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A B S T R A C T   

Ultrasound can accelerate and change the reaction process and is widely used in the field of hydrogen production 
and storage. In this study, ultrasound (US) and AlOOH suspension (AH) are used to promote hydrogen pro-
duction from Al hydrolysis. The results indicate that both US and AH greatly shorten the induction time and 
enhance the hydrogen production rate and yield. The promoting effect of US and AH on Al hydrolysis originates 
from the acoustic cavitation effect and catalytic effect, respectively. When AH is used in combination with US, Al 
hydrolysis has the best hydrogen production performance and the hydrogen yield can reach 96.6 % within 1.2 h, 
because there is a synergistic effect on Al hydrolysis between AH and US. Mechanism analyses reveal that the 
micro-jets and local high temperature environment arising from acoustic cavitation improve the catalytic activity 
of AlOOH, while the suspended AlOOH particles enhance the cavitation effect of US. This work provides a novel 
and feasible method to promote hydrogen production from Al hydrolysis.   

1. Introduction 

Hydrogen is an eye-catching and promising energy carrier due to its 
remarkable advantages of extensive sources, high calorific value and 
pollution-free [1]. Hydrogen energy can be converted into electrical 
energy with low pollution emission and high efficiency through a fuel 
cell process [2]. The wide application of fuel cells can alleviate the 
increasingly serious energy and environmental crisis to a certain extent, 
while its commercialization process still faces some difficult issues, 
including the development of cost competitive hydrogen production 
technologies and efficient and safe storage methods [3], especially for 
portable small-sized fuel cell. 

As is known, ultrasound can accelerate and control the chemical 
reaction, improve the yield and change the reaction process. During the 
past decade, ultrasonic technology has been widely used in the field of 
hydrogen production and storage and achieved great progress [4–7]. For 
example, Hiroi et al. demonstrated that ultrasonic irradiation could 
effectively promote the hydrolysis of MgH2 and enhance hydrogen yield 
[8]. A similar result was obtained in the hydrolysis of NH3BH3, which 
showed that ultrasonic irradiation affected the structure of Co-B catalyst 
and increased the hydrogen production rate by 38 % [9]. Escobar- 

Alarcón et al. developed a new hydrogen generation approach, in which 
hydrogen was produced through laser ablating Mg, Al, Ti and Al-Mg 
alloy under ultrasonic field. Ultrasonic irradiation increased the 
hydrogen yield by about 100 % [10,11]. Wang et al. applied ultrasound 
to hydrogen production of perovskite CH3NH3PbI3 via a synergistic 
piezophotocatalysis. Ultrasonic vibration produced an internal electric 
field by exerting periodic strain on CH3NH3PbI3, which promoted the 
separation of charge carriers and enhanced hydrogen generation [12]. 

In fact, water sonolysis is an effective and widely studied way to 
produce hydrogen [4]. When water is irradiated by ultrasound, a 
sonolysis process induced by acoustic cavitation occurs [13,14],  

H2O ↔ H•

+
•OH                                                                            (1)  

H•

+
•OH ↔ H2 + O                                                                        (2)  

H•

+ O2 ↔ HO2                                                                              (3)  

H•

+ HO2 ↔ H2 + O2.                                                                     (4) 

During the sonolysis process, hydrogen is produced through the 
recombination of H• and •OH originated from the dissociation of water 
molecule. The sonochemical hydrogen production process is affected by 
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many factors, including dissolved gases, bubble temperature, ultrasonic 
frequency and intensity, suspended particles, catalysts, etc. [15–18]. 
The hydrogen production rate of water sonolysis is relative slow (1.05 ×
10-3 μmol/h at ultrasonic frequency of 20 kHz and power of 30 W) [14], 
limiting its application. 

