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a b s t r a c t

Using co-precipitation and processing in FeCl2 solution, Ni–Fe bioxide composite nanoparticles have
been prepared. The precursor and the as-prepared nanoparticles are characterized by TEM, XRD, EDX,
XPS and VSM. The precursor, consisting of a mixture of FeOOH and Ni(OH)2, has been synthesized using
the well-known co-precipitation method. Using heat treatment in FeCl2 solution, at 100 ◦C, in atmo-
sphere and autoclave, a transition took place in which in addition to the Ni(OH)2 partially dissolving,
eywords:
o-precipitation
xide
omposite
anoparticles
eCl2 solution

the precursor was transformed into Ni2O3–Fe2O3 composite nanoparticles of about 10 nm diameter. The
transition in FeCl2 solution denoted a transition induced chemical reaction, which is different from the
transition induced thermally by calcination technology. In the chemically induced transition, following
the dehydration, there is no diffusion of metal ions, as would arise from a thermally induced transition
but there is local migration of metal ions to form grains. The chemically induced transition in FeCl2 solu-
tion can be part of a new route for the preparation of composite or single phase oxide nanoparticles by

od.
the co-precipitation meth

. Introduction

Magnetic nanoparticles, with sizes ranging from 2 to 20 nm
n diameter, represent an important class of artificial nanostruc-
ured materials and have attracted increasing interest in the
eld of basic science and for their technological applications in
lectronic, optoelectronic and spintronic devices [1,2]. Studies of
agnetic nanoparticles have been focussed on the development

f novel synthetic technology [3]. A nanocomposite is a mate-
ial composed of two or more phases, one of which has a grain
ize of less than 100 nm. The combination of different physical
r chemical properties may lead to completely novel materi-
ls [4]. A few bimetallic composite nanoparticles, such as Fe–Pt,
t–Rh, Pd–Pt, Ag–Au and Au–Pd nanoparticles, have been prepared
1,5–8]. In recent years, composite nanoparticles based on oxides,
uch as metallic-oxide composite nanoparticles of Au–�-Fe2O3,
u–Fe3O4 [9], polymer-oxide composite nanoparticles of PPy–�-
e2O3 [10], PPA–�-Fe2O3 [4] and bioxide composite nanoparticles
f �-Fe2O3–SiO2, Fe3O4–SiO2 [3,11,12], have also been prepared.
agnetic nanocomposites have applications ranging from ferroflu-
ds to separation science and technology [13]. In the present work,
ioxide composite nanoparticles based both on Ni2O3, which has
sewage disposal function, and ferrimagnetic �-Fe2O3 were pre-
ared by treating the precursor in FeCl2 solution in atmosphere
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or autoclave. The morphology, crystal structure, chemical compo-
nents and magnetization were characterized for both the precursor
and nanoparticles. Accordingly, a mechanism for the transition of
the precursor into the bioxide composite nanoparticles is proposed.

2. Experimental

2.1. Preparation

The preparation of the nanoparticles can be divided into two steps. First, the
precursor was synthesized using the co-precipitation method. An aqueous mix-
ture of FeCl3 (40 ml, 1 M) and Ni(NO3)2 (10 ml, 2 M, in HCl 0.05 mol) in which the
ratio of Fe3+ to Ni2+ was 2:1 was added to NaOH solution (500 ml, 0.7 M). Then the
solution was heated to boiling point for 5 min with stirring. After the heating was
stopped, the black precursor was gradually precipitated. It was then washed with a
low concentration of HNO3 solution (0.01 M) to pH = 7–8.

