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Usually, Al-Ga alloys are prepared by heating materials to hundreds of degrees for a long time, and the
alloys obtained are in the solid state. Although some Ga-rich liquid Al-Ga composites have been
developed lately, the mass percentage of Al is small, due to which the hydrogen generation rate and
efficiency are limited. Besides, an alkaline solution is indispensable in these studies, which is also
a limitation. In this paper, a semisolid Al-Ga composite has been fabricated by mixing liquid gallium and
fragmented aluminium foils at room temperature, which is an effective means to generate hydrogen
from pure water. With the increase in the Al proportion, the mixture changes from a liquid to a cement-

like semisolid material morphologically. Furthermore, an application of the fuel cell taking advantage of
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1. Introduction

Hydrogen production has aroused widespread interest in the
world owing to its broad developing prospect as a kind of clean
energy source. Compared with other new energies, such as solar
energy and wind energy, hydrogen energy can be easily stored
and transported. Among a large number of studies on hydrogen
production,™* hydrolyses using metals or alloys are real-time
hydrogen supply solutions on demand, facilitating the storage
and transportation of hydrogen.

Some active metals can be used to produce hydrogen by their
chemical reactions with an aqueous solution; among these,
aluminium is preferred because of its low cost, abundant
reserves and environment-friendliness.** However, since
aluminium is easily oxidized, it is difficult for pure aluminium
to react with water continually. Therefore, the key for hydrogen
generation from aluminium is to remove the thin layer of oxides
from aluminium.

One approach to solve this issue involves reacting
aluminium directly in an acid solution, such as an HCI solution.
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Besides, an alkaline solution can destroy the oxide film.>”
Under this condition, the oxide layer is destroyed by hydroxide
ions, making the metal free to react with water to produce
hydrogen at a higher speed. However, since both acid and
alkaline solutions are highly corrosive, they are not safe for
practical applications. Therefore, neutral solutions including
pure water are the most promising candidates for hydrogen
generation. In this case, the way to enhance the chemical
reaction of aluminium with water has become a hot issue in the
field of hydrogen generation.

It has been proved that a feasible method for the continuous
generation of hydrogen involves reduction in the aluminium
size down to the nanoscale through mechanical milling.**° This
method not only reduces the aluminium particle size but also
forms some cracks on the metal surface. Consequently, the
specific surface area increases and the chemical activity is
improved. Another effective way is to ameliorate aluminium
through alloying treatment." Some researchers have tried to
activate aluminium by adding Hg, Li, Bi, Ga, In, Sn, Cu, and Ge,
which are able to etch aluminium constantly and destroy its
oxide layer.””*# It is believed that alloys with a low melting point
can be responsible for accelerating the coarsening effect, which
increases the variability in the reaction yield of older samples.*®
However, in previous works, these alloys have been usually
prepared by heating materials to hundreds of degrees for a long
time. As a result, the requirements for the equipment and
process are relatively high.

Here, an alternative approach for hydrogen generation has
been proposed, where fragmented aluminium foils and excess
liquid gallium are mixed to obtain a semisolid-phase Al-Ga
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composite for hydrogen generation. After stirring, excess
gallium serves as a liquid container, wrapping the broken
aluminium to prevent its oxidation. There are two differences
compared with the traditional methods mentioned above. One
is that the obtained Al-Ga composite is not solid but a semisolid
since the amount of gallium is higher. The other is that the
preparation process can be easily carried out at room temper-
ature without using any heating device. The motivation for the
work stems from the studies on a liquid metal motor moving
spontaneously by adding aluminium, where Ga-rich liquid
alloys generate lots of gas during the moving course.”*** Since
the mass percentage of Al is only 1% or even less, the volume of
the hydrogen generated is not enough.* Lu et al.*® adopted Galn
alloys to erode Al plates, thereby realizing a continuous reaction
to generate hydrogen. Nevertheless, the hydrogen production
rate was very low. Besides, it should be noted that these studies
still used an alkaline solution as the reaction medium. In this
paper, the characteristics including micromorphology,
elemental compositions and melting points of the semisolid-
phase Al-Ga composite with different percentages were inves-
tigated. It was found that at least 40% Al could be dissolved into
liquid gallium, and the prepared Al-Ga composite was stable to
maintain the semisolid state. Besides, the hydrogen generation
performances of the semisolid Al-Ga composite materials were
evaluated. Once the mixture was put into pure water, hydrogen
gas was quickly released. Then, a fuel cell was implemented to
demonstrate the portability and on-demand utility of the tech-
nique in applications.