Metal Al has the advantages of low price, abundant, high gravimetric 
hydrogen storage density and convenient storage and transportation, 
endowing it great potential in the field of in situ hydrogen production 
[19]. Al hydrolysis can produce 1.25 L/g-Al hydrogen with high purity, 
which can provide hydrogen for portable small-sized fuel cell. Further-
more, Al can be stored and transported in a more convenient way than 
hydrogen, and can release hydrogen through hydrolysis when needed, 
avoiding the hydrogen storage problem and solving the hydrogen source 
issue of small-sized fuel cell. Park et al. [20] developed a 50 W hydrogen 
generator based on Al hydrolysis, which can stably supply hydrogen for 
polymer electrolyte membrane fuel cell (PEMFC). Wang et al. [21] also 
proved the feasibility of Al hydrolysis for PEMFC. They designed a safe 
and simple hydrogen generator, which produced hydrogen through Al 
hydrolysis in NaOH solution. This hydrogen generator using 6 g Al can 
stably operate PEMFC under 500 mA for 5 h. However, the dense oxide 
film forming on Al surface owing to exposure to air or humid environ-
ment hinders the direct reaction of Al with water, resulting in a long 
induction time and slow hydrogen production rate of Al hydrolysis in 
water. 

Recently, some researchers discovered that aluminum oxides and 
hydroxides could be used as catalysts to accelerate Al hydrolysis 
[22–24]. For example, Newell et al. [25] demonstrated that amorphous 
aluminum hydroxide prepared through urea hydrolysis could speed up 
Al hydrolysis and promote hydrogen generation. Prabu et al. [26] 
confirmed that aluminum hydroxide prepared by ethanol precipitation 
method could catalyze Al hydrolysis. However, the catalytic activity of 
aluminum hydroxide is poor owing to the agglomeration in the prepa-
ration process. Moreover, the byproduct of Al hydrolysis reaction covers 
Al surface and repassivates Al at the later stage of reaction, which hin-
ders the transport of water molecules and reduces the hydrogen pro-
duction rate [27]. To improve the catalytic activity of aluminum 
hydroxide and inhibit the repassivation of Al by byproduct, in this 
research, AlOOH suspension instead of AlOOH powder was used to 
catalyze Al hydrolysis with ultrasonic assistance, and the synergetic 
promotion mechanisms of AlOOH and ultrasound were revealed. 

2. Materials and methods 

Al powder with the average particle size of 0.95 μm (Henan Yua-
nyang Powder Technology Co., ltd., China), NaAlO2 and HCl with 
analytical reagent grade (Sinopharm Chemical Reagent Co., ltd., China) 
were used as received in this research. 

AlOOH suspension was prepared by hydrothermal method using 

NaAlO2 as Al source. Simply, the diluted HCl solution was added drop 
wise into 130 ml of solution containing 4.6 mmol NaAlO2 through a 
PTFE burette. In order to promote the reaction and inhibit the 
agglomeration of AlOOH particles, the titration process was carried out 
continuously in an ultrasonic field (100 W, 40 kHz) until the pH value 
reached 9 ± 0.2. In this case, a white homogeneous suspension was 
obtained,  

NaAlO2 + HCl → AlOOH↓ + NaCl.                                                  (5) 

Subsequently, the above suspension was transferred into a Teflon- 
lined autoclave and hydrothermal treated at 150 ◦C for 10 h. Finally, 
the obtained suspension was cooled to room temperature and dispersed 
for 10 min by ultrasonic treatment. The AlOOH suspension was labeled 
as AH and used to promote Al hydrolysis. 

The hydrogen production tests by Al hydrolysis were performed in a 
double-necked flask under ultrasonic radiation (US), which was gener-
ated by an ultrasonic cleaner (Type: KQ-500DE, power 500 W (adjust-
able), frequency 40 kHz, China). In each test, 150 ml of AlOOH 
suspension with the concentration of 20 wt% (the weight fraction of 
AlOOH in Al powder + AlOOH) and 1.0 g of Al powder were used. The 
ultrasonic power was 200–500 W (power density: 19.0–47.6 W/L) and 
the reaction temperature was 30–50 ◦C. In order to eliminate the tem-
perature rise caused by ultrasound and keep a constant reaction tem-
perature, the water in ultrasonic cleaner was changed every 10 min. 
Water displacement method was used to measure the volume of 
hydrogen generated from Al hydrolysis [5], and hydrogen yield (α) can 
be calculated. 

