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environment on hydrogen
generation by the reaction of Al with water†
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Al powder was stored in saturated water vapor, oxygen, nitrogen and drying air separately for a time period

of up to �six months, the degradation behavior of Al activity was characterized by the reaction of Al with

water. It was found that water vapor decreased the induction time for the beginning of Al–water

reaction and reduced the total hydrogen generation per unit weight of Al, while oxygen increased the

induction time and retarded the Al–water reaction. In contrast, the effect of nitrogen and drying air on Al

activity was weak. The mechanism analyses indicated that water vapor promoted the hydration of the Al

surface passive oxide film and sped up the reaction of Al with water, while oxygen thickened the passive

oxide film of the Al surface and prolonged its hydration process. These results imply that water vapor

rather than oxygen is responsible for the degradation of Al activity during storage in the atmospheric

environment.
Introduction

Al is the most abundant metal in the earth's crust (�8.1%) and
is widely used as a building material, in aircra, industrial and
civil products, paint, underwater propellant and high explosive,
etc.1–5 In the past few years, Al metal as a hydrogen-generation
material has attracted considerable attention due to its rela-
tively low cost and high productivity of H2 in that one kg of Al
reacts with water to generate as much as 0.11 kg H2.6,7 Usually,
there is a compact and strongly adhesive passive lm on an Al
surface upon exposure to atmosphere, inhibiting the direct
reaction of Al with water.

In order to make Al react with water, different methods,
based on the disruption of passive oxide lm on Al particles,
have been developed, e.g. using an alkaline solution to assist the
Al–water reaction,8–16 alloying Al with Ga, In, Bi, Sn, Ca, Fe,
etc.,17–31 mechanically milling Al metal with special oxide,
soluble inorganic salt and carbon material,32–47 and Al surface
modication,48–54 etc. All these approaches have made Al metal
a promising hydrogen-generation material for portable fuel cell.
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Usually Al powder and the activated Al are subjected to
atmospheric environment before they are used. It was found
that there is an activity degradation when the activated Al
was stored in air with a denite humidity for a time
period,17,20–22,27,41,44 but the mechanism responsible for degra-
dation is not clear so far. As the main composition of air is
nitrogen, oxygen and water vapor, it is highly meaningful to
clarify their roles in affecting Al activity, which is instructive for
the selection of the suitable gas environment to store and
protect Al from degradation. In this work, Al powder and the
activated Al were stored in saturated water vapor, oxygen,
nitrogen and drying air separately for a long time period. Then
the Al activity was characterized by the reaction of Al with water.
Finally the main mechanism leading to the Al activity degra-
dation was analyzed.
Experimental procedure

Two kinds of Al powders with the average sizes of 1.32 mm (high
purity; Henan Yuanyang Aluminum Co., Henan, China) and
7.29 mm (99.9% purity; High Purity Chemical Co., Tokyo, Japan),
and g-Al2O3 powder (99.99% purity, surface area � 190 m2 g�1;
Taimei Chemical Co., Nagano, Japan) were used in the present
study. Before the storage experiment, as-purchased 1.32 mm Al
powder was heat-treated under vacuum (<10�4 bar) at a heating
rate of 1 �Cmin�1 and held at 300 �C for 1 h, in order to keep all
Al particles with the same surface state. This heat-treated Al
powder is referred to as HTA hereaer. At the same time, one
kind of activated Al powder was prepared as follows. 7.29 mm Al
and g-Al2O3 powders with a total weight of 15 g were put into
a beaker with 150 ml of absolute ethanol, and then
RSC Adv., 2017, 7, 2103–2109 | 2103
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ultrasonically dispersed in an ultrasonic bath (40 kHz, 100 W)
for 1 h. The mixture suspension was dried and sieved using
a 100-mesh nylon sieve, and then pressed under a unidirec-
tional pressure of 60 MPa to form the green compacts. The
compacts were heat-treated under vacuum (<10�4 bar) at
a heating rate of 1 �Cmin�1 and held at 300 �C for 1 h. The heat-
treated compacts were crushed into powder and sieved using
a 100-mesh nylon sieve, and nally became g-Al2O3 modied Al
powder (GMAP).54 This GMAP has a composition of 70 vol% Al +
30 vol% g-Al2O3.

