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Abstract: The morphologies of AI(OH); crystals prepared via the Al-H»>O reactions with various catalysts and
the growth mechanisms of these crystals were investigated. The reaction was carried out with NaOH, KOH,
tetramethylguanidine (TMG), and tetramethylammonium hydroxide (TMAH) as catalysts. The evolution of the
obtained product was observed in situ, and the products obtained after 120 min of reaction have the shapes of the
hexagonal prism, long-hexagonal prism, long rod, and irregular rod, respectively. In the NaOH and KOH systems, the
products are gibbsite, and the gibbsite crystals grow along the (110), (001), and (100) faces in the NaOH system, and
the (100), (102), and (110) faces in the KOH system. However, in the TMG and TMAH systems, the products are
bayerite, and the bayerite crystals grow along the (110), (111), and (001) faces. It is worth mentioning that gibbsite has
more Al—O bonds than bayerite, giving rise to the formation of columnar crystals.
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alumina film on the aluminum surface, triggering

1 Introduction

AI(OH); is widely used in flame retardants,
rubber, building materials, coatings, pharma-
ceuticals, and other fields [1—3], especially as a
precursor of alumina [4,5], and the properties of
alumina generally inherit the precursor [6,7]. To
date, the properties of Al(OH);can be modified by
manipulating the Al-H,O reaction, because no
impurities are introduced and only hydrogen is
produced during the whole reaction [8,9]. However,
these studies were mainly focused on the collection
and preparation of hydrogen gas, and the AI(OH); is
ignored [10]. The Al-H,O reaction eliminates the

a reaction between water and aluminum, which
produces the hydrogen gas and the aluminum
hydroxide [11,12].

Generally, the morphology of the AI(OH);
depends on the preparation methods [13]. The
reaction of aluminum nanoparticles with water can
produce hourglass-like particles of bayerite [14],
and the reaction of aluminum with hot water
(95 °C) can form bayerite nanorods and boehmite
fibers [15,16]. Aluminum is hydrolyzed at 100 °C
and through sol—-gel treatment can produce
fibrous boehmite [17], and aluminum powder
reacts with supercritical water to produce alumina
nanoparticles [18]. The bayerite particles are
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initially formed as prismatic particles with serrated
edges in the Al-H,O reaction and subsequently
agglomerate into hourglass shapes [19]. In addition,
aluminum powder reacts with water during ball
milling, producing nano spindle and nano rod-
like AI(OH); after 7 and 12h of grinding at
room temperature, respectively [20]. Studying the
mechanisms of AI(OH); crystal growth is essential
for preparing specific morphologies, which can
effectively broaden its application and meet the
needs of alumina preparation in backend processes.
Although a few reports exist on the evolution
mechanism of the Al(OH); morphology during the
Al-H,O reaction, more research work has been
done in other fields, specifically on gibbsite and
bayerite.

The gibbsite structure consists of two layers of
OH™ ions stacked along the [001] axis. Hydrogen
bonds hold the layers together, and the Al ions
occupy two-thirds of the octahedral interstices in
the anionic layer. This structure leads to the
basal plane consisting of two hexagonal
arrangements [21]. In the crystal growth of gibbsite,
(001), (100), and (010) faces essentially grow
as plate-like crystals, and (110), (101), and (112)
faces tend to grow as more elongated rod-like
crystals [22,23]. Moreover, the previous simulation
studies have shown that the face energy of the
gibbsite crystal is Es(011) > Eq(100) > Eq.(110) >
E.(001) [24]. The (100) face is more energetically
unstable compared to the (001) and (110) faces, so
the equilibrium morphology of the gibbsite tends to
consist of two (001) faces and four (110) sides [25].
The gibbsite crystals are formed by the aggregation
of tiny hexagonal prisms and multifaceted
rhombuses, and hexagonal crystals develop into
large lamellae, further growing into large prismatic
crystals with chamfered faces [26].

Bayerite is less found in nature and usually
prepared by hydrolysis and neutralization [27—-29].
The bayerite prepared by these methods has a large
particle size and various shapes, including conical,
prismatic, wedge-shaped, rod-shaped, and hourglass-
shaped [30]. The crystallite size and morphology
of bayerite vary depending on the preparation
conditions. The pH value and sodium aluminate
solution concentration can affect the size and
morphology of bayerite. Furthermore, rod-shaped
and flat-shaped bayerites can be obtained at high
and low pH values, respectively [31]. Therefore,

crystals with rod, conical, and ovoid can be prepared
by adjusting the growth parameters [32,33].

