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Compressed hydrogen gas has been generated from water and
iron powders via hydrothermal method. As compared to the
conventional steam-iron process, this process has the advantages
of low temperature, simplicity, and high purity. Also, the direct
generation of compressed hydrogen gas was favorable for its
storage and utilization.

Because the energy shortage and the greenhouse effect are
getting more serious, the development of alternative energy
resources such as biofuel, solar energy, hydroelectric power,
wind electric power, geothermal electric power, and hydrogen
energy has become an important issue nowadays.' Hydrogen
gas is an environment friendly fuel because its reaction
product with air is water only. Also, it has wide and abundant
sources, including water, fossil fuel, biomass, and hydride.
Therefore, hydrogen energy has become one of the most
potential alternative energies in the last decade.”™® Hydrogen
gas can be produced by many different methods such as
light/dark fermentation, fossil fuel reforming, hydride
decomposition, and water splitting.7_14 Because water is the
most abundant source of hydrogen on the earth and could be
regenerated easily, water splitting is particularly attractive.
The methods for generating hydrogen gas by water splitting
include decomposition,16
thermochemical cycIes,U’18 solar water splitting,“'19 and the
oxidation-reduction of metals and water.”>*° The method
based on the oxidation-reduction of metals and water has

. 15
electrolysis, thermal

received considerable attention because the other methods
usually have the disadvantages of high cost, high energy
consumption, poor efficiency, or harmful byproducts. The
metals used commonly included aluminum, iron, zinc, nickel,
etc.*° Ssteam-iron process is a conventional technique for the
generation of hydrogen gas by using the reaction of iron
powder and water vapor. The corresponding reaction equation
is as follows:*’°

3Fe + 4H,0 - Fe;04 + 4H, (1)
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From this process, pure hydrogen gas can be obtained without
other pollutant byproducts. However, this process needs water
vapor and has to be performed at a high temperature (> 600 K),
leading to the higher energy consumption and process
complexity.?’°

In this study, we developed a facile hydrothermal process
for the generation of compressed hydrogen gas via the
reaction of water and iron powders. As compared to the
conventional steam-iron process, the process developed in this
work has the advantages of simplicity, lower temperature, and
high purity. Also, the generation of compressed hydrogen gas
was favorable for its storage and utilization. It is expected to
be useful for the developments of hydrogen gas generation
techniques and the hydrogen energy-related devices (such as
fuel cells) or chemical processes.

The hydrothermal generation of hydrogen gas
conducted in a Teflon-lined stainless steel autoclave connected
with a hydrogen gas collection bottle. In general, an
appropriate amount of iron powders and 40 mL of pure water
were put into the cylinder reactor of 100 mL. By heating the
reactor, hydrogen gas was generated. The temperature and
pressure of reaction were measured by a thermocouple and a
pressure detector system, respectively. To establish the
appropriate operation condition, the effects of reaction
temperature, iron powder amount,
morphology of iron powders were examined. Spherical iron
powders of 100 nm were purchased from US Research
Nanomaterials, Inc. Spherical iron powers of 3 um were
provided by Chung-Shan Institute of Science & Technology,
Republic of China. Flat iron powers of 45 um and 60 mesh
were the products of J. T. Baker and Wogonin Wako Pure
Chemical Industries, Ltd., respectively. After reaction, the
switch between the autoclave and the hydrogen gas collection
bottle was opened and the hydrogen gas generated was
discharged to the collection bottle for characterization by gas
chromatography (Shimadzu GC-2014). The solid powders were
washed with deionized water several times and then dried in a
vacuum oven. Their change in the crystalline structures before
and after reaction was characterized by X-ray diffraction (XRD;

was

and the size and
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Shimadzu model RX-lll) using Cu Ko radiation at an
acceleration voltage of 40 kV and a current of 40 mA. The
changes in morphology and size were characterized by a high
resolution field emission scanning electron microscope (HR-
FESEM, JSM-6700F).

