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Abstract

A novel and facile synthesis route for the manufacture of transparent and uniform nanocrystalline «-Fe,O3 (nc-Fe,O3) thin films and
equivalent powders with wormlike morphology is reported, utilizing ferric nitrate as the inorganic source and triblock copolymer as the
wormlike morphology-directing agent through the evaporation-induced assembly (EIA) method. X-ray powder diffraction (XRD),
ellipsometry, thermogravimetry—differential scanning calorimetry (TG-DSC), Raman spectrum, N,-sorption and scanning electron
microscopy (SEM) were used to study the nc-Fe,O; thin films and powders obtained by calcination at different temperatures. The nc-
Fe,O; powder samples showed an excellent ability to remove heavy metal ion (Cr(VI)) in water treatment. The possible formation
mechanism of the nc-Fe,O5; with wormlike morphology was discussed.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Among transition metal oxides, iron oxides represent a
particularly important class of materials that can be used in
a wide range of applications, including catalysis, magnetic
devices and rechargeable lithium batteries [1-3]. They
combine functionality with low cost and low toxicity.
Furthermore, interest in hematite («-Fe>O3) has increased
owing to its catalytic and sensory activity, magnetic
property [4] and use in water treatment [5]. For all of the
applications in various fields, «-Fe,Oz thin films or
powders with high porosity are desirable.

Transition metal oxides with different kinds of morphol-
ogies have been synthesized through chemical or electro-
chemical methods [6-8]. Contrary to traditional bulk metal
oxides, it has proved more difficult to synthesize transition
metal oxide homogeneous thin films or powders in the
form of high-porosity morphology, owing to the difficulty
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in controlling the fast rate of reaction. Generally, wormlike
nc-Fe,O3 thin films could not be directly obtained via
conventional synthesis routes, such as the chemical vapor
deposition (CVD) method, the sol-gel method, etc. [9-11].
Such effects limit the potential applications of wormlike
nc-Fe,0s.

Based on the above facts, in order to decrease the
hydrolysis rate of the inorganic species, we design a one-
step synthesis route through the evaporation-induced
assembly (EIA) method, and elucidate the reaction
processes leading to the formation of homogeneously
wormlike iron oxide thin films. As we know, a-Fe,O5 thin
films or powders with wormlike morphology has not been
synthesized through the facile EIA method so far. We used
non-ionic amphiphilic triblock copolymer Pluronic F127 as
the morphology-directing agent, which can be easily
obtained commercially, and ferric nitrate as the inorganic
precursor.

The unique feature of the EIA approach is that this
novel strategy combines sol-gel dip-coating and organic—
inorganic cooperative assembly techniques. In our strategy,
the key step of the system is the action of NHjs-H,O
and surfactant. The surfactant can be first mixed with
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NH;5 - H»0, and then the hydrogen bond may be formed
between the hydrophilic block (uncharged water-soluble
moieties) and NH;-H>O to decrease the OH™ in the
reaction solution. The ferric precursors can hydrolyze
slowly to provide relatively smaller inorganic species rather
than bulk sediment, which can have a strong interaction
with surfactant micelles. At the following stage, the
interaction can restrain the transformation from wormlike
to bulk morphology when the surfactant is removed.

Chromium has been placed on the top of the priority list
of toxic pollutants by the USEPA and is present in aqueous
system in both the trivalent form (Cr®") and hexavalent
form (Cr®"). With its high solubility, Cr(VI) is more
harmful to living organisms compared to Cr(IIT) [12]. So
the removal capacities of the Cr(VI) ion of the calcined
powder samples are investigated. Removal of the adsor-
bents calcined at different temperatures by a magnet is
investigated. The synthesis and characterization of uniform
nc-Fe,O3 thin films or powders prepared at different
temperatures are presented, the formation mechanism of
uniform nc-Fe,O; films is discussed, and the water
treatment measurements are presented.

