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ABSTRACT: We investigate the local structure of nanoparticles
based on a manganese ferrite core surrounded or not by a
maghemite layer obtained after hydrothermal surface treatment.
Results of X-ray powder diﬀraction (XRD) and neutron powder
diﬀraction (NPD) measurements are crossed with those of inﬁeld Mössbauer spectroscopy and X-ray absorption spectroscopy
(XANES/EXAFS) to study the valence state of Mn ions and the
cation distribution at interstitial sites of the core−shell nanoparticle structure. Linear combination ﬁtting of XANES data
clearly indicates the existence of mixed valence states of Mn
cations in the Mn ferrite phase. As a direct consequence, it induces nonequilibrium cation distributions in the nanoparticle core
with the presence of a large amount of Mn cations at octahedral sites. The quantitative results of the inversion degree given by
NPD, Mössbauer spectroscopy measurements, and EXAFS are in good accordance. It is also shown that both the proportions of
each oxidation degree of Mn ions and their location at tetrahedral or octahedral sites of the spinel nanocrystal core can be
modiﬁed by increasing the duration of the surface treatment.

■

INTRODUCTION
Among the nanomaterials, magnetic nanoparticles (NPs) have
gained a lot of interest for many years because of their peculiar
chemical and physical properties.1 This considerable attention
is mainly due to their applicability in several areas such as
catalysis,2 magnetic data recording,3 and biomedicine.4−6 More
speciﬁcally, manganese ferrite (MnFe2O4) NPs could be very
good candidates for these applications because they are wellknown for their soft magnetic properties with high electrical
resistance and magnetic permeability, good chemical stability,
mixed valence states, low coercivity, and moderate magnetic
saturation.7−9 As an example, for the production of hydrogen as
a clean and renewable energy resource, they are used in the
nanoscale design of new catalysts for thermochemical water
splitting.10 For biomedical applications, approaches that
combine both therapeutic and diagnostic use in only one
multifunctional particle constitute a crucial challenge, markedly
in the case of cancer treatment. As an example, MnFe2O4 NPs
© 2017 American Chemical Society

have been extensively investigated for the detection of tumors,
as contrast agents in magnetic resonance imaging, and in the
deﬁnition of damages zones in local edemas.11−14 They also
present high speciﬁc loss power (SLP), low inherent toxicity,
uptake eﬃciency, and fast thermal response, which make them
selected materials for controlled magnetic hyperthermia.15,16
Using heterogeneous nanostructures, that is, core−shell
magnetic NPs (CS-NPs), diﬀerent properties can be combined
in a unique object, which may contribute to the ﬁne-tuning of
their physical and chemical properties, leading therefore to
improvement of the whole of their performances. Regarding the
magnetic anisotropy, associations of hard and soft phases in the
core or in the shell of the magnetic nanostructures have been
proposed. 3,17 In recent work concerning CS-NPs of
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Table 1. Characteristics of MnFe2O4-Based NPs Investigated in This Worka
sample
S0
S15
S120

time of treatment (min)

χM

DXR(nm)

ϕc/ϕ

tsh (nm)

⟨a⟩ (nm)

15
120

0.33(1)
0.25(2)
0.18(1)

10.9(1)
10.7(1)
8.1(1)

1
0.75(2)
0.53(1)

0.6(1)
0.9(1)

0.845(3)
0.842(1)
0.834(3)

a
χM is the molar fraction of manganese ions obtained by ICP and AAS techniques, ⟨a⟩ is the average lattice parameter deduced from Bragg’s law, ϕc/
ϕ is the volume fraction of the core, and tsh is the thickness of the surface layer. The particle sizes (DXR) were obtained by Scherrer’s equation.

of Zn2+ ions located at octahedral sites of the zinc ferrite core
does not change after surface treatment and is independent of
the size of the particles. The interatomic distances are very
close to those obtained for reference bulk materials but are not
aﬀected by protective surface treatment nor by size reduction.
Moreover, the average coordination number found for metallic
cations decreases for surface iron atoms and is much less
aﬀected for the “screened” Zn cations of the NP core.
In such a context, a careful investigation of MnFe2O4+δ@γFe2O3 CS-NPs is proposed here, in order to investigate the
cation distribution and the valence state of the Mn ion as a
function of the surface treatment duration. These nanomaterials
present an important magnetic disorder, mainly localized in the
surface shell, which progressively freezes in a spin-glass-like
state at very low temperatures.39 Then, when cooled under a
ﬁeld, the surface spins are pinned and therefore become the
source of exchange bias anisotropy for the uniformly
magnetized core. This pinning eﬀect has been pointed out to
enlighten in such MnFe2O4@γ-Fe2O3 CS-NPs intra- and
interparticle exchange bias.40 For these reasons also, a clear
understanding of the internal atomic arrangement of these CSNPs is necessary.

