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Abstract: A novel way of constant hydrogen generation via Al and liquid metal eutectic GalnSn (eGIS) was proposed.
The cylindrical Al with a blind hole served as a container of liquid metal to generate hydrogen via hydrolysis, while
eGIS was considered a window for triggering the reaction. The microstructure, hydrolysis evolution and hydrogen
production performance of the semi-solid Al-eGIS composites were investigated. The results indicated that the liquid
metal embrittlement occurs when the eGIS diffuses along the grain boundaries of polycrystalline Al, which increases
the reaction activity of the composites; while the formation of In3Sn and InSn4 secondary phases was observed, which
accelerated the hydrolysis of Al. Moreover, the Al-10wt.%eGIS and Al-20wt.%eGIS composites achieved nearly 100%
conversion yield of hydrolysis. Consequently, the samples were practically applied to proton exchange membrane fuel
for performance measurement, with a stable power supply of 0.54 W for 110 min.
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1 Introduction

As an energy-storage material, aluminium
possesses outstanding volumetric and gravimetric
energy density, at 31.1 MJ/kg and 83.8 MJ/L,
respectively. Such a stored chemical energy is
expected to be used to generate H, via hydrolysis.
As a light metal, 1 g of Al at 25 °C and atmospheric
pressure reacts with water to theoretically produce
1361.1 mL of H, (Reaction (1)), with a gravimetric
density and volumetric density of 3.732 wt.% and
47.215 g/LL including water, and 11.206 wt.% and
302.562 g/l excluding water, respectively. The
production of high purity H,, and the release of
vapor and heat suggest that integrated water and
thermal management between the Al-water reaction
unit and the fuel cell is valuable. This meets the
U.S. Department of Energy (DOE) targets for
gravimetric capacity systems at 7.5% (kg Ho/kg)
and volumetric capacity systems at 70 g/L relative

to H» with a fuel purity of 99.97% [1]. However, the
Al—water reaction does not proceed owing to the
adherent and compact aluminium oxide film that
forms on the surface of aluminium particles, which
impedes subsequent reaction because fresh Al fails
to be exposed to water.

2Al+6H,0=2A(0OH)3 | +3H,1, AH®=—861.1kJ (1)

Continuous hydrolysis is basically achieved by
two main effective approaches: the mechanical
activation (ball-milling and mechanochemical
treatment) with low melting point metals/
alloys [2—4], alloying elements [5,6], non-metal
elements [7], salts [8,9], metal hydrides [10],
alkali [11] and metallic oxides [12]; high-
temperature processing (arc-melting, casting and
melt-spinning, and gas-atomization processing)
with low melting point metals/alloys [13—17],
alloying elements [18,19], or a combination of these
methods to form a complex Al composite [20—22].
However, these two traditional methods basically
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involve high energy consumption, time-consuming
issues, flammable, and explosive powders and a
caustic environment.

Liquid Ga-series alloys have been proven to be
effective activators of the Al-water reaction by
preventing the coherent formation of the thin
passivation film through the creation of surface
active sites. In previous research, the activation of
Al-water reaction by Ga-series alloys basically
involves high-temperature melting or high energy
ball-milling. For Al-Ga, Al-In, Al-Sn, and
Al-Ga—Sn alloys, no H; is produced from tap water
at room temperature when the alloy element mass
fraction is less than 10%. However, Al-Ga—In and
Al-In—Sn alloys can directly react with tap water at
room temperature. Compared with ternary activated
Al systems, the activity of quaternary Al-Ga—
In—Sn alloy is greatly improved [2]. All Al-In—Sn
ternary alloys exhibit poor hydrolysis activity at
room temperature. Al-In—Sn alloy will represent
the highest hydrogen yield when the mass ratio of
In to Sn is 1:4. The hydrolysis activity of Al alloys
is greatly improved while Ga is introduced to
the ternary alloys [14]. HUANG and SHU [13]
quenched AlGalnSn alloy with semi-solid structures
by melting Al with 15wt.% 62Ga25In13Sn,
remelting at 620 °C for 120 min to obtain a
semi-solid slurry, and then quenching in liquid
nitrogen to obtain a semi-solid metal, obtaining
50mL H; in 10min. However, conventional
activation methods still face deficiencies such as
high energy consumption and complex processes.
Hence, avoiding ball milling and melting is
necessary for the hydrolysis activation of Al—Ga
alloys.

