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Previous experiments showed that c-Al2O3-modified Al powder
could continuously react with water and generate hydrogen at
room temperature under atmospheric pressure. In this work, a
possible physicochemical mechanism is proposed. It reveals that
a passive oxide film on Al particle surfaces is hydrated in water.
OH

�
ions are the main mobile species in the hydrated oxide

film. When the hydrated front meets the metal Al surface, OH
�

ions react with Al and release H2. Because of the limited H-
soluble capacity in small Al particles and the low permeability of
the hydrated oxide film toward H

1
species, H2 molecules accu-

mulate and form small H2 gas bubbles at the Al:Al2O3 interface.
When the reaction equilibrium pressure in H2 bubbles exceeds a
critical gas pressure that the hydrated oxide film can sustain, the
film on the Al particle surfaces breaks and the reaction of Al
with water continues. As the surface oxide layer on modified Al
particles has a lower tensile strength, the critical gas pressure in
H2 bubbles is lower so that under an ambient condition, the re-
action of modified Al particles with water is continuous. The
proposed mechanism was further confirmed by a new experiment
showing that the as-received Al powder could continuously react
with water at temperatures above 401C and under low vacuum,
because the vacuum makes the critical gas pressure in H2 bub-
bles decrease as well.

I. Introduction

SMALL fuel cells are being exploited as energy suppliers for
portable devices, i.e., the 4C devices (Computers, Camcord-

ers, Cellular phones, Cordless tools).1,2 An advantage of port-
able fuel cells is that they could work uninterruptedly if the fuel
supply is continuous. Moreover, fuel cells have a higher energy
density than the rechargeable Li-ion batteries. Theoretically,
portable fuel cells, once filled with the fuel, could work for a
time interval of 10–20 times longer than the Li-ion batteries with
the same weight and output.3–5 Nowadays, it is popular to de-
velop direct methanol fuel cells (DMFC) for portable devices,
which use methanol as a fuel. However, the large methanol
crossover rate and CO poisoning effect are two barriers for
DMFC in obtaining high efficiency and output.6,7 If pure hydro-
gen is used as a fuel, the above technological barriers disappear.
However, the present hydrogen storage materials are very dif-
ficult to use as hydrogen sources for portable fuel cells, because
the storage and release of hydrogen by these materials need a
special temperature and pressure3,8 that imply adding some
extra components in the application. These extra parts are un-

affordable by volume and cost for small fuel cells. Therefore, it
is of significance to develop hydrogen-generation materials for
portable application.

In the past few years, there was considerable endeavor in this
field. The main research was focused on chemical hydrides, i.e.,
NaBH4, KBH4, LiH, NaH, MgH2, etc.

9,10 Chemical hydrides
are very reactive toward hydrolysis in water, which results in the
release of large amounts of hydrogen gas. Among these chemical
hydrides, NaBH4 is the most valuable material for this applica-
tion. Usually, NaBH4 dissolves in and reacts with water in the
presence of a catalyst and gives up its hydrogen.11,12 Theoretic-
ally, the reaction of NaBH4 with water produces 10.8 wt%
hydrogen. However, a definite amount of NaOH is needed to
stabilize the NaBH4 solution, because NaBH4 reacts slowly with
pure water until B7% of NaBH4 is consumed.11 Furthermore,
an optimum solution with the composition of 20 wt% NaBH4/
10 wt% NaOH/70 wt% H2O is usually adopted in the applica-
tion due to the limited solubility of byproduct NaBO2 in
water.12 This implies that the practically generated hydrogen is
B4 wt% using the NaBH4 solution. Moreover, the current high
price of NaBH4 (US$ 55 kg�1) attenuates its competitiveness
for commercial applications.12

In our previous work,13 metal Al particle surfaces were mod-
ified by fine g-Al2O3 grains using a mixture of Al and Al(OH)3
powder through a ceramic processing procedure.14–16 It was
found that g-Al2O3-modified Al powder could continuously
react with water and generate hydrogen under ambient condi-
tions. In contrast to NaBH4, metal Al powder is cheaper; no
catalyst or NaOH is required to promote the reaction with
water. The reaction of metal Al with water produces B4.8 wt%
hydrogen. This makes the modified Al powder a more econom-
ically viable material for hydrogen generation for portable
fuel cells.

