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he controlled fabrication of nano-

structured materials with functional

properties has attracted more and
more attention in recent years for their
unique size and shape-dependent proper-
ties (optical, electrical, magnetic, catalytic,
mechanical, chemical, etc.). 3 Therefore,
studies on the shape controllable synthesis
of nanomaterials are of great interest and
are actively being pursued. In particular,
many efforts have been devoted to a pre-
cise control of hollow and porous structures
with uniform sizes,* ' due to their low ef-
fective density, high specific surface area,
and potential scale-dependent applications
in catalysis, drug delivery, active material
encapsulation, ionic intercalation, light-
weight filler, surface functionalization, en-
ergy storage, and so on. Semiconductor
nanomaterials have been identified as im-
portant materials with potential applica-
tions in a wide range of fields.'>'® Hematite
(a-Fe;,03), an n-type semiconductor (E5 =
2.1 eV), is the most thermodynamically
stable phase of iron oxide. It has been ex-
tensively investigated in catalysts, pig-
ments, gas sensors, magnetic recording me-
dia, optical devices, and electromagnetic
devices, owing to its nontoxicity, low pro-
cessing cost, and high resistance to corro-
sion. Many recent efforts have been
directed toward the fabrication of nano-
structural iron oxides to enhance their per-
formance in currently existing applications.
To date, well-defined nanostructures of iron
oxides with different dimensionalities such
as nanoparticles, nanorods, nanowires,
nanotubes, nanorings, nanobelts,
nanocubes, as well as hollow and porous
nanostructures have been obtained suc-
cessfully by a series of solution-based routes
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ABSTRACT The a-Fe,0; with various morphologies has been successfully synthesized via an ionic liquid-
assisted hydrothermal synthetic method. The samples are characterized by X-ray diffraction, Fourier transform
infrared spectroscopy, field emission scanning electron microscope (FE-SEM), transmission electron microscopy,
and high-resolution transmission electron microscopy. The results indicate that the as-prepared samples are c-
Fe,0; nanoparticles, mesoporous hollow microspheres, microcubes, and porous nanorods. The effects of the ionic
liquid 1-n-butyl-3-methylimidazolium chloride ([bmim][Cl]) on the formation of the c-Fe,0; with various
morphologies have been investigated systematically. The proposed formation mechanisms have also been
investigated on the basis of a series of FE-SEM studies of the products obtained at different durations. Because
of the unique porous structure, the potential application in water treatment of the «-Fe,0; porous nanorods was
investigated. The UV—vis measurements suggest that the as-synthesized pure ct-Fe,0; with various morphologies
possess different optical properties depending on the shape and size of the samples. The magnetic hysteresis
measurements indicate the interesting magnetic property evolution in the as-prepared co:-Fe,0; samples, which
is attributed to the superstructure or the shape anisotropy of the samples. This method is expected to be a useful
technique for controlling the diverse shapes of crystalline inorganic materials for a variety of applications, such
as sensors, gas and heavy metal ion adsorbents, catalytic fields, hydrogen and Li ion storage, and controlled drug
delivery, etc.
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and vapor-phase processes.'”” 30 As ex-
pected, these a-Fe,0; nanostructures lead
to interesting size and shape-dependent
properties and a wide variety of potential
applications,® 7% including gas sensors,
electrode materials in lithium secondary
batteries, catalysts, magnetic recording me-
dia, and optical and electromagnetic de-
vices as well as water splitting and pollu-
tion treatment. Among various synthesis
methods, template-directed approaches in-
cluding hard templates (e.g., polymer latex,
carbon, anodic aluminum oxide templates)
or soft-templates (e.g., supramolecular, sur-
factant, organogel) have been extensively
investigated. For example, Zhong et al.3¢
have reported the synthesis of flowerlike
iron oxide nanostructures in the
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presence of urea and tetrabutylammonium bromide
(TBAB) by a solvothermal process with subsequent cal-
cination. Zeng et al.3° have synthesized hollow hematite
spindles and microspheres using FeCls, oxalic acid, and
bases as reactants at first, and then calcined the precur-
sors in air at 400 °C for 2 h. These synthesis routes seem
to be inconvenient because complete template re-
moval is needed, which means a much more compli-
cated process including the selection of appropriate
solvent or calcination at elevated temperature. Further-
more, the removal of the surfactants or shape-control
ions will always bring a negative effect on the morphol-
ogy of the products. In addition, the previous synthetic
routes are often time-consuming and need precursor
calcination steps. Therefore, it still remains a challenge
to develop a facile and environmental friendly route to
synthesize the morphology controllable hematite.
Room-temperature ionic liquids (RTILs), as green and
efficient recyclable solvents, have gained a great deal
of both academic and industrial attention as a new class
of compounds for a potential effective green replace-
ment of conventional organic solvents for long-lasting
development of human society.***2 Because of their
highly favorable properties, such as extremely low vola-
tility, good thermal stability, good dissolving ability,
wide liquid temperature range, designable structures,
high ionic conductivity, and wide electrochemical win-
dow, RTILs have been used effectively in organic chemi-
cal reactions, separation, and electrochemical
processes.*~4 The most important advantage of ILs,
however, is that ILs can form extended hydrogen bond
systems in the liquid state and are therefore highly
structured.*” This special quality can be used as the “en-
tropic driver” for spontaneous, well-defined, and ex-
tended ordering of nanoscale structures. More recently,
the synthesis of nano- and microstructured inorganic
materials in ILs has aroused increasing attention be-
cause of their excellent properties. It has been demon-
strated that ILs not only can be used as functional sol-
vents but also as templates for the preparation and
stabilization of various inorganic nanomaterials with
novel and improved properties.*®~52 For instance, in the
previous work, our group has successfully synthesized
pure rutile and rutile-anatase composite TiO, nanopar-
ticles via an ionic liquid-assisted method,>® and has also
prepared a series of shape-controllable ZnO nanocryst-
als stabilized by different ionic liquids,>* which show
tunable photoluminescence and high photocatalytic
activity. S. W. Cao et al.>? have recently fabricated hema-
tite nanostructures via the microwave-hydrothermal
ionic liquid method. However, it also needed the trans-
formation from FeOOH crystallites to hematite by calci-
nation at high temperature, and the authors have not
investigated the effects of the ionic liquid [bmim][BF,]
in detail. In contrast to their application in organic
chemistry, the use of RTILs in inorganic synthesis is still
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Figure 1. XRD patterns of as-synthesized samples: (a) S-1,
a-Fe,03 nanoparticles; (b) S-2, a-Fe,03 mesoporous hollow
microspheres; (c) S-4, a-Fe,03 microcubes; (d) S-5, «-Fe,03
nanorods; (e) a-FeOOH nanorods (S-5 before annealing).