MnFe2O4@γ-Fe2O3 and CoFe2O4@γ-Fe2O3, the magnetic
exchange coupling between soft or hard ferrite cores and a
maghemite (γ-Fe2O3) shell has been measured.18 This
coupling, larger for CS-NPs made of more anisotropic cores,
would give larger SLP values, thus improving the eﬃciency of
the conversion of the electromagnetic energy into heat.19 As
the magnetic anisotropy and the NP magnetization are
structure-dependent for both the core and the shell, satisfactory
knowledge of the detailed structure in such nanocrystals has
become the subject of primary interest for understanding their
behavior in biomedical and technological applications.
An ideal manganese ferrite spinel structure, generally
produced at high temperatures by solid-state reactions or
ceramic methods20,21 as well as by laser ablation deposition,22,23
presents an inversion degree of around 0.2, similar to that
encountered for bulk materials. Nevertheless, manganese ferrite
NPs prepared at lower temperatures, by soft chemistry routes
such as hydrothermal coprecipitation,24−26 thermal decomposition of metal carbonyl complexes,27 reverse micelle
synthesis,28 or sol−gel methods,16,21 and also those prepared
by ball milling29 often present a nonequilibrium cation
distribution. The inversion degree in these nanomaterial has
been successfully determined in manganese ferrite NPs and
thin ﬁlms by means of techniques such as X-ray absorption,20,21,24,26,28 diﬀraction anomalous ﬁne structure,22,23 X-ray
magnetic circular dichroism,30 in-ﬁeld Mössbauer spectroscopy,26,29 and neutron powder diﬀraction (NPD).25
The study of cation inversion in MnFe2O4 NPs is mainly
related to investigations of the Néel temperature, an issue that
has been controversial during the last 2 decades.31−33 Enhanced
measured values were ﬁrst attributed to a ﬁnite size scaling
eﬀect. Since then, several studies have unambiguously
demonstrated the dominant role played by cation redistribution, owing to increased superexchange interactions when a
transfer of a fraction of Fe ions occurs from B sites to A sites as
a result of cationic exchange with Mn ions.16,26,32,34 The site
preference of Mn ions for octahedral coordination is clearly
associated with its oxidation state because Mn3+ ions present a
higher crystal ﬁeld stabilization energy when located at B
sites.21,24,34 Several factors would increase the chances to
promote the oxidation of Mn ions, among them, the use of
highly basic solutions in modiﬁed coprecipitation methods and
calcination in air at much higher temperatures.21,25 Then,
various values of the inversion degree were found, ranging from
0.2 (the ideal bulk value) to 0.7, larger values always related to a
larger proportion of Mn ions with higher valence states.
We are currently working on the synthesis of core−shell
ferrite NPs and on their colloidal dispersion in acidic and
neutral media in order to obtain ferroﬂuids.35,36 In previous
works, a nonequilibrium cation distribution among interstitial
sites of CS-NPs based on zinc ferrite cores suggested a spineltype nanocrystal structure.37,38 Cation redistribution takes place
during the coprecipitation step without altering the long-range
structural order of the whole of these nanocrystals. The number

■

MATERIALS AND METHODS
MnFe2O4+δ@γ-Fe2O3 CS-NPs were synthesized according to
our previously reported coprecipitation method;35,38,41−43 a
detailed synthesis procedure is covered in the SI. The products
were characterized by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) or atomic absorption
spectroscopy (AAS), X-ray powder diﬀraction (XRD), NPD,
X-ray absorption near edge structure (XANES), extended X-ray
absorption ﬁne structure (EXAFS), and Mössbauer spectroscopy. For more details regarding characterization, see the SI.

■

RESULTS
A. Chemical Titration and XRD: CS-NP Characteristics.
The eﬀects of hydrothermal superﬁcial treatment on the
coprecipitated NPs have been extensively described in ref 35. It
consists ﬁrst of a release of miscoordinated divalent metal from
the NP surface and second of incorporation of iron in a
superﬁcial layer of maghemite onto the NP core. It has been
shown that the thickness of the shell increases with the decrease
of particle size and depends on the underlying ferrite in
equivalent conditions of synthesis. Moreover, the quantity of
incorporated iron ions increases as the heating time increases.
The results collected in Table 1 typically illustrate the core−
shell formation and the inﬂuence of the treatment duration.
The NPs obtained right after the coprecipitation step (S0
sample) are stoichiometric, and their molar fraction of
manganese ions is therefore 0.33. After surface modiﬁcation,
the NPs are no longer chemically homogeneous. Molar
fractions of manganese ions equal 0.25 after 15 min of
treatment (S15) and 0.18 after 120 min of treatment (S120).
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structure of the CS-NPs and the slight lattice mismatch at the
interface. The cubic cell parameter is smaller for maghemite
(0.835 nm), and as its proportion increases, the value
encountered for the lattice parameter of the CS-NPs would
be lower. In subsection E and the SI, a more detailed analysis of
XRD data, based on Rietveld reﬁnement considering two spinel
phases, will provide quantitative results. However, let us ﬁrst
present XANES and EXAFS qualitative results in order to
evidence the relation between the valence state of the
manganese ions and the inversion degree.
B. X-ray Absorption Near Edge Spectroscopy
(XANES). Figure 2 presents room-temperature XANES spectra