The second step was to obtain the composite nanoparticles by two methods. The
first method was to add the precursor to FeCl2 solution (0.25 M) to obtain 400 ml
of mixture solution. Then the mixture solution was heated to boiling for 30 min in
atmosphere, and the nanoparticles were precipitated gradually after the heating
stopped (denoted as treated sample (1)). The other way was to add the precursor to
FeCl2 solution (0.25 M) to obtain 200 ml of the mixture solution. Then the mixture
solution was put into the autoclave, heated to 100 ◦C for 1 h and cooled to room
temperature naturally (denoted as treated sample (2)). Finally, these particles were
dehydrated with acetone and allowed to dry naturally. For comparison, NiFe2O4

particles were prepared by calcination of the precursor at 850 ◦C for 2 h in air, which
is called the calcined sample.
2.2. Characterization

To investigate the transition process from the precursor to the particles,
both precursor and treated samples were characterized. The morphology, crystal
structure, size and chemical composition of the samples were analyzed using trans-
mission electron microscopy (TEM, PHLIPS TECNAI 10, at 100 kV), X-ray diffraction

ghts reserved.
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given in Table 2.
The XPS results indicated that the precursor consisted of Ni, Fe

and O and the treated samples contained some additional Cl. It was
found by quantitative analysis that the ratio of Ni to Fe in the precur-
Fig. 1. TEM images of (a) the precursor, (b) the calcined sample, (c) the

XRD, XD-2, CuK� radiation), energy dispersive X-ray spectroscopy (EDX, Norton
000, at 25 kV) and X-ray Photoelectron Spectroscopy (XPS, Thermo ESCA 250, Mg
arget). A vibrating sample magnetometer (VSM, ADE EV-11, applied magnetic field
p to 2 × 104 Oe) was used to measure the magnetization of the samples at room
emperature. The calcined sample is characterized by TEM, EDX and XPS.

. Results and analysis

TEM observations of the samples are shown in Fig. 1. These
eveal that the precursor is loosely aggregated, and the sizes of the
reated samples are far less than those of the calcined sample. The
hapes of the particles in the treated samples (1) are nearly spher-
cal and the size is about 10 nm. The treated sample (2) formed
ggregates with different sizes (as indicated by arrow B) in addi-
ion to particles of about 10 nm diameter (as indicated by arrow A).
hey also exhibited poorer dispersity than sample (1).

Fig. 2 displays the XRD patterns for the precursor and the two
reated samples. The results indicate that the precursor is amor-
hous, and the treated samples mainly contained �-Fe2O3 with a
uch weaker Ni2O3 trace. For ferrite nanoparticles, the grain sizes
can be estimated from the half-maximum width of the (3 1 1)

iffraction peak ˇ by Scherrer’s formula [14]: d = k�/ˇ cos �, where
is constant, 0.98, � is wavelength of the X-ray (Cu K� = 0.1542 nm)
nd � is the Bragg diffraction angle of (3 1 1) plane. Thus, the �-
e2O3 grain sizes of the treated samples (1) and (2) can be calculated
rom the (3 1 1) diffraction peak as 8.1 and 7.7 nm, respectively.
EDX analysis showed that the precursor and the calcinated sam-
le were made up of Ni and Fe, but the treated samples contained
ome Cl as well. Quantitative analysis showed that the mole ratios
f Ni to Fe in the precursor and the calcinated sample are about 1:2,
hich is the same as that of the starting reagents, but the ratio in the
ed sample (1) and (d) the treated sample (2). The size bars are 100 nm.

samples treated in atmosphere and autoclave are only about 0.17:2
and 0.22:2, respectively. The detailed data are listed in Table 1. In
addition, for the treated samples (1) and (2), the concentrations
of Cl are only about 3% and 1%, respectively. The detailed data are
Fig. 2. XRD patterns of (a) the precursor, (b) the treated sample (1) and (c) the
treated sample (2). (·) Corresponds to the diffraction peaks of �-Fe2O3 and (·)*
Corresponds to the diffraction peaks of Ni2O3.
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Table 1
The ratios of Ni to Fe (at%) from EDX and XPS measurements.

