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Abstract: For the purpose of investigating the effect of Zn replacement of In3Sn on the hydrogen
production performance of Al-rich alloy ingots, Al-Ga-In3Sn alloys with various Zn dosages
(0–5 wt.%) were prepared by a traditional melting and casting technique. The phase compositions
and microstructures were characterized using X-ray diffractometer (XRD) and scanning electron
microscope (SEM) with an Energy Dispersed X-ray system (EDS). The SEM results indicate that, with
a small amount of Zn instead of In3Sn, the number and total area of grain boundary (GB) phases will
decrease gradually, and the average single GB area will eventually stabilize. The distribution of Zn in
the alloy is similar to that of Ga, and an area with high Zn content appeared in the high-Zn-doped
sample. The melting behaviors of Al with other metals were measured by DSC. The reaction of these
alloys and water were investigated at different temperatures. Compared with Al-Ga-In3Sn alloy,
low addition of Zn changed the composition of GB phase and increased the maximum hydrogen
production rate. The reason for the changes in the hydrolysis reaction of Al with the addition of Zn
was discussed.
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1. Introduction

Due to the limited world proven reserves and environmental degradation caused by fossil fuel
consumption, it is clear that social development based on traditional energy sources is not sustainable.
Consequently, it has been an irresistible trend to find alternate green energy which appeals for a clean,
co-development and efficient energy future [1–3]. Hydrogen as an energy carrier has a high energy
density about three times higher than gasoline. Furthermore, the water produced after hydrogen energy
combustion is absolutely clean and will not cause environmental pollution. In the past few decades,
the main approaches to produce hydrogen could be grouped into the following categories [4–7]: water
electrolysis, fossil fuel gasification, chemical processing techniques and biological methods. So far,
a wide range of applications of hydrogen has not been realized through these methods. Many problems
need to be solved, such as expensive cost, poor conversion efficiency, insecurity in hydrogen storage
and transportation. In this case, it is extremely essential to produce hydrogen in situ, particularly in
the aspects of emergency power provided in disaster-stricken areas, portable electronic equipment and
on board vehicles. Hence, researchers are constantly looking for new ways of producing hydrogen gas.

In recent years, an emerging in situ method through the hydrolysis of Al alloys has been
increasingly attracting the interest of researchers [8–10]. The hydrogen generated by such a method
has many advantages. Firstly, the hydrogen can be produced almost anywhere, which eliminates the
strict requirements for storage and transport. Secondly, the generated hydrogen has high purity and
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hence, can be directly supplied to internal combustion engines or fuel cells. Most of all, aluminum as a
metal is rich in the earth's crust; it also has a high hydrogen generation capacity. Through theoretical
calculations, the amount of hydrogen produced per 1 g of Al can reach 1.244 L. Nevertheless, a fine
and close oxide film easily forms on the pure Al surface which impedes the subsequent reaction of
Al hydrolysis. Several treatment measures have been taken to activate Al as follows [11–14]: alkali
aqueous activation, nano/micro-crystallization of Al, and mixing particular metallic oxide or mineral
salts. Nevertheless, these processing ways have certain disadvantages, e.g., acid or alkaline solution is
extremely corrosive and the pre-preparation work of milling is time consuming. Adding some low
melting alloys to Al and alloying was a fascinating method of activation [15–18]. This approach can
produce Al alloys in large quantities in a short time when required, and Al can be hydrolyzed at a mild
temperature to generate hydrogen.

Previous studies have shown that the size and composition of GB phase play the dominant role
in the process of hydrolysis reaction between Al and water [19,20]. The GB phase containing low
melting point metals can prevent the oxidation of Al. Meanwhile, these activated areas also provide a
transmission channel to make it easier for Al to enter the reaction site. Up to now, the Al-Ga-In-Sn
alloy has been investigated in a systematic study [21,22]. The melting point of liquid Ga-In-Sn phase is
10.4 ◦C, which has a great correlation with the reaction temperature. In addition, In and Sn mainly
exist in two kinds of interstitial phases: In3Sn (β) and InSn4 (γ). When the content of In3Sn is high,
the alloy exhibits high energy transduction efficiency and fast hydrogen generation rate. Yet, compared
with Al-Ga-InSn4, Al-Ga-In3Sn alloy also suffers from some disadvantages. Indium is expensive and
hard to recycle. Furthermore, the surface of this alloy easily reacts with the moisture in the air, which
requires higher storage conditions. For this reason, in consideration of cost, a fifth metal needs to be
introduced to further improve the comprehensive performance of the Al-Ga-In3Sn alloy.