Figure 1 shows the XRD diﬀractograms obtained for the
three samples. Using Bragg’s law, each peak is indexed and

Figure 1. XRD pattern of manganese ferrite samples S0, S15, and
S120. The beam intensity is plotted as a function of the scattering
angle, 2θ, in degrees. λ = 1.77126 Å. (Inset) Ampliﬁcation of the XRD
pattern of manganese ferrite samples showing the shift of the
diﬀraction peaks for bigger angles 2θ.
Figure 2. Experimental XANES spectrum of the manganese K-edge at
room temperature of the reference materials and the NP samples. The
shift observed for the spectrum, more signiﬁcant for sample S120, is
related to partial oxidation of the manganese cations in the structure.

associated with an interplane spacing of the crystalline spineltype nanostructure. The absence of other contributions
indicates that there is no other crystalline structure besides
the spinel, neither formed during the coprecipitation step nor
induced by hydrothermal surface treatment. We ﬁrst use the
Scherrer formalism to evaluate the size of the CS-NPs from the
broadening of the diﬀracted lines. We also calculate the volume
fraction of each spinel phase from the metal concentrations
obtained from chemical titrations. Then, from the maghemite
shell fraction, which varies from 25% for S15 to 47% for S120,
we evaluate the shell thickness. The typical values of the size
DXR and of the thickness tsh of the maghemite surface layer are
collected in Table 1. The shell thickness increases as the
heating time increases, in good agreement with the conclusions
of ref 35. From indexing of each diﬀractogram peak, the
averaged parameter ⟨a⟩ of the cubic lattice is calculated, and its
values are also listed in Table 1. We observe that the cell size of
pure MnFe2O4 NPs (sample S0), found equal to 0.845 nm, is
smaller than the cell size of ideal bulk materials, equal to 0.851
nm. Moreover, as displayed in the inset of Figure 1, when the
duration of the surface treatment increases, each peak shifts
toward larger diﬀraction angles, therefore indicating that the
cubic cell size reduces with the treatment time (see the deduced
values of the cell parameter in Table 1). Two eﬀects might be
considered to enlighten this result. One of them concerns the
oxidation of Mn ions, which could easily occur when the NPs
are coprecipitated in a highly basic medium.25 Then, as has
been observed in spinel-type NPs, the anion−cation distance is
reduced, leading to a decrease of the cubic cell size.9,34 Results
of XANES measurements will be presented in the next
subsection and will provide a clear answer to this question.
The second eﬀect is a direct consequence of the core−shell
structure. The deduced lattice parameter is an average
parameter that must take into account the inhomogeneous

