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The sheet flexibility of layered double hydroxides (LDHs) has been investigated experimentally using co-
precipitation and urea hydrolysis methods in an aqueous solution of long-chain anion surfactant in this
work. Using dodecylsulfate (DS) anion as morphology-controlling agent, layer-bended or contorted Mg/Al-
LDH is obtained successfully. The morphology of bent layers is retained during either in situ decomposition
of interlayer DS to SO4%~ or ion exchange of interlayer DS by CO32-. The direct synthesis of the layer-
distorted LDHs intercalated with small inorganic anions is quite difficult. It has been achieved using
layer-bended LDHs pillared with bulky organic anions as precursors in this paper. The morphosynthesis
is expanded to Co/Al and Ni/Al-LDHs, indicative of the general flexibility of this kind of anionic clays.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Flexible materials generally include polymers, colloids,
amphiphilic aggregates, and liquid crystals. Experimental investi-
gation has testified that the host layers of some layered materials
such as montmorillonite [1], graphite [2], and mono-metal anionic
layered materials [3] are also flexible and could be curved. The
flexibility of a material is directly related to the vibration and
rotation of chemical bonds. He and Kunitale [4] concluded that
when the sheets are thin enough, the layered inorganic materials
could be deformed by applying a bending force which weakens
and deforms the bonding interaction on the atomic and molecular
scale. The flexibility of clay layers can be reflected by the process of
either staging or layer bending. Among the few reported cases, the
staging explained by Daumas and Hérold model [5] often occurs
in intercalated graphite compounds, showing draped and flexible
layers [6,7].

Different from mono-metal layered materials, layered double
hydroxides (LDHs) are a class of anionic clays whose structure is
based on brucite (Mg(OH); )-like layers in which some of the diva-
lent cations have been replaced by trivalent ions giving positively
charged sheets. This charge is balanced by intercalated anions in the
hydrated interlayer regions. LDHs can be represented by the general
formula [M}_,My'(OH),[**(A"), ,yH,0, where M are divalent
cations such as Mg, Ni, Co, Cu, and Zn, M'! are trivalent cations such
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as Al Fe, Cr, and Ga, and A"~ are interlayer anions that consist of a
wide variety of inorganic and organic species [8-10]. Various prepa-
ration methods, such as co-precipitation [10-13], urea hydrolysis
[14-17], separate nucleation and aging [18], and ion-exchange [19],
have been developed and attempted to control the crystal growth
of LDHs, as reviewed recently [20]. But non-bended planar layers
[21-23] have always been observed, which seems indicative of the
hardness and rigidity of the layers [24,25]. The Riidorff model of
the staging was always used to explain the rigidity of LDH lay-
ers [26]. Theoretically, however, molecular dynamic investigation
has pointed out that LDHs are not as flexible as graphite but more
flexible than smectite clays like montmorillonite [27]. So LDHs is
supposed to be flexible in nature and the morphosynthesis of layer-
bended LDH is possible to be achieved experimentally through
appropriate techniques.

The anion-exchangeable property of LDHs allows this kind
of two-dimensional material to be intercalated by a vast array
of guests [28-31], facilitating LDHs with potential application
as adsorbents, ion-exchange agents, additives in polymer-based
composites, [32] as well as supports for catalytic sites [33,34]
and biomolecules such as urease [29], lipase [35] and DNA [36].
Long-chain anionic surfactants can serve as either guests for LDH
intercalation [37,38] or candidates for self-assembly to micelles (or
even liquid crystal phase) in aqueous solution [39,40]. The fea-
tures are utilized in this work to enlarge the interlayer distance and
further induce the sheet-growth of LDHs. Multiple effects of surfac-
tant anions have been found in LDHs’ crystal growth in our recent
work [41]. In this paper, long-chain anionic surfactants with similar
structures and properties, including sodium dodecylsulfate (SDS,
C12Hy5S04Na), sodium dodecylsulfonate (SAS, C1;H25S03Na) and
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Table 1

Indexing of XRD patterns for Mg/Al-LDHs synthesized in different SDS concentrations by the urea hydrolysis method aging for 2h

SDS concentration (mol/L) doo3 (nm) dooe (Nnm) dooo (Nm) di10 (nm) Content of DS (%)
0.01 2.80 1.38 0.912 0.1519 36.40

0.015 2.77 1.34 0.889 0.1519 36.84

0.0175 2.78 1.32 0.909 0.1521 40.32

0.02 2.78 1.32 0.905 0.1523 42.00

bis(2-ethylhexyl) sulfosuccinate (AOT, C;gH37S07Na), are applied
to control the crystal growth of LDHs. The layer flexibility of this
kind of clays has been clearly revealed experimentally. Besides the
flexibility of host-layers, the particle morphology and intercalation
structure are also investigated in detail.

The experimental investigation of layer flexibility and mor-
phosynthesis of LDH materials are believed to be of great
importance and significance for their potential applications related
to soft matters such as polymers [32], proteins [29,35], and other
bio-macromolecules [36,42].

