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A B S T R A C T

A three-step aqueous approach to obtain large (>50 nm) magnetite single-core particles has been developed. The steps
are a) synthesis of antiferromagnetic nanoparticles, b) particle coating and c) subsequent reduction of the core material to
magnetite. By variation of precursor material and process conditions, the synthesis yielded rhombohedra, discs or needles
below 200 nm. A combination of X-ray diffraction, 57Fe Mössbauer spectroscopy and infrared spectroscopy confirmed
magnetite to be the dominant final core material. From transmission electron microscopy, we identified porous struc-
tures after the reduction. Magnetic characterization of the different magnetic nanopaticles revealed strikingly different
magnetic behaviour depending on their shape, internal structure and reduction process. We conclude that each of these
parameters have to be considered in further characterization of large magnetite nanoparticles.

© 2016 Published by Elsevier Ltd.
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1. Introduction

In the last years, iron oxide magnetic nanoparticles (MNPs) have
been widely used for biomedical applications. Examples of these ap-
plications include new ways of cancer treatment such as magnetic
drug targeting [1] and magnetic hyperthermia [2], or the use of MNPs
as contrast agents or tracers in Magnetic Resonance Imaging [3] and
Magnetic Particle Imaging [4]. Each application requires MNPs with
customized structural and magnetic properties, which are strongly de-
pendent upon both particle size and shape [5]. As an example, ul-
tra-small superparamagnetic MNPs with magnetic core sizes below
10 nm were suitable for the exploration of tumour permeability [6].
However, the uptake of MNPs by macrophages was most effective for
MNPs with a core size of 10–30 nm, while for magnetic hyperthermia,
maximum heating rate is obtained at the transition from multidomain
to single domain magnetic behaviour occurring in a relatively broad
size range at about 30 nm with a change of transition of magnetic en-
ergy into thermal energy (Néel or Brown) [7]. Moreover, if collective
magnetic behaviour of the cores exists originating from interactions
within a nanoparticle, heating rates can go up to one order of magni-
tude higher than for single-domain nanoparticles [8,9].
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Nanoparticle shape can also have significant impact on the mag-
netic behaviour of MNPs in applications. Firstly, the magnetic shape
anisotropy of the MNPs can assume much larger values than the mag-
netocrystalline anisotropy and thus can strongly affect the orienta-
tion of magnetic moments inside the particles. In addition, dipolar
interactions between MNPs also depend on the particle shape and
will influence the structural agglomerate formation leading to, for ex-
ample, chain-like arrangements biomimicking magnetotactic bacteria
[10] or hollow spheres consisting of oriented aggregates of nanocrys-
tals [11,12].

One of the current challenges in nanoparticle research is the pro-
duction of particles [13] comprising a large magnetite core that is
well-controlled in size and shape, with a large magnetic moment and
long term colloidal stability. Over the past decades, direct syntheses
of magnetite NPs with different sizes and morphologies have been re-
ported, including nano- spheres [13], cubes [14,15], wires [16], rods
[17], octahedral [18], plates [19] and prisms [20]. Synthesis of each
of these shapes was performed out in organic media, so that, in gen-
eral, nanocrystal shape control was achieved by selective adhesion of
surfactant to a particular crystal facet and this subsequent slow growth
along this direction. Without surfactants, nanoparticles can aggregate
into dense or hollow micrometre spheres [11,12]. Synthesis in organic
media is limited by the small particle batches that require further steps
to be transferred to water, which results in low yields.

In the present paper, we describe an alternative aqueous-based ap-
proach to produce single-core magnetite MNPs with different mor-
phologies and core sizes above 25 nm, which could be scalable for

