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ABSTRACT: Layered double hydroxides (LDHs), members of a family of two-
dimensional anionic clay with flexibility in composition, have found a wide variety of
applications in industry, including as additives in polymers, as precursors to magnetic
materials, in biology and medicine, in catalysis, and in environmental remediation. A
detailed understanding of the mechanism of the LDH formation should gain deep
insight on the synthetic methodologies of the material and further allow the properties
of the resulting LDH to be tailored to specific applications. Herein, we report a
systematic investigation of the formation mechanism of the typical MgAI-LDH by urea
precipitation method from a magnesium and aluminum precursor salt solution. It is
revealed that, at the first stage of the synthesis, amorphous colloidal hydroxide
aluminum is formed from the aluminum precursor salt solution. Then, the amorphous
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hydroxides are transformed into the crystallites of oxide-hydroxide aluminum boehmite y-AIOOH, accompanying the continuous
incorporation of surrounding Mg2+ into the sheet of the lamellar y-AIOOH, leading to the charge imbalance of the sheet, which
destroys the hydrogen bonds existing between the sheets. Subsequently, the carbonate ions in the solution are intercalated into
the interlayer galleries by an electrostatic interaction for balancing the sheet charge, resulting in an initial LDH phase with
alveolate-like structure. Finally, the main layers stack to build a three-dimensional network with the positive charge being
balanced by the carbonate ions arranged in the hydrated interlayer galleries, and the integrated plate-like structure of LDH is
formed. Throughout the above-mentioned processes, the incorporation of magnesium ions into the sheet of the lamellar
boehmite can play a primary role for the formation of LDH crystallites.
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B INTRODUCTION

Layered double hydroxides (LDHs), also known as hydro-
talcite-like compounds, are a class of layered materials with the
general chemical composition [M**,_ .M** (OH),]-
(A"),ymH,0, where M** and M>' are di- and trivalent
cations, respectively, A"” is an interlayer anion with charge n,
and x is the [M**]/([M**] + [M*]) molar fraction." The
structure of LDHs is best understood by considering brucite,
Mg(OH),, which consists of infinite sheets of edge-sharing
MgOyg octahedra. If the divalent cations are partially substituted
by the trivalent cations, the sheets will have a positive charge.
Simultaneously, appropriate numbers of anions reside in the
hydrated interlayer galleries to balance the positive charge.” A
major advantage of LDHs as functional materials or their
precursors is that their composition is very flexible: the identity
of the di- and trivalent metal ions, their atomic ratio, and the
nature of the interlayer anion can be varied over a wide range
without altering the basic structure of the material. As a result,
LDHs are excellent anion clay materials and find application in
diverse areas such as catalysts or catalyst precursors, anion
exchangers, flame retardants, stabilizers for polymers, and
electroactive and photoactive materials, as well as in the medical
field as antacids and for controlled release.®

An increasing growth of research efforts have been made to
realize systematic control over the structure and morphology of
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inorganic nanocrystals, owing to their potential and promising
applications in a variety of fields.* As a layered material, LDH
crystallites tend to have a smooth platelet morphology, in
which the dimensions of the (typically hexagonal) basal crystal
faces of the platelets are much larger than the thickness (the
lateral crystal faces) of the platelets. Hitherto, various synthesis
strategies and techniques associated with control of particle
size, structure, morphology, crystallinity, and orientation of the
resulting LDH have been developed. For example, the well-
crystallized LDH crystals with large platelets in micrometer
sizes could be obtained by urea or hexamethylenetetramine
hydrolysis in homogeneous precipitation reactions.” A modified
coprecipitation method for stable homogeneous LDH
suspensions with controllable particle sizes has been reported,
which involved a fast coprecipitation of mixed salt solutions and
alkali solutions at room temperature and ambient pressure
followed by hydrothermal post-treatment under controlled
temperature and time.® A narrower particle size distribution for
LDH nanomaterial could be prepared by a discontinuous
method, through a rapid mixing and nucleation in a colloid mill
followed by a separate aging step, compared with conventional
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coprecipitation at constant pH.7 An in-line dispersion—
precipitation method for the preparation of LDH materials
with tunable properties was reported.® This was accomplished
by performing the precipitation in continuous mode using a
vigorously stirred microreactor with in-line pH control at fixed
residence time. Besides, a water-in-oil reverse microemulsion
system has been applied in the LDH synthesis with unique
morphologies.” The adopted system is the reverse micro-
emusion of sodium docecylsulfate—water isooctane with water/
surfactant molar ratio of 24. Additionally, the effects of some
synthesis parameters on the LDH crystallinity have been
investigated. For example, the influence of the pH values in the
course of synthesis on the properties of MgAI-LDH by
coprecipitation was already discussed.'® It was shown that the
best result for obtaining LDH of a given cationic composition
was at pH values ranging from 10 to 13.2.