In addition, the alkali ions (K', Na") in the
alkaline solution can affect the crystal morphology
of Al(OH);but have little influence on its twinning
behavior. The difference in the morphology of
the precipitates may be limited by the alkaline
system [34—36]. Generally, the pH value in the
solution after the reaction is commonly inconsistent
and may result in a difference in morphology [37].
Likewise, the concentration of aluminate ions
also influences the formation process and the
morphology of gibbsite and bayerite. Modifying
the concentration of aluminate ions implies
increasing or decreasing driving force and base
concentration, leading to a rapid morphological
of gibbsite and bayerite. Larger
crystals are obtained at higher driving forces
and concentrations of aluminate [26,38,39]. The
synthesis of products in supersaturated aluminate
solutions implies that the crystallographic structure
does not affect the group structure [40].

The growth of gibbsite and bayerite crystals
is influenced by temperature and supersaturation.
At a higher temperature (120 °C), a facile hydro-
thermal method can be used to synthesize gibbsite
nanorods with a high aspect ratio [41]. At a lower
temperature (50 °C), the gibbsite crystals grow
preferentially along [100] direction, resulting in the
formation of hexagonal shapes and aggregation to
form larger particles [25,42]. Bayerite crystals are
predominantly ovoid at 90 °C and exhibit increased
particle size due to agglomeration. Bayerite crystals
are mainly pyramidal and conical at low
temperatures (50 °C), and the nucleation rate of
particles exceeds the growth and agglomeration
rate [30,43]. In both low- and high-supersaturated
solutions, not only rhombic and hexagonal gibbsite
crystals are formed, but other shapes are also
observed. In some cases, these crystals deviate from
the perfect rhombic or hexagonal crystals. As the
degree of supersaturation increases, hexagonal
lamellar gibbsite crystals are formed. The number
of sheets, prisms, and hexagons gibbsite depends on
the degree of supersaturation [44]. Rough side faces
are observed in the higher supersaturations, while
at lower values, lozenges and truncated lozenges
are found [22]. Even small deviations in super-
saturation can result in significant differences in the
shape and size of bayerite. In highly supersaturated

evolution
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solutions, the fast nucleation rate is beneficial to
forming many small particles [45].

In this study, catalysts including NaOH, KOH,
TMG, and TMAH were employed to investigate
mechanism during AlI-H»O reaction. Observations
were made in situ on the generation of bubbles and
the evolution of crystals. The growth mechanism of
Al(OH); crystals was analyzed by calculating the
preferential orientation coefficient and crystallite
size.

2 Experimental

2.1 Materials and methods

200 mL of ultrapure water (with Resistivity
>10°Q-cm) was put into the automatic parallel
reactor, and 5.19 g of NaOH, 7.27 g of KOH,
1493 g of TMG, and 11.82 g of TMAH (molar
ratio of catalyst to aluminum powder is 1:2) were
added to the automatic parallel reactor, respectively.
Then, 7 g of aluminum powder (with Al content
>99.99%) was added when the solution temperature
reached 85 °C. And the focused beam reflectometer
was inserted simultaneously into the solution and
mechanically stirred at 400 r/min. Subsequently, the
reaction proceeded to the end of 120 min to obtain a
white slurry, which was filtered and dried to obtain
a white precipitate for characterization and analysis.

2.2 Electrochemical testing

Open circuit potential (OCP) and Tafel
polarization were measured in NaOH, KOH, TMG,
and TAMH solutions, respectively, with a standard
three-clectrode configuration on the potentiostat
(CHI 760E). The mercury/mercury oxide electrode
(Hg/HgO) was used as the reference electrode,
while a platinum sheet (20 mm x 20 mm) was used
as the counter electrode, and aluminum foil (purity
>99.99%, 20 mm x 20 mm) was used as the
working electrode. Potentiodynamic polarization
was measured at a scan rate of 5 mV/s.

