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a  b  s  t  r  a  c  t

Nonstoichiometric  magnetite  particles  are  prepared  via  a polyol  process  using  ethylene  glycol as  a  solvent
and reducing  agent.  The  powders  are  investigated  by XRD,  SEM,  Mössbauer  spectroscopy  and  SQUID  mag-
netometry. The  influence  of the  initial  concentration  of Fe3+ ions  on  both  particle  size and  morphology  is
investigated.  For 0.1  and  0.3  mol  L−1 concentrations,  the  particles  are  spherical  (with  a  diameter  between
100  and  350  nm)  and  composed  of  nanocrystallites  (sized  between  20 and  43  nm).  For  0.8  mol  L−1 con-
eywords:
agnetite
RD
össbauer
anostructures
xides

centration,  the  particles  are  quasi-monocrystalline  compact  spheres  with  a diameter  between  100  and
250 nm.  XRD  analysis  and  Mössbauer  spectroscopy  show  that  the  smaller  the  crystallites  are,  the  more
oxidized  the samples  are. The  saturation  magnetization  decreases  when  the  particle  size  decreases  and
when  the oxidation  degree  increases.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Magnetite (Fe3O4) powders have excellent magnetic prop-
rties and are used for many applications. For example Fe3O4
articles have attracted growing interest in water treatment and
nvironmental remediation [1,2]. Furthermore Fe3O4 has a good
io-compatibility and a low toxicity so magnetite nanoparticles
ave a considerable potential for use in biomedical applications
uch as targeted drug delivery, contrast agent and cancer therapy
3–5]. Finally, Fe3O4 can be used in ferrofluid technology [6] or as
n electrode in lithium ion batteries [7]. The physical and chemi-
al properties of magnetite strongly depend on the synthesis route.
o date, different synthesis processes have been reported, such as
he mechanochemical process [8], chemical precipitation [9],  auto-
ombustion [10], thermal decomposition [11] or the polyol process
12]. The polyol process is a chemical route which relates to the use
f polyols (ethylene glycol, diethylene glycol, etc.) as solvent and
educing agent. This synthesis route is easy to operate as it does
ot require protective gas to avoid oxidation of Fe2+, thus being a
ingle-step process to obtain magnetite particles.

Fe3O4 magnetite has a spinel type structure (i.e., a structure

imilar to that of the MgAl2O4 mineral spinel). The AB2O4 spinel
tructure type can be described by a cubic close packing of O2−

ons in which A and B cations occupy one in eight tetrahedral

∗ Corresponding author. Tel.: +33 02 32 95 50 64; fax: +33 02 32 95 50 72.
E-mail address: malick.jean@univ-rouen.fr (M.  Jean).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.10.064
sites (A site) and one in two  octahedral sites (B site). Magnetite
is usually an inverse spinel: the tetrahedral sites are occupied
by Fe3+ ions and the octahedral sites are randomly occupied by
Fe2+ and Fe3+ ions with the same proportions. Its structural for-
mula can therefore be written as (Fe3+)[Fe2+Fe3+]O4 where the
different brackets denote the different sites [13,14]. Fe2+ ions are
easily oxidized and it is possible to prepare nonstoichiometric mag-
netite with a deficit of iron. These compounds can be described by
the formula (Fe3+)A[Fe2+

(1−x)Fe3+
(1+2x)�x]BO4 (0 < x < 0,33) where �

denotes vacancies.
In this paper, the polyol synthesis is used to prepare magnetite

and the influence of the starting reagent concentration on the mor-
phology and on the magnetic properties is presented.