2. Experimental

2.1. Materials and preparation procedures

Magnesium nitrate hexahydrates (Mg(NO3 ),-6H;0), aluminium
nitrate nonahydrates (Al(NOs3 )3-9H,0), nickel nitrate hexahydrates
(Ni(NO3),-6H,0), cobalt nitrate hexahydrates (Co(NO3),-6H,0),
sodium carbonate (Nay;CO3), sodium sulfate (Na;SO4), sodium
hydroxide (NaOH), sodium dodecylsulfate (C12H,55S04Na, SDS),
sodium dodecylsulfonate (C;,H;5S03Na, SAS), bis(2-ethylhexyl)
sulfosuccinate (C;9H37S07Na, AOT), and urea, purchased from Bei-
jing Chemical Regents Co. are all of analytical purity and used
without further purification. Deionized water, used in the precip-
itation and aging of LDHs, had been boiled to remove dissolved
CO, before use to avoid the competitive intercalation of carbonate
anion.

The urea hydrolysis synthesis of Mg/AI-LDHs in sodium dodecyl-
sulfate (SDS) solution: 0.0016 mol Mg(NO3),, 0.0008 mol Al(NO3 )3
and 0.0016 mol SDS were firstly mixed in 80 mL deionized water
in a 100 mL Teflon autoclave. 0.0079 mol urea was immediately
added into the above solution and stirred quickly using a mag-
netic stirrer. After 20 min, the mixed solution was heated at
150°C for 1, 2, 3, 6, 12, 24, and 120h, respectively. White pow-
dery products were collected after being extensively washed with
deionized water and ethanol to remove superfluous surfactant
and other inorganic ions. Especially, the solid in 120 h aging was
washed in alcohol medium for 7 days to thoroughly remove the
adsorbed surfactant. Changing the concentration of SDS to 0.010,
0.015 and 0.0175 M, respectively, Mg/Al-LDHs were synthesized
using the same method. Changing [Mg2*] to 0.002 M and [AI3*] to
0.001 M, Mg/Al-LDHs were synthesized in 0.02 M SDS solution. The
aging was performed at 150°C for 24, 48, 72 and 120h, respec-
tively.

The synthesis of Mg/Al-LDHs in SAS or AOT aqueous solution
and Ni/Al-LDHs or Co/Al-LDHs in SDS or SAS aqueous solution were
carried out following the same procedure as described above. The
aging time was 24 h at 150°C.

The co-precipitation synthesis of Mg/Al-LDHs in SDS aque-
ous solution: 0.0016 mol Mg(NOs3);, 0.0008 mol AI(NO3); and
0.0016 mol SDS were firstly mixed in 40 mL deionized water in
a 100mL Teflon autoclave. Forty microliters aqueous solution
of sodium hydroxide (0.096M NaOH) was immediately added
into the above solution under thorough agitation. The solution
was finally adjusted to pH 9.0 using 3.0 M NaOH solution. After
20 min, the white slurry was heated at 150°C for 24, 72, and

240 h, respectively. The solid in 240 h aging was washed in alcohol
medium for 7 days to thoroughly remove the adsorbed surfac-
tant.

The synthesis of Mg/Al-CO32~ LDH in SDS aqueous solu-
tion: 0.0016 mol Mg(NOs3), and 0.0008 mol Al(NOs3); were firstly
mixed in 20mL deionized water in a 100 mL Teflon autoclave.
Twenty microliters aqueous solution of 0.0016 mol Na,CO3 and
0.00384 mol NaOH was immediately added into the above solu-
tion under thorough agitation. The solution was finally adjusted
to pH 9.0. After 20 min, 40 mL 0.04 M SDS solution was added into
the above white slurry solution. The resulting slurry was heated
at 150°C for 24 h. The ion-exchange of Mg/Al-S042~ LDH precursor
with DS anion was performed following the same procedure except
that Na,SO4 substituted for Na;COs.

The synthesis of Mg/Al-SO42~ LDH in the absence of surfac-
tant: 0.0016 mol Mg(NOs3), and 0.0008 mol Al(NOs3); were firstly
mixed in 40 mL deionized water in a 100 mL Teflon autoclave.
Forty microliters aqueous solution of 0.0016 mol Na,;SO4 and
0.00384 mol NaOH was immediately added into the above solu-
tion under thorough agitation. The solution was finally adjusted
to pH 9.0. After 20 min, the white slurry was heated at 150°C for
24 h.

The concentrations of Mg2* (Ni2*, Co%*), AI3*, and SDS (SAS, AOT)
are 0.02, 0.01, and 0.02 M, respectively, in the synthesis solution if
not specially defined.

