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Abstract: The main problem for the application of hydrogen generated via hydrolysis of metal alloys
is the low hydrogen generation rate (HGR). In this paper, active Al alloys were prepared using a
new coupled method-melting-mechanical crushing-mechanical ball milling method to enhance the
HGR at room temperature. This method contains three steps, including the melting of Al, Ga, In,
and Sn ingots with low melting alloy blocks and casting into plates, then crushing alloy plate into
powders and ball milling with chloride salts such as NiCl, and CoCl, were added during the ball
milling process. The microstructure and phase compositions of Al alloys and reaction products
were investigated via X-ray diffraction and scanning electron microscopy with energy dispersed
X-ray spectroscopy. The low-melting-point Ga-In -Sn (GIS) phases contain a large amount of Al can
act as a transmission medium for Al, which improves the diffusion of Al to Al/H,O reaction sites.
Finer GIS phases after ball milling can further enhance the diffusion of Al and thus enhance the
activity of Al alloy. The hydrogen generation performance through hydrolysis of water with Al at
room temperature was investigated. The results show that the H, generation performance of the
Al-low-melting point alloy composite powder is significantly higher than the results reported to date.
The highest H, generation rate and Hy conversion efficiency can reach 5337 mL-min~!-g~! for the
hydrolysis of water with 1 g active alloy.

Keywords: aluminum alloys; melting-crushing-ball milling; hydrogen generation performance;
hydrogen storage

1. Introduction

Nowadays, economic growth remains desperately dependent on fossil fuels. How-
ever, the non-renewability and environmental problems of fossil fuels led to the urgent
demand for clean and renewable energy sources [1-4]. H, has gradually taken as future
energy due to its high energy density, non-polluting combustion products, and abundance
in nature [5-8]. There are currently two major problems for hydrogen energy applica-
tions: one is the Hy preparation methods. In the past, many methods such as fossil
fuel reforming [9-11], water electrolysis [12,13], photocatalysis [14,15], and biological Hy
generation [16,17] have been developed to produce Hy, but these methods have some dis-
advantages such as low conversion efficiency, high costs, and environmental pollution. The
second problem is H transportation with difficult storage and transportation costs [18,19].
Therefore, it is necessary to find new methods for H, generation.

Hydrogen can also be indirectly stored and transported by reactive metals, such as
Zn [20,21], Mg [22,23], and Al [24-26], and then released via hydrolysis reaction of water.
In this way, the real-time and on-demand production and use of hydrogen energy can
be realized [27]. Aluminum has received much attention for H, generation due to its
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high energy density, light weight, and abundance in nature [28]. Moreover, Al can be
fully recycled from the byproduct of the hydrogen evolution reaction by the electrolysis
process [29]. However, pure Al cannot react with water at room temperature because the
dense oxide film formed on the Al surface inhibits the Al/H,O reaction. To remove the
surface oxide film and promote Al/H,O reactions, many methods have been adopted to
activate Al. One is dissolving Al by acidic or alkaline solution [30-33], but acidic or alkaline
solutions are corrosive and can cause apparatus corrosion. Another method is alloying Al
powders with metal additives by mechanical ball milling [34-38], but this method has a
long mechanical ball milling time and high cost. Another way is alloying Al with other
metals by melting [39-43]. The realization of real-time and on-demand production of H,
mainly depends on the HGR of Al/H,O reaction, which should meet the requirement of
quick response and high H, production rate supply. However, the Al alloy prepared with
these methods has slow reaction rates and low H; generation yield at room temperature,
as shown in Figure 1. The Al using ball milling method shows higher activities than the
alloying, especially at room temperature. However, the high hydrogen rate achieved is at
the expense of hydrogen production using more additives. Therefore, it is important to find
new ways to activate Al to produce Hy with a high generation rate at room temperature.
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Figure 1. Hydrogen generation rate of various active Al composites reacted with water at different
temperatures [41,44-54].

Previous results found that alloying Al with low-melting-point metals (Ga, In, Sn, Bi) to
form active Al-based alloy can achieve a high H, generation performance [28,43,46,48,55,56].
The activity of Al in the alloy can be attributed to micro-galvanic cells [48,57] or diffusion of
Al through the low-melting-point liquid phase [39]. In an Al alloy and water system, Al and
other metal will form a micro-galvanic cell where Al takes as the anode, and other metals
take as the cathode. The corrosion rate of Al depends strongly on the electrode potential of
Al and its contacting metals [48]. Low-melting-point phases enabled the observed reaction
upon liquefaction by providing a means of transport for Al in the alloys to reach reaction
sites [39,58]. Wang et al. [59] prepared Al-Ga-In-Sn alloys by melting Al with low-melting-
point metals (Ga, In, Sn) and found that the low-melting-point metals can greatly improve
the Hj generation performance of Al alloys. Of these, Al-1.75Ga-0.75In-0.55n has superior
H; generation performance. The H, conversion efficiency is close to 100%, along with the
highest H, generation rate up to 280 mL-min~—!.g~! Al at 40°. Wang et al. [53] prepared
some Al alloys with different low-melting-point metal (Ga, In, Sn) compositions by me-
chanical ball milling. They found that the low-melting-point compositions and structure
of the Al alloys have a great influence on the H, generation performance. The activity of
quaternary Al-Ga-In-Sn alloy is greatly improved compared with the ternary-activated Al
system due to the presence of low-melting-point phases as the lower melting point [44,53].
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Of these, the H, conversion efficiency and highest H, generation rate of Al-3Ga-3In-55n
alloys can reach 99.23% and 1081 mL-min’Lg’l. In addition, some researchers found that
adding some salt additives can also improve the H, generation performance of Al [60,61].
Fan et al. [62] prepared a series of Al-10Li-5NiCl,/NaBH, mixtures by mechanical ball
milling. The H, generation rate and H; conversion efficiency of the Al mixture gradually
decrease as the content of NiCl, increases, so NiCl, greatly influences the H, generation
performance of the Al mixture. The H;, conversion efficiency and the highest H, generation
rate of Al-10Li-5NiCl, mixture can reach 97% and 379 mL-min~!-g~1 Al

However, the activation of Al is currently limited to melting and ball milling individu-
ally; it is difficult to achieve a further breakthrough for the H; generation performance of
Al alloys. Therefore, how to improve the H, generation rate and H, conversion efficiency of
Al alloys has always been a challenging task. In this study, we proposed a coupling method
with melting, mechanical crushing, and ball milling (MMB). The melting step is to make
an alloy, the mechanical crushing step is to make alloy powder, and the ball milling step
is to active Al alloy. Two Al alloy systems (Al-3Ga-3In-35n [53] and Al-3.8Ga-1.5In-0.75n
alloys [40,45]) were selected for their poor mechanical properties (can be broken easily by
hand), suitable hydrogen generation properties at room temperature (but with low HGR),
and high Al content (>90%). NiCl, and CoCl, were chosen as the catalysts for their suitable
performance in activating Al [62,63] and Mg [23,64]. The H, generation performance of
active Al alloys using different methods was investigated. The structure of the Al alloys
and their hydrolysis reaction products were also characterized.