Recently, YU et al [23] reported semi-solid
Al-Ga composites that underwent direct hydrolysis
with H, generation, which was fabricated by
mixing liquid Ga and fragmented Al foils at room
temperature under stirring with a glass rod for only
a few minutes instead of melting at hundreds of
degrees for a long period. XU et al [24] prepared
0.2 g of Al activated by 4g of Ga—In—Sn—Bi
alloy for hydrolysis in 0.4 mol/L NaCl solution,
which yielded at 92% hydrogen productivity.
However, the mass ratio of Al stays relatively low,
which means less hydrogen production yield. Hence,
we aimed to propose a convenient method for
hydrogen production from Al—water reaction using
cuplike Al and eutectic GalnSn (eGIS) with the

mass fractions of Al exceeding 80%. The micro-
structure of the Al—eGIS composites, the typical
hydrolysis process and the hydrogen production
performance were investigated. Eventually, the
Al-eGIS composites were applied to a proton
exchange membrane fuel cell (PEMFC) for the
evaluation of practical scenarios.

2 Experimental

2.1 Sample preparation

Bulk aluminium (composition in wt.%: 99.7 Al,
0.12 Fe, 0.08 Si, 0.04 Ca, 0.03 Mg and 0.03 Zn)
was designed as a cylindrical cup (radius 7.5 mm
and height 15 mm) with a central cylindrical blind
hole (radius 2.5 mm and depth 10 mm), with an
average mass of 6.5 g (Fig. 1). Before use, the
passivated film of the blind hole was removed by
etching for 15 s with 0.5 mol/L NaOH, where eGIS
(99.99% purity; Ga/In/Sn mass ratio 62:22:16)
in different mass fractions (5, 10 and 20 wt.%)
was immediately transferred into it. The eGIS
was recycled from hydrolysis by-products by
centrifuging at 1400 r/min for 10 min and then the
liquid metal at the bottom of the centrifugal tube
was separated. After 0.5 mol/L NaOH washing to
ensure the removal of residual Al and AI(OH)3, the
eGIS was transferred to the filter paper and weighed
after air drying.
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Fig. 1 Photos of samples (Al-5wt.%eGIS (left), Al-
10wt.%eGIS (middle) and Al-20wt.%eGIS (right))
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2.2 Characterization of samples

The microstructure of Al-based composites
was detected by field emission scanning electron
microscopy (FESEM; Gemini 500, Carl Zeiss AG,
Germany) in backscattered electron (BSE) mode
with elements analyzed by energy-dispersive X-ray
(EDX) analysis. To minimize rapid oxidation and
hydrolysis with water vapor during removal, the
wetted sample was placed in a sample chamber
immediately after removing the liquid metal.
Differential scanning calorimetry (DSC; TA
instruments Q5000IR, USA) was used to detect the
melting point (7w) and freezing point (7) of
samples in the range from —50 to 150 °C. The
samples (15—50 mg) were measured under an argon
atmosphere with heating and cooling rates of
10 °C/min. A digital CMOS camera (D810, Nikon,
Japan) was used to capture the sample morphology
at different reaction stages. The structure of the
Al-eGIS interface was detected by X-ray
microscopy (Xradia 620 Versa, Carl Zeiss AG,
Germany) using laboratory diffraction contrast
tomography (LabDCT Pro) for picture reconstruction.
For these samples, the wetting process was
extended to 24 h, the eGIS was poured out, and
then the epoxy resin was immediately applied to the
sample surface to avoid oxidation and hydrolysis.
An Al gasket was placed under the sample to
prevent its exposure to air.