2.2. Instrument and characterization

Powder X-ray diffraction (XRD) data were collected on
a Shimadzu XRD-6000 powder diffractometer, using Cu Ko
(A=0.1542 nm) radiation (40kV and 30mA) between 2 and 70°
with a scanning rate of 5° min~! and step size of 0.02°. Glass holder
was used for all samples in XRD characterization. The FT-IR spectra
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Fig. 1. XRD patterns of Mg/Al-LDHs aging for 2h in (a) 0.01 M; (b) 0.015M; (c)
0.0175 M; (d) 0.02 M SDS aqueous solutions by the urea hydrolysis method.
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Fig. 2. SEM images of Mg/AI-LDHs aging for 2 h in (a) 0.01 M; (b) 0.015 M; (c) 0.0175 M; (d) 0.02 M SDS solution by the urea hydrolysis method.

were recorded on a Bruker Vector 22 spectrometer at a resolu-
tion of 4cm~1, the samples being pressed into disks with KBr.
Elemental analyses of Mg and Al were performed by ICP emis-
sion spectroscopy by dissolving the samples in dilute H,SOg4. C,
H, and O micro-analysis was carried out using an elemental ana-
lyzer (Elementar Co., Vario El). SEM micrographs were taken on a
HITACHI S-4700 scanning electron microscope. TEM micrographs
were taken on a JEM-3010 transmission electron microscope. The
sample for TEM characterization was prepared by dipping carbon
coated copper TEM grids with dilute ethanol suspensions of the
sample powder.
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3. Results and discussion

3.1. Sheet deformation of LDHs intercalated with surfactant
anions

The synthesis of LDHs intercalated with surfactant anions has
been of great interest. But much attention was paid on the crys-
tal structures, properties and applications [37,38,43]. In this work,
three kinds of widely used anionic surfactants (SDS, SAS and AOT)
are applied in LDHs’ synthesis to investigate the flexibility of LDHs
sheets. Mg/AI-LDHs were first synthesized under different SDS

S4700-5 20.0kV 11.7mm x45.0k SE(M) 9/22/2006

Fig. 3. XRD pattern (a) and SEM image (b) for Mg/Al-LDH synthesized in 0.002 M Mg?*, 0.001 M AI>* and 0.02 M SDS solution aging for 24 h by the urea hydrolysis method.
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Table 2
Indexing of XRD patterns for LDHs synthesized by the urea hydrolysis method aging
for24h

LDHs samples doo3 (nm) dooe (Nm) doog (nm) dy10 (nm)
Mg/Al-AS LDH 2.54 123 0.810 0.1520
Mg/Al-DS LDH 2.79/0.7652 1.38/0.3792 0.894 0.1523
Mg/Al-AOT LDH 2.56 1.21 0.799 0.1520
Co/Al-DS LDH 2.72/0.7582 1.36/0.379? 0.903 0.1535
Co/AI-AS LDH 2.65 1.25 0.796 0.1538
Ni/Al-DS LDH 2.72/0.7812 137 0.872 0.1518

2 (001) of CO32~ anion-intercalated LDH.

Table 3
Indexing of XRD patterns for Mg/Al-LDHs synthesized in 0.02 M SDS solution by the
urea hydrolysis method

Aging time (h) doo3 (nm) dooe (nm) dooo (nm) di10 (nm)
1 3.21
2 2,783 1322 0.9057 0.1523
3 2.75%/0.769P 1.29%/0.381P 0.8512 0.1519
24 2.722/0.769P 1.272/0.382P 0.8342 0.1523
120 0.767° 0.381P 0.8682 0.1523

2 (001) of DS anion-intercalated LDH.
b (001) of CO32~ anion-intercalated LDH.

concentrations by the urea hydrolysis method. Fig. 1 shows the
XRD patterns of the resulting solids. The (003), (006), (009)
and (1 10) reflections characteristic of dodecylsulfate (C;H25504~
and DS) intercalated LDHs, similar to reported previously [43-46],
are clearly observed. The basal spacing (dgg3) is all calculated as
approximately 2.78 nm. All of the samples exhibit turbostatic dis-
orders as can be seen from the saw-toothed peaks at 26 =34° and
61°corresponding to the (012) and (11 0) reflections, respectively.
A broad peak centered at 22° is observed for all the samples. It
remains unchanged using either glass or aluminum sample holder
for XRD test. Leroux et al. [47] and Zammarano et al [48] consid-
ered it came from the absorbed surfactant on the LDHs surface. But
Jaubertie et al. [49] found this broad peak only existed in wet delam-
inated LDH sample. It is found in our experiment that the intensity
of the broad peak is not reduced at all by thoroughly wash in
alcohol medium to remove the adsorbed surfactant (Fig. S1 in Sup-
porting Information). We propose that the observed broad peak
around 22° originate from the enlargement of interlayer spacing
by DS intercalation. That is, for DS-intercalated LDHs, the distance
between adjacent sheets in c direction is large enough to grant
LDH sheets analogously delaminated features. The lattice parame-
ters in Table 1 indicate that the basal spacing (dg3) has negligible
change with SDS concentration, indicative of the same arrangement
of DS in the interlayer galleries. The full length of dodecylsulfate
(2.08 nm) [43-45] plus the thickness of host-layer (0.48 nm) [44]
turns out to be 2.56 nm, smaller than the basal spacing observed
(2.77-2.80 nm), indicative of a bilayer arrangement of the interlayer
C12H25504~ with the alkyl chains partially interdigitating perpen-
dicularly.