α =
VH2

V0
× 100% (6)  

where VH2 is the volume of hydrogen at time t and V0 is the theoretical 
hydrogen volume. As the hydrogen production rate of water sonolysis 
process (3.9 × 10-5 ml/min at ultrasonic frequency of 20 kHz and power 
of 30 W) was much slower than that of Al hydrolysis in this work 
(average rate was about 2.0–13.0 ml/min) [14], the hydrogen produced 
from water sonolysis process was not considered. The crystal structures 
and morphologies of Al powder and its byproduct were analyzed using 
X-ray diffractometer (XRD, D8 Advance, Germany) and scanning elec-
tron microscope (SEM, Sigma 500/VP, Germany), respectively. 

3. Results and discussion 

3.1. Effect of AlOOH suspension and ultrasound 

Fig. 1 presents the morphologies of original Al powder and AlOOH 
powder obtained through filtering and drying AH. Al particles have 
spherical shape and range from tens of nanometers to several micro-
meters (Fig. 1a). AlOOH grains are very fine and have rod-like structures 

Fig. 1. SEM micrographs of (a) as-received pure Al powder and (b) AlOOH powder obtained through filtering and drying AH.  
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with 20–30 nm in diameter and 70–120 nm in length, but there are many 
agglomerates, which were produced in the filtering and drying processes 
of AH (Fig. 1b). Fig. 2 exhibits the XRD patterns of original Al powder 
and AlOOH powder. Obviously, only five diffraction peaks assigned to 
pure Al were observed, implying that it has a high purity. For AlOOH 
powder, only one crystalline phase (i.e. boehmite) was detected. The 
diffraction peaks are wide, meaning that AlOOH grains are fine, which is 
consistent with the result of Fig. 1b. 

Fig. 3a gives the hydrogen evolution curve of Al hydrolysis at 40 ◦C 
in deionized water. As can be seen, pure Al powder could continuously 
hydrolyze with deionized water to produce hydrogen, while it needs a 
long induction time of 2.42 h before hydrogen release due to the hin-
dering effect of passive oxide film on Al surface. Fig. 3b shows the 
hydrogen evolution curves of Al hydrolysis at 40 ◦C under different 
conditions. Both ultrasound (US) and AlOOH suspension (AH) promoted 
Al hydrolysis and improved hydrogen production performances. After 

introducing US into Al hydrolysis, the induction time decreased from 
2.42 to 1.83 h, and the maximum hydrogen production rate (vmax) 
increased from 6.80 to 33.00 ml⋅min− 1⋅g− 1-Al. Comparing with US, AH 
had a better promoting effect on Al hydrolysis, and the induction time 
was shortened to 0.73 h. However, the hydrogen yield of AH was 88.90 
%, which was lower than that of US (99.14 %). The possible reason is 
that the byproduct layer thickened and repassivated Al at the later stage 
of Al hydrolysis. When US was used, US can break the byproduct layer 
and inhibit the repassivation of Al, resulting in a higher hydrogen yield. 
When AH was used in combination with US (AH + US), Al hydrolysis 
had the best hydrogen production performance. The hydrogen yield can 
reach 96.6 % within 1.2 h, and the induction time was only 0.17 h. The 
promoting effect of reaction conditions on Al hydrolysis is in the order of 
AH + US > AH > US, indicating that AH + US is an effective and feasible 
method to promote Al hydrolysis. 