2. Experimental method
2.1 Fabrication of the semisolid-phase Al-Ga composite

In previous studies, the Al-Ga alloys were made by heating
materials in a furnace at hundreds of degrees for several hours.
Here, the preparation of the Al-Ga composite material was
carried out only by stirring de-oxidized liquid gallium (purchased
from Shanghai Minor Metals Co., Ltd. with 99.999% purity) and
pieces of aluminium (about 100 pm thickness) in a closed plastic
container. After stirring with a glass rod for only a few minutes,
all the aluminium pieces dissolved in gallium. The whole process
was operated at room temperature without heating or extra work.

2.2 Characterizations of the Al-Ga composite

In order to determine the structure and composition of the
composite material prepared at room temperature, a scanning
electron microscope (Hitachi S-4300) was used to obtain the
surface features and element distribution of the fresh samples,
and SEM images and EDS data were obtained.

Besides, the XRD data of the Al-Ga composite material with
different ratios were measured with an X-ray diffractometer (D8
focus). The XPS data were obtained using an ESCALab220i-XL
electron spectrometer (VG Scientific) and 300 W Al Ko radia-
tion. The binding energies were referenced to the C 1s line at
284.6 eV from adventitious carbon.

In addition, DSC (DSC 200 F3 Maia, Netzsch Scientific
Instrument Trading Co. Ltd, Germany) was used as a tool to
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measure the melting temperature of the composite materials,
and 35.25 mg of the Al;(Gag, composite, 71.48 mg of the
Al,,Gag, composite and 24.74 mg of the Al;(Gag, composite
were analysed. The test temperature ranged from —20 °C to
60 °C, and the heating and cooling rates were both selected as
5 °C min~'. Each sample went through three temperature
cycles. The DSC curves were analysed to calculate the melting
point (T,,), freezing point (7j), unit heat quantity absorbed
during melting (H,,) and that released during solidification (H;)
using the NETZSCH Proteus thermal analysis software.

2.3 Measurement of hydrogen gas

The experimental device to measure the evolving hydrogen, as
shown in Fig. 1, consisted of a glass reactor and a soap
membrane flowmeter. Initially, 100 mL deionized water at 25 °C
was poured into the glass reactor. A plastic container connected
with a metal wire was put through the rubber plug and placed
above water before the reaction. The prepared Al-Ga composite
was in the plastic container. As the wire moved down and the
container went underwater, hydrogen was released violently and
rapidly once the composite contacted with water. The whole
process of collecting hydrogen was recorded by a camera. In each
experiment, the deionized water reacted with the composites in
excess to ensure that Al was completely consumed.

3. Results and discussion
3.1 Appearance of the semisolid Al-Ga composite

The composites with the aluminium contents of 10%, 20%,
40%, 50%, 70% and 80% (mass ratio) were prepared succes-
sively at room temperature. During the fabrication process of
the Al-Ga composite, the thinner the aluminium sheets and the
larger the contact area between aluminium and gallium, the
faster the preparation of the composite. It is worth mentioning
that the container containing the Al-Ga composite became hot
during the mixing process, which meant that some heat was
released during the mixing process.

soap membrane
flowmeter

— soap film

~9— rubber hat

|
|
|
|
IAlI-Ga alloy

plastic container

water
glass reactor

Fig. 1 A schematic of the experimental set-up used for hydrogen
measurement.
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Fig. 2 The appearance images (top) and the SEM images (bottom) of the Al-Ga composites with different proportions prepared at room

temperature.

The top pictures in Fig. 2 show the macro appearances of the
mixtures, and the bottom pictures are the corresponding SEM
images. These indicate that as the content of aluminium
increases, the mixture surface becomes less smooth and has
more wrinkles. Besides, the difficulty in dissolving aluminium
in gallium becomes much higher with the increase in the
aluminium content. When the mass ratio of Al stirred in the
mixture was within 50%, the obtained Al-Ga mixture was
semisolid similar to cement, and it was soft and viscous.
However, Al;,Gaz, and Alg,Ga,, turned grey and solidified
gradually, and some small Al fragments remained on the
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composite's surface, indicating that aluminium could not be
dissolved in this mixture any more. Therefore, in the follow-up
experiments, only semisolid Al-Ga composites with the ratios of
10%, 20% and 40% were focused on to study the performance
for hydrogen generation.

