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hydrogen in deionized water or tap water at room temperature. In particular, the influ-
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ences of TiO2 nanocrystals with various crystal sizes on the production of hydrogen from
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the reaction in tap water under ambient condition were investigated in details. It was
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found that hydrogen was barely generated from metal Al powders in tap water at 25e45  C
but significantly produced in deionized water above 35  C without any modifiers. TiO2,

Keywords:

Co3O4, and Cr2O3 nanocrystals were very effective to promote hydrogen generation from

Hydrogen generation

the reaction of Al and deionized water at 25  C. In addition, while other oxide nanocrystals

Aluminum

were ineffective to promote hydrogen generation in tap water, TiO2 nanocrystals (P90,

Modification agent

w14 nm in diameter) were found to be highly effective in facilitating the production of

TiO2 nanocrystals

hydrogen from the reaction of Al with tap water, comparable to the well-known g-Al2O3.
The production of hydrogen over time was found to be dependent on the passive layer of
metal Al, where Al(OH)3 plays an important role during reaction. Pitting is proposed as the
major mechanism behind the production of hydrogen in the nanocrystals TiO2 (P90)modified Al/tap water system, which is thought to be originated from point defects, and
differ considerably from the uniform corrosion model.
Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1.

Introduction

Hydrogen is considered the best clean energy carrier, due to its
light weight, high energy density and zero pollution [1].
However, the low-cost production and safe storage of
hydrogen pose considerable technical challenges. Hydrogen
can be produced in many different ways, such as through
direct decomposition or partial oxidation of hydrocarbon
compounds [2,3], the steam reforming of hydrocarbons [3,4],
chemical hydrides reacting with water [5], splitting water

using metal-oxide catalysts under solar energy [6e10], and
metallic aluminum reacting with aqueous alkaline solutions
[11]. However, all of the above production methods suffer
from various drawbacks. For example, the direct decomposition or partial oxidation of hydrocarbon reactants requires
elevated temperatures and produces considerable quantities
of CO and other byproducts. The reforming of methanol
produces hydrogen at lower temperatures, with considerably
less CO than the oxidation of hydrocarbons [3,4]; however, this
process is endothermic, and externally supplied heat is
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required to maintain the reaction. Chemical hydrides such as
LiBH4, NaBH4, NaH, and MgH2 react with water directly and
generate large quantities of hydrogen under ambient conditions [5]; however, the deactivation of the catalysts (Pt, Ru), the
treatment of hydroxide byproducts, control of the reaction
rate, and the high price of reactants are all impediments to the
commercialization of this process. Splitting water using
metal-oxide photocatalysts such as TiO2 is a promising route
for the production of hydrogen [6e8]; however, the efficiency
of producing hydrogen using bare TiO2 is low, due mainly to
the fast recombination of electron/hole pairs [7,8]. Noble
metals such as Pt or semiconductors such as CdS-modified
TiO2 have proven highly effective in overcoming this
problem [9,10].
The reaction of aluminum (Al) with aqueous alkaline
solutions to generate hydrogen is well known [11]. One gram
of Al can produce 1.36 L of H2 when completely reacted with
water in ambient conditions. A direct reaction of metallic Al
with pure water is difficult however, due to a dense Al2O3 film
(3e6 nm in thickness) that passivates the surface of the Al [12].
Metallic Al reacts continuously with water when the passive
Al2O3 layer is exposed to acid or alkaline solutions; however,
the environmental pollution and the easy passivation of
metallic Al are major concerns using this method. Several
novel alternative processes permitting the direct reaction of
metallic Al and pure water under ambient conditions were
proposed by Woodall [13,14], Chaklader [15,16], and Czech [17].
The method invented by Woodall takes advantage of AleGa
eutectic reaction to generate hydrogen in a straight- forward
manner [13,14]. The gallium is a critical component hindering
the formation of the aluminum oxide skin on the surface of
the Al. In the same manner, other metals such as Bi, Sn, and In
could also be used for the formation of alloys with Al to
generate hydrogen gas on demand; however, caution must be
exercised to prevent hydrogen gas explosions. The cost of
materials is also a critical concern for the practical implementation of this process. Chaklader [15,16] patented the
direct reaction of metallic Al with tap water by using a-Al2O3
and g-Al2O3 powders as modifiers through mechanical mixing. Czech [17] reported similar direct reactions of metallic Al
with tap water through the mechanical mixing of Al with
chloride salts such as KCl and NaCl. The latter two methods
generate hydrogen easily under ambient conditions. Zeng
et al. [18e20] reconfirmed the role of the catalyst/modifier gAl2O3 and the enhancement of hydrogen production enabled
by elevated temperatures. Zeng et al. [19,20] also explained the
mechanism behind the production of hydrogen using g-Al2O3modified Al powders (referred as “GMAP”) in a (GMAP)/water
system based on the uniform corrosion model, illustrated in
a report by Bunker [12].
In addition to the well studies in tap water outlined above,
the experiments using deionized water as the media for
corrosion of aluminum are not well revealed. Especially,
effective modifiers other than g-Al2O3 and a-Al2O3 were not
known. This study demonstrates that many metallic oxides
such as TiO2, Co3O4, and Cr2O3 nanocrystals could be used as
effective modifiers on aluminum powders for the production
of hydrogen in tap water or deionized water through a simple
mixing process. Neither heat treatment nor compaction is
required for the modification of Al, as required in the reports

