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Coralloid Fe;04 nanoclusters stacked by nanosheets, which expose specific plane,
have been successfully synthesized with ionic liquid-assisted solvothermal method.
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DOI: 10.1039/x0xx00000x Coralloid Fe304 nanoclusters stacked by nanosheets are successfully synthesized using ferric nitrate as precursor with ionic

liquid-assisted solvothermal method. In comparison, spherical Fe;0, nanoclusters assembled by nanospheres are
www.rsc.org/ synthesized in the absence of ILs. The morphologies and structures of the products are further characterized by field
emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), X-ray power diffraction (XRD),
and X-ray photoelectron spectroscopy (XPS). The results indicate the ionic liquid 1-n-decyl-3-methylimidazolium chloride
([Dmim]CI) plays an important role in controlling the growth orientation of building blocks via selectively adsorbing on the
specific crystal plane. A formation mechanism has been proposed based on the interaction between ILs and Fe;0, crystal
planes. The catalytic activity of nanoclusters has been evaluated with the Fention reaction under UVA irradiation. The
coralloid nanoclusters show the highest catalytic activity for the degradation of phenol due to the special morphology and
unique surface properties. The synthesis strategy may provide a new way to construct nanomaterials with novel
morphologies and excellent properties.

lonic liquids (ILs), known as green solvents, have been
widely applied in many fields based on their outstanding
properties such as high thermal stability, excellent solvent
properties, and designable structure.”®* In the synthesis of
inorganic materials, ILs are usually used as template or/and
solvent since they can form self-organized structure
spontaneously through the electrostatic force, hydrogen bond
and 7 -7 stacking, and have strong abilities to dissolve the
inorganic precursor resulting from compatible cationic and
anionic.”® ILs are playing a more and more important roles in
synthesizing nanomaterials with various morphologies by ionic
liquid-assisted solvothermal and ionothermal methods.”?* For
example, irregular Fe;O, nanoflakes have been synthesized via
the solvothermal method assisted by [C;smim]Cl (1-hexadecyl-
3—methylimidazo|ium).25 However, the shape of products is
generally nonuniform and the mechanism of ionic liquid
interactions with nanomaterials keeps unclear. Therefore,
further investigation is necessary to utilize their excellent
properties in fabricating novel inorganic materials.

In this paper, we report a facile and efficient route to
synthesize the uniform coralloid Fe;0, nanoclusters by ionic
liquids-assisted one step solvothermal method. Furthermore,

Introduction

In recent years, nanostructured magnetic materials have
drawn much attention due to their unique properties and
extensive applications in biomedical imaging, catalysis,
electrochemistry, gas sensors.”™ Owing to the significant
effects of different nanostructures on magnetic properties,
more studies are focused on the controllable synthesis of
magnetite with different shapes and sizes.”® Among kinds of
synthesis methods such as wet-chemical method,9 thermal
decomposition,10 chemical vapor depositions (CVDs),11
solvothermal method has gained more attention due to its
innate superiority, especially after Li developed a classic
synthesis route.” The general method to control and construct
the nanostructure of magnetite is by the aid of additives
including the specific ions,13 polymers,14 organogel15 or
surfactants1l6 serving as the capping agent or structure-
directing agent, which can interact with the specific facets to
hinder its growth and the existing large groups can have an
effect on the growth of nanocrystals owing to the large steric
hindrance.” However, in spite of the above exploration, there
are few reports on the synthesis of magnetite hierarchical

nanostructure with the bottom-up strategy, and how the
additives interact with the specific facets still remains pending.
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an ionic liquid induced crystal oriented growth mechanism is
proposed for the first time, where the ionic liquid, 1-n-decyl-3-
methylimidazolium chloride ([Dmim]Cl), selectively interacts
with the specific plane to succeed in morphology control of the
synthesized nanoclusters. The degradation of phenol through
photo-Fenton reaction was chosen as the model reaction to
evaluate the catalytic performance of the as-prepared Fe;0,
nanoclusters with novel morphology.
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Experimental
Materials

Ferric nitrate (FeNO;-9H,0), ethylene glycol (EG), absolute
alcohol, sodium acetate, sodium nitrite, phenol, hydrogen
peroxide perchloric acid (analytical grade) were obtained from
Tianjin Guangfu Fine Chemical Research Institute. 1-n-decyl-2-
methylimidazolium chloride ([Dmim]Cl) was from Lanzhou
Greenchem ILS (LICP, CAS, China). Commerical Fe;0, was
purchased from Aladdin Industrial Corporation. All the
chemicals were used as received without further purification.

