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ABSTRACT: The Al sheets alloyed by Ga-In-Sn are generally
utilized to react with water for H2 production, while the valuable
byproducts, i.e., alumina hydrates, have not been fully studied. In
this work, through controlling the reaction temperature, three
types of alumina hydrates, bayerite (40 °C), pseudo-boehmite
(PB) (70−120 °C), and boehmite (130−160 °C), were
successfully prepared based on a series of interface reactions and
structural transformations. These alumina hydrates and their
calcined products (alumina) possess high purity with a total
impurity element content of <450 ppm, especially an extremely
low sodium content (<21 ppm) and iron content (<52 ppm).
Significantly, the obtained pseudo-boehmite displays excellent
surface properties (specific surface area: 332.7 m2 g−1, pore volume: 0.3 cm3 g−1, and pore diameter: 3.6 nm), competitive to the
current commercial SB powder by Sasol. This work not only deepens the understanding of the byproducts in a Ga-In-Sn-alloyed Al−
water reaction but also establishes a facile “green” method oriented to industrial applications, which is promising for the linkage
benefits of the hydrogen production industry.

1. INTRODUCTION

A Ga-In-Sn-alloyed Al−water reaction, as a typically effective
way to produce hydrogen (H2), has been broadly utilized to
store hydrogen energy in a solid state with safety, controllability,
and convenience.1,2 However, this approach is burdened with
the relatively high cost in preparing the Ga-In-Sn-Al raw
materials, which limits its further industrial applications.3 In
general, two different approaches had been utilized to relieve this
dilemma. One effort is paid to pursue a better performance on
hydrogen production,4,5 while the other one focuses on the
reutilization of the byproducts of the reactions, rather than
handling them as solid wastes. However, to date, there are few
reports available on the systematic investigation of the specific
types of solid byproducts in this reaction, let alone their full
reutilization.
The conventional opinion generally holds that the solid

byproducts of the reaction (Ga-In-Sn-Al alloy with water)
mainly consist of alumina hydratesbayerite, i.e., Al (OH)3.

6

Recently, it has been reported that other more valuable alumina
hydrates, such as gibbsite and boehmite, can also be obtained by
adding alditols and seed.7,8 Owing to the versatile crystal types
and excellent physical and chemical properties, alumina hydrates
(usually referred to as Al2O3·nH2O, contains bayerite, pseudo-
boehmite (PB), boehmite, and so on), together with their
calcined products (alumina), have remarkable economic value
in the diverse application fields of catalysts, catalyst supports,

ceramics, adsorbents, and coatings,9−15 especially catalysis,
which has become an important direction of chemical industry
development.16−20 It is also worth pointing out that, so far, the
commonly used methods to prepare bayerite, PB, and boehmite
generally include the Bayer method, hydrothermal/precipitation
method, and aluminum alkoxide method.21−26 However, they
are usually burdened with complex processes and various
chemicals.27−29 In addition, to the best of our knowledge, few of
them have a close connection with the recycling of the
byproducts from hydrogen production (i.e., from a Ga-In-Sn-
alloyed Al−water reaction).
Here in this work, we made progress in recycling the

byproducts of the Ga-In-Sn-alloyed (Ga: 1.34 wt %, In: 0.41 wt
%, and Sn: 0.25 wt %) Al−water reaction, where three different
alumina hydrates (i.e., bayerites, PB, and boehmite) were
obtained via a facile method, i.e., controlling the reaction
temperature. Furthermore, these byproducts were proven to
have satisfactory purity and surface properties (e.g., PB has a
specific surface area of 332.7 m2 g−1, pore volume of 0.3 cm3 g−1,
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and pore diameter of 3.6 nm), which can directly meet the
requirements of the industrial standard (competitive to its
commercial counterpart SB powder by Sasol). Our results not
only enriched the systemic understanding toward the alumi-
num−water reaction but also constructed a facile way to
produce a series of high-purity aluminamaterials. Moreover, this
approach has more superiority in industrial applications due to
the relatively high purity of the products, less introduction of
chemicals, environmentally friendly preparation process, and
additional benefits toward the hydrogen production industry.

