
INTRODUCTION

Since the first report of ordered mesoporous silicates1,
increasing attention has focused on the synthesis of self-assem-
bled inorganic–surfactant composites–especially mesostruc-
tured metal oxide–surfactant composites2-4–probably due to
their potential applications as catalysts and absorbents. The
synthetic routes of mesostructured biphasic composites are
heavily precursor-dependent2, i.e., anionic precursor species
(I–) are expected to react with cationic surfactant (S+), following
the direct S+I– route to form an S+I– complex, for example,
order mesoporous silica MCM-41 was prepared by reaction
of cationic CTAB with anionic siliceous species1. Whereas
cationic precursors ions preferably react with anionic surfactant
to form S–I+ complex, further removal of surfactant will
produce mesoporous metal oxides. For example, hexagonal
mesoporous PbO has been synthesized by reaction of alkyl
sulfonate with lead ions2. Yada and coworkers5 also reported
that hexagonal mesoporous Al2O3 can be prepared by homo-
geneous precipitation of sodium dodecyl sulfate (SDS) and
aluminum ions in the presence of urea.

Iron oxides have been widely used in dyes, magnetic
devices, catalysts and rechargeable lithium batteries6. Porous
iron oxides, especially mesoporous iron oxides has attracted
considerable attentions because of their easily accessible
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mesopores and good kinetic performance7, 8. Mesostructured
iron oxides have been prepared by using either organic surfac-
tants as structure-directing agents (SDAs), typically cationic
surfactant (S+) for S+I– routes7-9, or ordered mesoporous silica
as hard templates10-12. The first attempt to prepare mesostruc-
tured iron oxides via S–I+ route was performed by Huo et al,
but only lamellar mesophase was achieved2. Using aliphatic
alcohols as synthetic solvent and sodium hexadecylsulfonate
(typical S–) as structure-directing agent, Michot et al.13 first
demonstrated MCM-like, i.e., hexagonal mesostructured iron
oxides can be prepared via S–I+ method. On the other hand, it
has been reported that the mesophase of lamellar PbO will
transform to hexagonal by varying the molar ratio of surfactant
to inorganic species and/or the pH of the starting mixture2.
Yada et al.14 also observed similar mesophase evolutions in
some rare-earth metal oxide-surfactant systems, such as Ho,
Tm, Yb, Gd, Lu and Er-based-surfactant mesophases. Besides,
the mesophases transition from lamellar to hexagonal was also
verified for aluminum-SDS composites15. The transition of
mesophase is of great importance for both fundamental
understanding the mesostructure evolution during the prepa-
ring process and the development of novel mesostructured
materials with tailorable pore configurations16,17. It is supposed
that mesostructured metal oxide-surfactant composites would
proceed structure transition between different configurations
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by varying the synthetic parameters, if there are more than
one type of configurations of the employed surfactants. Both
regular lamellar and hexagonal iron oxide-SDS mesostrutures
have been reported recently4,13. However, there is no enough
evidence to prove whether the iron oxide-SDS composites
undergo mesostructural transition between the two configura-
tions. Moreover, the underlying mechanism of the transition
of diphase mesostructured composites is not so well under-
stood. Only a few studies have addressed the transition of meso-
phases2,15, with a special emphasis on silica-based mesoporous
materials to understand the effects of synthetic parameters on
the transition of these mesophases16,18,19.

Herein, we synthesized mesostructured iron oxide-SDS
composites in an EtOH-H2O solution and monitored their
mesophase transition by both powder X-ray diffraction
(PXRD) and transmission electron microscopy (TEM). Our
objective is to better understand the mesostructural evolution
of the iron oxide-SDS composites and the underlying
mechanism governing the mesostructural transition process.

EXPERIMENTAL

All chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China) and used without further
purifications. Anhydrous ferric chloride (FeCl3) was used as the
iron source and sodium dodecyl sulfonate (SDS, C12H25NaO3S
(Fig. 1) was employed as the structure-directing agent. Absolute
ethyl alcohol (EtOH) and Milli-Q ultrapure water were used
as synthetic solution.