http://dx.doi.org/10.1016/j.actamat.2016.12.016
1359-6454/© 2016 Published by Elsevier Ltd.
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large production. Magnetic iron oxide nanorods were already pro-
duced by a similar method and showed interesting magnetic proper-
ties and tuneable surface functionality [21]. We propose a three-step
process (Fig. 1) from which uniform rhombohedra, discs and elon-
gated MNPs can easily be obtained. First, an aqueous synthesis route
is followed to obtain uniform antiferromagnetic precursors such as
goethite or hematite, whose size and shape can be tuned by changing
the synthesis conditions including temperature, pressure, and nature
and concentration of the salts used [22]. Then, the antiferromagnetic
precursor particles are coated by a silica layer that prevents their ag-
gregation [23,24]. Finally, the silica coated antiferromagnetic particles
are reduced to magnetite. This is either performed on particles in pow-
der form (dry-reduction), by exposing them to a hydrogen atmosphere
at a certain partial pressure [25], or in liquid form, using oleic acid
and an organic solvent (wet-reduction). In both processes, the hydro-
gen and oleic acid act as the reducing agents [26,27]. Transformation
of these antiferromagnetic phases into magnetite particles requires the
full control of key parameters including temperature, atmosphere and
pressure to produce pure single phases and avoid core sintering.

The products are physicochemically characterized by electron mi-
croscopy, X-ray diffraction, 57Fe Mössbauer spectroscopy and in-
frared spectroscopy. Their magnetic behaviour is analysed by field
and temperature dependent magnetization measurements. This charac-
terization allows for comparing the products of dry reduction and wet
reduction.

2. Experimental

2.1. Synthesis of the precursors

The preparation of uniform and nanometer precursor particles re-
quires slight modifications of reported synthetic routes for hematite
[26] and goethite [28] to obtain particle sizes below 200 nm and keep
the uniformity.

(i) Hematite: The synthesis of hematite (α-Fe2O3) nano-sized rhom-
bohedra and discs was carried out in a glass bottle dissolving
FeCl3·6H2O in 50 mL of pure ethanol and 10 mL or 1 mL of wa-
ter for rhombohedra or discs respectively under vigorous mag-
netic stirring. Then sodium acetate was added while magneti-
cally stirring and the solution was homogenized by sonication
for 10 min. The final solution had a concentration of FeCl3 of
0.082 and 0.096 M for rhombohedra and discs, respectively. The
concentration of sodium acetate was 0.49 and 0.58 M for rhom-
bohedra and discs, respectively. The mixtures were sealed in a
teflon-lined autoclave (125 mL) and maintained at 180 °C for 12 h
for solvothermal crystallization. After natural cooling to ambient
temperature, the resulting red solid product was washed with dis

tilled water, filtered and finally dried overnight in an oven at
50 °C.

(ii) Goethite: The synthesis of goethite (α-FeOOH) nano-sized nee-
dles was performed by precipitation of a Fe(II) sulfate 0.15 M
aqueous solution by the addition of a 0.225 M solution of sodium
carbonate. The resulting dispersion was then oxidized at con-
stant temperature. The concentration ratio of the reagents [CO3

−]/
[Fe(II)] is 1.5. These processes were carried out according to the
following procedure. Oxygen was first removed from the distilled
water by N2 bubbling to prevent Fe(II) oxidation during the dis-
solution of FeSO4. The Fe(II) and sodium carbonate solutions
125 mL, each) were prepared with the desired concentrations. The
sodium carbonate solution was then introduced into a thermosta-
tic water bath at 44 °C under moderate stirring and the Fe(II) so-
lution was added applying a constant air flow with a rate of 2
Lmin-1 through the resulting suspension. Particles of goethite are
then formed by aerial oxidation. After 180 min of reaction, the
resulting precipitate was cooled, centrifuged and washed several
times with distilled water. Finally, the powdered solid was col-
lected by filtration and dried overnight at 50 °C.

2.2. Coating and reduction to magnetite

Silica coating and subsequent reduction of the precursor parti-
cles were carried out by optimizing procedures described elsewhere
[25–27]. Silica coating ensures both, steric and electrostatic protection
and it acts as dispersing agent of many electrostatic colloids. These
advantages render silica an ideal, low-cost material to tailor surface
properties. Additionally, this coating should endow the cores with sev-
eral beneficial properties, such as the biocompatibility and the possi-
bility of subsequent functionalization by connecting the silanol groups
on the surface with other organic molecular agents [29].