at the Mn K-edge of samples S0, S15, and S120 together with
those of MnO and MnO2 reference oxides. We determine the
mean oxidation state of Mn cations in the nanocrystal structure
by comparing the absorption edge energy obtained for CS-NPs
samples with those measured for both standard manganese
oxide compounds. The energy of the absorption edge is
commonly taken as the maximum of the ﬁrst derivative of the
normalized absorbance and generally corresponds to half of the
absorption jump.44,45 Nevertheless, here the XANES spectra of
CS-NPs are found rich in structure, making this task more
diﬃcult. Then, in order to avoid misinterpretation on the value
attributed to the edge energy E0 and to allow a careful
comparison between all spectra, we set the edge energy
position to the zero of the ﬁrst derivative of the absorption
amplitude (main peak position in the spectra displayed in
Figure 2), as in refs 24 and 44. Figure 2 shows that the energy
edge of each sample of CS-NPs is shifted to larger values when
compared to that of the MnO reference, which presents an
absorption peak centered at around 6554.7 eV, associated with
the 2+ valence state. It indicates that the mean oxidation state
of manganese ions in our CS-NPs is larger than 2+, the value
expected for an ideal Mn ferrite structure.20,21 A more detailed
analysis leads to the energy of the central peak, located at
6557.7 eV for S0, 6558.4 eV for S15, and 6560.4 eV for S120.
The latter value is very close to that of the absorption peak of
MnO2 located at 6561.0 eV and for which the Mn oxidation
degree is 4+. As a shift of about 3 eV can be associated with a
unit variation of the mean oxidation state,24,44,45 such results
show unambiguously that the hydrothermal surface treatment,
which creates the core−shell nanostructure, also promotes the
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all samples, as already pointed out by XRD data of Figure 1.
The ﬁrst contribution, centered at 1.4 Å, is associated with the
ﬁrst coordination shell of oxygen atoms around manganese
cations. Careful observation indicates that it rather corresponds
to the convolution of two peaks, one located at a short Mn−O
distance (A sites) and another centered at a longer one (B
sites).9 We also see that the intensity of the latter increases at
the expense of that of the former as the surface treatment time
increases. It probably reﬂects a larger fraction of manganese
cations coordinated in octahedral geometry according to a
larger mean oxidation degree when the duration of the surface
treatment increases. The amplitude of the whole peak related to
the manganese ﬁrst nearest neighbor also increases progressively from the S0 to S120 sample. It is related to an
enhanced coordination number observed for Mn absorber
cations of surface-treated NPs due to the formation of a core−
shell structure. Indeed, it has already been shown that the
performed hydrothermal treatment, which occurs in an acidic
solution of ferric nitrate, removes undercoordinated divalent
cations and incorporates more iron ions in the NPs’ surface
shell.35 Therefore, a smaller mean coordination number is
observed for iron ions as a large fraction of them are mainly
located on the NP surface and are badly coordinated. On the
contrary, the removal here of manganese cations from the
surface shell should induce an increase of their mean
coordination number because Mn cations located in the inner
structure of the nanocrystal cores should be mostly well
coordinated.38
We also observe a second contribution between 2.0 and 3.5
Å with a ﬁrst peak, more intense at around 2.5 Å, related to
single scattering of a large proportion of Mn cations located in
octahedral sites and a second one, less intense around 3 Å,
related to simple and multiple scattering of Mn cations located
at both tetrahedral and octahedral sites. As the surface
treatment time increases to 120 min, the ratio between the
intensity of the ﬁrst and the second peaks clearly increases,
suggesting migration of Mn cations from A to B sites.
Moreover, for sample S120, it is possible to see that the peak
associated with the second coordination shell peak is left shifted
(lower radial coordinates), probably indicating reduction of the
interatomic distances between Mn absorber cations and
neighboring metallic ions located in the second coordination
layer. It should be related to oxidation of the manganese cations
from Mn3+ to Mn4+ and the consequential reduction of the Mn
ionic radius. Figure 3b shows the Fourier transform of the
absorption spectra of our samples at the iron K-edge. The ﬁrst
contribution located at around 1.5 Å is associated with peak
positions, which measure the interatomic distances between the
iron ions and their ﬁrst nearest neighbors, that is, the oxygen
anions in A or B site formation. As the surface treatment time
increases, we observe that a shoulder develops on the left side
of this ﬁrst contribution. It could correspond to scattering paths
involving iron ions at tetrahedral sites with a shorter Fe−O
distance. A partial reverse transfer of Mn ions would
accompany this partial transfer of iron ions from B sites to A
sites. The second contribution related to the second
coordination shell of metallic cations results from two peaks.
One is located at lower radial distances and is related to single
scattering of Fe3+ cations located at B sites. The other one, at
larger radial distances, corresponds to single and multiple
scatterings of Fe3+ cations located at both A and B sites. The
ratio between the amplitudes of the latter and the former
diminishes, indicating that there is migration of iron ions from

oxidation of Mn cations. Simulations of XANES absorption
spectra, performed within the linear combination ﬁt (LCF)
using reference oxide compounds, will enlighten our discussion
in the next section. The absorption edge of our CS-NPs is also
measured at the iron K-edge. For all NP samples, the mean
oxidation state of iron ions in the nanocrystal structure was
found to be around 3+.
We also note in Figure 2 the presence of a shoulder at
around 6552 eV, well marked for S0 and S15 sample spectra. It
is related to the Jahn−Teller eﬀect, which results in an elastic
distortion of the octahedral sites in order to energetically
compensate rearrangement of the electronic distribution t2geg of
octahedrally coordinated Mn3+ cations.24,26 The intensity of
this shoulder is lower for S120, which could indicate for this
sample a lower proportion of Mn3+ cations at octahedral sites,
probably due to partial oxidation of Mn3+ ions to Mn4+ ions
occurring during surface treatment. This result is in good
accordance with the observed reduction of the cubic cell size
deduced from the shift of the X-ray characteristic peaks
observed in the inset of Figure 1. Here also, the LCF
calculations will help us to better understand the spectral
behavior. In the following, Fourier-transformed EXAFS will
conﬁrm the eﬀect of the surface treatment time on the
manganese cation distribution and valence state.
C. Extended X-ray Absorption Fine Structure (EXAFS).
The Fourier transform amplitude of S0, S15, and S120 samples
has been extracted from EXAFS data recorded at the Mn Kedge at 100 K and is shown in Figure 3a for each sample. It has

Figure 3. Magnitude of the k2-weighted Fourier-transformed EXAFS
signals taken at 100 K at the (a) Mn K-edge and (b) Fe K-edge for S0,
S15, and S120 manganese ferrite samples.