in its primary stage, and more exploration is necessary
to utilize their advantages fully.

Herein, we report a novel and environmentally be-
nign green route to synthesize the a-Fe,O; with vari-
ous morphologies via an ionic liquid-assisted hydro-
thermal synthetic method. Some fascinating features
are described in the present work. (i) This method is
very simple. The synthesis of the a-Fe,03 nanoparti-
cles, mesoporous hollow microspheres, and microcubes
is a one-step process that does not require high temper-
ature or high pressure. (i) The ionic liquid [omim][Cl], a
green recyclable solvent, plays a strategic role on the
shape of the a-Fe,03 as a soft template or a capping
agent, which can be easily and effectively removed. The
effects of the [bmim][Cl] have been investigated sys-
tematically. (iii) The UV—vis and magnetic hysteresis
measurements suggest that the as-synthesized pure
a-Fe,0; with various morphologies possess different
optical and magnetic properties depending on the
shape and size of the samples, respectively. Due to the
unique porous structure, the potential application in
water treatment of the a-Fe,0; porous nanorods was
investigated. As far as our knowledge, it is the first time
that one-step ionic liquid-assisted hydrothermal syn-
thesis of the a-Fe,O3; mesoporous hollow microspheres
and microcubes assembled by nanoparticles has been
reported. The proposed formation mechanisms of the
a-Fe,05 with various morphologies have also been
investigated.

RESULTS AND DISCUSSION

Structure Characterization. The purity and crystallinity
of as-prepared samples were examined using powder
XRD measurements (Figure 1). Figure 1a—d are the XRD
patterns of the as-prepared a-Fe,0; nanoparticles
(S-1), mesopoprous hollow microspheres (S-2), micro-
cubes (S-4), and nanorods (S-5, obtained by annealing
the as-prepared «-FeOOH nanorods in air at 250 °C for
3 h), respectively. It is evident that all of the expected
peaks can be indexed to the hexagonal structure of
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a-Fe,0; (space group: R3¢, No. 167) with structural pa-
rametersofa = b = 5038 A, c=13772 A, a = g = 90°,
and y = 120°, which are in good agreement with the lit-
erature results (i.e.,, JCPDS Card 33-0664). The narrow
sharp peaks suggest that the a-Fe,O3 products are
highly crystalline. No other peaks are observed, indicat-
ing the high purity of the as-prepared samples. Figure
1e is the XRD pattern of the as-obtained a-FeOOH
nanorods, where all the diffraction peaks can be in-
dexed as orthorhombic a-FeOOH (space group: Pbnm,
No. 62) with cell constants of a = 4.608 A, b = 9.956 A,
and ¢ = 3.022 A, which is consistent with the reported
data (JCPDS Card 29-0713). Further evidence for the for-
mation of the a-FeOOH can be obtained from the FT-IR
spectrum of the sample, as shown in Figure S1a (see
the Supporting Information). The strong peaks at 3120,
892, 791, and 628 cm ™! are the characteristic vibrations
in the a-FeOOH product.>® These peaks disappeared
and two new strong absorption peaks observed after
calcination at 250 °C for 3 h, as shown in Supporting In-
formation, Figure S1b, which shows the peaks at 545
and 470 cm ™" assigned to Fe-O characteristic vibrations
of a-Fe,03,° indicating the formation of the a-Fe,0;
phase.

According to the full width at half-maximum (fwhm)
of the diffraction peaks, the average crystallite size of
the as-prepared nanoparticles and hollow microspheres
can be estimated from the Scherrer equation to be
about 39.1 and 35.3 nm, respectively.

Dy = KM (B €OS Opy)

where Dy is the particle size perpendicular to the nor-
mal line of (hkl) plane, Kis a constant (it is 0.9), B is the
full width at half-maximum of the (hkI) diffraction peak,
Ok is the Bragg angle of (hkl) peak, and \ is the wave-

length of X-ray.

Morphology Characterization. The field emission scan-
ning electron microscopy (FE-SEM) and corresponding
transmission electron microscopy (TEM) images of the
S-0 obtained without the [bmim][CI] are shown in the
Figure S2 (see the Supporting Information). It can be
seen that the morphology and the size are not uniform
and the particles reunite badly. Supporting Informa-
tion, Figure S2c is the XRD pattern of the S-0, which in-
dicates the sample has pure hematite phase. Detailed
morphology studies of the samples obtained with the
[bmim][Cl] in the CH;COOK system have been carried
out in Figure 2. Figure 2a shows the FE-SEM image of
the S-1, which is composed of uniform monodispersed
nanoparticles. A higher magnification FE-SEM image
shown in Figure 2b indicates that the surfaces of these
nanoparticles with an average size of 40 nm are rela-
tively rough, which is further confirmed by the corre-
sponding low-magnification and high-magnification
TEM images, as shown in Figure 2c and the up-right in-
set, respectively. The typical lattice fringe spacing
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shown in the high-resolution TEM (HRTEM) image (Fig-
ure 2d) is determined to be 0.252 nm, corresponding to
the (110) lattice plane of a-Fe,0s.

