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a b s t r a c t

Quasi-hexagonal �-Fe2O3 nanoplates with lateral sizes of 40–60 nm and thickness of ca. 10 nm were
fabricated by a facile poly(ethylene glycol 600) (PEG-600) assisted hydrothermal technique in combi-
nation with calcination method. The final �-Fe2O3 nanoplates inherited perfectly the morphology of
the preliminarily hydrothermal products with phases of dominant �-Fe2O3 and minor �-FeOOH. The
platelets could be tailored from nano- to meso- and to micro-scale via adjusting PEG-600 quantities.
vailable online 1 October 2010
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An adsorption-extension-attachment model was proposed to explain the formation and growth mecha-
nism of the platelets. The as-obtained �-Fe2O3 nanoplates exhibited a specific Langmuir surface area of
59 m2/g and a maximum N2 adsorption of 137.3 cm3/g at 1 atm. UV–vis measurement showed a strong
absorption in a wide range from UV to visible light with a blue-shifting band gap of 2.33 eV due to the
nanosize effect.
ormation and growth mechanism
ptical property

. Introduction

In recent years, there has been increasing interest in the synthe-
is of semiconductor nanoparticles with well-controlled size and
hape, owing to their unique physical and chemistry properties
hich are useful in a wide application range such as catalysis, pho-

onics and photoelectronics [1–3]. In particular, hematite (�-Fe2O3)
s an important n-type semiconductor with excellent stability and
ontoxicity under ambient conditions, and has been widely inves-
igated in catalysts, gas sensors, photoelectrodes, magnetic devices,
nd lithium ion batteries [4–7]. It is reported that nanometer-sized
articles can be grown into zero, one, two, and three dimensions
0, 1, 2, 3D) through various morphological control processes. By
ar a large variety of �-Fe2O3 nanostructures have been synthe-
ized, including the most common 0D spherical nanoparticles [8],
D nanocrystals such as wire [9], rod [10], spindle [11], and tube
12], 2D layered structure such as nanoflakes [13], and complex 3D
rchitectures such as dendrite [14], urchin-like shapes [15], ordered
olumnar arrays [16], as well as core–shell hollow microspheres
17], and so on.
However, it is noted that most morphological control synthe-
es for �-Fe2O3 have mainly focused on the fabrication of 1D
anostructures [9–12] due to electric and thermal peculiarities on
imensionality and on the construction of interesting 3D high-
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complexity architectures [14–17]. In comparison, studies to induce
formation of 2D nanoparticles such as nanodisks and nanoplates
are still insufficient, which are considered to have potential appli-
cations in data storage, optics, and substrates for constructing
nanodevices, as enlightened by other inorganic platelet materials
with novel interesting properties [18,19]. Till now, few reports have
addressed on the formation of 2D �-Fe2O3 nanostructures. Zhang
et al. [20] fabricated quasi-circular �-Fe2O3 nanoplates through
hydrothermal method using PEO20PPO70PEO20 (P123) triblock
copolymer as template and citrate as complexing reagent. Yang’s
group [21] presented a citric acid-assisted hydrothermal process
to produce hexagonal �-Fe2O3 with a lateral size of about 100 nm.
Chowdari and co-authors [13] reported �-Fe2O3 nanoflakes pre-
pared on Cu foil by using a thermal treatment method, which
showed superior performance as anode material for Li-ion batter-
ies.

Despite the few advances, however, it still remains a challenge
to develop simple, low-cost and environment friendly approach
to synthesize monodispersed �-Fe2O3 platelets with fine shape
control as well as continuous diameter tuning. Hydrothermal pro-
cess has been demonstrated to be an efficient synthetic pathway
towards various size- and morphology-controllable nanostruc-
tures. Herein, we reported a facile poly(ethylene glycol 600)

(PEG-600) assisted hydrothermal and post-heated approach for the
fabrication of quasi-hexagonal �-Fe2O3 nanoplates with tunable
average diameters from nano- to micro-scale with enhanced PEG-
600 quantity. An adsorption-extension-attachment (AEA) model
was proposed to explain the formation and growth mechanism of

dx.doi.org/10.1016/j.jallcom.2010.09.124
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. XRD patterns of (a) hydrothermal sample synthesized with 5 mL of PEG-600
nd (b) final product after calcination at 250 ◦C for 0.5 h.