For the silica coating, 100 mg of the precursor particles in powder
form were dispersed in a 2-propanol/H2O 2:1 v/v solution of 300 mL
NH4OH 28% v/v and tetraethyl orthosilicate (TEOS) were added dur-
ing sonication and the reaction was allowed to continue for 15 min.
The final volume was 320.2 mL and the final concentration of the
reagents was: [NH4OH] = 4.5 × 10−4 M, [TEOS] = 2.8 × 10−6 M. The
product was washed twice with 2-propanol. The solution was filtered
and dried overnight at 50 °C.

(i) Wet reduction: For the reduction to magnetite in liquid, 50 mg
of the silica coated precursor nanoparticles and 35 mL of triocty-
lamine were mixed by sonication for 30 min and subsequently
2.2 mL oleic acid were added. The mixture was transferred into a
three-necked flask and heated at 350 °C under H2 flow of 0.486
Lmin-1 for 1 h until the colour changed to dark. After cooling to
ambient temperature, the black product was collected by centrifu-
gation and washed 3 times with toluene. Finally, the product was
dried overnight at 50 °C.

Fig. 1. General scheme for the synthesis of single-core MNPs.
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(ii) Dry reduction: For dry reduction, 50 mg of the silica coated pre-
cursor nanoparticles in powder form were treated at 360 °C for
2 h in vacuum to remove moisture. The reduction was performed
under H2 atmosphere with a partial gas pressure of 61 kPa for
3.5 h refreshing the H2 atmosphere after 1 h. The sample was then
cooled down to ambient temperature.

2.3. Nanoparticle characterization

The size of the iron oxide cores in both the precursors and the
final products was determined by transmission electron microscopy
(TEM) with a JEM1010 microscope (JEOL, Peabody, USA) operat-
ing at 100 kV. TEM samples were prepared by placing a drop of the
particles suspended in water onto a carbon coated copper grid and al-
lowing it to dry at room temperature. The size distribution was de-
termined by manual measurement of more than 100 particles using
the public domain ImageJ software (http://imagej.nih.gov/). High-res-
olution TEM (HRTEM) was performed in a JEM-3100 F microscope
(JEOL, Peabody, USA) operating at 300 kV. The particle morphol-
ogy was determined from scanning electron microscopy (SEM) with a
Philips XL30 microscope operating at 10 kV. The sample preparation
is identical to the preparation for the TEM analysis.

The crystal structure of the antiferromagnetic precursors and the
reduced particles was identified using a combination of X-ray dif-
fraction (XRD), Fourier transform infra-red spectroscopy (FTIR) and
room temperature 57Fe Mossbauer spectroscopy. XRD was performed
in a Bruker D8 Advance diffractometer with a graphite monochroma-
tor using CuKα radiation (λ = 1.5406 Å). The patterns were collected
within 10° and 70° in 2θ at a scan rate of 0.2 (2θ)/min. The core crys-
talline size was calculated via the Scherrer equation (XRD size), us-
ing was obtained from the broadening (104) and (110) X-ray diffrac-
tion lines for the precursors, hematite and goethite, respectively and
from (311) X-ray diffraction line for the resulting magnetite. FTIR
was performed in a Bruker IFS 66V-S apparatus, in the range of
2000-250 cm−1. The samples were prepared for FTIR by diluting the
dried powder in KBr at 2% by weight and pressing it into a pellet.

Room temperature 57Fe Mössbauer spectroscopy was used to de-
termine the resulting iron oxide phase after reduction of the pre-
cursors. Approximately 50 mg of each sample was mixed with ca.
200 mg sucrose in a pestle and mortar to form a paste, and then flat-
tened within a coin shaped absorber. Spectra were recorded at room
temperature in transmission geometry using a 57Co source in a Rh ma-
trix, using a W302 spectrometer and W202 detector, both from SEECo
(Minneapolis, USA).

For the magnetic characterization, the samples were measured in
powder form after drying in an inox coated oven at 50 °C for 24 h. The
powder was filled into polycarbonate capsules after accurately weigh-
ing. The sample mass was determined to be between 1 and 4 mg. Fi-
nally, the powder was immobilized in gelatin. The magnetization mea-
surements have been performed in a Magnetic Property Measurement
System (Quantum Design, USA) allowing the detection of the sample
magnetic moment as a function of applied magnetic field and temper-
ature.

