
ARTICLE IN PRESS
0022-4596/$ - se

doi:10.1016/j.jss

�Correspond
��Also to be

E-mail addr

hehp@gig.ac.cn
Journal of Solid State Chemistry 179 (2006) 708–715

www.elsevier.com/locate/jssc
Synthesis and characterization of layered double hydroxides
with a high aspect ratio

Qi Taoa,b, Yuanming Zhanga,�, Xiang Zhanga, Peng Yuanb, Hongping Heb,��

aDepartment of Chemistry, Institute of Nano-Chemistry, Jinan University, Guangzhou 510632, China
bGuangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China

Received 17 September 2005; received in revised form 10 November 2005; accepted 20 November 2005

Available online 27 December 2005
Abstract

A new route for synthesis of Mg/Al layered double hydroxide (Mg6Al2(OH)16(CO3) � 4H2O) has been introduced, which can be

considered as a modified calcination-rehydration method. Under the hydrothermal conditions, LDHs with a high aspect ratio were

synthesized and characterized by inductively coupled plasma-atom emission spectrometer (ICP-AES), X-ray diffraction (XRD), Fourier-

transform infrared spectroscopy (FTIR), thermal measurement (TG-DTG) and scanning electron microscopy (SEM). XRD patterns

display the crystalline enhanced with the increase of hydrothermal temperature and aging time. TG-DTG curves show the more stable

LDHs were synthesized at higher temperature. SEM images indicate the lateral size of the synthesized LDHs locates at ca. 1–6mm and

the thickness at ca. 35–60 nm. And the particle size depends strongly on the treatment temperature and aging time. A buffer solution

consisted of HCO3
� and CO3

2� keeps the pH of reaction system in a certain range and offers a low supersaturated reaction circumstance.

This is of high importance for the formation of LDHs with a high aspect ratio.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Layered double hydroxides (LDHs), also known as
hydrotalcite-like compounds or anionic clays, have been
investigated as potential materials for adsorbents [1,2], ion-
exchangers [3,4], pharmaceutics [5,6], catalysts or catalyst
supports [7–9]. The structure of LDHs is similar to that
of brucite, Mg(OH)2, and the general formula can be
expressed as

½M2þ
1�xM3þ

x ðOHÞ2ðA
n�Þx=n� �mH2O;

where M2+ and M3+ are divalent and trivalent cations,
respectively. These cations occupy octahedral positions in
the hydroxide layer with excessive positive charges. The net
positive charge is counterbalanced by the exchangeable
interlayer anions, An�. The stability of the structure is
e front matter r 2005 Elsevier Inc. All rights reserved.
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provided by the hydrogen bonds between the hydroxyl
groups of octahedral sheets and the intercalated species,
anions and water molecules [7].
So far, four different methods have been mainly used

to synthesize LDHs, i.e. co-precipitation [10–12], ion-
exchange [13,14], calcination-rehydration (reconstruction
method) [15–17], and hydrothermal method [18–25]. Ion-
exchange method is mainly used for synthesizing LDHs
with polyanions [13] or organic anions [14] in the interlayer
space. Generally, the LDHs, prepared by the other three
routes, contain inorganic anions in the interlayer space.
Co-precipitation method is the most widely used method

to synthesize LDHs, in which the mixed alkali soda
solution is added to a mixed salt solution and the resultant
slurry is aged at a desired temperature. In this case, LDHs
always contain a certain amount of CO3

2�, due to the
dissolved CO2 in water and exposure of the resultant slurry
in the air, and the particle size is difficult to be controlled
[17,20]. However, the above-mentioned disadvantages can
be overcome when calcination-rehydration method is used.
In this case, the property of LDHs, ‘‘structure memory

www.elsevier.com/locate/jssc
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effect’’, is used to avoid the anionic impurities entering into
the interlayer and, to some extent, the distribution of
particle size is easy to be controlled [17]. Previous studies
[19,21–25] demonstrated that hydrothermal treatments
could generally enhance the crystallinity of the resultant
LDHs and particle size, which has attracted great interest
in the synthesis and application of LDHs. Followed by a
hydrothermal treatment with an autogenous vapor pres-
sure, the LDHs prepared from co-precipitation changed its
configuration from small patches to big flakes [22]. Miyata
[23] reported that the synthesis temperature had a strong
effect on crystallite size of LDHs, i.e. crystallite size of
LDHs increases with the increase of the temperature from
room temperature to 180 1C but decreases above 200 1C.
Oh et al. [24] and Kovanda et al. [25] conducted the
synthesis experiments under different conditions (e.g. aging
time, reaction temperature and concentrations) to deter-
mine the key parameters affecting the particle size of
LDHs. Recently, Xu and Lu [26] synthesized LDHs
with a big lateral dimension (in micrometer scale) and
different anions from a mixture of MgO and Al2O3 under
hydrothermal conditions.

