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Abstract: Aluminum (Al) alloys with gallium (Ga) and indium (In) were prepared via mechanical alloying technology. The
hydrolysis reaction between the Al alloys and pure water was studied to analyze the hydrogen yield evolution. The results obtained
by X-ray diffraction, scanning electron microscopy and energy dispersive spectroscopy show that Ga and In elements mainly exist in
the alloy in the forms of dissolution and precipitated phases, respectively. The dissolution of Ga and In can improve the hydrogen
yield of Al alloy by enhancing the activity of hydrolysis reaction. Moreover, the quantity and distribution of precipitated phase
determined by ball milling time directly influence the hydrogen vyields, and the Al alloy with appropriate number and

uniform-distributed precipitated phase can react with 0 °C pure water to produce 1132.8 mL/g hydrogen.
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There are many proposed methods for the development of
new effective and ecologically sustainable hydrogen sources.
One of the prospective methods is hydrogen generation from
water by means of aluminum (Al)-water reaction. However,
the mechanisms that enable the reaction to begin and to pro-
ceed remain unclear, as does the question whether the reaction
can be controlled. We are sure that Al mobilization via differ-
ent attempts and approaches is a good idea. According to cur-
rent literatures ™**!, processes and methods have been devel-
oped to disrupt the formation of alumina film that acts as a
protective barrier on the Al surface, halting or preventing the
Al water reaction. Possible routes to Al activation are as fol-
lows: 1) amalgamation (amalgam treatment). However, this
method is not acceptable because of the mercury toxicity and
relatively low hydrogen generation rate™™; 2) reaction of Al
oxidation using alkaline aqueous solutions. However, the re-
action is relatively slow, despite the required high temperature,
and caution is necessary for working with strong alkaline so-
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lutions™®; and 3) use of micron and ultrafine particles with
high specific surfaces. The shortcoming of this method is the
requirement for high reaction start temperatures (more than
40 <C) and relatively low reaction rates!” ®. In addition, the
low melting point metals such as gallium (Ga) and indium (In)
are also added to Al for the sake of surface activation promo-
tion™**. To our knowledge, no studies have been reported on
the Al alloy-water reaction under low temperature conditions
(0 °C). In the present research, we investigated the reaction
between Al alloy and pure water at 0 <C. Using the hydrogen
yield as the assessment index, the orthogonal test was adopted
to optimize the preparation process of Al alloy. Different Al
alloy samples were prepared by ball milling, and the effects of
preparation parameters and alloy elements on the activity and
the hydrogen evolution performance were studied.

1 Experiments

The untreated starting materials were Al (particle size<74 pm,
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99.99 wt%), Ga (99.8 wt%), and In (particle size<<74 pm, 99
wt%). The powders were mixed in an argon-filled glove box,
and then milled in special ceramic pots filled with an argon at-
mosphere by a planetary ball miller. The rotation speed of the
miller was 500 r/min, and the weight ratio of ball to powders was
20:1. To investigate the effects of ball milling time on the reac-
tivity of the alloy, the ball milling time was variable at 1, 2, 3, 4,
5,6,7,8,9, 10 h, but the optimal Ga and In content remained the
same. The reaction of Al powders with the 0 <C pure water was
conducted in a special glass reactor™. Batch-type experiments
were carried out, where Al powder was placed first within the
reactor, followed by adding 30 ml water. The reaction then start-
ed spontaneously. The temperature of the water was measured by
a Chromel/Alumel thermocouple. The total volume of the gener-
ated hydrogen (the hydrogen yield) was measured using the
drainage method (Fig.1). To study the process in isothermal con-
ditions, a glass reactor filled with water was placed with a ther-
mometer. Milled Al powders were characterized by a scanning
electron microscope (SEM) equipped with an energy dispersive
spectroscope (EDS), and an X-ray diffractometer (XRD) with
CuKao radiation (Si internal standard method).

2 Results and Discussion

2.1 Analysis of orthogonal test
2.1.1 The choice of orthogonal test factors and levels

We selected an Al-Ga-In alloy system, and the orthogonal
test method was introduced. It has several advantages includ-
ing the evenly distributed points for data collection, the mini-
mized trials for a complete analysis, and convenient range and
variance analysis. The three influencing factors (Ga content, In
content and ball milling time) are denoted by the characters
from A to C, respectively. Each factor has three levels indexed
from 1 to 3, which denotes the chosen values of the operating
parameters. Different levels and factors in the orthogonal test
are listed in Table 1.
2.1.2 Method of orthogonal test

The hydrogen yield of the Al alloy-water reaction was se-
lected as the observation index of the orthogonal test. The se-
lected orthogonal table of Ly3* (Table 2), including three fac-
tors and three levels, is adopted to arrange nine cases, the