In the field dependent measurements the magnetic field varied be-
tween-5 T and 5 T. The amplitude of consecutive field steps was
changed logarithmically to ensure a sufficient number of measure-
ments at low fields. The time between consecutive magnetization
measurements was about 3 min to guarantee quasi-static conditions.
Hysteresis loops were measured at 295 K and at 5 K. In the temper-
ature dependent measurements the sample was first cooled down to

5 K in zero magnetic field (zero field cooling, ZFC). Then, a magnetic
field of 5 mT was applied and the magnetic moment of the sample
was measured with increasing temperature. After reaching 295 K, the
magnetic moment was measured with decreasing temperature under
the presence of the magnetic field of 5 mT (field cooling, FC).

Hysteresis loops were also measured in a vibrating sample mag-
netometer (MLVSM9, MagLab 9T, Oxford Instruments, UK) at room
temperature and at 5 K after saturating the sample in a 5 T (−5 T) field
and recording the complete magnetization curves at a field change rate
of 0.3 T/min.

3. Results and discussion

3.1. Structural characterization of the precursors

A general scheme of the synthesis strategy followed in this work
is presented in Fig. 1. After the synthesis of the precursors and be-
fore the particles were coated, their morphology has been investigated
by SEM. The scanning electron micrographs of the precursors (Fig.
2) show the three different morphologies obtained: (A) rhombohedra,
(B) hexagonal discs and (C) needles. Image S1 (Supporting Informa-
tion) confirms the morphology of the rhombohedra, where the typical
square bipyramids of this polyhedron are observed in any of the or-
thogonal orientations of the nanoparticle. Both the size and the shape
of the nanoparticles are highly homogeneous.

Fig. 2. SEM images of the precursor material (A) rhombohedra, (B) discs and (C) nee-
dles.

Pro
Resaltado

Pro
Resaltado
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3.2. Transformation of the precursors to magnetite

Fig. 3 shows TEM images of the precursor and the obtained MNPs
where the core material has been transformed to magnetite by dry and
wet reduction methods. The precursor has been successfully coated
with a uniform silica shell around single cores or double-triple cores
(∼75%), although a fraction of multi-cores (5–10 cores coated)
(∼25%) cannot be discarded. TEOS condensation occurs only on the
surface of the NPs and no colloidal silica nanoparticles have been ob-
served.

The core size after reduction of the precursor was determined from
the TEM images. The rhombohedra have an average core diameter
of 67 nm, the discs are 140 nm in diameter and 22 nm thick, and fi-
nally the needles are 183 nm in length and 33 nm thick. All samples
have a standard deviation lower than 20% (see Table 1). By compar-
ing the images before and after reduction we see that the particle size
and morphology are conserved which is due to the silica coating of
approximately 10 nm. We also observe pores within the core structure
after the reduction to magnetite, which is a consequence of the phase
transformation from goethite in the case of the needles (Fig. 3 C), or
hematite, in the case of the discs (Fig. 3B) and the rhombohedra (Fig.
3A).

When the silica coated goethite nanoparticles (either in powder or
in solution) are heated up above 350 °C, dehydration firstly occurs

forming directly hematite:

The conversion of goethite to hematite is facilitated by the com-
mon anion structure shared by these two compounds. Three unit cells
of goethite form one unit cell of hematite leading to contraction of the
volume by a fraction of 0.62 [30]. The nanoparticles develop porosi-
ties within the structure due to the expulsion of water [22], occur-
ring along the central axis of the needles, often merging with a single,
elongated defect running along the entire length of the crystallite [31].
Pores along the c-axis were also reported [32] in good agreement with
our observations. High resolution TEM images of the needles after the
dehydration show contrast differences. These might be explained by
either discontinuities of the thickness along the nanoparticle (surface
roughness) or by discontinuities in the density of the nanoparticle (in-
ternal cavities). In order to elucidate the structure of the needles, a
combination of under, over and in-focus high resolution TEM images
have been taken. In doing this we are able to observe a certain degree
of surface roughness, but more interestingly a porous internal struc-
ture has been evidenced (Fig. 4). Despite such porosity, a continuous
single-crystalline structure corresponding to a monocrystal has been
demonstrated for the needles. After the dehydration, the nanoparticles
are reduced to magnetite without interparticle sintering and this is be-
cause of both the silica shell and the mild temperatures used for reduc-
tion (below 600 °C).