Combined with results of previous studies, various dopants have different effects on the
Al-Ga-In-Sn alloy. When Bi [23] or Mg [24] are added to these Al-based alloys, new GB phases
(InBi or Mg2Sn) are formed, and the alloy exhibits different energy conversion efficiency. With the
addition of the grain refiners (Ti, Al2O3, AlTi5B etc.) [25–28], the grain size and morphology of the
alloys have changed significantly, which also affects hydrogen production performance. In a word, the
effect of doped metals on the alloy is usually to change the GB composition or grain size.

It is acknowledged that Zn is an important metal used in industry. Studying the doping of Zn in
Al-Ga-based hydrogen-producing alloys will help a wider choice of raw materials and the use of waste
Al in the future. In order to achieve practical application, the process of hydrogen production needs to
be controlled in an on-board hydrogen supply unit. Thus, it is worth undertaking a comprehensive
investigation into the specific influence of Zn in water splitting reactions. By adjusting the mass ratio
of In3Sn and Zn, alloys with different hydrogen production properties can be obtained. Differentiated
reaction temperature and start-up time help to realize the control of an on-board hydrogen supply.

For the sake of high economic benefits and excellent hydrogen production performance, Zn was
introduced into Al-Ga-In3Sn alloys to reduce the contents of In and Sn. The micrographs and crystalline
structure of alloys were examined by XRD, SEM with EDS. Then, the alloy melting behavior was
measured by DSC and corresponding hydrogen production performance was discussed. In addition,
we used an isothermal kinetic model to calculate the activation energy of alloy hydrolysis and discussed
the relevant reaction mechanisms.

2. Materials and Methods

In order to explore the relationship between physicochemical properties and material properties
of Al-Ga-In3Sn-Zn, a series of alloys with different Zn contents were prepared and some experimental
tests were performed. Zn was hypothesized to change the composition of the GB phase and thus
affect the hydrogen production performance. In previous studies, the eutectic reaction in the GB phase
was identified to be a key factor in the hydrolysis of Al. The continuous replacement of In and Sn,
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the main component of the GB phase, by Al can help verify this theory and determine other possible
reaction mechanisms.

2.1. Preparation of Materials

Six kinds of Alloy ingots (Table 1) were prepared using a simple melting and casting technique.
The weights of the cast ingots were kept at 20 g approximately. In these samples, the contents of Al
and Ga remain fixed, the mole ratio of In and Sn remained a constant of 3:1, while Zn content changed
from 0 wt.% to 5 wt.%.

Table 1. Compositions of prepared alloys ( wt.%).

No. Al Ga In Sn Zn

1 90 2.5 5.58 1.92 0
2 90 2.5 4.83 1.67 1
3 90 2.5 4.09 1.41 2
4 90 2.5 3.35 1.15 3
5 90 2.5 2.60 0.90 4
6 90 2.5 1.86 0.64 5

The starting mixture containing Al (purity, 99%) and dopants (Ga, In, Sn, and Zn of at least reagent
grade) was heated at a rate of 10 ◦C/min up to 800 ◦C and held at this temperature for 1 h. The smelting
was protected by nitrogen in the furnace. After that, the molten metals were stirred at a constant speed
for 10 min by a stirring paddle and then cast into the mold with a cylindrical recess and cooled in air.
Finally, the cooled ingot was wrapped with a sealing film and stored in a vacuum sealed bag for the
follow-up experiments.