Figure 2e is the low-magnification FE-SEM image of
the S-2, which shows a spherical morphology with an
average diameter of about 1T wm. Although the average
diameter of a-Fe,03 microspheres (secondary par-
ticles) is far larger than the particle size based on X-ray
diffraction (XRD) analysis, the high-magnification FE-
SEM and TEM images (Figure 2 panels f and h, respec-
tively) give the evidence that the microspheres are
composed of individual nanoparticles (primary par-
ticles) with an average size of about 40 nm, which is
consistent with the result calculated from Scherrer’s for-
mula. To reveal the hollow nature of the a-Fe,O5; micro-
spheres, the microspheres were broken by ultrasonic
treatment. As shown in the inset of Figure 2e, one
a-Fe,03 microsphere is broken, which clearly shows
the hollow nature of the a-Fe,03; microspheres. The cor-
responding TEM image of the microspheres as shown
in Figure 2g further confirms the hollow microsphere
structure with a shell thickness of about 200 nm around.
It also can be seen that there are some pale areas be-
tween the dark nanoparticles, which indicates the exist-
ence of mesoporous nanostructures on the shell of the
hollow microspheres. The higher magnification TEM
(Figure 2h) further clearly identifies the mesoporous
nanostructures on the shell of the hollow microspheres
and reveals that the size of the mesoporosity is about
10—50 nm. Figure 2 panels | and j are the FE-SEM im-
ages of the similar mesoporous hollow microspheres
with a larger diameter (about 2 pm) obtained in the
higher concentration [bmim][Cl] (S-3). The HRTEM im-
age of the a-Fe,0; mesoporous hollow microspheres
(Figure 2k) is the same as that of the microcubes (Fig-
ure 3e), which shows the lattice image obtained at the
edge of the particle. The typical lattice fringe spacings
are determined to be 0.370 and 0.210 nm, correspond-
ing to the (012) and (202) d spacing of the hexagonal
a-Fe, 05, respectively, which clearly demonstrate that
the mesoporous hollow microspheres and microcubes
consist of the single crystalline nanoparticles. The
hexagonal-like spot arrays (Figure 3f) shown by the
fast Fourier transform spectrum (FFT) further verifies
the single-crystal nature of the nanoparticles and hex-
agonal crystal structure of the a-Fe,0;.

The morphology of the a-Fe,O; microcubes with
highly geometrical symmetry was visualized by FE-SEM
and TEM. Typical low-magnification FE-SEM image of
Figure 3a clearly shows the product possesses a large-
scale uniform cubic structure. The high-magnification
FE-SEM (Figure 3b) and corresponding TEM (Figure 3c)
images display that the size of the cubes is about 600
nm in edge and the surfaces of the microcubes are rela-
tively rough, which is further confirmed by the high-
magnification TEM (Figure 3d). The HRTEM image of
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Figure 2. FE-SEM, TEM, and HRTEM images of the samples obtained in CH;COOK system at 150 °C for 8 h: (a) low-magnification
and (b) high-magnification FE-SEM, (c) Corresponding low-magpnification and high-magnification (the inset) TEM and (d) HRTEM im-
ages of a-Fe,03 nanoparticles (S-1); FE-SEM (e, f) and TEM (g, h) images of «-Fe,0; hollow microspheres with mesoporous shell
(S-2), the inset in panel e clearly shows the hollow microsphere structure of S-2; (i) low-magnification and (j) high-magnification FE-
SEM images of the larger a-Fe;0; mesoporous hollow microspheres (S-3); (k) HRTEM image of the mesoporous hollow micro-

sphere (S-2).

Figure 3e was taken from the area labeled e in Figure
3d.

Figure 4a represents the typical SEM image of the
a-FeOOH nanorods, where rodlike morphology can be
seen with a diameter in the nanometer range and
length in submicrometers. The sample was character-
ized further by TEM to obtain more information on the

100 nm

structure and morphology. The typical TEM image in
Figure 4b shows the nanorods having diameters in the
range of 30—80 nm and length of 400—800 nm. A HR-
TEM image of the tip portion of a nanorod showing the
clear fringes is displayed in Figure 4c. The interlayer
spacings of 0.258, 0.249, and 0.151 nm correspond to
the (021)/(021), (040), and (002) plane of the a-FeOOH,
respectively. This suggests that the growth
occurs along the tip of the nanorod, that is,
toward the [002] direction. The clear constant
lattice fringes indicate that each nanorod is
single crystalline nature. On the basis of the
HRTEM result presented above, a structure

Fl-—d model of the a-FeOOH nanorods is put for-

500 nm

ward in Figure 4d, which extends along [002]
and is enclosed by the top/bottom surfaces
(021)/(021) and the side surface (040). Figure
4e—g shows the morphology of a-Fe,0; po-
rous nanorods obtained by heating the as-
prepared o-FeOOH precursor. It is worth not-
ing that the morphology was successfully
maintained after thermal transformation of
the precursor to a-Fe,0s, except that a lot of

Figure 3. (a) Low-magnification and (b) high-magnification FE-SEM, (c, d) correspond-
ing TEM, and (e) HRTEM images of a-Fe,0; microcubes (S-4) obtained in NaOH system
at 150 °C for 8 h. (f) The corresponding FFT of the HRTEM image.