been obtained using the same parameters and can be thus
represented in the same coordinate system, allowing direct
comparison. All spectra exhibit two main contributions, which
are always located at similar values of the radial distance. These
very close local structures agree well with the extended
crystalline arrangement of the NPs, found to be the same for
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each one, we determined the fraction of Fe3+ spins tetrahedrally
and octahedrally coordinated. The ratio between the intensities
of the ﬁrst and second lines of each sextet was used to obtain
the value of the canting angle at each site.46 We found here an
inversion degree equal to 0.72, in good agreement with our
NPD results (see the next subsection). The canting angle is
negligible at A sites, being inferior to 10° and found slightly
larger, at around 17°, at B sites.
E. Rietveld Reﬁnements of NPD and XRD Patterns.
Rietveld reﬁnements of NPD and XRD patterns have been
performed, as detailed in the SI. For bare NPs (S0), we choose
to use δ, the oxidation parameter, as in ref 24, to describe only
one structural phase of nonstoichiometric MnFe2O4+δ in order
to account for both chemical titrations and electroneutrality.
According to the former, the metal proportion corresponds to a
value of the molar fraction of Mn equal to 0.33 (see Table 1).
For the latter, the extra electronegative charge appearing per
formula unit exactly compensates for the positive charges
coming from the oxidation of Mn ions, leading to δ = 0.48. This
approach also corresponds to the following chemical formula
unit, Mn0.89Fe1.78O4, and produces both Fe and Mn vacancies in
the proportion of 1:2, randomly distributed in both interstitial
sites by the ﬁtting procedure. For surface-treated NPs two
assumptions have been tested, an only one nonstoichiometric
phase and the core−shell model. The details and results (see
Figures S3 and S4 and Table S2) are presented in the SI. They
clearly indicate for both samples and experiments (NPD and
XRD) that the quality and reliability factors are below the
acceptable limits seen in the literature47 and are much better
when considering NPs based on a nonstoichiometric Mn ferrite
core surrounded by a maghemite surface layer. Only in that
case do Figures S3 and S4 show better agreement between
calculated and experimental data. We therefore present in the
following the Rietveld reﬁnement results of surface-treated NPs
obtained by using two spinel phases. Figure 5 shows the NPD
pattern of sample S0 ﬁtted by one nonstoichiometric Mn ferrite
phase and the Rietveld reﬁnement NPD patterns of samples
S15 and S120 taking into account the chemical core−shell
model. Table 2 summarizes the structural and magnetic
information given by the procedure applied to all samples
investigated in this work. The sizes of bare NPs and of CS-NPs
taking into account the thickness of the maghemite surface
layer are in accordance with those obtained by Scherrer’s
equation applied to the most intense peak of the XRD pattern
(see Table 1). The values obtained for the cubic cell size also
reﬂect good agreement between NPD and XRD behavior. For
bare NPs (S0), the size of the lattice cell is smaller when
compared to that of the ideal Mn ferrite structure. This is due
to the existence of mixed valence states of Mn ions, as will be
demonstrated by LCF of XANES data. Then, the smaller
average cationic radius48 induces the reduction of the anion−
cation distance and leads to lattice contraction. For CS-NPs, we
observe that the longer the surface treatment, the smaller the
cubic cell size of the core, this eﬀect being enhanced for sample
S120. This is in good agreement with both the larger mean
oxidation degree evidenced by XANES and the shift of the
diﬀraction angles observed in the XRD pattern when the
surface treatment duration increases.
The lattice cell size of the surface layer structure obtained
after 15 min of iron nitrate treatment is larger than that of the
ideal maghemite structure (8.356 Å) but very close to the cell
size of the core. It seems reasonable as the lattice underlying the
whole CS-NP is built during the coprecipitation step. After 120

octahedral sites to tetrahedral ones, in accordance with the
observations at the Mn K-egde. Moreover, reduction of the
amplitude of the second coordination shell observed with
increasing surface treatment time could indicate both reduction
of the coordination number and increasing local disorder.
Indeed, the iron ions localized in the surface shell are likely
undercoordinated, and their proportion largely increases with
surface treatment duration.
D. Mö ssbauer Spectroscopy. Figure 4 shows the
Mössbauer spectra obtained in the absence and in the presence
of an external ﬁeld (H = 7 T) for sample S0.

Figure 4. Zero-ﬁeld and in-ﬁeld Mössbauer spectra of sample S0 at 4
K. The external ﬁeld is parallel to the γ-ray axis. The blue line
represents the sextet associated with Fe3+ ions at A sites, the green one
represents the sextet associated with Fe3+ ions at B sites, and the black
one is the total ﬁt.