EDX XPS

Ni Fe Ni Fe

The precursor 33.4 66.6 44.8 55.2
The calcinated sample 32.4 67.6 34.4 65.6
The treated sample (1) 7.8 92.2 11.4 88.6
The treated sample (2) 10.0 90.0 26.5 73.6

Table 2
The atomic percentages of Fe, Ni and Cl from EDX and XPS measurements.

Fe Ni Cl

The treated sample
(1)

EDX 89.4 7.6 3.0
XPS 73.3 9.4 17.3
XPS/EDX 0.8 1.2 5.8
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The treated sample
(2)

EDX 89.0 9.9 1.1
XPS 66.5 23.9 9.6
XPS/EDX 0.8 2.4 8.7

or is greater than 1:2, in the treated samples using FeCl2 solution
uch less than 1:2, and for the calcined sample is about 1:2, the

ame result as the EDX, as listed in Table 1. In addition, the content
f Cl in the treated sample (2) is less than in the treated sample
1), as listed in Table 2. The values of the binding energies showed
hat the precursor consisted of both FeOOH and Ni(OH)2, and the
reated sample consisted of Fe2O3, Ni2O3 and FeCl3. It is noted that
he binding energies of Ni2p and O1s for both Ni(OH)2 and Ni2O3
re very close. However, Ni(OH)2 would be dissolved in the treat-
ent with FeCl2 solution. Accordingly, the phase is Ni2O3 rather

han Ni(OH)2 in the treated samples. This also agrees with the XRD
esult. The complete data are listed in Table 3.

Fig. 3 shows the magnetization curves of the samples. Clearly,
he precursor is apparently paramagnetic and the other two sam-
les are ferrimagnetic. The specific saturation magnetization �s of
he ferromagnetic samples can be estimated from the linear rela-
ionship between � and 1/H at high field [15]. For the particles
repared in atmosphere and autoclave, these values are 71.81 and
2.59 emu/g, respectively.

. Discussion

The results show that the precursor is an amorphous composite
f FeOOH and Ni(OH)2. Since the ratio of Ni to Fe measured by XPS

s larger than that of the starting reagents yet the EDX measure-

ent is in agreement, it is concluded that the Ni(OH)2 species has
ormed outside the FeOOH species in the precursor, since the XPS
nformation comes from the surface layer, less than 3 nm thick, but

able 3
inding energy data for the elements of the precursor, the calcinated sample and
he treated samples from XPS (eV).

Fe2p Ni2p O1s Cl2p

The precursor 711.15 855.81 530.75
FeO*O**H 711.40 *530.10

**531.20
Ni(OH)2 855.80 531.50

The treated sample (1) 711.05 855.79 530.63 198.45
The treated sample (2) 711.13 855.32 530.16 198.32
�-Fe2O3 710.90 529.80
Ni2O3 855.60 531.80
FeCl3 711.10 198.80

ote: The standard data for FeO*O**H, Ni(OH)2, �-Fe2O3, Ni2O3 and FeCl3 are taken
rom the PHI 5300 ESCA Data Bank and the Handbook of X-ray Photoelectron Spec-
roscopy. O* and O** mean the oxygen elements of different position in FeOOH
ompounds.
Fig. 3. The magnetization curves of the (a) precursor, (b) the treated sample (1) and
(c) the treated sample (2).

the EDX information comes from a depth of about 1 �m. The anal-
ysed results of the calcined sample confirm that when the chemical
species are uniformly distributed in the particles, e.g. the NiFe2O4
nanoparticles, the results of both EDX and XPS analysis should be
about the same.