Fig. 3. TEM images of the precursors and the magnetic nanoparticles obtained by dry and wet reduction. (A) rhombohedra, (B) discs, (C) needles.
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Table 1
TEM core size vs. X-ray crystallite size of the hematite/goethite precursor and the ob-
tained MNPs by wet and dry reduction. P: Antiferromagnetic Precursor, W.R.: Wet Re-
duction, D.R.: Dry Reduction.

Sample Antiferromagnetic precursors After reduction

Iron Oxide

TEM
(nm),
σ (%) (nm)

Iron
Oxide (nm) (nm)

Rhombohedra α-Fe2O3 67, σ = 18 69 Fe3O4 47 48
Discs α-Fe2O3 140 × 22,

σ = 10,4
121 Fe3O4 34 42

Needles α-FeO(OH) 183 × 33,
σ = 18,7

17 Fe3O4 19 27

TEM images obtained in this manner reveal the presence of pores
for all particle morphologies, synthesised from both types of precur-
sor. For hematite precursors, we observe pores in both the magnetite
discs and rhombohedra that are randomly distributed within the struc-
ture (Fig. 3), as previously observed by Edwards et al. [33]. The reduc-
tion itself is associated with the formation of tunnels by the removal
of oxygen. Magnetite is formed in the surrounding areas parallel to
the tunnel generation, which yields an overall crystal structure of mag-
netite with such pores [34].

High-resolution TEM (HR-TEM) images of the needles and rhom-
bohedra after both the wet and dry reduction are shown in Figs. S2–S4
(supporting information). For the rhombohedra, Fourier transforma-
tion of the HR-TEM image yields a diffraction pattern that corre-
sponds to a monocrystal and demonstrates that even with such pores,
each particle has a single crystal structure. It is particularly striking in
the case of needles (Fig. S3, Supporting Information) after the dehy-
dration and reduction process, that a continuous single-crystal struc-
ture corresponding to a monocrystal has been likewise demonstrated,
despite the porosity along the c-axis. However, when lower reduction
temperatures and shorter times were used, nanorods consisting of clus-
ters of maghemite embedded in an aniferromagnetic hematite matrix
were obtained [35].

3.3. Identification of iron oxide phase and measurement of core size

XRD patterns confirm that the precursor used to synthesize the
rhombohedra and discs is indeed hematite, whilst the diffraction pat-
tern of the precursor used to synthesize needles corresponds to
goethite (Fig. 5). The X-ray diffractograms of nanoparticles produced
via wet and dry reduction methods indicate a single iron oxide phase,

which we attribute to the inverse spinel structure of either magnetite or
maghemite. We have used the Scherrer equation on the most intense
diffraction peak to calculate the average core crystalline size of each
of the precursors; this corresponds to the (110) reflection for hematite
and the (111) reflection for goethite. XRD patterns confirm that the
cores of both the hematite rhombohedra and discs are single crystal
structures and have similar average sizes, in good agreement with that
measured via TEM. For the goethite needles, the core crystalline size
obtained using the (111) reflection is closer to the smallest TEM di-
mension, and is in agreement with the goethite crystals being elon-
gated along the (100) direction [22]. Table 1 shows core sizes deter-
mined by TEM and crystal sizes obtained by XRD measurements.

FTIR spectra of the hematite precursors (Fig. S5 in supporting in-
formation) show bands at 355 cm−1 and 477 cm−1 which are attributed
to the parallel and transverse vibrations (Eu), and bands at 575 cm−1

and 381 cm−1 attributed to the longitudinal vibration (A2u). For the
goethite precursor, a band at 409 cm−1 can be attributed to the Fe-O
antisymmetric stretch parallel to the c-axis and bands at 628, 790,
886 cm−1 can be attributed to the Fe-O symmetric stretch parallel to
the a-axis.