In this work, a possible physicochemical mechanism is pro-
posed to explain the reaction between the modified Al powder
with water. The analyses predict the critical conditions (pressure,
temperature) under which the reaction occurs. In order to verify
the mechanism, a new experiment was designed to show that the
as-received Al powder reacts with water at temperatures above
401C under low vacuum.

II. Physicochemical Mechanism

(1) Hydration Reaction and H2 Bubbles

The exceptional corrosion resistance of metal Al is critically de-
pendent on the presence of a passive oxide film that is formed on
its surface.17 When metal Al is placed in water, a hydration re-
action occurs on the surface oxide film,18 which was recently
documented by Bunker et al.19 using secondary ion mass spec-
trometry. For a dense oxide such as Al2O3, hydration primarily
involves the disruption of Al–O–Al bonds via hydrolysis to
form Al–OH species. Extensive hydration eventually produces

H. Du—contributing editor

wAuthor to whom correspondence should be addressed. e-mail: jmf@cv.ua.pt
Manuscript No. 22237. Received September 11, 2006; approved November 22, 2006.

Journal

J. Am. Ceram. Soc., 90 [5] 1521–1526 (2007)

DOI: 10.1111/j.1551-2916.2007.01546.x

r 2007 The American Ceramic Society

1521



oxyhydroxide or hydroxide phases such as AlOOH and
Al(OH)3 that are thermodynamically more stable than Al2O3

at room temperature. The results of Bunker et al.19 suggest that
OH� ions (or H2O molecules) are the mobile species in the films
(rather than H1, O2�, or Al31), and their transport rates are
sufficiently rapid to account for the kinetics of Al corrosion
process.

The hydration of Al particles in water involves two stages, as
shown in Fig. 1. In the initial stage, the following hydration re-
action occurs at room temperature:13,19

Al2O3 þH2O! 2AlOOH (1)

This stage is the induction stage during which no film growth
occurs (Fig. 1(a)). When the entire native oxide film is hydrated
at the initial stage, the hydration front meets the metal Al sur-
face. Although hydrolysis creates hydroxyl groups, other reac-
tions can eliminate hydroxide ions and regenerate oxide
structures. In fact, aluminum hydroxide phases are known to
be thermodynamically unstable in contact with metal Al,20

which is similar to what happens when water encounters a clean
Al surface.21 OH� ions are anionic defects that could be driven

to the Al:Al2O3 interface under an internal anodic potential.19

At the metal Al surface, OH� ions would react with Al by an
electrochemical process and form oxides and H2 molecules (see
Fig. 1(b) of Bunker et al.19). The overall reactions can be written

6AlOOHþ 2Al! 4Al2O3 þ 3H2 " (2)

If the generated H2 at Al:Al2O3 completely diffuses away
through hydration oxide film or into metal Al bulk, there would
be no H2 accumulating at the Al:Al2O3 interface. In this case,
the film will grow, because the newly generated Al2O3 layer is
subsequently hydrated. However, if the above conditions are not
satisfied, that is, the generated H2 at the Al:Al2O3 interface can-
not diffuse away, then these H2 molecules will accumulate and
form small H2 gas bubbles at the Al:Al2O3 interface (Fig. 1(b)).

For the oxidation reaction at the Al surface, Eq. (2), the
reaction rate can be written22

d½H2�
dt
¼ K0e

�Ea=RT ½AlOOH�m (3)

where [H2] and [AlOOH] represent the moles of H2 and AlOOH
per area at the Al:Al2O3 interface, respectively; K0 is the max-
imum reaction rate constant, Ea is the activation energy for re-
action, and R is the gas constant; and m is the reaction order
that depends on the reaction mechanism, which can be deter-
mined experimentally. As the generated H2 at the Al:Al2O3 in-
terface will diffuse through the hydrated oxide film or into metal
Al, the net H2 amount accumulating at Al:Al2O3 interface of a
spherical Al particle with radius r is

SH2
ðtÞ ¼ 4pr2

Z t

0

d½H2�
dt
� JfilmðtÞ=2� JAlðtÞ=2

� �
dt (4)

where Jfilm(t) and JAl(t) are the H
1 diffusion fluxes through hy-

drated oxide film and into Al bulk, respectively. In the steady-
state diffusion, Fick’s first law can be used

J ¼ �D0e
�ðQ=RTÞ qC

qx
(5)

where D0 is the maximum diffusion coefficient, Q is the activa-
tion energy for diffusion, C is the concentration of matter, and x
is the position.