[19,21]. It is considered that the pitting mechanism originating
from point defects [12] is essential in the nanosized TiO2modified Al/water system, which considerably varies from
that of g-Al2O3-modified Al/water system [19].

2.

Experimental procedure

A list of suppliers, the purity of the chemicals, and size of the
particles used in this study are listed in Table 1. Tap water
(pH ¼ 6.3e7.5, resistivity < 4.5 kU,cm) and deionized (DI)
water (pH ¼ 6.5e7.0, resistivity > 18 MU,cm) were used
throughout this study. Metallic Al powders with particle size
of 45 mm were used for all experiments. 1 g of metallic Al
powder was hand-mixed (HM) with 1 g modifier powders such
as TiO2 (reagent), Cr2O3, Co3O4, NiO, CuO, ZnO, Mn2O3, or Fe2O3
nanocrystals for 3 min, respectively. The modified Al powder
with the modifiers were added to 200 ml of tap water or
deionized water, and sealed in a conical flask. All experiments
were carried out at 25  C1  C and 35  C1  C by placing the
reaction flask in a circulation water bath. No magnetic stirring
was employed within the reaction flask. The hydrogen
generated was measured using a precision gas flow meter
(Alicat Scientific, Inc.), in which the output data was automatically recorded in a notebook computer every second till
the reaction reached 100% yield of hydrogen (1360 ml/g,Al) or
stable.
For the further study on the TiO2-modified Al powders in
tap water, TiO2 nanocrystals such as P90, P25, PT501A, and
reagent powders with particles of various sizes were used for
comparison. Hand-mixing using mortar and pestle or ballmixing (BM) process using plastic bottles were employed for
the mixing process of Al and TiO2 modifiers. ZrO2 balls were
used as the mixing media for ball-mixing process. Mixing
duration varied from 3 min to 64 h. Following the mixing
process, the Al powder (1 g) with its modifier (1 g) were added
to 200 ml of tap water, and sealed in a conical flask. All

Table 1 e The specification and suppliers of precursors
used in this study.
Precursors

Supplier

Purity
(%)

Particle
size

Al powder
AlO(OH)
Al(OH)3
g-Al2O3
TiO2 (P90)
TiO2 (P25)
TiO2
(PT501A)
TiO2
(Reagent)
Co3O4
Cr2O3
Mn2O3
NiO
Fe2O3
ZnO
CuO

Alfa Aesar (325 mesh)
Genesis Nanotech Corp.
Acros
Alfa Aesar
Degussa Ltd.
Degussa Ltd.
Ishihara Sangyo Kaisha

>99.5
>99.5
>99
>99.97
>99.5
>99.5
>99

45 mm
15 nm
600e700 nm
1.6 mm
14 nm
22 nm
100 nm

Shimakyu’s
Pure Chemicals
NanoAmor
NanoAmor
NanoAmor
NanoAmor
NanoAmor
NanoAmor
NanoAmor