2.2. Characterization

For the purpose of determining the phase compositions, the sections of casted ingots were
polished and then studied by an X-ray diffractometer (XRD) employing a DX-2700 X-ray diffractometer
(Dandong Fangyuan, China) with monochromatic CuKα radiation (λKα1 = 0.154056 nm). The detection
angle (2θ) were collected from 30◦ to 80◦ at a scanning speed of 0.03◦/step. The morphology and
element analysis were characterized by a cold field scanning electron microscope (SEM, HITACHI
SU8020) equipped with an Energy Dispersed X-ray (EDS, Bruker QUANTAX 200) system. In order
to minimize the oxidation of fracture surface, the specimens were put into the chamber at once after
they were made. The melting behaviors of samples were detected by differential scanning calorimeter
(DSC, PERKIN-ELMER DSC 7). Indium was used as a reference substance to calibrate the apparatus
by testing its melting point. Each sample of 40 mg or so was put into Al pan under a flowing nitrogen
atmosphere. In order to observe low-temperature phase transitions in the sample, the related data
were collected from −20 to 225 ◦C at an invariable rate of 10 ◦C/min.

2.3. Measurement of Hydrogen Production

The apparatus was used for hydrogen yield measurement has been illustrated in detail in our
previous research [29]. Each sample was cut into a cylindrical sheet with a diameter of about 15 mm
and a weight of 0.5 g. A 250 mL glass container was placed in a thermostatic water bath. When 100 mL
deionized water reached the predetermined temperature, the plug was closed immediately as soon
as a pre-prepared sample was placed into water. Considering that water vapor may cause errors in
experimental results, as an improvement, a condensation tube was installed on the outlet side of the
Pyrex glass reactor, and the time taken by the reaction for every 10 mL of hydrogen produced was
recorded. In the meantime, the height of the calibration bottle was continuously adjusted to ensure that
its water level was consistent with the glass burette. The data of hydrogen release rate and reaction
time were recorded automatically by the mass flow meter (Alicat Scientific) and stored in a computer.
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According to the instrument operating procedures, a dryer was directly connected between the mass
flow meter and the reactor. In the experiments, theoretical hydrogen production volume was calculated
according to an ideal gas formula (PV = nRT). Under standard conditions (273 K, 105 Pa), 1 g Al can
generate 1.244 L of hydrogen.

3. Results

3.1. Hydrogen Generation Performance

The alloys’ hydrogen production yields at 40 ◦C are shown in Figure 1. The volumes of hydrogen
generated from the first four samples (0–3 wt.% Zn) approach the theoretical value, implying that the
alloys could hydrolyze thoroughly. As the sample was put into water, they split into small pieces at
once and hydrogen bubbles started to pop up. However, the time used for completing the hydrolysis
reaction is quite different. The samples containing 0 and 3 wt.% Zn have the shortest reaction time,
while the sample of 2 wt.% Zn lasted tens of minutes.
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Figure 1. Hydrogen yields of the Al-Ga-In3Sn-Zn alloys at temperatures of 40 ◦C.

Figure 2 shows the hydrogen production rate curves of the Al-Ga-In3Sn-Zn alloys at different
water temperature. It can be clearly seen that the hydrogen production performance is closely related
to the reaction temperature. As the reaction temperature rises, the reaction time is shortened and the
reaction rate increased markedly.

3.2. Characterization of Al Alloys

3.2.1. XRD Analysis

Figure 3 shows the XRD patterns of the synthesized alloys containing various Zn content. It can
be seen that all samples mainly consist of two phases: crystalline Al phase (JCPDS file #04-0787) and
In3Sn intermetallic compound (JCPDS file #07-0345). Besides, Ga-related diffraction peaks have not be
observed. Similar phenomenon is common in previous studies of Al-Ga-based alloys, and it has been
confirmed that Ga exists as a form of Al (Ga) solid solution [30–32]. Yet, due to a low doping amount
of Ga in the raw materials and the close atomic radius of the two atoms, the positions of Al diffraction
peaks have not changed significantly. Additionally, no significant characteristic peaks of crystalline Zn
phase were found, which maybe owing to the low doping amount or similar properties of Zn and Ga
in Al (i.e., high solid solubility, similar atomic radius). Thus, the existence of Zn needs to be further
confirmed by EDX and other analysis.
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Figure 3. XRD patterns of the remnant alloys.

