Hydrothermal synthesis and characterization of monodisperse a-Fe,O3; nanocubes
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Monodisperse o-Fe,O3 nanocubes with a mean size of 85 nm have been prepared by heating an aqueous solution of iron (II) nitrate in the
presence of a certain amount of alkali without any additional organic reagents or templates in a hydrothermal route. The structure and
morphology of the products were characterised by X-ray diffraction, transmission electron microscopy and field-emission scanning
electron microscopy. The results have shown that the crystal morphology continually changes at higher temperatures and o-FeOOH was
generated as the intermediate during the hydrothermal dehydration reaction. In addition, the optimum temperature and reaction time of the
hydrothermal synthesis of these o-Fe,O; nanocubes were 200°C and 5 h, respectively.

1. Introduction: Monodisperse nanoparticles have become a new
focus of study because of their potential application in optics [1],
biomedical sciences [2], catalysis [3] and other fields. In recent
years, considerable efforts have been focused on the preparation
of monodisperse inorganic nanoparticles [4-8]. For example,
Yang’s group developed hydrothermal and solvothermal methods
to synthesise monodisperse micro and nanoparticles, such as
CeO, [4], InyO;5 [5] and Ni(OH), [6]. Monodisperse metal
nanoparticles with controllable size and different shapes have also
been fabricated by many processes [7, 8].

As one of the most important metal oxides, iron oxide nanopar-
ticles have attracted increasing attention owing to their wide appli-
cations in catalysis [9], adsorption [10], pollutant removal [11],
sensors [12] and batteries [13]. Many researchers have taken ad-
vantage of Fe,O3 nanoparticles as catalysts of the Fenton oxidation
of endocrine disrupting compounds in domestic and industrial was-
tewater [14, 15]. The synthesised o-Fe,O; nanoparticles in this
Letter are applied particularly to photo-assisted Fenton catalytic
oxidation. Also, much progress has been made on the preparation
of nanostructured o-Fe,O3 with various morphologies [16-21], in-
cluding cubic morphology [22-25]. For instance, Hou et al. [23]
reported that cubic a-Fe,Oj3 particles could be prepared by hydro-
thermal synthesis from a solution of urotropine ((CH;)¢N4) and
ferric chloride. o-Fe,Os; nanocubes were also fabricated via a
hydrothermal route using a small amount of n-decanoic acid
(CoHoCOOH) as the organic surface modifier [24]. However,
most previous synthetic methods need toxic organic reagents or
multistep post-treatments. The use of organic reagents or templates
can introduce impurities and increase preparation costs. In addition,
multistep post-treatments can also increase the complexity of the
preparation process. The hydrothermal method of this work not
only overcame the above drawbacks but also possessed several
advantages: (a) better control of the morphology and size of the
crystals, (b) easier operation of large-scale production and (c)
shorter synthesis time. In this Letter, monodisperse o-Fe,O3 nano-
cubes with uniform sizes of about 85 nm have been fabricated by
heating an aqueous solution of iron (III) nitrate in the presence of
alkali without any additional templates or surfactants. The whole
synthesis process without using any toxic organic reagents or tem-
plates can avoid organic pollution of the environment. Reaction
temperature had a great influence on the morphology of the
o-Fe,O; nanoparticles. a-FeOOH from the dehydration of Fe
(OH); acted as an intermediate during the preparation of o-Fe,O3
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nanocubes. Furthermore, the reaction conditions for the synthesis
of these o-Fe,O3 nanocubes were optimised.

2. Experimental

2.1. Chemicals: For our experiments, iron (III) nitrate (Fe
(NO3);-9H,0, >99.0%), sodium hydroxide (NaOH, >99.0%)
and ethanol (>99.0%) were purchased from the Sinopharm
Chemical Reagent Co. Ltd. Deionised water was used throughout.

2.2. Synthesis: In an optimised synthesis of the monodisperse
o-Fe,03 nanocubes, 8.0 ml of 0.60 M Fe(NOs;); aqueous solution
was added into a Teflon-lined autoclave of 20 ml capacity. Then
8.0ml of 0.60 M NaOH aqueous solution was added slowly to
the autoclave under continuous stirring. After vigorous stirring for
15 min, the iron oxide precursors were obtained and the autoclave
was then heated to different temperatures for 7 h. After cooling to
room temperature naturally, the red precipitate was collected by
centrifugation, washed with deionised water six times, and then
with ethanol two times. The final solids were obtained by drying
for 3h at 60°C. To find the best reaction temperature, samples
were synthesised at 120, 160 and 200°C (Table 1). To further
investigate the effects of reaction time, samples were synthesised
at the optimum temperature (200°C) for 5 and 3 h (Table 1).

2.3. Characterisation: The phase purity of the samples was examined
by X-ray diffraction (XRD) using a Bruker D8-Advance powder
X-ray diffractometer with Cu-Ko radiation (1=0.15418 nm). The
morphology and nanostructure of the products were characterised
using a transmission electron microscope (TEM, JEM 100-CX II)
with an accelerating voltage of 80kV, and a field-emission
scanning electron microscope (FESEM, Hitachi S-4800).