-Water
-Thermocouple
5-Thermometer
7-Reactor
9-Water bath

2-Aluminum alloy
4-Bubble

6-Water valve
S-Measuring cylinder

|
~
3

Fig.1 Schematic of the experimental installation for measuring hy-
drogen generated by the Al-water reaction

minimum number for a complete and systematic analysis.
2.1.3 Analysis of orthogonal test results

Table 3 presents influences of the multi-factors on the hy-
drogen vyield. R represents significance level of the factors,
and K1 to K3 represent values of level 1 to 3. According to the
orthogonal test theory, the factor with a larger R is more im-
portant than other factors. Similarly, the level with a larger k is
superior to other levels. Hence, the order of the influences on
the hydrogen yield is A, B and C. The optimal combination for
the largest hydrogen yield is A2B1C1.
2.2 Effects of Ga and In on the reactivity and the hydro-

gen yield

According to the Al-Ga phase diagram™”, the biggest solid
solubility of Ga in Al is 20 wt%, which indicates that Ga atoms
(5 wt%, 3 wt%, and 2 wt%, see Table 1) can completely dis-
solve into pure Al. Furthermore, the atomic radius of Ga is 1.83
angstroms, and that of Al is 1.82 angstroms. The small differ-
ence of atomic radius between the two elements will result in a
lower lattice distortion. Therefore, the Ga atom can dissolve into
the Al lattice in the form of atomic replacement. Fig.2 shows

Table 1 Factors and levels of the orthogonal test
Factors

Levels  A:Gacontent/ B:Incontent/ C: Ball milling
wit% wit% time/h
1 2 2 6
2 3 3 12
3 5 5 24

Table 2 Orthogonal table of Lo3* and hydrogen yield (mL/g) of

Al alloys
Case A B C Hydrogen volume/mL g*
1 1 1 1 1015.7
2 1 2 2 1014.8
3 1 3 3 696.5
4 2 1 2 961.4
5 2 2 3 973.9
6 2 3 1 1009.5
7 3 1 3 759.5
8 3 2 1 661.7
9 3 3 2 641.9

Table 3 Analysis of the results using the range method for the
hydrogen yield (mL/g)

Parameters A B C
K1 2727 2736.6 2686.9
K2 2944.8 2650.4 2618.1
K3 2063.1 2347.9 2429.9
k1 909 912.2 895.6
k2 981.6 883.5 872.7
k3 687.7 782.6 810
R 293.9 129.6 85.6
Order A>B>C

Optimal combination A2B1C1
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Fig.2 X-ray diffraction patterns of alloy powders after 12 h ball milling

the XRD patterns of 12 h ball milled Al-Ga alloy. There is no
Ga peak, which demonstrates Ga has dissolved in the Al matrix.

Meanwhile, the solubility of In in Al is small (0.01~0.05
wt%) according to the Al-In phase diagram™®. However, the
activation performance of Al-In alloy improves with the in-
crease of In content in the range of 0.01~0.04 wt%. When the
content is higher than 0.1%, the excess In exists in the form of
precipitated phase, which could further accelerate the hydro-
gen evolution corrosion of the Al alloy™® . In this experi-
ment, the smallest In content (2 wt%, Table 1), far higher than
the equilibrium solubility of In in Al, implies a large number
of In precipitated phases existing in Al, which has been proven
by the appearance of the In diffraction peaks (Fig.3).
2.3 Effects of the precipitated phase on the reactivity and

the hydrogen yield

Activation elements of the alloy mainly exist in the forms
of solid solution or precipitated phase (more than in solution),
which is likely to cause defects on the surface oxide film.
Owing to the potential difference between matrix and precipi-
tated phase, this will inevitably form tiny corrosion cells in the
alloy-activation medium and result in splitting of surface ox-
ide film. The activation process is as follows?" %2

(1) The added alloy elements simultaneously dissolve with
the Al matrix.
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Fig.3 X-ray diffraction patterns of alloy powders after 12 h ball
milling

(2) Because the balanced electrode potential of Ga and In
dissolved in Al is more positive than that of Al alone®, the
Ga and In ions are reduced to produce Ga and In atoms
through ion exchange reactions and are redeposited on the
surface of the alloy.

2Al+ In*'+ Ga** —2A1%+ In +Ga )

(3) The deposited alloy elements mechanically separate
from the surface passivation film, resulting in loss of the pas-
sivation film (this process occurs simultaneously with the se-
cond step).

