
E
O

B
S

a

A
R
R
A

K
L
M
S
I

1

a
g
s
l
fl
r
w
c
a
s
e
s
i
l

h
b
l
c
h
f
c

1
d

Chemical Engineering Journal 144 (2008) 124–137

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

xperimental investigation of sheet flexibility of layered double hydroxides:
ne-pot morphosynthesis of inorganic intercalates

o Li, Jing He ∗, David G. Evans
tate Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, PR China

r t i c l e i n f o

rticle history:
eceived 12 March 2008
eceived in revised form 11 June 2008
ccepted 29 June 2008

eywords:

a b s t r a c t

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

2− or ion exchange of interlayer DS by CO3
2−. The direct synthesis of the layer-
ayered double hydroxides
orphosynthesis

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
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heet flexibility
n situ transformation of interlayer anions

is expanded to Co/Al and N

. Introduction

Flexible materials generally include polymers, colloids,
mphiphilic aggregates, and liquid crystals. Experimental investi-
ation has testified that the host layers of some layered materials
uch as montmorillonite [1], graphite [2], and mono-metal anionic
ayered materials [3] are also flexible and could be curved. The
exibility of a material is directly related to the vibration and
otation of chemical bonds. He and Kunitale [4] concluded that
hen the sheets are thin enough, the layered inorganic materials

ould be deformed by applying a bending force which weakens
nd deforms the bonding interaction on the atomic and molecular
cale. The flexibility of clay layers can be reflected by the process of
ither staging or layer bending. Among the few reported cases, the
taging explained by Daumas and Hérold model [5] often occurs
n intercalated graphite compounds, showing draped and flexible
ayers [6,7].

Different from mono-metal layered materials, layered double
ydroxides (LDHs) are a class of anionic clays whose structure is
ased on brucite (Mg(OH)2)-like layers in which some of the diva-

ent cations have been replaced by trivalent ions giving positively

harged sheets. This charge is balanced by intercalated anions in the
ydrated interlayer regions. LDHs can be represented by the general
ormula [MII

1−xMIII
x (OH)2]x+(An−)x/nyH2O, where MII are divalent

ations such as Mg, Ni, Co, Cu, and Zn, MIII are trivalent cations such

∗ Corresponding author. Tel.: +86 10 64425280; fax: +86 10 64425385.
E-mail addresses: jinghe@263.net.cn, hejing@mail.buct.edu.cn (J. He).
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LDHs, indicative of the general flexibility of this kind of anionic clays.
© 2008 Elsevier B.V. All rights reserved.

s Al, Fe, Cr, and Ga, and An− are interlayer anions that consist of a
ide variety of inorganic and organic species [8–10]. Various prepa-

ation methods, such as co-precipitation [10–13], urea hydrolysis
14–17], separate nucleation and aging [18], and ion-exchange [19],
ave been developed and attempted to control the crystal growth
f LDHs, as reviewed recently [20]. But non-bended planar layers
21–23] have always been observed, which seems indicative of the
ardness and rigidity of the layers [24,25]. The Rüdorff model of
he staging was always used to explain the rigidity of LDH lay-
rs [26]. Theoretically, however, molecular dynamic investigation
as pointed out that LDHs are not as flexible as graphite but more
exible than smectite clays like montmorillonite [27]. So LDHs is
upposed to be flexible in nature and the morphosynthesis of layer-
ended LDH is possible to be achieved experimentally through
ppropriate techniques.

The anion-exchangeable property of LDHs allows this kind
f two-dimensional material to be intercalated by a vast array
f guests [28–31], facilitating LDHs with potential application
s adsorbents, ion-exchange agents, additives in polymer-based
omposites, [32] as well as supports for catalytic sites [33,34]
nd biomolecules such as urease [29], lipase [35] and DNA [36].
ong-chain anionic surfactants can serve as either guests for LDH
ntercalation [37,38] or candidates for self-assembly to micelles (or
ven liquid crystal phase) in aqueous solution [39,40]. The fea-
ures are utilized in this work to enlarge the interlayer distance and

urther induce the sheet-growth of LDHs. Multiple effects of surfac-
ant anions have been found in LDHs’ crystal growth in our recent
ork [41]. In this paper, long-chain anionic surfactants with similar

tructures and properties, including sodium dodecylsulfate (SDS,
12H25SO4Na), sodium dodecylsulfonate (SAS, C12H25SO3Na) and

http://www.sciencedirect.com/science/journal/13858947
mailto:jinghe@263.net.cn
mailto:hejing@mail.buct.edu.cn
dx.doi.org/10.1016/j.cej.2008.06.031
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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 2 h

SDS concentration (mol/L) d0 0 3 (nm) d0 0 6 (nm) d0 0 9 (nm) d1 1 0 (nm) Content of DS (%)

0.01 2.80 1.38 0.912 0.1519 36.40
0
0
0

b
t
k
fl
s

p
i
t
b

2

2

n
(
s
h
s
s
j
w
i
C
a

s
a
i
a
n
1
d
d
a
w
a
0
u
0
a
t

a
c
a

o
0
a
o
i
w
2

2
m
t

t
m
T
0
t
t
t
a
w
t

t
m
F
0
t
t
2

a
n

2

Powder X-ray diffraction (XRD) data were collected on
a Shimadzu XRD-6000 powder diffractometer, using Cu K�
(� = 0.1542 nm) radiation (40 kV and 30 mA) between 2 and 70◦

with a scanning rate of 5◦ min−1 and step size of 0.02◦. Glass holder
was used for all samples in XRD characterization. The FT-IR spectra
.015 2.77 1.34

.0175 2.78 1.32

.02 2.78 1.32

is(2-ethylhexyl) sulfosuccinate (AOT, C20H37SO7Na), are applied
o control the crystal growth of LDHs. The layer flexibility of this
ind of clays has been clearly revealed experimentally. Besides the
exibility of host-layers, the particle morphology and intercalation
tructure are also investigated in detail.

