 g and 10 g, with water to fuel ratio of 20:1.
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Table 1. Ball milling parameters.

Ball Milling Parameters
Milling balls Steel ball; diameter: 5 mm
Ball milling speed 500 r/min
Ball milling atmosphere Argon
Ball milling time 3h
Ball/material mass ratio 40:1

2.2. Hydrolysis Experiment

The hydrolysis reaction was conducted at room temperature and under atmospheric
pressure. As shown in Figure 1, the hydrogen production reaction was performed in a
100 mL three-necked flask, one neck for water addition, one neck for hydrogen outlet,
and one neck for temperature measurement. The hydrogen generated flowed through a
condenser pipe and drying tube to remove water vapor before passing through the gas
mass flow sensor (MEMS-FS4008). The gas mass flow sensor was connected to a computer
to record the instantaneous rate of gas and cumulative flow. The hydrogen production
performance of each formulation was repeated at least 3 times.
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Figure 1. Schematic of the experimental installation for measuring hydrogen.

2.3. Characterization Tests

The samples were analyzed by powder X-ray diffraction (XRD) using an X'Pert
PRO MPD diffract meter (PANalytical, Almelo, Netherlands) with Cu K« radiation, the
diffraction angle was selected from 2 to 90°. The sample morphologies were observed by FE-
SEM 54800 (Hitachi Instruments Equipment, Tokyo, Japan) scanning electron microscopy
(SEM) and the corresponding elemental mapping of the sample was obtained by energy-
dispersive spectroscopy (EDS). The samples’ binding energies were analyzed by powder
X-ray photoelectron spectroscopy (XPS) using PHI QUANTERA-II SXM equipment (Ulvac-
phi Corporation, Kanagawa, Japan). The temperature change during the reaction was
tested by a K-type thermocouple and recorded using a thermal recorder connecting to the
computer. Tafel curve passed the test of 660E electrochemical platform. The Co K-edge
XAFS and nano tomography measurements were performed at the beamline 4B9A and
4W1A-X of the Beijing Synchrotron Radiation Facility (BSRF) at the Institute of High Energy
Physics (IHEP), Chinese Academy of Sciences (CAS).

3. Results
3.1. Characterization of Active Mg

All the raw materials show strong crystalline Mg peaks such as the XRD patterns
shown in Figure 2. The Mg peaks of pure Mg/Mg-chloride structures after ball milling
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and the Mg standard card are almost constant, only showing a difference in peak intensity.
It shows that the crystal forms of Mg in the raw materials after ball milling are all the
same, and the crystallinity of different crystal forms of Mg has changed after adding
different chlorides.
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Figure 2. XRD patterns of Mg and Mg-chloride composites after ball-milling.

Figure 3 shows the SEM image of unmilled Mg, ball-milled Mg powder and the
Mg-chlorides. All the spherical powders changed into flakes after ball milling. More
structural defects were observed on the particles’ surface after ball milling with chloride.
This indicates that the oxide surface of the pure Mg powder can be effectively broken
during the ball-milling process by adding chloride, exposing more reactive sites for the
contact reaction between Mg and water.

Figure 3. SEM images of unmilled Mg, ball-milled Mg and Mg-chlorides composites: (al) un-
milled Mg powder, (b1) ball-milled pure Mg, (c1) Mg-6wt.%NiCl,, (d1) Mg-6wt.%CoCl,, (e1) Mg-
6wt.%CuCly, (f1) Mg-6wt.%FeCls. (a2-£2) are the corresponding amplified images.
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XPS spectra were performed to investigate the electronic environment of Mg in dif-
ferent composites. The Mg element exists in two forms of pure Mg and MgO from the
XPS spectra shown in Figure 4. The binding energy of elemental Mg is about 49.91 eV
for ball-milled pure Mg. The MgO peak has a large area which indicates the existence of
a large amount of oxidation on the surface. However, after adding chloride during ball
milling, the binding energies of Mg are lower than that of pure Mg. The binding energies
of elemental Mg in Mg-6% NiCly, Mg-6% CoCl,, Mg-6% CuCl, and Mg-6% FeCl; are
49.77 eV, 49.14 eV, 49.86 eV and 48.81 eV, respectively. The lower binding energy reveals
that the addition of chloride can effectively destroy the surface oxide film and leads to the
explosion of non-oxide Mg, and this is consistent with the SEM images in Figure 3.

— MgO
g Mg
91
//49-77 l“g'«)/"NiClz
49.14

Mg-6%CoCl,

49.86
Mg-6%CuCl,
49.81 Mg-6%FeCly

48 49 50 51 52 53
Binding energy (eV)

Figure 4. XPS spectra of the ball-milled Mg-chloride.

