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Abstract: The transition of akaganeite(3-FeOOH) nanospindles to hematite(a-Fe,0s) submicron/micro-particles has
been studied through a facile surfactant-free hydrothermal method at 140 °C. Single crystal a-Fe,O; submicron
particles and B-FeOOH nanospindles or nanorods can be controllably fabricated by simply changing the

experimental parameters. The mechanism of the phase transition is proposed based on the experimental results.
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The physical and chemical properties of nanos- als, Fe,0; is very attractive due to its nontoxicity, low

tructured materials from transition metals and their ox- cost, good stability and wide applications in gas sen-

ide are essentially different from those of bulk materials
and largely dependent on their size, shape and surface
chemistry!"?, The synthesis of such nanomaterials is also
important in nanotechnology research due to their po-

tential and practical applications™. Among the materi-
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sors P8 catalysis! %, magnetic recording materials and

lithium-ion batteries!"™'".
Many Fe,0; nanostructures with various morpholo-
gies have been fabricated by different methods!"**. For

example, forced hydrolysis of homogenous solutions of
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ferric ions developed mainly by Matijevic and his co-
workers has been used to synthesis hematite nanoparti-
cles!™". Fe,0; nanobelts and nanowires could be syn-
thesized by direct thermal oxidation of Fe substrates™
and Fe,0; nanorings were synthesized by a microwave-
assisted hydrothermal process from the aqueous systems
of FeCl; and NH,H,PO,". Airplane-like FeOOH, Fe,0;
nanostructures, a-FeOOH and «-Fe,O; nanorods were
obtained via the hydrothermal processes!"®".

Generally, FeOOH nanostructures could be syn-
thesized by regulating the pH value of initial systems
and their transition to Fe,O; nanostructures could be
obtained by adjusting the processing temperature in air
or longtime aging!"*'*"'™¥, However, it still remains un-
clear about the phase transition from FeOOH to Fe,Os
under hydrothermal conditions.

In this work, the transition of akaganeite (8-
FeOOH) nanospindles to hematite (a-Fe,0s3) submicron/
micro-particles has been realized at 140 °C through a
simple surfactant-free hydrothermal method by chang-
B-FeOOH

nanospindles and nanorods can be fabricated at a lower

ing the synthesis time. Furthermore,
temperature, while uniform a-Fe,0; submicron/micro-

particles are obtained at a higher temperature.
1 Experimental

Alcohols (A.R.) and FeCl; (A.R.) were purchased
from Sinopharm Chemical Reagent Company and used
without further purification. In a typical synthesis, FeCl;
(0.487 g) was dissolved in distilled water(30 mL) un-
der stirring. And then the mixture was transferred to a
40 mL teflon lined autoclave. Hydrothermal synthesis
was carried out in an oven at 140 °C for 2~24 h. The
products were collected by filtration, washed with dis-
tilled water and ethanol for several times each, and then
dried in an oven at 60 °C for 6 h.

X-ray powder diffraction(XRD) measurements were
performed using a Bruker D8 advanced X-ray diffract-
meter equipped with graphite monochromatized Cu Ko
radiation(A =0.154 18 nm) from 10° to 80°(26) and op-
erated at 40 kV and 40 mA using a one-dimensional
detector. Scanning electron microscopy (SEM) images

were taken with a JSM-6390LV scanning electron mi-

croscope operated at 20 kV. Transmission electron
microscopy (TEM) and high resolution transmission
electron microscopy (HRTEM) images were obtained
with a JEM-2000EX and JEM-2100 transmission
electron microscope operated at 160 kV and 200 kV,

respectively.
2 Results and discussion

XRD patterns of the as-synthesized products are
shown in Fig.1. The diffraction peaks of the precipitate
in Fig.1A can be clearly indexed to tetragonal aka-
ganeite phase(8-FeOOH, PDF 75-1594) and no obvious
impurity can be observed in the samples synthesized at

110 °C even though the synthesis time is 24 h.
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Fig.1  XRD patterns of the products synthesized at
110 °C for 24 h (A), at 140 °C for 2 h (B), 3 h(C),

6 h (D) and 24 h (E), and at 170 °C for 3 h (F)
When the synthesis temperature is increased to
140 °C, the tetragonal akaganeite phase can also be
seen from the XRD pattern of the sample when the syn-
thesis time is 2 h, as shown in Fig.1B. The main peaks
of the akaganeite phase are still obtained with the syn-
thesis time up to 3 h(Fig.1C), however, the peak with a
26 value of 35.40°, which can be ascribed to(211) peak
of the akaganeite phase, are weakened and a new peak
with a 260 value of 35.80° appears, which can be as-
cribed to(110) peak of the hematite phase. If the syn-
thesis time is prolonged to 6 h(Fig.1D), pure hematite
phase (a-Fe,Os, PDF 33-0664) can be formed. And the
hematite phase is not changed with the synthesis time
up to 24 h(Fig.1E). When the temperature is further in-
creased to 170 °C, the hematite phase can be observed
from the XRD pattern(Fig.1F) of the products with the
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synthesis time of 3 h, which is in accord with previous
repor‘tsl'3l.