2. Experimental Details
2.1. Preparation of Al Alloys

Al ingots (Aladdin, Shanghai, China, 99.99% purity), Ga blocks (Aladdin, Shanghai,
China, 99.9% purity), In blocks (Aladdin, Shanghai, China, 99.9% purity), Sn particles
(Aladdin, Shanghai, China, 99.9% purity), NiCl, powder (Aladdin, Shanghai, China, 99.8%
purity), and CoCl, powder (Aladdin, Shanghai, China, 99.9% purity) were used as starting
materials. The first step is melting. Al-Ga-In-5n alloys were prepared by melting the metals
at a calculated mass ratio in a graphite crucible in a resistance furnace at 900 °C with
isothermal heating for 1 h. The melting process was conducted under an argon atmosphere.
The cast melt was then divided into pieces and allowed to cool at room temperature. The
second step is mechanical crushing. The Al alloys pieces prepared were crushed into
powders using a mechanical crusher (Xulangmachinery, Guangzhou, China, XL-10B), and
a 300-mesh sieve was used to screen the powders. The third step is ball milling, the ball
milling parameters was listed in Table 1. Mechanical crushing powder and salts were mixed
in a ball mill jar. The ball milling experiment was conducted under an argon atmosphere
with slightly positive pressure using stainless steel ball. Th ball-to-powder ratio was set
as 40:1, and the ball milling experiment was conducted for 1 h under 500 rpm. All of the
prepared powders were stored in n-hexane.

Table 1. Ball milling parameters.

No. Alloy Alloy Weight (g) Ball Milling Time rpm NiCl; (g) CoCl; (g)
1 20 Oh 500 0 0
2 20 1h 500 0 0
3 Al-3.8Ga-1.5In-0.75n 20 1h 500 4 0
4 20 1h 500 0 4
5 20 Oh 500 0 0
6 20 1h 500 0 0
7 Al-3Ga-3In-3Sn 20 1h 500 4 0
3 20 1h 500 0 4
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2.2. Hydrogen Generation Performances of Al Alloys

The setup used in the H;, generation experiments is shown in Figure 2. A 500 mL
three-neck flask was placed on the iron frame platform using a tube clamp. A total of
1.0 g of active Al alloy or alloy composites were placed in the reactor, and the neck was
sealed. Next, we injected 20 mL water into the reactor with 2 s without mixing or heating
during the Al/H,O reaction. The resulting hydrogen was cooled and dried after passing
through the condenser and drying tubes. The H; generation yield and rate were detected
by a gas mass flowmeter. All the hydrogen generation experiments were conducted at
the same setup and reaction conditions. So, we did not take other factors such as the
rate of H,O injection, the volume of apparatus, mixing rate of water and alloy, etc., into
account. For each experiment, the temperature change of the Al/H;O reaction can be
detected by a thermocouple inserted into the reaction area and recorded using a TC-08
temperature recorder. All of the temperature data and hydrogen generation data were
recorded simultaneously. The reaction products were collected and vacuum dried before
being analyzed.

Figure 2. Schematic diagram of the experimental setup. 1—iron frame platform, 2—three-neck flask,
3—thermometer, 4—syringe, 5—condenser tube, 6—drying tube, 7—gas mass flowmeter, 8—laptop,
and 9—thermocouple data logger.

2.3. Microstructure Analysis of Al Alloys

To study the phase compositions, Al alloys, together with the reaction products,
were analyzed by X-ray diffraction (XRD) using a Rigaku D/max 2400 diffractometer
(PANalytical, Almelo, Netherlands) with monochromated CuK« radiation. The scans
were collected over a 20 range of 10°~120°. The microstructure of Al alloys together
with the reaction products was characterized using a scanning electron microscope (SEM,
Hitachi, Tokyo, Japan) with a Quanta 600 EDX (Energy Dispersed X-ray) system. All the
samples were coated with Au before analysis to avoid the possible poor conductivity as the
oxidation on the sample surface. The back-scattered mode was adopted for the observation
of precipitated phase of low-melting-point metal. To analyze the chemical states of Al and
O of the Al alloys, X-ray photoelectron spectroscopy (XPS, ULVAC-PHI Inc., Chigasaki,
Japan) was operated at 15 kV with an alumina target (Al-K«, hv = 1486.6 eV). To analyze
the Ni and Co in the samples with low content, the Ni and Co K-edge XAFS measurements
were performed at the beamline 4B9A of the Beijing Synchrotron Radiation Facility (BSRF)
at the Institute of High Energy Physics (IHEP), Chinese Academy of Sciences (CAS).
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3. Results and Discussion
3.1. Characterization of Al Alloys
3.1.1. XRD Analysis

Figure 3 shows the XRD patterns of Al alloys with different compositions. Charac-
teristic signature sequences of Al phase (JCPDS file #04-0787) and In3Sn (B, JCPDS file
#07-0345) intermetallic compound are observed for Al-3.8Ga-1.5In-0.75n alloy. However,
intermetallic compounds In3Sn and InSny (7, JCPDS file #48-1547) are both found at the
same time besides Al (Ga) solid solution for Al-3Ga-3In-35n alloy as the increase in In/Sn
ratio [44]. The phases of both alloys are not changed after ball milling, but the peak
intensity of the In-Sn intermetallic compound decrease after ball milling, especially for
Al-3.8Ga-1.5In-0.75n alloy (Figure 3a). Characteristic peaks of NiCl, and CoCl, were not
detected, which is most likely due to the low content or overlapping by other peaks.

(a) oAl —Crushing powder (b) oAl —Crushing powder
*—In,;Sn Ball milling powder *—In;Sn Ball milling powder

2NiCl, ball milling powder w—InSn, —2NiCl, ball milling powder
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Figure 3. The XRD patterns of Al alloys: (a) Al3.8Ga-1.5In-0.75n and (b) Al-3Ga-3In-35n. (c¢) XRD
pattern of Al-3.8Ga-1.5In-0.75n alloy under different conditions between 30° and 55°, (d) the 26 data
of (111) and (200) of Al-3.8Ga-1.5In-0.75n alloy.

The XRD pattern of Al-3.8Ga-1.5In-0.75n alloy under different conditions between
30° and 55° and the data are shown in Figure 3c,d. Al peaks in (111) and (200) of alloy
plate move left a little, which suggests that Ga atoms successfully entered into Al crystal
lattice to form Al(Ga) solid solution (crystal) [42,44,46]. We take (111), for example, the
interplanar distance in (111) of Al grain has increased by about 23.3% with the addition of
metal Ga. However, the peaks of Al alloy move to the right after crushing and ball milling.
This phenomenon indicates that crushing and ball milling processes have a great effect on
crystal structures.