>99

300e450 nm

>99
>99
>99
>99
>99
>99
>99

30
50
50
50
20
20
40

nm
nm
nm
nm
nm
nm
nm
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experiments were carried out at room temperature
(25  C1  C). The hydrogen generated was measured using
a precision gas flow meter, in which the output data was
automatically recorded in a notebook computer every second
for 18 h.
After reacting with water, the specimens of modified Al
powder were characterized with a Rigaku D/MAX-3C X-ray
diffractometer, with the Cu Ka radiation and a Ni filter, over
the angular range of 15 e80 (2q) at a scanning rate of 4
min1 and a step size of 0.01 . Field-emission scanning electron microscopy (FESEM, Jeol JSM 7600F) was employed to
characterize the morphology of the powders. Particle size of
four TiO2 nanoparticles in water was measured using
a particle size analyzer (Brookhaven Instrument Corp. 90
plus). The trace Al element in tap water or deionized water
after dissolving Al2O3 powders in the water for 8 h was
detected using inductively coupled plasma mass spectrometer (ICP-MS, PE-SCIEX ELAN 6100 DRC). Secondary ion mass
spectrometer (SIMS IV, ION-TOF, Germany) was carried out
on an aluminum foil which was previously immersed in tap
water or deionized water for 8 h at 35  C and subsequently
freeze-drying in order to reveal the oxide profile on the
surface of metallic Al.

Fig. 1 e Hydrogen generation from the oxide-nanocrystalmodified Al in deionized water (a) at 25  C, and (b) at 35  C,
respectively. The dot line denotes the ideal 100% yield.

3.

Results

3.1.

Effect of metal oxides nanocrystals

Fig. 1 (a) and Fig. 1(b) show the hydrogen generation from the
reaction of modified Al and deionized water at 25  C and 35  C,
respectively. All the reactions at 35  C are more rapid than their
counterparts at 25  C, as expected. In the reactions at 25  C,

Fig. 2 e The effect of (a) TiO2 (reagent), (b) Co3O4, and (c)
Cr2O3 modifiers on the hydrogen generation from the
metal Al/water system. The dot line denotes the ideal 100%
yield.
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Table 2 e Total generation of hydrogen in 18 h for oxide nanocrystals modified Al in de-ionized water and tap water at
25  C, respectively.

DI water (ml)
Tap water (ml)

TiO2 (reagent)

Cr2O3

Co3O4

Mn2O3

Fe2O3

NiO

CuO

ZnO

1090
41.7

1180
44.9

1362
236

655
179

959
332

469
32.5

355
12.2

157
17.1

modifiers such as TiO2 (reagent), Co3O4, and Cr2O3 exhibited
higher generation rate than the other five nanocrystals at
initial 12 h. However, TiO2 (reagent) and Cr2O3 did not reach the
ideal 100% yield even after 45 h Co3O4, Mn2O3, NiO, Fe2O3, and
CuO reached the ideal 100% yield at 18 h, 29 h, 35 h, 44 h, and
43 h, respectively, as shown in Fig. 1(a). ZnO exhibited the
slowest generation rate for the initial 25 h and produced
1297 ml hydrogen (95% yield) after reaction time of 45 h.
For those reactions at 35  C, all modifiers produced 100%
yield hydrogen out of 1 g Al in deionized water. The durations of
100% yield for TiO2 (reagent), Co3O4, Cr2O3, Mn2O3, Fe2O3, CuO,
NiO, and ZnO were 9 h, 8 h, 20 h, 11 h, 13 h, 17 h, 24 h, and 22 h,
respectively, as shown in Fig. 1(b). At 35  C, the hydrogen
generation rate for modifiers such as TiO2 (reagent), Co3O4, and
Cr2O3 is about 200 ml/h,g Al at initial 5 h. Mn2O3 becomes more
rapid than that of Fe2O3 and exhibits a generation rate of
160 ml/h,g Al at first 5 h. The uniqueness of TiO2 (reagent) is
that the size of this reagent powder (rutile) is 300 nme450 nm,
much larger than other nanocrystals. In these experiments, all
metal oxide nanocrystals seem to assist metal Al in corrosion
and generation of hydrogen in deionized water. Differences in
hydrogen generation rate and time to stable (or 100% yield) for
these oxide nanocrystals in Al/deionized water system
deserved more studies, which will be reported elsewhere later.

