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a b s t r a c t

Highly crystalline hematite �-Fe2O3 nanostructures were selectively synthesized by a simple hydrother-
mal method. By carefully tuning the concentration of the reactants, reaction time and pressure, a series
of �-Fe2O3 nanocuboids, nanospheres, nanosheets, nanorods and nanowires can be obtained. Based on
the evidence of electron microscope images, a formation mechanism for nanowire-structured hematite
is proposed. The electrochemical performance of these hematite nanostructures as anode materials
eywords:
ron oxide
ydrothermal method
anostructures

for lithium-ion batteries was further evaluated by cyclic voltammetry, electrochemical impedance and
charge–discharge measurements. It was demonstrated that both the morphology and the particle size
have an influence on the performance. The results showed that the nanospheres displayed the highest
discharge capacity and superior cycling reversibility, which may result from the high surface area and

ize.
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. Introduction

It is well known that particle size is an important parame-
er that strongly influences the properties of powders, especially
hen the particle size is decreased to the nanometer scale. Three-
imensional (3D) nanomaterials, two-dimensional (2D) layered
anostructures and one-dimensional (1D) nanorods, nanowires
nd nanotubes have attracted much attention because of their
nique properties and potential applications [1,2]. The main objec-
ive of nanoscale science and technology has been to synthesize
anomaterials with controlled size and shape, as well as search

or new properties that are not realized in microscale morpholo-
ies [3]. Among the various nanomaterials, nanostructured metal
xides play an important role in physics, chemistry and material
cience [4].

As the most stable iron oxide, hematite (�-Fe2O3), based on
exagonal close packing of oxygen with iron in 2/3 of the octahedral
acancies, has been extensively used in the production of pigments,
atalysts, gas sensors, magnetic recording media and raw materials

or hard and soft magnets, due to its low cost, environmental friend-
iness and high resistance to corrosion [5]. Furthermore, it has also
een shown to act as a rechargeable conversion electrode material
hat reacts with six Li per formula unit, exhibiting higher capac-

∗ Corresponding author. Tel.: +61 2 4221 5727; fax: +61 2 4221 5731.
E-mail address: zguo@uow.edu.au (Z. Guo).
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ty than carbonaceous substances (e.g., maximum of 372 mAh g−1

or graphite) used currently in commercial lithium-ion batteries. A
echanism for the reduction and oxidation of metal nanoparticles,

ccompanied by the formation and decomposition of Li2O has been
roposed [6]. Iron oxides with large particles have been considered
oo difficult to be used anode materials for lithium-ion batteries due
o their irreversible phase transformation during the reaction [7].
here have been reports, however, on the effects of particle size on
he lithium reaction with �-Fe2O3, which reached the conclusion
hat nano-�-Fe2O3 has better electrochemical performance than

icro-sized �-Fe2O3 [8–10].
Because of its excellent properties, considerable efforts have

een focused on the properties and synthesis of hematite nanoma-
erials with controllable size and shape [11], such as nanocrystals
12], nanoparticles [13], nanocuboids [14], nanospindles [15],
anoflakes [16], nanorods [17], nanowires [18], nanobelts [19] and
anotubes [20]. Several methods, such as a template method [21],
sol–gel strategy [17], gas–solid reaction techniques [22] and a

ydrothermal approach [20,23] have been developed for the syn-
hesis of hematite nanostructures.

Among the methods mentioned above, hydrothermal synthesis
as been shown to be advantageous over other methods in terms of

omogeneous nucleation and grain growth of hematite nanocrys-
als [24]. It has been shown that the preparation conditions, such
s concentrations, reaction temperature and reaction time are the
ain factors in determining the structures and morphologies of

he �-Fe2O3 nanocrystals [25–27]. Nevertheless, it still remains a

http://www.sciencedirect.com/science/journal/03787753
mailto:zguo@uow.edu.au
dx.doi.org/10.1016/j.jpowsour.2008.03.004
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Fig. 1 shows the X-ray diffraction patterns of as-synthesized
powders prepared using the hydrothermal method under different
conditions. It can be observed that the positions of the charac-
teristic peaks of the products are consistent with the standard
Y. NuLi et al. / Journal of Pow

hallenge to develop simple hydrothermal approaches to synthe-
ize �-Fe2O3 nanostructures with tunable sizes and shapes, which
ill facilitate our understanding of the size-dependent properties