As is known, ultrasound can stir and disperse suspension, which may 

Fig. 2. X-ray patterns of (a) as-received pure Al powder and (b) AlOOH powder obtained through filtering and drying AH.  

Fig. 3. Hydrogen evolution curves of Al hydrolysis at 40 ◦C in (a) deionized water and (b) deionized water or AH under different conditions, where “US” means that 
Al hydrolysis reaction was conducted under ultrasonic field. 
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be the reason why US promotes Al hydrolysis. To clarify this issue, Al 
hydrolysis tests in deionized water and AH under three dispersion 
conditions, i.e. without stirring, stirring and US were conducted, as 
shown in Fig. 4 and Table 1 summarizes the specific hydrogen produc-
tion data. For deionized water, stirring increased induction time from 
2.42 to 2.92 h and enhanced hydrogen yield from 60.32 % to 91.49 %. 
There is almost no inorganic anions and cations in deionized water, but 
it still contains trace organic species, such as organic acids, which can 
react with passive oxide film on Al surface and form Al-organics com-
plexes, inhibiting the hydration process of passive oxide film and pro-
longing the induction time [28,29]. The concentration of total organic 
carbon (TOC) in deionized water used in this work is 1.20 mg/L. Due to 
the low ionic strength and TOC concentration, the movement velocity of 
organic species using concentration gradient as driving force was very 
slow. When stirring was used, the organic species moved fast, resulting 
in the rapid formation of Al-organics complexes on Al surface. There-
fore, stirring increased the induction time of Al hydrolysis. However, 
when US was introduced into Al hydrolysis, the induction time 
decreased rather than increased. It can be inferred that US has other 
effects besides dispersion. The dynamics of Al hydrolysis can be 
described using shrinking core model [30]. At the initial and later stages, 
Al hydrolysis was controlled by surface chemical reaction and H2O 
molecule diffusion in the byproduct layer, respectively [27]. With the 
process of reaction, the byproduct layer increased gradually. Further-
more, some hydroxide byproduct was easy to form aggregates when no 
stirring was used. In this case, the diffusion resistance of H2O molecules 
increased and Al repassivation occurred, which is the reason why Al 
hydrolysis without stirring has low hydrogen production rate and yield. 
When stirring was used, it can accelerate the diffusion of H2O molecule 

and inhibit the agglomeration of byproduct, so stirring increased the 
hydrogen production rate and yield. Comparing with stirring, Al hy-
drolysis had much higher hydrogen production rate and yield when US 
was used, which further indicates US has other effects besides 
dispersion. 

As shown in Fig. 4b, the effect of dispersion conditions on Al hy-
drolysis in AH was similar to that in deionized water excepting that 
stirring shortened induction time. This is reasonable, because stirring 
enhanced the contact chance of Al with AlOOH, which improved the 
promoting effect of AH and decreased induction time. Furthermore, 
AlOOH can adsorb the trace organic species in deionized water, inhib-
iting the formation of Al-organics complexes on Al surface. Both stirring 
and US improved hydrogen production performance of Al hydrolysis in 
AH. Stirring and US shortened induction time from 0.73 to 0.37 and 
0.17 h and increased vmax from 28.00 to 30.00 and 66.00 ml⋅min− 1⋅g− 1- 
Al, respectively. Clearly, the promoting effect of US was much higher 
that of stirring, implying that US has other effects besides dispersion. 

3.2. Effect of ultrasonic condition 

The influence of ultrasound on chemical reaction mainly originates 
from cavitation effect, which is closely related to ultrasonic conditions, 
such as power density, ultrasonic temperature, etc. Fig. 5 illustrates the 
hydrogen production performance of Al hydrolysis in AH under 

Fig. 4. Hydrogen evolution curves of Al hydrolysis at 40 ◦C in (a) deionized water and (b) AH with and without stirring or under ultrasonic field.  

Table 1 
Hydrogen production data of Al hydrolysis at 40 ◦C under different conditions.  