2.3 Hydrogen generation performance test

The hydrolysis performance was tested by the
drainage method (Fig.2). A 500 mL Pyrex glass
reactor was placed in a thermostat water bath to
maintain a constant temperature, with tap water

provided by a 500 mL pressure-equalizing dropping
funnel. For each experiment, the sample added into
the flask was about 6.5 g, and 500 mL distilled
water was injected for the reaction. In this work, we
considered the waste heat and water management
simulation that utilized the water discharged from
the cathode of the fuel cell as the reaction medium
for the hydrolysis. Hence, the reaction temperatures
were moderated to be 50-90°C (the water
temperature range of PEMFC) [25]. Humid and
warm H> was cooled by a graham condenser with
a constant supply of recirculating cooled water
provided by a pump. After drying H, by passing
through a drying tower containing allochroic silica
gel, the H, yield was stoichiometrically calculated
by the volume of water displacement at ambient
temperature (273 K, and 1.013x10°Pa), and the
hydrogen production rate can be calculated by the
derivative of H» yield with respect to the reaction
time. All gas pipes were rubber, and the junctions of
glass containers
silicone grease to obtain rigorous airtightness. Each
testing was repeated at least three times, and the
results were averaged.

were smeared with vacuum

3 Results and discussion

3.1 Characterization results of semi-solid Al—

eGIS composites

The semi-solid layer surface morphologies of
coexisting solid and liquid phases are shown in
Fig. 3(a). Owing to inevitable oxidation, an oxide
film formed on the Al solid phase. However, EDX
elemental mapping showed that the Ga-rich liquid
phase was not susceptible to oxidation and acted as

Fig. 2 Schematic diagram of drainage apparatus: 1—Sample; 2—Water; 3—Pyrex glass reactor with thermo-static

water bath; 4—Thermometer; 5—Pressure-equalizing dropping funnel; 6—Graham condenser; 7—Drying tower

containing allochroic silica gel; 8—Drainage flask; 9—Water container; 10—Electronic balance
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Fig. 3 BSE images and EDX mappings of surface morphology (a) and secondary phases (b) of semi-solid Al-eGIS

composites

a window for hydrogen production. After scraping
the shiny semi-solid layer from the surface, In—Sn
second phase in the Al-rich solid phase was
observed (Fig.3(b)). It is well-known that the
existence of liquid metal guarantees the wetting
of Al

Figure 4(a) shows the DSC curves of the Al-
eGIS semi-solid composite during a heating and
cooling cycle. The melting peak of the liquid phase

was observed at a T, of 11.0 °C, which was slightly
higher than the eutectic temperature of GIS
(10.7 °C), due to the accuracy of DSC and the
melting peak changed by Al in the eGIS liquid
phase is small at the ambient temperature.
Solidification started at 14.35°C due to
supercooling of the liquid phase. According to the
X-ray diffraction results in Fig. 4(b), the 28 values
corresponding to the peaks of Al—Ga solid solution
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are slightly declined compared to that of Al phase
(PDF No. 04-0787), which indicates that Ga atoms
diffuse into Al crystal lattice. The semi-solid
Al—eGIS composite also contains intermetallic
compound In3Sn and InSn4 phases.

The phenomenon of liquid metal embrittle-
ment (LME) is caused by surface wetting
and intergranular penetration of eGIS into poly-
crystalline Al with the loss of ductility without
applied stress. The Al—xwt.%eGIS (x=5, 10 and 20)

composites follow the same typical hydrolysis.
Here, the Al-10wt.%eGIS was represented in Fig. 5
to demonstrate the process. At the initial stage
(Fig. 5(a)), a small number of hydrogen bubbles
were generated from eGIS surface located in the
blind hole, indicating the mass transfer of Al atoms
into liquid metal. Some bubbles were clustered
under the eGIS, causing the rising of liquid metal
from the hole bottom to the top surface of
cylindrical Al thanks to the buoyancy, and the shiny

4 r(a) (b) T Al-Ga solid solution
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Fig. 4 DSC (a) and XRD (b) results of semi-solid Al-eGIS composites
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Fig. S5 Typical surface morphology evolution of Al-10wt.%eGIS composites during hydrolysis, recorded by CMOS
camera at top (a), sides (b), and bottom (c); X-ray microscope reconstruction cross-sectional view (1016 projection
images were collected from 0° to 360° with exposure time of 1 s and spatial resolution of 17 um/voxel) of XY, YZ, and
XZ planes and 3D reconstruction image (d)
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bark-type texture was subsequently observed on the
top surface, providing activated sites for hydrolysis.
The eGIS diffused from the top to the bottom
surface (Figs. 5(b, ¢)) till the outer surface of Al
was entirely wetted, which showed a slivery
bark-type surface. The X-ray microscope images in
Fig. 5(d) show that grain boundary diffusion of
liquid metal occurs simultaneously where voxels
belong to the diffusion path (yellow arrows), and a
bark-type pattern appears, which leads to the brittle
fracture of grains, while the carmine arrows
corresponding to isolated white particles are metal
inclusions. Due to the relatively large difference in
the atomic number of Al and Ga, Ga represents
higher locally enhanced absorption in a subregion
of a voxel, leading to artifacts indicated by white
arrows.