Table 4
Indexing of XRD patterns for Mg/Al-LDH synthesized in 0.02 M SDS solution by the
urea hydrolysis method

Aging time (h) doo3 (nm) doos (nm) doos (nm) di10 (nm)
24 3.15 1.462 0.95° 0.152
48 0.85° 0.432 0.152
72 0.982/0.79b 0.46%/0.42> 0.152

120 0.77° 0.38> 0.153

[Mg?*]/[AI**]=0.002 M/0.001 M.
3 (001) of DS anion-intercalated LDH.
b (001) of CO32~ anion-intercalated LDH.

Fig. 2 shows the SEM images of the DS-intercalated Mg/Al-LDHs
using the urea hydrolysis method. The morphology of LDHs par-
ticles is diversified depending on the SDS concentration in the
synthesis mixture. When [SDS] < 0.015 M (0.01 and 0.015 M herein),
uniform conventional sand-rose-like aggregates of sheet-planar
particles (Fig. 2a and b) are observed. In the case of [SDS]=0.0175 M,
the aggregates of LDHs particles with sheet-curved or bended mor-
phology (Fig. 2c) are observed. Increasing [SDS] to 0.02 M enhances
the curvature of LDHs sheets (Fig. 2d). The curvature radii of bent
layers reduce from mostly 150 nm (Fig. 2c) to mostly 50-100 nm
(Fig. 2d) when SDS concentration increases from 0.0175 to 0.02 M.
In this synthesis system, 0.01 M SDS is demanded as interlayer
anions for stoichiometric compensation for the positive charges
of LDHs layers arising from Al3*. It is believed therefore that to
obtain layer-bended Mg/AI-LDHs, more dodecylsulfate has to be
introduced into the synthesis solution than needed for intercala-
tion. The particles get thinner along the stacking direction with
increasing SDS concentration. But the contents of DS anion in the
final products change only slightly from 36.40% to 42.00% (Table 1).
The slab thickening with decreasing SDS content could be explained
as the less restriction effects on LDH particle growth by the surfac-
tant anions in excess of intercalation. Decreasing [Mg%*] and [Al3*]
to 0.002 M and 0.001 M, well crystallized DS-intercalated Mg/Al-
LDHs (Fig. 3a) showing bent layers (Fig. 3b) are also synthesized
successfully.

The above observations indicate that the layer of Mg/Al-LDH
is flexible enough to be deformed or bended, which experimen-
tally supports the theoretical speculation [27]. LDHs are a kind of
host-guest composites, in which the host layers contain various
metal cations and the interlayer guests are exchangeable inorganic
or organic anions. To investigate whether the layer flexibility is of
generalization for LDHs materials, and also demonstrate the similar
inducing function of anion surfactants, three surfactants are applied
in the morphosynthesis of Mg/Al, Co/Al, and Ni/Al-LDHs materials.

Fig. 4 shows the XRD patterns of Mg/Al, Co/Al and Ni/Al-LDHs
synthesized in three kinds of surfactant solutions. The obvious
(001) reflections show that dodecylsulfonate (DS), dodecylsul-
fate (AS) and bis(2-ethylhexyl) sulfosuccinate (AOT) anions have
been intercalated into the interlayer galleries of Mg/Al, Co/Al

A (001) of CO,” intercalated LDH
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Fig. 4. XRD patterns of (a) AS-intercalated Mg/Al-LDH; (b) DS-intercalated
Mg/Al-LDH; (c) AOT-intercalated Mg/Al-LDH; (d) DS-intercalated Co/AI-LDH; (e)
AS-intercalated Co/Al-LDH; (f) DS-intercalated Ni/Al-LDH synthesized by urea
hydrolysis method aging for 24 h at 150°C.
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Fig. 5. SEM images of (a) AS-intercalated Mg/Al-LDH; (b) DS-intercalated Mg/AI-LDH; (c) AOT-intercalated Mg/Al-LDH; (d) DS-intercalated Co/Al-LDH; (e) AS-intercalated
Co/Al-LDH; (f) DS-intercalated Ni/Al-LDH synthesized by the urea hydrolysis method aging for 24 h at 150°C.