Reaction 
conditions 

Induction 
time (h) 

vmax 

(ml⋅min− 1⋅g− 1- 
Al)a 

Hydrogen 
yield (%) 

Reaction 
time (h) 

DIWb, 
without 
stirring  

2.42  6.80  60.32  12.92 

DIW +
stirring  

2.92  11.20  91.49  8.67 

DIW + US  1.83  33.00  99.14  4.08 
AH, without 

stirring  
0.73  28.00  88.90  3.07 

AH + stirring  0.37  30.00  98.92  2.62 
AH + US  0.17  66.00  99.14  1.57  

a vmax is the maximum hydrogen production rate of Al hydrolysis. 
b DIW is deionized water. 

Fig. 5. Hydrogen evolution curves of Al hydrolysis at 40 ◦C in AH under ul-
trasonic field with different power density. 
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ultrasonic field with different power density. Obviously, increasing ul-
trasonic power density accelerated Al hydrolysis. When the power 
density increased from 19.0 to 47.6 W/L, the induction time shortened 
from 0.30 to 0.17 h and vmax increased from 42.50 to 66.00 
ml⋅min− 1⋅g− 1-Al. The hydrogen production performance was improved 
significantly when increasing the power density from 19.0 to 28.6 W/L, 
because increasing power density improved cavitation intensity [31]. 
However, the hydrogen production performance had slight improve-
ment when further increasing power density from 28.6 to 47.6 W/L, 
implying that the ultrasonic cavitation effect tends to be saturated. 

Fig. 6 presents the hydrogen evolution curves of Al hydrolysis at 
different temperature under the condition of AH + US. When tempera-
ture was 30 ◦C, the hydrogen production performance of Al hydrolysis 

was poor. The induction time was as high as 1.37 h and vmax was only 
19.60 ml⋅min− 1⋅g− 1-Al. When raising temperature from 30 ◦C to 50 ◦C, 
the hydrogen production performance was greatly improved. At 50 ◦C, 
there was no induction time and the hydrogen yield can reach 97.9 % 
within 0.7 h. vmax was as high as 102.50 ml⋅min− 1⋅g− 1-Al, which was 
comparable with the result of Al hydrolysis in alkaline solution [32]. 
Raising temperature made reactant molecules in a more excited state, 
which enhanced the contact chance of Al with AlOOH and increased the 
diffusion rate of H2O molecules in the byproduct layer, improving Al 
hydrolysis reaction dynamics [23,33]. Moreover, increasing tempera-
ture was beneficial to the formation of acoustic cavitation bubbles, 
which further shortened the induction time and accelerated Al 
hydrolysis. 

3.3. Physicochemical mechanisms 

It is widely known that there is a passive oxide film with thickness of 
3–5 nm on Al particle surface [34], blocking the direct contact of inner 
Al with water. Therefore, the passive film needs undergo a hydration 
process before hydrogen release from Al hydrolysis, which explains the 
origin of induction time [35,36]. Fig. 7 exhibits the schematic repre-
sentations of hydration process of passive film on Al surface under 
different reaction conditions. For Al hydrolysis in deionized water 
(Fig. 7a), it takes a long time to complete hydration process of the 
passive film, which is the cause for longer induction time. According to 
Fig. 3b, US and AH shortened induction time and accelerated Al hy-
drolysis, implying that US and AH can promote the hydration process of 
passive film. When AH was used in combination with US, the promoting 
mechanisms of AH + US on Al hydrolysis consisted of the following 
three aspects.  

(1) Role of US 
When ultrasound is introduced into a liquid environment, it 

can generate many acoustic cavitation bubbles. These cavitation 
bubbles will undergo an acoustic cavitation process, which 

Fig. 6. Hydrogen evolution curves of Al hydrolysis at different temperatures in 
AH under ultrasonic field, where the ultrasonic power density is 47.6 W/L. 