Despite the above-mentioned achievements made for the
controllable preparation of LDH, few reports had been focused
on the formation mechanism of the material.'*'" According to
the literature, a rough two-stage formation process was
commonly proposed for the synthesis of MgAI-LDH by
coprecipitation:'*'""™ the first stage corresponds to the
formation of aluminum hydroxide or hydrous oxide in the
presence of excess AI**, followed by the formation of LDH
from aluminum hydr(ous)oxide in the presence of excess Mg**.
Nevertheless, at the second stage, the crystallization of LDH
occurring by means of the diffusing of aluminum atoms into the
magnesium hydroxide structure''® or through the incorporation
of magnesium continuously into an Al-rich LDH-type
phase®!™®@ has not been thoroughly revealed at present. In
spite of these efforts to understand the LDH evolution process,
research has not been able to gain adequate and direct
information to clearly reveal the formation process, such as the
evolution of particle morphology, phase composition, and
structure during the whole process.

In this work, we report a systematic investigation of the
formation mechanism of MgAI-LDH in carbonate form, which
is the most commonly studied hydrotalcite-like material, by
using high resolution transmission electron microscopy
(HRTEM) combined with selected area electron diffraction
(SAED), field emission scanning electron microscopy
(FESEM), X-ray diffraction (XRD), Fourier transform infrared
(FT-IR), X-ray photoelectron spectroscopy (XPS), and
inductively coupled plasma emission spectrometry (ICP-ES)
measurements. For the purpose of monitoring the whole
process of LDH formation, especially gaining the more detailed
information about the early stage of the reaction, MgAl-LDH
was synthesized by urea precipitation method from homoge-
neous solution using the temperature-controlled hydrolysis of
urea, which gives the required gradual increases in both pH and
concentration of carbonate ions.>* The mechanism of LDH
formation is discussed based on the characterization results of
specimens. We hope that our detailed understanding of the
nucleation and growth of LDH crystallites will be of
considerable importance for gaining deep insight on the
synthetic methodologies of the material and will further allow
the properties of the resulting LDH to be tailored to specific
applications.

B EXPERIMENTAL SECTION

Preparation of MgAI-LDH (Experiment I). The synthetic
method for MgAl-LDH was used as previously described by
Costantino and co-workers.>* To slow the nucleation rate to gain
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more detailed information about the early stage of the reaction, the
method with changed parameters, such as reaction time, metal salt
concentrations, urea amount, and the final ratio of urea/(M**+M°>*)
were employed. All reagents were analytical grade without further
purification. The melt salt was prepared by mixing 29.9 g of
magnesium nitrate hexahydrate and 21.9 g of aluminum nitrate
nonahydrate with 100 mL of deionized water, followed by dissolving
27.3 g of urea into 100 mL of deionized water in another beaker. The
two solutions were put into a supersonic cleaner until they all became
clear, and then they were added into a three-neck flask under
continuous stirring and refluxing. An additional 150 mL of deionized
water was also added simultaneously. The flask was soaked in a water
bath previously heated to 90 °C. The final concentrations of the melt
salt were [Mg®* + AI**] = 0.5 mol/L, Mg**/AP** = 2.0, and urea/[Mg**
+ AI¥*] = 2.5 in the solution that was used. The initial reaction time
was recorded as O h when the mixed solution became turbid.
Afterward, the reaction was stopped at different times. The final
specimens were designated as LDH(x), where x stands for reaction
time in hours after the solution became turbid. The samples were
washed repeatedly with anhydrous ethyl alcohol, followed by freeze
preservation in a refrigerator.