Synthesis of coralloid Fe;0, nanoclusters

In a typical procedure, FeNO3:9H,0 (2 mmol) and [Dmim]Cl (2
mmol) were dissolved in 27 mL ethylene glycol to form a
homogenous solution with stirring. Subsequently, 12 mmol
NaAc was added in the solution. After continuous stirring for
30 min, the mixture was transferred into a Teflon-lined
stainless steel autoclave with a capacity of 50 mL for
solvothermal treatment at 200 ° C for 24 h and allowed to
cool to room temperature naturally. The obtained black
precipitates were separated from the solution with an external
magnetic field and washed with absolute alcohol and distilled
water three times respectively. The final products were dried
in vacuum at room temperature for 48 h.

Fe;0,-catalyzed Photo-Fenton degradation of phenol

The degradation of phenol was conducted in a beaker under
UVA lamp irradiation (8 W) at room temperature. 10 mg Fe;0,,
1 mL H,0, (50 mmol/L), and 1 mL phenol solution (5 mmol/L)
were mixed in the beaker with stirring. The suspension for
irradiation was diluted with deioned water to 50 mL and the
pH of the reaction system was adjusted to 3 by the addition of
HClO,.

Characterizations

X-ray power diffraction (XRD) analyses were carried out by a
Bruker D8 Advance powder X-ray diffractometer with CuKa
radiation (A =1.5418A). The morphologies were investigated
with Hitachi S-4800 field emission scanning electron
microscopy (FE-SEM). Transmission electron microscopy (TEM)
images and High-resolution TEM (HRTEM) images was taken
on JEM-2100F transmission electron microscope (Japan) under
a working voltage of 200 KV. The nitrogen adsorption and
desorption isotherms at -1960C were measured using an ASAP
analyzer (Tristar3000, Micromeritics, USA). XPS analyses of the
products were carried out on a Perkin-Elmer PHI 1600 ESCA
system operated at a pass energy of 187.85 eV for survey
spectra with an Al Ka X-ray source (E=1486.6 eV). The magnetic
property of the sample was measured with a vibrating sample
magnetometer (VSM, LDJ 9600-1, USA) at room temperature.
The concentration of phenol in the Photo-Fenton reaction was
real-time analyzed by high-performance liquid chromatogra-
phy (HPLC, Regol L-3500) with UV-vis detector. Elution was
carried out with a 60:40 mixture of methanol: aqueous at 0.8
mL min—1flow rate with detection at 220 nm.
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Results and discussion
Morphology and Structure Characterizations of Fe;0, nanoclusters

Figure 1a and 1b are the typical SEM images of the coralloid
Fe;0, nanoclusters with an average diameter of 160 nm
synthesized in the presence of [Dmim]Cl. The lower-
magnification SEM image (Figure 1b) shows these nanoclusters
with uniform size and shape, and the higher-magnification
image (Figure 1a) indicates that these nanoclusters are
stacking structures of interlaced Fe;0, nanosheets with an
average diameter of 40 nm and thickness of 6 nm, resulting in
rough surfaces and abundant pores. In comparison, Figure 1c
and 1d present the morphologies of Fe;0, synthesized in the
absence of ILs. The spherical Fe;0, nanoclusters with a
diameter range of 160 nm to 200 nm were constructed by the
aggregation of small nanocrystals with approximately 30 nm in
size. Since the subunits serving as building blocks have a
smaller size and more regular sphere configuration, the
surfaces of the obtained spherical nanoclusters are smoother,
and meanwhile a number of crevices exist.

The substructures of two kinds of Fe;0, products were
further investigated by TEM. The TEM images of the Fe;0,
synthesized in the presence of [Dmim]Cl (Figure 2a, 2c) also
show the overall coralloid morphology and hierarchical
structures with nanosheets. The sizes of the subunits
(nanosheets) and nanoclusters are also consistent with the
above SEM observations. Figure 2b is the typical TEM images
of the Fe;0, synthesized without [Dmim]Cl. It can be clearly
observed that the geometrical shape of the nanocluster is
sphere with a diameter of 170 nm and the subunits are smaller
spherical nanocrystals with a size about 20 nm.