In this work, a modified method was designed to
synthesize LDHs on the basis of the three aforementioned
methods (co-precipitation, calcination-rehydration and
hydrothermal). LDHs with a high aspect ratio (defined as
particle diameter/thickness) were synthesized by rehydro-
lysis of the calcined precursors that were prepared from co-
precipitation under hydrothermal conditions. They were
characterized by X-ray diffraction (XRD), Fourier-trans-
form infrared spectroscopy (FTIR), thermogravimetric
measurement (TG), and scanning electron microscopy
(SEM). Compared to that reported by Xu and Lu [26],
the synthesized LDHs display much purer phase and
higher aspect ratio. Due to the potential application of
such a micrometer scale material as functional coatings and
membranes in industry [27,28], it is of high importance to
find a general synthesis method to tailor the material
morphology and the particle size.
2. Experimental section

2.1. Synthesis and calcination of the original hydrotalcite

(MgAl–CO3)

The original hydrotalcites were prepared by co-precipi-
tation as described by Miyata [10]. About 38.463 g of
Mg(NO3)2 � 6H2O and 18.762 g of Al(NO3)3 � 9H2O with a
molar ratio of 2:1 (Mg2+/Al3+) were dissolved in 180ml
deionized water (referred as Solution A). About 13.64 g
NaOH and 11.31 g Na2CO3 were dissolved in 80ml
deioned water (referred as Solution B). At room tempera-
ture, Solution B was dropped to Solution A with vigorous
stirring, maintaining the pH value of the mixture at ca. 10.
The resultant slurry was filtered, washed with deionized
water, and dried at 80 1C in an oven.
Calcined sample (marked as S0) was obtained by
calcining MgAl–CO3 in a muffle furnace at 500 1C for
4 h. The calcined product was ground and stored in a
desiccator.

2.2. Rehydrolysis of the calcined product under

hydrothermal conditions

Rehydrolysis of the calcined product was performed as
follows: 0.210 g S0 and 0.126 g NaHCO3 were added to 20
and 60ml of deionized water, respectively (referred as
Series A and B). They were dispersed by ultrasonic for
20min, and the mixture was shifted to an autoclave for a
hydrothermal treatment at 110, 140, 160, 180, 200 1C for
12, 24, 36, 48, 72 h, respectively. The samples were marked
as SM–T–t, where M stands for Series A or B, T for reaction
temperature and t for reaction time. All samples were dried
at 80 1C in the oven before property analysis. SB–160–36, for
example, presents that sample was prepared at the
following reaction condition: 0.210 g S0 and 0.126 g
NaHCO3 were added to 60ml of deionized water and
were shifted to an autoclave for a hydrothermal treatment
at 160 1C for 36 h.

2.3. Characterization

Powder XRD patterns were recorded using a MSML
XD-2 instrument (Beijing, China). The Cu Ka (l ¼ 1.5418,
Ni monochromator) radiation was applied at 40 kV and
20mA with a beam slit DS ¼ SS ¼ 1mm, RS ¼ 0.30mm.
The samples were measured in the range of 5–751 (2y) with
a speed of 81min�1. FTIR spectra were obtained on a
Equinox55 infrared spectroscopy (Bruker, Germany) using
KBr pellet technique in the range of 400–4000 cm–1 with a
resolution of 4 cm�1. Thermal gravimetric analyses and
differential thermal analyses (TG-DTA) of samples were
recorded on a ZRY-2P comprehensive thermobalance
(Shanghai, China) at 50–850 1C with a heating ratio of
5 1Cmin�1 under air atmosphere. The morphology ob-
servation was conducted on a XL-30ESEM scanning
electron microscope (Philips, Holland). The compositions
of samples were measured by Optima 2000DV ICP-AES
(Perkin-Elmer Co., America).