2. EXPERIMENTAL SECTION
2.1. Materials. All raw materials used for alloy preparation

were used directly in this work without any further purification.
The Al sheets used in this experiment are composed of Al (98 wt
%), Ga (1.34 wt %), In (0.41 wt %), and Sn (0.25 wt %). The SB
powder (pseudo-boehmite produced by Sasol, mass fraction ≥
99.9%) was purchased from Yangzhou Zhongtianli Company.
Deionized water was used for all syntheses and treatment
processes. The detailed information of the metal reagents is
presented in Table 1.

2.2. Synthesis of Different Phases. The Al sheets were
prepared by melting different proportions of metals (Al, Ga, In,
and Sn) at a high temperature (800 °C) for 2 h under a nitrogen
atmosphere. After rapidly cooling down, the alloy ingot was
obtained and then processed into sheets to increase the reaction
contact area. Afterward, the Al sheets were immersed in 3 L of
distilled water heated to a particular temperature (40−160 °C)
in a high-pressure reactor with a solid:liquid ratio of 1:100 (g/
mL). During the reaction, hydrogen was produced and collected
for further utilization. After that, the suspending slurry obtained
was filtered and dried at a temperature of 80 °C for 12 h to
obtain alumina hydrates while the bottom residue consisting of
the remaining Al with Ga, In, and Sn was recycled. Different
crystal forms of alumina were obtained by calcination of alumina
hydrates under various temperatures (300/550/800/1000/
1200 °C).
2.3. Characterization. X-ray diffraction (XRD) was

performed using a DX2700 diffractometer with a Cu Kα
radiation source (λ = 1.5406) in a 2θ range from 5 to 80°. The
Fourier transform infrared spectra (FTIR) were collected on a
Bruker IFS 66v/s spectrometer, which was operated between
4000 and 500 cm−1 with 128 scans per spectrum. Scanning
electron microscopy (SEM) tests were performed on a JEOL
JSM-6700F microscope to reveal the morphology of the
synthesized samples. The specific surface area data and pore
size distribution were obtained from a JW-BK222 automated
sorption system by using the Brunauer−Emmet−Teller (BET)
model and the Barret−Joyner−Halenda (BJH) model,
respectively, and all samples were degassed at 150 °C for 4 h
prior to the measurements. Transmission electron microscopy

(TEM) and high-resolution TEM (HRTEM) characterizations
were performed with a JEOL JEM-2100F microscope at an
acceleration voltage of 200 kV. Inductively coupled plasma-mass
spectrometry (ICP-MS) analysis was conducted on a HORIBA
ICP-optical emission spectrometer. (The ICP-MS test process is
as follows: Taking element Ga as an example, with the
estimation of about 1 mg of Ga element, a certain corresponding
amount of sample was weighed and dissolved with dilute nitric
acid. After the sample was completely dissolved, the solution
volumewas adjusted to 1 L and 100mL of the solution was taken
for the ICP-MS test. Then, the mass fraction of Ga element in
the corresponding sample can be obtained. The testing
procedure for other elements is the same as that for Ga
element.). TG-DTA characterization was performed with HCT-
3 microcomputer differential thermal balance with a heat rate of
10 °C/min produced by Beijing Hengjiu Scientific Instrument
Factory.

3. RESULTS AND DISCUSSION
3.1. Analysis of Raw Materials. First, we characterize the

phase composition and morphology of Al alloy sheets. As shown
in Figure 1 (inset), the SEM image indicates that the alloy sheets

present a slender rod-like structure with a width between 2 and 5
μm. From the X-ray diffraction pattern (Figure 1), only the
peaks of Al phase (JCPDS file #04-0787) can be observed,
whereas the characteristic peaks of any phase structures
consisting of Ga, In, and Sn cannot be detected. It indicates
that the addition of Ga, In, and Sn is considerably low.

3.2. XRD and FT-IR Characterizations of the By-
products. Next, we monitored the evolution of the solid
byproducts (obtained from different reaction temperatures,
within the range 40−160 °C). As shown in Figure 2a,b, through
comparing with the standard cards of bayerite, PB, and boehmite
materials, the XRD results indicate that there are four stages in
the evolution (also labeled in Table 2): (1) at a relatively low
reaction temperature (i.e., 40 °C), only the high-purity bayerite
can be observed; (2) with the temperature increasing to 50−60
°C, the appearance of new peaks indicates the existence of a
mixed phase (bayerite and PB); (3) at 70−120 °C, diffraction
peaks of bayerite no longer exist and the pure PB phase is
formed; (4) at 130−160 °C, with the improvement of
crystallinity (which can be confirmed by the more sharpened
diffraction peaks), the appearance of new peaks (45.8, 51.7, and
53°), and the separation of the peak at 64° into two smaller
peaks, pure boehmite is observed.30 In addition, we calculated