Table 1 Synthesis parameters for different samples

Sample NaOH, M Fe**, M Hydrothermal Reaction time, h
temperature, °C

1 0.30 0.30 120 7

2 0.30 0.30 160 7

3 0.30 0.30 200 7

4 0.30 0.30 200 5

5 0.30 0.30 200 3
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3. Results and discussion: The XRD patterns of the sample
obtained at 200°C for 7h (Fig. la) are similar to samples
obtained at 120 and 160°C for 7h (data not shown). The
diffraction peaks of all the samples prepared for 7 h can be well
indexed to the face-centred cubic phase o-Fe,O; (JCPDS No.
33-0664) without any parasitic secondary phases. The high
magnification SEM image of the sample reacted for 7 h at 200°C,
shown in Fig. 1b, indicates that the particles are cube-like in
shape with an average edge length of 85nm and all these
particles are monodisperse particles with narrow size distribution.

To clearly track the crystal growth, the evolution process was
monitored and the structures were investigated systematically by
TEM. Fig. 2 displays TEM images of samples obtained at 120,
160 and 200°C for 7 h. It is worth noting that when the reaction
temperature was 120°C, the formed particles exhibited irregular
shapes as shown in Fig. 2a. When the reaction temperature was
raised to 160°C, many particles agglomerated together to form col-
loidal particles (Fig. 2b). At 200°C, the edges of the particles
sharpened to form cubes with an average edge length of 85 nm
(Fig. 2¢).

On the basis of the above results, under hydrothermal conditions
the nanocrystals go through several growth stages. In the first stage,
irregular-shaped o-Fe,O; nanocrystals with a rough surface were
formed; the dispersibility of these particles with uneven sizes was
poor (based on the TEM image in Fig. 2a). In the second stage,
the initially formed nanocrystals agglomerated to form larger col-
loidal particles to reduce their surface energy. At 160°C, the
edges of some particles gradually sharpened to form a nearly
cubic morphology, because of further dehydration reactions of the
colloidal particles. Upon further increasing the temperature to
200°C, nanocubes with sharp edges predominated in the final
product because of the dehydration reaction equilibrium. The
TEM image in Fig. 2c further confirms their good dispersibility,
and the average edge length of the products also increased to
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Figure 1 XRD patterns (Fig. 1a) and SEM images (Fig. 1b) of nanoparti-
cles synthesised at 200°C for 7 h (all XRD peaks can be indexed to a-Fe,03)
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about 85 nm. Therefore, reaction temperature has a great influence
on the formation of Fe,O5; nanocubes and well-defined Fe,O5 nano-
cubes were obtained at 200°C.

The formation mechanism of the synthesised o-Fe,O3 nanocubes
was investigated using XRD (Figs. 3a and b). It is worth noting that
all the detectable XRD peaks observed after 3 h of reaction at
200°C can be indexed to two phases, o-FeOOH and a-Fe,O3, but
the relative intensities of the o-FeOOH phase diffraction
peaks were weak. However, the XRD patterns of the sample
reacted for 5 h at 200°C showed only rather sharp characteristic dif-
fraction peaks of 0-Fe,O3 (JCPDS Card No. 33-0664) without any
parasitic secondary phases of the o-FeOOH phase. As shown
above, the characteristic diffraction peaks of o-FeOOH were not
found in the XRD patterns of samples obtained at 120, 160 and
200°C for 7h (Fig. la). It can be concluded that all o-FeOOH
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Figure 2 TEM images of a-Fe,O3; nanocubes prepared at different tem-
peratures of 120°C (Fig. 2a), 160°C (Fig. 2b) and 200°C (Fig. 2c)
showing increasingly well-defined cubic morphologies
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Figure 3 XRD patterns, TEM and SEM images of samples prepared at 200°
C for different times

a XRD patterns of the 5 h sample

b XRD patterns of the 3 h sample

¢ TEM images of the 5 h sample

d SEM images of the 5 h sample

particles in the products will disappear when the reaction time
exceeds 5 h.

We can conclude from the above results that a great quantity of
intermediate, a-FeOOH nanoparticles were formed in the initial
stage of the hydrothermal reaction. As the reaction proceeded, the
initially formed a-FeOOH nanoparticles tend to further dehydrate
and converted to o-Fe,O;. Phase pure a-Fe,O; nanocubes were
obtained when the dehydration reactions were complete. The equa-
tions could be described as follows

Fe(NO,); + 3NaOH — Fe(OH); | +3NaNO, (1)
Fe(OH); — a — FeOOH + H,0 @)
2a — FeOOH + 0.50, — a — Fe,0, + 20H" 3)

During the reaction, the oxidising atmosphere created by the
oxidant NaNOs, protected the Fe*>* ions from being reduced. In
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addition, the solubility of o-FeOOH is lower than that of Fe
(OH);, and the solubility of a-Fe,O; is even lower than
o-FeOOH. Very high supersaturation can be achieved in this
process because of the very low solubility of o-FeOOH and
o-Fe,0;, therefore very fine nanocrystals are obtained [26]. The
TEM and SEM images of sample 4 (Figs. 3¢ and d) showed that
the edges of particles had also sharpened to form cubes. From the
product morphologies and phase characterisation, we can assert
that 5 h of reaction time is sufficient. However, the detailed mech-
anism of the formation of monodisperse a-Fe,O3; nanocubes needs
to be further explored.

4. Conclusions: We have demonstrated a facile approach to the
synthesis of monodisperse o-Fe,O; nanocubes with a mean size
of 85nm. Obvious shape changes from irregular to cubic
nanoparticles can be achieved by raising the temperature to 200°
C in this hydrothermal process. The XRD results indicated that
o-FeOOH was formed as an intermediate in the hydrothermal
synthesis process. The optimum temperature and reaction time of
this hydrothermal route were 200°C and 5 h, respectively.
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