3. Results and discussion

3.1. Composition, structure and thermal property

The contents of Mg and Al in the resultant LDHs are
shown in Table 1, determined by ICP-AES.
The molar ratios of Mg2+/Al3+ in products are located

at 3.00–3.54, similar to that of their precursor, 3.20. This
reflects that the rehydrolysis under hydrothermal condi-
tions have little influence on the chemical composition of
the resultant LDHs.
The XRD patterns for the samples prepared by

co-precipitation and their calcined products are shown in
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Table 1

Properties of the samples selected

Sample Mg (wt%) Al (wt%) The molar ratios of Mg2+/Al3+ d003 (nm) Intensity of d003 (Cps)

S0 22.17 7.70 3.20 — —

SA–110–12 23.60 7.40 3.54 0.793 2373

SB–110–12 24.34 8.92 3.03 0.787 2465

SB–140–24 21.43 7.61 3.13 0.785 3667

SB–160–36 28.24 10.45 3.00 0.776 5709

SB–180–48 37.88 13.45 3.13 0.782 7574

SB–200–72 27.28 9.33 3.25 0.783 6267
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Fig. 1. The XRD patterns of LDHs synthesized by co-precipitation (a) and its calcined resultant (b, S0).

Q. Tao et al. / Journal of Solid State Chemistry 179 (2006) 708–715710
Fig. 1. The lack of (003) reflection peak in the calcined
product indicates the layered structure of LDHs (Fig. 1a)
has been destroyed by calcination (Fig. 1b) and a phase
corresponding to magnesia has formed [23].

The XRD patterns for LDHs prepared from rehydro-
lysis under different hydrothermal conditions are shown in
Fig. 2. The XRD patterns exhibit the characteristic
reflections of LDHs with a series of (00l) peaks, which
are sharp and symmetric at low 2y angle, but broad and
asymmetric at high 2y angle. They are characteristic of
materials with layered structure [12]. Calculated from the
chemical components in Table 1 and the data of TG, the
average formula for the resultant hydrotalcite could be
expressed as Mg6Al2(OH)16(CO3) � 4H2O.

The hydrothermal treatment results in an increasing
intensity of diffraction with the increase of treatment
temperature and aged time, particularly for LDHs
prepared at 140–180 1C. However, an obvious decrease of
the intensity in all three main characteristic peaks (003),
(006) and (009) (see Fig. 1) is observed in the diffraction
patterns of LDHs prepared at 200 1C (compared with that
of 180 1C). At lower temperature and longer reaction time,
a spot of metal oxide impurity is found during hydro-
thermal treatment as shown in Figs. 2a and d. This is in
accordance with the morphology observations (see below).
The FTIR spectra of all the resultant LDHs are similar.
Fig. 3 shows the spectra of SB–160–36 (representative of
LDHs, Fig. 3b) and S0 (the precursor of the resultant
LDHs, Fig. 3a). The absorption band around 3500 cm�1 is
attributed to O–H vibration mode of hydroxyl group and
water molecules. Another absorption band corresponding
to water deformation is recorded at ca. 1638 cm�1. In
addition, there are two weak absorptions in Fig. 3b at
about 2855 and 2925 cm�1, similar to that found in
previous studies [10,21,23,30]. The bands less than
850 cm�1 are due to the vibration of M–O (M ¼Mg2+,
Al3+). The intensities of the bands at 1370 and 670 cm�1 of
SB–160–36, corresponding to the vibrations of the interlayer
anion (CO3

2�) and M–O, increase when compared to those
of S0. This is due to the decrease of CO3

2� in the interlayer
and structural disorder of LDH after calcinations [29,30].
The absorption at 840 cm�1 in both SB–160–36 and S0

assigned to the out plane vibration of CO3
2� [30] becomes

stronger and wider. After calcination, the brucite-type
layers of LDHs are destroyed mostly and the force to
obstruct the out plane vibration of CO3