The results of the analysis show that when the amorphous pre-
cursor consisting of FeOOH and Ni(OH)2 was thermally treated in
FeCl2 solution, a transition took place to form Ni–Fe oxide com-
posite nanoparticles as well as partial dissolution of the Ni(OH)2
species. Clearly, the dehydration reaction also takes place in FeCl2
solution in the same way as during the calcination process. The
schematic reaction in FeCl2 solution can be written as

2FeOOH → �-Fe2O3 + H2O

4Ni(OH)2 + O2 → 2Ni2O3 + 4H2O

These means that, for the transition induced in FeCl2 solution, there
is no diffusion of metal ions but only local migration to form the
�-Fe2O3 and Ni2O3. In addition, the partial dissolution of Ni(OH)2
can increase the pH value of the solution, which could assist pre-
cipitation. Obviously, the dissolution of Ni(OH)2 in the autoclave
is more difficult than in atmosphere, so that the Ni2O3 content in
the treated sample (2) is higher than that of the treated sample (1).
From the differences in the ratios of Ni, Fe, and Cl found by EDX and
XPS measurements for the treated samples (see Table 2), it can be
judged that the core consists of �-Fe2O3, Ni2O3 is formed outside
the �-Fe2O3 and the outermost layer of the particles absorb FeCl3,
which results from the oxidization of FeCl2. This is concluded from
the XPS measurement, since the nearer to the sample surface, the
larger is the deviation of the ratio of the chemical species from the
real ratio in the total sample. The real ratio is described by the EDX
results. Thus, the synthesis of the nanoparticles by co-precipitation
and processing in FeCl2 solution follow the scheme shown in Fig. 4.
In addition, the migration of ions in the autoclave is more difficult
than in atmosphere, so that the grains are fewer and the disper-
sity is poorer. However, the content of Ni2O3 is greater and FeCl3 is
lower in the sample treated in the autoclave than in atmosphere.
The concentrations of Ni2O3 and FeCl3 are much less than that of

�-Fe2O3, so their magnetization can be neglected in comparison to
that of �-Fe2O3. Therefore, the magnetization of the sample treated
in atmosphere is higher than that of the sample treated in the auto-
clave since the larger are the grains, the higher is the magnetization
[16].
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[
[
[
[
[

(2005) 225.
[16] Z.X. Tang, C.M. Sorensen, K.J. Klabunde, G.C. Hadjipanayis, J. Appl. Phys. 69
ig. 4. The schematic model for the distribution of the chemical species of the
recursor and nanoparticles prepared by treating in FeCl2 solution at 100 ◦C.

. Conclusions

Using a co-precipitation method, a precursor consisting of a
omposite of amorphous FeOOH and Ni(OH)2 was obtained. The
toichiometric ratio between Ni2+ and Fe3+ in both the precur-
or and the calcined sample is in agreement with the ratio in
he starting reagents. During the formation of oxide composite
anoparticles, the dissolved Ni(OH)2 can act as a precipitation
gent. The transition, in which there is no diffusion of metal ions,
s different from the thermally induced transition using calci-
ation and can be denoted as a chemically induced transition.
he hydrothermal process is one of the most successful ways
o grow crystals of many different materials [17]. The present
xperimental results indicate that the composite nanoparticles
repared in the autoclave have a similar construction to those pre-
ared in atmosphere though the content of the chemical species

s different between the two samples. This means the transition
rocess in the autoclave is same as in the atmosphere. The transi-

ion process involves dehydration and crystallization, i.e. 2FeOOH
amorph.) → �-Fe2O3 (cryst.) + H2O, as well as dehydration and
xidation-crystallization, i.e. 4Ni(OH)2 (amorph.) + O2 → 2Ni2O3
cryst.) + 4H2O. The chemically induced transition in FeCl2 solution
s also different from the transformation of Fe3O4 nanoparticles into

[
[
[

ompounds 508 (2010) 396–399 399

�-Fe2O3 nanoparticles by oxidation in air [18] or the use of Fe(NO3)3
solution [19], and the transformation of ZnFe2O4 nanoparticles into
�-Fe2O3–ZnFe2O4 composite nanoparticles by using Fe(NO3)3 solu-
tion [18]. The transition from amorphous hydroxyl to crystallized
oxide in FeCl2 solution can provide a new route for the preparation
of oxide nanoparticles by co-precipitation.
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