3.2.2. SEM Observation

The SEM images showed in Figure 4 are the fracture surfaces of Al-Ga-In3Sn-Zn alloys with
various content of Zn. All the Al grains in the prepared ingots present columnar shapes and directional
growth during solidification. The Al grain sizes (column widths) range from 20 to 50 µm. According to
statistics, the average size is approximately 35 µm, and the standard deviation is 6µm, which is similar
to the Zn-free alloy (33 ± 5µm). Zn as an additive, which is similar to Bi [23,29], affects the grain size
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slightly, but it is completely different from Ti [4], and the segregation has a greater effect on grain
size [33–35]. Furthermore, the columnar surfaces are covered by a lot of small granular and irregular
particles. Considering the solidification process, the GB phase begins to nucleate and grow at the
grain boundaries, which is different from the nucleation time of Al grains. From the SEM images
(Figure 4a–c), several cracks exit on the grain surfaces; these alloys easily oxidize in the air and lose
their metallic luster. On the other hand, the grains with high Zn content (Figure 4d–f) are much more
complete. This will delay the arrival of the fast hydrogen generation stage, because the alloy needs to
split into small pieces to enable rapid hydrolysis.Crystals 2020, 10, 167 8 of 18 
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Figure 4. SEM images of Al-rich alloys containing (a) 0 wt.% Zn, (b) 1 wt.% Zn, (c) 2 wt.% Zn, (d) 3 wt.%
Zn, (e) 4 wt.% Zn, and (f) 5 wt.% Zn.

W. Wang et al. [19] had indicated that the changes in size and number of GB particles will
lead to different hydrogen production performance of alloys. In their study, the larger number and
size of particles contributed to increasing the rate of hydrogen production. A statistical analysis of
grain-boundary phase particle areas, obtained from 40 images, is shown in Figure 5. As the doping
amount of Zn is within the range of 0–5 wt.%, total area of GB particles in the observed area decreases
rapidly (from 6.5% to 2.5%). The average area of individual GB particles has also changed and was
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reduced from 15 to 12 µm. When the Zn content exceeded 2 wt.%, the particle size was stable (between
11 and 12 µm). The results indicate that the relative content of Zn and In3Sn has a certain effect on
the formation of GB phase, and these phenomena need to be further explained in conjunction with
EDX data.Crystals 2020, 10, 167 9 of 18 
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3.2.3. EDX Analysis

Since the EDX data are collected from the fracture surface of the sample, the relevant data are only
used as references for the distribution law of each element. EDX analysis from Al-Ga-In3Sn-Zn ingots
was performed to identify the element distribution in Al grains (G) and GB phases. SEM images of GB
phase particles are illustrated in Figure 6, and the EDX data are listed in Table 2. It can be seen that the
samples include a lot of O, this is owing to the rapid fracture surface oxidation when the sample is
exposed to air during preparation. The elements of Al grains mainly include Al, Ga and Zn (if doped)
besides O. Since Ga and Zn have high solid solubility in Al and an approximate atomic radius, it is
easy for them to get into the Al crystal lattice. A small amount of In and Sn, found in the matrix,
were quenched into Al grain due to a quick cooling rate during solidification. In Zones 2, 4, 6 and 8,
the atomic ratio of In:Sn in these GB particles approaches 3:1, which is very close to the mole ratio of the
two in the raw material during the preparation process. Meanwhile, the solid solubility of In and Sn in
Al grains is particularly low. When the content of Zn increases, as shown in Figure 6e, a small amount
of Zn is found almost in its particulate form (91.7 at.% Zn), which is dispersed in the alloy ingots.

Zn exists in both the G and GB phases. The typical characteristic of the GB phase is the high
content of In and Sn elements. This explains why the reduction of In3Sn content in Figure 5 led to a
relative decrease in the total area and number of GB phases. However, with an equivalent reduction
in the amount of In3Sn, the variation law of the total area and single area of the GB phase (the slope
of the solid line and the dotted line in Figure 5) are different. This shows that when a small amount
of Zn is doped, Zn mainly forms a solid solution with Al, causing the GB phase area to decrease
rapidly. When more Zn is added, Zn starts to enter the GB phase, so the decline rate of the solid line
which shows the total area of the GB phase slows down, and the area of a single GB phase is basically
unchanged, staying around 11–12 µm.
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Zn and (e) 5 wt.% Zn; (d) EDX mapping scan spectrum of (b); (f) typical EDX mapping of Zone 9.