The transformation of the antiferromagnetic precursors to the mag-
netic phase was monitored using a combination of XRD - via the
(311) reflection for the obtained magnetite nanoparticles - and FTIR.
It should be mentioned that there are two main features contributing to
the X-ray broadening, the crystal order and the particle shape, which
makes such an analysis via XRD difficult.

The crystallite sizes obtained from the (311) reflection for the re-
sulting magnetite needles, which is at 30° of the longest particle di-
mension, indicates a slightly increase with respect to the crystalline
size calculated for the precursor, indicating a somewhat better crystal
order after the reduction. By comparing XRD values for both reduc-
tion techniques, it seems that the dry reduction provides particles with
a slightly larger crystallite size or less defects than the wet reduction.

Infra-red (IR) spectra measured after both wet and dry reduction,
show bands that correspond to the silica coating of the nanoparti-
cles and bands corresponding to magnetite, together with the band
at 1632 cm−1 due to the stretching and bending vibration of H2O
molecules. The very strong and broad IR band at 1111 cm−1 with a
shoulder at 1188 cm−1 is usually assigned to the transversal optical
(TO) and longitudinal optical (LO) modes of the Si-O-Si asymmet-
ric stretching vibrations, the band at 956 cm−1 is assigned to silanol
groups and the one at 800 cm−1 is assigned to Si-O-Si symmetric
stretching vibrations. Lastly, in the Fe-O range IR bands at 568 cm−1

and 357 cm−1 are attributable to magnetite [22], (Fig. S5). The pres

Fig. 4. Reconstruction of the internal structure of the needles after dehydration process. Dark contrast differences observed in TEM images might be explained by: (A), (C) External
cavities/surface roughness/discontinuous thickness along the needle; (B) Internal cavities along the needle. The red areas on the left represent the observed areas when images are
taken under, over and in-focus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. X-ray powder diffractograms of the precursor (I) and products obtained by wet
(II) and dry reduction (III). A single phase, whose Bragg peaks are attributed to mag-
netite or maghemite, is obtained through both reduction techniques for all morpholo-
gies: rhombohedra (green), discs (blue) and needles (red). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)

ence of maghemite is not evident due to the absence of small shoul-
ders around these two main bands in the low frequency range which
are particularly sharp for the needles.

Room temperature Mössbauer spectra of rhombohedra and nee-
dles reduced via dry powder methods are shown in Fig. 6. For the
rhombohedra, the spectrum is a sharp six-line pattern comprising two
sub-spectra and is reminiscent of stoichiometric magnetite. The best
fit spectra comprise a superposition of three Voigtian sextets, two of
which have isomer shifts close to 0.26 mm/s and 0.67 mm/s, and asso-
ciated hyperfine fields close to 49 T and 46 T, respectively, which are
indicative of the tetra and octahedral sites within magnetite.

The third sub-component comprises less than 8% of the spectral
area and is a broad sextet, with an isomer shift of 0.26 mm/s and is
likely to come from Fe atoms around pore structures in the rhombo

hedra. We surmise that majority of the sample is well crystallised, sto-
ichiometric magnetite.

Whilst we see that the Mössbauer spectrum of the needles (Fig.
6 (b)) also comprises a 6-line pattern, here we see that the absorp-
tion lines are broader and also slightly asymmetric. The best fit is
also obtained using a superposition of three Voigtian sextets, two of
which have isomer shifts and hyperfine fields reminiscent of mag-
netite as seen for the rhombohedra. The third sub-component com-
prises ca.18% of the spectral area and results in the slight ‘hanging’ of
the spectra at v = 0. The isomer shift of this component is 0.41 mm/s
and cannot be attributed to either Fe3+ on the A site of Fe2+,3+ on the
B site. We attribute this component to the highly porous structure dis-
rupting the crystalline structure experienced by Fe nuclei in the nee-
dles. The mean isomer shift of the spectra is 0.48 mm/s and 0.49 mm/
s, respectively, which are close to the value of 0.53 mm/s for stoichio-
metric magnetite [36,37].