2.3 Characterizations

Aluminum powder reacted with ultrapure
water in the automatic parallel reactor (APR, Easy
Max 402, Mettler Toledo). The reaction in the
solution was observed in real-time by the focused
beam reflectometer (FBR, Particle Track G400,
Mettler Toledo) when inserted into APR, and the

reaction process was recorded by taking photos.
The phases of the precipitates were examined by
X-ray diffraction (XRD, Mini Flex 600, Rigaku)
with Cu K, radiation (1=0.15418 nm) at a scanning
speed of 2 (°)/min. The morphology of the
precipitates was measured by scanning electron
microscope (SEM, Sirion 209, FEI) with an
accelerating voltage of 5 kV. And the morphology,
the patterns of selected area electron diffraction
(SAED), and the high-resolution transmission
electron microscope (HR-TEM) images of the
precipitates were measured by field emission
transmission electron microscopy (FE-TEM, Talos
F200X, FEI) at 200 kV. The functional group of
precipitates was analyzed by Fourier transform
infrared spectrometer (FTIR, Nicolet 6700,
Thermo Fisher). The precipitates and potassium
bromide were mixed and ground in an agate mortar
at a ratio of 1:10, and then the mixed sample was
pressed into a semitranslucent. Moreover, the
resolution of the infrared spectrum was 4 cm™! and
the range was between 4000 and 400 cm™' with an
average of 16 scans. The pH values were measured
by pH meter (PM, S220, Mettler), and samples
were taken at 5 min intervals. The temperature was
measured by a mercury thermometer and recorded
at 30 s intervals. Aluminum ions in solution were
measured by inductively coupled plasma optical
emission spectrometer (ICP-MS, Avio 500, Platinum
Elmer).

The crystallite size of gibbsite and bayerite
with the corresponding faces was calculated by the
Scherrer equation as D=KA/(ficos ). A and 6
represent the X-ray wavelength and Bragg angle,
respectively. S is the peak width of the diffraction
peak profile at the half-maximum height, expressed
in radians. The constant K is related to £ and set to
be 0.89. According to the XRD patterns, the
preferential orientation coefficient (7) (or texture
coefficient) is calculated as follows:

1 I
T(khl) :(Ihkl/li(z)kl )/(NZI%HJ (1)
ki

where [y is the measured intensity of (kkl), and
I}, is the theoretical relative intensity of XRD
reference data (The JCPDS of gibbsite is
No. 70-2038 and that of bayerite is No. 74-1119).
N represents the number of crystal faces, and we
select nine faces with a higher intensity (/) in the
calculation (N=9) [46].
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3 Results and discussion

3.1 In situ observation and analysis in solution
The growth and evolution mechanism of
Al(OH); in AI-H,O reaction were investigated

systematically. The reaction process between
aluminum powder and water was monitored
synchronously according to the detection

information fed back by FBR. Figure 1 shows that
the water strongly reacted with aluminum powder at
the beginning of the reaction (5 min) to generate
many bubbles (hydrogen). The number of bubbles
in the four systems decreased at around 30 min as
the reaction progressed, indicating that the reaction
rate gradually slowed down.

Figure 1(a) shows no bubbles generated after
62 min in the NaOH system. At the same time,
quadrilateral-like particles appeared in the solution.
Furthermore, the particles gradually aggregated and
grew slowly after 75 min. The particles no longer
grew after 103 min, and the overall size changed
little. The morphology of the particles no longer
changed, and they aggregated in the form of small
particles at 120 min. In the KOH system, the
number of bubbles in the solution decreased and
quadrangular particles were generated after 51 min
reaction, as shown in Fig. 1(b). There were no
bubbles and more quadrangular particles occurred
in the solution after 71 min. The particles no longer
grew, and most of them aggregated in the form of a
long quadrilateral in the solution after 100 min. The
morphology of the particles remained unchanged
during this time. Similarly, the TMG system also
generated new particles after 69 min (Fig. 1(c)).
These particles were similar to round bars, and no
bubbles were generated in the solution after 81 min.
The particles no longer grew, but were distributed
in the solution with an irregular rod-like shape after
108 min. A few bubbles and small rod-shaped
particles appeared after 73 min in the TMAH
system (Fig. 1(d)). Many new particles appeared
and no bubbles were generated after 87 min.
Subsequently, the particles gradually agglomerated
after 98 min, and the particles were irregularly
rod-like and distributed in the solution at 120 min.