In order to further investigate the growth of the coralloid
nanoclusters, HRTEM images of the subunits and their
corresponding fast Fourier transform (FFT) patterns are shown
in Figure 2d-2f. Figure 2d-2e are the typical HRTEM images of
the nanosheets from the top view, the spacings of lattice
planes calculated to be 0.253 nm and 0.484 nm, which
correspond to the families of crystal planes of Fe;0,
respectively. Furthermore, the Fourier transform (FFT) pattern
(Figure 2f) was taken to clarify the possible crystal growth
orientation and index the exact crystal planes. It is clearly
shown that they are both taken along the [01-1] zone axis. The
similar result can also been observed from the inset of Figure
2e. These data suggest that the growth of [01-1] direction has
been suppressed and the crystal planes can be indexed as
(311) and (1-1-1) respectively. As we know, Fe;0, belongs to
isometric system. Based on the zone law, we can conclude that
the growth of (01-1) plane is hindered. The oriented growth
results in the formation of nanosheets subunits instead of the
spherical ones with the isotropic growth. It can be speculated
that [Dmim]Cl here plays a crucial role in controlling the
growth orientation of subunits crystals. This will be discussed
deeply later.

XRD analysis was applied to identify the crystal structure and
purity of as-prepared samples. Figure 3 shows the XRD
patterns of the Fe;0, synthesized in the presence of [Dmim]Cl
(a) and in the absence of [Dmim]Cl (b). The relative peak

This journal is © The Royal Society of Chemistry 20xx
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intensity and position are in good agreement with those of
pure Fe;0,4 with a cubic inverse spinel structure (JCPDS No. 88-
0315). There is no extra diffraction peaks, suggesting high
purity of the synthesized products. Based on the Debye—
Scherrer formula for the strongest (311) diffraction peak, the
grain sizes of coralloid Fe;0, nanoclusters and spherical Fe;0,
nanoclusters can be respectively calculated as 29.0 and 29.3
nm, indicating that both products are constructed through the
assembling of nanocrystal primers. This remains consistent
with SEM and TEM observations (Figure 1 and 2). Furthermore,
the values calculated from Debye—Scherrer formula reflect the
thickness of crystals along the direction perpendicular to the
reference crystal plane. In this study, it reflects the thickness
along [311] zone axis. The value is comparable with the
average diameter of nanosheets subunits, which means [311]
zone axis is one of the preferentially growing directions and
the crystal growth along [311] will not be hindered, confirming
the results from HRTEM and FFT images.

Considering the crystal structure similarity between Fe;0,
and y-Fe,03, it is hard to distinguish them only by XRD
analysis.26 Therefore, X-ray photoelectron spectroscopy (XPS)
was further used to investigate the structure and purity of the
synthesized nanoclusters. Figure S1 shows the core-level XPS
spectrums of the coralloid Fe;0, nanoclusters, two distinct
peaks at 712.3 and 726.2 eV are attributed to Fe2p,;; and
Fe2p,/,, respectively. Remarkably, no satellites can be
identified at ~718eV, which matches the characteristics of
Fe;0,.

Formation Mechanisms of the Coralloid and Spherical Fe;0,
Nanoclusetrs

In our experiments, ferric nitrate was chosen as the precursor
to replace commonly used ferric chloride. Due to its thermal
instability,27’28 especially in the sealed reductive atmosphere
provided by ethylene glycol dehydration at high temperature
(200 °C), nitrate (NO3’) mainly decomposes into nitrite (NOZ'),29
with consumption of the reducing agent (ethylene glycol). The
phenomenon has been perceived when we employ ferric
nitrate as the precursor following the same reactants molar
ratio as Li’ s method™ using ferric chloride as the iron source.
The products are brown, indicating not pure Fe;O, owing to
the extra consumption of the reducing agent during the NO3
decomposition.

This journal is © The Royal Society of Chemistry 20xx

Figure 1. SEM images of coralloid Fe30, nanoclusters synthesized in the presence of
[Dmim]CI (a, b) and spherical Fe;04 nanoclusters synthesized in the absence of ILs (c,

d).

Figure 2. TEM (a,c) and HRTEM (d,e) images of coralloid Fe304 nanoclusters synthesized
in the presence of [Dmim]Cl; b. TEM image of spherical Fe304 nanoclusters synthesized
in the absence of ILs; The inset of (e) is the corresponding FFT pattern; f. FFT pattern of

(d); They were both taken along the[01-1] zone axis.
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Figure 3. XRD patterns the FesO, nanoclusters synthesized: (a) in the presence of
[Dmim]Cl and (b) in the absence of [Dmim]Cl; (c) Fe30,4, JCPDS card No.88-0315.
As we know, the crystal growth process can be divided into
the following three stages: nucleation stage, growth stage and
dissolution-recrystalization stage.21'3° On the lack of stabilizer,
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the primary nanocrystals with smaller curvature radius will go  rings and O atom in the NO,.** Additionally, the adsorbed
through a preferential dissolution process to minimize the [Dmim]” will form a tight coverage layer on the (01-1) plane by
-1 stacking.22 The triple interactions will anchor the [Dmim]”
on the (01-1) plane firmly and its large steric hindrance will
efficiently help preventing the crystal growth along [01-1].