Fig. 1. Chemical structure of sodium dodecyl sulfonate (SDS)

Preparation of iron oxide-SDS composite: Typically,
the iron oxide-SDS composite was prepared as follows: firstly,
6 mmol of ferric chloride was added dropwise in a 10 mL of
0.3 M NaOH solution and prehydrolyzed for 10 min before
mixing with a 40 mL of 0.3 M SDS in absolute ethyl alcohol
solution. Then, the resultant suspension (pH = 1.75) was
magnetically stirred and intermittently sonicated at 40 °C for
1 h followed by transferring to sealed polypropylene bottles
and ageing at 80 °C for 6, 24 and 72 h, respectively. The final
product was cooled to ambient temperature, recovered by
vacuum filtration and washed with excessive EtOH for several
times and air-dried for further test.

Characterization: Transmission electron microscopy
(TEM) was carried out using a JEOL JEM-4000EX micro-
scope. A drop of ethanol suspension containing composite
samples with different ageing times was applied to a copper
grid (300 mesh) coated with carbon film. The copper grid was
allowed to dry in air then ready for TEM analysis operated at
400 keV for high-resolution imaging. Powder X-ray diffraction
(PXRD) measurements were performed on an ARL X'TRA
diffractometer with CuKα radiation (Operating power: 40 kV,
40 mA). To prepare samples for PXRD analyses, a small spoon
of sample was grinded and then supported in a square groove
on a flat sheet of glass and flattened prior to tests. Powder X-

ray diffraction data were collected in the 2θ range of 1-10°
with a scanning rate of 1°/min.

RESULTS AND DISCUSSION

Transmission electron microscopy: TEM images of the
iron oxide-SDS composites with different ageing time (Fig. 2)
provide a visible and ex-situ mesostructural evolution process
that the composites experienced. With the ageing time increased,
the mesostructure of the composites transited from the regular
lamellar frame work (Fig. 2a) to an interim poor-ordered

Fig. 2. TEM images of the iron oxide-SDS composites showing the
mesostructural evolution of the composites with increasing ageing
time: (a) 6 h, (b) 24 h, (c) 72 h (inset: corresponding selected area
electron diffractogram)
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hexagonal array with a unit cell parameter of a = 44 Å (Fig. 2b)
and finally to the well-ordered hexagonal structure (Fig. 2c).
The hexagonal ordering was verified by the selected area electron
diffractogram (inset in Fig. 2c). Similar transition from lamellar
to worm-like mesostructure was also observed by TEM for
titanium dioxide-surfactant matrix20. Using TEM technology,
Liang et al. have also shown obvious mesostructure transitions
of periodic mesoporous organosilicas with changing the
concentration of sodium hydroxides in the starting mixture17.

Powder X-ray diffraction: Powder XRD patterns of these
iron oxide-SDS composites are shown in Fig. 3. Ageing the
starting iron oxide-SDS mixture for 6 h resulted in a composite
with a XRD pattern characterized by three diffraction peaks
at 2θ = 2.4, 4.8, 7.2° (Fig. 3, bottom). The peaks can be assigned
to (001), (002) and (003) reflections of a layered phase with
an interlay spacing (d(001)) of 36 Å, in good agreement with
TEM result of 36.8 Å as shown in Fig. 2a. Moreover, it's
reported that the layer d spacing of iron oxide-surfactant
composites are directly proportional to the surfactant carbon
chain length4 and that the d(001) spacing of layer iron oxide-
surfactant composite made with a 12-carbon sulfate surfac-
tant equals to 36.6 Å, which is in good consistence with our
results.
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Fig. 3. Powder XRD patterns of the iron oxide-SDS composites