3.1.2. Morphology Characterization

Figures 4 and 5 show the SEM images of Al alloys with different compositions. The
mechanical crushing powder is rod-shaped with a diameter of 20-150 um for both alloy
systems. The shape changes from spherical or rod-shaped (Figure 4a,e) to flake-shape
after ball milling (Figure 4b—d,f-h). Ball milling can only change the morphology of Al-
3.8Ga-1.5In-0.75n alloy but cannot refine the powder, as shown in Figures 4a and 3b. The
addition of chloride leads to only a slight size refinement effect (Figure 4b—d). However,
the Al-3Ga-3In-35n powders were greatly refined after ball milling, as shown in Figure 4ef.
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The size of the Al-3Ga-3In-35n powders changes from ~150 um for crushing powder to
10-40 pum after ball milling (Figure 4e,f). After adding chloride, the powder gathers together
during ball milling, and the powder size increases, as shown in Figure 4g h.

Figure 4. SEM images of the two kinds of active Al alloy powders: (a-d) Al-3.8Ga-1.5In-0.75n and
(e-h) Al-3Ga-3In-35n. (a,e) crushing powder, (b,f) ball milling powder, (e,g) ball milling powder
with 2% NiCly, (d,h) ball milling powder with 2% CoCl,.

Al-3.8Ga-1.5In-0.7Sn Al-3Ga-3In-3Sn

Figure 5. The amplified SEM images of Figure 4: (a,b,e,f) Al-3.8Ga-1.5In-0.75n, (c,d,g,h) Al-3Ga-3In-
3Sn.

The high magnification images of active Al alloy powder are shown in Figure 5 in
correspondence with Figure 4. The low-melting-point Ga-In-Sn (GIS) phases can be seen
on the surface of crushing powders for both alloys seen in Figures 5a and 4c. For the
Al-3.8Ga-1.5In-0.75n crushing powder, as shown in Figure 5a, low-melting-point alloy
phases are observed as large as no more than 1 um. In addition, the oxide film on the
surface is dehiscent and curly at the edge, and this may be the effect of low-melting-point
alloy, which causes discontinuity of the oxide film on the surface of Al grains [65]. After
ball milling for 1 h, the low-melting-point alloy phases are refined with sizes of 100-200 nm.
There are lots of finer low-melting-point alloy phases on the surface of Al-3Ga-3In-35n
crushing powder, as Figure 5c shows. The dehiscent and curly edges are also observed
near low-melting-point alloy phases. After ball milling for 1 h, the low-melting-point metal
phases on the powder surface become finer and more dispersed, as Figure 5d shows with
a size of ~20 nm. The composition of Al-based area and low-melting-point metal phases
shown in Table 2 revealed that the Al-based phase mainly contains Al and Ga, besides a
small amount of In and Sn. This might be caused by the quenching of In and Sn into Al
during casting [46]. In addition, low-melting-point phases containing a large amount of Al
can improve the diffusion of Al to Al/H,O reaction sites and result in a continuous reaction
of Al and H,O [39,58,66]. Thus, finer GIS phases can further enhance the activity of AL
However, the atom ratio of In and Sn is not 3/1 or 1/4, which may be caused by oxidation.
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Table 2. Compositions of Al alloys obtained using EDX.

Elements (at.%)

Spectrum

Al Ga In Sn Ni Co Cl (0]
1 63.42 2.85 2.85 0.00 0.00 0.00 0.00 30.89
2 79.82 6.13 1.83 0.63 0.00 0.00 0.00 11.59
3 77.76 5.72 0.00 0.00 0.00 0.00 0.00 16.52
4 49.63 1.72 1.95 1.50 0.00 0.00 0.00 20.98
5 49.63 0.95 2.06 1.32 0.00 0.00 0.00 46.04
6 25.43 0.31 0.07 0.06 0.20 0.00 481 69.12
7 27.92 0.00 0.32 0.24 0.00 0.16 2.38 68.98
8 43.06 0.00 0.13 0.08 0.04 0.00 3.18 53.52
9 34.40 0.61 0.29 0.22 0.00 0.12 1.68 62.68

The surfaces of the Al alloy are smooth after ball milling but have some big cracks for
these two alloys, as shown in Figure 5b,d. More defects and cracks are found after ball
milling on the addition of NiCl, and CoCl, for these two alloys. However, no obvious
Ga-In-Sn phases were seen on the powder surface, maybe with finer size, but with some
new phase generated instead, as shown in Figure 5e-h. The composition listed in Table 2
shows that the new generated phase contains high content of O, with an Al/O atom ratio
higher than 1.5 and with a high Cl content at the same time.

3.1.3. H Generation Performance of Al Alloys

The H, generation performances of the two selected Al alloys with tap water were
tested at room temperature. Figure 6 shows the H, generation yield and H, generation
rate of two Al alloys. It should be noticed that all the data are collected after taking the
theoretical aluminum content into consideration. The activity of the Al alloy powder is
greatly improved after ball milling for both alloys. The addition of NiCl, and CoCl, during
ball milling can further enhance the generation performance of the Al alloy composite
powders. However, the activities of these two alloys under different technological processes
are different.

4.5
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Figure 6. The H; generation curves of Al alloys: (a,b) Al-3.8Ga-1.5In-0.7Sn and (¢,d) Al-3Ga-3In-35n.
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The activity of Al-3.8Ga-1.5In-0.75n can be gradually promoted by ball milling and ball
milling with NiCl, and CoCl,, as revealed by the shortened reaction duration (Figure 6a).
The H; generation rate varies markedly under different activation methods. Ball milling is
effective in shortening the reaction time as the grain refinement of the GIS phase, as shown
in Figure 5a-d. The highest HGR (HGR) occurs in advance and with a higher value versus
the crushing powder. The HGR reaches over 4000 mL-min~! for both ball milling alloy
powders with NiCl, as shown in Figure 6a,c and Table 3. The reaction durations are greatly
shortened after ball milling with NiCl, and CoCl,. This is rarely achieved for most active Al
alloys at room temperature [41,44-54]. The hydrogen yields of active Al-3.8Ga-1.5In-0.75n
alloy powders are similar under different activation methods, although with different HGR
and reaction durations, as shown in Figure 6b. The highest H, generation volume occurs
for alloy powder after ball milling with NiCly.

Table 3. The H; generation performance of Al alloys.