2. Experimental
2.1. Materials

Triblock copolymer Pluronic F-127 (EO;¢sPO79EO1 s,
MW = 12600, Product no. P2443-250G) was purchased
from Aldrich and used as received without further
purification.

2.2. Synthesis of wormlike nc-Fe;O3

Isotropic solutions were prepared by dissolving Fe
(NO3); - 9H,0 (4.57 g) precursor and block copolymer F-
127 (E0106P070E0106) (09 g) in EtOH (23 ml) and HQO
(20ml; 4.5ml 26-28% NH;-H,0). The solution was
refluxed for 1 h. Then they were aged for 24h at 20-22°C
at ambient environment. Uniform thin films were prepared
by dip-coating ITO glass substrates at a constant with-
drawal rate (1mms™") and relative humidity (50-60%).
Alternatively, the sol solutions can be dried to prepare
equivalent iron oxide powders. To remove by-products
(ammonium nitrate), powder samples were washed with
water. The as-prepared layers or powders were calcined at
different temperatures for 4h (1°Cmin~" under air).

2.3. Water treatment experiments

Commercial o-Fe>O; nanoparticle powder was pur-
chased from Beijing Chemicals Co. (Beijing, China). For
the experiment, K,Cr,O5 was used as the source of Cr(VI),
and 0.05 g adsorbent samples were stirred in 25 ml solution
containing Cr(VI) for 3h at room temperature (20 °C).
Then the solid and liquid were separated and the
concentration of chromium in the remaining solution was

measured. For desorption, Cr-loaded iron oxides were
shaken with 5ml of 0.01M NaOH for 24h and the
particles were separated. The initial concentration of
Cr(VI) was 10.80mgl1™".

2.4. Characterization

Wide-angle X-ray diffraction (XRD) patterns of the iron
oxide powder to identify the crystalline phase were
recorded on a Rigaku D/max-IIIB (40kV, 30mA) dif-
fractometer, using Cu Ko radiation with a wavelength of
A= 1.5406 A at room temperature. N,-sorption isotherms
of the iron oxide powders obtained on a Micromeritics
ASAP 2020 instrument and Brunauer—Emmett-Teller
(BET) equation were used to calculate the specific surface
area. Thermogravimetry—differential scanning calorimetry
(TG-DSC) curves were performed using a NETZSCH
STA449C thermal analyzer (1°Cmin~' under air atmo-
sphere). Raman spectrum was collected at a HORIBA JY
HR 800 spectrometer with a wavelength of A =458 nm
(100 x, 20mW). The film thickness was estimated by
ellipsometry experiments carried out on a SENTECH
GmbH/SE400 instrument with a He-Ne laser beam
(4 = 632.8 nm). Atomic absorption spectra to identify the
concentration of Cr(VI) were obtained at a Thermo
Elemental SOLAAR-M spectrometer with a wavelength
of 1 =357.9nm. The morphologies of the calcined iron
oxide thin films were evaluated by a Hitachi S-4800
Scanning Electron Microscope with an operating voltage
of 20kV.