AN 17 . N
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pores which were open to the outer surface
and almost isolated from each other ap-
peared within the annealed «-Fe,03 nano-
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Figure 4. (a) FE-SEM, (b) corresponding TEM, and (c) HRTEM images of a-FeOOH nanorods obtained in NaOH system at 150
°C for 8 h; (d) a structural model of the a-FeOOH nanorod; (e) FE-SEM, (f, g) corresponding TEM, and (h) HRTEM images of
a-Fe,03 porous nanorods (S-5) obtained by heating the a-FeOOH nanorods.

rods. The size of the pores is in the range of 2—5 nm,
which can be seen more clearly in higher magnification
images in Figure 4g,h, and is further confirmed by
Brunauer—Emmett—Teller (BET) surface area measure-
ment and the pore size distribution analysis (Figure 5a).
This porous network is believed to favor the adsorp-
tion of the organic pollutant in water treatment. The lat-
tice fringe spacings in the HRTEM image (Figure 4h)
taken from the area labeled h in
Figure 4g are determined to be
0.252 and 0.268 nm, correspond-
ing to the (110) and (104) d spac-
ing of the hexagonal a-Fe,;05,
respectively, which clearly demon-
strate the single crystalline nature
of the a-Fe,O3; porous nanorods.

Effect of the [bmim][CI] on the
Formation of the «-Fe,0; with Various
Morphologies. To investigate the ef-
fect of the ionic liquid [omim][Cl]
on the formation of hematite with
various morphologies, a series of

low surface tensions compared with water. Lower inter-
face tension results in a high nucleation rate, which is
faster than the growth rate. Consequently, very small
particles (S-1) can easily be generated.””>® Moreover,
the presence of a small amount of [bmim][Cl] can effec-
tively control the reunion of the nanoparticles and

well improve the dispersion in the reaction system just
as the simple surfactant. Second, when the amount of
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possible reasons mainly involve 00l
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known that the size of the prod-

Wavelength (nm)
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ucts depends on the rate of nucle-
ation and the growth rate of the
product. Although the ionic liquids
show polar features, they have
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Figure 5. (a) Nitrogen adsorption-desorption isothermal and the pore size distribution curve (inset)
for the a-Fe,0; porous nanorods; (b) UV—vis absorption spectra of MO solutions after treated with
a-Fe,05 porous nanorods at different time intervals; (c) Adsorption rate of MO on new as-prepared
(black line) and regenerated (red line) a-Fe,0; porous nanorods, and commercial a-Fe,03 (blue

line).
VOL.3 = NO. 11 = 3749-3761 = 2009 A@MNK)

1 1D1Ld

3753



TABLE 1. Experimental Conditions for the Preparation of
Samples

sample [bmim]Cl size

reaction system  number (mol/L) morphology (nm)

CH;COOK system 1:3*  S-0 0
137 &1 0.05

irregular nanoparticles 40—300
nanoparticles 40

13 S22 0.3 mesoporous hollow 1000
microspheres
13 S3 0.5 mesoporous hollow 2000

microspheres
microcubes 600

porous nanorods 30—80 (diameter)
400—800 (length)

NaOH system ~ 1:3*  S-4 03
1100 S5 03

“The mole ratio of FeCl; - 6H,0/CH;COOK; “The mole ratio of FeCl; - 6H,0/NaOH.

the [bmim][Cl] increased, the morphology of the hema-
tite changed from monodispersed nanoparticles to the
superstructures (mesoporous hollow microspheres and
microcubes). As we know, a typical Ostwald ripening
process involving the formation of larger crystals by
greatly reducing the interfacial energy of small primary
nanocrystals is energetically favored. However, the in-
teractions between unprotected building units with
nanoscale size are generally not competent to form
stable and uniform microstructures,®~¢' such as the
mesoporous hollow microspheres and microcubes dis-
cussed here. Moreover, the building blocks would al-
ways randomly aggregate into disordered crystals
rather than single crystals in the absence of sufficiently
strong surface-protecting layers.5? Therefore, in the
work reported here, the presence of the [bmim][Cl]
was believed to play a strategic role on the formation
of this unique self-assembled superstructures as a soft
template and a capping agent, which is due to the im-
portant advantage of ILs that can form extended hydro-
gen bond systems in the liquid state and are therefore
highly structured. We>*%® and others®* % have demon-
strated the synthesis of nanostructures by ionic liquid
assisted route, and the hydrogen bond-co-m—r stack
mechanism is helpful to understand the influence of
ionic liquids on the morphologies control of nanostruc-
tures. In the present case, the formation of the a-Fe,03
superstructures can be possibly explained by the hydro-
gen bond-co-m— stack mechanism. According to our
previous work,>>>* the cations of ionic liquid can be eas-
ily adsorbed on the surface of the O? -terminated sur-
face by electrostatic force, and the hydrogen bond,
formed between the hydrogen atom at C2 position of
the imidazole ring and the oxygen atoms of O—Fe, may
act as an effective bridge to connect the O*-terminated
plane of the produced nuclei of metal oxide and cat-
ions of ionic liquids. The [bmim]™ cations will be aligned
to facilitate the proposed relocation of the molecules
based on its ability to self-assemble into ordered struc-
tures stabilized by additional m—r interactions be-
tween the imidazolium rings of [bmim][Cl], thus result-
ing in the self-organization of the nanoparticles into the
desired superstructures.

\\&) VOL.3 = NO. 11 = LIAN ET AL.

To confirm the discussions above, FTIR spectra of
pure [bmim][Cl] and a-Fe,Os/[omim][Cl] are performed
in Figure S3 (as shown in Supporting Information), and
the main frequencies of peaks are listed in Table S1 (as
shown in Supporting Information). Compared with that
of the pure [bmim][Cl], the FTIR spectrum of a-Fe,0s/
[bmim][Cl] displays significant differences (the details
are described in Supporting Information), which indi-
cates the existence of the strong hydrogen bonds be-
tween the C2([bmim][Cl])-H-O(x-Fe,03) and m—r stack-
ing interaction of the imidazolium rings of [bmim][CI].