The related experiments23,24 showed that hydrogen permea-
bility through the Al2O3 film is 100–2000 times lower than that
through metal Al. Therefore, most of the generated H2 at the
Al:Al2O3 interface firstly diffuses into the bulk Al metal, and the
H2 diffusing through the hydrated oxide film could be negligi-
ble.19 Then, Eq. (4) can be simplified as

SH2
ðtÞ ¼ 4pr2

Z t

0

d½H2�
dt
� JAlðtÞ=2

� �
dt (6)

However, the solubility of H in metal Al is extremely low
(with atomic H/Al fractions in the range of 10�6–10�8)23,25, and
the volume of small metal Al particle is limited. Therefore, after
an initial time, ts, the Al particle will be saturated in H. The time
ts can be determined by

Z ts

0

4pr2JAlðtÞdt ¼
4

3
pr3C0 (7)

where C0 is the saturation concentration of H in metal Al. If the
H1 ion diffusion flux is simplified to be a constant, JAl, then

ts ¼
rC0

3JAl
(8)

Equation (8) indicates that the time of H1 ion diffusion
saturation in an Al particle is proportional to its radius and

Al

Al

(a) Induction stage (no film growth)

Al2O3 + H2O → 2AlOOH

Hydration front

Al2O3

Al2O3

(b) AlOOH film growth and formation of H2 bubbles

6AlOOH + 2Al → 4Al2O3+ 3H2↑

OH–

H2
AlOOH

Fig. 1. Schematic representation of the hydration reaction inside the
passive oxide film on the Al particle surface: (a) induction stage in which
no film growth occurs, and (b) hydration eventually leads to film growth,
while the hydroxide is reduced by Al to regenerate the oxide and gen-
erate H2 at the Al:Al2O3 interface. These H2 molecules then accumulate
and form H2 bubbles. The short arrows represent the movement of the
hydration front.
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inversely proportional to the H1 ion diffusion flux. After the
time, ts, no H1 ions could diffuse into metal Al particle.

In fact, the accumulated H2 molecules will self-assemble many
small uniformly distributed H2 bubbles at the Al:Al2O3 inter-
face.19,26 If the hydrated oxide film is not broken during H2 bub-
ble generation, the reaction will reach an equilibrium in the light
of the reaction kinetics22 at a time after H1 ion diffusion reaches
the saturation in the Al particle. At the same time, the gas pres-
sure in H2 bubbles reaches an equilibrium pressure, Pe

H2
.22

As the diffusion of H1 ions in the hydrated oxide film is very
slow, the reaction at the Al:Al2O3 interface almost stops in the
equilibrium state. If the accumulated H2 molecules are assumed
to be Se

H2
at the equilibrium state, then

Se
H2
¼ 4pr2

Z ts

0

d½H2�
dt
� JAlðtÞ=2

� �
dt

�

þ
Z tsþte

ts

d½H2�
dt

dt

� (9)

where te is the time interval from the H1 diffusion saturation in
the Al particle to the time that the interface reaction reaches equi-
librium. Figure 1(a) indicates that there is an induction time, ti,
that is, the hydration time of the native oxide film, after which H2

generation at the Al:Al2O3 interface starts. It can be understood
that the total time counted from adding the Al powder to water up
to the time at which the interface reaction reaches equilibrium is

t0 ¼ ti þ ts þ te (10)