Table 5
Indexing of XRD patterns for Mg/Al-LDHs synthesized in 0.015 M SDS solution by the urea hydrolysis method aging for different time
Aging time (h) doos (nm) doos (NM) dooo (Nm) di10 (nm) Mg/Al molar ratio
1 3.32 0.02
2 277 1.342 0.889% 0.1515 0.86
6 2.772/0.769 1.332/0.381° 0.860% 0.1519 1.71
12 2.732/0.769P 1.312/0.382" 0.858? 0.1524 2.07
24 2.772/0.767° 1.312/0.381" 0.8682 0.1525 2.09
120 0.748° 0.376° 0.1519 2.02

2 (001) of DS anion-intercalated LDHs.
b (001) of CO32~ anion-intercalated LDHs.
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Fig. 6. (A) XRD patterns of Mg/AI-LDHs aging at 150 °C for (a) 1h; (b) 2 h; (c) 3h; (d) 24 h; (e) 120 h, respectively, in 0.02 M SDS solution by the urea hydrolysis method. (B)
FT-IR spectra of pure SDS (a) and Mg/Al-LDHs aging at 150°C for (b) 1h; (c) 24 h; (d) 120h.

and Ni/Al-LDHs, respectively. The co-existing CO32~-LDH phase
is also observed in each case for DS-intercalated LDHs. For AS-
intercalated Mg/Al-LDH (Fig. 4a), the appearance of non-basal
(0015), (0018) and (0021) reflections clearly exhibits the highly
crystallized layered structure. It can be clearly observed that
Co/AI-LDH and Ni/Al-LDH are less well ordered than Mg/AI-LDH.
It can be well explained by the difference in cation radius and
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M-0 bond length. The ion radius of AI3*, Mg2*, Co2* and NiZ*
is 0.50, 0.65, 0.74 and 0.72A, respectively. The bond length of
Al-0, Mg-0, Co-0 and Ni-0 is approximately 0.182, 0.197, 0.206,
and 0.204 nm, respectively. The Co-O or Ni-O length deviates
from Al-O more than Mg-0. More difference in the ion radius
and M-0O bond length, more difficult to form a well ordered
structure.

T
1.00um

Fig. 7. SEM images of Mg/Al-LDHs aging at 150 °C for (a) 1 h; (b) 3 h; (c) 24 h; (d) 120 h, respectively, by the urea hydrolysis method.
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Fig. 8. TEM images of Mg/Al-LDHs aging at 150°C for (a) 3 h; (b) 120h in 0.02 M SDS solution by the urea hydrolysis method.

Table 2 gives the lattice parameters. Subtracting the thickness of
LDH layer from the basal spacing, the interlayer spacing observed
is all higher than the full length of the corresponding surfactant
anion (2.08 nm for DS, 1.85nm for AS [50] and 1.29 nm for AOT
[51]). The observed basal spacing indicates a bilayer perpendicu-
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lar arrangement of interlayer anions with the alkyl chains partially
interdigitating for DS and AS, but a bilayer arrangement [52] with
its two alkyl chains 55° leaning to LDHs’ sheet for interlayer AOT
anion. From the SEM images of the LDHs particles shown in Fig. 5, it
can be seen that Mg/Al-LDHs particles with layer-bended or curved

1.00um #°

Fig. 9. XRD patterns and SEM images of the Mg/Al-LDHs synthesized in 0.002 M Mg?* and 0.001 M Al3* solution aging at 150°C for (a) 24 h; (b) 48 h; (c) 72 h; (d) 120 h by

the urea hydrolysis method.
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Fig. 10. XRD patterns of Mg/Al-LDHs aging at 150°C for (a) 1 h; (b) 2h; (c) 6h; (d)
12 h; (e) 24 h; (f) 120 h in 0.015 M SDS solution by the urea hydrolysis method.

morphology (Fig. 5a-c) are produced in all DS, AS and AOT aqueous
solutions. With similar molecular structure and chemical property,
the DS, AS and AOT anions play similar roles at the interfaces in
inducing the curved growth of LDHs’ layers. The sheet deformation
also readily occurs to Co/Al and Ni/Al-LDH (Fig. 5d-f), suggesting
that the layer flexibility is of generalization for LDHs materials. But
the deformation degree or curvature radius differs dependently
on the surfactant anion and chemical composition of LDH sheets.
The sheet of Co/Al-LDH (Fig. 5d) appears more difficult to bend
than Mg/Al-LDH (Fig. 5b) and Ni/Al-LDH (Fig. 5f). On the same
LDH sheet, Mg/Al for example (Fig. 5a—c), the deformation-inducing
effects of different surfactants are different. The curvature radius
of AS- or AOT-intercalated LDH (mostly 100 and 50 nm, respec-
tively) is much smaller than that of DS-intercalated LDH (mostly
150nm). So is the difference between AS- and DS-intercalated
Co/Al-LDHs. This is proposed to result from the weaker interfa-
cial interaction of DS than AS or AOT with positively charged
sheets. The weak interfacial interaction works less on the induc-
ing growth of LDHs layer, and also facilitates the ion exchange by
CO32-.

For DS-intercalated Mg/Al-, Co/Al-LDHs and Ni/Al-LDHs, (001)
reflections of CO32~-LDH are also observed (Fig. 4b, d and f and
Table 2). The formation of CO32~-LDH phase could arise from either
the direct intercalation of CO32~ that commonly occurs in the urea
hydrolysis method, or the secondary exchange of interlayer anions
by CO32-. It is to be further discussed in the following context.