3.2. The Hydrolysis Properties of Active Mg with Different Chlorides
3.2.1. Hydrogen Generation Property

The hydrogen generation rate curves together with the temperature evolution curves
during the hydrolysis processes for Mg-chloride with water were recorded as shown in
Figure 5 and Table 2, respectively. The ball-milled pure Mg powders can hardly react with
water, and no hydrogen is detected. The hydrogen generation curves for Mg-chloride
composites show a very rapid H, release in the first reaction stage followed by an abrupt
drop of the reaction rate as shown in Figure 5b. The rapid H; release durations are different
for different reaction systems, the values change from ~50 s (for NiCl, composite) to ~20 s
(for FeCl3 and CuCl, composites). The drop of the hydrolysis reaction rate is due to the
well-known formation of passive Mg(OH), layer onto the Mg powder surface [20], which
prevents further contact between water and unreacted Mg material and leading to low
conversion yields (<80%). However, the H; release rate maintains a high value for all the
reaction periods for the Mg-CoCl, composite, resulting in a better hydrolysis performance
than the other Mg-chloride composites with the highest hydrogen generation conversion
yield of 96.6% as shown in Table 2. The reaction temperature curves also reflect the
different heat release conditions. The hydrolysis reaction of magnesium is exothermic, and
the temperature change curve during the reaction can also reflect its hydrogen generation
rate. High Hy release rate can remove the generated Mg(OH), on the surface and lead to
the exposure of unreacted Mg, which promotes the further contact hydrolysis reaction of
Mg and water.
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Figure 5. Hydrogen generation curves of the Mg-chloride with water (a), the hydrogen generation rate curves (b) and the
temperature evolution curves (c).
Table 2. Hydrogen generation properties of ball-milled Mg-chloride with water.
Sample (0.5 2) Hydrogen Generation Conversion Maximum Hydrogen Reaction Duration
4 28 Volume (L) Yield (%) Generation Rate (L-min—1) (s)

Mg 0.002 4.28 0.001 5
Mg-6%NiCl, 0.347 79.2 0.434 276
Mg-6%CoCl, 0.423 96.6 0.597 325
Mg-6%CuCl, 0.141 32.2 0.153 830
Mg-6%FeCl; 0.258 58.9 0.157 1684

Note: duration refers to the time from the beginning of the reaction to the time when maximum hydrogen production is reached.

3.2.2. The Characteristics of Hydrolysis Products

The XRD patterns of the products after hydrolysis reaction of Mg-chlorides with water
were illustrated in Figure 6. All products show strong peaks of Mg(OH), except the ball

milling Mg powder. No Mg peak can be detected in the Mg-CoCl, system, which indicates
complete reaction for ball-milled Mg-CoCl,.
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Figure 6. XRD of products after Mg-chlorides reacted with water.

The SEM images and EDS for hydrolysis reaction products of Mg-chlorides are shown
in Figure 7. The Mg(OH), produced by the hydrolysis reaction is in the form of nano-sized
flakes but with different morphologies and sizes. The Mg(OH), flakes from the production
of Mg-water reaction is laid on the surface with large size, which cover the unreacted Mg
surface and block the further hydrolysis reaction. However, the product exhibits separated
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nano-sized particles clusters for all Mg-chlorides systems. The Mg(OH), flakes of Mg-
NiCl, and Mg-CoCl; hydrolysis reaction systems have self-assembled hexagonal nanoplate
morphology. Whereas, the Mg(OH), flakes present irregular aggregated plate morphology
with a smaller size for products of Mg-CuCl, and Mg-FeCl; hydrolysis reaction systems.
This phenomenon may be the result of thermal conditions in the reaction systems.

Atom?% Atom%
32.66 43.45

66.93 56.55

Figure 7. SEM images of products: (a) Pure Mg, (b) Mg-6%NiCly, (c) Mg-6%CoCl,, (d) Mg-6%CuCl,,
(e) Mg-6%FeCls. (f,g) are the EDS images of (c) product of Mg-6%CoCly, respectively.

The temperature curves in Figure 5c reflect the large temperature changes for Mg-
NiCl, and Mg-CoCl, hydrolysis reaction systems which cause the large nucleation and
growth rate, resulting in a large amount of Mg(OH), nucleation in a short time with a
large growth rate. However, the new Mg(OH), nuclei always form easily on the existing
ones under small thermal change conditions, and aggregated morphology forms for Mg-
FeCl; and Mg-CuCl, hydrolysis reaction systems. In addition, the atomic ratio of O
to Mg is studied to reveal the reaction extent. For Mg-6%CuCl,, the atomic ratio of O
to Mg of the product is less than 2, while for Mg-6%CoCl,, the atomic ratio is close to
2. This indicates the existence of unreacted Mg between Mg-6%CuCl, and water. This
phenomenon corresponds well with the XRD results in Figure 6.