In addition, as mentioned above, the diameter of
the mesoporous hollow microspheres increased from
1 to 2 pm with increasing the amount of the [bmim][Cl].
We think it may be due to the viscosity of the
medium.®*7° Other groups’'7? have demonstrated the
viscosity of ionic liquids—water mixtures, which can
generally be described by the exponential expression:

N = 1y exp(—xc/a)

where xc is the mole fraction of water, a is a character-
istic constant of the mixture, and m,_is the viscosity of
the pure ionic liquid. The empirical equation above in-
dicated that the viscosity of ionic liquids—water mix-
tures increased exponentially when the mole fraction
of water (x¢) decreased. The increasing of the [bmim][Cl]
amount increased the viscosity of the system, which
hindered the diffusion of monomers. The influence of
viscosity on the Ostwald ripening of a-Fe,0; may be
significant thereby, and the growth of nanocrystals for
a diffusion-limited growth model, that is, the new he-
matite nuclei, preferred to aggregate on the surface of
the already existed microspheres, rather than forming a
new sphere. Put simply: the hindering diffusion effect
of the [bmim][Cl] combined with the localized Ostwald
ripening process is critical for the increase of the size of
the mesoporous hollow microspheres.

Possible Formation Mechanism. To disclose the forma-
tion mechanism of a-Fe,0; nanoparticles and mesopo-
rous hollow microspheres, we performed several ex-
periments that involved intercepting the intermediates
at different reaction times to investigate the morpho-
logical evolution process of nanoparticles (Figure S4 in
Supporting Information) and mesoporous hollow mi-
crospheres (Figure S5 in Supporting Information),
respectively.

As shown in Figure S4a, the thin flakes were ob-
tained after the hydrothermal treatment for 0.5 h. To
minimize the overall energy of the system, these thin
flakes grew into small seed particles, some of which had
a tendency to aggregate together into micropolyhe-
drons (Figure S4b,c). When the reaction time prolonged
to 4 h, the product was mainly composed of inhomoge-
neous nanoparticles with the diameter in the range of
100—150 nm. As reaction time reached to 6 h, well-
defined and uniform nanoparticles with 100 nm in di-
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ameter were obtained. When it finally came to 8 h, the
diameter of the nanoparticles became smaller, indicat-
ing the dissolution process occurred. Furthermore, the
surfaces of the nanoparticles became rough, indicating
that the etching process occurred. The discussions
above indicated that the CH;COOH formed in the reac-
tion was responsible for the dissolution as well as etch-
ing process.

On the basis of the above experimental results, the
possible reaction mechanism in the CH;COOK system
may be illustrated as followed:

CH,COO™ + H,0 <> CH,COOH + OH™ (1)

Fe’™ + 30H —

hydrothermal condition

Fe(OH),;/FeOOH o-Fe,0; (2)

a-Fe,0; + 6CH,COOH <> 2Fe’" + 6CH,CO0~ +
3H,0 ()

As shown above, Fe3* reacted with the OH™ pro-
duced by the hydrolysis of CH;COO™ to form the yel-
low FeOOH suspension. The formation of solid-phase
FeOOH (Supporting Information, Figure S5b) in reaction
2 was confirmed by XRD measurement (Figure S5g)
during the hydrothermal treatment process. In addi-
tion, the yellow FeOOH powders were easily dehy-
drated during further hydrothermal treatment, conse-
quently, the a-Fe,05; nanoparticles could be obtained,
as shown in Figure S5c. The corresponding XRD pattern
(Figure S5q) indicated that these nanoparticles were
pure a-Fe,03 (JCPDS Card 33-0664). In the presence of
[bmim][Cl], these nanoparticles had a tendency to self-
assembled into microspheres (Figure S5d). However,
these aggregated Fe,O; microspheres are not in ther-
modynamically equilibrium status and become meta-
stable because of their large surface energy. To reduce
the total surface energy, the formed metastable a-Fe,03
microspheres would remain out of equilibrium with
the surrounding solution because of their higher solu-
bility, so the core dissolves in the presence of CH;COOH
generated from the reaction (as shown in the eq 3),
and the existence of a diffusion pathway through the
outer crystalline shell results in the mesoporous struc-
ture (Figure S5e). The presence of relatively abundant
CH3COOH prompts the equation toward the right-hand
side and enhances the degree of dissolution, which is
similar to the previous results for the formation of
a-Fe,03 nanocrystals.2*33%As a consequence, the su-
persaturation increases in the solution and then will be
over the solubility of the crystalline Fe,0;; secondary
nucleation of Fe,0; occurs on the external surface.
Thus, the thickness of the crystalline shell increases as
the amorphous core becomes progressively depleted to
produce intact hollow microspheres (Figure S5f). In
summary, the growth process of the a-Fe,0; mesopo-
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Scheme 1. Schematic illustration for the growth process of the
a-Fe,03 mesoporous hollow microspheres.

rous hollow microspheres undergoes three different
stages. The nucleation and aggregation dominate at
the initial stage. At the subsequent stage, self-assembly
and dissolution—recrystallization process dominates,

in which the dissolution-diffusion process (the effect of
CH3COOH) offers the opportunity to create the porosity
on the shell and is of critical importance for the forma-
tion of the hollow structures. At the last stage an Ost-
wald ripening process dominates. The [bmim][Cl]
mainly plays its role in the subsequent by the hydro-
gen bonds adsorption on the surface of the nanoparti-
cles and make them self-assemble into microspheres.
Moreover, the [bmim][Cl] can protect the exteriors of
the microspheres, so the dissolution process preferen-
tially occurs from the interiors of the microspheres. The
a-Fe;03 hollow microspheres with mesoporous shell
have been successfully synthesized, due to the syner-
gic effect of the CH;COOH and [omim][Cl], which com-
prises a dissolution effect and self-assembled as well as
protective effect, respectively. On the basis of the dis-
cussions above, the growth process of the a-Fe,03 me-
soporous hollow microspheres can be illustrated in
Scheme 1.