It is verified by in situ observation that the
catalysts act on the surface of Al powder to destroy
the alumina film, and then Al begins to react with
H,O to produce bubbles (hydrogen). Further, the

reaction degree is evaluated by the generation or
disappearance of the bubbles. The disappearance of
bubbles in the NaOH, KOH, TMAH, and TMG
reaction systems occurs at 62, 51, 69, and 73 min,
respectively. By contrast, the KOH system has
the fastest reaction rate. However, the hydrogen
production rate is independent of the change in
particle size, where the particle in the TMAH
system has a faster growth rate. It is indicated that
the catalysts act on the aluminum surface for
hydrogen production and there have differences in
the growth of AI(OH); particles in different reaction
systems.

The reaction system displayed temperature
changes, starting with an upward trend, followed by
a downward trend, and eventually stabilizing at
the same level as water bath temperature (85 °C),
as shown in Fig. 2(a). An increase in temperature
occurred during the initial stage, for particularly
around 10 min, in which the temperature in the
solution peaked due to the intense reaction process,
which was consistent with FBR observations. The
TMG system demonstrated higher temperatures
during the reaction, reaching up to a maximum of
94.0 °C at 10 min compared to other systems. These
observations illustrate that the AI-H>O reaction in
the solution is more vigorous, and the ability to
destroy the aluminum oxide on the surface of the
aluminum is stronger than in the other systems.
Evidently, Al-H,O reactions in these exothermic
systems generate a significant amount of heat, as
the aluminum reacts with water rapidly after
destroying the film.

Aluminum is an amphoteric metal that can
react with bases or acids. Figure 2(b) displays a
gradual increase in the mass ratio of AlO, during
the reaction. The mass fractions of AlO, in the
NaOH and KOH systems are similar, reaching
0.157% and 0.149% at 120 min, respectively, due to
the comparable chemical properties of these two
reagents. In contrast, the AlO, content in the TMG
and TMAH systems is relatively small, reaching
0.017% and 0.035% at 120 min, respectively.
Although a small amount of aluminum reacts with
these basic reagents during the reaction, the AlO,
content remains below 0.16%, which can be
considered to be negligible. Consequently, these
catalysts do not participate in the AI-H,O reaction.

As known, these four basic reagents are
capable of ionizing OH™ directly in the solution.
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Fig. 1 FBR images of NaOH (a), KOH (b), TMG (c), and TMAH (d) systems during reaction
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Fig. 2 Temperature (a), content of AlO, (b), and pH (¢) in
solution during reaction

Therefore, the amount of these reagents present in
the solution has a positive correlation with the pH
of the solution. The initial pH values in the
reactions reveal that NaOH and KOH solutions
exhibit stronger alkalinity with a pH of 13.08 and
13.07, respectively. In contrast, the TMG and
TMAH solutions have pH values of 12.71 and
12.67, respectively (Fig.2(c)). As the reaction
progresses, the pH of each system decreases and
follows a nearly linear trend. This can be attributed

to a small amount of reagent reacting with
aluminum, which slightly changes the pH values.
Furthermore, the pH difference before and after the
reaction in each system is within 0.62, suggesting
that the four reagents are not consumed much
during the reaction and most of them remain in the
solution.

3.2 Electrochemical testing results during reaction

High-purity aluminum foil was used as the
working electrode for -electrochemical testing,
which can obtain the electrochemical properties of
the foil in different systems and analyze the reaction
rate of the catalyst acting on the aluminum.
Figure 3(a) shows the Tafel plots of the aluminum
foil in different systems, and the extracted
electrochemical parameters are listed in Table 1.
Aluminum foil has the most negative self-corrosion
potential and the smallest self-corrosion current
density in the TMAH system, and the corrosion
current density in the reaction is only 4.82 mA/cm?.
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Q
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Fig. 3 Electrochemical behavior of aluminum foil during
reaction of different systems: (a) Tafel plots; (b) OCP
curves
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Table 1 Corrosion potentials and corrosion current
densities of aluminum foil

Reaction system  @corn(vs Hg/HgO)/V  Jeon/(mA-cm™?)