4. Discussions
4.1. The Different Activation Effects of Different Chlorides

Electrochemical measurements were employed to investigate the different effects
of chlorides on the reaction rate of the ball-milled Mg-chloride with water. Figure 8
shows the Tafel curves of these materials. The corrosion potential for samples of pure
Mg, Mg-6%NiCl,, Mg-6% CoCl,, Mg-6% CuCl, and Mg-6% FeCls are —0.991V, —1.386 V,
—1.596V, —1.104 V and —1.232 V, respectively. After ball milling with chlorides, the
corrosion potential of Mg in water decreases by about 0.4-0.7 V, which means that the Mg
in Mg-chloride composites is hydrolyzed easier in water. Lower corrosion potential with a
higher reaction rate is the result of the hydrogen generation rate shown in Figure 5b. In
addition, two corrosion potentials appear in the curve of the Mg-FeCl; composite, which
may be related to the presence of divalent and trivalent iron during the reaction.
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Figure 8. Tafel curves of the ball-milled Mg-chloride.

4.2. The Effects of Co on the Activation of Mg Powder

Chloride is proven to be very effective in the activation of Mg during the ball milling
process. However, we cannot verify whether the effective ions are metal cations or chloride.
Thus, we designed a set of comparative experiments to reveal the effect of chloride on the
activation of Mg powder. Here, we take the Mg-CoCl, system as the investigated object
for its good hydrogen generation performance. Metal Co powder was added during the
ball milling process instead of chloride (6% weight percent) using the same parameters as
listed in Table 1. The hydrolysis reactions were conducted in both tap water and 6% NaCl
solute with the same parameters as the Mg-CoCl, composite. In this way, we can justify
the activation mechanism in Mg-chloride composites.

The hydrogen production and hydrogen production rate are not detected by the flow
meter for the reaction of Mg-6%Co with tap water. This means the reaction between Mg-
6%Co and tap water is very slight. The tap water was then replaced with NaCl solution (6%
in weight percent). The hydrogen production performance is shown in Figure 9a,b together
with the data as listed in Table 3. The hydrogen yield of pure magnesium in NaCl solution
is 0.108 L with the highest hydrogen degeneration rate of 0.132 L/min. This means that the
NaCl solute is effective in enhancing the hydrolysis reaction of pure Mg. The hydrogen
yield is greatly enhanced for ball milling Mg-6% Co compared with pure Mg with a higher
maximum hydrogen generation rate.

()

3.00(b —— Mg —— Mg-6% Co

Mg-6%Co

AccFlow/L
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Figure 9. (a) Hydrogen generation curves of the Mg-6%Co with NaCl solute, (b) the hydrogen generation rate and (c¢) SEM

images of reaction productions.
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Table 3. Hydrogen generation properties of ball-milled Mg-6%Co with water and NaCl solute.

Tap Water NaCl Solute
05g HGR Conversion Yield MHGR HGR Conversion Yield MHGR
(L) (%) (L-min—1) (L) (%) (L-min—1)
Mg 0.000 0.0 0.000 0.108 23.1 0.132
Mg-6%Co 0.000 0.0 0.000 0.421 90.1 3.001

Figure 9c shows the SEM images of the hydrolysis reaction productions for different
reaction systems. The morphology of Mg(OH), changes from large flakes into independent
self-assembled ones with the participation of NaCl for the reaction ball milling Mg with
water (see Figure 9(c1,c3)). The addition of NaCl to the solute improves the crystallization
behavior during the formation of Mg(OH), [29] and self-assembled Mg(OH), flakes fall
much easier off from the Mg powder surface. In this way, more unreacted fresh Mg tends
to be exposed and the hydrolysis reaction is promoted. The productions of Mg-CoCl,-H,O
and Mg-Co-NaCl-H,O reaction systems show similar self-assembled morphologies as seen
in Figure 9(c2,c4), which means that the Co and CI™ are both essential in promoting the
hydrolysis reaction of Mg.

4.3. The Evolutions during Ball Milling Mg with CoCl,
4.3.1. The Morphology Change of Mg Powder after Ball Milling with CoCl,

Nano CT was adopted to characterize the inner microstructure of ball milling Mg and
Mg-CoCl, powders, and Figure 10 gives the typical corresponding slice of ball milling
powders (powder size < 60 um). Spherical Mg powder changed into flakes with the
thickness of 10-20 um after ball milling for 3 h as seen in Figure 10a. No cracks exist both
on the powder’s surface and interior for ball milling pure Mg powder. However, numerous
cracks are generated with varying sizes both on the surface and interior after ball milling
with CoCl; for 3 h as shown in Figure 10b. These cracks are effective in exposing the fresh
Mg and thus activate the hydrolysis reaction of Mg. It is interesting to see that some white
particles are embedded inside the Mg flake as marked in Figure 10b. The white particles
have higher density according to the phase contrast and are assumed to be Co particles in
this system.