In the CH;COOK system, with the hydrolysis of Fe3*,
there are more and more CH;COOH generated to form
an acidic solution, in which the hematite nuclei are eas-
ily attacked by the protons. In contrast, the pH value
of the NaOH system is decreasing with the reaction time
increasing, and the solution even becomes close to
neutral when the Fe3* completely reacted with the OH™
(the mole ratio of FeCl; to NaOH is 1:3), which does
not favor the dissolution of the hematite nuclei. Conse-
quently, the nanoparticles self-assemble into the solid
a-Fe,03 microcubes in the presence of [omim][Cl] in the
NaOH system.

According to the literature,”>~7° the value of pH is
determinant for the obtaining of goethite or hematite
either through a dissolution—crystallization process or
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Scheme 2. Schematic illustration for the formation mechanism of a-Fe,0j3 crystals with various morphologies in different

reaction systems.

through a solid-state transformation, and the present
high value of pH (~14) favors the formation of goet-
hite a-FeOOH. To understand the growth mechanism
of the a-FeOOH nanorods, the products obtained at dif-
ferent reaction durations have also been analyzed
through FE-SEM images (Figure S6) and the details
were described in the Supporting Information. The
a-Fe,03 porous nanorods were obtained by heating
the as-prepared a-FeOOH nanorods at 250 °C for 3 h,
preserving the same rodlike morphology. This is not
surprising because the crystal structures of a-FeOOH
and a-Fe,03 share a great commonality. It is well-known
that a-FeOOH transforms to a-Fe,03 with no great
structural modifications but via a topotactic transforma-
tion.” The gentle structural modification allows «-Fe,0;
to retain the morphology, which is, in the present case
nanorods. A lot of pores have been observed in the an-
nealed a-Fe,03 nanorods, due to the decomposition of
the a-FeOOH and release of H,0.

On the basis of the discussions above, two types of
formation mechanisms3® may be proposed for the
growth of a-Fe,03 with various morphologies in the
presence of the [bmim][Cl]. One is “nucleation—
aggregation—dissolution—recrystallization—Ostwald
ripening” for the CH3;COOK system, and the other is
“nucleation—aggregation—recrystallization —Ostwald
ripening” for the NaOH system, as schematically de-
picted in Scheme 2.

Application in Waste Water Treatment. In recent years,
considerable attention has been paid to the environ-
mental problems involving water treatment. Compared
with the traditional methods, the development of nano-
science and nanotechnology offers an alternative by us-
ing nanosorbents, nanocatalysts, and so on for the ame-
lioration of current water treatment problems. Many
researchers have used iron oxide hollow spindles and
microspheres to remove toxic ions and organic pollut-
ants from water, and these materials show higher re-
moval capacities than bulk material.”®”” However, there
was little report on the porous nanorods used in the ap-
plication of water treatment. Figure 5a shows the nitro-
gen adsorption—desorption isothermal and the pore
size distribution curve (inset) for the a-Fe,03 porous
nanorods. The BET surface area of the as-obtained
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nanorods was 30.27 m?/g. The BJH analyses showed
that the a-Fe,05 porous nanorods possessed bimodal
mesopore distribution. The inset of Figure 5a displayed
the main pore size distribution of 2.6 and 4.0 nm in
the as-obtained nanorods. Because of its porous struc-
ture, we expect the as-obtained nanorods to be useful
in the water treatments. As the size of the hematite
nanorods was not too small, the solid/liquid separation
would be easily separated by a facile method such as
centrifugation. Herein, we used the as-prepared porous
nanorods (S-5) to investigate its application in water
treatment. Methyl orange (MO) was selected as the
model organic pollutant. The initial concentration of
the MO solution was set to be 20 mg/L.

UV—vis absorption spectroscopy was used to record
the adsorption behavior of the solution after treatment.
Figure 5b shows the evolution of MO absorption spec-
tra in the presence of 40 mg «-Fe,03 porous nanorods.
The characteristic light absorption of MO at 463 nm was
chosen to monitor the process of adsorption. As shown
in Figure 5¢, the whole adsorption process can be di-
vided into two stages. In the first stage, MO was imme-
diately adsorbed within 10 min (C/Cy = 0.42), and in
the following second stage from 10 to 120 min, MO
molecules were adsorbed steadily (C/C, = 0.21). The re-
moval capacity of the porous nanorods was calculated
to be 39.5 mg/g. The favorable performance could be
attributed to the highly porous structure and high sur-
face area of the as-prepared sample. The removal of MO
may be associated with the electrostatic attraction be-
tween the iron oxide surface and the MO molecules.
Furthermore, the iron oxide containing MO could be re-
generated by simply catalytic combustion at 400 °C in
air for 2 h, and the regenerated o-Fe,03; material kept al-
most the same adsorption performance as shown by
the red line in Figure 5c. For a comparison, commercial
a-Fe,03 was also used to remove MO in wastewater. As
shown by the blue line in Figure 5¢, the commercial
a-Fe,03; showed much lower efficiency in removing MO
from wastewater. The saturation adsorption capacity
was 5.5 mg/g, mainly due to its low surface area. From
the above discussion, due to the porous structure and
the facile way of regeneration, the as-prepared a-Fe,03
porous nanorods would be a highly promising candi-
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Figure 6. The size and shape-dependent UV —vis spectra of
as-prepared «-Fe,03; samples: (a) S-1, nanoparticles; (b) S-2,
mesoporous hollow microspheres; (c) S-4, microcubes; (d)
S-5, porous nanorods.
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date to be applied in the water treatment for the envi-
ronmental protection.