(2) Critical Conditions for H2 Bubble Break

Figure 2(a) shows the forces that the hydrated oxide film under-
went above an ellipsoidal H2 bubble with semi-axis lengths a and
b at the Al:Al2O3 interface. Because the tensile stress in the film
decreases with the position away from the bubble, as an ap-
proximation, it is assumed that the maximum tensile stress, sh,
in the film is at the circle with a radius a above the H2 bubble.
The force balance in the film can be written

2pahsh cos yþ pa2Patm ¼ pa2PH2
(11)

where h is the thickness of the hydrated oxide film, Patm and
PH2

are the environmental gas pressure and that in the H2 bub-
ble, respectively. y is the angle between the stress vector ~sh and
the axis normal to the film, and y depends on the shape of the H2

bubble, the radius of the Al particle, and the mechanical modu-
lus of the film, etc. The maximum stress in the film is as follows:

sh ¼
aðPH2

� PatmÞ
2h cos y

(12)

If sh exceeds the tensile strength of the film, sc, then the
hydrated oxide film will be broken. Equation (12) can be
rearranged as

Pc
H2
¼ Patm þ

2hsc cos y
a

(13)

PH

Al

Patm

σhσh

r

h

2a

AlOOH

Al2O3 θ

FH = πa2PH

Fatm=πa2Patm

Ft=2πahσh

(a)

H2

Al

AlOOH

Al2O3

(b)

H2

H2O

AlOOH

2b

Fig. 2. Schematic representation of (a) the forces that the hydrated oxide film underwent above an ellipsoidal H2 bubble at the Al:Al2O3 interface, and
(b) the reaction of metal Al with water in the Al particle continues after the hydrated oxide film is broken.
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Pc
H2
is the critical gas pressure in the H2 bubble that leads to

the breakage of the hydrated oxide film.
Equation (13) indicates that the critical gas pressure in the H2

bubble depends on the environmental gas pressure and the ten-
sile strength of the hydrated oxide film.

If the reaction equilibrium pressure in the H2 bubble, P
e
H2
, is

higher than the critical gas pressure, Pc
H2
, then the hydrated ox-

ide film on the Al particle surfaces will be broken. After the film
is broken, Al and water will directly make contact and react

Alþ 2H2O! AlOOHþ 3

2
H2 " (14)

Because the reaction byproduct AlOOH does not dissolve in
water, the AlOOH grains would cover the metal Al surface.21

When all the H2O molecules between the newly formed AlOOH
grains and the metal Al surface react away, a new layer of
AlOOH would cover the metal Al surface. Then the above-de-
scribed process will repeat,27 as shown in Fig. 2(b). This implies
that the reaction of Al particles with water continues until the
entire Al is consumed. It should be mentioned that the phase
constituents of the newly formed AlOOH layer are different
from those on the original Al particle surfaces, as evidenced by
the previous work.13 Moreover, the new AlOOH layer is prob-
ably slightly loose and has a lower tensile strength, because it is
formed accompanied by H2 bubble generation.

(3) Direct Reaction of Modified Al Powder with Water

In our previous work,13 metal Al particle surfaces were modified
by fine g-Al2O3 grains using a mixture of Al and Al(OH)3 pow-
ders, which was pressureless sintered at a temperature of 6001C
in vacuum. Because the decomposition of Al(OH)3 produced a
g-Al2O3 phase during heating,14–16 all the constituents on the
original Al particle surfaces were transformed into the g-Al2O3

phase after sintering. Under ambient conditions, there was no
obvious reaction between the as-received Al powder and dis-
tilled water.13 This implies that the reaction equilibrium pressure
in H2 bubbles in original Al particles is lower than the critical
gas pressure in Eq. (13). In this case, the hydration reaction al-
most ceases when the gas pressure in the H2 bubble reaches the
reaction equilibrium pressure.