2. Experimental

2.1. Synthesis

The synthesis is performed using the solvothermal method in ethylene glycol.
The typical preparation procedure is as follows: after dissolving FeCl3, 6H2O (Acros
99%) in ethylene glycol (Merck 99%), CH3CO2Na (Prolabo 98%) is added and the
agitation is maintained for 30 min. This solution is then poured into a Teflon lined
bomb (Parr Instruments). The reactor is closed, heated at 200 ◦C and the temperature
is  maintained for 21 h. After cooling the reactor, the dark precipitate is separated
from the mother liquor by centrifugation, washed with deionized water and ethanol

◦
and dried at 60 C for 24 h.
For all the experiments the ratio between acetate ions and Fe3+ ions is equal

to  3 and the iron concentration in the starting solution is variable. In the follow-
ing text, the samples are denoted Fe0.1, Fe0.3 and Fe0.8 and correspond to iron
concentrations of 0.13, 0.27 and 0.78 mol L−1 respectively.

dx.doi.org/10.1016/j.jallcom.2011.10.064
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:malick.jean@univ-rouen.fr
dx.doi.org/10.1016/j.jallcom.2011.10.064
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Fig. 1. XRD patterns of the Fe0.1, Fe0.3 and Fe0.8 powders.

Table 1
Lattice parameter and crystallite size for Fe0.1, Fe0.3 and Fe0.8 samples deduced
from XRD analysis.

Sample Lattice parameter (Å) Crystallite size (nm)

Fe0.1 8.377 ± 0.003 20 ± 2
Fe0.3 8.391 ± 0.003 43 ± 4
Fe0.8 8.396 ± 0.003 121 ± 10
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Fe3O4 (JCPDS file no. 19-0629) 8.39600 –
�-Fe2O3 (JCPDS file no. 39-1346) 8.35150 –

.2. Characterization

X-ray powder diffraction (XRD) analysis is performed on a D8 Diffractometer
Bruker AXS), using Co K� radiations (�K�1 = 0.178897 nm and �K�2 = 0.179285 nm).
he intensity was  measured with a 2� step of 0.01◦ . Each diffraction
eak is fitted with a pseudo-Voigt function using the Winplotr program
http://www.inpg.fr/LMGP)  in order to accurately determine its position and
idth. The lattice parameter is then calculated with the Checkcell program

http://www.inpg.fr/LMGP) and the crystallite size is obtained using the XRD pro-
le  analysis described by Langford [15]. Powders are observed by Scanning Electron
icroscopy (Zeiss 1530). The mean sizes of the particles and the crystallites were

etermined by measuring more than 50 particles or crystallites, and in each case,
he dispersion was determined by calculating the standard deviation. Mössbauer
pectra in transmission geometry were collected at room temperature with a 57Co
-ray  source in a Rh matrix. The sample thickness is adjusted so that the Fe content

s  ∼10 mg/cm2 and velocity and isomer shift calibrations are performed using Fe foil
s  a standard. Hyperfine parameters are denoted: ı for isomer shift (mm s−1), � for
uadrupolar splitting (mm  s−1), ε for quadrupolar shift (mm  s−1) and B for magnetic
yperfine field (T). The magnetic measurements (hysteresis loops) are performed
t  room temperature and at 5 K using a SQUID magnetometer (Quantum Design
PMSXL).

. Results and discussion

.1. Structural properties

The X-ray diffraction patterns of the as-prepared powders with
ifferent concentrations of iron ions are shown in Fig. 1. In each
ase, all lines can be indexed using the JCPDS file no. 19-0629 cor-
esponding to magnetite. No other peak is observed, indicating that

he samples are single spinel phase. The crystallite sizes (or coher-
nt diffraction domain size) and lattice parameters are given in
able 1. To compare, we report the values of Fe3O4 and �-Fe2O3
aken from the JCPDS files no. 19-0629 and no. 39-1346. The lattice
mpounds 513 (2012) 425– 429

parameters of the Fe0.3 and Fe0.8 samples are very similar to those
of magnetite, so after an initial observation, these compounds could
be described as being similar to stoichiometric magnetite (we will
see later in the text that having considered the Mössbauer results, it
is not the case). On the contrary, the Fe0.1 sample has a lower lattice
parameter and can thus be identified as nonstoichiometric. Assum-
ing that the variation of the lattice parameters between Fe3O4 and
�-Fe2O3 is linear [16], the approximate stoichiometry of Fe0.1 is
Fe2.87O4.