3.2.

Effect of water quality

Fig. 2(a), (b) and (c) shows the hydrogen generation from 1 g
modified Al in tap water and deionized water for reagent TiO2
(rutile), Co3O4, and Cr2O3 at 25  C, respectively. All the mixing

processes of the oxide nanocrystals modifier and Al powders
were accomplished by hand-mixing for 3 min. At room
temperature, these oxide nanocrystals facilitate the reaction
of Al and deionized water and produce more than 1090 ml
hydrogen within 18 h. The same experiments using tap water
produced far less amount of hydrogen, as shown in
Fig. 2(a)e(c). Other metal oxide nanocrystals such as NiO,
Mn2O3, Fe2O3, CuO, and ZnO also exhibit similar results that
the hydrogen generations in tap water are much less than
those in deionized water, which are listed in Table 2.
In order to clarify the mechanism of hydrogen generation
from Al and water, experiments without any modifiers were
carried out. Fig. 3 shows the generation of hydrogen from
pristine metal Al powders in tap water and deionized water at
temperature of 25  C, 35  C, and 45  C, respectively. It is clear
that metal Al readily reacts with deionized water and produces
hydrogen at a temperature only above 35  C without any
modifiers (sample Al-DI35 and Al-DI45). However, the
production of hydrogen from 1 g of Al-DI35 and Al-DI45
samples were slow down at a yield of 58% (800 ml) and 73%
(1000 ml) after an initial significant reaction, respectively. In
tap water, there was little hydrogen generated at temperatures
from 25  C to 45  C. The volume of hydrogen generated from Al
and tap water without any modifiers was 10 ml, 8 ml and 5 ml
for temperature at 45  C, 35  C, and 25  C after 24 h, respectively,
which were within experimental variations due to the interference of water vapor. It is clear that metal Al exhibits higher
reactivity in deionized water, and temperature enhances the
reactivity. However, metallic Al would not significantly
generate hydrogen through corrosion in deionized water until
temperature over 35  C. The curve of hydrogen generation for
Al-DI35 agrees with the reported reacting stages of Al-water
split reaction, i.e. an initial induction period, fast reaction,
and slow reaction [21,25]. However, Al-DI45 is more reactive
than Al-DI35 and its initial induction period is rather short,
resulting in a more rapid production rate and higher maximum
volume of hydrogen. We will discuss the mechanisms behind
these curves in the discussion section. At 25  C, the hydrogen
generated from the reaction of Al and deionized water was only
25 ml (Al-DI25, overlapped in Fig. 3) after reaction for 24 h. The
significance and advantage of adding nanocrystalline modifiers to metal Al powder at 25  C is clear.

3.3.

Fig. 3 e Hydrogen generation from the reaction of Al and
neutral water without modifiers, DI [ deionized water,
Tap [ tap water. The number denotes the reacting
temperatures, i.e. Al-DI45 [ Al reaction with deionized
water at 45  C, etc.

TiO2 modifier with different particle sizes

Table 3 summarized the effect of different modifiers tested in
this study on the production of hydrogen from Al and tap
water. Al(OH)3 exhibited little effect on hydrogen production
while AlO(OH) was very effective when no mixing process was
employed. The results in Table 3 also revealed that though
TiO2 (reagent) possessed insignificant catalytic effect on the
production of hydrogen in tap water, TiO2 (P25) and TiO2 (P90)
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Table 3 e Effect of modifiers on hydrogen generation from Al and tap water. The total reaction time of Al and tap water in
this table was 18 h.
Oxide powder
Al(OH)3

AlO(OH)

TiO2 (Reagent, rutile)

TiO2, (PT501A, anatase)

TiO2, (P25)

TiO2, (P90)

g-Al2O3

Weight ratio of 1 g
Al to modifier
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:
1:

1
10
20
1
10
20
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Ball-mixing

Total H2
volume (ml) in 18 h

Average H2 generation
rate (ml/h,1g Al)

Remarka

Noa
No
No
No
No
No
3 min (HMa)
1h
24 h
3 min (HM)
1h
24 h
3 min (HM)
1h
24 h
Noa
3 min (HM)
7.5 min
15 min
30 min
1h
2h
3h
24 h
64 h
Noa
3 min (HM)
7.5 min
1h
24 h
64 h

0
1.6
6.1
364.8
1057.5
1249.8
147.9
155.0
162.5
109.4
57.5
183.2
443.3
303.7
211.4
381.7
1021
872.6
784.0
638.6
602.5
499.3
414.5
342.8
315.8
449.0
601.3
657.4
764.7
511.6
390.8

0
0.1
0.34
20.3
58.8
69.4
8.22
8.61
9.03
6.08
3.19
10.18
24.6
16.9
11.7
21.2
56.7
48.5
43.6
35.5
33.5
27.7
23.0
18.0
17.5
24.9
33.4
36.5
42.5
28.4
21.7

Little effective
Little effective
Little effective
Effective
Effective
Effective
Less effective
Less effective
Less effective
Less effective
Less effective
Less effective
Effective
Less effective
Less effective
Effective
Effective
Effective
Effective
Effective
Effective
Effective
Effective
Less effective
Less effective
Effective
Effective
Effective
Effective
Effective
Effective

a We labeled “effective” for the H2 generation rate greater than 20 ml/h per g Al, and “No” for the reactions without mixing process. “HM” means
hand-mixing.

were found to be quite effective when hand-mixing process
for 3 min was employed. As shown in Fig. 4, TiO2 (P90) nanocrystals with a diameter of w14 nm (anatase/rutile ¼ 80/20)
greatly facilitated the production of hydrogen, larger TiO2
particles, such as P25 (w22 nm, anatase/rutile ¼ 75/25),
PT501A (w100 nm, anatase) and reagent powders
(300e450 nm, rutile) did not exhibit as strong a catalytic effect
in the production of hydrogen from tap water. However, the
behavior of P25 was very similar to that of P90, in which the
HM ¼ 3 min exhibited the slowest initial production of
hydrogen (will be shown in next section) but the highest
volume of hydrogen produced in 18 h, as shown in Table 3.
This behavior was not observed with the PT501A or the
reagent powders, with considerably larger particles at 100 nm
and >300 nm, respectively. According to the results obtained
from all TiO2 materials used in this study, the particle size (or
surface area) of the modifier was considered to play an
important role in the production of hydrogen of Al/tap H2O
system. We will discuss this in the discussion section.

3.4.

hydrogen production, as shown in Fig. 5 (a), (b). The effect of
g-Al2O3 has been well demonstrated by Chaklader [14,15] and
Zeng et al. [18e21] and has been reproduced in our experiment
for the sake of comparison, as shown in Fig. 6. Fig. 5 (a) shows
that ball-mixing duration significantly deteriorated the

Effect of mixing-duration for TiO2 (P90)

TiO2 nanocrystals (P90) have never been previously reported
to be as effective as that of g-Al2O3 [18e21] in promoting