3.2 Characterization of the semisolid Al-Ga composite

Fig. 3a shows the XRD patterns of the semisolid Al-Ga
composites with different proportions. It can be clearly seen
that all the composites show the characteristic peaks of pure
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Fig. 3 Characterization of the semisolid Al-Ga composite material: (a) XRD patterns. (b) EDS curves. (c) SEM/EDS mapping images. (d) XPS peaks
of Ga 2p on the surface of Al-Ga alloy. (e) XPS peaks of Ga 3d on the surface of Al-Ga alloy. (f) XPS peaks of Al 2p on the surface of Al-Ga alloy.
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Fig. 4 DSC results for the Al-Ga composite with different propor-
tions. (a) DSC curves. (b) Changing trends of the melting point and the
unit heat quantity absorbed during melting with the increase in Al
content. (c) Changing trends of the freezing point and the unit heat
quantity released during solidification with the increase in Al content.
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Fig. 5 Hydrogen production by the semisolid Al-Ga composites with
different ratios.

aluminium, and the intensity of the peaks is proportional to the
content of aluminium. It is worth noting that all the XRD
patterns show a diffraction “hill” between 30° and 43°, which
comes from the liquid gallium (amorphous) in the semisolid
Al-Ga composite. When the sample is frozen by liquid nitrogen
and then rapidly measured, the XRD pattern not only eliminates
the diffraction “hill”, but also reveals more diffraction peaks of
solid gallium, as shown in Fig. S1.t The EDS results shown in
Fig. 3b reflect the distribution of aluminium and gallium
elements, which is also consistent with the XRD results.
Besides, in order to assess the elemental distribution, the Al-
Ga composites with different mass ratios were scanned to
obtain SEM/EDS mapping images. As shown in Fig. 3c, basi-
cally, aluminium is evenly distributed in gallium in the
Al;0Gagg, AlyoGagg, AlyoGage and AlsyGas, samples. However, for
Al,(Gas, the elements of gallium and aluminium are not evenly
distributed, which indicates that the two metals were not mixed
well. AlgyGa,, has a similar result with Al,4Gas,. In addition,
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XPS was carried out after the preparation of the Al-Ga alloys.
Fig. 3d and e show the XPS spectra of Ga 2p and Ga 3d,
respectively, and the latter has a deeper sampling depth
compared to the former. Two peaks of Ga 2p are observed at
1142.27 eV and 1115.35 €V, and the loss feature can also be seen
obviously (1130 eV). Ga 3d has only one peak (17.29 eV) and it
does not split significantly. As shown in Fig. 3f, the peak value of
Al 2p is 74.21 eV, which indicates that Al on the surface of the
composite has been oxidized. This is the factor that affects the
efficiency of hydrogen production. The peaks measured for
other Al-Ga alloys with different ratios do not reveal substantial
differences except for the relative strength of Al 2p and Ga 3d.

3.3 DSC measurements

The DSC curves of Al;,Gag, Al,(Gag, and Al,Gag, are shown in
Fig. 4a. During one single heating and cooling cycle, the sample
melted first when heated to near Ty, and then started to solidify
when the temperature dropped to T,. Because of the super-
cooling nature of the gallium-based liquid metal, the values of
T and Ty are usually not equal. It is found from Fig. 4b that the
Ty of the Al-Ga composite materials with different ratios is
lower than that of pure gallium (29.8 °C) and infinitely close to it
with the increase in the Al content (as shown in Fig. 4b). Simi-
larly, Ts was linearly proportional to the content of Al, as shown
in Fig. 4c. However, T had more significant fluctuation than 7,,.
This might be due to the influence of supercooling. Besides,
both H,, and Hy; were measured and compared, and they
showed a decreasing trend with the increase in Al content.

3.4 Hydrogen production analysis

According to the mass ratio of aluminium in the composite, the
experiments were divided into three groups and each group was
tested 3 times. In each trial, about 0.4 g of the Al;,Gag,
composite, about 0.2 g of the Al,(Gag, composite, and about
0.1 g of the Al;,Gaso composite were used; thus, the Al content
in each group was theoretically the same (0.04 g). For each
experiment, the chemical reaction was very intense and
hydrogen was collected rapidly at the initial stage. After the
reaction, the water was much warmer. In order to ensure that all
weighed composites participated in the reaction, not just the
Al-Ga composite, but also the plastic container containing the
composite was fully immersed under water.