NaOH -1.377 13.56
KOH —1.359 17.54
™G —1.431 10.87
TMAH —1.461 4.82

This indicates that the TMAH system has the
slowest reaction on the aluminum surface and the
slowest hydrogen production rate in the Al-H,O
reaction. The corrosion potential (@cor) of the
aluminum foil in the TMAH system (—1.461V
(vs Hg/HgO)) is more negative than that in the
KOH system (—1.359 V (vs Hg/HgO)), while the
corrosion current density (Jeor) in the KOH system
is 17.54 mA/cm?. The pH values in NaOH and
KOH solutions are higher than those in TMG and
TMAH solutions, so the OH™ concentrations in the
solutions are higher under the same molar ratio.
Therefore, the corrosion rates of aluminum surfaces
in the TMAH and TMG systems are relatively
slower.

Figure 3(b) shows that the initial values of
OCP for the aluminum foil in the NaOH, KOH,
TMG, and TMAH systems were —1.573, —1.567,
—1.502, and —-1.556 V (vs Hg/HgO), and then
positively shifted to a stable potential at —1.400,
—1.407, —1.368, and —-1.446V (vs Hg/HgO),
respectively. The positive shift of the potential is
caused by the formation of the AI(OH)s layer on the
aluminum surface, and the potential is stable when
the formation of AI(OH); layer and the dissolution
of the aluminum foil are in equilibrium [47].
Therefore, the relative potentials of the Al(OH)3
layer in these systems reach equilibrium after
50 min.

The reaction is the fastest in the KOH system
and the slowest in the TMAH system, which is
consistent with the observation of FBR. This
suggests that the catalysts in these systems differ
in the reaction potential energy acting on the
aluminum surface, which affects the growth pattern
of Al(OH)s.

In short, the effect of the catalyst acting on the
aluminum surface vanishes as bubbles disappear,
implying the reaction of aluminum with water is
OVer.

3.3 Morphology of precipitates

The morphology of the products at different
reaction stages was analyzed using TEM, to unravel
how it evolves as the reaction progresses.
Figure 4(a) shows the evolution of the product
morphology with time in the NaOH system.
Column-like and irregular particles were observed
at 30 min, indicating that the aluminum particles
underwent incomplete reactions. The column-like
particles were further enlarged at 62 min, but some
irregular particles were still present, indicating that
crystal growth was incomplete. There were more
hexagonal prism particles at 75 min, and the length
reached 0.6 um. The system reached a stable state at
103 min, while most of the particles in the system
were hexagonal prismatic and had a length of
0.7 um. The evolution process of the product in the
KOH system is demonstrated in Fig. 4(b). Initially,
after 30 min of the reaction, most of the particles
were irregular and flocculent, with the incomplete
reaction of many aluminum particles. Columnar
particles were formed at 51 min, while more
hexagonal prism particles were formed at 71 min.
However, irregular particles  still
remained and the length reached 0.7 pm. The length
at 100 min was larger than that at 71 min, reaching
1.2 pm, indicating further growth of the particles.
There were irregular flocculent particles enriched in
the TMG reaction system at 30 min (Fig. 4(c)). At
69 min, more rod-like particles with flocs were
observed, suggesting that the reaction was
incomplete. This was followed by an increase in the
number of needle-like particles with a length of
2.3 um at 81 min. At 108 min, the products turned
into fine rods and the particles grew up with a
length of 5.1 um. In Fig. 4(d), it can be seen that
there were more flocculated particles in the TMAH
reaction system at both 30 and 73 min. More
rod-shaped particles were generated at 87 min, with
a length of 2.8 pum, and the particles were mainly in
the form of rods at 98 min, with a length of 3.0 um.

In general, the AI-H>O reaction involves the
formation of irregular-shaped aluminum hydrate
particles, followed by the gradual growth of
aluminum hydroxide crystals.

To compare the morphology of the products in
each system, the precipitates after 120 min reaction
were measured by SEM and TEM. Figures 5 and 6
show the morphologies of the precipitates prepared
by each system. The NaOH system generated

flocculent
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Fig. 4 TEM images of precipitates obtained at different moments in systems of NaOH (a), KOH (b), TMG (c), and
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stacked and aggregated precipitates in block form,
with hexagonal prism particles, as shown in
Figs. 5(a) and 6(a). The KOH system produced
regular prisms, as seen in Fig. 5(b), with long-
hexagonal prism particles, as displayed in Fig. 6(b).
For the TMG system shown in Fig. 5(c), the
precipitates were bar-shaped particles with a
stacked form, while the particles in Fig. 6(c) were
round bar-shaped. The precipitates obtained from
the TMAH system, demonstrated in Fig. 5(d),
mainly consisted of a series of bar-like particles in
chaos, with irregularly bar-shaped particles, as seen
in Fig. 6(d). Thus, it is necessary to conduct a
detailed study on the crystal growth mechanisms for

a better understanding of these differences in
precipitate morphologies.