Preparation of MgAI-LDH by Adding a Magnesium
Precursor (Experiment Il). The experiment was first conducted
by stirring 400 mL of a mixed solution of aluminum nitrate
nonahydrate (ca. 31.3 g) and urea (ca. 37.5 g) at 90 °C. The initial
reaction time was recorded as 0 h when the mixed solution became
turbid, after about 6.5 h. Samples (50 mL) were taken at different
reaction times: O h, 4 h, 8 h, 24 h, and 48 h (designated as AU(x),
where x stands for reaction time in hours). The supernatant of the
first-time centrifugal AU(48) sample was collected for further ICP
detection. After the reaction time of 48 h, 150 mL of a solution of
magnesium nitrate hexahydrate (ca. 12.8 g) was added. The
concentration ratio of urea/Al/Mg was approximately the same as in
experiment I. Then, samples were taken after reaction times of 16 h, 24
h, 48 h, and 72 h (designated as AU-M(16), AU-M(24), AU-M(48),
and AU-M(72), respectively), with a capacity of SO mL. All samples
were washed several times with deionized water and anhydrous ethyl
alcohol and dried in an oven at 90 °C overnight.

Characterization. XRD patterns of the prepared samples were
recorded on a Shimadzu XRD-6000 power diffractometer using Cu Ka
radiation (1 = 1.5418 A) at 40 kV and 30 mA in the 26 range of 3—70°
with a scanning rate of 0.2°/min. FT-IR spectra of samples were
collected in KBr pellets on a Bruker Vector-22 Fourier transformation
infrared spectroscope in reflectance mode, at the range of 400—4000
cm™, with a resolution of 2 cm™. Elemental analysis of the samples
was performed using a Shimadzu ICPs-7500 inductively coupled
plasma emission spectrometer. The samples for ICP were prepared by
dissolving the as-prepared products in dilute hydrochloric acid (1:1) at
room temperature. The C, H, and N contents were determined using a
varioEL cube V2.0.1 elemental analyzer. The morphology of the
samples was analyzed by FESEM, using a JEOL JSM-7001F
microscope equipped with a GENESIS III energy dispersive X-ray
(EDX) spectrometer operating at 20.0 kV. The composition data
obtained by EDX analyses referred to metal atoms only; all other
atoms were omitted. A software program automatically processed the
signals from the backscattered electron detector. The samples for
FESEM were prepared by suspension of the powders in ethanol and
ultrasonication for 0.5 h. A drop of the resulting suspension was
dropped onto the single-crystal silicon wafer and then coated with Au
to act as conductive film in order to reducing the beam charging. TEM
and HRTEM images and SAED patterns were obtained on a JEOL
JEM-2100 transmission electron microscope, operating at an
accelerating voltage of 200.0 kV. The samples for TEM were prepared
as follows: the powders with different reaction times were suspended
in ethanol and ultrasonicated for 0.5 h. A drop of the resulting
suspension was then deposited onto the TEM sample stage coated
with commercially available amorphous holey-film carbon-coated
copper grid. XPS measurements were recorded on an ESCALAB
250 X-ray photoelectron spectrometer, operating at a typical pressure
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of about 2 X 107° Pa using Al Ka X-rays as the excitation source
(1486.6 kV) in 0.05 eV energy step size.

B RESULTS AND DISCUSSION

MgAI-LDH was synthesized by urea precipitation method from
homogeneous solution using the temperature-controlled
hydrolysis of urea. When the reaction solution turned into a
transparent milk-white colloidal after the addition of the
magnesium and aluminum precursor salt solution into a three-
neck flask for 4.5 h, the reaction time was recorded as 0 h. The
long time for the first precipitation is because the thermal
activation of urea decomposition at ambient pressure requires a
long reaction time.'” The XRD patterns of the specimens after
different reaction times are shown in Figure 1. The diffraction
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Figure 1. XRD patterns of MgAI-LDH samples prepared with different
reaction times.

pattern of LDH(0) (Figure la) displays broad peaks centered
at 20 positions characteristic of amorphous pseudoboehmite
aluminum hydroxide gel.'”> When the reaction time was
extended beyond 8 h, weak diffraction peaks characteristic of
LDH begin to appear, as seen in Figure 1d."* When the
hydrothermal treatment was increased from 8 to 20 h, the
diffraction peaks of LDH gradually become sharper, indicating
that the crystallinity of LDH increases with increasing reaction
time. It is thought that better resolved diffraction lines of the
LDH will appear when the reaction time is extended beyond 20
h.