-Fe2O3 platelets. UV–vis optical property of �-Fe2O3 nanoplates
ith diameter of about 70 nm and lateral size of 40–60 nm showed

n absorption band gap of 2.33 eV, blue-shifted in contrast to bulk
ematite due to the quantum size effect. The results may imply
otential applications in areas such as gas sensor, catalyst.

. Materials and methods

.1. Synthesis of ˛-Fe2O3 nanoplates

All the chemical reagents were of analytical grade and were used as received
ithout further purification. In a typical synthesis, 0.3 mmol Fe(NO3)3·9H2O was
issolved in 10 mL of deionized water, into which 5 mL of PEG-600 was subsequently

ntroduced under fiercely magnetic stirring. Then, adequate amount of 6 M NaOH
as dropped into the solution to adjust the pH to 8. After stirring for 30 min, the
ixture was transferred into a 20 mL Teflon-lined autoclave, heated to 150 ◦C with
typical heating rate of 1.5 ◦C/min, and then maintained at the target tempera-

ure for 12 h. After the reaction was completed, the resulting solid precursor were
entrifugated, washed sequentially with deionized water and ethanol repeatedly
o move the residual reactants, and dried at 60 ◦C in air for 12 h. Finally, �-Fe2O3

anoplates with high purity were harvested by heating the as-obtained precursor
n air at 250 ◦C for 0.5 h. Contrast experiments were carried out by using 0, 10, and
5 mL of PEG-600 as additive, respectively.

.2. Characterization and apparatus

The as-obtained samples were characterized by X-ray power diffraction (XRD)
n a Japan Rigaku D/max-2500 X-ray diffractometer with graphite monochroma-
ized Cu K�1 (� = 1.5405 Å) radiation at a scanning speed of 4◦/min in 2� ranging from
◦ to 80◦ . Scanning electron microscopy (SEM) images were taken using a JEOL JSM-
700F microscope. Transmission electron microscopy (TEM) and high-resolution
EM (HRTEM) analyses were carried out under a JEOL JEM-2100 microscope oper-
ting at an accelerating voltage of 200 kV. IR spectra were measured on a TENSOR
7 (Bruker) FT-IR spectrometer with KBr pellets in the range 4000–400 cm−1. N2

dsorption isotherms for pressures in the range 0–1.0 bar were measured by a
olumetric method using a Micromeritics ASAP2020 instrument. UV–vis diffuse
eflectance spectra were recorded at room temperature on a JASCO V-550/V-570
V–vis spectrophotometer fitted with an integrating sphere diffuse reflectance
ccessory.

. Results and discussion

Fig. 1 shows the typical diffraction patterns of the hydrothermal
ample in the presence of 5 mL of PEG-600 and the post-heat-
reated final product. The reflections of the XRD pattern in Fig. 1a
ere attributed to a dominate phase of hexagonal �-Fe2O3 (JCPDS-

CDD Card No. 33-0664) mixed by a small quantity of �-FeOOH
JCPDS 29-713) with diffraction peaks emerged at the positions
arked with stars. After the hydrothermal sample was calcined
t 250 ◦C for 0.5 h, as shown in Fig. 1b, all the reflection peaks
ould be well indexed to hexagonal �-Fe2O3 with lattice constants
= 5.035 Å and c = 13.748 Å, in good agreement with the standard
alues. To clearly prove the purity of the final product, the intensity
Compounds 509 (2011) 885–890

(y-axis) in Fig. 1 has been plotted in a log scale. No other character-
istic peaks of impurities were observed in Fig. 1b, illustrating the
high purity of the final �-Fe2O3 products. The XRD results demon-
strated that the transformation from mixed �-Fe2O3 and �-FeOOH
to pure �-Fe2O3 is easily achieved by heating at a low temperature
of 250 ◦C for a short time of 0.5 h, which is beneficial to morphology
maintenance of the products.