To demonstrate the feasibility of hydrothermal generation
of hydrogen gas by iron powders and water, water and
different amounts of 3 um iron powders (0, 10, 20, and 30 wt%)
were reacted at 120°C. As shown in Fig. 1, the vapor pressure
of pure water remained at only about 1.5 bar. However, in the
presence of iron powders, the pressure increased steadily with
time and the pressure increase became more obvious with
increasing the amount of iron powders, implying hydrogen gas
has been generated. By analyzing the composition of collected
gas after reaction using gas chromatography, it was found that
the water content was only about 0.525%. This revealed that
the generated gas was the high purity of hydrogen gas and
demonstrated that the hydrothermal process developed in this
work was indeed effective in the generation of compressed
hydrogen gas with high purity. In addition, Fig. 2 shows the
XRD patterns of 3 pm iron powders before and after reaction
at 120°C for 9 h. Before reaction, only the characteristic peaks
of Fe related to (100) and (200) planes were observed at
20=44.7 and 65.1°, respectively. After reaction, the
characteristic peaks of Fe;0, corresponding to (220), (311),
(222), (400), (422), (511), (440) and (533) planes appeared at
20=30.4, 35.7, 37.4, 43.4, 53.8, 57.2, and 74.3°, respectively. It
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Fig. 1 Variation of pressure with time during the hydrothermal
generation of hydrogen gas at 120°C and different amounts of
3 pum iron powder.
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Fig. 2 XRD patterns of 3 um iron powders before and after
reaction at 120°C for 9 h.
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was obvious that Fe has been partially converted into Fes;0,
after reaction, providing an evidence for the reaction (1).

To study the effect of temperature on the water vapor and
hydrogen gas generation, the variations of pressure with time
in the presence and absence of 3 um iron powders (20 wt%) at
different temperatures were measured. As shown in Fig. 3, in
the presence of iron powders, the pressure increased steadily
with time and the increase was enhanced by increasing the
temperature. When the temperature was raised to 150°C, the
pressure was over 80 bar after about 7 h. In the absence of
iron powders, the vapor pressure of water reached a constant
after about 1 h and increased with increasing the reaction
temperature as shown in Fig. 3. However, they all were much
lower than those in the presence of iron powders. This
revealed that the generation of hydrogen gas could be
enhanced by increasing the temperature. Furthermore, it was
mentionable that the unreacted water vapor could be cooled
down and converted back to liquid water after reaction. Thus,
even more water vapor was formed at a higher temperature,
the generated hydrogen gas could be separated easily from
the unreacted mixture and discharged to the collection bottle
after reaction.

To investigate the effects of size and morphology of iron
powders on the generation of hydrogen gas, four kinds of iron
powders were used. As shown in Fig. 4, it was obvious that 100
nm iron powders exhibited significantly faster generation rate
than micro-sized iron powders. This could be attributed to the
larger specific surface area of nano-sized iron powders which
favored the reaction with water. However, it was noted that
the flat iron powders of 45 um had a faster initial hydrogen
generation rate than the spherical iron powders of 3 um. This
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Fig. 3 Variations of pressure with time during the
hydrothermal generation of hydrogen gas by 3 um iron
powders (20 wt%) at different temperatures (a) and the
corresponding pressure variations with time for water (b).
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Fig. 4 \Variations of pressure with time during the
hydrothermal generation of hydrogen gas in the presence of
different iron powders (20 wt%) at 120°C.

might be due to the fact that flat powders had a larger surface
area than spherical powders.

In addition, it was mentionable that the oxidation of iron
powders occurs from the surface to the inner part. The
resulting Fes0, shells might hinder the further oxidation of
inner part. So, the conversion might be affected by the
reaction temperature, reaction time, and the size and
morphology of iron powders. Figure 5 shows the
corresponding XRD patterns of different iron powders after
reaction. As compared to those before reaction, the
conversions of 3 um, 45 um, and 60 mesh iron powders after
reaction for 24 h were estimated to be 45.1, 12.6, and 12.2%,
respectively, according to the decrease in the intensity of
Fe(110) peak after reaction. By dissolving 0.1 g of reaction
mixture in 20 mL HCI solution and analyzing the iron content
using atomic absorption spectrophotometry (GBC SensAA), the
conversions of 3 um, 45 um, and 60 mesh iron powders after
reaction for 24 h also could be estimated to be 42.8, 13.3, and
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Fig. 5 XRD patterns of iron powders (20 wt%) after reaction
at 120°C for 9 (100 nm) or 24 h (3um, 45um, and 60 mesh).
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13.0%, respectively. They were in agreement with the above
XRD analysis. Moreover, according to the decrease in the
intensity of Fe(110) peak after reaction, the conversion of 100
nm iron powders after reaction for 9 h could be estimated as
73.3%. However, it was noted that the pressure almost
remained unchanged when the reaction time was above about
5 h. This might be due to the fact that the surface oxidation of
iron powders might hinder the further reaction of water and
inner iron, leading to the incomplete conversion. This also
could account for the fact that the flat iron powders of 45 um
showed a fast initial hydrogen generation rate but the
conversion almost remained at a low level after 1 h.