3. Results and discussions
3.1. Characterization of iron oxides
Wide-angle XRD was used to identify the crystalline

phase of the calcined samples and the results are presented
in Fig. 1. As shown in Fig. 1, Bragg diffraction peaks in the
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Fig. 1. X-ray powder diffraction patterns of the samples calcined at
different temperatures: (a) 350; (b) 400; (c) 450; (d) 500 °C. The XRD
patterns are offset for clarity, but the intensity scale is identical for all
patterns. I: intensity in arbitrary units.
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range 260 = 20-70°, which can be indexed as (012), (104),
(110), (113), (024), (116), (018), (214) and (300), show the
typical patterns of an a-Fe,Oj3 structure (JCPDF 33-0664)
for these samples calcined at 350-500 °C. In Fig. 1, the
unindexed peaks (such as ~30) for samples calcined at 350
and 400 °C may be induced by small amounts of impurities.
The reason for the existence of small amount of impurities
may be incomplete oxidation under relatively low calcina-
tion temperature. The crystal size is determined from the
broadening of corresponding X-ray spectral peaks by
Scherrer’s formula as follows: D = KA/(f.—fs)cos 0, where
A is the wavelength of the X-ray radiation, D is the crystal
size, and f. and f, are the full-width at half-maximum
height of the sample and standard (single-crystal silicon),
respectively. With the increase of calcination temperature,
these diffraction peaks became more narrow and intense.
The average crystallite sizes of the calcined samples
estimated from the Scherrer equation using the (104)
diffraction peak are summarized in Table 1. As calculated
from the Scherrer equation using the (104) diffraction peak
of a-Fe,O3 for samples calcined at 350, 400, 450 and
500 °C, the average crystallite size was found to be between
17.36 and 33.57nm. A similar result was found for the
(110) diffraction peak. It was found that there is a
pronounced increase in the crystal size as the calcination
temperature increases, which can be attributed to the
growth of crystallites and improvement of crystallization
with the increase of calcination temperature. An enhance-
ment of the crystallinity goes in parallel with the
aggregation of Fe,Oj3 crystallites as the sintering tempera-
ture is increased. This tendency is confirmed by the direct
observation of the XRD patterns, where the peak intensity
increases and the width of the diffraction peaks becomes
narrower with increasing temperature. The crystallite size
estimated by applying the Scherrer equation could be
somewhat overestimated because of additional microstrain
factors [13].

Nanocrystalline Fe,O; (nc-Fe,O3;) can be applied in
magnetic resonance imaging, catalysis, coatings and gas-
sensor devices [14]. The BET surface areas of nc-Fe,Oj3
calcined at different temperature are also listed in Table 1.

An observed trend is the decrease of BET surface area with
the increase of calcination temperature, which is partially
attributed to the growth of crystallite size or the particle
stacking. Because there are pores between the wormlike
Fe,O3 nanocrystalline particles and pores may collapse
when the particles grow, the decrease of porosity can also
induce the decrease of BET surface area.

To further characterize the calcined nc-Fe,O5 thin films
synthesized at different calcination temperatures, the
thickness of the obtained films was determined by using
an optical ellipsometer, and the results obtained are listed
in Table 1. It is clearly seen that the film thickness is slightly
increased as the calcination temperature is increased. This
can be ascribed to the growth of crystallites and improve-
ment of crystallization with the increase of calcination
temperature.

The Raman spectrum of the sample calcined at 400 °C is
shown in Fig. 2. The Raman spectrum peaks observed are
four optical modes of even symmetry (1A;,+ 3E,), which
are expected in the Raman spectrum of «-Fe,O; [15].
Although there are unindexed peaks for the sample
calcined at relatively low temperature, no unambiguous
signals from other phases are observed. The a-Fe,O3 phase
is consistent with the results obtained from the XRD
analysis. The TG-DSC curves of the as-prepared sample

Intensity (a.u.)

250 300 350 400 450
Raman shift (cm™)

150 200

Fig. 2. Raman spectrum of the sample calcined at 400 °C.

Table 1

Textural and structural parameters of wormlike nc-Fe,O; samples and their removal capacity for Cr compared with commercial o-Fe,O5

Sample Crystallite size BET surface area Film thickness Removal capacity for Phase
(nm)* (m*g™") (nm)” Cr [mgg (Cat)™']°

S-350¢ 17.36 45.11 360.5 5.03 o-Fe,0;

S-400 26.54 31.62 366.1 4.82 o-Fe,0;

S-450 30.64 21.91 368.4 4.35 o-Fey05

S-500 33.57 20.08 370.1 4.30 o-Fe,0;