Optical Properties. Hematite nanomaterials have been
used widely as ultraviolet absorbants for their broad ad-
sorption in ultraviolet region from the electron trans-
mission of Fe—0.78 Herein, the optical absorption prop-
erties of the as-prepared a-Fe,0; samples were
investigated at room temperature by the UV—vis spec-
tra (Figure 6). Such absorption is related to the shape
and size of the samples. For instance, in the present
case of the a-Fe,05 nanoparticles (Figure 6a), the
UV—vis band is mainly located in the far-UV region,
with one intense broadband from 228 to 260 nm and
a peak around 386 nm, which was consistent with the
reported hematite nanoparticles.”® Differing from the
nanoparticles, the as-prepared mesoporous hollow mi-
crospheres with a size of 1 wm in diameter (Figure 6b)
have a broadband around 680 nm, and microcubes
with a size of 600 nm in edge (Figure 6¢) have an in-
tense broadband around 639 nm. It is mainly because
when the a-Fe,03 nanoparticles aggregate to be micro-
cubes or microspheres, the size becomes larger, and
then the scattering of visible light superimposes on the
absorption of as-prepared superstructures.t’ Figure 6d
shows the optical absorption spectrum of the a-Fe,03
porous nanorods, and the optical absorption features
were observed at wavelengths around 223 nm, a shoul-
der of absorption was around 257 nm, and a broad
hump-like shoulder was around 426 nm. These fea-
tures are different from those mentioned above, which
could be related to the morphology of hematite
nanorods.

It is established®' that three types of electronic tran-
sitions occur in the optical absorption spectra of Fe**
substances: (a) the Fe3* ligand field transition or the
d—d transitions, (b) the ligand to metal charge-transfer
transitions, and (c) the pair excitations resulting from
the simultaneous excitations of two neighboring Fe3*
cations that are magnetically coupled. According to
refernces 82 and 83 the absorption edge in the region
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Figure 7. Magnetic hysteresis loops of as-prepared a-Fe,0;
samples at 300 K: (a) S-1, nanoparticles; up-left inset is a
magnified view of curve a; (b) S-2, mesoporous hollow mi-
crospheres; (c) S-4, microcubes; (d) S-5, porous nanorods;
down-right inset is a magnified view of curve d.

from 210 to 400 nm mainly results from the ligand-to-
metal charge-transfer transitions and partly from the
contributions of the Fe3* ligand field transition °A;—*T;
(*P) at 290—310 nm, °A,—E (*D) and °A;—*T, (*D) at
360—380 nm, °A;—E (*G) at 390 nm. Absorption bands
near 430 nm correspond to °A;—*E, *A; (*G) ligand
field transitions of Fe**. Additionally, the region from
600 to 750 nm can be assigned to the °A;—*T, (*G)
ligand field transitions of Fe3*. As is revealed from Fig-
ure 6, the electronic transition for the charge transfer in
the wavelength region 210—400 nm dominates for
the optical absorption features of the nanoparticles
and nanorods, while the ligand field transitions in the
range of 600—750 nm dominates for the optical absorp-
tion features of the microspheres and microcubes. The
results indicated that the shape and size of the samples
have great influence on their optical property.

Magnetic Properties. The magnetic hysteresis measure-
ments of the a-Fe,05 with various morphologies were
carried out at 300 K in the applied magnetic field
sweeping from —10 to 10 kOe. Figure 7 shows the mag-
netic hysteresis loops of the as-synthesized a-Fe,05
samples which are indicative of the presence of ferro-
magnetic components. It can be seen that no saturation
of the magnetization as a function of the field is ob-
served up to the maximum applied magnetic field. The
detailed values of remanent magnetization (M,) and co-
ercivity (H) of the as-synthesized a-Fe,03; samples are
summarized in Table 2. It is easy to find that the rem-
nant magnetization and coercivity force of the mesopo-
rous hollow microspheres and microcubes are much

TABLE 2. The Values of Remanent Magnetization (M,) and
Coercivity (H,) of the as-Synthesized Samples

samples

M, (emu/g)
Hc (Oe)

porous

particles hollow  microcubes  nanorods
(s-1) microspheres (S-2) (5-4) (5-5)

0.0087 0.1798 0.0847 0.0197
20.31 2239 1080 65.10
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larger than those of the nanoparticles. It is well-known
that the magnetization of ferromagnetic materials is
very sensitive to the morphologies and structures of the
as-synthesized samples.®* The assembly of the small
and oriented subparticles into the superstructures (me-
soporous hollow microspheres and microcubes) results
in the change of the single domain to the multidomain,
leading to the higher remanent magnetization and co-
ercivity.% The magnetic properties of the nanorods (Fig-
ure 7d) would be very interesting because they would
demonstrate the effect of shape anisotropy.®# Com-
pared with those of the nanoparticles, the higher rema-
nent magnetization and coercivity of the nanorods
may be attributed to the shape anisotropy of a-Fe,0;
nanorods, which prevents them from magnetizing in di-
rections other than along their easy magnetic axes,
hence leading to the higher remanent magnetization
and coercivity.