The experiment for Al storage in water vapor was performed
in a closed glass system with two connected bottles: one is with
water and another is for Al storage. When the system is evacu-
ated and then closed, liquid water will evaporate until the vapor
pressure reaches saturation, and nally HTA and GMAP are
stored in the bottle with saturated water vapor. The experiment
for Al storage in oxygen or nitrogen was performed in a cylin-
drical vessel made of stainless steel. The vessel has an entrance
and an exit, the exit is for evacuation and the entrance is for
lling oxygen or nitrogen. Both the oxygen and nitrogen pres-
sures for Al storage are 2 bars. All the processes of taking the
samples from the vessel were done in a large argon-lled glove
box, in order to protect HTA and GMAP from contact with air.
The experiment for Al storage in drying air was performed in
a drying cabinet with a constant humidity of �25%. All the
storage experiments were done at room temperature. The
vessels' structures and detailed storage procedure for HTA and
GMAP are given in the ESI.†

The hydrogen-generation experiment of HTA or GMAP with
water was carried out in a closed glass reactor (Fig. 1 of ref. 55).
All the hydrogen-generation tests were conducted at a tempera-
ture of 35 �C, which was controlled by a thermostat water bath
with an accuracy of �1 �C. 1.0 g of HTA or GMAP was used in
each test, which was suspended in 250 ml of deionized water. A
magnetic agitation bar with a speed of �500 rpm was used to
stir the mixture of water and HTA or GMAP. At the beginning,
the reactor was lled by the ambient air and the initial gas
pressure was 1 bar. As the Al–water reaction produces only one
kind of gas, i.e. H2,49 the reaction evolution of Al with water
could be determined by the gas pressure in the reactor using the
ideal-gas equation

a ¼ ðP� PinitialÞðVreactor � VH2O � VAlÞ
n0RT

; (1)

where a is the hydrogen yield; P and Pinitial are the total gas
pressure and initial gas pressure in the reactor, respectively;
Vreactor, VH2O and VAl are the volumes of the reactor, water and Al
powder, respectively; n0 is the theoretical hydrogen moles by
reacting all of the Al metal in HTA or GMAP; R is the gas
constant and T is the gas temperature. At least two identical
tests were carried out to check the reproducibility of each
hydrogen-generation curve. An X-ray diffractometry was used to
analyze the phases of the as-received HTA, GMAP and those
aer storage in different gas environments. Scanning electron
microscopy (SEM) was used to observe themorphologies of HTA
and GMAP before and aer storage.
2104 | RSC Adv., 2017, 7, 2103–2109
Results and discussion

Fig. 1 shows the morphologies of as-received HTA and those
aer storage in different gas environments for a time period. It
can be seen that as-received heat-treated Al particles are smooth
and there are some very ne white particles covering on their
surfaces (Fig. 1(a)). These ne particles are believed to be g-
Al2O3 grains and their agglomerates, because Al surface passive
lm has complicated phase constituents, including metastable
Al2O3, boehmite and bayerite, etc., which begin to transform
into g-Al2O3 phase at a temperature of �180 �C. At the heat-
treatment temperature of 300 �C, all the constituents in Al
surface passive lm are transformed into g-Al2O3 phase, while
a new surface dense passive lm is formed aer the heat-treated
Al particles are re-exposed to air.54 This guarantees that all the
as-received HTA particles have the same surface state. Aer
storage of HTA in different gas environment for 3–6 months, it
can be seen that the morphology of HTA particles in oxygen,
nitrogen and drying air has no observable change (Fig. 1(c)–(e)),
while there are many piece-like layered structures covering on Al
particles aer HTA was stored in water vapor for �5 months
(Fig. 1(b)).

Fig. 2 shows the morphologies of as-received GMAP and
those aer storage in different gas environment for a time
period. It can be seen that as-received GMAP particle surfaces
are almost completely covered by ne g-Al2O3 grains (Fig. 2(a)),
the same as previous work.54 Aer storage of GMAP in different
gas environment for 1.5–5 months, it can be seen that the
morphology of GMAP particles in oxygen, nitrogen and drying
air has no observable change (Fig. 2(c)–(e)), while GMAP particle
surfaces become a little bit dense and piece-like aer it was
stored in water vapor for �5 months (Fig. 2(b)), similar to the
results in Fig. 1.

Fig. 3 shows H2 evolution from deionized water at a ther-
mostat temperature of 35 �C using as-received HTA and those
stored in water vapor, oxygen, nitrogen and air for a similar
time, respectively. It can be seen that water vapor reduces the
induction time for the beginning of Al–water reaction, while
oxygen increases the induction time. The effect of nitrogen and
drying air on Al activity is weak.

Fig. 4 shows the H2 evolution from deionized water at
a thermostat temperature of 35 �C using HTA and those stored
in water vapor, oxygen, nitrogen and drying air for different
time, respectively, where the data in the parentheses are the
environment temperatures during Al–water reaction tests. It can
be seen that when HTA is stored in water vapor, the induction
time for the beginning of Al–water reaction decreases and the
total hydrogen generation per unit weight of Al is reduced.
With the increase in storage time, the above tendency is more
obvious. When the storage time in water vapor is �6 months,
there is almost no induction time and the total hydrogen
generation is <20% of that of as-received HTA (Fig. 4(a)).