In contrast, according to "the second-phase preferential
dissolution” mechanism originating from the "dissolu-
tion-redeposition” mechanism™, the precipitated phase would
dissolve preferentially and play a key role in the initial stage
of corrosion. That is, the matrix becomes exposed and acti-
vated by the dissolved precipitated phase during the reaction
process. Because of the restriction from the surface pas-
sivation film, the horizontal spread ability of corrosion is lim-
ited, but the vertical spread ability of corrosion is effectively
unconstrained. Thus, the electrochemical corrosion also pro-
ceeds without limits beneath the surface of passivation film,
which increases the speed of corrosion development and re-
sults in the excellent hydrogen evolution performance of the
alloy.

Fig.4 are SEM images and EDS analysis of the alloys with
different precipitated phase contents. The relatively high con-
tent of Ga and In (Fig.4a,) originates from EDS result of the
small white point (Fig.4a;). This indicates that the activation
elements (Ga and In) form the precipitated phase in this area.
Figs. 4b,~d; are SEM images. Fig.4b, presents a few small
white points, and the largest number of small white points is
shown in Fig.4d;. The amount of small white points in Fig.4c,
is between that of Fig.4b, and Fig.4d,, indicating the contents
of Ga and In in these samples (corresponding to Fig. 4by, ¢,
and d,) successively increase, which was also confirmed by
Figs.4b,~d,). Correspondingly, the hydrogen yields of these
samples are 641.9, 1132.8, and 1009.6 mL/g, respectively,
which suggests that the hydrogen yield would not increase
with the increase of precipitated phase (the quantity of small
white points). However, according to previously mentioned
analysis, the precipitated phase has a beneficial effect on hy-
drogen production from the Al alloy-water reaction. It might
seem paradoxical, but it tells us that: in order to produce a
largest amount of hydrogen, it is necessary to maintain the ap-
propriate amount of the precipitated phase, neither too much
nor too little.

As shown in Fig.4b,, the reduced activation energy caused
by a few small white points would result in the slow Al al-
loy-water reaction and a small hydrogen yield. With the in-
crease of the precipitated phase (the number of small white
points), uniform corrosion is likely to form on surface of the
alloy when the alloy possesses a homogeneous distribution
and appropriate precipitated phase amount (Fig.4c,). The
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Fig.4 SEM images and EDS analysis of alloys with different precipitated phase contents: (a) small white point analysis result; (b, c; d) selected

area analysis results

phase would continue and produce a largest amount of hydro-
gen. However, with too much precipitated phase (Fig.4d,), the
alloy is likely to dissolve so quickly that the violent hydrolysis
process would cause incomplete Al alloy-water reaction, re-
sulting in a relatively low hydrogen yield.
2.4 Effects of ball milling time on the reactivity of the alloy
The ball milling time also has a key influence on the reac-
tivity of the alloy. According to Table 3, prolonged ball
milling time can decrease the hydrogen yield. However, Fig.
5 shows that the hydrogen yield increases with milling time
increasing and reaches a maximum at about 7 h, but slightly
decreases after that, which suggests it is very important for
the hydrogen yield to select an appropriate ball milling time,
neither too long nor too short. As the ball milling time is less
than 3 h, the corresponding low hydrogen yield indicates the
shorter ball milling time for mixed powders is a disad-
vantage. With an increase of the ball milling time, the me-
chanical alloying process of mixed powders is gradually
completed, Ga and In would become uniformly distributed in
the Al matrix in the form of white pitting, and the pitting of
metal Al would become the electrochemical activity point to
enhance the reactivity of Al. Therefore, the hydrogen yield
substantially increases in the range of 3~7 h milling time.
After 7 h, with further increase of milling time, the additive
metals uniformly distributed in Al matrix begin to partly
dissolve in Al crystal lattice and transform into solid solution.
Owing to the decrease of the second phase (precipitated
phase or the pitting) distributed in Al matrix, the Al reactivi-
ty is slightly reduced, causing a slight decrease in the hy-
drogen yield™. Therefore, the optimum ball milling time of
6 h derived from the result of the orthogonal test should be
increased to 7 h.
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Fig.5 Hydrogen yield curve against the ball milling time

3 Conclusions

1) The Ga and In elements in Al alloy, which can react with
pure water, mainly exist in the forms of dissolution and pre-
cipitated phase, respectively.

2) The dissolution of Ga and In can enhance the activity and
improve the hydrogen evolution performance of Al alloy,
which is consistent with the dissolution-redeposition mecha-
nism. The precipitated phase of Ga and In can accelerate the
hydrogen evolution corrosion, which is consistent with "the
second-phase preferential dissolution™ mechanism.

3) The quantity and distribution of the precipitated
phase directly impacts the hydrogen yield, and Al alloy
with homogeneous distribution and appropriate precipi-
tated phase amount can react with 0 <C pure water to pro-
duce 1132.8 mL/g of hydrogen, which will be beneficial to
the hydrogen preparation by aluminum-water reaction in
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cold regions.
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