The in-ﬁeld spectrum reveals two distinct features, which are
not present in the typical ferromagnetic sextet observed at H =
0 for our blocked NPs. The zero-ﬁeld spectrum is roughly
adjusted with one mean hyperﬁne ﬁeld at around 51 T. For the
in-ﬁeld spectrum, let us ﬁrst consider perfect alignment of Fe3+
spins. As a consequence of the antiparallel ordering of the spins
located at A and B sites, the external lines split into two wellresolved contributions because the external ﬁeld adds to the
magnetic hyperﬁne ﬁeld at A sites and subtracts from it at B
sites. Second, lines 2 and 5 of these sextets should have
vanishing intensities due to a polarization eﬀect because the
spins are collinear to the γ-ray direction. In the case of
nonperfect alignment of Fe3+ spins in the applied ﬁeld
direction, with canting angles at both sites, lines 2 and 5
should have nonzero intensity. The isomer shift, characteristic
of the valence state of the Mössbauer absorber atom, takes here
typical values obtained for Fe3+ ions, therefore indicating that
within the uncertainty of our measurements no Fe2+ would be
present in the NPs’ structure. This result will be conﬁrmed by
those obtained from LCF analysis of XANES data at the iron Kedge. Then, the in-ﬁeld spectrum was well ﬁtted using two
sextets associated with canted spins of Fe3+ ions located at
tetrahedral and octahedral polyhedra. From the intensities of
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(diﬀerence inferior to 3%), and we observe that only a small
fraction, inferior to 5%, of Mn3+ oxidizes to Mn4+. However, the
inversion degree found for NPs surface-treated for 120 min is
much larger, with 82% of Mn cations located at B sites. It
indicates that as the surface treatment increases to 120 min
more manganese ions are oxidized (see the LCF results in SI, in
the Experimental data ﬁts section) and migrate more easily
from tetrahedral to octahedral sites, thus increasing the
inversion degree.
We also verify from Table 2 that the oxygen position for all
samples does not correspond to the value associated with a
perfect cubic close-packed structure, u = 0.25. This observation
is common in the spinel ferrite structures because the diﬀerence
in the ionic radius of each cation can easily promote distortions
in the oxygen position. Here, the cation−oxygen distance is
reduced as a consequence of the existence of mixed valence
states of Mn cations in the core, and this also would slightly
modify the oxygen position. The magnetic moment obtained at
room temperature for both sublattices is reﬁned from typical
input values equal to 4.33μB and −3.78μB, μB being the Bohr
magneton, at A and B sites, respectively.49 The values that we
found, in good accordance with those of the literature,25,50 are
associated with only one ordered magnetic phase, which
accounts here for the Mn ferrite core surrounded by the
maghemite surface layer. It could explain the slight increase
observed for sample S15. The decrease of the individual A and
B site magnetic moments obtained for the S120 sample
indicates that a long surface treatment would enhance either
the magnetic disorder or the structural and thermal disorder.
Our following EXAFS results will enlighten this issue. The
results of Rietveld reﬁnement of XRD diﬀractograms are
presented in the SI in Figure S6 in the case of the two tested
assumptions about the NP composition. In the best core−shell
conﬁguration, they also point out the reduction of the cell size
of the cubic spinel lattice underlying the NPs’ core induced by
the oxidation of Mn ions.

Figure 5. Rietveld reﬁnement of neutron diﬀractograms of manganese
ferrite powder samples, S0, S15, and S120 at room temperature. The
experimental points are shown by + symbols, the solid lines are the
best ﬁt for the data, and the tick marks show the positions of the
allowed reﬂexions. The lower curves represent the diﬀerence between
observed and calculated proﬁles.
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min of surface treatment, a contraction of the shell lattice is
observed, as that for the core. The value tends to that of
maghemite bulk and presents also a very slight mismatch at the
core/shell interface. Table 2 also gives the inversion degree,
which is found to be equal to 0.667(5) for sample S0. It
indicates an average of 3.7 manganese ions per cubic cell
migrated from A to B sites when compared to the ideal Mn
ferrite structure where x = 0.2. Such rather large values have
also been observed by several studies performed on NPs
obtained by soft chemistry methods.22−26 The LCF of XANES
data (see the LCF results in the SI, in the Experimental data ﬁts
section), which show that 69% of Mn cations present mixed 3+
and 4+ valence states, conﬁrm the strong aﬃnity of these
cations to be found at octahedral sites. A surface treatment of
15 min does not change signiﬁcantly the cation distribution
among the spinel sites. The value of the inversion degree for
sample S15 is very close to that obtained for sample S0

DISCUSSION
We propose here a deeper insight into the detailed structure of
the pure manganese ferrite and core−shell MnFe2O4+δ@γFe2O3 NPs that we synthesize. As pointed out by the qualitative
analysis of our XAS results, the mean oxidation degree of
manganese ions and their location at interstitial sites of the
nanocrystal structure are not those of an ideal Mn ferrite
structure. Both are also modiﬁed by the surface treatment
duration. In the following, quantitative analysis of XANES data
crossed with the results deduced from NPD, in-ﬁeld Mössbauer
spectroscopy, XRD, and EXAFS will underline the relation
between the valence state of manganese ions and the
nonequilibrium cation distribution.
As XRD analysis detects only one spinel structure, Mn3+ and
Mn4+ cations are not present as a separate phase but must be
located at the sites of the NPs’ spinel structure. The mean

Table 2. Structural Parameters Obtained from Rietveld Reﬁnement of the NPD Patterna
aample

DNPD (nm)

e (nm)

acore (Å)

ashell (Å)

x

ucore

ushell

μB(A) (JT−1)

μB(B) (JT−1)

S0
S15
S120

11.1
11.2
9.5

0.5
0.9

8.466(5)
8.427(1)
8.328(3)

8.415(2)
8.352(5)

0.667(5)
0.684(7)
0.82(1)

0.258 (1)
0.258(4)
0.256(4)