The experimental investigation of layer flexibility and mor-
hosynthesis of LDH materials are believed to be of great

mportance and significance for their potential applications related
o soft matters such as polymers [32], proteins [29,35], and other
io-macromolecules [36,42].

. Experimental

.1. Materials and preparation procedures

Magnesium nitrate hexahydrates (Mg(NO3)2·6H2O), aluminium
itrate nonahydrates (Al(NO3)3·9H2O), nickel nitrate hexahydrates
Ni(NO3)2·6H2O), cobalt nitrate hexahydrates (Co(NO3)2·6H2O),
odium carbonate (Na2CO3), sodium sulfate (Na2SO4), sodium
ydroxide (NaOH), sodium dodecylsulfate (C12H25SO4Na, SDS),
odium dodecylsulfonate (C12H25SO3Na, SAS), bis(2-ethylhexyl)
ulfosuccinate (C20H37SO7Na, AOT), and urea, purchased from Bei-
ing Chemical Regents Co. are all of analytical purity and used

ithout further purification. Deionized water, used in the precip-
tation and aging of LDHs, had been boiled to remove dissolved
O2 before use to avoid the competitive intercalation of carbonate
nion.

The urea hydrolysis synthesis of Mg/Al-LDHs in sodium dodecyl-
ulfate (SDS) solution: 0.0016 mol Mg(NO3)2, 0.0008 mol Al(NO3)3
nd 0.0016 mol SDS were firstly mixed in 80 mL deionized water
n a 100 mL Teflon autoclave. 0.0079 mol urea was immediately
dded into the above solution and stirred quickly using a mag-
etic stirrer. After 20 min, the mixed solution was heated at
50 ◦C for 1, 2, 3, 6, 12, 24, and 120 h, respectively. White pow-
ery products were collected after being extensively washed with
eionized water and ethanol to remove superfluous surfactant
nd other inorganic ions. Especially, the solid in 120 h aging was
ashed in alcohol medium for 7 days to thoroughly remove the

dsorbed surfactant. Changing the concentration of SDS to 0.010,
.015 and 0.0175 M, respectively, Mg/Al-LDHs were synthesized
sing the same method. Changing [Mg2+] to 0.002 M and [Al3+] to
.001 M, Mg/Al-LDHs were synthesized in 0.02 M SDS solution. The
ging was performed at 150 ◦C for 24, 48, 72 and 120 h, respec-
ively.

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

The co-precipitation synthesis of Mg/Al-LDHs in SDS aque-
us solution: 0.0016 mol Mg(NO3)2, 0.0008 mol Al(NO3)3 and
.0016 mol SDS were firstly mixed in 40 mL deionized water in

100 mL Teflon autoclave. Forty microliters aqueous solution

f sodium hydroxide (0.096 M NaOH) was immediately added
nto the above solution under thorough agitation. The solution
as finally adjusted to pH 9.0 using 3.0 M NaOH solution. After
0 min, the white slurry was heated at 150 ◦C for 24, 72, and

F
0

0.889 0.1519 36.84
0.909 0.1521 40.32
0.905 0.1523 42.00

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

ant.
The synthesis of Mg/Al-CO3

2− LDH in SDS aqueous solu-
ion: 0.0016 mol Mg(NO3)2 and 0.0008 mol Al(NO3)3 were firstly

ixed in 20 mL deionized water in a 100 mL Teflon autoclave.
wenty microliters aqueous solution of 0.0016 mol Na2CO3 and
.00384 mol NaOH was immediately added into the above solu-
ion under thorough agitation. The solution was finally adjusted
o pH 9.0. After 20 min, 40 mL 0.04 M SDS solution was added into
he above white slurry solution. The resulting slurry was heated
t 150 ◦C for 24 h. The ion-exchange of Mg/Al-SO4

2− LDH precursor
ith DS anion was performed following the same procedure except

hat Na2SO4 substituted for Na2CO3.
The synthesis of Mg/Al–SO4

2− LDH in the absence of surfac-
ant: 0.0016 mol Mg(NO3)2 and 0.0008 mol Al(NO3)3 were firstly

ixed in 40 mL deionized water in a 100 mL Teflon autoclave.
orty microliters aqueous solution of 0.0016 mol Na2SO4 and
.00384 mol NaOH was immediately added into the above solu-
ion under thorough agitation. The solution was finally adjusted
o pH 9.0. After 20 min, the white slurry was heated at 150 ◦C for
4 h.

The concentrations of Mg2+ (Ni2+, Co2+), Al3+, and SDS (SAS, AOT)
re 0.02, 0.01, and 0.02 M, respectively, in the synthesis solution if
ot specially defined.

.2. Instrument and characterization
ig. 1. XRD patterns of Mg/Al-LDHs aging for 2 h in (a) 0.01 M; (b) 0.015 M; (c)
.0175 M; (d) 0.02 M SDS aqueous solutions by the urea hydrolysis method.
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Fig. 2. SEM images of Mg/Al-LDHs aging for 2 h in (a) 0.01 M; (b) 0.01

ere recorded on a Bruker Vector 22 spectrometer at a resolu-
ion of 4 cm−1, the samples being pressed into disks with KBr.
lemental analyses of Mg and Al were performed by ICP emis-
ion spectroscopy by dissolving the samples in dilute H2SO4. C,
, and O micro-analysis was carried out using an elemental ana-

yzer (Elementar Co., Vario El). SEM micrographs were taken on a
ITACHI S-4700 scanning electron microscope. TEM micrographs

ere taken on a JEM-3010 transmission electron microscope. The

ample for TEM characterization was prepared by dipping carbon
oated copper TEM grids with dilute ethanol suspensions of the
ample powder.

t
t
a
s

ig. 3. XRD pattern (a) and SEM image (b) for Mg/Al-LDH synthesized in 0.002 M Mg2+, 0
c) 0.0175 M; (d) 0.02 M SDS solution by the urea hydrolysis method.