Commercial Fe,O3 2.00 0.70 o-Fe,04

“The average crystallite size of a-Fe,O3 was calculated by applying the Scherrer equation using the (104) diffraction peak.
The film thickness was estimated by ellipsometry. Film thickness measurement was carried out thin-film samples and other measurements on powder

samples.
“The removed quality of Cr quality by every gram of the catalyst.
dCalcination temperature (°C).
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Fig. 3. The TG-DSC curves of the as-prepared sample.

are shown in Fig. 3. From the results of TG-DSC curves,
the proper calcination temperature can be measured. It can
be seen that the main decomposed temperature of the
surfactant is about 245 °C. There is no gravity loss when
the temperature is raised to 350 °C, which proves that the
organic materials have been removed completely. No
carbon stretch or vibration peak is observed from the
FT-IR spectrum (Fig. S1), which is further proved by the
complete removal of surfactant. The FT-IR spectrum of
sample iron oxide is characterized with the IR bands at 547
and 466cm™', and this spectrum can be ascribed to the
study by Iglesias and Serna [16], which published IR
spectra of o-Fe,O; particles of different shapes. For
example, a-Fe,O3 spheres showed IR bands at 575, 485,
385 and 360 cm ™!, while a-Fe,O5 laths showed IR bands at
650, 525, 440 and 300cm ™.

The scanning electron microscopy (SEM) images of our
obtained calcined nc-Fe,Oj thin films are shown in Fig. 4.
From the SEM images, it can be observed clearly that the
Fe,>O5 nanoparticles have typical wormlike morphology.
The photograph of transparent and homogeneous thin film
and powders are shown in Fig. S2. Evidently, our proposed
EIA synthetic strategy is unique in permitting a systematic
and facile synthesis of uniform nc-Fe,O3 thin films with
wormlike nanosize a-Fe,O3; by using Fe (NOj); as the
inorganic precursor and F127 as the wormlike-structure-
directing agent.

3.2. Formation mechanism

On the basis of the above discussion, in an F127-
NH; - H,O-EtOH-Fe(NO3);—H->O system, the wormlike
nc-Fe,O3 thin films or powders have been successfully
synthesized. It is well known that, in a ternary triblock
copolymer—water-selective solvent system, block copoly-
mers can self-assemble into a variety of lyotropic liquid
crystal microstructures consisting of a lamellar, hexagonal
or cubic structure, with a one-, two-, or three-dimensional
order, respectively [17-19]. The very rich structural
polymorphism of block copolymer in a ternary system
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Fig. 4. Representative SEM images at two different magnifications of the
nc-Fe,O5 thin film calcined at 500 °C for 4h: (A) lower-magnification
SEM image and (B) higher-magnification SEM image.

makes it possible to synthesize wormlike nanostructured
films through organic—inorganic cooperative assembly.
The formation of nc-Fe,O5 with a wormlike morphology
can be attributed to the interaction between the uniform-
structure-directing agent (F127) and the hydrophilic ferric
nanoclusters and the formation of a surfactant-nanocluster
hybrid. A proposed formation mechanism of wormlike nc-
Fe,O5 through the EIA synthetic route is described in
Scheme 1. We believe that there are two factors that
influence the synthesis of iron oxides with high porosity as
other transition metal oxides. Firstly, it is owing to the
strong interplay and the gelation tendency inside the
precursors themselves when they hydrolyze. Secondly,
the conformation of the crystal phase and the removal of
the template under calcination can potentially disrupt the
pores between the nanoparticles and form bulk powders.
In our synthetic route, the NH;- H,O first dispersed in
the surfactant solution in order to control the rate and
prevent the formation of bulk precipitation. The inorganic
precursors may hydrolyze slowly, which can have strong
interaction with surfactant micelles in the next stage to
prevent the pores from collapsing when the surfactant was
removed. The reason for the slow hydrolysis velocity of
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Scheme 1. Schematic illustration of the proposed EIA synthetic approach for the preparation of the nanocrystalline wormlike iron oxide thin films

presented in this work.