3.2. Layer-bended Mg/Al-CO32~ LDH through exchange of
interlayer anions

Mg/AI-LDHs were synthesized by the urea hydrolysis method
for various aging time to investigate the formation process of bent
layers. In urea hydrolysis method, it has been recognized that amor-
phous aluminum hydroxide is firstly formed and then convert into
LDH crystals in further aging because of the lower precipitation
pH of AI3* than Mg2* [14,17]. As observed in Fig. 6(A) and Table 3,
DS-pillared amorphous Al hydroxide is formed firstly in 1 h aging,
giving a basal spacing of 3.21 nm but no (110) reflection char-
acteristic of LDH layers present. DS-intercalated LDHs structure
appears in further aging, corresponding to the two-step process
of LDHs formation by the urea hydrolysis method. With extended

aging time, (0 01) reflections of CO32~-LDHs appear, and at the same
time (001) reflections of DS-LDHs weaken and disappear finally.
Pure CO32~-LDHs phase is produced in 120 h aging. The transfor-
mation of LDH structure observed in the aging period illustrates
that the intercalation of CO32~ occurs only in an extended aging
time, indicative of a possible formation of CO32--LDH through
subsequent ion exchange. In the FT-IR spectra (Fig. 6 (B)), the encap-
sulation of C;5H»5504~ in LDH interlayer gallery causes a shift of
the anti-symmetric and symmetric stretching vibrations of S=0
from 1220 and 1084cm~! to 1203 and 1066 cm™!, respectively.
The weakening intensities of CH, stretching and C-H bending
vibrations at 2920, 2850 and 1468 cm~! reflect that the content
of surfactant anion decreases with extended aging time. After
120 h aging, the anti-symmetric and symmetric stretching vibra-
tions of S=0 disappear. Simultaneously, the band at 1354cm™!
related to the interlayer CO32~ anion is observed. The results show
that dodecylsulfate anions in the gallery have been completely
exchanged by CO32-, consistent with XRD observation. Fig. 7 shows
the morphology change of LDHs particles with extended aging
time. Spherical aggregates of amorphous Al hydroxide are observed
firstly. Layer-curved or bended LDH phase emerges later, and the
bent layer morphology is kept even when all of interlayer DS
anions have been completely exchanged by CO32~. With extended
aging time, the width of LDH sheet increases. But from Fig. 2d
and Fig. 7b-d, it is obvious that the curvature radius increases
from mostly 50-100 nm to mostly 200 nm with extended aging
time, indicating the reduction of the deformation degree. It could
be attributed to the higher rigidity of CO32~-LDH slabs. HRTEM
images (Fig. 8 and Fig. S2) prove that the bent sheets not only
originate from primary crystals rather than particle aggregates, but
also are continuous without breaks. After 3 h aging, sheet-curved
LDHs show a basal spacing of 2.7 nm, consistent with XRD obser-
vation (Fig. 6(A)). After 120 h aging, sheet-curved LDHs display a
basal spacing of about 0.8 nm. This observation suggests that the
sheet-bended structure is stable during the great decrease in basal
spacing.

Generally, decreasing the concentration of metal ions or extend-
ing aging time leads to larger LDH crystal size. [15,16] Therefore,
the synthesis of Mg/Al-LDHs in 0.02 M SDS solution was performed
in a decreased metal ion concentration (0.002 M Mg2* and 0.001 M
AI3*) to discuss the change of crystal size and morphology. The XRD
analysis (Fig. 9 and Table 4) shows that the exchange of interlayer
DS anion by CO32~ has been retarded from 24 to 48 h by reduc-
ing the metal ion concentration. Fig. 9 also shows the SEM images
of LDHs particles aged for different extents in low metal ion con-
centration. Comparing the particle size after 120 h aging under the
two metal ion concentrations (Fig. 7d and Fig. 9d), little change in
the crystal length and thickness have been observed, different from
conventionally observed. It is the presence of surfactant anion that
inhibits the growth of LDHs nuclei and crystals. The increase in par-
ticle width with aging time has been observed in Fig. 7. But with
low metal ion concentration, extending aging time results in lit-
tle change of the particle width, which is attributed to much more
superfluous DS anion in the synthesis solution.