. Results and discussion

.1. Sheet deformation of LDHs intercalated with surfactant
nions

The synthesis of LDHs intercalated with surfactant anions has
een of great interest. But much attention was paid on the crys-

al structures, properties and applications [37,38,43]. In this work,
hree kinds of widely used anionic surfactants (SDS, SAS and AOT)
re applied in LDHs’ synthesis to investigate the flexibility of LDHs
heets. Mg/Al-LDHs were first synthesized under different SDS

.001 M Al3+ 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
for 24 h

LDHs samples d0 0 3 (nm) d0 0 6 (nm) d0 0 9 (nm) d1 1 0 (nm)

Mg/Al-AS LDH 2.54 1.23 0.810 0.1520
Mg/Al-DS LDH 2.79/0.765a 1.38/0.379a 0.894 0.1523
Mg/Al-AOT LDH 2.56 1.21 0.799 0.1520
Co/Al-DS LDH 2.72/0.758a 1.36/0.379a 0.903 0.1535
Co/Al-AS LDH 2.65 1.25 0.796 0.1538
Ni/Al-DS LDH 2.72/0.781a 1.37 0.872 0.1518

a (0 0 l) of CO3
2− 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) d0 0 3 (nm) d0 0 6 (nm) d0 0 9 (nm) d1 1 0 (nm)

1 3.21
2 2.78a 1.32a 0.905a 0.1523
3 2.75a/0.769b 1.29a/0.381b 0.851a 0.1519
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Fig. 4 shows the XRD patterns of Mg/Al, Co/Al and Ni/Al-LDHs
synthesized in three kinds of surfactant solutions. The obvious
(0 0 l) 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
24 2.72a/0.769b 1.27a/0.382b 0.834a 0.1523
20 0.767b 0.381b 0.868a 0.1523

a (0 0 l) of DS anion-intercalated LDH.
b (0 0 l) of CO3

2− anion-intercalated LDH.

oncentrations by the urea hydrolysis method. Fig. 1 shows the
RD patterns of the resulting solids. The (0 0 3), (0 0 6), (0 0 9)
nd (1 1 0) reflections characteristic of dodecylsulfate (C12H25SO4

−

nd DS) intercalated LDHs, similar to reported previously [43–46],
re clearly observed. The basal spacing (d0 0 3) is all calculated as
pproximately 2.78 nm. All of the samples exhibit turbostatic dis-
rders as can be seen from the saw-toothed peaks at 2� = 34◦ and
1◦corresponding to the (0 1 2) and (1 1 0) reflections, respectively.
broad peak centered at 22◦ is observed for all the samples. It

emains unchanged using either glass or aluminum sample holder
or XRD test. Leroux et al. [47] and Zammarano et al [48] consid-
red it came from the absorbed surfactant on the LDHs surface. But
aubertie et al. [49] found this broad peak only existed in wet delam-
nated LDH sample. It is found in our experiment that the intensity
f the broad peak is not reduced at all by thoroughly wash in
lcohol medium to remove the adsorbed surfactant (Fig. S1 in Sup-
orting Information). We propose that the observed broad peak
round 22◦ originate from the enlargement of interlayer spacing
y DS intercalation. That is, for DS-intercalated LDHs, the distance
etween adjacent sheets in c direction is large enough to grant
DH sheets analogously delaminated features. The lattice parame-
ers in Table 1 indicate that the basal spacing (d0 0 3) has negligible
hange with SDS concentration, indicative of the same arrangement
f 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]
urns 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
12H25SO4

− with the alkyl chains partially interdigitating perpen-
icularly.

able 4
ndexing of XRD patterns for Mg/Al-LDH synthesized in 0.02 M SDS solution by the
rea hydrolysis method

ging time (h) d0 0 3 (nm) d0 0 6 (nm) d0 0 9 (nm) d1 1 0 (nm)

24 3.15a 1.46a 0.95a 0.152
48 0.85a 0.43a 0.152
72 0.98a/0.79b 0.46a/0.42b 0.152
20 0.77b 0.38b 0.153

Mg2+]/[Al3+] = 0.002 M/0.001 M.
a (0 0 l) of DS anion-intercalated LDH.
b (0 0 l) of CO3

2− anion-intercalated LDH.
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Fig. 2 shows the SEM images of the DS-intercalated Mg/Al-LDHs
sing the urea hydrolysis method. The morphology of LDHs par-
icles is diversified depending on the SDS concentration in the
ynthesis mixture. When [SDS] ≤ 0.015 M (0.01 and 0.015 M herein),
niform conventional sand-rose-like aggregates of sheet-planar
articles (Fig. 2a and b) are observed. In the case of [SDS] = 0.0175 M,
he aggregates of LDHs particles with sheet-curved or bended mor-
hology (Fig. 2c) are observed. Increasing [SDS] to 0.02 M enhances
he curvature of LDHs sheets (Fig. 2d). The curvature radii of bent
ayers 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.
n this synthesis system, 0.01 M SDS is demanded as interlayer
nions for stoichiometric compensation for the positive charges
f LDHs layers arising from Al3+. It is believed therefore that to
btain layer-bended Mg/Al-LDHs, more dodecylsulfate has to be
ntroduced into the synthesis solution than needed for intercala-
ion. The particles get thinner along the stacking direction with
ncreasing SDS concentration. But the contents of DS anion in the
nal products change only slightly from 36.40% to 42.00% (Table 1).
he slab thickening with decreasing SDS content could be explained
s the less restriction effects on LDH particle growth by the surfac-
ant anions in excess of intercalation. Decreasing [Mg2+] and [Al3+]
o 0.002 M and 0.001 M, well crystallized DS-intercalated Mg/Al-
DHs (Fig. 3a) showing bent layers (Fig. 3b) are also synthesized
uccessfully.