2� residue becomes
much weak than before calcination.
The TG-DTG curves of representative samples are

shown in Fig. 4. The results of the thermogravimetric
analyses are summarized in Table 2. The mass losses of
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Fig. 2. The XRD patterns of LDHs prepared via rehydration under hydrothermal condition: (a) SA–110–t, (b) SB–110–t, (c) SB–T–36, (d) SB–T–72. (,)
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Fig. 3. The FTIR of representative LDHs samples prepared via rehydration under hydrothermal condition and its calcined precursor: (a) S0, and

(b) SB–160–36.
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LDHs start at room temperature and complete at
around 450 1C. Theoretically, three major mass losses
should be observed. Unfortunately, in this study, only
the LDHs prepared at higher temperature display these
three corresponding peaks (Figs. 4e and f). The others
(Figs. 4a–d) only show two major mass losses. For
SA–110–12 (Fig. 4a), the first loss begins at room temperature
and ends at 188.6 1C, corresponding to the loss of the
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Fig. 4. The TG/DTA of selected LDHs samples prepared via rehydration under hydrothermal condition: (a) SA–110–12, (b) SB–110–12, (c) SB–140–24,

(d) SB–160–36, (e) SB–180–48, and (f) SB–200–72.

Table 2

Results of mass losses of the TG-DTG for the selected samples

Step 1 Step 2 Step 3 Total mass loss (%)

Mass loss (%) Temp. (1C) Mass loss (%) Temp. (1C) Mass loss (%) Temp. (1C)

SA–110–12 17.53 188.6 33.89 398.0 — — 51.42

SB–110–12 15.43 202.5 23.35 398.0 — — 38.78

SB–140–24 14.18 219.1 21.93 402.4 — — 36.11

SB–160–36 13.60 214.2 25.20 375.9 — — 38.80

SB–180–48 3.21 149.1 9.56 231.3 25.16 428.4 37.93

SB–200–72 2.55 106.5 17.72 211.4 24.56 400.1 44.83

Q. Tao et al. / Journal of Solid State Chemistry 179 (2006) 708–715712
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adsorbed water and the interlayer water. The total mass
loss in this step is 17.53%. The second step ends at 398.0 1C
with a mass loss of 33.89%, attributed to the dehydroxyla-
tion and decomposition of the interlayer anions. The
splitting doublet DTG peaks at higher temperature implies
the strong interaction between the interlayer anions and the
backbone. Figs. 4b–d show similar thermal character of the
corresponding samples. Their first loss happens at
202.5–219.1 1C with mass losses of 21.93–25.20%. The
second loss step takes place at 375–402 1C with mass losses
of 21.93–25.20%. The samples synthesized at higher
temperature (Figs. 4e and f) give three mass losses clearly.
This suggests that the LDHs obtained at higher tempera-
ture present better thermal stability than those synthesized
at lower temperatures with shorter time. The difference
between them is that the mass loss of SB–180–60 is always
larger than that of SB–200–72. Yun and Pinnavaia [31]
reported that the desorption temperature of LDH for
complete removal of the surface-bound water increased
with increasing Al content. However, this phenomenon has
not been observed in this study. The present study indicates
that the higher Al content results in a larger amount of
mass loss. The most likely interpretation is that the higher
Al content (Table 1) gives higher layer charge density,
which offers more combined hydroxyls, water molecules
and carbonates. And these water molecules adsorbed on
the surface of LDHs give a small mass loss of 3.21% and
2.55% as found in SB–180–60 and SB–200–72. This suggestion
can be evidenced by the analogous of SA–110–12.

3.2. Morphology

The SEM images of the samples prepared under different
conditions are shown in Fig. 5. From the SEM images, it
can be seen that, at lower temperature and less aged time,
the LDHs show small patches with some amorphous
conglomeration (the metallic oxide impurities, which have
been proved by the XRD, Figs. 5a and b). The patches
grow with the increase of time and temperature (Fig. 5c).
Finally, when reaction temperature rises to 160 or 180 1C
and the reaction time is prolonged to 48 h, large and thin
sheets become prevalent (Figs. 5d and e). At these
temperatures, prolong the reaction time, only to cause
decrease in particle size and amorphous form or impure in
phase. When temperature reaches 200 1C, more amorphous
impurities appear and the size of sheets seems not to
enlarge any more. The lateral dimension increases from
about 0.5 to 6.0 mm, which is larger than that reported by
Xu and Lu [26]. Estimated from the SEM images, the
lateral thickness is between 35 and 60 nm. The sheet-like
LDHs with such a high aspect ratio is beyond what was
previously reported [21,26,32].