3.2 Typical hydrolysis process and H; production

performance

The typical evolution of the Al—eGIS hydrolysis
is represented in Fig. 6, which corresponds to the
trend of curves in Fig. 7. The hydrogen bubbles
immediately occurred once the campsites were
exposed to water, but the initial hydrogen
production was observed only from the surface of
eGIS, which could be very slow due to the small
amount of Al dissolved in eGIS. The production

rate increased subsequently when the eGIS started
to diffuse inside and outside the Al cup. With the
expansion of the activated area from the top to the
bottom, the generation rate of hydrogen turned to be
stable at peak value while the solution became
slightly turbid colloidal. Subsequently, the LME
occurred as cracks formed and bubbles tore the Al
bulk into small flakes to obtain a larger specific
surface area for reaction. The heat of local
hydrolysis boiled water around the flakes rapidly,
with H» bubbles carrying the water vapor out. This
corrosion of Al was also accelerated by In3;Sn and
InSn4 secondary phases along the grain boundaries,
which facilitated a negative shift in the Al electrode
potential for the formation of micro galvanic
cells [26]. Consequently, the Al cup could not be
seen since most of the Al was depleted and a small
amount of Al dissolved in eGIS dominated the
contribution to hydrogen yield again when the
Ga-rich phase formed. The solution was clearly
stratified when greyish AI(OH)s precipitated at the
bottom at the end of the reaction.

As seen from the parameters of hydrogen
production performance in Table 1, Fig.7 and
Fig. 8, the yield and rate of hydrogen production
increase with the rising temperature. Al—
20wt.%eGIS sample reached 100% conversion in
205 min (90 °C) and 405 min (70 °C), respectively,

| Typical evolution of Al-eGIS composites hydrolysis >

Fig. 6 Typical hydrolysis process of Al-eGIS composites

Table 1 Hydrolysis performance of Al—eGIS composites for hydrogen production

Sample Composition/ Water Conversion eGIS pH value of
No. wt.% temperature/°C yield/% recovery/% by-products

1 Al-20eGIS 50 92 48 8.5

2 Al-20eGIS 70 100 44 8.5

3 Al-20eGIS 90 100 46 8.5

4 Al-10eGIS 70 100 22 8.5

5 Al-10eGIS 90 98 21 8.5

6 Al-5eGIS 90 51 9 8.0
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Fig. 7 Hydrogen production yield versus time of
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Fig. 8 Hydrogen production rate of Al—xwt.%eGIS (x=5,
10, and 20) composites at different temperatures

while it yielded at 92% in 50°C. The Al-
10wt.%eGIS sample peaked at 100% and 98%
conversions at 90 and 70 °C, respectively. In
contrast, Al-5wt.%eGIS (Sample 6) provided a
long stable production rate as the Al cup failed to be
depleted even at 90 °C, with a final conversion of
51%. For the samples that reacted thoroughly, the
liquid metal recovery ranging from 21% to 44%
dropped with the decreasing mass fraction of eGIS.
Those recycled liquid metals can be reused in the
next cycle of hydrolysis, which will greatly reduce
the cost of raw materials for hydrogen production.
On the other hand, despite the possible formation
of alloy compounds [27,28], a small number of
impurities (0.3 wt.%) in Al contributed little to
the LM recovery. The pH values of all by-product
solutions were in the range of 8.0—8.5, as the
neutral AI(OH); suspension substantially relieved

the burdens of corrosion resistance of reaction
containers. On the other hand, after eGIS was
isolated from the suspension, the Al can be recycled
by calcinating the by-product AI(OH)s of hydrolysis
to AlOs, and then employed in the Hall-Heroult
process. Moreover, the corundum (a-Al,Os) plays
an essential role in the industry as it can be directly
applied to transactions as a high-temperature
resistant and wear-resisting material. Interestingly,
at 90 and 70 °C, Al-10wt.%eGIS with a lower
fraction of liquid metal presented faster initial
and average reaction rates compared with
Al-20wt.%eGIS. This was due to the relatively
large reaction surface area exposed inside the blind
hole when the Al cup sufficiently reacted with the
eGIS, while the Al-rich phase had a shorter mass
transfer path during hydrolysis.