The above observations indicate that the layer of Mg/Al-LDH
s flexible enough to be deformed or bended, which experimen-
ally supports the theoretical speculation [27]. LDHs are a kind of
ost–guest composites, in which the host layers contain various
etal cations and the interlayer guests are exchangeable inorganic

r organic anions. To investigate whether the layer flexibility is of
eneralization for LDHs materials, and also demonstrate the similar
nducing function of anion surfactants, three surfactants are applied
n the morphosynthesis of Mg/Al, Co/Al, and Ni/Al-LDHs materials.
ig. 4. XRD patterns of (a) AS-intercalated Mg/Al-LDH; (b) DS-intercalated
g/Al-LDH; (c) AOT-intercalated Mg/Al-LDH; (d) DS-intercalated Co/Al-LDH; (e)

S-intercalated Co/Al-LDH; (f) DS-intercalated Ni/Al-LDH synthesized by urea
ydrolysis 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/Al-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) d0 0 3 (nm) d0 0 6 (nm) d0 0 9 (nm) d1 1 0 (nm) Mg/Al molar ratio

1 3.32 0.02
2 2.77a 1.34a 0.889a 0.1515 0.86
6 2.77a/0.769b 1.33a/0.381b 0.860a 0.1519 1.71

12 2.73a/0.769b 1.31a/0.382b 0.858a 0.1524 2.07
24 2.77a/0.767b 1.31a/0.381b 0.868a 0.1525 2.09

120 0.748b 0.376b 0.1519 2.02

a (0 0 l) of DS anion-intercalated LDHs.
b (0 0 l) of CO3

2− anion-intercalated LDHs.
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ig. 6. (A) XRD patterns of Mg/Al-LDHs aging at 150 ◦C for (a) 1 h; (b) 2 h; (c) 3 h; (d
T-IR spectra of pure SDS (a) and Mg/Al-LDHs aging at 150 ◦C for (b) 1 h; (c) 24 h; (d

nd Ni/Al-LDHs, respectively. The co-existing CO3
2−-LDH phase

s also observed in each case for DS-intercalated LDHs. For AS-
ntercalated Mg/Al-LDH (Fig. 4a), the appearance of non-basal

0015), (0018) and (0021) reflections clearly exhibits the highly
rystallized layered structure. It can be clearly observed that
o/Al-LDH and Ni/Al-LDH are less well ordered than Mg/Al-LDH.

t can be well explained by the difference in cation radius and

a
f
a
s

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

–O bond length. The ion radius of Al3+, Mg2+, Co2+ and Ni2+

s 0.50, 0.65, 0.74 and 0.72 Å, respectively. The bond length of
l–O, Mg–O, Co–O and Ni–O is approximately 0.182, 0.197, 0.206,

nd 0.204 nm, respectively. The Co–O or Ni–O length deviates
rom Al–O more than Mg–O. More difference in the ion radius
nd M–O bond length, more difficult to form a well ordered
tructure.

(c) 24 h; (d) 120 h, respectively, by the urea hydrolysis method.
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; (b) 1

L
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Fig. 8. TEM images of Mg/Al-LDHs aging at 150 ◦C for (a) 3 h

Table 2 gives the lattice parameters. Subtracting the thickness of

DH layer from the basal spacing, the interlayer spacing observed
s all higher than the full length of the corresponding surfactant
nion (2.08 nm for DS, 1.85 nm for AS [50] and 1.29 nm for AOT
51]). The observed basal spacing indicates a bilayer perpendicu-

i
i
a
c

ig. 9. XRD patterns and SEM images of the Mg/Al-LDHs synthesized in 0.002 M Mg2+ an
he urea hydrolysis method.
20 h in 0.02 M SDS solution by the urea hydrolysis method.

ar arrangement of interlayer anions with the alkyl chains partially

nterdigitating for DS and AS, but a bilayer arrangement [52] with
ts two alkyl chains 55◦ leaning to LDHs’ sheet for interlayer AOT
nion. From the SEM images of the LDHs particles shown in Fig. 5, it
an be seen that Mg/Al-LDHs particles with layer-bended or curved

d 0.001 M Al3+ solution aging at 150 ◦C for (a) 24 h; (b) 48 h; (c) 72 h; (d) 120 h by
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ig. 10. XRD patterns of Mg/Al-LDHs aging at 150 ◦C for (a) 1 h; (b) 2 h; (c) 6 h; (d)
2 h; (e) 24 h; (f) 120 h in 0.015 M SDS solution by the urea hydrolysis method.

orphology (Fig. 5a–c) are produced in all DS, AS and AOT aqueous
olutions. With similar molecular structure and chemical property,
he DS, AS and AOT anions play similar roles at the interfaces in
nducing the curved growth of LDHs’ layers. The sheet deformation
lso readily occurs to Co/Al and Ni/Al-LDH (Fig. 5d–f), suggesting
hat the layer flexibility is of generalization for LDHs materials. But
he deformation degree or curvature radius differs dependently
n the surfactant anion and chemical composition of LDH sheets.
he sheet of Co/Al-LDH (Fig. 5d) appears more difficult to bend
han Mg/Al-LDH (Fig. 5b) and Ni/Al-LDH (Fig. 5f). On the same
DH sheet, Mg/Al for example (Fig. 5a–c), the deformation-inducing
ffects of different surfactants are different. The curvature radius
f AS- or AOT-intercalated LDH (mostly 100 and 50 nm, respec-
ively) is much smaller than that of DS-intercalated LDH (mostly
50 nm). So is the difference between AS- and DS-intercalated
o/Al-LDHs. This is proposed to result from the weaker interfa-
ial interaction of DS than AS or AOT with positively charged
heets. The weak interfacial interaction works less on the induc-
ng growth of LDHs layer, and also facilitates the ion exchange by
O3

2−.
For DS-intercalated Mg/Al-, Co/Al-LDHs and Ni/Al-LDHs, (0 0 l)

eflections of CO3
2−-LDH are also observed (Fig. 4b, d and f and

able 2). The formation of CO3
2−-LDH phase could arise from either

he direct intercalation of CO3
2− that commonly occurs in the urea

ydrolysis method, or the secondary exchange of interlayer anions
y CO3

2−. It is to be further discussed in the following context.