f �-Fe2O3.
Herein, we describe an easy route to synthesize �-Fe2O3

anocuboids, nanospheres, nanosheets, nanorods and nanowires
ia a low-temperature hydrothermal method and report on a study
f their properties as attractive anode materials for lithium-ion bat-
eries. Poly(ethylene glycol), with an average molecular weight of
00, was employed as a soft template. PEG is a typical non-toxic,
on-immunogenic, non-antigenic and protein-resistant polymer
eagent with long polymer chains [28], and the PEG-600 used here
lays multiple roles in the synthesis process. It acts as a coordina-
ion and linking reactant, as a stabilizer, and as a structure-directing
gent [29]. By changing the concentration of the reactants, reaction
ime and pressure, highly crystalline nanocuboids, nanospheres,
anosheets, nanorods and nanowires can be obtained. Their shape-
ependent electrochemical properties as anode materials for

ithium-ion batteries have been systematically investigated, using
yclic voltammetry, electrochemical impedance and galvanostatic
ethods. It was found that as-prepared nanospheres, characterized

y uniform size and shape with a high specific surface area, exhib-
ted superior electrochemical activity, with an initial discharge
apacity of 1248.1 mAh g−1 and capacity retention of 61.1% after 30
ycles at an ambient temperature.

. Experimental

.1. Preparation of ˛-Fe2O3 nanomaterials

All the chemical reagents were analytically pure and used with-
ut further purification. The �-Fe2O3 nanomaterials were prepared
y a PEG-precursor route. In a typical experimental procedure,
n aqueous solution of FeCl3 (BDH Laboratory Supplies, England)
as added dropwise to PEG-600 (Aldrich) methanol solution with

quivalent molar number under continuous stirring at room tem-
erature to obtain a homogeneous solution. The solution was kept
t 50 ◦C for 12 h to form crystals, which were collected as precursors.
toichiometric proportions of the precursors and NaOH aqueous
olution (4 M) were added under stirring to a Teflon-lined auto-
lave, which was filled to one-third by volume. The autoclave was
ealed, heated to 160 ◦C, and maintained at this temperature in an
ven for a given period (shown in Table 1). After the reactions,
he autoclaves were cooled down naturally. The resulting prod-
cts were separated by centrifugation, washed with ethanol and
istilled water, and then dried under vacuum at 80 ◦C for 4 h. The
etailed preparation conditions of the formed powders are shown
n Table 1.
Here, the reaction process of Fe2O3 may be similar to that of

nO2 synthesized using MnSO4, PEG-6000 and NaOH [29]. Fe3+

ight produce a relatively stable complex once PEG-600 has been
dded into the aqueous solution of FeCl3. Then, Fe(OH)3 was precip-

able 1
xperimental condition for the preparation of the �-Fe2O3 nanomaterials

ample
o.

The concentration
of PEG-600
(mol L−1)

The concentration
of FeCl3 (mol L−1)

The capacity of
autoclave (mL)

Reaction
time (h)

0.4 1 15 12
0.4 1 15 24
1 1 15 24
1 1 15 48
1.5 1 50 24
2 1 15 24
2 2 15 24
2 4 50 24

v

F
(

urces 184 (2008) 456–461 457

tated after mixing with NaOH. At auto-generated vapour pressure
nd high temperature, Fe2O3 was obtained by reaction with oxygen
n air. At the same time, PEG-600 was pyrolyzed to form low-

olecular-weight products [30]. Although the exact mechanism is
ot clear to date, it is reasonable to believe that the PEG-600 mainly
ontrols the size of the as-synthesized crystallites. The chemical
quation for this reaction could be expressed as follows:

(FeCl3)(PEG-600)(H2O)] + O2 + OH− → Fe2O3

.2. Sample characterizations

X-ray powder diffraction (XRD) analysis was conducted on
Philips 1730 X-ray diffractometer using Cu K� radiation

� = 1.54056 Å) with 2� ranging from 20◦ to 80◦ to analyse the struc-
ure of the resultant products. A JEOL JSM 6460A scanning electron

icroscope (SEM) was employed to examine the morphology.
For electrochemical measurements, a typical slurry was

btained by grinding a mixture of �-Fe2O3, carbon black
nd poly(vinylidene fluoride) (PVDF) dissolved in N-methyl-2-
yrrolidinone (NMP) with a weight ratio of 70:15:15. It was then
pread onto a piece of copper foil (1 cm2) to form an electrode. After
he electrode was dried at 100 ◦C for 4 h under vacuum, it was com-
ressed at a rate of about 150 kg cm−2 and then weighed. The cells
ere assembled in an argon-filled glove box (Mbraun, Unilab, Ger-
any). The charge–discharge measurements were examined via