The morphologies of the resulting samples were examined by
SEM and TEM techniques. The SEM images of LDH(0) and
LDH(2) show the agglomerates of amorphous gel particles
with multifarious shapes as well (Figure 2a and b), which is in
good agreement with the XRD results (Figure la and b). After
hydrothermal treatment for another 2 h, it is interesting to see
in Figure 2c that alveolate-like particles appear in LDH(4),
which is not revealed in the LDH crystallization process by
previous reports. More SEM images of LDH(4) sample
particles are given in Figure S1 in the Supporting Information.
It can be seen that all the particles have the rounded alveolate-
like structure. The high magnification SEM image of LDH(4)
shows that numerous nanoflakes curve from the surface of the
particle (Figure 2c’). When the duration of reaction was further
prolonged, a large number of particles with plate-like
morphology appear in the SEM images, which are character-
istics of plate-like LDH crystalline (Figure 2d, e, and f). Besides,
the particle size increases gradually with the reaction time.
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Figure 2. SEM images of MgAl-LDH samples with different reaction
times: (a) O h, (b) 2 h, (c) 4 h, (d) 8 h, (e) 16 h, (f) 20 h. High
magnification SEM images of the samples: (c), (d), (¢), and (f),
respectively.

These results coincide with those of the XRD patterns, which
show the diffraction peaks of LDH for the samples with
hydrothermal treatment times longer than 8 h, and the
crystallinity of LDH increases with increasing reaction time.
It can be clearly seen from the high magnification images
(Figure 2d'e’, and f) that the plate-like LDH is ultrathin and
curled, which is attributed to the small molar ratio of urea/
[Mg**+AI**] and short crystallization time employed. The EDX
and ICP results were both plotted as a function of reaction
time, given in Figure 3. It is apparent from the ICP results that,
at the early stage of the crystallization, the content of Mg in the
specimens is very little. As time goes on, the Mg/Al ratio first
increases very slowly and then undergoes a quick rise after the
reaction time exceeds 8 h. The same trend is also demonstrated
through the EDX curve. The Mg/Al ratio of LDH(4) is about
0.20, but it increases to 1.60 in LDH(72). It is noted that the
value of the Mg/Al ratio obtained from the bulk chemical
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Figure 3. Evolution of the Mg/Al molar ratio, examined by ICP (the
left y-axis) and EDX (the right y-axis), for MgAl-LDH samples
prepared with different reaction times.

composition determined by ICP analyses is much lower than
that obtained with EDX detection. The reason for this
difference is that ICP determination requires all of sample to
be transferred into a liquid phase and inspects all of the metal
content while EDX detection measures the selected area on a
single LDH particle with a sampled depth of approximately 1—
3 ﬂm.ls Moreover, the Mg/Al ratio of the final sample
LDH(72) (1.60) is lower than the predicted ratio of 2.0 from
the synthesis solution. The urea homogeneous precipitation
method is not indicated for the preparation of MgAl-LDH with
low charge density, but it allows the preparation of compounds
with high charge density, which is not easily obtainable with the
other proposed procedures.> This also means that MgAl-LDH
with a Mg/Al ratio less than 2.0 (so-called Al-rich LDH) is
often obtained by this method. Coupled with the ICP and EDX
results, we can conclude that the absorbed Mg2+ ions were
gradually incorporated into the pseudoboehmite specimen to
fabricate LDH, while a quantity of this amorphous aluminum
still exists in all samples but with a progressive decrease in
content.

TEM images of the LDH(2) and LDH(8) samples are
shown in Figure 4. Figure 4a indicates that there is an
amorphous phase in the LDH(2) sample, which is in good