Volume of Conversion Yield Highest HGR Reaction Average HGR

Alloy Alloy Powder Hydrogen (mL-g—1) (%) (mL-min—1.g~1) Time (min) (mL-min—1.g—1)
Crushing powder 858 73.35 569 5.60 153.21
Al-3.8Ga-1.5 BM powder 857 73.26 798 3.63 236.09
In-0.7Sn BM-NiCl, powder 869 75.77 4060 2.63 330.42
BM-CoCl, powder 828 72.20 995 2.27 364.76
Crushing powder 863 70.20 539 4.93 93.31
BM powder 812 71.70 1171 2.35 345.53
Al3Ga-3In-35n B\ NGCT, powder 864 77.82 5337 207 41739
BM-CoCl, powder 918 82.68 1634 2.43 377.78

The activity of Al-3Ga-3In-35n alloy and Al-3Ga-3In-35n alloy powders greatly im-
proved after ball milling. The addition of NiCl, and CoCl, during ball milling can only
increase the maximum HGR and H; generation volume, but the overall reaction dura-
tion cannot be shortened (Figure 6b,c). Both the highest HGRs for these two alloys were
achieved after ball milling with NiCl,. The highest HGR can reach 4060 mL-min~! and
5337 mL-min~" for Al-3.8Ga-1.5In-0.7Sn-2NiCl, and Al-3Ga-3In-35n-2NiCl, ball milling
powders, respectively, which is rarely reported. Ball milling with chloride can dramati-
cally improve the HGR and with similar hydrogen generation volume as the data listed
in Table 3. In addition, the hydrolysis reaction duration is greatly shortened from about
5 min to about2 min at room temperature for ball-milled Al-3Ga-3In-35n alloy powders.
This high-HGR property of the alloy composites shows a promising application in the
on-demand production and use of hydrogen energy.

In this work, the conversion yields of alloys and alloy composites should take the Al
content and purity into consideration. Here, we first calculate the theoretical hydrogen
generation volume for the alloys and alloy composites. Then the conversion yield is
obtained by dividing the experimental value by the theoretical one. The calculated data
in Table 3 show that the Al-3Ga-3In-35n alloy powders after ball milling with 2% CoCl,
for 1 h show a higher H; conversion yield, which can reach 82.68%. However, the highest
conversion yield for Al-3.8Ga-1.5In-0.75n alloys occurred after ball milling with 2% NiCl,
(75.77%). The conversion yields are all lower than 85%, which may be the result of the
partial oxidation of Al in the samples as detected in the SEM and EDX.

3.1.4. XPS Analysis

Figure 7 shows the Al 2p spectra of Al-3.8Ga-1.5In-0.75n and Al-3Ga-3In-35n active
alloys. The results reveal the presence of Al and A" for all the active Al alloys, which
is consistent with the results analyzed by EDX. XPS has limited detection depth, and a
large amount of Al;O3 on the surface is detected, although only a small amount of Al,O3
exists in the activated alloy powders. The SEM images in Figure 5 show that oxidation is
generated on the Al alloy surface, and the active Al is exposed as the non-smooth surface
(with cracks).
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Figure 7. Curve-resolved XPS of the Al 2p region for the Al alloy powder: (a) Al-3.8Ga-1.5In-0.75n
and (b) Al-3Ga-3In-35Sn.

Figure 7 shows that both the binding energies of Al,O3 2p and Al 2p shifted versus the
standard value (74.7 eV for Al,O3 2p and 72.65 eV for Al 2p), which is related to changes
in the chemical environment of Al;O3 and Al. For two different Al alloys, the binding
energy of Al 2p for crushed powder is significantly higher than other powders, and the
hydrogen generation activity of crushed powder is significantly lower than other powders.
The higher the binding energy of Al 2p implies that it is harder to lose electrons and higher
chemical stability; thus, the hydrogen generation activity of crushing powder is lower. The
binding energy of the Al 2p is relatively low for ball-milled Al alloys and alloy composites.
The binding energy of Al 2p for ball milling powder is the lowest for both alloys (as seen
in Figure 7) but with a lower hydrogen generation rate. This means the added NiCl, and
CoCl, may have other activation mechanisms for ball milling Al alloy composites.

3.1.5. EXAFS Analysis

EXAFS was conducted to characterize Ni and Co for their low content in the samples.
Figure 8a,b shows normalized Ni K-edge X-ray absorption near-edge structure (XANES)
spectra of the Al alloy-chloride composites as well as the reference samples of Ni foil and
NiCl,. The absorption edge (Ep) for pure Ni laying at 8333 eV. The Ni shows an absorption
edge shifting toward lower energy compared with NiCl,, which means the partial reduction
in NiCl, by Al alloy occurred during ball milling with an intermediate state between
metallic Ni and NiCl, [67,68]. Fourier transformation of the XAFS spectra showed that the
ball-milled samples have two domain peaks at around 1.56 A and 2.30 A (Figure 8b), which
are recognized as Ni-Cl and Ni-Ni distances [69]. The above phenomenon reveals that Ni
is generated during the ball milling process. A similar phenomenon occurred for the ball
milling Al alloy with CoCly, as shown in Figure 8c,d. The results qualitatively indicate the
strong influence of ball milling with Al alloy on the variation in the chemical bonding of
the Ni and Co atom and confirm the exiting of metallic Ni and Co after ball milling. The
existence of Ni and Co in the hydrolysis reaction system can act as a cathode, and thus the
corrosion of Al in the alloy powder composites can be accelerated with a higher HGR, as
shown in Figure 6 and Table 3. The different electrode potentials for Ni and Co may be the
reason for the different hydrogen generation performance, as shown in Figure 6.

3.2. Characterization of the Hydrolysis Products of Al Alloys
3.2.1. XRD Analysis

Figure 9 shows the XRD patterns of the hydrolysis products in the reaction of Al
alloy powder with water. The hydrolysis products of the two alloy powders mainly
consist of AIO(OH) [46,53], In and Sn intermetallic compounds, and a small amount of
unreacted Al (except for the crushing powder of Al-3.8Ga-1.5In-0.75n). In and Sn can form
In3Sn and InSny intermetallic compounds for Al-3Ga-3In-35n while In and Sn only form
In3Sn intermetallic compounds for Al-3.8Ga-1.5In-0.75n. This result is consistent with the
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XRD pattern of the Al alloy. In-Sn intermetallic compounds are not changed during the
hydrolysis reaction, which means that they are not involved in the Al/H,O reaction but
rather simply act as catalysts. The unreacted Al peaks are detected for alloys, and this is
consistent with the conversion yield data of Al-3.8Ga-1.5In-0.75n alloy powders in Table 3.
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Figure 8. Normalized XANES spectra of Ni and Co K-edge and (a,c) and Fourier-transformed
extended X-ray absorption fine structure (EXAFS) (b,d) of the ball milling alloy with salts. A is
Al-3.8Ga-1.5In-0.75n, B is Al-3Ga-3In-35Sn.
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Figure 9. The XRD patterns of the hydrolysis products of Al alloys: (a) Al-3.8Ga-1.5In-0.7Sn and
(b) Al-3Ga-3In-3Sn.