3.3 Application in fuel cell

The generated hydrogen was connected to an
experimental PEMFC for investigating the output
electricity. The hydrolysis of Al-eGIS composites
exhibited self-humidification, supplying humidity
automatically without a humidifier. Table 2 shows
relevant parameters of membrane electrode
assemblies (MEA). Figure 9 displays the scheme
of PEMFC. Hydrogen produced from Al—water
hydrolysis catalytically split into protons and
electrons on the anode (Reaction (2)), while the
oxygen from the air was delivered to the cathode,
forming water molecules by reacting with protons
penetrated from the proton exchange membrane
(Reaction (3)).

H,=2H"+2e 2)
1/20,+2H"+2e=H,0 3)

The hydrogen product from hydrolysis of
Sample 5 was then applied to PEMFC. Figure 10

Table 2 Parameters of membrane electrode assemblies

(MEA)

Working parameter Value

Operating temperature/°C 70

Relative humidity/% 0

Back pressure/Pa 0

Air flow rate/(mL-min") 80

Working area of MEA/cm? 3.24
N> pressure/MPa 7
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y. A

Fig. 9 Experimental proton exchange membrane fuel cell
(PEMFC) construction: 1—Nitrogen gas pressure pump;
2—Anode heating plate (Hz); 3—Membrane electrode
assemblies; 4—Cathode heating plate (Air)
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Fig. 10 Polarization curves of PEMFC

shows the polarization curves of the cell. The power
density peaked at 516.05 mW/cm? when the current
stayed at 3.8 A since the cell voltage decreased
with the increment of current density. Due to the
performance of the battery itself, we did not choose
the current magnitude corresponding to the peak
power as the constant current output in the
experiment. Hence, we conducted power output
measurement at the lower constant current of 1 A
by considering appropriate conditions of relative
humidity and mass transfer of the cell. Given a
short fluctuation due to the change of H»
concentration, the power output reached a plateau
of 0.54 W for 110 min (Fig. 11), which indicated a
reliable potential in the application of safe and
portable electronic devices.
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Fig. 11 Power output of PEMFC in 2 h

4 Conclusions

(1) The design of Al—eGIS
composites is conducive to easy and continuous
hydrogen production via hydrolysis.

(2) The hydrolysis of Al—eGIS composites and
grain boundary diffusion of liquid metal occur
simultaneously with the formation of semi-solid
structure, In3Sn and InSny4 secondary phases.

(3) Al-10wt.%eGIS and Al-20wt.%eGIS
samples achieve nearly 100% conversion between
70 and 90°C, with a liquid metal recovery in the
range from 21% to 48%.

(4) Al-10wt.%eGIS is feasible to continuously
supply electricity for appliances with 0.54 W of
power for 110 min by our PEMFC.
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m-HEFEHE S RIKESIS
Zmlsg 12, 2 R, RESTR 2 Bkl 2 7 e 12

Lo MRS, LR 100084
2. HERSE SGHE IR N, LR 100084

O R FREARA SRS R (eGIS) KRS = A SR k. LAAA B FLIN B8 1E ki
SRS, I KRR, 11 P eGIS AE Al R S REFKE 1, AR S B A HEAT o [, X2 [ 2 Al-eGIS
HEMEH R KA E R TIT. 5RW, Y eGIS WY BB 2 BEHhi, WEER
RAEMMING, $Ee T KRR S AP RORLEE, [FRWL%E 2] InsSn Al InSna 585 —ARATE AL, HA By T 0k
FRK AR, AN, Al-10wt.%eGIS Fl Al-20wt.%eGIS & & # kKRBT 100%. FF5 R T RT3 el
PREHEATEBE D&, 7E 0.54 W STt 23 N AR AL 110 min.
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