3.4 Phase and crystal growth habit

An XRD analysis of the products obtained at
different time was performed to investigate the
difference in the phases. Figure 7(a) shows that the
product in the NaOH system is bayerite at 30 min,
while it transforms to gibbsite at 62 min. The
products at 75 and 103 min are gibbsite and remain
as time increases. Bayerite and gibbsite are both of
layered structures, where the cohesion between the
layers is mainly attributed to hydrogen bonding.
Regarding stability, gibbsite is more stable than
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moments

bayerite by approximately 8 kJ/mol [48]. Therefore,
the environment in the system can change its
layers as the reaction progresses, inducing the
transformation to relatively more stable gibbsite.
Figure 7(b) shows that the phases of the products at
30, 51, and 71 min in the KOH system are bayerite
and boehmite, which is attributed to the induction
period that occurs on the surface of the Al particles,
and the AI—O bonds being converted to AI—OH.
Subsequently, the hydrated alumina film is formed
and grows rapidly, generating boehmite (AIOOH)
on the aluminum surface [49]. Boehmite gradually
converts to AI(OH); as the reaction progresses, and
the KOH system also induces the conversion of
bayerite to a relatively stable gibbsite at 100 min.
The phases at 30 min in the TMG (Fig. 7(c))
and TMAH (Fig. 7(d)) systems are bayerite and
boehmite, implying that boehmite is also produced
during the reaction. The peaks of the products in the
two systems are similar after 30 min, and the phases
at 108 and 98 min are both bayerite, suggesting that
bayerite does not change to other phases in these

two systems.

The emergence of boehmite during the initial
reaction of AI-H,O is consistent with the growth
patterns of the aluminum particle [49]. The
environment in the KOH and NaOH systems can
induce bayerite to transform into a relatively more
stable gibbsite, but no such environment exists in
the TMG and TMAH systems. And this difference
could be attributed to the presence of K" and Na" in
the systems [50].

Further characterizations were conducted to
elucidate the growth mechanism. The difference in
the morphology of the precipitates after 120 min
may be associated with different phases. Figure 8
indicates that the peak of the precipitates obtained
from the NaOH and KOH systems is consistent
with gibbsite (JCPDS: 70-2038), while that from
the TMG and TMAH system is consistent with
bayerite (JCPDS: 74-1119). And the preferential
orientation coefficients (7) are calculated by the
XRD spectrum to analyze the growth mechanism of
gibbsite and bayerite, as shown in Fig. 9.
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In general, the slower-growing crystal faces
become the exposed ones as the crystal face with
the preferential growth disappears [46]. The
disappearance of the preferentially growing (110)
face is promoted by the larger values of 7119 and
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T33 in NaOH system (Fig. 9(a)). Once the (110)
face disappears, the (001) and (100) faces promote
the transformation of quadrangular to hexagonal
rhombic. Similarly, the preferential growth of the
(204) and (024) faces leads to the formation of
hexagonal gibbsite crystals with irregular surface
features in the NaOH system.

In contrast, much larger value of 70 promotes
preferential growth on the (100) face in the KOH
system, and long-prismatic particles appear when
the (100) face disappears. The value of Th4 and T330
is smaller than that of T»9 and promotes preferential
growth of the (204) and (330) faces, determining
the growth of the side crystal faces of the gibbsite
and promoting the formation of prismatic crystals.
Ultimately, the rapid growth on the (100) face in
KOH system results in a long-hexagonal prism
particle. Notably, the values of T4 and 7112 in the
KOH system are larger than those in the NaOH
system, and the values of Topz and 7110 in the KOH
system are less than those in the NaOH system. The
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Fig. 9 Preferential orientation coefficients (7) for different faces of gibbsite (a) and bayerite (b), and crystallite sizes of

gibbsite (c) and bayerite (d)
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difference between the values of T is one of the
significant factors affecting particle morphology
even though both of them have the same phase.
Moreover, a common growth model in the gibbsite
crystal growth is a hexagon surrounded by (002),
(110), (200), (101), (112), and (112) faces [51,52].