Fig. 2a and b displays the representative FE-SEM images of the
final �-Fe2O3 sample at different magnifications. As shown by the
panoramic view image in Fig. 2a, the product consists of a large
quantity of nanoplates with a narrow size distribution. A mag-
nified SEM image with marked arrows (Fig. 2b) describes that
many nanoplates exhibit hexagonal or quasi-hexagonal morphol-
ogy with a lateral size of ca. 40–60 nm and a thickness of ca. 10 nm.
Moreover, the average diameter from one lateral to the oppo-
site one was obtained by measuring the sizes of 100 randomly
selected nanoplates. The histogram of the nanoplate diameter
distribution (Fig. 2c) clearly indicates that the quasi-hexagonal �-
Fe2O3 nanoplates have a relatively centralized diameter range of
60–80 nm with an average diameter of 71.3 ± 2.8 nm. The detailed
morphology and microstructure of the �-Fe2O3 nanoplates were
further characterized by TEM and HRTEM. From the typical TEM
image in Fig. 2d, quasi-hexagonal platelike morphology with con-
siderably uniform size can be obviously seen, in good accordance
with the SEM results. Fig. 2e gives an enlarged TEM image of an indi-
vidual nanoplate with lateral length of ca. 35 nm. The inset shows
the corresponding fast Fourier transform (FFT) pattern, indicating
the single crystalline nature of the �-Fe2O3 nanoplate. From the
HRTEM image of the marked area of the nanoplate in Fig. 2e, the
lattice fringes with an interplanar distance of 3.67 Å can be clearly
seen, which is corresponding to the d-spacing of the (0 1 2) crys-
tal planes. In addition, other platelets have also been observed by
HRTEM and shows single crystal characteristics with lattice stripes
of (1 0 4) and (1 1 3), respectively (Supporting information, Fig. S1),
indicating the random growth directions of the platelets.

To learn more about the as-designed strategy, PEG-600 quan-
tity dependent experiments were conducted. The results (Fig. 3)
indicate that PEG-600 quantities have a great effect on the struc-
ture and morphology of hydrothermal products. In the absence
of PEG-600, as shown in Fig. 3a, the sample presents multishape
including irregular particles, platelets, and even rods with small
aspect ratio. The corresponding XRD reflections are indexed to
blended phases of major �-FeOOH and minor �-Fe2O3 as marked
with squares. When 5 mL of PEG-600 is used in the reaction sys-
tem, the product (Fig. 3b) is nanoplates with phase composition of
dominant �-Fe2O3 and less �-FeOOH as described above in Fig. 1.
The conformability of SEM images in Figs. 3b and 2b indicates
good morphology maintenance after heat treatment. As PEG-600 is
increased to 10 mL, the hydrothermal products (Fig. 3c) have grown
up to irregular mesoplate of 200–800 nm with enhanced proportion
of major phase �-Fe2O3. While in the presence of 15 mL of PEG-
600, the nearly solvothermal process produces quasi-hexagonal
microplates (Fig. 3d) with much larger lateral size of 2–3 �m and
thickness of 200–400 nm. And the corresponding XRD pattern has
changed to quasi-amorphous Fe3O4 (JCPDS 82-1533) mixed by �-
Fe2O3.

As indicated by the XRD patterns in Fig. 3a–c, increased quanti-
ties of PEG-600 favor the formation of main phase �-Fe2O3. It has
been proven that in a surfactant-free system, hydrothermal treat-
ment of Fe3+ involves a two-step process of a primary hydrolysis to
FeOOH and a subsequent dehydration to Fe2O3 [22]. In our strategy

the nonionic polymer PEG-600 with plenty of hydrophilic –O– sites
on the long chains could coordinate with Fe3+ to form ferrite glyco-
lates [23], which would directly transform into Fe2O3 nanocrystals
through dehydration under hydrothermal conditions [24] as the
process related to a sol–gel route. Therefore, it is reasonable that
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In particular, the N2 adsorption–desorption isotherms of �-Fe2O3
nano-/mesoplates are shown in Fig. 5a and b, respectively. And the
insert displays the corresponding BJH pore size distribution calcu-
lated from the adsorption branch. The two samples both exhibit

Table 1
The typical surface data of different �-Fe2O3 samples.
ig. 2. Morphological and micro-structural characterization of �-Fe2O3 nanoplates
he diameters distribution, (d) TEM image of several nanoplates, (e) TEM image of

arked square of the single nanoplate in e.

he proportion of �-Fe2O3 in hydrothermal products increases with
EG-600 quantities from 0 to 5 to 10 mL. But as excess PEG-600 of
5 mL is used, the typical reflections of �-FeOOH have vanished
Fig. 3d) and quasi-amorphous Fe3O4 forms simultaneously, which
ould be ascribed to the intrinsically reductive nature of the polyg-
ycol [25].