3.2.2. SEM Observation

Figure 10 shows the SEM images of the hydrolysis products in the reaction of Al alloy
powder with water. The products show different morphologies for different alloys and
alloy composites active in different activation methods. The products” morphologies for
Al-3.8Ga-1.5In-0.75n alloy and composites are shown in Figure 10a—-d. Dense products
generated with spheroid and wormlike structures on the surface are observed for products
for crushing powder and ball milling powder in Figure 10a,b. However, the products’
morphologies change into porous structures with holes after ball milling with chloride salts,
as can be seen from Figure 10c,d. Dense products generated with spheroid and wormlike
structures can only be observed for Al-3Ga-3In-35n crushing powder (see in Figure 10e).
The products of the rest of active alloy and alloy composites are all porous structures with
holes, as seen in Figure 10f-h.
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Figure 10. The SEM images of the hydrolysis products of Al alloys: (a-d) Al-3.8Ga-1.5In-0.75n ball active powder and
(e-h) Al-3Ga-3In-3Sn active powder.

The boehmite particles and hydrogen gas are produced at the same time. If the
reaction is not rapid enough, a layer of boehmite will cover aluminum particles, and as the
layer thickens, the reaction would decline [35]. As the hydrogen is generated in between
boehmite and aluminum and then flows outwards, boehmite particles are repulsed, and
the boehmite layer fails to surround aluminum particles [35]. Higher HGR thus can lead
a strong powder to remove the newly generated boehmite and promote the exposure of
fresh Al, and consequently with a higher HGR and products with porous structure.

4. Conclusions

In this study, a coupling method using melting, mechanical crushing, and ball milling
(MMB) was used to prepare high active Al alloys and Al alloy composite powders. The
hydrogen generation performance of Al alloy with water was investigated at room tem-
perature. The microstructure and phase compositions of Al alloys and reaction products
were investigated via XRD, SEM, XPS, and EXAFS analyses. The results are summarized
as follows:

1. The H; generation performance of the alloy prepared by the MMB method is signifi-
cantly higher than the individual melting or ball milling method. The highest HGRs
can reach 5337 mL-min—!-g~! and 4060 mL-min~!-g~! for Al-3.8Ga-1.7In-0.5Sn and
Al-3Ga-3In-35n alloy powder, respectively.

2. The Ga-In-Sn phase plays an important role in promoting the Al/H,0O reaction. The
GIS phases contain a large amount of Al to improve the diffusion of Al to Al/H,O
reaction sites. The grain refinementation after ball milling can further enhance the
activity of Al and resulting in a higher HGR and continuous reaction of Al and H,O.

3. The lower binding energy of Al 2p after ball milling reveals the high reactivity of
Al The existence of metallic Ni and Co after ball milling Al alloy powder with
NiCl, and CoCl, may act as a cathode and accelerate the corrosion of Al in the alloy
powder composites. In this circumstance, the hydrolysis of water with Al can reach a
higher HGR.

This work mainly focuses on the new coupled preparing method and the hydrogen
generation rate. The MMB method is an economical method that avoids the expensive
atomization powder process. Using this method, a high hydrogen generation rate of
Al/HO reaction can be achieved for the future application of real-time and on-demand
production of Hj.

Author Contributions: Conceptualization, M.Z. and S.W.; formal analysis, L.Z. (Lixiang Zhu), L.Z.
(Lichen Zhang), SW., X.Z., T.S. and X.W,; funding acquisition, S.W.; project administration, M.Z. and
S.W.; writing original draft, L.Z. (Lixiang Zhu); writing review and editing, S.W., M.Z. and X.L. All
authors have read and agreed to the published version of the manuscript.



Materials 2021, 14, 7889 12 of 14

Funding: This work was financially supported by the Postdoctoral Research Foundation of China
(grant number: 2019M660483).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The authors declare that they
have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hepbasli, A. A key review on exergetic analysis and assessment of renewable energy resources for a sustainable future. Renew.
Sustain. Energy Rev. 2008, 12, 593-661. [CrossRef]

Lattin, W.C.; Utgikar, V.P. Transition to hydrogen economy in the United States: A 2006 status report. Int. ]. Hydrogen Energy 2007,
32, 3230-3237. [CrossRef]

Bauen, A. Future energy sources and systems—Acting on climate change and energy security. J. Power Sources 2006, 157,
893-901. [CrossRef]

Ball, M.; Wietschel, M. The future of hydrogen—Opportunities and challenges. Int. J. Hydrogen Energy 2009, 34, 615-627. [CrossRef]
Kalamaras, C.M.; Efstathiou, A.M. Hydrogen Production Technologies: Current State and Future Developments. Conf. Pap.
Energy 2013, 2013, 690627. [CrossRef]

Lu, J.; Zahedi, A.; Yang, C.; Wang, M.; Peng, B. Building the hydrogen economy in China: Drivers, resources and technologies.
Renew. Sustain. Energy Rev. 2013, 23, 543-556. [CrossRef]

Holladay, J.D.; Hu, J.; King, D.L.; Wang, Y. An overview of hydrogen production technologies. Catal. Today 2009, 139,
244-260. [CrossRef]

Trowell, K.A.; Goroshin, S.; Frost, D.L.; Bergthorson, ].M. Aluminum and its role as a recyclable, sustainable carrier of renewable
energy. Appl. Energy 2020, 275, 115112. [CrossRef]

Dincer, I.; Acar, C. Review and evaluation of hydrogen production methods for better sustainability. Int. ]. Hydrogen Energy 2015,
40,11094-11111. [CrossRef]

Cancela, A.; Sanchez, A.; Maceiras, R.; Alfonsin, V. Simulation of Natural Gas Steam Reforming to Obtain High-Purity Hydrogen.
Chem. Technol. Fuels Oils 2015, 51, 529-535. [CrossRef]

Chanburanasiri, N.; Ribeiro, A.M.; Rodrigues, A.E.; Laosiripojana, N.; Assabumrungrat, S. Simulation of Methane Steam
Reforming Enhanced by In Situ CO, Sorption Using K,CO3-Promoted Hydrotalcites for Hy Production. Energy Fuels 2013, 27,
4457-4470. [CrossRef]

Tanaka, Y.; Uchinashi, S.; Saihara, Y.; Kikuchi, K.; Okaya, T.; Ogumi, Z. Dissolution of hydrogen and the ratio of the dissolved
hydrogen content to the produced hydrogen in electrolyzed water using SPE water electrolyzer. Electrochim. Acta 2003, 48,
4013-4019. [CrossRef]