Each form of bayerite consists of different
proportions of the basal (001) face and the side
(111), (110) faces, and most of the bayerite is
fine rod-shaped or cone-shaped microcrystals [53].
Figure 9(b) shows that Too1, Thio, T33o, and Tin
values are relatively large in the TMG and TMAH
systems, suggesting they align with the crystal
growth mode with bayerite as the basic structure.
Therefore, the (110) and (111) faces of the bayerite
crystal in the TMG system disappear in advance,
and a long bar-shaped structure is formed in the
crystal with the exposure of the (020) and (201)
faces. In contrast, the 71;; and Ti0 values are
relatively small in the TMAH system, resulting in
the slow growth and incomplete disappearance of
the side (111) and (110) faces after the reaction to
retain the bar structure. Moreover, the T131, T2, and
Too1 values in the TMAH system are larger than
those in the TMG system, contributing to the
generation of small irregular particles adhering to
the surface of bar-shaped crystals in the TMAH
system.

Figure 9(c) shows the crystallite
corresponding to the different crystal faces, where
the (024) face and the (331) face have the largest
and the smallest crystallite sizes in the NaOH
system, which are 320 and 122 nm, respectively.
The largest and smallest crystallite sizes in the
KOH system correspond to the (330) face and the
(110) face, which are 386 and 211 nm, respectively.
The crystallite sizes of the corresponding crystal
faces in the NaOH system are generally smaller
than those in the KOH system, revealing that the
growth of the corresponding crystal face in the
NaOH system is significantly slower than that in
the KOH system. The crystallite sizes of bayerite
crystals in the TMG system are smaller than those
in the TMAH system, and the largest value of both
is in the (110) face and the (330) face, reaching 276
and 422 nm, respectively. On the contrary, the
smallest value is in the (330) face and (131) face,
reaching 160 and 224 nm, respectively (Fig. 9(d)).
The crystal growth of the corresponding crystal face
in the TMAH system is faster.

sizes

Therefore, the difference in crystallite size is
also one of the reasons for the difference in crystal
morphology, which explains why the particle
morphology shows differences in solutions at the
same moment during the observation of FBR. This
implies that there is no relationship between the
preferential growth face and the crystallite size
during the growth of A1(OH); crystal.

3.5 Properties of precipitates

Figure 10(a) displays the diffraction spots of
the product obtained in the NaOH system, which
was marked at the axis of [001] for the (110) and
(200) faces, and the lattice fringe of the (200) faces
could be found in the HRTEM image. Similarly,
the products in the KOH system (Fig. 10(b)) were
marked at the axis of [010] for the (200), (204)
and (002) diffraction spots, and the lattice stripe
corresponded to the (200) face. The products in the
TMG system (Fig. 10(c)) have the (111) and (110)
faces corresponding to the [110] axis, and the lattice
stripe in the HRTEM image corresponded to the
(110) face. Figure 10(d) shows that the diffraction
spots corresponding to the TMAH system in the
[010] axis have the (202), (201), and (001) faces,
while the lattice stripe in the HRTEM image
corresponded to the (202) face. The analysis by
SAED and HRTEM reveals that the exposed face in
these systems is consistent with the XRD analysis.
Therefore, the growth trend of the crystal faces is
the main factor that causes the difference in the
morphology of these products.