After the surface modification of metal Al powder by fine g-
Al2O3 grains, the oxide layer on the Al particle surfaces becomes
loose, as shown in Fig. 3(a).13 This means that the strength of
the surface oxide film on the modified Al particles decreases
relative to that of the original Al particles. As the critical gas
pressure in the H2 bubble decreases linearly with decreasing
tensile strength of the surface oxide film (Eq. (13)), it can be
understood that the critical gas pressure in the modified Al par-
ticles is lower than that in the original Al particles. In this case, it
is possible that the reaction equilibrium pressure in the modified
Al particles exceeds the critical gas pressure. Therefore, the g-
Al2O3-modified Al powder could continuously react with water
and generate hydrogen at room temperature under atmospheric
pressure.13 Figure 3(b) shows the loose and fiber-like pseudo-
boehmite grains on a reacted Al particle surface,13 which is be-
lieved to be formed by the breakage of H2 bubbles and the
hydrated oxide film. Moreover, our experiments also showed
that under ambient conditions there is an incubation time (15–
25 min) for hydrogen generation when the modified Al powder
is placed in water, which is consistent with the prediction in
Section II(1).

In fact, there are two ways to decrease the critical gas pressure
in the H2 bubble so that the direct reaction of Al powder with
water can be realized (Eq. (13)). One way is to decrease the ten-
sile strength of the surface oxide film, which has been confirmed
by our previous experiments.13 Another way is to decrease the
environmental gas pressure, Patm. In order to verify this predic-
tion, the new experiment was performed to show that the as-
received Al powder reacts with water at a mild temperature and
under low vacuum.

III. Reaction of As-Received Al Powder with Water Under
Low Vacuum

(1) Experimental Procedure

The Al powder used in the present experiment is the same as that
in the previous work13 (highly pure Al powder, 99.9% purity, 3
mm; High Purity Chemical Co., Tokyo, Japan). The hydrogen-
generation experiment of Al powder with water was carried out
at room temperature (181C), 401, and 501C, using 0.5 g Al pow-
der suspended in 270 mL of distilled water in a pyrex glass cell.
At the beginning of the experiment, the glass cell was evacuated
to a low vacuum of B3 kPa (B0.03 atmospheric pressure) and
this vacuum state was retained for 30 min in order to eliminate
the residual air. Then, the evacuation was stopped and the de-
tection of evolved gases began. The gases evolved were deter-
mined by a thermal conductivity detector (TCD) gas
chromatograph (Model No. GC-8A, Shimadzu, Kyoto, Japan),
which was connected to a glass-made gas circulating line at-
tached to the pyrex glass cell. The measurement uncertainties
were about 0.05%. The schematic representation of the present
hydrogen-generation equipment can be found in Hara et al.28

An X-ray diffractometer (XRD; Model No. RINT2000, Ri-
gaku Co., Tokyo, Japan) was used to analyze the phases in the
as-received Al powder, and those after a reaction at different
temperatures. TEM was used to observe the morphologies of Al
powder before and after reacting with distilled water.

(2) Results

Figure 4 shows the evolution and pressure of the gases from the
distilled water containing as-received Al powder at room tem-
perature, 401, and 501C, under low vacuum. In addition to
hydrogen, no large amount of other gases (N2, O2, and H2O
vapor) could be detected during the reaction. At room tempera-
ture, almost no generated hydrogen was found, and the change
in gas pressure was very small. However, by increasing the tem-
perature up to 401C, after an incubation time ofB2 h, hydrogen
generation was obvious, and at the same time, the gas pressure
increased rapidly. When the temperature was up to 501C, hydro-
gen generation was more rapid and the incubation time was
significantly shortened in comparison with 401C. In Fig. 4,
B64% of metal Al was consumed at 401C within 8 h. If the
reaction time is long enough, it is believed that metal Al powder
would completely react with water. However, there was no ob-
vious hydrogen generation when the as-received Al powder was
placed in 751C distilled water for 10 h under atmospheric pres-
sure, indicating that low vacuum at the beginning is the key for
the reaction of Al powder with water.