Rasten, E.; Hagen, G.; Tunold, R. Electrocatalysis in water electrolysis with solid polymer electrolyte. Electrochim. Acta 2003, 48,
3945-3952. [CrossRef]

Zhang, X.-Y,; Li, H.-P,; Cui, X.-L,; Lin, Y. Graphene/TiO, nanocomposites: Synthesis, characterization and application in hydrogen
evolution from water photocatalytic splitting. . Mater. Chem. 2010, 20, 2801-2806. [CrossRef]

Mou, Z.; Dong, Y.; Li, S.; Du, Y.; Wang, X.; Yang, P; Wang, S. Eosin Y functionalized graphene for photocatalytic hydrogen
production from water. Int. . Hydrogen Energy 2011, 36, 8885-8893. [CrossRef]

Ni, M.,; Leung, D.Y.C.; Leung, M.K.H.; Sumathy, K. An overview of hydrogen production from biomass. Fuel Process. Technol.
2006, 87, 461-472. [CrossRef]

Oh, Y. Fermentative biohydrogen production by a new chemoheterotrophic bacterium Citrobacter sp. Y19. Int. |. Hydrogen Energy
2003, 28, 1353-1359. [CrossRef]

Niaz, S.; Manzoor, T.; Pandith, A.H. Hydrogen storage: Materials, methods and perspectives. Renew. Sustain. Energy Rev. 2015, 50,
457-469. [CrossRef]

Stoji¢, D.L.; Kumri¢, S.V.; Grozdi¢, T.D.; Koteski, V].; Ceki¢, B.D. Hydrogen production and storage—Investigation of Hf-based
intermetallics. J. Power Sources 2009, 193, 165-169. [CrossRef]

Steinfeld, A. Solar hydrogen production via a two-step water splitting thermochemical cycle based on Zn/ZnO redox reactions.
Int. J. Hydrogen Energy 2002, 27, 611-619. [CrossRef]

Xiao, L.; Wu, S.-Y;; Li, Y.-R. Advances in solar hydrogen production via two-step water-splitting thermochemical cycles based on
metal redox reactions. Renew. Energy 2012, 41, 1-12. [CrossRef]

Kravchenko, O.V,; Sevastyanova, L.G.; Urvanov, S.A.; Bulychev, B.M. Formation of hydrogen from oxidation of Mg, Mg alloys
and mixture with Ni, Co, Cu and Fe in aqueous salt solutions. Int. |. Hydrogen Energy 2014, 39, 5522-5527. [CrossRef]

Sun, Q.; Zou, M.; Guo, X,; Yang, R.; Huang, H.; Huang, P; He, X. A study of hydrogen generation by reaction of an activated
Mg-CoCl, (magnesium—cobalt chloride) composite with pure water for portable applications. Energy 2015, 79, 310-314. [CrossRef]


http://doi.org/10.1016/j.rser.2006.10.001
http://doi.org/10.1016/j.ijhydene.2007.02.004
http://doi.org/10.1016/j.jpowsour.2006.03.034
http://doi.org/10.1016/j.ijhydene.2008.11.014
http://doi.org/10.1155/2013/690627
http://doi.org/10.1016/j.rser.2013.02.042
http://doi.org/10.1016/j.cattod.2008.08.039
http://doi.org/10.1016/j.apenergy.2020.115112
http://doi.org/10.1016/j.ijhydene.2014.12.035
http://doi.org/10.1007/s10553-015-0635-4
http://doi.org/10.1021/ef302043e
http://doi.org/10.1016/S0013-4686(03)00541-3
http://doi.org/10.1016/j.electacta.2003.04.001
http://doi.org/10.1039/b917240h
http://doi.org/10.1016/j.ijhydene.2011.05.003
http://doi.org/10.1016/j.fuproc.2005.11.003
http://doi.org/10.1016/S0360-3199(03)00024-7
http://doi.org/10.1016/j.rser.2015.05.011
http://doi.org/10.1016/j.jpowsour.2009.01.064
http://doi.org/10.1016/S0360-3199(01)00177-X
http://doi.org/10.1016/j.renene.2011.11.023
http://doi.org/10.1016/j.ijhydene.2014.01.181
http://doi.org/10.1016/j.energy.2014.11.016

Materials 2021, 14, 7889 13 of 14

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Kumar, D.; Muthukumar, K. An overview on activation of aluminium-water reaction for enhanced hydrogen production. J. Alloys
Compd. 2020, 835, 155189. [CrossRef]

du Preez, S.P.;; Bessarabov, D.G. On-demand hydrogen generation by the hydrolysis of ball-milled aluminum composites: A
process overview. Int. J. Hydrogen Energy 2021, 46, 35790-35813. [CrossRef]

Xiao, F; Yang, R.; Liu, Z. Active aluminum composites and their hydrogen generation via hydrolysis reaction: A review. Int. |.
Hydrogen Energy 2021, in press. [CrossRef]

Xu, S.; Yang, X.-H.; Tang, S.-S.; Liu, J. Liquid metal activated hydrogen production from waste aluminum for power supply and
its life cycle assessment. Int. ]. Hydrogen Energy 2019, 44, 17505-17514. [CrossRef]

Kravchenko, O.V.; Semenenko, K.N.; Bulychev, B.M.; Kalmykov, K.B. Activation of aluminum metal and its reaction with water. J.
Alloys Compd. 2005, 397, 58-62. [CrossRef]

Shkolnikov, E.I.; Zhuk, A.Z.; Vlaskin, M.S. Aluminum as energy carrier: Feasibility analysis and current technologies overview.
Renew. Sustain. Energy Rev. 2011, 15, 4611-4623. [CrossRef]

Soler, L.; Candela, A.M.; Macanas, J.; Mufioz, M.; Casado, ]J. Hydrogen generation from water and aluminum promoted by
sodium stannate. Int. J. Hydrogen Energy 2010, 35, 1038-1048. [CrossRef]

Ma, G.-L.; Dai, H.-B.; Zhuang, D.-W.; Xia, H.-].; Wang, P. Controlled hydrogen generation by reaction of aluminum/sodium
hydroxide/sodium stannate solid mixture with water. Int. J. Hydrogen Energy 2012, 37, 5811-5816. [CrossRef]

Dai, H.-B.; Ma, G.-L.; Kang, X.-D.; Wang, P. Hydrogen generation from coupling reactions of sodium borohydride and aluminum
powder with aqueous solution of cobalt chloride. Catal. Today 2011, 170, 50-55. [CrossRef]

Haller, M.Y.,; Amstad, D.; Dudita, M.; Englert, A.; Hédberle, A. Combined heat and power production based on renewable
aluminium-water reaction. Renew. Energy 2021, 174, 879-893. [CrossRef]