R2025 coin-type cells with lithium metal counter electrode, Cel-
ard 2400 membrane separator and electrolyte of 1 M LiPF6 in a
ixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)

1:1 by volume) at an ambient temperature on a multi-channel bat-
ery cycler in the voltage range between 0.01 V and 3.0 V at a current
ensity of 20 mA g−1. Cyclic voltammetry (CV) and electrochemi-
al impedance measurements were performed on three-electrode
ells with lithium foils both as the counter and reference electrodes
sing a CHI instrument. The scanning rate for CV was 0.1 mV s−1

nd the amplitude of the ac voltage in impedance measurements
as 5 mV over the frequency range between 105 Hz and 0.1 Hz. The

lectrochemical impedance measurements were performed at the
pen-circuit voltage (OCV) before and after the CV experiments.

. Results and discussion
alues for the hexagonal �-Fe2O3 phase (JCPDS number 33-0664),

ig. 1. XRD patterns of as-prepared �-Fe2O3 samples: (a) 1, (b) 2, (c) 3, (d) 4, (e) 5,
f) 6, (g) 7 and (h) 8.
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Fig. 2. SEM images of as-prepared �-Fe2O3 sam

hereas the peak intensity differs from one material to the other.
he peak intensities of the (1 1 6) diffraction peak in the patterns
f Samples 1, 2 and 4 were relatively higher than for the other

amples. Among them, the peak intensity of Sample 1 was the
trongest, indicating its highly crystalline structure. On increasing
he reaction time to 24 h (Sample 2), the intensity of the diffraction
eaks was decreased, suggesting that a smaller crystalline size

p
c
t
o

a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 7 and (h) 8.

ad resulted from a dissolution process over the longer time
31]. On increasing the concentration of PEG-600 from 0.4 M to
M and maintaining the time at 24 h, an obvious broadening of

eaks for Sample 3 was observed, probably indicating a very fine
rystalline size produced by the decomposition process. When
he reaction time was increased to 48 h (Sample 4), the intensity
f diffraction peaks was remarkably increased, due to the growth
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f crystallite over the longer reaction time. However, the relative
ntensity of the peaks for Samples 5–8 gradually decreased when
he concentration of FeCl3 or PEG-600 was increased, indicating
hat the crystal size became smaller.

Although the XRD patterns of the products only displayed a
ighly crystalline structure with no indication of the presence of
arbon in the products, it is possible that carbon may have been
enerated by the pyrolysis of excessive PEG-600, if the ratio of PEG-
00 to FeCl3 in the precursors was raised or the reaction time was
aintained for longer periods [32]. Thus, the ratio of reagents and

he reaction time must be carefully controlled.
To obtain a better understanding of the formation and evolution

f the shapes of �-Fe2O3 nanomaterials, the products under differ-
nt reaction conditions were collected for SEM investigation. Fig. 2
hows representative images of the samples. It can be seen that
owders prepared under different conditions had very different
article shapes and sizes. The main particle shapes were cuboids
or Samples 1, 2, 4 and 5, spheres for Sample 3, sheets for Sample 6,
ods for Sample 7 and wires for Sample 8, respectively. First, a reac-
ion time-dependent morphology evolution study was conducted.
s shown in Fig. 2(a), the product obtained after a 12-h reaction

Sample 1) mainly contained nanocuboids with a diameter of about
–6 �m and a thickness of about 700 nm. On prolonging the reac-
ion time to 24 h (Sample 2), most of the nanocuboids became
hinner, although the size exhibited little change, as shown in
ig. 2(b). Moreover, it was found that the concentration of PEG-600
nd FeCl3 had some effect on the particle size and shape, apart from
he reaction time. Fig. 2(c) is an SEM image of the Sample 3 obtained
hen the concentration of PEG-600 increased from 0.4 M to 1 M,
hich shows that the sample is composed of spheres with typical
iameters of about 200 nm. As the reaction time was prolonged,
he size of the nanostructures grew gradually and the morphology
ecame nanocuboid again. When it was increased to 48 h (Sample
), Fig. 2(d) shows that this sample eventually contained no remain-

ng spherical particles and the sample was entirely composed of
late-like nanocuboids with sizes of about 2–5 �m and a thickness
f about 500 nm. However, the particles for the Sample 5 prepared
sing PEG-600 at 1.5 M concentration and an autoclave with 50 mL
apacity became smaller and thinner, as shown in Fig. 2(e). On
ncreasing the concentration of PEG-600 to 2 M and using a 15-