Fig. 5 presents the scatter plot and fitting curves (shown in
the ESIf) for the hydrogen evolution volume over time during
the reactions of the Al-Ga mixture with deionized water. The
final volume of hydrogen produced for the Al,,Gag, composite
was 26.9 mL, while for the Al,,Gag, and Al,,Gag, composites,
the values were 41.04 mL and 44.26 mL, respectively. With
respect to the hydrogen production rate, it was obvious that the
Al 0Gago composite showed the fastest rate. The results indi-
cated that the higher the proportion of aluminium, the greater
the hydrogen production efficiency and rate. This is because
a certain amount aluminium is consumed by oxidation during
the preparation of the Al-Ga composite. Besides, the mass loss
of gallium comes from the oxidation reaction during the mixing
process, and the remaining gallium can be reused to dissolve

RSC Adv, 2020, 10, 10076-10081 | 10079
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Fig. 6 Hydrogen fuel cell using the semisolid Al-Ga composite. (a) Schematic diagram of the hydrogen fuel cell presentation device. (b) LED

array printed used liquid metal. (c) The working process of this device.

more aluminium as the reaction catalyst (the details can be seen
in the ESIT).

3.5 Application of Al-Ga composite for hydrogen production

One typical application of the Al-Ga composites for hydrogen
production is in the hydrogen fuel cell, which converts
hydrogen and oxygen into electric power by a chemical reaction
(as shown in ESI Movie 17). Fig. 6a shows the structure of the
demonstrative hydrogen fuel cell device. Oxygen is provided by
air, and hydrogen comes from the reaction of the Al-Ga
composites with water. The device is able to drive ten LEDs and
a motor and outputs voltage through a USB port at the same
time. As shown in Fig. 6b, the LEDs have been lit up and the
windmill is spinning fast. It is worth mentioning that the LED
circuit was printed using the liquid metal conductive ink
(shown in Fig. 6¢).

3.6 Comparison of various hydrogen production methods
from aluminium

The key problem in the hydrogen production from aluminium
is to destroy the oxide film on its surface. There have been
various methods, including dissolving the oxide film in acid/
alkaline solutions, ball-milling aluminium nanoparticles and

adding a small amount of low-melting metals (such as Ga, In,
Ca or Mg) into aluminium at high temperatures to form solid
aluminium-based alloys. The comparison of the performance of
the method proposed in this paper with that of other existing
methods is shown in Table 1. The method using acid/alkaline
solutions can rapidly generate a yield close to the theoretical
value for hydrogen generation. Unfortunately, the biggest
problem with this method is that acid/alkaline solutions are
highly corrosive. Under common circumstances, a neutral
solution such as water is a better choice as the reaction
medium. It has been found that when aluminium is just being
processed into nanoparticles, it can react violently with water.
However, this method is limited because of the high cost of
fabricating aluminium nanoparticles. Both the solid Ga/In/Mg-
doped aluminium alloys and the semisolid Al-Ga composite in
the paper are to activate the aluminum by adding other metals.
The difference in the preparation process is that the semisolid
Al-Ga composite can be prepared at room temperature by dis-
solving aluminium in liquid gallium with a higher mass ratio.
Therefore, although the hydrogen production efficiency is not
higher than that of other methods, the preparation of the
semisolid Al-Ga composite is simple and it can be used safely to
generate hydrogen.

Table 1 Performance comparison of various hydrogen production methods

Hydrogen production Reaction

efficiency Safety Material preparation device
Aluminium + acid/alkaline solution Near 100% Low Simple Complex
Nano aluminium + water Middle High Complex Simple
Solid Ga/In/Mg-doped aluminium alloy + water Higher High Complex Simple
Semisolid Al-Ga composite + water Middle High Simple Simple

10080 | RSC Adv, 2020, 10, 10076-10081
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4. Conclusions

A novel method of hydrogen generation based on semisolid Al-
Ga composites was proposed in the paper. The semisolid Al-Ga
composites can be prepared by mixing liquid gallium and
pieces of aluminium at room temperature. Compared with
other existing hydrogen production methods with the Al-Ga
composites, the method presented in this study is much
simpler and safer. The prepared semisolid Al-Ga composite
only requires pure water to produce hydrogen rapidly. There-
fore, it is a new approach for making more portable and safer
devices for hydrogen generation.
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