Fig. 7. Schematic representations of hydration process of the passive film on Al particle surface under different reaction conditions: (a) in deionized water, (b) US, (c) 
AH and (d) AH + US. 
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includes three consecutive stages: formation, growth and implo-
sive collapse [37]. The promoting effect of US on Al hydrolysis is 
mainly attributed to acoustic cavitation effect, as shown in 
Fig. 7b. During cavitation process, the implosive collapse of 
cavitation bubbles can create many local hot spots, which provide 
an unusual environment with temperature of > 5000 K and 
pressure of > 2000 ATMs for chemical reaction [14]. In addition, 
implosive collapse also generates micro-jets and shock waves 
with the velocity of hundreds meters per second [38]. The local 
high temperature environment accelerates the hydration process 
of passive film and shortens the induction time. Furthermore, the 
micro-jets and shock waves can destroy and remove the hydra-
tion byproduct (Al(OH)3 or AlOOH) of passive film in hot spots, 
resulting in the formation of pits. This phenomenon is called 
pitting of Al [35], therefore Al hydrolysis under the condition of 
US is a combination of pitting and uniform corrosion. These pits 
provide transport channels for H2O molecules and accelerate the 
transport process, which further shortens the induction time. 

After induction time, US also plays an important role in promoting Al 
hydrolysis. On one hand, the local high temperature environment im-
proves Al hydrolysis reaction dynamics and increases the diffusion rate 
of H2O molecules in the byproduct layer, leading to a significant in-
crease in hydrogen production rate. On the other hand, the micro-jets 
and shock waves accelerate the diffusion of H2O molecules in byprod-
uct and inhibit the agglomeration of byproduct, preventing Al from 
repassivation. This is the reason why US greatly increases hydrogen 
production rate and yield (Fig. 4 and Tabel 1).  

(2) Role of AH 
The promoting effect of AH on Al hydrolysis derives mainly 

from the catalytic effect of AlOOH [23], as shown in Fig. 7c. 
AlOOH has a high surface reactivity and is usually used as cata-
lyst or catalyst support, because it has a defect spinel structure, in 
which some cation sites are vacant [39]. AlOOH behaves as a 
“reactive sponge” and can store and release H2O molecules. When 
H2O molecules arrive at AlOOH surface, they are chemisorbed 
and dissociated into H+ and OH– ions [40]. In AH, when Al par-
ticles come into contact with AlOOH grains, the H+ and OH– ions 
dissociated from H2O molecules can easily hydrate with the 
passive film on Al surface, promoting the hydration process. This 
explains the reason why AH significantly shortens the induction 
time. Furthermore, the suspended AlOOH particles can act as 
crystallization nuclei in Al hydrolysis, preventing Al from 
repassivation [41]. Therefore, AH accelerates Al hydrolysis and 
enhances hydrogen yield.  

(3) Synergistic effect of AH and US 
There is a synergistic effect on Al hydrolysis between AH and 

US, as shown in Fig. 7d. Firstly, the micro-jets and shock waves 
originated from acoustic cavitation enhance the contact chance of 
Al with AlOOH, improving the catalytic activity of AlOOH. 
Meanwhile, the local high temperature environment further im-
proves the catalytic effect of AlOOH on Al hydrolysis. Addition-
ally, US inhibits the agglomeration of AlOOH, increasing the 
amount of AlOOH nuclei for crystallization of Al hydrolysis 
byproduct. Secondly, the suspended AlOOH particles can 
enhance the cavitation effect and increase the cavitation bubbles 
[15,42]. In this case, more pits are produced on Al surface, 
accelerating Al hydrolysis and increasing hydrogen yield. 

For US or AH, only mechanism (1) or mechanism (2) is effective in Al 
hydrolysis, respectively, which is the reason why the hydrogen pro-
duction performance of Al hydrolysis under the condition of AH + US is 
much better than that of AH or US (Fig. 3 and Table 1). 