Figure 4. TEM images of MgAI-LDH samples: (a) LDH(2) and (b)
LDH(8). (c) High-magnification view of (b). (d) HRTEM image of
(b) with an inserted corresponding SAED pattern.
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agreement with the XRD examination (Figure 1b). The
particles of LDH(8) possess the plate-like hexagonal crystal
habit (Figure 2d). Particles that are oriented perpendicular to
the plane of the sample stage for the TEM examination are seen
as dark lines (Figure 4d). Meanwhile, the sharp contrasts
among the dark lines of these plates and the faded area
underneath confirm that there are still amorphous specimens
exiting in the LDH(8) sample. Further evidence of the
appearance of LDH crystalline phase was given by HRTEM
image and the corresponding SAED pattern (Figure 4d). The
lattice fringes of (101) planes with a lattice gap of 0.270 nm and
an amorphous phase (designated by white arrows) can both be
demonstrated (Figure 4d). In addition, periodic diffraction
concentric rings verify the polycrystalline nature of the sample
by the SAED pattern (inserted in Figure 4d): the two rings can
be attributed to the (110) and (2011) crystal planes of LDH,
according to JCPDS PDF No. 890460. Also, it is obvious that
the lattice fringe and the diffraction spots are relatively weak, as
a result of the short crystallization time. It is worth mentioning
that numerous tiny nanoparticles are distributed on the whole
surface of the samples (Figure 4c). These tiny nanoparticles
would be the initial crystal nuclei at the early crystallization
stage for the growth of LDH crystalline; the process is then
thermodynamically further driven toward crystallization of
those tiny nanoparticles with an increase in the reaction time;
and thus, the irreversible aggregation of these randomly moving
nanoparticles results in the self-clustering growth and formation
of LDH hierarchical architectures.

To get better evidence of the LDH formation process, FT-
IR, CHN elemental analysis, and XPS investigations were also
employed. The FT-IR spectra show that, at the initial
crystallization stage (Figure Sa—d), the resulting aluminum
hydrous(oxide) contains an intense adsorption band around
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1
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Figure 5. FT-IR spectra of MgAI-LDH samples prepared with

different reaction times.

1384 cm™.'S which is ascribed to the symmetric stretching
mode of the nitrate ions. Then, the absorption band of
carbonate ions at 1354 m™! appears'® (Figure Se—i), verifying
that the NO;™ ions are progressively replaced by the CO,*~
ions. When the reaction time is beyond 20 h, the carbonate
absorption band is much more obvious and the intensity of the
nitrate ions reduces gradually (Figure Sh and i). The CHN
elemental analysis results are 2.682% N, 0.50% C, 4.175% H for
LDH(0) and 0.741% N, 1.71% C, 4.423% H for LDH(20). The
mass fraction changes between N and C atoms are consistent
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with the FT-IR results. Furthermore, the total mass fraction of
N and C atoms in LDH(0) (3.182%) is much higher than that
in LDH(20) (2.451%), which is probably because of the mass
absorptive NO;™ ions on the surface of amorphous aluminum
hydroxide.

The XPS spectra of Mg 1s and Al 2p for the MgAl-LDH
specimens prepared with different reaction times were given in
Figure 6. We can recognize that at the early crystallization stage
(specimens prepared with reaction times 0 h, 2 h, and 4 h), the
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Figure 7. XRD patterns of the samples prepared using only
AI(NO;);-9H,0 and urea as raw materials, with different reaction
times: (a) AU(0), (b) AU(4), (c) AU(8), (d) AU(24), and (e)
AU(48). Then, Mg(NO;),-6H,0 was added after a reaction time of 48
h, and the samples were obtained after additional reaction times: (f)
AU-M(16), (g) AU-M(24), (h) AU-M(48), and (i) AU-M(72).
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Figure 6. XPS spectra of Mg 1s (a) and Al 2p (b) for MgAl-LDH
samples prepared with different reaction times.

binding energies of Mg 1s are approximately in the same region
(Figure 6a). At the later stage, the binding energies of the two
specimens prepared with reaction times of 16 and 20 h are
similar and both shifted to the lower values. The XPS spectra of
Al 2p show the same trend (Figure 6b). We conclude that the
electronic atmosphere of Mg and Al atoms is changed
dramatically when expanding the reaction time from 4 to 8 h,
which is caused by the incorporation of Mg®" in the
pseudoboehmite aluminum gel. It is revealed that the structure
of MgAI-LDH consists of infinite sheets of edge-sharing MgO
or AlO4 octahedra.'® Thus, after the Mg*" ions in the reaction
solution are incorporated into the sheets forming MgOq
octahedral, the binding energy can be shifted to lower region
as the crystallinity and electron cloud density surrounding the
magnesium nuclei increase. Meanwhile, the binding energy of
Al 2p is also shifted to lower values for the Mg** ions that were
introduced to the aluminum hydroxide during this period,
probably by Mg** substituting A" of the AlO4 octahedra to
destroy the Al-O—Al and reform Al-O—Mg bond, which
leads to the reinforcement of the electron cloud density of
aluminum nuclei and/or by Mg’* entering the octahedral
vacancy, which is caused by the close interaction of adjacent
AlOg octahedra.'”