0.256(1)
0.258(1)

4.47(5)
4.92(7)
3.6(2)

−3.61(4)
−3.65(5)
−3.5(1)

a

DNPD is the particle size, e is the thickness of the maghemite layer, a is the lattice parameter, x is the inversion degree, u is the oxygen position, and
μB(A) and μB(B) are the individual A and B site magnetic moments.
8987

DOI: 10.1021/acs.jpcc.6b09274
J. Phys. Chem. C 2017, 121, 8982−8991

Article

The Journal of Physical Chemistry C

S0 and decrease more with surface treatment duration. It
should be due to the presence of Mn3+ and Mn4+ in the spinel
structure of the jacobsite nanocrystals and the oxidation process
induced by the longest treatment. As seen in Table 3, the
fraction of Mn4+ ions increases by a factor of around 74%
during surface treatment of 120 min, and this should aﬀect the
Mn−O bond distances, as clearly shown in Table S4 of the SI.
The eﬀect occurs independent of the type of sites, therefore
indicating that Mn cations would be oxidized at both sites.
Moreover, the presence of Mn3+ ions in an octahedral
environment, favored by the high stabilization energy of the
crystal ﬁeld thanks to the split of the eg orbital degeneracy,
creates Jahn−Teller distortions.24,26,34 It would also inﬂuence
the interatomic distances between Mn cations at octahedral
sites and oxygen anions. The ﬁngerprint of the Jahn−Teller
eﬀect in XANES spectra is the presence of a shoulder, well
marked at around 6552 eV, as seen in Figure 2, for samples S0
and S15, because the number of Mn3+ cations is high.
Otherwise, in the spectrum of sample S120, the shoulder is
less intense as a consequence of the oxidation process of Mn
cations induced by surface treatment with ferric nitrate. In a
previous paper,40 we studied the exchange bias that which
manifests itself at the interface between the magnetic ordered
core and the spin glass-like (SGL) structure of the disordered
surface shell. It depends on the magnetic anisotropy18 of the
core phase. However, investigations of local and cooperative
distortions in oxide spinels such as Mg1−xCuxCr2O4 have
demonstrated the importance of the Jahn−Teller distortions in
the production of exchange bias as the magnetic interactions
would be aﬀected by these distortions.53 In our CS-NPs based
on manganese ferrite, we attributed the existence of exchange
bias to the presence of uncompensated spins onto the core−
shell interface of the NPs. According to the results presented
here, it would be interesting in the future to better investigate
the inﬂuence of Jahn−Teller distortions on the exchange bias
properties of our Mn ferrite-based CS-NPs. Table 3 indicates
that the surface treatment induces oxidation of more
manganese ions. It agrees well with a large proportion of
them located at octahedral sites because Mn3+and Mn4+ have a
strong aﬃnity for B sites.9,34 These conclusions also conﬁrm
the qualitative analysis previously presented in the subsection C
of EXAFS data at the Mn K-edge.
For all samples, the interatomic distances between iron
cations and oxygen anions extracted from the ﬁt of EXAFS
spectra at the Fe K-edge are in good accordance with the
tetrahedral and octahedral bond distances Fe3+(A)−O and
Fe3+(B)−O in cubic spinels obtained from the literature.9,27,54
This result conﬁrms the presence of only high-spin Fe3+ ions
into the nanocrystal structure, in excellent agreement with LCF
of XANES data at the Fe K-edge and with the isomer shift value
deduced from in-ﬁeld Mössbauer spectroscopy, which both
point out the absence of Fe2+. However, these interatomic
distances are slightly smaller than the typical values tabulated in
oxides. It could be ascribed to the high fraction of iron atoms in
superﬁcial sites, which are signiﬁcantly more disordered than
those located in the core structure.
The results obtained for the inversion degree using three
diﬀerent experimental techniques are collected for all samples
in Table 3. They correspond to the proportion of Mn cations
located at octahedral sites. The values found here by EXAFS
data, from 0.61 for sample S0 to 0.82 for sample S120, are in
good accordance with those deduced from Rietveld reﬁnement
of NPD patterns and conﬁrm the same main features. The

oxidation degree of Mn ions also increases with the duration of
the hydrothermal treatment with ferric nitrate, indicating that
more Mn cations are oxidized in the Mn ferrite core. We have
therefore used the LCF approach to check the proportions of
Mn2+, Mn3+, and Mn4+ in each sample and to follow the
modiﬁcations induced by NP surface treatment of these mixed
valence states.24
The results presented and summarized in Table 3 indicate a
combination of valence states that should be attributed to the
Table 3. Results for Inversion Degree x Obtained by NPD
(xNPD), Mössbauer Spectroscopy (xMoss), and EXAFS
(xEXAFS) showing the % of Mn for All Samples with Valence
States 2+, 3+, and 4+
sample

xNPD

xMoss

xEXAFS

% of Mn2+

% of Mn3+

% of Mn4+

S0
S15
S120

0.667(5)
0.684(7)
0.82(1)