Table 1. Description of Metal Reagents

reagents CAS No.
mass

fraction suppliers

gallium
(Ga)

7440-55-3 99.99% Aladdin

indium (In) 7440-74-6 99.995% Aladdin
stannum
(Sn)

7440-31-5 99.5% Aladdin

aluminum
(Al)

7429-90-5 99.99% Beijing Xingrongyuan
Technologgy Co., Ltd

Figure 1.X-ray diffraction pattern and SEM image (inset) of an Al alloy
piece.
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the MCD (microcrystalline dimension) value along the specific
crystal plane ((100) for bayerite and (020) for PB and
boehmite) (shown in Figure S1). The results show that the
MCD value of bayerite obtained at 40 °C is 33.8 nm and, with
the temperature increasing up to 70 °C, the variation of MCD
shows positive correlations with temperature, indicating the
steady growth of the crystals from 2.5 to 7.5 nm along with the
direction of (020). This result indicates that the transformation
process of PB to boehmite is gradual.
Similar results can also be obtained from the FT-IR testing

(Figure 2c,d). The characteristic peaks of the Al−OH bond of
bayerite (stretching vibration) at 3470, 3550, and 3656 cm−1

disappear at 60−70 °C, which confirms the bayerite→ PB phase
transition.31,32 Above 70 °C (up to 160 °C), there is no
appreciable change in the position of IR peaks between 400 and
2000 cm−1. The peaks at 485, 616, and 740 cm−1 belong to the
AlO6 vibrations, while the peaks at 1070 and 1150 cm

−1 belong
to the Al-OH bending vibrations. The peak at 1635 cm−1

existing under various temperature conditions is assigned to
the H-O-H bending mode, which represents the physically
adsorbed water. However, the absorption peaks in the
wavenumber range of 3000 to 4000 cm−1 (3089, 3293, and
3425 cm−1), which represent the different Al-OH stretching
vibrations, have presented a relatively obvious change. At 70 °C,
there is only one broad absorption peak at 3425 cm−1, whereas
two obvious symmetrical peaks appeared (3089 and 3293 cm−1)
when the temperature is gradually increased to 160 °C from 110
°C, indicating a typical PB→ boehmite phase transition.33,34 In

view of the above analysis, a brief summary is displayed in Table
2, in which the specific changes in the production phase as the
reactive temperature increases are clearly observed.

3.3. Microstructure (SEM and TEM) Analysis of the
Three Alumina Hydrates. The surface morphology of the
samples prepared under different hydrothermal temperatures is
characterized by SEM and TEM. Consistent with the typical
morphology features of bayerite shown in the literature,35 the
bayerite obtained at 40 °C presents an hourglass-like structure.
As shown simultaneously in Figure 3a,d, the bayerite crystals are
obviously formed by the stack of various plates along a certain
direction, giving the appearance of an elongated shape. The
HRTEM image (Figure 3g) reveals the clear lattice fringes with a
spacing of 0.236 nm, which is consistent with that of the (002)

Figure 2. (a, b) X-ray diffraction patterns of the series samples (prepared from 40 to 160 °C). (c, d) FT-IR spectra of the series samples (prepared from
40 to 160 °C).

Table 2. Four Different Stages in the Temperature-
Dependent Reactions

temperature corresponding reactions

40 °C 2Al + 6H2O → 2Al(OH)3 (bayerite) + 3H2↑
50−60 °C 2Al + 6H2O→ 2Al(OH)3 (bayerite) + 3H2↑; 2Al + 4H2O→

2AlOOH (PB) + 3H2↑
70−120 °C 2Al + 4H2O → 2AlOOH (PB) + 3H2↑
130−160 °C 2Al + 4H2O → 2AlOOH (boehmite) + 3H2↑