We carried out an additional experiment to further verify the
evolution process of LDH formation (experiment II). The
experiment was first conducted by stirring the mixed solution of
aluminum nitrate nonahydrate and urea for about 6.5 h before
the solution became turbid (indexed as 0 h). The XRD patterns
of samples taken at different reaction times are shown in Figure
7. An amorphous phase can be identified at the early stage
(Figure 7a—c). With the reaction time of 24 h, obvious
diffraction peaks of boehmite'® (JCPDS PDF No. 832384) can
be detected (Figure 7d). After a prolonged reaction time of 48
h, increases in the intensities of the XRD peaks are observed
(Figure 7e). The aluminum content, measured by ICP, in the
supernatant of the first-time centrifugal AU(48) sample is 0.3
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pug/mL, which is a very minute amount of aluminum compared
to the starting aluminum concentration (4.5 X 10° pg/mL),
indicating that almost all aluminum ions are converted into the
boehmite phase. Then, magnesium nitrate hexahydrate was
added to the reaction system with the same concentration ratio
of urea/Al/Mg as that of experiment I It is obvious that LDH
diffraction peaks appear after an additional reaction time of 16
h (Figure 7f). Moreover, increasing the reaction time can lead
to a gradual increase in the intensity of the LDH phase and a
simultaneous progressive decrease of the boehmite phase
(Figure 7g—i), demonstrating that the as-formed boehmite
phase is transformed into LDH phase.

SEM of Figure 8a shows that when the reaction solution
became turbid after mixing a solution of aluminum nitrate
nonahydrate and urea for about 6.5 h, there are substantial

Figure 8. SEM images of samples: (a) AU(0), (b) AU(48), (c) AU-
M(24 h), and (d) AU-M(48 h). The sample labels are the same as in
Figure 7.

amorphous aggregates in the AU(0) sample. In Figure 8b,
boehmite particles with narrow lamellar morphology appear in
the AU(48) sample, after a reaction time of 48 h, without

adding the magnesium nitrate precursor. After adding
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magnesium nitrate, both lamellar boehmite and plate-like LDH
crystallites exist (Figure 8c and d). Moreover, the amount of
plate-like LDH rises with the reaction time increase. Thus, we
conclude that the LDH crystallites are formed through the
consuming of the as-formed boehmite.

FT-IR spectra of samples were provided in Figure 9. For the
five samples prepared without the addition of magnesium
nitrate precursor, an intense adsorption band around 1384
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Figure 9. FT-IR spectra of samples (A). (B) the magnifying FT-IR
spectra from 1200 cm™ to 2400 cm™". The sample labels are the same
as in Figure 7.

em ™! appears,'® which is ascribed to the symmetric stretching
mode of NO;™ ions existing in amorphous hydroxide aluminum
AU(0), AU(4), AU(8), and boehmite AU(24) and AU(48).
What attracts our attention is that the intense band at 1384
cm™" gradually disappears after the addition of magnesium
nitrate. Instead, the absorption band of CO;*” ions at 1356
cm™ presents16 for the series of AU-M samples, which verifies
that NO;™ ions are progressively replaced by CO5>~ ions.
According to the literature, the formation process of LDH
crystallites by coprecipitation can be divided roughly into two
stages:lo’ub_d the first stage corresponds to the formation of
aluminum hydroxide or hydrous oxide in the presence of excess
A, followed by the formation of LDH from aluminum
hydr(ous)oxide in the presence of excess Mg’*. Based on the
above evaluation process and the previous findings of other
groups, we propose a detailed formation mechanism of LDH
structure (Figure 10). At the very beginning of crystallization,
because the precipitation pH of AI** is lower than that of
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Figure 10. Schematic illustration of a proposed crystal evolution
process of LDH.