L autoclave (Sample 6), a sheet-like morphology was observed,
s in Fig. 2(f), and the thickness was close to 100 nm, suggesting
hat a higher pressure encouraged a smaller crystalline size. With
further increase in the concentration of FeCl3 to 2 M (Sample 7),

ome nanorods with diameters of about 200 nm and lengths rang-
ng from 500 nm to 1.5 �m were observed, as shown in Fig. 2(g). It
s reasonable to believe that the nanorods were formed at a result
f the curliness of some thin nanosheets. Sample 8 resulted from
urther increasing the concentration of FeCl3 to 4 M and using an
utoclave with bigger capacity. Fig. 2(h) shows that the product at
his stage consists of nanowires with diameters of approximately
00 nm and lengths of about 2 �m. There seemed to have been
emarkable preferential coalescence directions for oriented aggre-
ation, resulting in the formation of nanowires. The above results
ndicated that the capacity of the autoclave, viz. the pressure, had
ffects on the particle size and shape of the powders, but that the
ffects of the concentration of reactants and reaction time were
ore important. It was also observed that the aspect ratio of the

anowires could be tuned by adjusting these parameters.
Based on the above evidence on the evolution of the morphology
nd its dependences, a possible formation process for the nanos-
ructures can be proposed. Under hydrothermal conditions, nuclei
orm quickly, followed by the growth of the nuclei into nanocuboid
rystals. Then, secondary nucleation occurs on the edges and sur-
aces of these nanocuboid crystals. This takes place by “dissolution”

Fig. 3. Cyclic voltammograms of samples: (a) 1, (b) 3, (c) 6 and (d) 8.
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Fig. 4. Electrochemical impedance results obtained (A) before and (B) after the CV
experiments for samples: (a) 1, (b) 3, (c) 6 and (d) 8.
60 Y. NuLi et al. / Journal of Po

f the nanocuboid from the tips toward the interior along the
ong axis, via spherical, sheet-like and rod-like nanocrystals, until
anowires are formed. Nanosheets tend to curl to form rods, and
hen wires are formed on increasing the concentration of precur-
ors through a rolling mechanism [33]. Although the formation
rocess of the nanowires has been deduced, the intrinsic cause
f the shape transformation from spheres to nanocuboids is still
nclear. However, it is interesting that the spheres can evolve into
anowires, and the particle size of the samples was clearly changed
y changing the concentration of reagents and the reaction time,
uggesting that the shape and size of the nanostructures can be
ffectively adjusted. To the best of our knowledge, this is the first
eport about the occurrence of spheres during the formation pro-
ess from nanocuboids to wires.

Fig. 3(a)–(d) shows cyclic voltammograms of Samples 1, 3, 6
nd 8 (representative nanocuboids, nanospheres, nanosheets and
anowires), respectively. In the cathodic process of the first cycle,
n obvious peak located at about 0.4 V was observed, which shifted
o higher potential in the subsequent reduction process. This can
e attributed to the reduction of Fe3+ to Fe0 [9,21] and to some irre-
ersible reaction of the electrolyte [34]. Meanwhile, one main peak
ith lower intensity was recorded at about 1.8 V in the anodic pro-

ess, corresponding to the oxidation of Fe0 to Fe3+. The irreversible
apacity might be originated from the decomposition of the elec-
rolyte and subsequent formation of an organic layer deposited
t the surface of the particles. Furthermore, a capacity loss takes
lace during the transformation of Fe0 to Fe3+ due to some ther-
odynamically impossible extraction of Li from Li2O [21]. During

he subsequent cycles, the curves differ considerably from the first,
nd the cathodic peak shifts to lower potential and the anodic peak
o higher potential, suggesting drastic, lithium-driven, structural or
extural modifications [6]. Moreover, the gradually decreasing peak
ntensity indicated that the capacities could gradually decrease

ith increasing cycle number.
It can be seen that in the first cycle, the current densities for the

anospheres are larger than those for the other three materials,
evealing higher capacity and faster kinetics for the transformation
n the nanospheres. In addition, in comparison with the gradually
ecreasing current densities for the other three materials, the shape
f the CV curves in the following cycles remained similar to that of
he fourth cycle, showing more reversible reduction and oxidation
n the nanospheres.