.2. Layer-bended Mg/Al-CO3
2− LDH through exchange of

nterlayer anions

Mg/Al-LDHs were synthesized by the urea hydrolysis method
or various aging time to investigate the formation process of bent
ayers. In urea hydrolysis method, it has been recognized that amor-
hous aluminum hydroxide is firstly formed and then convert into
DH crystals in further aging because of the lower precipitation
H of Al3+ than Mg2+ [14,17]. As observed in Fig. 6(A) and Table 3,

S-pillared amorphous Al hydroxide is formed firstly in 1 h aging,
iving a basal spacing of 3.21 nm but no (1 1 0) reflection char-
cteristic of LDH layers present. DS-intercalated LDHs structure
ppears in further aging, corresponding to the two-step process
f LDHs formation by the urea hydrolysis method. With extended

l
fi
t
w
a
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ging time, (0 0 l) reflections of CO3
2−-LDHs appear, and at the same

ime (0 0 l) reflections of DS-LDHs weaken and disappear finally.
ure CO3

2−-LDHs phase is produced in 120 h aging. The transfor-
ation of LDH structure observed in the aging period illustrates

hat the intercalation of CO3
2− occurs only in an extended aging

ime, indicative of a possible formation of CO3
2−-LDH through

ubsequent ion exchange. In the FT-IR spectra (Fig. 6 (B)), the encap-
ulation of C12H25SO4

− in LDH interlayer gallery causes a shift of
he anti-symmetric and symmetric stretching vibrations of S O
rom 1220 and 1084 cm−1 to 1203 and 1066 cm−1, respectively.
he weakening intensities of CH2 stretching and C–H bending
ibrations at 2920, 2850 and 1468 cm−1 reflect that the content
f surfactant anion decreases with extended aging time. After
20 h aging, the anti-symmetric and symmetric stretching vibra-
ions of S O disappear. Simultaneously, the band at 1354 cm−1

elated to the interlayer CO3
2− anion is observed. The results show

hat dodecylsulfate anions in the gallery have been completely
xchanged by CO3

2−, consistent with XRD observation. Fig. 7 shows
he morphology change of LDHs particles with extended aging
ime. Spherical aggregates of amorphous Al hydroxide are observed
rstly. Layer-curved or bended LDH phase emerges later, and the
ent layer morphology is kept even when all of interlayer DS
nions have been completely exchanged by CO3

2−. With extended
ging time, the width of LDH sheet increases. But from Fig. 2d
nd Fig. 7b–d, it is obvious that the curvature radius increases
rom mostly 50–100 nm to mostly 200 nm with extended aging
ime, indicating the reduction of the deformation degree. It could
e attributed to the higher rigidity of CO3

2−-LDH slabs. HRTEM
mages (Fig. 8 and Fig. S2) prove that the bent sheets not only
riginate from primary crystals rather than particle aggregates, but
lso are continuous without breaks. After 3 h aging, sheet-curved
DHs show a basal spacing of 2.7 nm, consistent with XRD obser-
ation (Fig. 6(A)). After 120 h aging, sheet-curved LDHs display a
asal spacing of about 0.8 nm. This observation suggests that the
heet-bended structure is stable during the great decrease in basal
pacing.

Generally, decreasing the concentration of metal ions or extend-
ng aging time leads to larger LDH crystal size. [15,16] Therefore,
he synthesis of Mg/Al-LDHs in 0.02 M SDS solution was performed
n a decreased metal ion concentration (0.002 M Mg2+ and 0.001 M
l3+) to discuss the change of crystal size and morphology. The XRD
nalysis (Fig. 9 and Table 4) shows that the exchange of interlayer
S anion by CO3

2− has been retarded from 24 to 48 h by reduc-
ng the metal ion concentration. Fig. 9 also shows the SEM images
f LDHs particles aged for different extents in low metal ion con-
entration. Comparing the particle size after 120 h aging under the
wo metal ion concentrations (Fig. 7d and Fig. 9d), little change in
he crystal length and thickness have been observed, different from
onventionally observed. It is the presence of surfactant anion that
nhibits the growth of LDHs nuclei and crystals. The increase in par-
icle width with aging time has been observed in Fig. 7. But with
ow metal ion concentration, extending aging time results in lit-
le change of the particle width, which is attributed to much more
uperfluous DS anion in the synthesis solution.