surface free energy when the nanocrystals amount increases
to a certain level. With the addition of stabilizers, the primary
nanocrystals tend to assemble into nanoclusters if the
stabilizer concentration is below a certain threshold as the
limited ligand protection (LLP) mechanism declares.®™** with
the further increase of stabilizer concentration to be above the
threshold, the primary nanocrystals will not interact with each
other and they could stably exist in the solution due to the
sterical isolation by the stabilizers; meanwhile, the large
amount of the ligands also suffice for protecting them from
going through the interparticle Ostwald ripening. In this work,
since NO, has stronger coordination ability with transition
metal ions than NO3',33’34 NO, will adsorb on the Fe3;0,
primary nanocrystals and serve as the stabilizer to control the
Fe3;0,4 crystal growth.

To confirm the effect of NO, ion, sodium nitrite was directly
added to the reaction system. The TEM image (Figure 4a)
shows that the products obtained by adding 4 mmol sodium
nitrite in the absence of ILs have smaller size (70 nm) and are
composed of fewer primary nanoparticles than spherical
nanoclusters (Figure 2b). Moreover, when 8 mmol sodium
nitrite was added, the primary nanoparticles could be
reasonably stable in solution and will not aggregate into
nanolusters as shown in Figure 4b. These results suggest that
NO, can serve as the ligand to stabilize the primary ——2a & o a .
nanoparticles efficiently. With the increase of ligand
concentration, more and more NO, will adsorb on the
nanocrystals to weaken the aggregation and eventually
forming monodispersed nanoparticles over the threshold.

On the basis of the above discussion and experiment
results, we realize that the major reason for forming Fe;0,
nanoclusters with two different types of morphologies
(coralloid and spherical) is the different structures of their
building blocks (primary nanosheets and nanospheres).
Through the analysis of HRTEM and FFT images of coralloid
Fe;0, nanoclusters, it is believed that [Dmim]Cl plays a vital
role in hindering the growth of (01-1) plane. To investigate the ® OFe ® TFe
oriented growth mechanism, we cleave the Fe3;0,4 crystal
structure and the schematic structures of three typical crystal
planes (01-1), (111) and (311) are shown in Scheme 1. the

b o

Figure 4. TEM images of synthesized Fe;0, in the absence of [Dmim]Cl with different
NaNO, dosages: (a) 4 mmol, (b) 8 mmol.

Scheme 1. Schematic structures of three typical Fe;0, crystal planes

Fe3;0, crystal consist of two different Fe atoms: one is located
in the central of tetrahedron coordinating with four O atoms
(TFe) and the other is in the central of octahedron * @ =

. . a Spherical
coordinating with six O atoms (OFe).> An interesting  WithoutlLs =, =g ® el
phenomenon can be found in Scheme 1. The (01-1) plane, b

whose growth is suppressed, exposes the OFe, TFe and O atom
terminations; in contrast, the facets (111) (311), whose
growths are not hindered, only expose OFe terminations. The
higher coordination number of Fe (OFe) will increase steric
hindrance and electron density, preventing the coordination 2
between NO, and OFe. Therefore, NO, will selectively adsorb j

: - With ILs ¢
on the c_rys'fal p_Iane exposing the low coordination number Fe_ - l o ———
(TFe), viz., it will absorb on the (01-1) plane. However, NO, e
cannot efficiently suppress the growth of (01-1) due to its ° A N _
small steric hindrance. With the addition of the IL, [Dmim]” will (AR D] . { o :.ﬂmmm
interact with the NO, through the electrostatic force and the b NO; o TFe il "

& coordination bond

hydrogen-bonding between H atom in C2 position of [Dmim]"
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Scheme 2. Schematic illustration of the formation process for the spherical and
coralloid Fes04 nanoclusters

60

(@)
(b)

Ms(emu/g)
(=]

1 ¥ T
-5000 0 5000 10000
H(Oe)

Figure 5. Magnetization hysteresis loops recorded at room temperature of (a) coralloid
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Fe304 nanoclusters and (b) spherical Fe30,4 nanoclusters. The inset shows the enlarged
view of the loops from -500 Oe to +500 Oe region.
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Figure 6. Curves of phenol degradation catalyzed by different Fe;0,4