Fig. 4 e Effect of various TiO2 nanocrystals on the
generation of hydrogen from Al corrosion in tap water at
25  C. Mixing was accomplished by hand-mixing for 3 min.
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effectiveness of TiO2 (P90) in the total production of hydrogen
over 18 h, in which hand-mixing for 3 min (HM ¼ 3 min)
provided the highest hydrogen production. However, g-Al2O3
showed a distinct enhancement of hydrogen production when
the duration of dry ball-mixing was increased to 1 h. The
effectiveness of g-Al2O3 decreased when the duration of dry
ball-mixing was increased to 24 h or longer.
The results of TiO2 (P90) are further detailed in Fig. 5 (b).
Extended ball-mixing resulted in a decrease in total production of H2 over 18 h, as shown in Fig. 5 (a); however, it
enhanced the generation rate in the first hour of reaction, as
shown in Fig. 5 (b). This was an interesting phenomenon, not
found in the case of g-Al2O3 for ball-mixing less than 1 h. It has
generally been believed that the ball-mixing process distributed the modifier over the surface of metal Al powders in
a uniform manner, wore out the initial passive Al2O3 layer and
thereby enhancing the production of hydrogen [15,16].
However, this might be true only at the early stages of the
reaction in the case of TiO2 (P90) modified-Al powders.
Extended periods of ball-mixing (ball-mixing over 7.5 min)
increased the hydrogen production rate in the first hour;
however, the reaction rate slowed following this early burst,
resulting in a decrease in the total production of hydrogen
over 18 h, as shown in Fig. 5 (a) and (b). It is considered that the
quick build-up Al(OH)3 product layer slowed the reaction, as
will be discussed in the discussion section.
The most intriguing case was observed when the mixing
was performed using a mortar and pestle for only 3 min

Fig. 6 e Effect of mixing duration of modifier g-Al2O3 on the
Al powders for the promotion of hydrogenation in water.
(0e18 h).

(HM ¼ 3 min), which showed the slowest initial generation
rate, but gradually increased over the 18 h to provide the
highest average generation rate of hydrogen, as calculated
and listed in Table 3. The incubation time to produce the first
5 ml H2 generated in the HM ¼ 3 min case was approximately
50 min, while the cases involving longer ball-mixing durations
were considerably shorter, as shown in Fig. 5 (b). The label
“No” in Table 3 represents the samples in which modifiers
were simply added to metal Al powders in a flask of 200 ml tap
water without any ball-mixing or hand-mixing actions. The
generation of hydrogen over 18 h for “No” experiments was
slightly low but still quite effective (>20 ml/h,g) using either gAl2O3 or TiO2 (P90) in tap water.

3.5.

Fig. 5 e Effect of mixing duration of modifier TiO2 (P90) on
the Al powders for the promotion of hydrogen generation
in tap water. (a) 0e18 h, (b) 0e3 h, which is the enlarged
view of (a).

15141

Characterization of Al powders

It’s well known that little hydrogen can be generated when
pure Al powder is immersed in tap water at room temperature.
However, through either the use of deionized water at
temperature over 35  C or various metal oxide nanocrystals
modifiers in tap water at room temperature, we are able to
generate hydrogen in an effective way. Although the rutile TiO2
reagent powders were a poor catalyst in tap water for metal Al,
they were very effective to facilitate the reaction of hydrogen
generation from Al in deionized water. Experiments on other
nanocrystals of metal oxides showed similar effect, which the
deionized water rendered these nanocrystals exhibit
enhanced hydrogen production behavior. These results
evidence that the deionized water impose some significant
influences on the metal Al than that of tap water. The key is the
passive layer Al2O3 on the surface of metal Al powder.
As shown in Fig. 7 (a), the surface morphology of metal Al
before reaction was smooth and evidenced with many
mechanical scratches. After reacting with deionized water
(without modifiers) for 6 h, the surface morphology of metal Al
was porous and cracked, full of standing petals as shown in
the center of Fig. 7 (b). The blocks and particles scattering
around the porous petals were likely to be Al(OH)3, which were
the reaction products and confirmed by XRD analysis. Fig. 7 (c)
shows the surface morphology of P90-moidified metal Al after
reaction with tap water for 6 h at room temperature. It is clear
that many pits and holes appear on the surface, which is
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XRD analysis (Fig. 8 (a), and (d)) shows that both
HM ¼ 3 min and BM ¼ 64 h exhibited only Al and anatase
phase after 1 h reaction for the P90-modified Al specimen.
However, after 18 h reaction, Al(OH)3 and a very small Al peak
was observed in HM ¼ 3 min sample in addition to the anatase,
while abundant Al remained in BM ¼ 64 h sample, as shown in
Fig. 8 (b) and (e), respectively. Al(OH)3 became very clear when
the metal Al was consumed, as shown in Fig. 8 (c) and (f). i.e.
Prolonged reaction time up to 48 h eventually consumed all
metal Al, producing Al(OH)3.
To reveal the different solubility of Al2O3 in deionized
water and tap water, ICP analysis were carried out for the
trace Al element in the deionized water and tap water after
dissolving Al2O3 powders for 8 h, as shown in Fig. 9. It was
found that deionized water exhibited higher solubility of Al2O3
than those of tap water at 25e35  C. This dramatic difference
in solubility of Al2O3 may likely to be the major cause for the
significant enhancement of hydrogen generation from the
corrosion of pristine metal Al in deionized water.
Fig. 10 shows the oxygen profile detected using SIMS on the
surface of aluminum foils, where the thickness of oxygencontaining layer on the surface of Al was in the order of
“deionized water” > “tap water” > “pristine Al”. The data of
SIMS indicated that after reaction with deionized water, Al
exhibited thicker Al(OH)3 product layer on the surface than
that of Al in tap water.