Deng, Z.-Y,; Tang, Y.-B.; Zhu, L.-L.; Sakka, Y.; Ye, J. Effect of different modification agents on hydrogen-generation by the reaction
of Al with water. Int. |. Hydrogen Energy 2010, 35, 9561-9568. [CrossRef]

Mahmoodi, K.; Alinejad, B. Enhancement of hydrogen generation rate in reaction of aluminum with water. Int. |. Hydrogen Energy
2010, 35, 5227-5232. [CrossRef]

Alinejad, B.; Mahmoodi, K. A novel method for generating hydrogen by hydrolysis of highly activated aluminum nanoparticles
in pure water. Int. J. Hydrogen Energy 2009, 34, 7934-7938. [CrossRef]

Fan, M.-Q.; Wang, Y.; Tang, R.; Chen, D.; Liu, W,; Tian, G.L.; Lv, C.J.; Shu, K.-Y. Hydrogen generation from Al/NaBH4 hydrolysis
promoted by Co nanoparticles and NaAlO, solution. Renew. Energy 2013, 60, 637-642. [CrossRef]

Fan, M.Q.; Sun, L.X,; Xu, E. Hydrogen production for micro-fuel-cell from activated Al-Sn-Zn-X (X: Hydride or halide) mixture
in water. Renew. Energy 2011, 36, 519-524. [CrossRef]

Ziebarth, ].T.; Woodall, ].M.; Kramer, R.A.; Choi, G. Liquid phase-enabled reaction of Al-Ga and Al-Ga—In-5n alloys with water.
Int. ]. Hydrogen Energy 2011, 36, 5271-5279. [CrossRef]

Wang, W.; Chen, D.M.; Yang, K. Investigation on microstructure and hydrogen generation performance of Al-rich alloys. Int. |.
Hydrogen Energy 2010, 35, 12011-12019. [CrossRef]

Du, B.D.; Wang, W.; Chen, W.; Chen, D.M.; Yang, K. Grain refinement and Al-water reactivity of Al Ga In Sn alloys. Int. |.
Hydrogen Energy 2017, 42, 21586-21596. [CrossRef]

Wang, W.; Chen, W.; Zhao, X.M.; Chen, D.M.; Yang, K. Effect of composition on the reactivity of Al-rich alloys with water. Int. J.
Hydrogen Energy 2012, 37, 18672-18678. [CrossRef]

Qiao, D.; Lu, Y;; Tang, Z.; Fan, X.; Wang, T.; Li, T.; Liaw, PK. The superior hydrogen-generation performance of multi-component
Al alloys by the hydrolysis reaction. Int. J. Hydrogen Energy 2019, 44, 3527-3537. [CrossRef]

He, T.T.; Wang, W.; Chen, W.; Chen, D.M.; Yang, K. Influence of In and Sn compositions on the reactivity of Al-Ga-In-Sn alloys
with water. Int. J. Hydrogen Energy 2017, 42, 5627-5637. [CrossRef]

He, T.T.; Wang, W.; Chen, D.M.; Yang, K. Effect of Ti on the microstructure and Al-water reactivity of Al-rich alloy. Int. |. Hydrogen
Energy 2014, 39, 684-691. [CrossRef]

Huang, T.; Gao, Q.; Liu, D.; Xu, S.; Guo, C.; Zou, J.; Wei, C. Preparation of Al-Ga-In-Sn-Bi quinary alloy and its hydrogen
production via water splitting. Int. J. Hydrogen Energy 2015, 40, 2354-2362. [CrossRef]

An, Q.; Hu, H,; Li, N,; Liu, D.; Xu, S.; Liu, Z.; Wei, C.; Luo, F,; Xia, M.; Gao, Q. Effects of Bi composition on microstructure and
Al-water reactivity of Al-rich alloys with low-In. Int. . Hydrogen Energy 2018, 43, 10887-10895. [CrossRef]

He, T.; Wang, W.; Chen, W.; Chen, D.; Yang, K. Reactivity of Al-rich Alloys with Water Promoted by Liquid Al Grain Boundary
Phases. J. Mater. Sci. Technol. 2017, 33, 397-403. [CrossRef]

Wang, C.; Liu, Y; Liu, H.; Yang, T.; Chen, X,; Yang, S.; Liu, X. A Novel Self-Assembling Al-based Composite Powder with High
Hydrogen Generation Efficiency. Sci. Rep. 2015, 5, 17428. [CrossRef]

Chen, J.; Xu, F; Sun, L.; Zhang, K,; Xia, Y.; Guo, X.; Zhang, H.; Yu, F; Yan, E.; Peng, H.; et al. Effect of doped Ni-Bi-B alloy on
hydrogen generation performance of Al-InCl3. J. Energy Chem. 2019, 39, 268-274. [CrossRef]

Liu, Y.; Wang, X,; Liu, H.; Dong, Z.; Li, S.; Ge, H.; Yan, M. Improved hydrogen generation from the hydrolysis of aluminum ball
milled with hydride. Energy 2014, 72, 421-426. [CrossRef]

Xiao, F; Guo, Y; Li, J.; Yang, R. Hydrogen generation from hydrolysis of activated aluminum composites in tap water. Energy
2018, 157, 608-614. [CrossRef]


http://doi.org/10.1016/j.jallcom.2020.155189
http://doi.org/10.1016/j.ijhydene.2021.03.240
http://doi.org/10.1016/j.ijhydene.2021.09.241
http://doi.org/10.1016/j.ijhydene.2019.05.176
http://doi.org/10.1016/j.jallcom.2004.11.065
http://doi.org/10.1016/j.rser.2011.07.091
http://doi.org/10.1016/j.ijhydene.2009.11.065
http://doi.org/10.1016/j.ijhydene.2011.12.157
http://doi.org/10.1016/j.cattod.2010.10.094
http://doi.org/10.1016/j.renene.2021.04.104
http://doi.org/10.1016/j.ijhydene.2010.07.027
http://doi.org/10.1016/j.ijhydene.2010.03.016
http://doi.org/10.1016/j.ijhydene.2009.07.028
http://doi.org/10.1016/j.renene.2013.06.003
http://doi.org/10.1016/j.renene.2010.07.006
http://doi.org/10.1016/j.ijhydene.2011.01.127
http://doi.org/10.1016/j.ijhydene.2010.08.089
http://doi.org/10.1016/j.ijhydene.2017.07.105
http://doi.org/10.1016/j.ijhydene.2012.09.164
http://doi.org/10.1016/j.ijhydene.2018.12.124
http://doi.org/10.1016/j.ijhydene.2016.11.112
http://doi.org/10.1016/j.ijhydene.2013.10.095
http://doi.org/10.1016/j.ijhydene.2014.12.034
http://doi.org/10.1016/j.ijhydene.2018.05.009
http://doi.org/10.1016/j.jmst.2016.11.013
http://doi.org/10.1038/srep17428
http://doi.org/10.1016/j.jechem.2019.04.012
http://doi.org/10.1016/j.energy.2014.05.060
http://doi.org/10.1016/j.energy.2018.05.201