The FTIR spectra of the products in different
systems were obtained. The peaks within
3400-3700 cm™! are related to the asymmetric
stretching vibrations of hydroxyl, and the peaks at
500—1000 cm™! are related to the AI—O bond [43].
Figure 11(a) shows that the peaks of the products at
different moments in the NaOH system are mainly
free water (1639 and 1328 cm™!), —OH bond, and
Al—O bond [54]. The AI—O bonds at 30 and
62 min were relatively less, while the content of
Al—O bond gradually increased as the reaction
proceeded. The peak for the free water at 1328 cm™!
disappeared at 103 min, implying that the crystals
tended to be more stable. Figure 11(b) suggests that
the products from the KOH system contained
(A1)O—H bonds of boehmite at 30, 51, and 71 min
(at 2975 cm™") [55], and the Al—O bonds of the
product were relatively less at the beginning of the
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reaction (30 min), while there were more Al—O
bonds after 51 min. The peaks in the TMG and
TMAH systems were similar (Figs. 11(c, d)), and
both had the (ADO—H bond (2975cm™!) of
boehmite at 30 min. The Al—O bonds of the
products in both systems changed less after 30 min.
Notably, the products in all four systems produce a
dn,o (free water) peak at 1639 cm™!, which is related
to the structure of Al(OH);. Moreover, the AI—O
bonds of products in the TMG and TMAH systems
are less than those in the NaOH and KOH systems.
The (A)O—H bond indicates the presence of
boehmite in the products, which is consistent with
the phase analysis results.

Subsequently, the FTIR spectra of these
precipitates after 120 min were analyzed to
compare their differences. Figure 12 shows that
peaks around the absorption band of 3620, 3530,
and 3420 cm™' were related to the asymmetric
stretching vibrations of hydroxyl, and the peaks
at 500—-1000 cm™' were related to the Al—O
bond [56]. The bands centered at 542, 639, and
687 cm™! were asymmetric bending vibrations of
Al—O bonds of precipitates in the NaOH and KOH
systems, while the TMG and TMAH systems had
only one asymmetric bending vibration of AI—O
bonds at 681 cm™!. This explains that gibbsite and
bayerite have very similar in-plane lattice structures,
and both of them consist of the same single-layer
component (AI(OH)3), but the different stacking
order results in different hydrogen bonding
configurations [57]. This leads to the peaks of
Al—O bonds having different absorption bands in
gibbsite and bayerite. In particular, the Al—O
bonds of AI(OH); at 500—1000 cm ™! promote the

*H @O0 9Al POO]]
&

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 12 FTIR spectra of products after 120 min

composition of the columnar crystal. The
differences in Al(OH)s crystal structure obtained
in these systems also result in different
morphologies.

The growth mechanism of AI(OH); prepared
with these four catalysts is proposed in Fig. 13. The
oxide film on the aluminum is first destroyed and
removed by the alkaline catalyst, and then the
reaction of aluminum with water leads to the
formation of AI(OH); and hydrogen gas. It has been
observed that the growth trends of each crystal face
of AI(OH); are distinct under these conditions.
The preferential growth face of the gibbsite is
(110) (NaOH) and (100) (KOH). Similarly, the
preferential growth face of bayerite is (110) (TMG
and TMAH). Other faces exhibit different growth
trends that can influence the morphology of
Al(OH)s.
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Fig. 13 Schematic diagram of morphological evolution mechanisms of gibbsite and bayerite
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4 Conclusions

(1) The Al-H,O reaction was carried out
at a molar ratio of 1:2 of catalyst (NaOH, KOH,
TMG, and TMAH) to aluminum powder at 85 °C.
And the disappearance of bubbles in the solution
observed in situ occurred at 62, 51, 69, and 73 min,
respectively. The KOH system has the largest
reaction rate in hydrogen production and the highest
corrosion current density on the aluminum surface,
revealing the highest reaction potential energy
acting on the aluminum surface. The precipitates
after 120 min exhibit hexagonal prisms, long-
hexagonal prisms, long rods, and irregular rods,
respectively.

(2) The reaction products are bayerite or
gibbsite. It is suggested that AI(OH); grows along
with the (110), (001), and (100) faces in the NaOH
system, and the (100), (102), and (110) faces in the
KOH system. The differences in the morphology of
the gibbsite are caused by the different exposure
patterns of the other faces. The AI(OH); crystals in
both TMG and TMAH systems grow along the
(110), (111), and (001) faces, and the generation of
irregularly-shaped particles in the TMAH system is
attributed to the preferential growth of the (131),
(202), and (201) faces. The exposed crystal faces
are confirmed by the HR-TEM image and SAED
pattern.

(3) The larger crystallite size indicates faster
crystal growth of the corresponding crystal face,
and the gibbsite in the KOH systems and bayerite in
the TMAH systems have a larger growth rate on
some crystal faces. The gibbsite has more peaks of
Al—O bonds than the bayerite at 500—1000 cm™!,
promoting the production of columnar crystals.
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