4.

Discussion

When g-Al2O3 is in contact with Al powder, either through
ball-milling [15,16] or by compact porous pellets [18e21], the
following reactions (1) and (2) occur in water, resulting in
a significant generation of hydrogen [12,19]. The uniform
corrosion mechanism states that the entire native oxide film
is hydrated at room temperature in the initial stage [12,19,20],
according to reaction (1).
Al2 O3 þ H2 O/2 AlOðOHÞ

(1)

When the AlO(OH) (boehmite) front meets the Al metal
surface, they react to produce hydrogen, according to reaction
(2).

Fig. 7 e Surface of Al powders for three conditions, (a)
without reaction, (b) after reacting with deionized water for
6 h at 45  C, (c) after modification using TiO2 (P90) and
reacting with tap water for 6 h at 25  C.
dramatically different from those of Fig. 7 (b). The pits and
holes indicate implicitly that some different corrosion
behavior other than the well-known uniform corrosion
mechanism may take place.

Fig. 8 e XRD analysis for HM [ 3 min and BM [ 64 h
specimens of P90-modified Al in tap water for 1 h, 18 h,
and 48 h.
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Fig. 9 e Dissolution of Al from Al2O3 powder in tap water
and deionized water.

2Al þ 6AlOðOHÞ/4Al2 O3 þ 3H2

(2)

In fact, the combination of (1)  (4) þ (2) results in reaction
(3), which is thermodynamically unfavorable at room
temperature but favorable between 277  C and 477  C [22].
2Al þ 4H2 O/2AlOðOHÞ þ 3H2

(3)

In Chaklader’s patent [15,16], the Al and g-Al2O3 powder
mixtures had to be heavily ball-milled together to produce
hydrogen. Ball-milling or high impact milling was employed
to ensure the contact of g-Al2O3 powders to metallic Al.
Regrinding the reacted Al powders after the initial 1 h of
reaction also generated hydrogen due to the exposure of
unreacted Al [15,16]. The direct water splitting of fresh Al can
be achieved with a thermodynamically favorable reaction at
room temperature (R.T.w277  C), which is reaction (4) [22].
2Al þ 6H2 O/2AlðOHÞ3 þ3H2