Materials 2021, 14, 7889 14 of 14

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Wang, H.; Chang, Y,; Dong, S.; Lei, Z.; Zhu, Q.; Luo, P; Xie, Z. Investigation on hydrogen production using multicomponent
aluminum alloys at mild conditions and its mechanism. Int. . Hydrogen Energy 2013, 38, 1236-1243. [CrossRef]

Ilyukhina, A.V.; Kravchenko, O.V.; Bulychev, B.M.; Shkolnikov, E.I. Mechanochemical activation of aluminum with gallams for
hydrogen evolution from water. Int. J. Hydrogen Energy 2010, 35, 1905-1910. [CrossRef]

du Preez, S.P; Bessarabov, D.G. The effects of bismuth and tin on the mechanochemical processing of aluminum-based composites
for hydrogen generation purposes. Int. J. Hydrogen Energy 2019, 44, 21896-21912. [CrossRef]

Xu, S.; Zhao, X,; Liu, J. Liquid metal activated aluminum-water reaction for direct hydrogen generation at room temperature.
Renew. Sustain. Energy Rev. 2018, 92, 17-37. [CrossRef]

An, Q.; Hu, H.; Li, N.; Wei, J.; Wei, C.; Wang, H.; Woodall, ].M.; Gao, Q. Strategies for improving flow rate control of hydrogen
generated by Al-rich alloys for on-board applications. Int. ]. Hydrogen Energy 2019, 44, 27695-27703. [CrossRef]

Woodall, ].M.; Ziebarth, J.; Allen, C.R. The science and technology of Al-Ga alloys as a material for energy storage, transport and
splitting water. In Proceedings of the ASME 2007 2nd Energy Nanotechnology International Conference, Santa Clara, CA, USA,
5-7 September 2007; American Society of Mechanical Engineers: Morgantown, VA, USA, 2007; pp. 15-17.

Wang, W.; Zhao, X.M.; Chen, D.M.; Yang, K. Insight into the reactivity of Al-Ga—In-Sn alloy with water. Int. |. Hydrogen Energy
2012, 37, 2187-2194. [CrossRef]

Liu, Y,; Wang, X,; Liu, H.; Dong, Z.; Li, S.; Ge, H.; Yan, M. Investigation on the improved hydrolysis of aluminum—calcium
hydride-salt mixture elaborated by ball milling. Energy 2015, 84, 714-721. [CrossRef]

Fan, M.Q.; Sun, L.X,; Xu, F. Experiment assessment of hydrogen production from activated aluminum alloys in portable generator
for fuel cell applications. Energy 2010, 35, 2922-2926. [CrossRef]

Fan, M.-Q.; Liu, S.; Sun, W.-Q.; Fei, Y.; Pan, H.; Lv, C.-].; Chen, D.; Shu, K.-Y. Hydrogen generation from Al/NaBH,4 hydrolysis
promoted by Li-NiCl, additives. Int. J. Hydrogen Energy 2011, 36, 15673-15680. [CrossRef]

Rong, S.; Baozhong, Z.; Yunlan, S. The effect of NiCl, and Nay;CO3 on hydrogen production by Al/H,O system. Int. |. Hydrogen
Energy 2017, 42, 3586-3592. [CrossRef]

Wang, X.; Guo, X.; Zhu, L.; Wang, S.; Zou, M.; Li, X.; Zhang, X.; Song, T. The Activation of Mg Powder Promoted by Chloride and
Activation Mechanism. Metals 2021, 11, 1435. [CrossRef]

Ilyukhina, A.V.; Kravchenko, O.V.; Bulychev, B.M. Studies on microstructure of activated aluminum and its hydrogen generation
properties in aluminum /water reaction. J. Alloys Compd. 2017, 690, 321-329. [CrossRef]

Woodall, ].M.; Harmon, E.S.; Koehler, K.C.; Ziebarth, ].T.; Allen, C.R.; Zheng, Y.; Jeon, ].-H.; Goble, G.H.; Salzman, D.B. Power
Generation from Solid Aluminum. U.S. Patent 2008/0056986 A1, 6 March 2008.

Zhang, F; Ji, R; Liu, Y;; Li, Z,; Liu, Z; Lu, S.; Wang, Y.; Wu, X,; Jin, H.; Cai, B. Defect-rich engineering and F dopant Co-modulated
NiO hollow dendritic skeleton as a self-supported electrode for high-current density hydrogen evolution reaction. Chem. Eng. |.
2020, 401, 126037. [CrossRef]

Li, C,; Chen, Y.; Zhang, S.; Xu, S.; Zhou, J.; Wang, E; Wei, M.; Evans, D.G.; Duan, X. Ni—In Intermetallic Nanocrystals as Efficient
Catalysts toward Unsaturated Aldehydes Hydrogenation. Chem. Mater. 2013, 25, 3888-3896. [CrossRef]

Zubavichus, Y.V,; Slovokhotov, Y.L.; Kvacheva, L.D.; Novikov, Y.N. EXAFS study of graphite intercalated with metal chlorides.
Phys. B 1995, 208-209, 549-551. [CrossRef]


http://doi.org/10.1016/j.ijhydene.2012.11.034
http://doi.org/10.1016/j.ijhydene.2009.12.118
http://doi.org/10.1016/j.ijhydene.2019.06.154
http://doi.org/10.1016/j.rser.2018.04.052
http://doi.org/10.1016/j.ijhydene.2019.09.046
http://doi.org/10.1016/j.ijhydene.2011.10.058
http://doi.org/10.1016/j.energy.2015.03.035
http://doi.org/10.1016/j.energy.2010.03.023
http://doi.org/10.1016/j.ijhydene.2011.08.114
http://doi.org/10.1016/j.ijhydene.2016.07.254
http://doi.org/10.3390/met11091435
http://doi.org/10.1016/j.jallcom.2016.08.151
http://doi.org/10.1016/j.cej.2020.126037
http://doi.org/10.1021/cm4021832
http://doi.org/10.1016/0921-4526(94)00747-J

	Introduction 
	Experimental Details 
	Preparation of Al Alloys 
	Hydrogen Generation Performances of Al Alloys 
	Microstructure Analysis of Al Alloys 

	Results and Discussion 
	Characterization of Al Alloys 
	XRD Analysis 
	Morphology Characterization 
	H2 Generation Performance of Al Alloys 
	XPS Analysis 
	EXAFS Analysis 

	Characterization of the Hydrolysis Products of Al Alloys 
	XRD Analysis 
	SEM Observation 


	Conclusions 
	References