The size and morphology of the powders are examined by scan-
ning electron microscopy (SEM). Fig. 2 shows representative images
of the Fe0.1, Fe0.3 and Fe0.8 samples. It can be seen that Fe0.1
and Fe0.3 are very similar, being constituted of sub-micrometric
spheres with a diameter equal to (146 ± 40) nm and (230 ± 61) nm
respectively. For the both two samples, each micro-sphere con-
tains many crystallites. The mean size of crystallites (determined
from 50 crystallites) is slightly lower for Fe0.1 than for Fe0.3,
being (30 ± 6) nm and (44 ± 10) nm respectively. These values are
coherent with those determined by XRD. For Fe0.8, the powder
morphology is very different. It appears as compact and faceted par-
ticles with a size between approximately 100 and 150 nm. As the
crystallite size (determined by XRD) is similar to the particle size,
it can be concluded that the Fe0.8 particles are monocrystalline.
However, it appears that some particles are aggregated.

In order to determine the stoichiometry of the compound,
Mössbauer spectrometry is performed at room temperature. At
300 K, the Mössbauer spectrum of stoichiometric magnetite can be
described by two magnetic components. The outer sextet (denoted
M1)  is attributed to Fe3+ ions in A sites and the inner sextet (denoted
M2)  is attributed to Fe3+ and Fe2+ ions in B sites. At this tempera-
ture, the electron exchange between Fe(II) and Fe(III) is faster than
the Larmor precession, so the parameters of the inner sextet are
characteristic of an intermediate state between Fe3+ and Fe2+ (see
parameters in Table 2) [17,18].

Fig. 3 shows the Mössbauer spectra of Fe0.1, Fe0.3 and Fe0.8
samples. Each spectrum is composed of two magnetic components.
As the lines of the M2  contribution are noticeably wider than the
lines of the M1 contribution, each spectrum is fitted according to
the following method: the outer magnetic lines are fitted with one
sextet and the inner magnetic contribution is fitted with a distri-
bution of hyperfine fields. Each sub-spectrum of the distribution
is assumed to have the same isomer shift and quadrupolar shift.
The hyperfine parameters obtained and area ratio between M1
and M2  contributions are given in Table 2. In natural magnetite,
the area ratio is 1:1.93 (not exactly 1:2 as expected because of
the different recoilless fractions for the two  sites [18,19]). In our
samples, the area ratio is very different from that observed in stoi-
chiometric magnetite, in particular for the Fe0.1 sample. So, it can
be concluded, that our samples are not composed of stoichiometric
magnetite but of nonstoichiometric magnetite. In this case, M1  and
M2 contributions must be interpreted in a different way. In non-
stoichiometric magnetite, the Fe3+ ions in A site and in B site have
similar hyperfine parameters. Thus, the M1 contribution is due to
Fe3+ in A site and also to Fe3+ in B site (the M2  contribution remain-
ing the same). So the inner and outer sextet relative surface area
ratio is a good measurement of nonstoichiometry. The number of
cation vacancies x in Fe3−xO4 is thus given by the relation: x = 2−S

5S+6 ,
S being the ratio between M2 and M1  areas [20].

The values obtained for x are reported in Table 2 (for the cal-
culation, recoilless fractions of both iron ions were supposed to
be identical). In agreement with XRD results, it can be seem that
the vacancy content is very similar for the Fe0.3 or Fe0.8 samples,

and lower than for the Fe0.1 sample. The slight difference between
the values determined by XRD and Mössbauer spectroscopy is
attributed to the fact that the recoilless fractions are not exactly
the same for the iron ions in A and B sites.