Because 100 nm iron powders exhibited the fastest
generation rate of hydrogen gas, the corresponding
temperature effect was further examined. As shown in Fig. 6,
the generation of hydrogen gas was still quite significant even
the temperature was lowered to 90°C. When the reaction
temperature was raised to 150°C, the generation rate could be
further enhanced but the enhancement was not tremendous.
Moreover, the reaction was completed after only about 3 h for
the case at 150°C but the time required to complete the
reaction for the case at 120°C was over 6 h. In addition, Fig. 7
shows the XRD patterns of 100 nm iron powders before and
after reaction at 90, 120 and 150°C. It was obvious that Fe was
converted into Fe30, after reaction, and the conversion
increased with increasing the temperature. According to the
decrease in the intensity of Fe(110) peak after reaction, the
conversions for the reaction at 90 and 150°C also could be
estimated as 60.7 and 75.2%, respectively. This was consistent
with the above hydrogen generation phenomenon as observed
in Fig. 6.

Fig. 8 shows the SEM images of different iron powders
before and after reaction. It was found that a lot of smaller
fragments were formed for 3 um, 45 um and 60 mesh iron
powders. This might be due to the oxidation of iron powders.
However, for 100 nm iron powders, particle aggregation
occurred after reaction. This could be attributed to the nature
of nanoparticles easy to aggregate owing to their large specific
surface energy.
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hydrothermal generation of hydrogen gas in the presence of
100 nm iron powders (20 wt%) at different temperatures.

Fig. 6 Variations time during the
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Fig. 7 XRD patterns of 100 nm iron powders before and after
reaction at different temperatures.
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Fig. 8 SEM images of different iron powders before (a—d)
and after (e—h) reaction. (a,e) 100 nm, (b,f) 3um, (c,g)
45um, (d,h) 60 mesh.

According to the above, the hydrothermal generation
process of compressed hydrogen gas by iron powders
developed in this work has been demonstrated to be
successful. As compared to the conventional steam-iron
process, this novel process has the advantages of low
temperature (energy saving), simplicity, high efficiency, high
purity, and high pressure. In addition, it was mentionable that
Wang et al. reported the generation of hydrogen gas by the
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reaction of water and 200 mesh iron powders in an autoclave
recently.31 However, the reaction temperature was still up to
573 K and HS was present as the catalyst. Chen et al. also
studied the generation of hydrogen gas by the reaction of 60
nm iron nanoparticles and water at room temperature.32
However, the generation rate of hydrogen gas was quite slow.
Although using the bimetallic nanoparticles of iron and metal
catalysts such as Pd, Ni, Cu and Ag could enhance the
generation rate, the high cost and poor stability of iron or its
bimetallic nanoparticles still limited their practical
application.32 Thus, the hydrothermal generation process of
compressed hydrogen gas developed in this work should be
more efficient and practicable than the conventional steam-
iron process and other iron-based similar processes.

Conclusions

In conclusion, we have successfully developed a novel and
facile hydrothermal process for the generation of hydrogen
gas by the reaction of iron powders and water. Four iron
powders with different sizes and morphology were used. It
was observed that the iron powders with smaller size or a flat
morphology exhibited faster hydrogen generation rate and
higher conversion. Also, the generation rate of hydrogen gas
could be raised by increasing the iron powder amount and
reaction temperature. After reaction, it was demonstrated
that iron powders were oxidized from Fe to Fe;0, and the gas
collected was the high purity hydrogen gas. Because of the
advantages of low temperature, simplicity, high efficiency,
high purity, and high pressure, such a novel and facile
hydrogen gas generation technique might find potential
applications in hydrogen energy-related devices and hydrogen
gas-related chemical processes.
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Graphic Abstract

High purity compressed hydrogen gas has been efficiently generated via a facile

hydrothermal process of iron powders and water.
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