inorganic species, we suppose, is the weak interaction of
the hydrogen bond between the H atom of the NH; - H,O
and the O atom of EO of the surfactant, which controls the
ionization rate of NHj3 - H,O. Because reaction probability
among the inorganic precursors and OH™ in the reaction
solution is reduced (i.e. the hydrolysis rate is slowed down),
small ferric oxo-clusters, but not bulk sediment, can be
obtained. Such ferric oxo-clusters can realize the assembly
with the surfactant. We chose the proper quantity of
NHj; - H,O according to the phenomena of experiments.
Only when the solution of surfactant and NH;-H,O
became clear, the ferric salt solution could be added. If
NH; - H,O was added in the last step, the product was bulk
sediment (Fig. S3). Finally, with the evaporation of the
volatile solvent, the assembly of the surfactant with the
inorganic species and the further cross-link of the inorganic
precursors result in the final formation of nc-Fe,O3 with
wormlike morphology.

The novel EIA synthetic approach allows the process to
modulate between solvent removal and inorganic conden-
sation. The products obtained in this synthesis are the
aggregates of inorganic ferric oxide particles. The role of
F127 is to modify the morphology. Considering the
environmental and economic factors, the wormlike iron
oxide made from inorganic salts in contrast to ferric
alkoxides precursors seems more attractive candidates for
potential applications in catalysis and other material
applications.

3.3. Water treatment measurement

Herein, we utilized iron oxides powders calcined at
different temperatures to investigate their applications in
water (containing Cr(VI) ions) treatment. Chromium is
considered as one of the primary highly toxic pollutants in
water resources and its efficient removal from water is of
great importance. For the removal of the metal and anionic
contaminant, the mechanism was proposed to involve ion
exchange and surface complexation between the iron oxide
surface and the toxic ions in the aqueous solution [20,21].
We also investigated the removal ability of commercial
o-Fe,O3 powder under the same experimental conditions.
It was found that the removal ability of wormlike nc-Fe,O3
was much better than that of commercial iron oxide
(Table 1). The better performances could be attributed to
the relatively higher surface area and porous structure of the

prepared iron oxides. Powder samples calcined at relatively
low temperatures (350 and 400 °C) were observed to be
attracted by an outer magnet (Fig. S4). While for powder
samples calcined at 450 and 500 °C, no attraction by an
outer magnet was observed (Fig. S5). For the sample
calcined at 350 °C, such phenomena may be induced by
small amounts of impurities and weak ferromagnetism at
room temperature due to size effects [22]. For the sample
calcined at 400 °C, such phenomena may be induced by
small amounts of impurities. Further studies are required to
understand this better. The primary objective of desorption
is to restore the adsorption capacity of the exhausted
adsorbent, while the secondary objective is to recover metals
present in the adsorbed phase. The recovered high
concentration of Cr(VI) solutions may be thus be considered
for recycling in some industrial purposes.

4. Conclusion

In summary, transparent nc-Fe,O; thin films on ITO
glass substrates or powders were successfully synthesized
by using ferric nitrate as the inorganic source and triblock
copolymer F127 as the wormlike-structure-directing agent
through a novel and facile EIA approach. With the
increase of calcination temperature, the BET surface area
of the samples reduced and the particle size and the film
thickness increased. We propose that the cooperative
assembly between organic and inorganic components
results in the formation of wormlike nc-Fe,O5 thin films
with narrow crystal size distribution. The presence of a
copolymer is necessary to produce crack-free films. The
wormlike nc-Fe,O3; powders at different calcination
temperatures showed an excellent ability to remove heavy
metal ion Cr(VI) in water treatment and are expected to be
useful in many other applications (e.g. catalysis) compared
to the traditional Fe,O3 powders.

Most importantly, we have demonstrated that, using this
route, the hydrolysis rate of the inorganic species can be
effectively controlled, and such a simple route may be used
for the synthesis of other transition metal oxides with high
porosity.
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