Table 2. Composition of the Al-Ga-In3Sn-Zn alloys (In brackets are the data after oxygen removal).

Zone Phase
Element (at.%)

Al Ga In Sn Zn O

1 G 47.44(98.18) 0.72(1.49) 0.08(0.17) 0.08(0.17) - 51.68
2 GB 12.81(32.65) 0.82(2.09) 19.22(48.98) 6.39(16.28) - 60.76
3 G 38.90(97.71) 0.55(1.38) 0.08(0.20) 0.11(0.28) 0.16(0.40) 60.19
4 GB 11.82(22.38) 1.27(2.40) 30.02(56.83) 9.50(17.99) 0.22(0.42) 47.18
5 G 47.40(97.15) 0.57(1.17) 0.28(0.57) 0.06(0.12) 0.47(0.96) 51.21
6 GB 13.96(20.03) 1.67(2.40) 43.72(62.74) 9.42(13.52) 0.91(1.31) 30.32
7 G 68.46(95.99) 1.13(1.58) 0.17(0.24) 0.02(0.03) 1.54(2.16) 28.68
8 GB 3.09(3.58) 3.14(3.64) 61.03(70.78) 18.24(21.15) 0.73(0.85) 13.77
9 High-Zn region 4.71(4.85) 0.58(0.60) - 0.20(0.21) 91.70(94.37) 2.83
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3.2.4. DSC Curves

Figures 7 and 8 show the typical DSC curves of Al-rich alloys. One wide endothermal peak
or exdothermal peak emerges in the DSC trace. The peak temperature is about 120 ◦C, which is
supposed to be due to the eutectic reaction of Al and In3Sn according to the In-Sn phase diagram
(75 at.% In-25 at.% Sn). Compared with Al-Ga-In3Sn alloy, the diffusive peak moves to the cold side
when a small amount of Zn is doped, and then moves to the opposite side slightly accompanied by the
increase of Zn doping.
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3.3. Kinetic Parameters

The formulas used to calculate the kinetic parameters of the Al hydrolysis reaction have been
introduced in previous studies [36,37]. The activation energy (Ea) has been calculated (Figure 9) by the
Arrhenius diagram of the hydrogen generation yields derived from various temperatures (Figure 10).
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When the Zn doping amount is increased from 1 to 5 wt.%, the activation energy of these alloys
increases accordingly from 59 to 139 kJ/mol.
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From previous studies, the factors affecting the activation energy are as follows:
(1) W. Wang and coworkers [30] found that the Ea of Al-Ga-In-Sn alloys ranged from 53 to

77 kJ/mol. The researchers believe that this change is the result of different grain size (increases from
23 to 258 µm). Our results of the Zn-free alloy (Al grain size: 33 ± 5 µm; Ea: 63 KJ/mol) are very close
to their values (37 ± 16 µm, 56 ± 5 KJ/mol).

(2) Jeffrey T. Ziebarth and coworkers [36] speculated that the compositions might affect the
activation energy. The eutectic reaction between GB phase and Al is identified to be a key factor in alloy
hydrolysis. The addition of Zn changes the GB phase from a ternary alloy (Ga-In-Sn) to a quaternary
alloy (Ga-In-Sn-Zn). Adding a small amount of Zn means that the relative contents of In and Sn are
reduced, and the Ga-In-Sn mass ratio is closer to the eutectic point (Ga-In-Sn Ternary phase diagram),
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but as more low-melting metals (In3Sn) are replaced by Zn (more than 1 wt.%), the energy required
for the reaction increases dramatically. Hence, it makes sense that the activation energy varies with
chemical composition.