Figure 5 shows the XRD of Al powder before and after re-
action with water. It can be seen that the surface layer of the
original Al particles has complex phase constituents. However,

Fig. 3. TEM micrographs of (a) g-Al2O3-modified Al powder with the
composition of 72 wt% Al128 wt% g-Al2O3, and (b) the modified Al
powder in (a) after a reaction in distilled water for 40 h at room tem-
perature under atmospheric pressure.
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after reaction with water at room temperature, the diffraction
peaks corresponding to those in the original Al particle surface
disappeared. After the Al powder reacted with water at 401C, all
the phases in original Al powder were transformed into bayerite,
indicating that at 401C, metal Al reacted with water and gener-
ated hydrogen and bayerite. The overall reaction is

2Alþ 6H2O! 2AlðOHÞ3 þ 3H2 " (15)

This reaction produces 3.7 wt% hydrogen (weight ratio of
generated H2 to Al and H2O). The reaction byproduct bayerite
is chemically neutral,17 and could be reduced to metal Al for
recycle by molten-electrolytic technology.

(3) Analyses

The phase constituents on the surface oxide film of the original
Al particles disappeared after reaction at room temperature
(Fig. 5), indicating that a hydration reaction occurred. This is
confirmed by the TEM observations in Figs. 6(a) and (b), be-
cause the Al particle surfaces showed no obvious change after
reaction with water at room temperature. The hydrated product
at room temperature is probably pseudoboehmite, because the
weak diffraction intensity13 and small amount (3–4 nm thick)19

of pseudoboehmite make its diffraction peaks invisible. But
above 401C, the hydrated product is Al(OH)3 (Fig. 5).

At room temperature and under low vacuum, no hydrogen
was detected (Fig. 4(a)), indicating that the reaction equilibrium
pressure in the H2 bubble is still lower than the critical gas pres-
sure, although the critical gas pressure decreases in vacuum (Eq.
(13)). However, when the temperature increases, the hydration
reaction and the movement of OH� ions in the oxide film be-
come active so that the Al(OH)3 moles per area at the Al:Al2O3

interface increase and the reaction rate at the Al:Al2O3 interface
(Eq. (3)) increases. In this case, the accumulated H2 molecules in

the H2 bubbles increase. From the ideal gas equation

PV ¼ nRT (16)

(n is the gas moles), it is clear that the reaction equilibrium pres-
sure increases with temperature if the H2 bubble volume is con-
stant. In this case, it is possible that the reaction equilibrium
pressure exceeds the critical gas pressure. This is the reason why
as-received Al powder could continuously react with water and
generate H2 above 401C and under low vacuum. The above re-
sult verifies the prediction in Eq. (13) that the vacuum could
decrease the critical gas pressure. Moreover, the loose morph-
ology of the reaction byproduct bayerite in Figs. 6(c) and (d) is
further evidence of the breakage of H2 bubbles and the hydrated
oxide films.

The incubation time strongly depends on the temperature
because it depends on the diffusivity of the mobile species (Eq.
(8)). When the temperature increases, the diffusivity increases
(Eq. (5)) and the incubation time decreases. This theoretical
prediction is in good agreement with the experimental results in
Fig. 4(a), because the incubation time at 501C is obviously
shorter than that at 401C.

The accessory of portable fuel cells should be simple and
cheap, that is, the modified Al powder is a feasible hydrogen-
generation material for portable application, because it works
under ambient conditions. Nevertheless, if the Al hydrogen-gen-
eration method is used in automobile or other large vehicles, it is
possible and affordable to add a vacuum pump to draw hydro-
gen from the direct reaction of pure Al powder with water at a
mild temperature.

IV. Conclusions

In this work, the physicochemical mechanism for the continuous
reaction of g-Al2O3-modified Al powder with water was inves-
tigated. The analyses reveal that

(1) When metal Al powder is placed in water, the surface
oxide film on the Al particles is hydrated, and OH� ions are the
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Fig. 4. (a) H2 evolution from distilled water using as-received Al pow-
der at room temperature (RT), 401 and 501C, and (b) gas pressure cor-
responding to the experimental data in (a), where the Al powder used in
each test was 0.5 g.
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Fig. 5. X-ray patterns for (a) as-received Al powder and those (b) after
reaction with distilled water at room temperature for 23 h, and (c) after
reaction with distilled water at 401C for 8 h, where the gas pressure was
B3 kPa at the beginning of the reaction in the glass cell.
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mobile species in the hydrated oxide film. After the native oxide
film is completely hydrated, the hydrated front contacts the
metal Al surface. The electrochemical reaction of OH� ions with
metal Al releases H2 at the Al:Al2O3 interface; H2 molecules
accumulate due to the low diffusivity of H1 through the Al2O3

film and the limited soluble capacity of the small Al particles for
H. Accumulated H2 molecules form small uniformly distributed
H2 bubbles at the Al:Al2O3 interface. Subsequently, the gas
pressure in the H2 bubbles reaches the reaction equilibrium
pressure.