Figure 3. SEM, TEM, and HRTEM images of the three alumina
hydrates: (a, d, g) bayerite prepared at 40 °C, (b, e, h) PB prepared at 80
°C, and (c, f, i) boehmite prepared at 160 °C.
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plane of bayerite. The PB prepared at 80 °C displays a similar
plate-stacking structure to the bayerite and forms an irregularly
shaped stacked structure. In addition, the TEM image in Figure
3e displays the relatively numerous fibrillar structures, indicating
the thinner plate structure of PB. Interestingly, the boehmite
formed at 160 °C has a structure similar to bayerite, which can
be roughly regarded as a half-hourglass shape or cuboid shape.
Meanwhile, the more regular morphology of boehmite shown in
Figure 3c together with the obvious fibrillar and sheet structure
appearing concurrently in Figure 3f reveals a significant
improvement in crystallinity (compared with PB obtained at
80 °C), which agrees well with the result of the X-diffraction
pattern. The HRTEM image (Figure 3i) elucidates the lattice
fringes with a spacing of 0.234 nm, corresponding to the (031)
plane of boehmite. Meanwhile, the PB obtained presents a larger
lattice spacing of 0.239 nm (corresponding to the (031) plane)
due to the extra water in an interlaminar structure (Figure 3h).
In spite of displaying different morphological characteristics, the
plate-stacking structure exists in all three hydrates (as shown in
Figure 3a−c) due to the fact that the plates (formed by two-
dimensional growth after the nucleation) impinge upon each
other with their increase in number and thickness as the reaction
proceeds.36

3.4. Formation Mechanism Analysis of the Three
Alumina Hydrates. The possible reaction mechanism is
illustrated in Figure 4. The formation of the final phase of the

product depends on the synergistic effect of pH and temper-
ature. However, in this work, the initial pH value of the reaction
is the same in the preparation of the three alumina hydrates,
which are all around 7. The influence of pH on the product
phase in the acid method (reaction of aluminum nitrate with
ammonia) is discussed in the literature,12 and it is proven that

both PB and bayerite can be generated under the condition of
pH = 7. Therefore, in this work, the regulation of temperature is
more decisive for the final phase type of the product.
There are two main stages in our reaction,37−40 i.e.,

(1) direct dissolution of Al as well as the formation and
dissolution of amorphous oxide;

(2) the precipitation of the hydrous oxide.

According to the kinetics theory, PB is the most accessible
product. The whole process can be represented by the following
reactions:36,41

+ = +− +Al 4H O Al(OH) 4H2 4 (3)

+ = +− +Al O 5H O 2Al(OH) 2H2 3 2 4 (4)

+ = +− +Al(OH) H AlOOH (PB) 2H O4 2 (5)

However, under a relatively low reaction temperature (e.g., 40
°C), the initially formed PB has numerous defects and pores and
poor crystallinity, thus possessing a higher solubility than
bayerite. Therefore, it will dissolve quickly and tend to re-
crystallize to form bayerite on the surface of the crystal.42 Since
the stages (1) and (2) occur ceaselessly with time elapsing, the
PB→ bayerite transition can be repeated continuously, resulting
in the accumulation of pure bayerite.
On the other side, with respect to the situation at the reaction

temperatures over 70 °C, the significantly improved crystal-
lization enables the initially formed PB to “survive” from the self-
dissolution process,39 contributing to the continuous crystal
growth of PB. Since boehmite requires a higher formation
temperature,43 pure PB can be obtained within a temperature
range of 70−120 °C, while a well-crystallized pure boehmite can
be obtained via PB → boehmite transition over 130 °C. It is
worthy to notice that the multi-step interface reaction process
occurs at a relatively high speed in our work. This is because a
certain amount of low-melting-point Ga-In-Sn alloy was
incorporated into the Al sheets by high-temperature melting,
resulting in the surface oxide layer being destroyed, which
provides a favorable condition for the rapid process of
reaction.44,45 Therefore, when the reaction time was 5 h, the
hydrates that we obtained were all the final products with pure
phase, instead of intermediate products. In addition, the yield of
each product can reach to 87% (bayerite), 93% (PB), and 97%
(boehmite), respectively (shown in Table S1), which is
conducive to actual industrial production.

3.5. Purity Analysis of the Three Alumina Hydrates. To
confirm the purity of our products, we performed ICP-MS
measurement on the obtained bayerite (40 °C), PB (80 °C),

Figure 4. Interface reactive process of Al with water at different reaction
temperatures.