(3) The segregation in alloys may also cause an increase in the activation energy [35]. A Zn-rich
particle was found in the high Zn alloy, which is most likely due to segregation. Although the number
of these particles is very small, the degree of influence of these segregations on the hydrolytic activation
energy needs further study.

4. Discussion

According to the previous experimental results, it is found that the hydrogen production
performance of alloys with different Zn doping amounts is significantly different. The composition of
the material directly affects its physical and chemical characteristics. Therefore, the determination of
the main phases of the alloy and the qualitative analysis of the distribution characteristics of Zn should
be discussed first.

In addition to the Al and In3Sn phases determined by XRD testing, the existence of Ga as a solid
solution of Al (Ga) has also been verified in many studies [30–32]. The EDX analysis shows that Zn
exists in both the G and GB phases. As shown in Figure 6d and EDX mapping of the whole image
in Figure 6b, Zn atoms are randomly dispersed throughout the entire region, which is similar to the
distribution of Ga in Al alloys [12]. It is further proven that Zn is more likely to exist as a solid solution
combined with the XRD analysis and Al-Zn phase diagram. In addition, a small part of Zn will appear
on the grain surface in the form of Zn-rich particles.

The entry of Zn into the GB phase means that the eutectic reaction of Al and GB phases will change
accordingly, which is identified to be a key factor affecting the hydrolysis reaction of Al. The analysis
results of DSC and activation energy confirmed this point, and their change rules are highly consistent,
which can be explained by the same reason: As Zn begins to entered into the GB phase, the main
composition of GB phase was changed from Ga-In-Sn to Ga-In-Sn-Zn, and the eutectic temperature
and Ea of the grain boundary phase decreased. On the other hand, in the process of Zn taking the
place of In3Sn, the melting point of Zn is significantly above other GB elements, leading to the eutectic
temperature and Ea increases gradually. In addition, high activation energy will effectively increase
the difficulty of the alloy to react with moisture in the air, which is conducive to long-term storage
and long-distance transportation. Therefore, this can also be considered as a criterion for judging the
practical value of alloys.

However, this mechanism does not perfectly explain that the sample (3 wt.% Zn) still has excellent
hydrogen production performance. According to the conclusion of the previous study [37,38], two
main mechanisms can be used to discuss the occurrence of these phenomena. On the one hand,
the eutectic reaction of Al and GB phase is the origin of the Al hydrolysis reaction. When Zn was
added, the sample became less susceptible to split when exposed to water. At the same time, the area
of a single GB phase was reduced to a minimum value at 2 wt.% Zn (Figure 5), which delayed the
startup time of the reaction, and further delayed the arrival of the maximum hydrogen production
rate (Figure 11). On the other hand, the Zn will form different micro batteries with other metals and
Al corrodes rapidly as the electrode potential of Al–Zn is formed. It is clear from Figures 2a,b and 11
that the time consumed by the hydrolysis reaction of 2 wt.% Zn alloy is greater than the 3 wt.% one.
Although the single GB area of the two is similar (Figure 5), the high Zn content means that more
Al-Zn micro-galvanic cells will promote the reaction. Nevertheless, the content of Ga, In and Sn in
the GB phase directly determines the starting temperature of the hydrolysis reaction. That is why the
high-Zn content alloys (4 wt.%, 5 wt.% Zn) cannot hydrolyzed at a lower reaction temperature of 40 ◦C
and low content of In3Sn makes the alloy stay intact in water.
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As shown in Figure 12, when the temperature increased from 40 to 60 ◦C, the max hydrogen
production rate of Al-Ga-In3Sn alloy doubled. However, maximum release rate of hydrogen from
Zn-containing alloys (1 wt.%, 2 wt.%, 3 wt.%) increased by 2.5, 8 and 6.7 times, respectively.
The emergence of Al-Zn micro-galvanic cells in Zn-containing alloys has also contributed to an
increase in the hydrogen production rate. Furthermore, at the same temperature, as the amount of Zn
doping increases, the maximum hydrogen generation rate is constantly changing and has a maximum
at 1 wt.% Zn. If the maximum hydrogen generation rate (almost with high Zn content alloy) is lower
than that of the Zn-free alloys, their reaction duration is often extremely long. This is because the
eutectic temperature of the GB phase in the high-Zn alloy (more than 1 wt.%) is higher, and more
energy is required to promote the hydrolysis reaction.Crystals 2020, 10, 167 15 of 18 
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The factors affecting the hydrogen production performance of different alloys are summarized
as follows:

(1) The occurrence of alloy hydrolysis is related to the GB phase and the external surrounding
(water bath) temperature.