Fig. 4(A) and (B) presents typical Nyquist plots obtained before
nd after the CV experiments for Samples 1, 3, 6 and 8. The plots
re similar to each other in shape, with a semicircle appearing
n the high frequency domain and a straight line in the low fre-
uency region. Comparing the results shown in (A) and (B), it can be
een that the semicircle for every sample became smaller after the
V experiments, suggesting less resistance after several CV cycles.
efore the CV experiments, the semicircle for the nanospheres indi-
ated the lowest resistance (ca. 220 � cm2). The sequence of resis-
ances at that point was nanowires < nanosheets < nanocuboids.
owever, the semicircle for the nanowires became the lowest
fter the CV measurements, so that the resistance value was only
0 � cm2. This indicated that the nanowires could exhibit better
ycling performance after several cycles.

Fig. 5 shows the discharge curves of the nanocuboids,
anospheres, nanosheets and nanowires during the first and fifth
ycles. In the discharge curve of the first cycle, there were a
eak potential slope located at 1.2–1.0 V and an obvious poten-
ial plateau at 0.9–0.8 V, corresponding to the reaction processes
f the electrolyte and of �-Fe2O3 with lithium, respectively.
uring the fifth cycle, only one discharge slope was observed

n the range of 1.0–0.9 V, with a decrease in the discharge
apacity. Among the four samples, the nanospheres exhibited

Fig. 5. The (A) first and (B) fifth charge–discharge curves of samples: (a) 1, (b) 3, (c)
6 and (d) 8.
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ig. 6. The discharge capacity vs. cycle number curves of Samples (a) 1, (b) 3, (c) 6
nd (d) 8.

he highest discharge capacity, which was 1248.1 mAh g−1 for
he first cycle and 795.8 mAh g−1 for the fifth cycle. The ini-
ial discharge capacities of the four materials were ordered as
ollows: nanospheres > nanowires > nanosheets > nanocuboids and
he initial charge–discharge efficiencies were 75.9%, 70.8%, 69.1%
nd 60.5%, respectively. Moreover, the discharge curve of the
anospheres exhibited a higher discharging voltage than those of
he other materials, indicating high power output behavior. There
as no doubt that the electrochemical performance of the samples

s related to the size effect.
It is well known that a large surface area is important for the

mprovement of reaction performance, in terms of the introduc-
ion of lithium ions into the holes in the hematite surface. The
apacity and affinity will be greatly enhanced when the surface area
s high, since the diffusion lengths of the lithium ions are greatly
hortened. Therefore, the materials with the smallest size and high-
st surface area would exhibit the highest discharge capacity [35].
erein, we found that nanowires showed higher discharge capacity

han nanosheets and nanocuboids. However, the discharge capac-
ty for the nanospheres was the highest, probably due to the high
niformity and good dispersion, as shown in Fig. 2.

Fig. 6 presents the cycling behavior of nanocuboids,
anospheres, nanosheets and nanowires. All the materials
howed large reversible capacities in the initial 10 cycles. How-
ver, the capacities then gradually decreased, and the rate of the
apacity decay from the 1st to the 10th cycle was much higher
han that from the 10th to the 30th cycle. For the representative
amples, the nanospheres maintained a capacity of 585.6 mAh g−1

fter 30 cycles, corresponding to about 61.1% of the second
apacity, while nanowires, nanosheets and nanocuboids showed
bout 66.5%, 53.2% and 51.5% of the second capacity, respec-
ively. This indicated that the capacity retention was ordered as
anowires > nanospheres > nanosheets > nanocuboids. Obviously,
he nanowires could recover some of its capacity after long-term
ycling, indicating that orderly arrangements of 1D nanostructures
xhibit better capacity retention. This may relieve the stress caused
y volume change during the numerous charge–discharge cycles,
nd suppress the degradation of the material. It was demonstrated
hat both the morphology and the particle size have an influence
n the cycle life. Increased uniformity of the nanowires should
ead to superior electrochemical performance.
. Conclusions

Herein, we reported a feasible and controllable synthesis
ethod for cubic, spherical, sheet-like, rod-like and wire-like

[

[

urces 184 (2008) 456–461 461

ematite nanocrystals by a convenient hydrothermal method. Var-
ous experimental conditions, including the concentration of the
eactants, the reaction time and the pressure, for the growth of
anocrystals were investigated. It was concluded that the solu-
ion conditions had particular effects on the particle size and
hape of the powders. A possible formation mechanism for these
anostructures was proposed in accordance with the morphology

nvestigations. Furthermore, the size-dependent electrochemical
roperties were investigated. Probably due to the fine particle
ize and large surface area, �-Fe2O3 nanospheres showed bet-
er electrochemical performance, with a high initial capacity of
248.1 mAh g−1 and a good capacity retention of 61.1% after the 30th
ycle at 20 mA g−1.
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