(4)
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Fig. 10 e SIMS oxygen profile on the aluminum foils at
three different conditions, i.e. (a) pristine Al without
reaction, Al reacted with (b) tap water, and (c) deionized
water at 35  C for 8 h, respectively.
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In this study, modifiers Al(OH)3 and AlO(OH) were also
tested for their influence on the production of hydrogen in an
Al/H2O system without mixing. It was confirmed that AlO(OH)
(boehmite) greatly facilitates the production of hydrogen in
the Al/H2O system at room temperature but Al(OH)3 did not, as
shown in Table 3. The production of hydrogen from Al in
deionized water at temperature over 35  C (Fig. 3) will soon
cease due to the cover of Al(OH)3 layer at room temperature.
The poor production of hydrogen from Al in tap water could be
due to the low dissolving capability of tap water for Al2O3
layer.
Although the uniform corrosion model adequately
explains the system of g-Al2O3/Al/H2O, it seems inadequately
to describe the behaviors of TiO2 (P90) modifiers. In the
HM ¼ 3 min sample, TiO2 (P90) nanocrystals were in loose
contact with Al powders and yet they produced the highest
volume of H2 after 18 h. Even no mixing process was employed
(Table 3), hydrogen was produced in an effective way in tap
water. An alternative mechanism such as a pitting process
originating from point defects [12] is considered to be important in this case, as evident from Fig. 7 (c). In other words, the
pitting mechanism can be initiated when nanosized TiO2
particles were in contact with the surface of Al during the brief
mixing process (i.e. HM ¼ 3 min). The diminished effectiveness of larger TiO2 nanocrystals was thought to be the
reduction in the surface area as well as a lack of contact with
the surface of Al. The surface area of P90, P25, PT501A, and
reagent TiO2 powders was w90 m2/g, w50 m2/g, w16.5 m2/g,
and w4.1 m2/g, respectively. P90 possessed the highest
surface area among these TiO2 modifiers, allowing the P90
nanocrystals to remain in intimate contact with the surface of
the Al. The anodic polarization at the contact point of
TiO2:Al2O3 layer rendered the defect species more mobile and
increased reactivity (reaction (1)). Once the AlO(OH)
(boehmite) was formed, the front of it reacted with the Al to
produce Al2O3 and hydrogen in the contact area (reaction (2)).
Reactions (1) and (2) continued until all of the Al metal had
been completely consumed, as long as the nanosized TiO2
crystals remained in contact with the oxide layers. The results
of Bunker et al. [12] suggested that OH ions (or H2O molecules) are the mobile species in the films (rather than Hþ, O2,
or Alþ3), and the transport rate of these ions is sufficiently
rapid to account for the kinetics involved in the Al corrosion
process. Pitting of Al due to localized hydrogen-vacancy defect
condensation was observed after immersion of Al in NaOH
solution for only 3 min [23]. Pitting corrosion was also
a common phenomenon in the stainless steel and other
metals [24]. However, pitting mechanism has long been
overlooked its importance in corrosion of Al for hydrogen
generation behavior.
With an increase in the duration of the ball-mixing
process, such as 24 h or 64 h, the thin Al2O3 passive layer
on the surface of the Al powders became worn-out and
intimate contact with water, whereupon the intensive
reactions of (4) occurred. The strong reaction resulted in
a burst in the production of hydrogen, with the potential to
disperse all of the P90 TiO2 nanocrystals, leaving the
metallic Al powder with a thick Al(OH)3 product layer. In
other words, the product of Al(OH)3 from reaction (4)
covered the surface of the Al significantly slowing down
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the reaction producing hydrogen. This explains the cases of
heavy ball-mixing.
In summary, the corrosion of metallic Al in water to
generate hydrogen is an excellent way to produce clean fuel
on demand. However, it was found that the size of the metallic
Al particles, the modifier materials, the size of the modifier
particles, the mixing duration, the reaction temperature, and
the purity of water all influenced the production of hydrogen.
Despite the research efforts have been made [25e27], modifiers on metallic Al powders still deserve more investigations
to fully explore their influences and the mechanisms behind
the production of hydrogen in metal Al/H2O systems.

5.

Conclusions

We have demonstrated that the quality of water and the metal
oxide nanocrystals such as TiO2, Co3O4, and Cr2O3 strongly
enhanced the production of hydrogen from the corrosion of
metallic Al powder in neutral water at room temperature.
However, longer ball-mixing duration detracted from its
effectiveness. Extensive ball-mixing seriously catalyzed the
passive layer causing a strong initial reaction between the Al
and tap water to produce hydrogen, however, slowed down
after 1 h. Using the modifier, TiO2 P90, in the Al/tap water
system enabled a new controllable mean of producing
hydrogen with reagents other than g-Al2O3, chloride salts
modifiers, or the AleGa alloy system. We propose that the
high surface area of TiO2 (P90) nanocrystals induces pitting on
the surface of the Al, thereby accelerating the mobile defect
species in the Al2O3 layer to maintain a continuous reaction
with the water. The pitting process originating from point
defects is considered to be a very important factor in the early
stages of hydrogen production in the nanosized TiO2-modified
Al/tap water system.
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