Figure 5. ICP-MS analysis of the three alumina hydrates (40 °C-bayerite, 80 °C-PB, and 160 °C-boehmite): (a) Ga, In, and Sn element contents of the
three alumina hydrates and (b) comparison of Al, Fe, and Na contents of the three alumina hydrates and commercial PB (SB, produced by Sasol).
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boehmite (160 °C), and commercial PB. As shown in Figure
5a,b, the main impurity elements contained in our samples
display only extremely low amounts (the sum is less than 450
ppm, the specific data is shown in Table S2), especially the Na
impurity (<21 ppm) and Fe impurity (<52 ppm), while the Fe/
Na impurity content of commercial PB is much higher than that
of the alumina hydrates prepared in this work, which is shown in
Figure 5b. Generally speaking, when alumina hydrates are used
as catalysts or catalyst carriers, the presence of sodium and iron
will poison the catalysts and severely reduce the catalytic
performance, which will hinder the applications of alumina
hydrates in the field of catalysis.46,47 This advantage highlights
our method from the most commonly used carbonization
method (via the reaction of NaAlO2 and CO2) and the Bayer
method. In addition, the low doped Ga/In/Sn impurities
(shown in Figure 5a) play the role of catalysts, which are not
involved in the reaction directly.46 Therefore, they can be easily
recycled by centrifugation (together with the aluminum
residue). In that case, the purity of our samples can be further
improved.
3.6. Surface Property Analysis of the Three Alumina

Hydrates. Utilization in the catalyst field is a significant
application of alumina hydrates, which usually requires them to
have a relatively large specific surface area.48 To confirm the
potentiality of our products, we measured the nitrogen
adsorption−desorption isotherms and pore size distribution
curves of our samples. As shown in Figure 6 and Table 3, all the

synthetic samples exhibit type IV isotherms with the hysteresis
loop, which indicates the existence of a mesoporous
structure.49,50 According to the SEM image in Figure 3, it can
be inferred that the mesopore structure is derived from the
interspace formed by the stacking of the thin plate. Specifically,
boehmite (prepared at 160 °C) shows a well-developed H1-
shaped hysteresis loop, corresponding to the presence of
cylindrical pores. The other two samples exhibit a typical H2-
shaped hysteresis, which is a typical character of ink-bottle
pores.51 In addition, the bayerite (prepared at 40 °C) exhibits

the poorest adsorption volume, i.e., the smallest surface area
(76.5 m2 g−1) and pore volume (0.1 cm3 g−1), while in PB
(prepared at 80 °C), the pore diameter is moderately enlarged,
which can be confirmed from the shifting of the hysteresis loop
(move to a relatively high-pressure region). As for the boehmite,
the closure points of the loop occurred at the region of P/P0 >
0.9, indicating the presence of the largest pore size as well as a
broadened size distribution of pores (from 2.5 to 12.5 nm,
shown in Figure 6b).52 Furthermore, it is worth noticing that the
parameter of the specific surface area is decreased in the PB →
boehmite transition, which can be explained by the merging of
the relatively small pores during the reaction and the enlarged
grain size. Finally, we compared the optimized sample in our
reaction (i.e., PB prepared at 80 °C) with several reported
materials. As shown in Table 4, it is quite gratifying to find out
that the properties of our product are fully comparable with
other competitors, even competitive with the commercial
material (SB produced by Sasol).

3.7. Thermal Analysis (TG-DTA) and Analysis of
Calcined Products (Al2O3). Importantly, the calcined
products of alumina hydrates, aluminas, with different crystal
forms are widely used in industrial catalysis because of their
excellent physical and chemical properties. Therefore, we carried
out the thermal analysis of alumina hydrates and calcined them
at different temperatures. As shown in Figure 7a,c,e, the DTA
peaks observed at <100 °C of all three samples indicate the
removal of physically adsorbed water. In Figure 7a, the DTA
peak around 300 °C corresponds to the dihydroxylation of
bayerite with a weight loss of 27% and then to transition alumina
with a final weight loss of 39.5%, which is only slightly higher
than the theoretical value of 34.6%.12 Unlike in the bayerite, an
obvious DTA peak occurs at a temperature of 400−500 °C in
both PB and boehmite, which corresponds to the formation of γ-
Al2O3 (Figure 7b,c).