It has been found in Fig. 2 that sand-rose-like LDHs aggre-
ates are formed when [SDS] ≤ 0.015 M (0.01 and 0.015 M herein).
lthough this kind of aggregate morphology has been observed in

he previous studies [53,54], the aggregation mechanism is still
ndefined. The formation process of this special morphology is
evealed in this work. As shown in Fig. 10 and Table 5, DS pil-
ared Al hydroxide phase with a basal spacing of 3.32 nm is formed

rstly in 1 h aging, similar to what is observed in Fig. 6A. Fur-
her aging results in the formation of LDHs’ structure intercalated
ith DS anion. ICP analysis (Table 5) shows that with extending

ging 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) 2 h; (c) 6 h;
early zero to 2, corresponding to the two-step mechanism in
he urea hydrolysis method. Similar to the structure change in
.02 M SDS solution (Fig. 6A and Table 3), the (0 0 l) reflections
f DS-intercalated LDHs weaken and finally disappear. The (0 0 l)
eflections of CO3

2−-intercalated LDHs accordingly appear with

able 6
ndexing of XRD patterns for Mg/Al-LDHs synthesized in 0.02 M SDS solution by the
o-precipitation method

ging time (h) d0 0 3 (nm) d0 0 6 (nm) d0 0 9 (nm) d1 1 0 (nm)

24 2.68a 1.34a 0.891a 0.1518
72 2.62a/1.08b 1.31a/0.538b 0.890a/0.36b 0.1518
40 0.893b 0.444b 0.1518

a (0 0 l) of DS anion-intercalated LDH.
b (0 0 l) of SO4

2− anion-intercalated LDH.

e
i
t
s
i
l
p
o
c
o

c
s
i
t

h; (e) 24 h; (f) 120 h in 0.015 M SDS solution by the urea hydrolysis method.

xtending aging time. In 120 h aging, only CO3
2−-intercalated LDHs

s observed. The morphology change of LDHs with extended aging
ime, shown in Fig. 11, indicates that the spherical aggregates of
mall plate-like amorphous Al hydroxide are formed firstly. DS-
ntercalated LDHs with planar plate-like morphology are formed
ater and grow in the sphere. Sand-rose-like aggregate and sheet-
lanar particle morphology keep stable during the transformation
f interlayer anion from DS to carbonate anion. But the LDH parti-
les become thinner in stacking direction due to the great change
f basal spacing.
By the urea hydrolysis method, both of layer-curved and
onventional plate-like LDHs particles are synthesized using
urfactant anions as both intercalating candidate and growth-
nducing template. Regardless of bent or planar LDH sheets,
he particle morphology keeps stable in the transformation of
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ig. 12. (A) XRD patterns of Mg/Al-LDHs aging at 150 ◦C for (a) 24 h; (b) 72 h; (c) 24
a) and Mg/Al-LDHs aging for (b) 24 h; (c) 72 h; (d) 240 h.

nterlayer anion from long-chain surfactant anion to small inor-

anic CO3

2− anion. Layer-bended Mg/Al-CO3
2− LDH is produced

y use of the flexibility of LDHs layers as well as the flexibil-
ty stability, which is difficult to achieve by a direct synthesis
pproach.

d

M

Fig. 13. SEM images of Mg/Al-LDHs aging at 150 ◦C for (a) 24 h; (b) 72 h; (c) 240 h i
0.02 M SDS solution by the co-precipitation method. (B) FT-IR spectra of pure SDS

.3. Layer-bended Mg/Al-SO 2− LDH through in situ
4
ecomposition of interlayer anions

The co-precipitation method has also been used to synthesize
g/Al-LDHs in 0.02 M SDS concentration. Fig. 12 (A) shows the

n 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

RD patterns of LDHs synthesized at 150 ◦C for 24, 72 and 240 h,
espectively. In 24 h aging, the XRD pattern displays (0 0 3), (0 0 6),
0 0 9) and (1 1 0) reflections characteristic of DS-intercalated LDHs.

2−
xtending the aging time, the (0 0 l) reflections typical of SO4 -
ntercalated LDHs appear and shift to smaller basal spacing. The
0 0 l) reflections of DS-intercalated LDHs simultaneously weaken
nd finally disappear in 240 h aging. Table 6 gives the detailed lattice
arameters of LDHs products. The two different d0 0 3 for SO4

2−-

h
s
a

p

ig. 15. XRD patterns and SEM images of (a) Mg/Al-CO3
2− LDH; (b) Mg/Al-DS LDH prepar
240 h in 0.02 M SDS solution by the co-precipitation method.

DHs (1.08 and 0.893 nm) can be explained by the change of water
apor pressure during the hydrothermal treatment, which has been
iscussed by Mostarih et al. [55]. The final SO4

2− pillared LDH shows

igh crystallinity without other phase observed. It is a new route to
ynthesize SO4

2−-LDH through in situ transformation of interlayer
nions.

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

ed from ion-exchange of Mg/Al-SO4
2− LDH by DS anion; (c) Mg/Al-SO4

2− LDH.
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in Section 3.2, one might wonder that SO4

2−-LDH probably ever
emerges as a transitory phase and then instantaneously transforms
to CO3

2−-LDH. But it can be seen from Fig. 17, which illustrates the
summary of the morphology and crystal phase of LDHs obtained
ig. 16. Schematic illustration of the interlayer anion transformation of LDHs wi
xchanged by CO3

2−; co-precipitation method: DS is decomposed to SO4
2− , resultin

DHs is retained.

ydrolysis method, the CH2 stretching and C–H bending vibrations
at 2920, 2850 and 1468 cm−1) weaken with extending aging time,
eflecting that the content of surfactant anion decreases. After 240 h
ging, the anti-symmetric and symmetric stretching vibrations of

O disappear. Simultaneously, the band at 1115 cm−1 related to
norganic SO4

2− anion is observed. The results show that the alkyl
roup of dodecylsulfate anions in the interlayer gallery has been
ecomposed. As a result, SO4

2− pillared LDH structure is formed
nally, consistent with XRD observation.

Fig. 13 shows the SEM and TEM images of Mg/Al-LDHs parti-
les synthesized by the co-precipitation method. The particles sizes
re larger than 1 �m after 24 h or longer aging, and increase with
xtended aging time. The camber degree of the particles aged for
4 h is about 60–90◦ (Fig. 13a). Aging for 240 h, folded or even
elical-like sheets can be observed clearly (Fig. 13c) for SO4

2− pil-
ared LDH. TEM image (Fig. 13d) clearly shows that the bended or
urved shape originates from the single crystals rather than the
article aggregation. The slow in situ decomposition of dodecylsul-

ate group results in great reduction of stacking thickness and much
ore bending of LDHs’ sheets. HRTEM images (Fig. 14 and Fig. S3)

urther prove that the bent sheets are continuous without breaks.
he basal spacing is about 0.9 nm.