The morphology of the samples was examined
with scanning electron microscope. As shown in Fig.
2A and B, nanospindles and nanorods with the aspect

ratios of 5~12 for the B-FeOOH phase are observed
when the synthesis temperature is 110 C and the

synthesis times are 3 h and 24 h, respectively. If the

temperature is 170 °C, relatively uniform «-Fe,0; sub-
micron particles with the diameters of 90~130 nm are
dispersed with the synthesis time of 3 h, while poly-
hedral a-Fe,0; submicron particles with the diameters
of 150~250 nm are obtained when the synthesis time
is elongated to 6 h. Further prolonging the synthesis
time to 24 h, the diameters of the a-Fe,O; particles

are almost unchanged.
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Fig.2 SEM images of the products synthesized at 110 °C for 3 h (A) and 2 h (B); and at 170 °C for 3 h (C) or 6 h (D)

It is interesting to note that the morphologies of the
samples change greatly concomitant with the phase
transition when the synthesis temperature is 140 °C, as
shown in Fig.3. B-FeOOH Nanospindles are obtained
when the synthesis time is 2 h (Fig.3A) and a small
quantity of a-Fe,0O; particles can be formed with the
time of 3 h(Fig.3B). Clearly, only uniform a-Fe,O; sub-
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micron particles with the size of about 70~100 nm can
be observed for the time of 6 h(Fig.3C). Finally, a-Fe,0;
microparticles with the side length of 1.5~2.5 pm with
octahedral or truncated cubic morphologies are ob-
tained when the synthesis time is 24 h(Fig.3D and the
inset). Further increasing the synthesis time to 72 h, the

micro-scale a-Fe,0; particles contracted somewhat.

Fig.3 SEM images of the products synthesized from aqueous ferric solutions at 140 °C for 2 h (A), 3 h (B), 6 h (C) and 24 h (D)

The micro/nano-structures of the samples were
further examined with transmission electron micro-
scope. As shown in Fig.4, the spindle-like structure of
B-FeOOH (Fig.4A) and some ripplelike contrast can be
observed and the ED patterns of one spindle denote that
the B-FeOOH nanospindles are well crystallized, as
shown in the inset in Fig4A. It is seen from the
HRTEM image of a 8-FeOOH nanospindle(Fig.4B) that
the fringe spacing of 0.22 nm concurs well with the in-
terplanar spacing of the plane (301) and some defects
are also found, indicating that the nanospindles are

formed with a preferred growth direction of [301]. It can

be seen that a-Fe,0; submicron particles are relatively
uniform and the ED patterns of one particle(the inset in
Fig.4C) show the single-crystal nature of a-Fe,0; sub-
micron particles. The HRTEM images of the particle
(Fig.4D) further confirm the formation of the single-
crystal structures. The fringes are separated by 0.27 nm,
which agrees well with the (104) lattice spacing of the
rhombohedral hematite.

With the difference from those results of Fe(OH),
gel systems!™, in this work, the 8-FeOOH nanospindles
are obtained at the beginning of the reaction when the

synthesis temperature is 110 “C. Tt appears that aka-
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Samples as used in Fig.3A and 3C

ganeite is formed according to Eq (1),

Fe* + 2H,0 — FeOOH + 3H* 1)

B-FeOOH nanorods are obtained with the synthesis
time elongated to 24 h, indicating that the akaganeite
phase can not be transferred to the hematite phase un-
der such conditions. When the synthesis temperature is
increased to 140 °C, Eq (1) occurs first based on the
SEM and TEM results. These results are contradictory
with those predications that the Eq (2) occurs from the
beginning under those conditions . If the FeOOH
nanostructures are heated in air, Eq(3) could occur and
the morphology of the samples is almost unchanged!"*'".
However, our detailed experimental results show that
the formation of a-Fe,0; submicron particles are gradu-
ally formed by the dissolution of B-FeOOH nanospin-
dles under hydrothermal conditions, as shown in Eq(4)
and Eq (2). The single crystal nature of the a-Fe,0;
submicron particles can be observed from the corre-
sponding ED patterns and HRTEM images. It should
be noted that the transition time from the akaganeite
phase to the hematite phase under such hydrothermal
processes is much shorter than that of ferric hydroxide

B With the elongation of the synthesis

gel systems
time, micro-scale a-Fe,Os particles with special geome-

tries can be gradually obtained.

2Fe™ + 3H,0 — Fe,05 + 6H* 2)
ZFCOOH - F6203 + HQO (3)
FeOOH + 3H* — Fe* + 21,0 )

When further increasing the synthesis temperature
to 170 °C, Eq(2) appears first and a-Fe,O; submicron
particles with narrow size distributions are obtained by
changing the synthesis time. Interestingly, the size of

the submicron particles are almost unchanged for the

S

Fig4 TEM and HRTEM images of B-FeOOH nanospindles (A, B) and a-Fe,0; nanoparticles (C, D).

synthesis time of 6~24 h, indicating that the formation
dynamics of the particles is temperature-dependent on-
ly. Magnetic properties of a-Fe,O; submicron particles
and template effect on a-Fe,0; submicron particles for-

mation are currently under study.

3 Conclusions

Single crystal a-Fe,0; submicron particles with rel-
atively uniform size are synthesized through a simple
hydrothermal method and the transition of the -
FeOOH nanospindles to a-Fe,Os; submicron particles
has been realized at 140 “C by changing the synthesis
time. Spindle-/rod-like nanostructures of the S-FeOOH
phase as well as submicron/micro-particles of the o-
Fe,0; phase can be easily fabricated by controlling the

experimental parameters.
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