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Abstract

Iron oxide nanoparticles are available in two common phases, namely magnetite (Fe;0,) and maghemite (Fe,O5). Upon
exposure to oxygen atoms, the magnetite phase readily oxidizes into the maghemite phase with the partial conversion
of ferrous ions into ferric ions. We report on the approach to determine the ratio of magnetite and maghemite in iron
oxide nanoparticles synthesized by the wet chemical route. X-ray diffraction studies and transmission electron microscopy
observations confirmed the formation of highly crystalline nanoparticles of size (7 + 2) nm. The average particle size
is in the magnetic single-domain range suitable for the superparamagnetic behavior. The Méssbauer spectrum of the
sample is composed of two six-line patterns in perfect agreement with the theoretically predicted model. The extracted
Méssbauer parameters show contribution of two phases accounting for 47% magnetite and 53% maghemite. The hys-
teresis loops of the iron nanoparticles demonstrated the “S-shaped” pattern with negligible coercivity and remanence
magnetization. This result reveals a promising method to synthesize and characterize magnetic nanoparticles of uniform
size with a potential for biomedical applications.
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1 Introduction

Commonly available oxides of iron, especially magnetite
(Fe;0,) and maghemite (y-Fe,0;), have been studied for a
long time because of their beneficial magnetic properties
[1-3]. Iron oxide nanoparticles exhibit significantly dif-
ferent magnetic properties when compared to their bulk
counterparts, and they are also biodegradable, nontoxic,
and benign [4, 5]. Consequently, magnetic nanoparti-
cles are used for biological applications in targeted drug
delivery, magnetic resonance imaging, and cancer therapy
hyperthermia [6-11]. As one of the most important materi-
als, these magnetic nanoparticles are also used in lithium

ion batteries, ferrofluids, sensors, magnetic storage, mag-
netic inks, water treatment, and other applications [12-17].

Magnetite has the face-centered cubic spinel crystal
structure with iron cations in two valence states, Fe?* and
Fe3* [9]. All of the tetrahedral sites are exclusively occupied
by Fe3* ions while the octahedral sites are evenly filled by
Fe?* and Fe3* ions. The tetrahedral and octahedral sites
are often referred as A-sites and B-sites, respectively [18].
In stoichiometric magnetite, the ratio of Fe?* and Fe®*ions
is 1:2. The magnetite phase oxidizes into the maghemite
phase by natural weathering or other processes with the
conversion of all Fe?* ions into Fe3* ions. The oxidation
process results in iron vacancies in the crystal lattice due
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to the partial removal of iron to compensate for the posi-
tive charges. Both magnetite and maghemite demonstrate
ferrimagnetic properties at room temperature, and it is dif-
ficult to distinguish between the two oxides on the basis
of their magnetic properties [2]. However, nanoparticles
of magnetic materials exhibit size-dependent magnetic
properties and behave differently at reduced dimensions
[19]. Bulk magnetite is a multidomain ferrimagnet with a
Curie temperature of 585 °C, while magnetite nanoparti-
cles smaller than 100 nm consist of single-domain mag-
netic structure. Magnetic nanoparticles with size smaller
than ~ 20 nm show superparamagnetic properties where
the magnetization of nanoparticles is randomized by ther-
mal energy.

For biomedical and other technological applications,
iron oxide nanoparticles should have high magnetiza-
tion values and narrow particle size distribution [8]. The
most common approach for the production of magnetite
nanoparticles is chemical coprecipitation of iron salts in
which nanoparticles are synthesized in two stages: initial
nucleation from the supersaturated solution and the sub-
sequent crystal growth [20-26]. Stoichiometric mixture of
ferrous and ferric salts is reduced in an alkaline medium
in inert environment for the formation of magnetite. The
chemical reaction involved in the formation of magnetite
is as follows:

Fe?* + 2Fe’* + 80H™ — Fe;0, + 4H,0

In a non-oxidizing alkaline medium, complete precipita-
tion of Fe;0, can be achieved. However, magnetite read-
ily transfers into maghemite upon oxidation by the ion
transfer process:

Fe,0, + 2H™ — y — Fe,0, + H,0 + Fe?*

The research on iron oxide nanoparticles is focused on
controlling the size, morphology, and composition in order
to improve their specific properties. Kovalenko et al. [27]
have synthesized cubic and spherical Fe;0, nanocrystals
from thermal decomposition of iron oleate precursors. Liu
et al. [28] synthesized single-crystalline Fe;O, nanotubes
to study the electrical transport properties at reduced
dimensions. Jia et al. [29] described an approach to con-
vert haematite (a-Fe,O;) nanorings into Fe;0, or y-Fe, 04
by oxidation-reduction or reduction-oxidation process.
Partial oxidation of magnetite results in variable ratio of
Fe?* and Fe** in the magnetic nanoparticles which can-
not be distinguished easily using standard X-ray diffrac-
tion (XRD) techniques since the crystal structure of both
of these oxides is very similar [30]. In this paper, we report
on a simple procedure to synthesize iron oxide nanoparti-
cles of uniform size distribution using a hydrothermal pro-
cess without using any additional surfactants or surface
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modifications. This novel approach enables the synthesis
of magnetic nanoparticles from the complete dissociation
of iron salts at relatively low temperature. We analyzed
as-synthesized nanoparticles and determined the ratio of
Fe?* andFe** using Mdssbauer spectroscopy. Synthesis of
nanoparticles without additional toxic chemical resulted in
the production of biocompatible nanoparticles which can
find applications in targeted drug delivery or as contrast-
enhancing elements for biomedical diagnostic application.

2 Experimental methods

Analytical-grade chemical reagents including ferrous chlo-
ride tetrahydrate (FeCl,-4H,0), ferric chloride hexahydrate
(FeCl;-6H,0), hydrochloric acid (HCl) and tetramethylam-
monium hydroxide (N(CH,),OH, 25%) were used for mate-
rial synthesis. Deionized water degassed with argon gas
for half an hour was used to prepare 2 M HCl solutions. In
a typical procedure, a 1:2 ratio of Fe?* and Fe3* ions was
achieved by mixing 2.5 mL of a 2 M FeCl, solution with
10 ml of FeCl; solution at room temperature. The mixture
was vigorously stirred, and 21 mL of aqueous tetrameth-
ylammonium hydroxide solution was slowly added to it.
The solution color changed from orange to black with the
immediate precipitation of iron oxide nanoparticles. The
resulting mixture was then transferred into a Teflon-lined
stainless steel autoclave and heated at 180 °C for 24 h.
After heat treatment, the furnace was allowed to cool
naturally to room temperature to obtain iron oxide nano-
particles in the powder form.

XRD data were collected at room temperature using
a Rigaku MiniFlex equipped with copper K, (0.154 nm)
radiation source. The surface morphology of the parti-
cles was observed by transmission electron microscope
(TEM) and high-resolution TEM (HRTEM). Energy-disper-
sive X-ray spectroscopy (EDS) was used to get informa-
tion about the elemental distributions. The TEM, HRTEM,
and scanning TEM-EDS observations were performed on
a Tecnai Osiris TEM/STEM operating at 200 kV equipped
with a SuperX™ quad EDS detection system. Samples were
prepared by suspending a small portion of the powder in
isopropanol followed by brief sonication in an ultrasoni-
cator. A small drop of the solution was then placed onto
a lacey carbon TEM support film (Ted Pella no. 1895), and
the excess solvent was wicked away. The STEM-EDS maps
were collected using Bruker Esprit software version 1.9
with a sub-nanometer probe having ~ 0.8 nA of beam cur-
rent. The size of the particles observed in TEM images was
measured using ImageJ software. Vibrating sample mag-
netization (VSM) measurements were carried out using a
vector magnetometer model 10 VSM system (MicroSense
Co.) equipped with a 30 kOe electromagnet. During the



SN Applied Sciences (2019) 1:1636 | https://doi.org/10.1007/542452-019-1699-2

Research Article

hysteresis measurement, the applied magnetic field was
increased to the maximum field of 15 kOe at room tem-
perature in steps of 5 Oe. The phase of a powder iron oxide
nanoparticle sample was investigated by >’Fe in an Rh
matrix Mossbauer spectroscopy. The measurement was
performed using a MS4 spectrometer operating in the
constant acceleration mode in transmission geometry.
The measurement was performed at room temperature.
A 50 mCi *’Co in Rh held at room temperature was used
as source. The obtained spectrum was least square fitted
to determine the oxidation states of Fe species.

3 Results and discussion
3.1 X-ray diffraction studies

Figure 1 shows the XRD pattern of iron oxide nanopar-
ticles synthesized using the hydrothermal method. X-ray
diffraction indicates the formation of monocrystalline iron
oxide nanoparticles with prominent peaks from (111),
(220), (311), (222), (400), (422), (511), and (440) planes.
The sharp peaks of nanoparticles demonstrate the good
crystallinity of as-synthesized nanoparticles. It should be
noted that peaks with intensities below the dotted line can
be ignored as they represent the background noise of the
measurement. The presence of Fe;0, and y-Fe,0; cannot
be distinguished from XRD as magnetite and maghemite
have nearly identical crystal structures [30]. The XRD pat-
tern also contains a sharp peak at an angle of 23° from
FeCl; crystals. Such an impurity peak is expected in our
sample because we have not washed our nanoparticles
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Fig. 1 X-ray diffraction pattern of iron oxide nanoparticles synthe-
sized after hydrothermal procedure

with deionized water after the synthesis. However, further
TEM observation does not show any features of impurity
phases, and we can conclude that the hydrothermal pro-
cess results in the reduction of iron chloride salts into iron
oxide nanoparticles.