As shown by the SEM images in Fig. 3a–d, the products
an be tailored among “irregular particles-nanoplates-mesoplates-
icroplates” via adjusting the quantity of PEG-600. As mentioned

bove, the presence of PEG-600 benefits the formation of �-Fe2O3
uclei, which belong to hexagonal syngony with lattice constants
= b /= c. The two-dimensional (2D) quasi-hexagonal plate struc-

ure could be attributed to the selective adsorption and inhibition
f PEG-600 on the c-axis of the freshly formed �-Fe2O3 nuclei. And
he “nano- to meso- to micro-plate” process in Fig. 3b–d may be
lucidated by an adsorption-extension-attachment model on the
late lateral as schematically demonstrates in Fig. 4.

The polyglycol PEG-600 has long chains with a high degree of
exibility. According to Xie and co-authors [26], a good solvent for
EG favors a full extension of the polymer chains, while a poor sol-
ent favors the curl and twist of the chains. PEG-600 exhibits good
olubility in water, so the chains should mainly present extension
n our synthetic system. Furthermore, abundant hydrogen-bonds
etween adjacently extended PEG molecular chains and strong
oordination of active oxygen with metal ions together contribute
o the formation of thermodynamically stable multilayer inter-
hains of Fe-complex (Fig. 4), which could adsorb on the lateral
lanes of initially formed �-Fe2O3 nuclei. More hematite nanopar-
icles with high surface activity would be generated via further
ydrolysis of the multilayered Fe-complex and aggregate on the
rimary nuclei through a well-known “oriented attachment” mech-

nism [27] (Fig. 4). The driving force of this crystallization principle
s that the elimination of the pairs of high energy surfaces will
ead to a substantial reduction in the surface free energy from the
hermodynamic viewpoint. And this crystallization mode offers
pecial advantage of producing defect-free single crystals over
noramic FE-SEM image, (b) magnified FE-SEM image, (c) the statistic histogram of
dividual nanoplate and inserted FFT pattern, and (f) HRTEM image taken from the

classical crystallization [28]. Accordingly, increased PEG quan-
tity benefits a broader extension of interchain Fe-complex and
resultant more nuclei to form larger �-Fe2O3 plates as shown in
Fig. 3b–d.

It should be stated that the above explanation about the for-
mation and growth of the special platelet structures is somewhat
conjectural and phenomenological. To verify the adsorption and
coordination of PEG-600 to Fe3+, FTIR absorption of hydrothermal
product was measured (Supporting information, Fig. S2). In the
spectrum, except the characteristic absorptions of Fe–O vibration in
�-Fe2O3 and FeOOH (474, 567, 895 cm−1) [29,30], and –OH stretch-
ing and bending vibration in residual PEG and adsorbed water
(3426, 1631 cm−1), the peak at 1091 cm−1 can be well assigned to
C–O stretching vibration coordinating to metal cations. The shift
to lower wavenumbers compared to pure PEG suggests the forma-
tion of chemical bonds between PEG and the inorganic components
[31].

In view of the similar phase composition of the hydrothermal
samples in Fig. 3a–c, �-Fe2O3 irregular particles and nano-
/mesoplates were selected to investigate N2 adsorption–desorption
properties and the typical surface data were summarized in Table 1.
It shows that �-Fe2O3 nanoplates exhibit the maximum surface
area and the narrowest pore size distribution, while the irreg-
ular particles have a widest pore size distribution of 11–34 nm.
Sample Irregular particles Mesoplates Nanoplates

BET surface area (m2/g) 36 11 44
Pore size distribution (nm) 11–34 10–18 11–13
Pore center (nm) 12, 25 12 12