(2) There is a critical gas pressure in H2 bubbles, which de-
pends on the environmental pressure and the tensile strength of
the hydrated oxide film. When the reaction equilibrium pressure
in the H2 bubble exceeds the critical gas pressure, the hydrated
oxide film breaks and the Al powder continuously reacts with
water and generates hydrogen.

(3) After surface modification of the Al particles by fine
g-Al2O3 grains, the tensile strength of the surface oxide film
decreases so that the reaction equilibrium pressure in the H2

bubble exceeds the critical gas pressure. This results in the
g-Al2O3-modified Al powder continuously reacting with water
under ambient conditions.

(4) The existence of critical gas pressure in the H2 bubbles
was further confirmed by a new experiment showing that the
as-received Al powder could continuously react with water at
temperatures above 401C and under low vacuum, because the
vacuum decreases the critical gas pressure.
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3L. Schlapbach and A. Züttel, ‘‘Hydrogen-Storage Materials for Mobile Appli-
cations,’’ Nature, 414 [6861] 353–8 (2001).

4J. M. Tarascon and M. Armand, ‘‘Issues and Challenges Facing Rechargeable
Lithium Batteries,’’ Nature, 414 [6861] 359–67 (2001).

5Z. Y. Deng, Y. F. Liu, Y. Tanaka, H. W. Zhang, J. H. Ye, and Y. Kagawa,
‘‘Temperature Effect on Hydrogen Generation by the Reaction of g-Al2O3-Mod-
ified Al Powder with Distilled Water,’’ J. Am. Ceram. Soc., 88 [10] 2975–7 (2005).

6Q. F. Li, R. H. He, J. O. Jensen, and N. J. Bjerrum, ‘‘Approaches and Recent
Development of Polymer Electrolyte Membranes for Fuel Cells Operating above
1001C,’’ Chem. Mater., 15 [26] 4896–915 (2003).

7H. Ozu, ‘‘Recent Development of Small Fuel Cells for Portable Electrical De-
vices,’’ Mater. Jpn., 42 [9] 617–20 (2003) (in Japanese).

8A. M. Seayad and D. M. Antonelli, ‘‘Recent Advances in Hydrogen Storage in
Metal-Containing Inorganic Nanostructures and RelatedMaterials,’’ Adv. Mater.,
16 [9–10] 765–77 (2004).

9S. Ozkar and M. Zahmakiran, ‘‘Hydrogen Generation from Hydrolysis of So-
dium Borohydride using Ru(0) Nanoclusters as Catalyst,’’ J. Alloys Compd., 404–
406, 728–31 (2005).

10M. H. Grosjean and L. Roue, ‘‘Hydrolysis of Mg-Salt and MgH2-Salt Mix-
tures Prepared by Ball Milling for Hydrogen Production,’’ J. Alloys Compd., 416
[1–2] 296–302 (2006).

11Y. Kojima, K. I. Suzuki, K. Fukumoto, M. Sasaki, T. Yamamoto, Y. Kawai,
and H. Hayashi, ‘‘Hydrogen Generation Using Sodium Borohydride Solution and
Metal Catalyst Coated on Metal Oxide,’’ Int. J. Hydrogen Energ., 27, 1029–34
(2002).

12J. H. Wee, ‘‘A Comparison of Sodium Borohydride as a Fuel for Proton Ex-
change Membrane Fuel Cells and for Direct Borohydride Fuel Cells,’’ J. Powder
Sources, 155, 29–339 (2006).

13Z. Y. Deng, Y. F. Liu, Y. Tanaka, J. H. Ye, and Y. Sakka, ‘‘Modification of
Al Particle Surfaces by g-Al2O3 and Its Effect on the Corrosion Behavior of Al,’’ J.
Am. Ceram. Soc., 88 [4] 977–9 (2005).