It has been found in Fig. 2 that sand-rose-like LDHs aggre-
gates are formed when [SDS] <0.015M (0.01 and 0.015 M herein).
Although this kind of aggregate morphology has been observed in
the previous studies [53,54], the aggregation mechanism is still
undefined. The formation process of this special morphology is
revealed in this work. As shown in Fig. 10 and Table 5, DS pil-
lared Al hydroxide phase with a basal spacing of 3.32 nm is formed
firstly in 1h aging, similar to what is observed in Fig. 6A. Fur-
ther aging results in the formation of LDHs’ structure intercalated
with DS anion. ICP analysis (Table 5) shows that with extending
aging time, the Mg/Al molar ratio of LDHs layers increases from
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Fig. 11. SEM images of Mg/Al-LDHs aging at 150°C for (a) 1 h; (b) 2h; (c) 6h; (d) 12 h; (e) 24 h; (f) 120 h in 0.015 M SDS solution by the urea hydrolysis method.

nearly zero to 2, corresponding to the two-step mechanism in
the urea hydrolysis method. Similar to the structure change in
0.02M SDS solution (Fig. 6A and Table 3), the (001) reflections
of DS-intercalated LDHs weaken and finally disappear. The (001)
reflections of COs2--intercalated LDHs accordingly appear with

Table 6
Indexing of XRD patterns for Mg/Al-LDHs synthesized in 0.02 M SDS solution by the
co-precipitation method

Aging time (h) doo3 (nm) doos (nm) dooo (nm) dy10 (nm)
24 2.682 1.342 0.8912 0.1518
72 2.622/1.08° 1.312/0.538" 0.8902/0.36° 0.1518
240 0.893b 0.444° 0.1518

3 (001) of DS anion-intercalated LDH.
b (001) of SO42~ anion-intercalated LDH.

extending aging time. In 120 h aging, only CO32~-intercalated LDHs
is observed. The morphology change of LDHs with extended aging
time, shown in Fig. 11, indicates that the spherical aggregates of
small plate-like amorphous Al hydroxide are formed firstly. DS-
intercalated LDHs with planar plate-like morphology are formed
later and grow in the sphere. Sand-rose-like aggregate and sheet-
planar particle morphology keep stable during the transformation
of interlayer anion from DS to carbonate anion. But the LDH parti-
cles become thinner in stacking direction due to the great change
of basal spacing.

By the urea hydrolysis method, both of layer-curved and
conventional plate-like LDHs particles are synthesized using
surfactant anions as both intercalating candidate and growth-
inducing template. Regardless of bent or planar LDH sheets,
the particle morphology keeps stable in the transformation of
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Fig. 12. (A) XRD patterns of Mg/Al-LDHs aging at 150 °C for (a) 24 h; (b) 72 h; (c) 240 h in 0.02 M SDS solution by the co-precipitation method. (B) FT-IR spectra of pure SDS
(a) and Mg/Al-LDHs aging for (b) 24 h; (c) 72 h; (d) 240 h.

interlayer anion from long-chain surfactant anion to small inor- 3.3. Layer-bended Mg/Al-SO42~ LDH through in situ

ganic CO32~ anion. Layer-bended Mg/Al-CO32~ LDH is produced decomposition of interlayer anions

by use of the flexibility of LDHs layers as well as the flexibil-

ity stability, which is difficult to achieve by a direct synthesis The co-precipitation method has also been used to synthesize
approach. Mg/AI-LDHs in 0.02M SDS concentration. Fig. 12 (A) shows the
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S S4700-5 10.0KVA2. 1ehm x50.0k SE(M) 9/1/20068
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Fig. 13. SEM images of Mg/Al-LDHs aging at 150 °C for (a) 24 h; (b) 72 h; (c) 240 h in 0.02 M SDS solution by the co-precipitation method; (d) TEM image of (c).
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Fig. 14. TEM images of Mg/Al-LDHs aging at 150 °C for (a) 24 h; (b) 240 h in 0.02 M SDS solution by the co-precipitation method.

XRD patterns of LDHs synthesized at 150°C for 24, 72 and 240h,
respectively. In 24 h aging, the XRD pattern displays (003), (006),
(009)and (11 0)reflections characteristic of DS-intercalated LDHs.
Extending the aging time, the (001) reflections typical of SO42~-
intercalated LDHs appear and shift to smaller basal spacing. The
(001) reflections of DS-intercalated LDHs simultaneously weaken
and finally disappearin 240 h aging. Table 6 gives the detailed lattice
parameters of LDHs products. The two different dgg3 for SO4%~-

003

Intensity (arb. unit)

- -
S4700 20.0kV 11.6mm x100k

1 1
500nm

LDHs (1.08 and 0.893 nm) can be explained by the change of water
vapor pressure during the hydrothermal treatment, which has been
discussed by Mostarih etal. [55]. The final SO42~ pillared LDH shows
high crystallinity without other phase observed. It is a new route to
synthesize SO42~-LDH through in situ transformation of interlayer
anions.