888 G.-Y. Zhang et al. / Journal of Alloys and Compounds 509 (2011) 885–890

with

t
r
p
T
5
p
t
c
(
d
a

Fig. 3. FE-SEM images and XRD patterns of the precursor products prepared

ype-IV isotherms with a hysteresis loop in the relative pressure
ange of 0.8–1.0, indicating the presence of inhomogeneous meso-
ores, which are resulted from the aggregation of the plates [32].
he nanoplates (Fig. 5a) have a specific Langmuir surface area of
9 m2/g and a BET surface area of 44 m2/g, respectively, with a
ore diameter range of 11–13 nm and a center at ca. 12 nm. And

he maximum adsorption at approximately 1 atm. is 137.3 cm3/g. In
omparison, the Langmuir and BET surface areas of the mesoplates
Fig. 5b) are simply 15 and 11 m2/g, respectively. Additionally, it
isplays an uneven pore size distribution from 10 to 18 nm and
significantly decreased maximum adsorption of 27 cm3/g. The
different quantities of PEG-600: (a) 0 mL, (b) 5 mL, (c) 10 mL, and (d) 15 mL.

results preliminarily indicate that materials with smaller parti-
cle sizes have relatively higher surface area. And the sequence of
reduced pore size distribution from irregular particles to meso- and
to nanoplates shows that narrow size distributed product tends to
aggregate into much more even mesopores.

Nanostructured materials usually exhibit blue-shifted phenom-

ena in optical properties compared with the bulk counterparts.
To reveal the electronic structure and size effect, UV–vis absorp-
tion measurement of the as-prepared �-Fe2O3 nanoplates was
conducted at room temperature. According to the literatures
[33–35], two absorption regions are expected in 200–600 nm. And
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Fig. 4. Schematic illustration of the adsorption-extension-attachment model for the formation and growth mechanism of �-Fe2O3 platelets.
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ig. 5. N2 adsorption–desorption isotherm of as-prepared �-Fe2O3 sample and the
nd (b) mesoplates prepared with 10 mL of PEG-600.

n our spectral experiment (Fig. 6), the obvious absorption of
50–350 nm centered at 300 nm (region 1) and the broad absorp-

ion of 400–600 nm with peak at 532 nm (region 2) are indeed
bserved. Region 1 mainly results from the ligand to metal charge-
ransfer transitions and partly from the contribution of the Fe3+

igand field transitions 6A1 → 4T1(4P) at 290–310 nm. Region 2
s assigned to the 6A1 + 6A1 → 4T1(4G) + 4T1(4G) excitation of an

Fig. 6. UV–vis absorption spectra of �-Fe2O3 nanoplates.
ed BJH pore size distribution curve. (a) Nanoplates prepared with 5 mL of PEG-600

Fe3+–Fe3+ pair, possibly overlapped the contributions of 6A1 → 4E,
4A1(4G) ligand field transition and the charge-transfer band tail
[33,34]. In particular, the peak at 532 nm (2.33 eV) is related to the
hematite optical band gap [20], an obvious blue shift than that of the
bulk �-Fe2O3 (2.2 eV), which could be due to the well-known quan-
tum size effect [36] resulted from the nanosize of �-Fe2O3 platelets.
According to the quantum size effect, the nano-scaled semiconduc-
tor crystals keep the structural features of the bulk solid but the
molecular orbitals should be discrete rather than continuous bands
and higher irradiation energy is required to achieve electron exci-
tations. Similar phenomena have been observed in cases of other
metal oxides [37,38].

4. Conclusions

To conclude, a facile PEG-600 assisted hydrothermal and post-
heated route was developed to prepare quasi-hexagonal �-Fe2O3
nanoplates with lateral sizes of 40–60 nm and thickness of ca.
10 nm. The heat-treatment at a low temperature of 250 ◦C for a
short period of 0.5 h presented little effect upon the morphology of
final product. The formation and growth mechanism of �-Fe2O3
platelets under the assistance of PEG-600 was elucidated by a

proposed adsorption-extension-attachment model. The �-Fe2O3
nanoplates exhibited a higher Langmuir surface area of 59 m2/g
and maximum N2 adsorption of 137.3 cm3/g compared with that
of the mesoplates. UV–vis measurement showed a slight band gap
blue-shift owing to the quantum size effect of the nanoplates. The
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s-fabricated 2D �-Fe2O3 nanoplates could find potential applica-
ions in areas such as catalyst, gas sensor, or data storage.
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