14Z. Y. Deng, T. Fukasawa, M. Ando, G. J. Zhang, and T. Ohji, ‘‘High-Surface-
Area Alumina Ceramics Fabricated by the Decomposition of Al(OH)3,’’ J. Am.
Ceram. Soc., 84 [3] 485–91 (2001).

15Z. Y. Deng, T. Fukasawa, M. Ando, G. J. Zhang, and T. Ohji, ‘‘Bulk Alumina
Support with High Tolerant Strain and its Reinforcing Mechanisms,’’ Acta
Mater., 49 [11] 1939–46 (2001).

16Z. Y. Deng, T. Fukasawa, M. Ando, G. J. Zhang, and T. Ohji, ‘‘Microstruc-
ture and Mechanical Properties of Porous Alumina Ceramics Fabricated by the
Decomposition of Aluminum Hydroxide,’’ J. Am. Ceram. Soc., 84 [11] 2638–44
(2001).

17M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous Solutions, pp.
169–76. Pergamon Press, Oxford, 1966.

18R. S. Alwitt, ‘‘The Aluminum-Water System’’; in Oxides and Oxide Films.
Chapter 3, Edited by J. W. Diggle, and A. K. Vijh. Marcel Dekker, New York,
1976.

19B. C. Bunker, G. C. Nelson, K. R. Zavadil, J. C. Barbour, F. D. Wall, J. P.
Sullivan, C. F. Windisch Jr., M. H. Engelhardt, and D. R. Baer, ‘‘Hydration of
Passive Oxide Films on Aluminum,’’ J. Phys. Chem. B, 106 [18] 4705–13 (2002).

20M. Pourbaix, Atlas of Electrochemical Equilibria. National Association of
Corrosion Engineering, Houston, TX, 1974.

21J. Paul and F. M. Hoffmann, ‘‘Decomposition of H2O on Clean and Oxidized
Al(100),’’ J. Phys. Chem., 90 [21] 5321–24 (1986).

22P. Atkins and L. Jones, Chemistry: Molecules, Matter, and Change, 3rd edi-
tion, W. H. Freeman and Company, New York, 1997.

23H. J. Schluter, H. Zuchner, R. Braun, and H. Buhl, ‘‘Diffusion of Hydrogen in
Aluminum,’’ Z. Phys. Chem., 181 [1–2] 103–9 (1993).

24W. H. Song, J. J. Du, Y. L. Xu, and B. Long, ‘‘A Study of Hydrogen Per-
meation in Aluminum Alloy Treated by Various Oxidation Process,’’ J. Nucl.
Mater., 246 [2–3] 139–43 (1997).

25C. Wolverton, V. Ozolins, and M. Asta, ‘‘Hydrogen in Aluminium: First-
Principles Calculations of Structure and Thermodynamics,’’ Phys. Rev. B, 69,
144109 (2004).

26V. Maurice, G. Despert, S. Zanna, M. P. Bacos, and P. Marcus, ‘‘Self-As-
sembling of Atomic Vacancies at an Oxide/Intermetallic Alloy Interface,’’ Nat.
Mater., 3 [10] 687–91 (2004).

27D. D. MacDonald, ‘‘The Point Defect Model for the Passive State,’’ J. Elec-
trochem. Soc., 139 [12] 3434–49 (1992).

28K. Hara, K. Sayama, and H. Arakawa, ‘‘UV Photoinduced Reduction of
Water to Hydrogen in Na2S, Na2SO3, and Na2S2O4 Aqueous solutions,’’ J. Photo-
chem. Photobiol. A: Chem., 128, 27–31 (1999). &

Fig. 6. TEM micrographs of (a) as-received Al powder and those (b)
after reaction with distilled water at room temperature for 23 h, and (c)
and (d) after reaction with distilled water at 401C for 8 h, where the gas
pressure was B3 kPa at the beginning of the reaction in the glass cell.

1526 Journal of the American Ceramic Society—Deng et al. Vol. 90, No. 5