For comparison, we conduct the comparative experiment
using ferric chloride as the precursor. As shown in Figure S2,
the Fe;0, nanoparticles are both compact spherical regardless
of whether adding [Dmim]Cl or not, indicating ILs fail to play
their role in lack of NO,, It further confirms that the
collaboration of NO, and [Dmim]Cl induces the oriented
crystalline growth and achieves in the construction of the
coralloid nanoclusters. Besides, it also suggests that the
coordination bonds between acetic acid radical/ethylene
glycol and iron ions are not strong enough for them to serve as
stabilizers to induce the formation of nanoclusters structure.
Based on the above discussion, a possible formation
mechanism of coralloid and spherical Fe;O0, nanoclusters is
proposed as shown in Scheme 2. After the classical nucleation
stage, the primary nanoparticles are formed through isotropic
growth and stabilized by NO, in the absence of [Dmim]Cl; in
contrast, primary nanosheets are formed via oriented-growth

This journal is © The Royal Society of Chemistry 20xx

via the interaction between [Dmim]Cl and NO,". Then, the two
types of primary building blocks respectively aggregate into
the secondary structures to minimize the total surface free
energy, which is thermodynamically favorable, and form their
final spherical and coralloid morphologies.

Surface properties and magnetic properties of the Fe;0,
Nanoclusters

The specific surface areas of the two kinds of Fe;0,
nanoclusters were determined by measuring the nitrogen
adsorption and desorption isotherms. The measured BET
surface areas of the coralloid and spherical nanoclusters are
23.8m2g'1 and 14.5 ng'l respectively, both higher than that of
the compact Fe;0, nanoparticles (measured as 10.6 ng"l)
synthesized with ferric chloride as precursor, indicating the
rough surfaces formed through the aggregation of subunits.
Notably, the coralloid nanoclusters are composed of oriented
growth nanosheets which exposing the (01-1) facet. They may
have potential in supporting catalysis to enhance the catalytic
activity though the synergy between the exposed specific facet
and catalysi537’38 and their large surface area. Further work is
still needed to test the idea. Figure 5 shows the hysteresis
loops of the two kinds of Fe;0,4 nanoclusters. Curve a is for the
coralloid Fe;0, and curve b is for the spherical one. It can be
found that the saturation magnetization value of the coralloid
Fe;0, (50.1 emu-g’l) is higher than that of the spherical Fe;0,
(40.2 emu~g’1), which should be attributed to larger size of the
primary nanoparticles. However, both of them are lower than
that of compact Fe;0, nanoparticles (81.9emu-g'1)12 due to
more crystal growth defects of the two morphologies.

Photo-Fenton degradation of phenol catalyzed by Fe;0,
nanomaterials

To evaluate the performances of the Fe;0, nanoclusters, the
as-prepared spherical and coralloid Fe;O, nanoclusters were
respectively used as catalysts for photo-Fenton degradation of
phenol in this work®, and commercial Fe30, nanoparticles
were also tested for comparison. Figure 6 shows the curves of
phenol concentration vs. time with different Fe;0O, as catalysts.
It is obvious that the coralloid Fe;04 nanoclusters synthesized
with ionic liquids show the highest catalytic activity and the
concentration of phenol in the reaction mixture (C) decreases
to only 0.0093 of initial concentration of phenol (Cy) in 3 h.
Meanwhile, the degradation rate catalyzed by spherical
nanoclusters is slower than that with coralloid Fe30,.
Moreover, the concentration of phenol has negligible changes
even after 5 h when catalyzed by commercial Fe;0, or no
catalyst. It can be speculated that the catalytic activity depends
on the surface properties of nanomaterials. The commercial
Fe;0, has almost no catalytic activity for the reaction due to its
monoblock morphology with smooth surface and large particle
size (See Figure S3).

Conclusions

J. Name., 2013, 00, 1-3 | 5
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In summary, the coralloid Fe;0, nanoclusters with uniform
sizes and morphology have been successfully synthesized by a
facile and efficient one step ionic liquids-assisted solvothermal
method, which exhibits quite different nanostructures
compared to the spherical Fe;0, nanoclusters synthesized in
the absence ILs. By the aid of the electrostatic interactions and
the hydrogen-bonding interaction between [Dmim]* and NO,,
ILs selectively adsorb on the specific (01-1) plane for lower
steric hindrance and electron density, control the oriented
growth of primary building blocks and construct the final
coralloid morphology.

Owing to the excellent properties such as high surface area
and exposed specific facet, the coralloid magnetite
nanoclusters show the highest catalytic activity in the photo-
Fenton degradation of phenol and make them a promising
catalyst in water treatment. This synthetic strategy may
provide insights in the applications of ILs for
nanomaterials construction with novel morphologies and
predominant performances.
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