3.4. Magnetic characterization of the magnetite particles

The field and temperature dependent magnetization measurements
on all samples are shown in Fig. 7. For each sample system, the field
dependent measurements performed at 5 K and 295 K are plotted in
one graph. The insets show the magnetization behaviour in the low
field regime at ±300 kA/m.

All magnetization curves show similar behaviour for different
shapes and different reduction techniques. The samples exhibit
non-zero remanence and coercivity indicating that the particles are
magnetically blocked at room temperatures and below.

Looking into the details, it can be seen that the rhombohedra and
needles obtained by wet reduction present a so-called wasp-waisted
hysteresis loop, which is not observed in the materials produced by dry
reduction. Roberts et al. explained the occurrence of a wasp-waisted
hysteresis loop by a mixture of single- and multi-domain remanence
states within the particles [38]. Since the samples prepared by dry re-
duction do not show the wasp-waisted hysteresis behaviour, it seems
that this reduction technique produces particles with a more uniform
magnetization state compared to the particles synthesised by wet re-
duction. This is in good agreement with the findings on the crystallite
size measured by XRD, because defects and pores are usually respon-
sible for the pinning and nucleation sites for magnetic domains, and
obviously these defects and pores are less pronounced for dry reduced
MNPs.

The saturation magnetization of the different samples is deter-
mined at 5 T where nearly all magnetic moments are aligned in field

Fig. 6. Comparison of room temperature Mössbauer spectra for (a) rhombohedra and (b) needles after reduction. For each, points are the observed counts, the solid line is the mod-
elled best fit to the data, and the dotted lines correspond to the Voigtian sub spectra. The quality of fit is indicated by the reduced χ2 and the residual, given by Iobs – Ical.
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Fig. 7. Hysteresis cycles at 295 and 5 K for all particle morphologies (green = rhombohedra, blue = disks, red = needles), comparing wet and dry reduction. Inset: the hysteresis cy-
cles at low field regime (±300 kA/m) are shown. In addition, ZFC/FC curves (measured at 5 mT) of samples reduced in liquid are presented with the inset showing the first derivative
of the magnetization with respect to temperature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

direction and thus dipolar interactions between the particle's magnetic
moments are negligible. The saturation magnetization increases with
decreasing temperature and the values of the saturation magnetization
at room temperature are smaller than the 130 Am2/kg(Fe) found for
bulk magnetite [39]. The reduced magnetization for fine-particle sys-
tems by finite-size effects is well known in literature [40]. Magnetite
nanocrystals obtained directly by the polyol process and aggregated in
dense or hollow spheres show similar saturation magnetization values
(110 Am2/ kg(Fe)) and a coercive field of (11 kA/m) at room temper-
ature [11].

The saturation magnetization MS and coercive field HC have been
extracted from the magnetization data and summarized in Table 2. The
value of MS is largest for the rhombohedra while the discs exhibit the
lowest saturation magnetization and that can be traced back to influ-
ences of the particles size. Interestingly, the saturation magnetization
is considerably lower for the wet reduced particles than for dry reduc-
tion indicating again a significant effect of the reduction process and
the presence of pores on the magnetic properties of the material. For
the disc shaped particles, the coercive field is identical in the wet and
in the dry reduced samples. The coercivity of the rhombohedra and the
needles cannot be compared due to the wasp-waisted hysteresis behav-
iour in case of wet reduction.

Field dependent magnetization curves recorded at higher field
sweeping rates for the rhombohedra and needles are shown in Fig. 8.

Table 2
Comparison of the values of saturation magnetization (MS) of magnetite particles after
wet and dry reduction, and coercivity (HC) at 5 and 295 K. (R) indicates the rhombohe-
dra, (D) the discs and (N) the needles particles.