(2) The GB phase composition of 1 wt.% Zn sample results in its minimum activation energy,
and the formation of a small portion of Al-Zn micro-galvanic cells results in the fastest hydrogen
production rate.

(3) When the doping amount of Zn reaches 2 wt.%, the area of a single GB phase decreases rapidly.
At the same time, when the water temperature is 40 ◦C, the Al-Zn micro-galvanic cells react slowly,
and the local heat generated is small, which delays the arrival of the peak of hydrogen production rate
and prolongs the reaction time.

(4) Compared with the 2 wt,% Zn sample, the single GB phase area and the number of GB in
3 wt.% alloy have not changed much, but the appearance of more Al-Zn micro-galvanic cells has
increased the local temperature and accelerated the reaction.

(5) When the Zn doping amount reaches 4 wt.% or 5 wt.%, the area and number of GB phases
continue to decrease rapidly. The need for higher activation energy means a higher reaction temperature.

In the present work, the mechanisms used to explain the effect of Zn on hydrogen production can
be summarized as follows:

(1) The GB phase includes all the eutectic compounds among the grain boundary elements.
This is identified to be a key factor that determines whether the Al hydrolysis reaction can proceed.
While protecting Al from oxidation, the GB phase can provide a transmission channel to make it easier
for Al to enter the reaction site. According to EDX data (Table 2), the GB phase contains a large amount
of Al, when the sample is contacted by water, this part of Al first reacts with water. The decrease of
the Al concentration will drive other Al molecules from the grains into the GB phase, and make the
reaction continue. The addition of Zn will change the composition of the GB phase from Ga-In-Sn to
Ga-In-Sn-Zn, which will affect the eutectic temperature and hydrolysis reaction. A small part of In3Sn
was replaced by Zn, which will help increase the relative content of Ga in Ga-In-Sn.and make the mass
ratio of the three elements in the raw material close to the eutectic point, but as more low-melting
metals (In and Sn) are replaced by Zn (more than 1 wt.%), this will lead to a gradual increase in
eutectic temperature.

(2) During the hydrolysis reaction, Al will form micro-galvanic cells with Zn. The release of
hydrogen through this electrolytic form is relatively slow, but the heat released helps the hydrolysis
reaction. In the alloys, the appearance of the Al-Zn solution and simple substance of Zn will aggravate
the formation of micro-galvanic cells. Therefore, with increasing temperature, this variable of hydrogen
generation rate is greater for Zn-containing alloys than Zn-free ones.

5. Conclusions

A set of Al-Ga-In3Sn-Zn alloys was prepared. Through experiments and discussions,
the hypothesis that Zn will change the hydrogen production performance of the alloy by entering the
GB phase was verified, and it was found that the reaction mechanism cannot only be explained by the
eutectic reaction of the GB phase and Al. We can draw the following conclusions:

(1) Zn-doped alloys mainly contain Al (Ga) solid solution, the intermetallic compound In3Sn, with
a high probability of Al (Zn) solid solution. In addition, particles with high Zn content will appear in
high-Zn alloys.

(2) In addition to grain size and segregation, the composition of the hydrogen-producing alloy
also affects the change in activation energy.

(3) As Zn doping amount increases, the maximum hydrogen production rate always increases
first and then decreases. At the same temperature, the reaction time of alloys with high Zn content is
longer. At a moderate temperature, Al-Ga-In3Sn-(3 wt.%)-Zn not only has good hydrogen production
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performance, but also has high activation energy, which is conducive to its long-term storage
and transportation.

(4) The present work indicates that the alloy hydrolysis reaction is promoted by the GB phase and
the Al–Zn micro-galvanic cells.
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