To prove that the layer bending is transferred from DS-LDH to
he ion-exchanged samples, Mg/Al-CO3

2− LDH and Mg/Al-SO4
2−

DH as precursors have been synthesized and then aged in 0.02 M
DS solution. As shown in Fig. 15, after 24 h aging in SDS solution,
ell-crystallized Mg/Al-CO3

2− LDH is retained. But Mg/Al-SO4
2−

as been exchanged to Mg/Al-DS LDHs. SEM images show that
ll the samples display typical sheet-planar morphology. No bent
articles are observed. This phenomenon suggests that the layer
ending requires the simultaneous occurrence of intercalation and

nterfacial template of DS anions. No bending could be induced
y DS anions in the post-synthesis ion exchange even though the

nterlayer sulfate has been transformed to DS anion.

Crepaldi et al. [43] has reported that the interlayer DS anion
egins to degrade at 150 ◦C. The decomposition starts by the
reaking of the head-tail bond and sulfate is formed firstly.
ut SO4

2−-intercalated LDH structure was not observed in their

F
w
s
p
c

bent and (b) planar layers. Urea hydroxide method: DS anion would be directly
O4

2− pillared LDH. During the interlayer anion transformation, the morphology of

ork. In this work however, two instances are turned out. In
he co-precipitation method, SO4

2−-intercalated LDH phase is
learly observed because no competent anions for secondary ion
xchange exist in the system. But in the urea hydrolysis method,
o SO4

2−-intercalated LDH is observed, which is supposed to be
consequence of plenty of CO3

2− in the synthesis mixture. The
ormation of inorganic-pillared LDHs and morphology stability
f flexible LDHs’ layers are schematically illustrated in Fig. 16.
lthough only DS-intercalated and CO3

2−-intercalated LDHs struc-
ures are observed in the urea hydrolysis method as discussed
ig. 17. Sketch illustration of crystal phase and morphology of LDHs obtained in this
ork. (�) and (©) represent the organic-intercalated LDHs with plate-like and bent

heets, respectively; (�) and (�) represent the inorganic-intercalated LDHs with
late-like and bent sheets, respectively; and the white-black symbols represent the
o-existence of organic and inorganic-intercalated LDHs.
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nder various conditions, no decomposition of DS has occurred at
4 h when CO3

2−-LDH emerges. The SO4
2−-LDH phase has not been

ormed until 72 h aging. The process of in situ decomposition is
lower than CO3

2− anion-exchange, which explains for more bent
ayers by the co-precipitation method.

. Conclusion

In summary, sheet-curved or bended LDHs have been syn-
hesized using anionic surfactants as both interlayer anions and
rowth-inducing template for LDHs nuclei, experimentally con-
rming the flexibility of LDHs’ host layers. Through in situ
ransformation and ion exchange of interlayer anions, SO4

2−- or
O3

2−-intercalated LDHs retaining the layer-bended morphology
f Mg/Al-DS LDHs precursor are produced.

cknowledgments

The authors are grateful to the financial support from NSFC,
rogram for Changjiang Scholars and Innovative Research Team in
niversity (IRT0406), Program for New Century Excellent Talents

n University (NCET-04-0119) and “111” Project (B07004).

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.cej.2008.06.031.

eferences

[1] C.C. Tsai, T.Y. Juang, S.A. Dai, T.M. Wu, W.C. Su, Y.L. Liu, R.J. Jeng, Synthesis and
montmorillonite-intercalated behavior of dendritic surfactants, J. Mater. Chem.
16 (2006) 2056–2063.

[2] J.Y. Huang, H. Yasuda, H. Mori, Highly curved carbon nanostructures produced
by ball-milling, Chem. Phys. Lett. 303 (1999) 130–132.

[3] Y. Tan, S. Srinivasan, K.S. Choi, Electrochemical deposition of mesoporous nickel
hydroxide films from dilute surfactant solutions, J. Am. Chem. Soc. 127 (2005)
3596–3604.

[4] J. He, T. Kunitale, Are ceramic nanofilms a soft matter, Soft Mater. 2 (2006)
119–125.

[5] N. Daumas, A. Hérold, Relations between the elementary stage and the reaction
mechanisms in graphite insertion compounds, C.R. Seances Acad. Sci. Ser. C 268
(1969) 373–375.

[6] M.E. Misenheimer, H. Zabel, Stage transformation and staging disorder in
graphite intercalation compounds, Phys. Rev. Lett. 54 (1985) 2521–2524.

[7] J. Pisson, C. Taviot-Guého, Y. Israëli, F. Leroux, P. Munsch, J.P. Itié, V. Briois, N.
Morel-Desrosiers, J.P. Besse, Staging of organic and inorganic anions in layered
double hydroxides, J. Phys. Chem. B 107 (2003) 9243–9248.

[8] V. Rives, Layered Double Hydroxides: Present and Future, Nova Science Pub-
lishers, New York, 2001.

[9] D.G. Evans, R.C.T. Slade, Structural aspects of layered double hydroxides, Struct.
Bond. 119 (2006) 1–87.

10] F. Cavani, F. Trifiro, A. Vaccari, Hydrotalcite-type anionic clays: preparation,
properties and applications, Catal. Today 11 (1991) 173–301.

11] P.S. Braterman, Z.P. Xu, F. Yarberry, Layered double hydroxides (LDHs), in: S.M.
Auerbach, K.A. Carrado, P.K. Dutta (Eds.), Handbook of Layered Materials, Marcel
Dekker, Inc., New York, Basel, 2004, pp. 373–474.