The effect of oxygen on Al activity is different from that of
water vapor (Fig. 4(b)). The induction time for the beginning of
Al–water reaction increases and the total hydrogen generation per
unit weight of Al almost has no any change. This phenomenon is
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM micrographs of as-received HTA (a), that in (a) stored in water vapor for 158 days (b), in oxygen for 103 days (c), in nitrogen for 103
days (d) and in air for 189 days (e).

Fig. 3 H2 evolution from deionized water at a thermostat temper-
ature of 35 �C using as-received HTA and those stored in water
vapor, oxygen (O2), nitrogen (N2) and air for a similar time, respec-
tively. The environment temperature during Al–water reaction tests
is 10 �C.
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obvious aer HTA was stored in oxygen for 8 and 47 days. As our
experiment was performed from winter to spring, the room
temperature has a large uctuation. Previous work56 has
conrmed that the environment temperature has an inuence on
the practical temperature of water in the reactor, because the
thermal diffusion of the reactor is related to the environment
temperature. When the environment temperature increases, the
water temperature in the reactor increases even the thermostat
bath temperature is constant. This is why the induction time of
as-received HTA at an environment temperature of 25 �C is
shorter than that at 11.5 �C (Fig. 4(b)). At a similar environment
temperature (�25 �C), the induction time of HTA stored in
oxygen for 178 days is still longer than that of as-received HTA, as
shown in Fig. 4(b).

Fig. 4(c) and (d) indicate that the total hydrogen generation
per unit weight of Al almost has no change aer HTA was stored
in nitrogen and drying air for 6 and 5 months, respectively. But
there is a change in induction time aer HTA was stored in
nitrogen and drying air for different time period. It is noticed
Fig. 2 SEM micrographs of as-received GMAP (a), that in (a) stored in water vapor for 152 days (b), in oxygen for 127 days (c), in nitrogen for 50
days (d) and in air for 94 days (e).

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 2103–2109 | 2105
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Fig. 4 H2 evolution from deionized water at a thermostat temperature of 35 �C using as-received HTA and those stored in water vapor (a), in
oxygen (b), in nitrogen (c) and in air (d) for different time, respectively. The data in the parentheses are the environment temperatures during Al–
water reaction tests.
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that this change is basically consistent with the change in
environment temperature during Al–water reaction test, i.e. the
change in induction time results from the change in environ-
ment temperature. Therefore, if the environment temperature
is considered, it seems that the effect of nitrogen and drying air
on Al activity is weak.

Fig. 5 shows the H2 evolution from deionized water at
a thermostat temperature of 35 �C using GMAP and those stored
in water vapor, oxygen, nitrogen and drying air for different time,
respectively. GMAP is an activated Al, which almost has no
induction time for the beginning of Al–water reaction.54 There-
fore, the effect of different gas environment on the induction
time of GMAP is small and unobservable. However, the total
hydrogen generation per unit weight of Al decreases with
increasing the storage time in water vapor. When the storage
time in water vapor is�6 months, the total hydrogen generation
is �30% of that of as-received GMAP (Fig. 5(a)). The effect of
oxygen and nitrogen on the total hydrogen generation of GMAP
is negligible even the storage time is up to 6 months (Fig. 5(b)
and (c)). Moreover, the hydrogen-generation rate decreases aer
GMAP was stored in oxygen for 15 days (Fig. 5(b)), it probably is
due to the lower environment temperature (4 �C) during Al–
water reaction test. It is noticed that drying air has a small
inuence on the total hydrogen generation of GMAP. When the
storage time in drying air is >3 months, the total hydrogen
generation keeps �95% of that of as-received GMAP (Fig. 5(d)).

Fig. 6 and 7 show the X-ray diffraction patterns of as-
received HTA and GMAP, and those aer storage in different
gas environment for a time period. It can be seen that
as-received HTA only has Al metal phase, while as-received
GMAP has a composition of Al and g-Al2O3. The phase of the
2106 | RSC Adv., 2017, 7, 2103–2109
white particles on as-received HTA particle surfaces is not
observed, the possible reason is that their amount is too small
to be detected by X-ray diffraction (Fig. 6(a)). The phase
constituents in HTA and GMAP have no observable change
aer they were stored in oxygen, nitrogen and drying air for
several months except for water vapor. There is a bayerite
(Al(OH)3) phase in HTA and GMAP aer they were stored in
water vapor for >3 months (Fig. 6(b) and 7(b)), indicating that
part of their Al was consumed by the following reaction

2Al + 6H2O / 2Al(OH)3 + 3H2[. (2)

In Fig. 5(d), although the total hydrogen generation of GMAP
decreases to �95% of that of as-received aer it was stored in
drying air for >3 months, the bayerite phase is not observed in
Fig. 7(e), it is believed to be due to its low amount.