http://www.inpg.fr/LMGP
http://www.inpg.fr/LMGP
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All these results show that the molar concentration of Fe ions
s a very important parameter that controls both the morphology
nd the crystallite size of the magnetite phase. Concentrations of
.13 and 0.28 mol  L−1 lead to the same particle shape (microspheres

able 2
7Fe hyperfine parameters obtained at room temperature of Fe0.1, Fe0.3 and Fe0.8 sampl

Sample Assignation ıa (mm  s−1) � (mm s−1) 2ε (m

Fe0.1
M1  0.33 0.55 

M2  0.49 – 

Fe0.3
M1  0.28 0.44 

M2 0.67 –

Fe0.8
M1  0.30 0.42 

M2  0.67 – 

Natural
magnetitec

M1  0.26 – 

M2  0.67 – 

1  and M2  correspond to the outer and inner sextets, respectively. Estimated errors for ı
espectively.

a Relative to metallic iron.
b B is the hyperfine field of the outer sextet and Baverage is the average hyperfine field co
c Natural magnetite from [13].
0.3 and Fe0.8 powders.
composed of many crystallites) but do not lead to the same stoi-
chiometry (Fe2.79O4 and Fe2.92O4 respectively). The difference in
stoichiometry can be explained by a partial oxidation of the sam-
ples during the drying stage at 60 ◦C. Indeed, the magnetite is easily

es and Fe3O4.

m s−1) Bb or Baverage (T) Area ratio Stoichiometry

−0.07 49.0 1
Fe2.79O4−0.09 43.5 0.36

−0.07 48.3 1 Fe2.92(2)O4−0.04 45.4 1.10
−0.06 48.7 1 Fe2.91(8)O4−0.08 45.4 1.07
−0.02 49.0 1

Fe3O40.00 46.0 1.93

, � , 2ε, B and area ratio are ±0.01 mm s−1, 0.01 mm s−1, 0.01 mm s−1, 0.5 T and 0.05

rresponding to the inner sextet.
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ig. 3. (left): Mössbauer spectra of Fe0.1, Fe0.3 and Fe0.8 samples. (right): hyperfin
nd  curve: average values determined by Iaverage = (In−1 + 2In + In+1)/4.

xidized and transforms in to maghemite at a low temperature air.
he transformation kinetics increases strongly when the crystal-
ite size decreases [9].  So as the crystallite size of the Fe0.1 sample
s lower than that of Fe0.3 sample, Fe0.1 is more oxidized. Even if
he particles do not have the same morphology, for a concentration
f 0.78 mol  L−1 and 0.28 mol  L−1, the stoichiometry of magnetite is
lmost the same. This is probably due to the fact that beyond a
ritical crystallite size, the magnetite rate of oxidation is similar.

When CH3CO2Na is added to the iron solution, we observe the
ormation of a pale brown precipitate and a strong smell of acetic
cid. Then, the aging at 200 ◦C for 21 h lead to the formation of
agnetite. So the possible reaction process can be described as

ollows:

(i) Formation of iron hydroxide: Fe3+ + 3CH3CO2Na + 3H2O →
3CH3CO2H + Fe(OH)3

ii) Reduction of Fe(OH)3 to Fe3O4 by ethylene glycol:
Fe(OH)3 → Fe3O4

The reaction (i) demonstrates that sodium acetate plays an
mportant role in the magnetite formation. When the ratio between
cetate ions and iron ions is lower than 3, the powder obtained is

 mixture of Fe2O3 and Fe3O4. These results are in agreement with
hose of Yan et al. [21].

Microspheres composed of many single crystallites (so-called
olloidal nanocrystal clusters) have been already observed with
ifferent kinds of ferrites, such as 100–200 nm manganese–zinc
errite [22], 100–200 nm nickel ferrite [23] or 200–300 nm mag-
etite [12]. For Ge et al. [24] who also synthesized magnetite using
he solvothermal method, the formation of the nanocrystal cluster

ccurs in two steps: primary nanocrystals nucleate in a supersat-
rated solution and then aggregate into larger secondary particles
o minimize the surface energy. This mechanism can explain the
article formation obtained for low iron concentrations, but it is
 distributions corresponding to the inner sextet (bars: experimental values, points