12] D.G. Evans, X. Duan, Preparation of layered double hydroxides and their appli-
cations as additives in polymers, as precursors to magnetic materials and in
biology and medicine, Chem. Commun. 6 (2006) 485–496.

13] G.R. Williams, D. O’Hare, Towards understanding, control and application of
layered double hydroxide chemistry, J. Mater. Chem. 16 (2006) 3065–3074.

14] U. Costantino, F. Marmottini, M. Nocchetti, R. Vivani, New synthetic routes to
hydrotalcite-like compounds-characterisation and properties of the obtained
materials, Eur. J. Inorg. Chem. (1998) 1439–1446.

15] J.M. Oh, S.H. Hwang, J.H. Choy, The effect of synthetic conditions on tailoring
the size of hydrotalcite particles, Solid State Ionic 151 (2002) 285–291.

16] M. Ogawa, H. Kaiho, Homogeneous precipitation of uniform hydrotalcite par-

ticles, Langmuir 18 (2002) 4240–4242.

17] M. Adachi-Pagano, C. Forano, J.P. Besse, Synthesis of Al-rich hydrotalcite-like
compounds by using the urea hydrolysis reaction-control of size and morphol-
ogy, J. Mater. Chem. 13 (2003) 1988–1993.

18] Y. Zhao, F. Li, R. Zhang, D.G. Evans, X. Duan, Preparation of layered double-
hydroxide nanomaterials with a uniform crystallite size using a new method

[

[

ournal 144 (2008) 124–137

involving separate nucleation and aging steps, Chem. Mater. 14 (2002)
4286–4291.

19] S. Miyata, Anion-exchange properties of hydrotalcite-like compounds, Clay.
Clay Miner. 31 (1983) 305–311.

20] J. He, M. Wei, B. Li, Y. Kang, D.G. Evans, X. Duan, Preparation of layered double
hydroxides, Struct. Bond. 119 (2006) 89–119.

21] A.M. Fogg, J.S. Dunn, D. O’Hare, Formation of second-stage intermediates
in anion-exchange intercalation reactions of the layered double hydroxide
[LiAl2(OH)6]Cl·H2O as observed by time-resolved, in situ X-ray diffraction,
Chem. Mater. 10 (1998) 356–360.

22] N. Iyi, K. Kurashima, T. Fujita, Orientation of an organic anion and second-
staging structure in layered double-hydroxide intercalates, Chem. Mater. 14
(2002) 583–589.

23] G.R. Williams, A.M. Fogg, J. Sloan, C. Taviot-Guého, D. O’Hare, Staging during
anion-exchange intercalation into [LiAl2(OH)6]Cl·yH2O: structural and mecha-
nistic insights, Dalton Trans. (2007) 3499–3506.

24] S.A. Solin, D. Hines, S.K. Yun, T.J. Pinnavaia, M.F. Thorpe, Layer rigidity in
2D disordered Ni–Al layer double hydroxides, J. Non-Cryst. Solids 182 (1995)
212–220.

25] D.R. Hines, S.A. Solin, U. Costantino, M. Nocchetti, Layer double hydroxides
containing a fixed host-layer, Mol. Cryst. Liq. Cryst. 341 (2000) 377–382.

26] W. Rüdorff, Reactions of electropositive metals with graphite and with metal
dichalcogenides, Angew. Chem. Int. Edit. 5 (1966) 904.

27] M.A. Thyveetil, P.V. Coveney, J.L. Suter, H.C. Greenwell, Emergence of undu-
lations and determination of materials properties in large-scale molecular
dynamics simulation of layered double hydroxides, Chem. Mater. 19 (2007)
5510–5523.

28] F. Leroux, J.P. Besse, Polymer interleaved layered double hydroxide: a new
emerging class of nanocomposites, Chem. Mater. 13 (2001) 3507–3515.

29] S. Vial, V. Prevot, F. Lerous, C. Forano, Immobilization of urease in ZnAl layered
double hydroxides by soft chemistry routes, Micropor. Mesopor. Mater. 107
(2008) 190–201.

30] A.I. Khan, D. O’Hare, Intercalation chemistry of layered double hydrox-
ides: recent developments and applications, J Mater. Chem. 12 (2002)
3191–3207.

31] M. Darder, M. López-Blance, P. Aranda, F. Leroux, E. Ruiz-Hitzky, Bio-
nanocomposites based on layered double hydroxides, Chem. Mater. 17 (2005)
1969–1977.

32] F. Li, X. Duan, Applications of layered double hydroxides, Struct. Bond. 119
(2005) 193–223.

33] Z. An, W.H. Zhang, H.M. Shi, J. He, An effective heterogeneous l-proline catalyst
for the asymmetric aldol reaction using anionic clays as intercalated support,
J. Catal. 241 (2006) 319–327.

34] J. Comas, M.L. Dieuzeide, G. Baronetti, M. Laborde, N. Amadeo, Methane steam
reforming and ethanol steam reforming using a Ni(II)–Al(III) catalyst prepared
from lamellar double hydroxides, Chem. Eng. J. 118 (2006) 11–15.

35] F. Yagiz, D. Kazan, A.N. Akin, Biodiesel production from waste oils by using
lipase immobilized on hydrotalcite and zeolites, Chem. Eng. J. 134 (2007)
262–267.

36] L. Desigaux, M.B. Belkacem, P. Richard, J. Cellier, P. Leone, L. Cario, F. Leroux, C.
Taviot-Gueho, B. Pitard, Self-assembly and characterization of layered double
hydroxide/DNA hybrids, Nano Lett. 6 (2006) 199–204.

37] Y. You, H. Zhao, G.F. Vance, Hybrid organic–inorganic derivatives of layered
double hydroxides and dodecylbenzenesulfonate: preparation and adsorption
characteristics, J. Mater. Chem. 12 (2002) 907–912.
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