CONCLUSIONS

In summary, the a-Fe,03 with various morpholo-
gies has been successfully synthesized via an ionic
liquid-assisted hydrothermal method. The hydrogen
bond-co-m— stack mechanism is used to be respon-
sible for the present self-assembly of the [bmim][Cl]
ionic liquid in the reaction systems for the formation
of the a-Fe,05 with various morphologies. The dis-
solution-diffusion process (the effect of CH;COOH gen-

METHODS
All the reagents were analytical grade and used without fur-
ther purification. The ionic liquid 1-n-butyl-3-methylimidazolium
chloride ([omim][CI]) was prepared according to the literature®
and its general structure is shown:
[ NN N@N/} cr-
=7

1-n-butyl-3-methylimidazolium chloride

One-Step Synthesis of the o-Fe,0; Nanoparticles and Mesoporous Hollow
Microspheres in the CH;COOK System. In the typical synthesis proce-
dure of hematite in the CH3;COOK system, 2 mmol of FeCls - 6H,0
and 6 mmol of CH3;COOK were put into 20 mL of deionized wa-
ter under stirring to form a homogeneous solution. Subse-
quently, 0, 1, 6, and 10 mmol of the [bmim][Cl] was added into
the above homogeneous solution under continuous stirring, and
the samples were labeled as S-0, S-1, S-2 and S-3, respectively. Af-
ter stirring for 20 min, the total solution was transferred into a
stainless-steel autoclave with a capacity of 30 mL, sealed and
heated at 150 °C for 8 h. When the reaction was completed, the
autoclave was cooled to room temperature naturally. The result-
ant product was collected and washed with deionized water,
and anhydrous ethanol for several times until the solution was
neutral. The final red product was dried in a vacuum at 80 °C for
3h.

One-step Synthesis of the «-Fe,0; Microcubes in the NaOH System. In a
typical synthesis procedure of the a-Fe,O; microcubes, 2 mmol
of FeCl; - 6H,0 and 6 mmol of NaOH were put into 20 mL of
deionized water under stirring to form a homogeneous solu-
tion. Subsequently, 6 mmol of the [bmim][Cl] was added into
the above solution under continuous stirring, and the sample

erated from the reaction) offers the opportunity to cre-
ate the porosity on the shell and is of critical importance
for the formation of the hollow structures. It is be-
lieved that this process can be extended to synthesize
other metal oxide with mesoporous hollow structures,
and further studies are underway to broaden the appli-
cability of this method. The UV—vis measurements sug-
gest that the as-synthesized pure a-Fe,O; with various
morphologies possess different optical properties de-
pending on the shape and size of the samples. The
magnetic hysteresis measurements indicate that the as-
prepared a-Fe,0; samples all show ferromagnetic be-
havior and the superstructure and the shape anisotropy
of the samples result in the interesting magnetic prop-
erty evolution. The satisfactory removal capacities of
the sample and the facile way of regeneration suggest
that the a-Fe,O5; porous nanorods may be applicable in
water treatment in the future. Owing to the excellent
physical properties of the iron oxides, it is expected that
the hematite mesoporous hollow microspheres and po-
rous nanorods will exhibit other important applica-
tions in, for example, sensors, magnetic media, gas,
and heavy metal ion adsorbents, catalytic fields, hydro-
gen and Li ion storage, low-dielectric-constant pros-
thetic materials, and support for artificial cells as well
as inorganic carriers for enzyme immobilization and
controlled drug delivery, etc. Further research is still un-
der way.

was labeled as S-4. The remainder of the synthesis and reaction
steps are similar to those mentioned above.

Two-Step Synthesis of the «-Fe,0; Porous Nanorods in the NaOH System.
The first step was to prepare the a-FeOOH nanorods. Detailed
synthesis procedures were the same as those for making a-Fe,03
microcubes, except the amount of NaOH changed to be 20
mmol. In the second step, the a-Fe,0; porous nanorods were ob-
tained by heating the as-prepared «-FeOOH nanorods in air at
250 °C for 3 h, preserving the same rodlike morphology. The fi-
nal product was labeled as S-5.

The synthetic conditions for preparing some typical samples
are summarized in Table 1.

Characterization of Samples. XRD measurements were performed
on a Rigaku D/max 2500 diffractometer with Cu Ka radiation
(N = 0.154056 nm) at V = 40 kV and / = 150 mA, the scanning
speed was 8°/min. Morphology observations were performed on
a JEOLJSM-6700F field emission scanning electron microscope
(FE-SEM). TEM and HRTEM images were recorded with a Tecnai
G2 20S-Twin transmission electron microscope operating at an
accelerating voltage of 120 and 200 kV, respectively. The FT-IR
spectroscopy of the samples was conducted at room tempera-
ture with a KBr pellet on a VECTOR-22 (Bruker) spectrometer
ranging from 400 to 4000 cm ™. Ultraviolet—visible spectrum
was obtained from powders suspended in deionized water us-
ing a HITACHI UV—vis recording spectrophotometer (U-3010)
between 210 and 800 nm. Nitrogen adsorption—desorption iso-
therms were obtained on an ASAP 2020 nitrogen adsorption ap-
paratus. The Brunauer—Emmett—Teller (BET) specific surface ar-
eas (Sger) were calculated using the BET equation. Desorption
isotherm was used to determine the pore size distribution us-
ing the Barret—Joyner—Halender (BJH) method. The magnetic
hysteresis loops of the samples were recorded on a vibrating
sample magnetometer (VSM, LDJ 9600, U.S.A.) at 300 K.
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Water Treatment Experiments. For the adsorption of organic pol-
lutant, 100 mL of methyl orange (MO) solution with a concentra-
tion of 20 mg/L was mixed with 40 mg of a-Fe,05 porous nano-
rods (S-5). The suspension was then stirred continuously at about
25 °C. At several time intervals, small amounts of the liquid were
taken to be analyzed by UV—vis absorption spectroscopy after
being centrifuged for 5 min to remove the particles. The same
experiment was performed on the commercial low surface area
OL-Fezo3.
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