3.4. Reaction byproduct 

Fig. 8 demonstrates the XRD patterns of byproducts of Al hydrolysis 
under different reaction conditions. Obviously, all the byproducts under 
different reaction conditions contained two phases, i.e. bayerite and 
boehmite. Therefore, the equations of Al hydrolysis can be written.  

2Al + 6H2O → 2Al(OH)3 + 3H2↑                                                     (7)  

2Al + 4H2O → 2AlOOH + 3H2↑                                                      (8) 

Interestingly, the contents of bayerite and boehmite in byproducts 
under different conditions were obvious different, suggesting that the 
phase compositions of byproducts depended heavily on reaction con-
ditions. For deionized water, most of the byproduct was bayerite and 
only small part was boehmite (Fig. 8a). Besides, the diffraction peaks of 
Al were also detected, indicating that Al was not completely hydrolyzed 
in deionized water. This is reasonable, because hydrogen yield of Al 
hydrolysis in deionized water was only 60.32 % (Fig. 3a). Under the 
conditions of US, AH and AH + US, the diffraction peaks of bayerite 
decreased, meaning that the content of bayerite decreased while the 
content of boehmite increased. The content of boehmite in byproducts 
was in the order of AH + US > AH >US > deionized water. For AH + US, 
the phase in byproduct was mainly boehmite, which can be explained as 
follow. On one hand, the local high temperature environment originated 
from acoustic cavitation was beneficial to the formation of boehmite, 
because boehmite had a higher forming temperature than bayerite 
[27,37]. On the other hand, the suspended AlOOH particles in AH can 

Fig. 8. X-ray patterns of the byproducts of Al hydrolysis under different con-
ditions: (a) in deionized water, (b) US, (c) AH and (d) AH + US. 
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act as crystallization nuclei in Al hydrolysis, promoting the formation of 
AlOOH. 

Fig. 9 gives the SEM micrographs of byproducts of Al hydrolysis 
under different conditions. For deionized water, the byproduct had a 
lump structure and there were many large agglomerates (Fig. 9a). Under 
the conditions of US, AH and AH + US, the byproducts had a flower-like 
structure and the grains were fine. This is due to the fact that the rapid 
hydrogen production resulted in the breakage of byproduct layers on Al 
surface. There were still some agglomerates in byproduct under the 
condition of AH (arrows in Fig. 9c), while almost no agglomerates were 
observed in byproduct under the condition of US and AH + US (Fig. 9b 
and d). This can be explained by the fact that the micro-jets and shock 
waves arising from acoustic cavitation can effectively break the ag-
glomerates in byproduct [43]. 

4. Conclusions 

In this work, the effect of US and AH on Al hydrolysis was system-
atically investigated. Both US and AH significantly promoted Al hy-
drolysis and enhanced hydrogen production performance due to the 
acoustic cavitation effect of US and catalytic effect of AH. US and AH 
shortened the induction time from 2.42 to 1.83 and 0.73 h and increased 
vmax from 6.80 to 33.00 and 28.00 ml⋅min− 1⋅g− 1-Al, respectively. When 
AH was used in combination with US (AH + US), Al hydrolysis exhibited 
the best hydrogen production performance owing to the synergistic ef-
fect between AH and US. At 50 ◦C, there was no induction time and vmax 
was as high as 102.50 ml⋅min− 1⋅g− 1-Al. A possible promoting mecha-
nism of AH + US was proposed, which revealed that the micro-jets and 
local high temperature environment arising from acoustic cavitation 
enhanced the catalytic activity of AH, meanwhile, the suspended AlOOH 
particles in AH enhanced the cavitation effect of US. Furthermore, the 
hydrogen production performance of Al hydrolysis can be controlled 
through adjusting the ultrasonic power density and temperature. This 
study provides an effective and feasible way to promote Al hydrolysis for 
hydrogen production. 
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