58 Compared with boehmite, a continuous
weight loss in PB can be observed at the temperature range from
150 to 430 °C, revealing the gradual dehydration of hydroxyl
water. The total weight loss of boehmite is 25.3%, while there is a
higher weight loss of 31.8% in PB because of the excess water it
contained.59 The results above show that the thermal properties
of our as-obtained samples are consistent with those of the
typical bayerite, PB, and boehmite, which indicates that they are
suitable for calcination.
Finally, we investigate the derivatives of the synthesized

productsaluminas. Generally, the transformation processes
depend on the species of hydrates. Typically, for the bayerite
(Figure 7b), the mixture phase of boehmite and η (η-Al2O3) is

Figure 6. (a) N2 adsorption−desorption isotherms and (b) pore size distribution for the three alumina hydrates (40 °C-bayerite, 80 °C-PB, and 160
°C-boehmite) (based on a Barret−Joyner−Halenda model).

Table 3. Surface Properties of the Three Alumina Hydrates
Prepared at Different Temperatures

alumina hydrates
specific surface area

(m2 g−1)
pore volume
(cm3 g−1)

pore diameter
(nm)

40 °C-bayerite 76.5 0.1 4.1
80 °C-PB 332.7 0.3 3.6
160 °C-boehmite 187.6 0.5 8.2
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obtained at 300 °C, which well agrees with the results of the TG-
DTA experiment (Figure 7a). When the temperature reaches
550 °C, the pure η phase can be observed. Further increasing the
temperature to 800 °C (η + θ) and 1000 °C (θ + α), the
products return to themixtures. Last, the pure α phase product is
obtained at 1200 °C.On the other hand, for both PB (Figure 7d)

and boehmite (Figure 7f), no mixture phase composition can be
observed at 300 °C, and the only difference is the slightly varied
crystallinity. The first modification phase is obtained at 550 °C
(γ phase), and the second one is up to 800 °C (δ phase).
Subsequently, the θ and α phase becomes the dominant phase as
the temperature increases to 1000 and 1200 °C, respectively.

Table 4. Comparison of the Surface Properties of PB (Prepared at 80 °C) from Previous Reports and Our Results

methods
specific surface area

(m2 g−1)
pore volume
(cm3 g−1)

pore diameter
(nm) references

reaction-crystallization 342 0.53 3 53
hydrothermal synthesis 225.4 0.4 3.5 54
sol−gel 264.6 0.47 2.13 55
hydrothermal synthesis (with Brij 56 as a surfactant) 381 0.6 3 56
precipitation method with three kinds of surfactants
(CTAB/TritonX-100/AOT)

297.3 0.41 5.2 49
296.8 0.40 5.4
296.3 0.36 4.1

sol−gel 231 0.28 4.52 57
hydrolysis of aluminum alkoxide 244.5 0.38 4.92 SB (Sasol)
reaction of Al-H2O 332.7 0.3 3.6 this study (PB)

Figure 7. (a, c, e) Thermal analysis plots (DTA and TG) of the three alumina hydrates: (a) 40 °C-bayerite, (c) 80 °C-PB, and (e)160 °C-boehmite. (b,
d, f) Series of XRD patterns of the products obtained by calcining (b) bayerite, (d) PB, and (f) boehmite under different temperatures (°C) for 3 h.
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The specific transition processes are summarized in Table 5.
Furthermore, we check the ICP-MS results for one type of

prepared derivative (i.e., α-Al2O3). As shown in Table 6, the total
impurity element content of each product is less than 450 ppm
(especially, the Na impurity is less than 18 ppm and the Fe
impurity is less than 36 ppm), which highlights their potentiality
in industrial applications.

4. CONCLUSIONS
In this study, a facile temperature-controlled “green” preparation
method by the reaction between Al and water was investigated
and a series of high-quality hydrated aluminas were obtained. As
the temperature increases, the product changes from bayerite
(40−50 °C) to PB (70−120 °C) and finally to boehmite (130−
160 °C). The reaction mechanism is attributed to the balance of
the dissolution and recrystallization processes in the Al−H2O
reactions, which can be well controlled by the temperature.
Particularly, the obtained products possess high purity (total
impurity element content: <450 ppm, impurity Na element
content: <21 ppm, and impurity Fe content: <52 ppm) and
satisfactory surface properties (specific surface area: 332.7 m2

g−1, pore volume: 0.3 cm3 g−1, and pore diameter: 3.6 nm of PB),
which has reached the performance standard of commercial PB
(SB, produced by Sasol). Since small amounts of contaminating
products are used or generated during the whole preparation
process, this method is promisingly beneficial to the practical
production by increasing the added value of the hydrogen
energy industry.
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