Previous mechanism analyses revealed that there is a hydra-
tion reaction in the passive oxide lm on Al particle surface
when Al particle is put into water.49 This hydration process
determines the induction time for the beginning of Al–water
reaction. That g-Al2O3 grains on GMAP particle surfaces
improve the Al–water reaction dynamics results from the cata-
lytic effect of g-Al2O3 on this hydration process,54 leading to
almost no induction time for GMAP.

Based on the above experimental observation, a conceptual
model is proposed to explain the change of Al particle aer
storage in oxygen and water vapor, respectively, as shown in
Fig. 8. It should be mentioned that Al surface passive lm is
very thin and with thinness in several nanometer,57 which is
difficult to be detected by X-ray diffraction (Fig. 6(a)). When Al
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 H2 evolution from deionized water at a thermostat temperature of 35 �C using as-received GMAP and those stored in water vapor (a), in
oxygen (b), in nitrogen (c) and in air (d) for different time, respectively. The data in the parentheses are the environment temperatures during Al–
water reaction tests.

Fig. 6 X-ray patterns of as-received HTA (a), that in (a) stored in water
vapor for 158 days (b), in oxygen for 103 days (c), in nitrogen for 103
days (d) and in air for 189 days (e).

Fig. 7 X-ray patterns of as-received GMAP (a), that in (a) stored in
water vapor for 94 days (b), in oxygen for 152 days (c), in nitrogen for
50 days (d) and in air for 127 days (e).
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particle is stored in oxygen, oxygen will transport through the
passive lm57 and contact Al inside, and then reacts with Al to
form alumina, leading to a thickness increase in the passive
lm (Fig. 8(b)). The thickness increase in the passive lm will
This journal is © The Royal Society of Chemistry 2017
prolong the hydration process and results in a longer induc-
tion time than as-received HTA, as shown in Fig. 3 and 4(b).
As GMAP almost has no induction time, the effect of oxygen
on its Al reaction dynamics is not obvious, as shown in
Fig. 5(b).
RSC Adv., 2017, 7, 2103–2109 | 2107
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Fig. 8 Schematic representation of the surface structure of an as-
received HTA particle (a) and the change after it is stored in oxygen (b)
and in water vapor (c) for a time period, respectively.
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When Al particle is stored in water vapor, water molecules
will hydrate with the Al surface passive oxide lm and reach the
surface of Al inside,49 and then react with Al to generate
hydrogen (Fig. 8(c)). With increasing the storage time in water
vapor, more Al in HTA and GMAP is consumed. This is why the
induction time of HTA decreases and the total hydrogen
generation for both HTA and GMAP is reduced, as shown in
Fig. 4(a) and 5(a). The above speculation was also conrmed by
X-ray diffraction (Fig. 6(b) and 7(b)) and SEM observation. The
piece-like structure on HTA and GMAP particle surfaces
(Fig. 1(b) and 2(b)) should be the reaction byproduct bayerite.

As nitrogen does not react with Al at room temperature, the
Al activity almost has no change aer HTA and GMAP are stored
in nitrogen environment, as shown in Fig. 4(c) and 5(c), which
was also conrmed by X-ray diffraction (Fig. 6(d) and 7(d)) and
SEM observation (Fig. 1(d) and 2(d)). In this work, drying air has
a humidity of �25%, there should be a synergic effect of oxygen
and water vapor on Al activity when HTA and GMAP are stored
in drying air. Oxygen increases the thickness of Al surface oxide
lm and prolongs the reaction induction time, however water
vapor promotes the hydration process and speeds up the Al–
water reaction. It seems that this synergic effect on the Al
activity is weak even HTA and GMAP were stored in drying air
for �5 months (Fig. 3, 4(d) and 5(d)), which was also conrmed
by X-ray diffraction (Fig. 6(e) and 7(e)) and SEM observation
(Fig. 1(e) and 2(e)). Of course, the Al activity degradation of
GMAP in drying air is faster than that of HTA due to the catalytic
effect of g-Al2O3 on the hydration process (see Fig. 4(d) and
5(d)). The above results imply that Al metal can be stored in
nitrogen, oxygen and drying air, in order to keep its activity.
Conclusions

In this work, the effect of storage gas environment on Al activity
for a time period up to �6 months was investigated. It was
found that oxygen increases the thickness of Al surface passive
2108 | RSC Adv., 2017, 7, 2103–2109
lm and prolongs its hydration process, leading to a longer
induction time for the beginning of Al–water reaction (HTA).
Water vapor promotes the hydration process of Al surface
passive lm and speeds up the Al–water reaction, leading to
a decrease in total hydrogen generation per unit amount of Al
for both HTA and GMAP. The effect of nitrogen and drying air
on the Al activity is weak, because nitrogen does not react with
Al at room temperature and there is a lower humidity in drying
air. Our results indicate that water vapor rather than oxygen is
responsible for the degradation of Al activity during storage in
atmospheric environment.
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