3.2 Transmission electron microscopy

Figure 2 shows TEM images of iron oxide nanoparticles
at low (a) and high (b) magnification. The hydrothermal
procedure resulted in the formation of regularly shaped
nanoparticles with uniform size distribution. The high-
resolution TEM image clearly shows the crystal lattice of
these nanoparticles, confirming their high crystallinity. The
atomic planes in these nanoparticles are well-ordered and
lack any lattice defects, such as dislocations and stacking
faults. We have measured the lattice spacing of several par-
ticles labeled A, B, C, and D in Fig. 2b. The lattice fringes
with spacings of 0.2891, 0.4923, 0.2374, and 0.2515 nm
can be assigned to (220), (111), (222), and (311) planes of
iron oxide, respectively, which is in agreement with the
XRD pattern discussed earlier. The encircled (yellow color)
region in Fig. 2b is zoomed in and presented in inset with
the scale bar of 10 nm. The higher magnification view indi-
cates nanoparticles with lattice fringes measuring 0.2891,
0.4923 nm which corresponds to (220) and (111) planes.

Figure 2c shows a histogram of the particle size dis-
tribution of iron oxide nanoparticles obtained from TEM
images measured from 200 particles. The nanoparticles
show a narrow particle size distribution with average size
of (7 + 2) nm. The current high-yielding synthetic method
can be easily scaled up. For example, 4.2 g of nanoparticles
could be obtained from a single batch reaction using 10 ml
of iron chloride solution. EDS analysis (Fig. 3a) clearly indi-
cates the presence of elements such as iron and oxygen in
the material and confirms the purity of the prepared nano-
particles. Additional contributions from copper, carbon,
and silicon are from the TEM grid used during imaging. In
addition to the aggregation of particles observed in TEM
images, the qualitative elemental maps illustrate the distri-
bution of these elements across the specimen. Figure 3b,
c shows the homogeneous spread, at a nanometer scale,
of iron and oxygen throughout the sample.

3.3 Magnetization measurement

The graph of magnetization of the sample at several
applied magnetic fields for iron oxide nanoparticles is
presented in Fig. 4. Hysteresis measurements conducted
at different increments of the applied field, to ensure
reliability of the obtained results, do not show significant
deviation from each other. Magnetization loops exhibit
an “S-shaped” pattern with almost zero coercivity and
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Fig.2 a Transmission electron microscopy (TEM) images of iron
oxide nanoparticles. b High-resolution TEM images showing lat-
tice spacing of individual nanoparticles. The inset shows magnified
image consisting of two particles, labeled A and B, with interplanar

negligible remanence values. The magnetization of
the sample saturated quickly to 27 emu/g when the
applied magnetic field was increased above 3 kOe. This
saturation magnetization (M) value is considerably
smaller than that of bulk iron (M;=222 emu/g) which
is consistent with earlier reports [27, 31, 32]. The value
of saturation magnetization decreases when particles
are reduced in size because of several factors. Primarily,
the saturation magnetization for particles below 10 nm
in size is lowered because of the spin canting effect.
However, these single-domain magnetic nanoparti-
cles are ideal for superparamagnetic behavior at room
temperature.
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spacing corresponding to (220) planes and (111) planes. ¢ Histo-
gram of the particle size distribution of 200 nanoparticles meas-
ured using ImageJ software

3.4 Mossbauer spectroscopy

Méssbauer spectroscopy provides the quantitative infor-
mation on the oxidation state of Fe species, and it is a pow-
erful tool to determine the contribution of Fe ions arising
from A- and B-sites in a sample. The M&ssbauer spectrum
for the sample, depicted in Fig. 5, was least square fit-
ted to extract hyperfine parameters, centroid shifts (5),
quadrupole shift (€), magnetic hyperfine field (B;), Lor-
entzian linewidth (), and intensities (/). All 6-values are
given with respect to metallic a-iron at room tempera-
ture. The Mossbauer spectrum for the sample consists of
two six-line patterns with relatively narrow lines and can
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Fig.3 a EDX spectrum of chemical elements on iron oxide nanoparticles. b, ¢ Qualitative elemental mapping for the determination of oxy-
gen and iron distribution on the surface of nanoparticles
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Fig. 4 a Magnetization versus applied magnetic field for iron oxide nanoparticles, b Magnetization curve at low applied fields zoomed from
plot depicted in part a
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Fig.5 Room-temperature Mdssbauer spectrum for the iron oxide
nanoparticle sample. The sub-spectra are also indicated