(a) (b)

10 pm

Figure 10. The typical slice of 3 h ball milling powders (a) Mg, (b) Mg-6%CoCl,.

4.3.2. The Evolution of Co?* during Ball Milling Mg with CoCl,

Figure 11a shows normalized Co K-edge XANES spectra of the Mg-CoCl, composites
as well as the reference samples of Co foil and CoCl,. A higher valence of Co usually has
an absorption edge shifting toward higher energy. Pure CoCl, features two peaks (A and
B) of higher intensity and higher absorption edge. The XANES curves for 3 h ball-milled
Mg-CoCl, composites powder change a lot, both in intensity and absorption edge. The
absorption edge shifts toward lower photon energy, the first peak A is lower and peak
B disappeared relative to the CoCl,, as shown in Figure 10a. These changes reveal the
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negative charge in comparison with the CoCl,, likely because Mg is an electron-donor.
The obvious energy shift indicates the further electron transfer from the Mg atom to the
Co?* after ball milling for 3 h. The curve of Mg-CoCl, is more akin to Co foil, showing an
intermediate state between metallic Co and CoCl,. Figure 11b shows the Fourier transform
of the Co K-edge EXAFS oscillations in R space (phase-shift correction was not performed).
The first nearest-neighbor distance for Co in Mg-CoCl, composite changed a lot compared
with CoCl,, with only one single peak at the first nearest-neighbor distance being observed.
This peak indicates the generation of metallic Co, which further confirms the assumption
in the CT slice data (Figure 10b).

22

141(a) . Mg-6% CoCl, 20] (b)

——CoCl,

Mg-6% CoCl,
—— CoCl,

18

— Co foil o foil
164
144
124

104

Normalized yu (E)
[2®R) | (A™)

o N & O
TR B

0.04
7650 7700 7750 7800 7850 7900 7950 8000

Energy (eV) Radial distance (A)

Figure 11. (a) Normalized XANES spectra at the Co K-edge, (b) Fourier-transformed extended X-ray
absorption fine structure (EXAFS) of the Mg-CoCl, samples together with CoCl, and Co foil.

4.4. The Activation Mechanism

Figure 12 shows The activation mechanism. The dual existing of Co and CI~ are
essential in the activation of ball milling Mg powder as discussed in Section 4.2. For
the ball milling Mg-CoCl, composite, the reduction reaction of cobalt ions occurs during
ball milling and metallic Co generated (Co?*+Mg—Co+Mg?*) according to the results in
Sections 4.2 and 4.3. The mechanism for the activation of Mg powder promoted by chloride
during ball milling can be concluded as follows:

1. Ball milling effect—The large number of cracks generated as the Mg powder with
chloride is squashed and overlapped during ball milling. This leads to the exposure
of fresh Mg and gives more active positions for Mg-water reaction. In addition, high
potential metallics were generated as the reduction reaction occurred during ball
milling promotes the corrosion of Mg.

2. The dual promoting effect of C1~—The existence of C1~ in the system has two functions:
one is acting as electrolyte for the Mg-M galvanic cell which accelerates the corrosion
of Mg; the other is as the crystallization promoter, which modified the Mg(OH), into
self-assembled morphology that easily falls off from the surface of the Mg.

(a) Argon = (b) Water
H
joclz \S. L o
- / %
* * * N V\di@ {0/.-\_ =
4 o .\
s BT /! 2 @Fall off
¢ i \0 WL E e
Sphere Flake  Particles package and reduction Galmuic cotrosion and

Mg(OH), morphology modification

Figure 12. The activation mechanism, (a) ball milling process, (b) hydrolysis process.



Metals 2021, 11, 1435 11 of 12

5. Conclusions

In this paper, active Mg powder was prepared by ball milling with different chlorides.
A much more intense and faster water reaction rate was observed after ball-milling with Mg
powder and chloride compared to pure Mg. The best hydrogen performance is obtained in
the Mg-6% CoCl, composite, which presents a high hydrolysis conversion rate of up to
96.6%, as well as a hydrogen production of 423 mL/(0.5 g). Ball milling Mg and chlorides
can produce surface defects, the reduction of new high potential metallic atoms. The
defects generated lead to the exposure of fresh surfaces and result in a lower binding and
corrosion potential compared with pure Mg. The high potential metallic atom generated
promotes the corrosion of Mg under the existence of C1~. In addition, the CI~ acts as the
crystallization promoter, which modified the Mg(OH); into a self-assembled morphology
that easily falls from the surface of the Mg.
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