Sample Wet reduction Dry reduction

MS (Am2/ kg(Fe)) HC (kA/m) MS (Am2/ kg(Fe)) HC (kA/m)

5 K 295 K 5 K 295 K 5 K 295 K 5 K 295 K

Rhombohedra 102 94 11 4 128 119 62 12
Discs 100 94 50 17 121 113 50 15
Needles 98 83 0 4 126 115 62 16

Here the wasp-waisted hysteresis curve as observed in quasi-static
magnetization measurements has vanished. The fact that the hysteresis
curve depends on the field change rate indicates that the wasp-waisted
hysteresis curves originate from domain formation within the parti-
cles, since the nucleation of domain wall and its movement are time
dependent [41].

Zero-field cooled/field cooled (ZFC/FC) magnetization curves of
all products obtained from wet reduction are shown in (Fig. 7). A
clear Verwey transition [42] is observed in the case of rhombohedra
and discs at 112–114 K (obtained from a hematite precursor). How-
ever, the transition in case of the discs is less sharp than for the rhom
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Fig. 8. Magnetization curves between ±5 T measured with a field sweep of 0.3 T/min
for magnetite rhombohedra (green) and needles (red) obtained by wet reduction. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

bohedra. In case of the needles (obtained from a goethite precursor)
the Verwey transition is almost invisible.

Small degrees of non-stoichiometry or impurities in magnetite can
reduce the Verwey transition temperature [43], located at 125 K for
stoichiometric magnetite [44] and that could explain the different Ver-
wey temperature observed for rhombohedra and discs. However, our
XRD and Mössbauer studies confirm the magnetite nature of the par-
ticles. In fact, the reason for the shifted Verwey transition could be the
crystal size, as discussed in Refs. [42], [45], where the state change
during the transition and its temperature reduces with decreasing crys-
tal size. The fact that almost no transition is observed in the needles
could be associated to the smaller crystal size as determined by XRD
for this sample (Table 1) and the observation of a porous structure
within a single particle by HRTEM (Fig. 5 and Fig. S2 in support-
ing information). Móssbauer spectra support this conclusion showing
broader lines and a central singlet for the needles suggesting poorer
crystallinity, which would explain the loss of the Verwey transition,
against sharp absorption lines for rhombohedra corresponding to pure
stoichiometric magnetite.

The shape of the Verwey transition for the different morpholo-
gies, especially for the smeared out transition of the discs, could be
traced back to the existence of pores inside the particles and therefore
a less-ordered crystal structure.

4. Conclusions

In this work, an alternative route to produce a library of iron oxide
magnetic nanoparticles in a core size range of 50–100 nm and three
different shapes has been successfully demonstrated. Here the goethite
and hematite precursors are coated with silica to avoid sintering and to
conserve the particle shape in the subsequent reduction of the precur-
sor material to magnetite. Two different reduction methods have been
successfully applied yielding a single iron oxide phase of magnetite.

The magnetite phase has been verified by X-ray diffractograms and
ZFC/FC magnetization curves. Magnetite nanoparticles coming from
hematite precursor show a very clear Verwey transition at slightly
lower temperatures than the reported ones for pure magnetite, prob-
ably due to small impurities or pores in the particles. The hysteresis
parameters revealed that there is a difference between the magnetic
material obtained by wet and dry reduction with higher values of satu-
ration magnetization after dry reduction. However, rhombohedra and
needle shaped samples show, in the case of the wet reduction, inter-
esting magnetic properties with a wasp-shaped hysteresis curve and a
very low coercive field at room temperature originated probably from
the domain formation within the particles.

In addition, the approach for the reduction of the precursors has an
influence on the magnetic behaviour of the final magnetite particles.
MNPs that have been produced by dry reduction show fewer defects
in the crystal structure. The possibility of generating a discontinuous
structure within a particle by forcing the pore formation may be an in-
teresting strategy to develop new materials with tuned magnetic prop-
erties for biomedical applications.

In conclusion, we demonstrate the production of large (>25 nm)
magnetite MNPs where shape and internal structure could be varied
by the synthesis parameters. We demonstrate that both MNPs shape
and internal MNPs structure affect strongly the magnetic behaviour
of the MNPs. In future characterization of magnetite MNPs systems
these parameters should always be taken into account.

Supporting information description

Additional data on High-Resolution Transmission Electron Mi-
croscopy and Infrared Spectroscopy are available.
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