The FT-IR spectra (Fig. 12(B)) further testify the transformation
process of interlayer anions. Similar to that observed in the urea

S4700 20.0kV 11.5mm x100k

Fig. 15. XRD patterns and SEM images of (a) Mg/Al-CO32~ LDH; (b) Mg/Al-DS LDH prepared from ion-exchange of Mg/Al-SO4%~ LDH by DS anion; (c) Mg/Al-SO42~ LDH.
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Fig. 16. Schematic illustration of the interlayer anion transformation of LDHs with (a) bent and (b) planar layers. Urea hydroxide method: DS anion would be directly
exchanged by CO32~; co-precipitation method: DS is decomposed to SO42-, resulting in SO42- pillared LDH. During the interlayer anion transformation, the morphology of

LDHs is retained.

hydrolysis method, the CH; stretching and C-H bending vibrations
(at 2920, 2850 and 1468 cm~1) weaken with extending aging time,
reflecting that the content of surfactant anion decreases. After 240 h
aging, the anti-symmetric and symmetric stretching vibrations of
S=0 disappear. Simultaneously, the band at 1115cm™! related to
inorganic SO42~ anion is observed. The results show that the alkyl
group of dodecylsulfate anions in the interlayer gallery has been
decomposed. As a result, SO42~ pillared LDH structure is formed
finally, consistent with XRD observation.

Fig. 13 shows the SEM and TEM images of Mg/AI-LDHs parti-
cles synthesized by the co-precipitation method. The particles sizes
are larger than 1 wm after 24 h or longer aging, and increase with
extended aging time. The camber degree of the particles aged for
24 h is about 60-90° (Fig. 13a). Aging for 240h, folded or even
helical-like sheets can be observed clearly (Fig. 13c) for SO42~ pil-
lared LDH. TEM image (Fig. 13d) clearly shows that the bended or
curved shape originates from the single crystals rather than the
particle aggregation. The slow in situ decomposition of dodecylsul-
fate group results in great reduction of stacking thickness and much
more bending of LDHs’ sheets. HRTEM images (Fig. 14 and Fig. S3)
further prove that the bent sheets are continuous without breaks.
The basal spacing is about 0.9 nm.

To prove that the layer bending is transferred from DS-LDH to
the ion-exchanged samples, Mg/Al-CO32~ LDH and Mg/Al-SO42~
LDH as precursors have been synthesized and then aged in 0.02 M
SDS solution. As shown in Fig. 15, after 24 h aging in SDS solution,
well-crystallized Mg/Al-CO32~ LDH is retained. But Mg/Al-SO42~
has been exchanged to Mg/Al-DS LDHs. SEM images show that
all the samples display typical sheet-planar morphology. No bent
particles are observed. This phenomenon suggests that the layer
bending requires the simultaneous occurrence of intercalation and
interfacial template of DS anions. No bending could be induced
by DS anions in the post-synthesis ion exchange even though the
interlayer sulfate has been transformed to DS anion.

Crepaldi et al. [43] has reported that the interlayer DS anion
begins to degrade at 150°C. The decomposition starts by the
breaking of the head-tail bond and sulfate is formed firstly.
But SO42~-intercalated LDH structure was not observed in their

work. In this work however, two instances are turned out. In
the co-precipitation method, SO42--intercalated LDH phase is
clearly observed because no competent anions for secondary ion
exchange exist in the system. But in the urea hydrolysis method,
no SO42~-intercalated LDH is observed, which is supposed to be
a consequence of plenty of CO32~ in the synthesis mixture. The
formation of inorganic-pillared LDHs and morphology stability
of flexible LDHs’ layers are schematically illustrated in Fig. 16.
Although only DS-intercalated and CO32~-intercalated LDHSs struc-
tures are observed in the urea hydrolysis method as discussed
in Section 3.2, one might wonder that SO42~-LDH probably ever
emerges as a transitory phase and then instantaneously transforms
to CO32~-LDH. But it can be seen from Fig. 17, which illustrates the
summary of the morphology and crystal phase of LDHs obtained

240 [ ]
5
)
£ 120 n .
2
o 72 ®
©
24 - - o
6 -
3 e
2 0 0o o o
0.010 0.015 0.020 0.020
[SDS] (mol/L)
Co-precipitation

Urea hydrolysis

Fig. 17. Sketch illustration of crystal phase and morphology of LDHs obtained in this
work. (O) and (O) represent the organic-intercalated LDHs with plate-like and bent
sheets, respectively; (B) and (®) represent the inorganic-intercalated LDHs with
plate-like and bent sheets, respectively; and the white-black symbols represent the
co-existence of organic and inorganic-intercalated LDHs.



136 B. Li et al. / Chemical Engineering Journal 144 (2008) 124-137

under various conditions, no decomposition of DS has occurred at
24 hwhen CO32~-LDH emerges. The SO42~-LDH phase has not been
formed until 72 h aging. The process of in situ decomposition is
slower than CO32~ anion-exchange, which explains for more bent
layers by the co-precipitation method.

4. Conclusion

In summary, sheet-curved or bended LDHs have been syn-
thesized using anionic surfactants as both interlayer anions and
growth-inducing template for LDHs nuclei, experimentally con-
firming the flexibility of LDHs’ host layers. Through in situ
transformation and ion exchange of interlayer anions, SO42~- or
CO32--intercalated LDHs retaining the layer-bended morphology
of Mg/Al-DS LDHs precursor are produced.
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