3.3. Crystal growth mechanism

The comparatively large particle size of the resultant
LDHs in this study can be explained as follows: Firstly, the
synthesis reaction is conducted under the hydrothermal
conditions. In this case, high pressure restricts the growth
direction (c-axis direction) for new-formed crystallites [32];
crystal growth comes to the other two directions. Secondly,
the HCO3

� is adopted to provide the appropriate concen-
tration of CO3

2�. In this reaction system, there are two
ionization equilibriums including HCO3

� and H2O in
alkalescent condition. The reactions are as follows:

M2þ
1�xM3þ

x O1þx=2 þ ðx=2ÞHCO�3 þ ð1� x=2þmÞH2O

!M2þ
1�xM3þ

x ðOHÞ2ðCO3Þx=2 �mH2Oþ x=2OH�, ð1Þ

when superfluous HCO3
� is considered, the whole reaction

may be replaced as

M2þ
1�xM3þ

x O1þx=2 þ xHCO�3 þ ð1� x=2þmÞH2O

!M2þ
1�xM3þ

x ðOHÞ2ðCO3Þx=2 �mH2Oþ x=2CO2�
3 . ð2Þ

A buffer solution was formed with the CO3
2� and HCO3

�

anions, even MgAl–CO3 produced in the system. The
buffer ion pair prevents the pH value change of reaction
system. The pH of the solutions before and after the
reaction were measured and the values are located at 10–9
(Series A) and 9–8 (Series B), respectively. This pH range is
suitable for forming of hydrotalcite phase and supports our
suggestion about the formation mechanism of hydrotalcite.
Furthermore, the buffer ion pair offers a low super-
saturated solution during forming the LDHs. Oh et al. [24]
adopted urea as a source of interlayer anion and
alkalescent condition. They suggested that the formation
of crystal nuclei or nucleation could be considered as a
process, which determines the size of the product crystals
and the nucleation rate increases uniformly with increasing
supersaturation ratio. Consequently, the low degree of
supersaturation ratio results in the decrease of nucleation
rate, and lead to a larger crystal size.
At high temperature, the LDHs show rounded hexago-

nal shape, indicating signs of dissolution during hydro-
thermal treatment [21]. So it could be believed that metal
oxides are dissolved and the carbonates intercalate into the
interlayer space of LDHs, and subsequently, re-crystal-
lization happens [18]. On the other hand, some smaller
particles without certain figure can be found concomitant
with the predominant big sheets. Kloprogge et al. [21]
proposed that the smaller particles were the initial growth
stage of the phase that is composed of Mg and O with a
ratio of 1:1. The presence of these patches indicates that
predominant crystal growth occurs on the edges with an
increase of aging time, resulting in relatively thin hexagonal
plate-shaped crystals with rounded edges. Consequently,
the crystal particle size grows bigger and bigger, and the
shape become more and more regular. Combined with the
results of XRD patterns, SEM images and TG-DTG, it can
be concluded that LDHs with higher aspect ratio, high
crystallinity and better thermal stability are formed at
160–180 1C with a reaction time of 48 h.
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Fig. 5. The SEM of the samples obtained from different hydrothermal conditions: (a) SA–110–12, (b) SB–110–36, (c) SB–140–48, (d) SB–160–36, (e) SB–160–48,

(f) SB–160–72, (g) SB–180–48, (h) SB–180–72, and (i) SB–200–72.

Q. Tao et al. / Journal of Solid State Chemistry 179 (2006) 708–715714
4. Conclusions

LDHs with a high aspect ratio are synthesized via a
modified calcinations-rehydration process. The particle size
can be tailored by changing the parameters of hydro-
thermal treatments. The aspect ratio of LDHs synthesized
in this study is higher than those reported in the literature.
Under suitable conditions, the resultant material shows
higher purity than the precursors, and the Mg2+/Al3+

molar ratios are close to the ‘‘raw material’’. The crystal
growth depends on the buffer system to hold the pH value
and to keep the reaction solution at low supersaturated.
The latter is a prior factor in controlling the crystal growth.
The LDHs with a higher aspect ratio and better thermal
stability were synthesized at 160–180 1C with reaction time
of 48 h.
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