Mg?*,"® sequential hydrolysis and polycondensation of AI** and
urea kinetically favor the precipitation of amorphous aluminum
hydroxide with featureless morphology. Meanwhile, NO;™ and
a small quantity of Mg®* ions are absorbed on the surface (step
1). These aluminum hydroxide particles further gradually
collect into sphere-like aggregates. Simultaneously, an in situ
phase transformation from amorphous aluminum to lamellar
boehmite occurs, forming numerous nanoflakes on the surface
of the spherical particles and thus leading to an alveolate-like
structure (step 2). In this stage, we note that NO;™ and a larger
quantity of Mg®* ions are absorbed on the surface of these
alveolate-like particles. In the next step, the incorporation of the
surface-absorbed Mg*" into the sheet of the lamellar boehmite
occurs subsequently, which leads to the unbalance of the sheet
charge and destroys the interlamellar hydrogen bonds;
therefore, carbonate ions are intercalated into the interlayer
to balance the charge and the stacking of sheets begins to form
layered structure (step 3). The literature has reported the
crystallization of LDH occurring by means of the diffusing of
aluminum atoms into the magnesium hydroxide structure,''
while others regard it through the incorporation of magnesium
continuously into an Al-rich LDH-type phase.'”"'™! The
crystallization process has not been thoroughly revealed at
present. According to our above systematic investigation, we
obtain the direct information to clearly reveal the incorporating
of surface-absorbed Mg®" into the sheet of the lamellar
boehmite.

It was shown that the abilities of anions to bind with LDH
vary considerably, with the affinity decreasing in the order of
CO* > SO,>” > OH™ > F~ > CI” > Br™ > NO,~,'** by
comparing their banding energies between the metal hydroxide
layers and interlayer anions. The carbonate ion has the largest
binding energy among the above inorganic ions; thus, it is the
easiest to be intercalated into the gallery between the main
layers. As in the coexisting system of nitrate and carbonate ions,
nitrate ions are less likely to be intercalated into the interlayer.
The pH value of the synthesizing solution is also an important
aspect to influence the sort of the charge balancing anion in the
LDH interlayer space. In the literature, the synthesis of ZnAl-
LDHs, with nitrate as the interlayer anion under low pH value,
also with short reaction time or high NO;™/urea molar ratio,
using the urea method, was reported.”’ There were also reports
in the literature that, at the very beginning of the reaction for
ZnAl-LDHs system, zinc specimens containing the final
intercalated anions for LDHs were formed first, rather than
aluminum hydroxide.'”*** This was opposite to the MgAl-LDH
system, through which, usually, only carbonate containing
MgAI-LDH could be synthesized by this method.>*~%** This
discrepancy is acceptable if we agree with the concept expressed
by Walter™* that each LDH material requires its own procedure
to be obtained in the best way. Hitherto, the multiple
nucleation of LDH has been achieved on the surface,
generating crystalline particles. These small crystalline particles
extend on the spherical surface, fuse together, and adjust their
orientations, thus forming hexagonal plate-like LDH. The
crystallization and growth of LDH crystallites occurs from the
exterior to the interior of the aggregates (step 4), and finally, an
integrated and perfect hexagonal LDH is formed (step S).

In short, the entire evolution process is the result of urea
hydrolysis, precipitation of aluminum hydroxide, phase trans-
formation of amorphous aluminum hydroxide, incorporation of
magnesium ions, intercalation of carbonate ions, stacking of the
sheets, and the growth by repining of LDH. Among the above-
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mentioned processes, the incorporation of magnesium ions into
the sheet of the lamellar boehmite can play a primary role for
the formation of LDH crystallites.

B CONCLUSIONS

In summary, we systematically investigate the evolution process
of the LDH formed by coprecipitation with aqueous solution of
aluminum salts, magnesium salts, and urea. The as-synthesized
samples are characterized by using HRTEM combined with
SAED, FESEM, XRD, FT-IR, and XPS measurements. A five-
step evolution process is proposed according to the whole
experimental results associated with the previous findings of
other groups, which is the result of urea hydrolysis,
precipitation of aluminum hydroxide, phase transformation of
amorphous aluminum hydroxide, incorporation of magnesium
ions, intercalation of carbonate ions, stacking of the sheets, and
the growth by repining of LDH. It is worthy noting that we
obtain the direct information to clearly reveal the incorporating
of the surface-absorbed Mg®" into the sheet of the lamellar
boehmite and the subsequent stacking of layers into LDH
phase. We hope that this process strategy could favor a further
understanding and insight on the synthetic methodologies of
LDH materials.
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