different for higher concentrations. Indeed the particles obtained
are compact more or less agglomerated microspheres. In this case,
after the initial nucleation stage, the crystal nuclei do not agglom-
erate but grow, leading on to the formation of micro-particles. This
mechanism difference is probably due to the difference in water
concentration. As the iron III chloride is hexahydrated, when the
iron concentration increases a water content increase too. The lat-
ter varies from 1 to 8 percent between the Fe0.1 sample and Fe0.8
sample. Wang et al. [25] and Cho et al. [26] have shown that the
morphology of Fe3O4 particles obtained via a solvothermal route
can be controlled by the water content. In particular, the particle
size increases when the amount of water increases. To sum up, the
Fe3O4 particle morphology changes with the ethylene glycol/water
ratio.

3.2. Magnetic properties

The magnetic properties of the samples are investigated with a
SQUID magnetometer at room temperature (300 K) and at 5 K (see
Fig. 4). The hysteresis loops are very similar, all the samples are
rapidly saturated. The specific saturation magnetization (�S) and
the coercivity (Hc) are reported in Table 3.

The specific saturation magnetization of the Fe0.1 sample is
lower than that of the other samples. This is due to the fact that
Fe0.1 sample is strongly oxidized. It has been proven that, �S
decreases when the number of vacancies (x) increases [13]. The
saturation magnetization of the Fe0.3 sample is found to be lower
than that of the Fe0.8 sample although both samples have the same
stoichiometry. But they do not have the same crystallite size (43 and
121 nm respectively). This phenomenon has been observed in dif-

ferent ferrites and is explained by the existence of a magnetically
dead layer on the particle surface [3],  the saturation magnetization
thus decreases with the crystallite size. For all the samples, the val-
ues of �S at 300 K are lower than those at 5 K. The reason for this is
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Table 3
Specific saturation magnetization and coercive field determined at 5 and 300 K for Fe0.1, Fe0.3 and Fe0.8 samples.

Sample �S
* at 5 K (emu/g) �S

* at 300 K (emu/g) Hc at 5 K (Oe) Hc at 300 K (Oe)

Fe0.1 87 77 290 49
Fe0.3 89 81 223 43
Fe0.8 98 89 

Estimated errors for �S and Hc are 2 emu/g and 5 Oe respectively (the error were estimate
*Values determined at 5 T.
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ig. 4. Hysteresis loops measured at 5 K and 300 K for Fe.01, Fe0.3 and Fe0.8 samples.

hat the thermal energy above 0 K causes some misalignment of the
agnetic moments. Generally, the evolution of magnetization can

e described by a spin-wave type dependence: Ms = M0(1 − a T2/3)
here Ms, M0, and a are respectively the saturation magnetization

t the temperature T, the saturation magnetization at 0 K and the
loch constant. The values of the coercive field are similar to those
sually observed for magnetite or nonstoichiometric magnetite [3].

. Conclusions
To sum up, nonstoichiometric magnetite particles are synthe-
ized via a polyol process using ethylene glycol as the solvent
nd reducing agent. The influence of the concentration of Fe3+

[
[

[
[

215 52

d by measuring 3 times a similar sample).

ions on both size and morphology of the obtained particles is
investigated. Our results show that for 0.1 and 0.3 mol  L−1 concen-
trations, the particles are constituted of sub-micrometric spheres
and each micro-sphere contains many crystallites, the crystallite
size increasing in correlation with the iron concentration. XRD and
Mössbauer spectrometry show that the samples are more oxidized
when the crystallite size is small. For a 0.8 mol L−1 concentration,
the magnetite particle are quasi-monocrystalline compact spheres
with a diameter between approximately 100 and 250 nm.  The
initial concentration of iron is therefore an important parameter
which governs the morphology and the properties of the magnetite
particles. However, the coercive field values of and the values of the
saturation magnetization are the same as those usually obtained.
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