be accurately fitted with two sextets. The outer sextet is
attributed to Fe** on A-sites of magnetite, while the inner
sextet is attributed to iron atoms located on B-sites of spi-
nel structure. However, a detailed inspection reveals that
the spectrum is best fitted with three sub-spectra. The first
sub-spectrum exhibits the 6 value of 0.315 mm/s and B¢
of 49.5 T, which are characteristic values for Fe*3 in tetra-
hedral environment in magnetite. This component has an
intensity of 18%. The second component has the 6 value
of 0.656 mm/s and By of 45.6 T, which are characteristic
values for Fe™* in an octahedral environment. This com-
ponent has an intensity of 29%. The third sub-spectrum
has the & value of 0.303 mm/s and B, of 49.1 T with an
intensity of 53%. The intensity ratio of the first two sub-
spectrais close to 1:2. This is in accordance with the inten-
sity ratio in magnetite. The third component is a signal for
Fe*3 in high-spin state, which can be attributed to magh-
emite, y-Fe,0;. The slightly different hyperfine values and
intensity of the first sub-spectrum compared to the A-site
in magnetite are due to strong overlapping of this sub-
spectrum with the third component, which is attributed to
maghemite. We can hence conclude that the studied sam-
ple consists of two phases: 47% magnetite from the sum
of intensities of A- and B-sites and 53% maghemite. The
results show that Fe** ions uniformly converted to Fe*" ion
during the nucleation stages. Similar results were reported
by Kolen'ko et al. [33] for ligand-capped magnetite. Costa
et al. [34] have reported that if a sample contains both
magnetite and maghemite, its Mdssbauer spectra should
be fitted by four Zeeman sextets. Two sextets correspond
to Fe3* A-site of magnetite and maghemite: One sextet is
related to Fe with intermediate valence (Fe?>*) in mag-
netite in B-site, and one more sextet is associated with the
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Table 1 Hyperfine parameters from iron oxide sample

Parameters A-site B-site y-Fe,0;
6 (mm/s) 0.315 0.656 0.303
By (T) 49.5 45.6 49.1
&(mm/s) 0.136 0.015 -0.059
I (mm/s) 0.25 0.36 0.35

1 (%) 18 29 53

Fe3* in maghemite B-site. Our attempt to lock down the
parameters to the reported literature values resulted into
hyperfine parameters which are not physically acceptable
for magnetite and maghemite. On a similar note, the fit-
ting attempt without locking the parameters resulted in an
incorrect intensity distribution and was discarded. Hence,
we believe that the M&ssbauer spectra for this sample are
best described by three Zeeman spectra. This allows for an
unconstrained variation in the parameters, resulting in the
correct intensity distribution over the physically accepted
values of hyperfine constants. The Mossbauer spectra
of magnetic nanoparticles could be successfully inter-
preted as a mixture of magnetite and maghemite, rather
than nonstoichiometric magnetite which is in agreement
with previous reports [35, 36]. It is worth mentioning that
although Mdssbauer spectroscopy shows superparamag-
netic features for nanoparticles below 10 nm, our spec-
trum is completely magnetically blocked at room tem-
perature because of the coupling of magnetic moments
of individual nanoparticles [37]. The extracted Mdssbauer
parameters for the sample are summarized in Table 1.
The centroid shift (6), magnetic hyperfine field (B),
quadrupole shift (g), Lorentzian linewidth (I), and inten-
sity (/) are extracted from room-temperature Mdssbauer
spectra analysis. The estimated errors associated with
these parameters are +3% in /,£0.005 mm/s in 6 and
£x0.02mm/sin[,and+0.5Tin By

4 Conclusions

In summary, we have analyzed the structural and magnetic
properties to determine the contributions from magnetite
and maghemite in iron oxide nanoparticles. X-ray diffrac-
tion and high-resolution TEM imaging enabled us to deter-
mine the crystallinity, particle size, and lattice parameter
of the nanoparticles. The magnetic moment saturated
at 27 emu/g at the applied magnetic field of 3 kOe. The
nanoparticles demonstrated the single-domain magnetic
properties with near-zero coercivity and negligible rema-
nence magnetic field. Méssbauer spectroscopy showed
that the sample is equally divided into magnetite and
maghemite phases. The understanding of the composition
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of magnetite and maghemite in iron oxide nanoparticles is
necessary to isolate particles with desired magnetic prop-
erties for biomedical or nanotechnological applications.
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