When the ageing time was prolonged to 24 h, the powder
XRD pattern of the composite (Fig. 3, middle) shows a bi-
peak with d spacing of 38 and 36 Å [assigned to (001) reflec-
tion] in the 2θ angle and two decreased peaks corresponding
to (002) and (003) reflections of the lamellar composite,
implying that the layered mesostructure remained upon ageing
for 24 h. This observation is probably due to the formation of
a cross-linked iron oxy-hydroxide layer at this stage4. The
diffraction peak with d spacing of 38 Å can be assigned to the
(100) reflection of a poorly-ordered hexagonal mesostructure
with a unit cell parameter of α = 44 Å (calculated from formula

a = 2d100/ 3 ). The calculated unit cell parameter is coincident
with TEM result as depicted in Fig. 2b. Combination the TEM
observations (Fig. 2b) and the PXRD results (Fig. 3, middle)
suggests that co-occurring of both lamellar and hexagonal
mesostructures of the iron oxide-SDS composites after ageing
for 24 h. In fact, co-occurring of two mesophases have also
been reported for Er-based mesophases14 and mesostructured
aluminophosphates21. With further increase in ageing time up
to 72 h, the layered mesophase disappeared, while only a
second mesophase was obtained with two clear peaks attri-
butable to (100) and (110) reflections (Fig. 3, top) assignable
to a hexagonal symmetry as described above, in consistent
with the TEM analysis (Fig. 2c). Further increase in ageing
time didn't affect the positions of these diffraction peaks (data
not shown), implying formation of relative stable hexagonal
iron oxide-SDS composites.

Proposed mechanism: On the basis of above TEM and
PXRD analyses, a schematic mechanism in agreement with
our experimental observations was proposed to illuminate the
lamellar-to-hexagonal transition (Fig. 4). In the initial step,
SDS surfactants tend to form a bilayer configuration in the
interlayers of layered iron oxide planes consist of Fe(H2O)6

3+

octahedral units. This layered configuration has been already
confirmed22 with increasing ageing time, the SDS surfactant
anions undergo cylindrical micellization due to the change of
the solution pH and therefore the interfacial forces between
the surfactant surface and iron oxide sheets. This process
along with the polymerization of iron aquo complex lead to
the corrugation of the layered surfactant-iron oxide sheets. As
depicted in Fig. 4, this process proceeds steadily until the cross-
linking between two adjacent sheets at the contacted area,
finally resulting in the formation of hexagonal iron oxide-SDS
mesostructure.

SDS surfactant

[Fe(H O) ]  complex2 6

3+

Fig. 4. Schematic diagram of mechanism proposed for the lamellar-to-hexagonal transition of iron oxide-SDS composites
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Actually, a similar mechanism was reported for the silica-
based mesophase19 and for the aluminum-based surfactant
mesophase15. The driving force of the lamellar-to-hexagonal
transition seems to be the balance between the condensation
of iron oxide complex and the interfacial electrostatic inter-
action, both of which are strongly correlated to the pH and the
parent solvent components13,15. The introduction of EtOH into
the starting mixture seems to play a significant role in the
lamellar-to-hexagonal transition of iron oxide-SDS mesophase,
by which the parameter that determines the preferred configu-
ration of a surfactant assembly was likely to be in the range
favoring the formation of cylindrical micelles2,19. In this respect,
the preferred configuration of the a surfactant system ultimately
governs the mesostructure evolution of iron oxide-SDS compo-
sites, this is also true for mesophase templated by non-ionic
SDAs23.

Conclusion

In summary, both TEM and powder XRD evidences of
lamellar-to-hexagonal transition of mesostructured iron oxide-
SDS composite were presented in current work. The mesophase
evolution of iron oxide-SDS composites from lamellar to
hexagonal symmetry was obtained by introduction of ethyl
alcohol into the starting mixture, followed by ageing the
mixture at 80 °C and extending the ageing time from 6 to
72 h. Results of TEM and powder XRD suggest that iron oxide-
SDS composite mesostructurally evolved from a regular lamellar
symmetry to a transitional lamellar-hexagonal symmetry and
eventually to an ordered hexagonal symmetry with a unit cell
parameter of a = 44 Å . As implied by the proposed lamellar-
to-hexagonal transition mechanism, the mesostructural
evolution process is governed by the preferred configuration
of SDS surfactant system, which is dependent on both pH and
the solvent components. This lamellar-to-hexagonal transition
will be possible for other transition metal oxide-surfactant
composites, especially those prepared in a alcohol-water system.
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