0.72

0.61
0.63
0.82

31.0
31.3
28.2

41.9
36.4
25.1

27.1
32.3
46.7

synthesis method performed in a highly basic medium. Indeed,
it has been reported over the last 2 decades21,25 that it easily
promotes the oxidization of Mn2+ in Mn3+. More recently,
XANES studies of coprecipitated MnFe2O4 NPs and X-ray
photoelectron spectroscopy (XPS) of mixed Zn−Mn ferrite
NPs have shown signiﬁcant amounts of tetravalent Mn cations
in Mn-based ferrite NPs.9,26 It should be considered that the
result obtained in our bare NPs is also consistent with the
reduced cell size of the MnFe2O4 phase observed by XRD
analysis.
The electroneutrality of the nanocrystal structure is
maintained thanks to stoichiometric changes.51 They could be
related to oxygen excess or vacancies of metal cations as the
compound must remain electrically neutral. In these NPs
synthesized by the soft chemistry method, the existence of
cation vacancies would be the most probable because oxygen
excess that would occur preferentially in nanomaterials were
elaborated using a high-pressure route.52 The simulations
results obtained by LCF of XANES reﬂect the oxidation of Mn
cations as the duration of the surface treatment increases. When
considering the nonstoichiometric ferrite as in the case of bare
NPs, the δ value of 0.48 approximately corresponds to 1
vacancy of the manganese cation and 2 of iron ions per each 10
cubic spinel cells. These vacancies would be more localized on
the surface layer of the NPs due to both the existence of the
interface and the spatial conﬁnement at the nanoscale. The
same LCF procedure has been performed for our XANES data
obtained at the iron K-edge considering the linear combination
of iron oxide standards such as FeO, Fe3O4, and Fe2O3. The
results are presented in the SI. For all spectra and within the
uncertainty of the experiments and analyses, we only found the
presence of Fe3+ in the manganese ferrite structure of our NPs.
In-ﬁeld Mössbauer spectroscopy conﬁrms this result through
the values found for the isomer shift, associated with the
presence of only high-spin Fe3+ ions, with no detectable Fe2+
ions.
EXAFS ﬁts are presented in the SI together with the obtained
interatomic distances. The values obtained for all samples are
very close to those of the reference material showing once more
that the synthesized NPs crystallize in a spinel-type structure.
However, when compared to the values of the standard
material, the bond distances between Mn ions either at A or B
sites and the ﬁrst layer of oxygen anions are reduced in sample
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even more Mn ions migrate to octahedral sites, and their
proportion varies from around 67% in nontreated NPs up to
82% in CS-NPs surface-treated for a longer time. The existence
of mixed valence states of Mn ions as well as the possibility of
changing the proportions of these diﬀerent oxidation degrees
by surface treatment oﬀers interesting perspectives for catalytic
properties. Accordingly, it would be also important to
investigate the surface treatment process and its results on
the valence states of others metals.

presence of Mn cations at B sites of the spinel-type structure of
the NPs’ core is clearly related to the existence of mixed valence
states as observed in several other works.20,26,27,55 As expected,
it indicates that Mn3+ and Mn4+ present strong aﬃnity for an
octahedral environment.9,34 Moreover, if after the coprecipitation step more than 60% of Mn ions are located at octahedral
sites, it is also clearly shown that this proportion increases to
82% with the oxidation process induced by a longer duration of
the hydrothermal surface treatment.
Similar magnetic ﬂuids based on ferrite NPs35,56 with
diﬀerent kinds of cations always present a nonequilibrium
cation distribution. However, manganese cations are peculiar;
their low standard reduction potentials allow the presence of
mixed valence states. The distribution of manganese ions at
interstitial sites of the spinel nanocrystals is intrinsically related
to their oxidation degree favored by the synthesis method and
the hydrothermal surface treatment.
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SUMMARY
CS-NPs based on a manganese ferrite core surrounded by a
maghemite shell were synthesized by a coprecipitation step
followed by hydrothermal surface treatment with ferric nitrate.
We study the structural changes that occur with the duration of
the surface treatment by crossing, at each step of the synthesis,
long- and short-range experimental investigations performed by
XRD, NPD, XAS, and in-ﬁeld Mössbauer spectroscopy. The
results provide coherent details of the local atomic arrangement
and clearly show that the NP chemistry and structure are
intimately related to the oxidation degree of manganese ions in
the NP core. Moreover, the chemical core−shell model of
surface-treated NPs has been tested by Rietveld reﬁnement of
both XRD and NPD patterns, and the ﬁts present better
reliability factors whenever the two spinel phases are taken into
account. In this context, our investigations allow the following
conclusions. After the coprecipitation step, the valence states of
Mn ions are already mixed and a large proportion of Mn3+
coexists with smaller fractions of Mn2+ and Mn4+. These
diﬀerent oxidation degrees of Mn ions result from the
coprecipitation process used to synthesize the NPs, performed
in a strongly alkaline medium. When the duration of the surface
treatment increases, the proportion of Mn4+ ions increases at
the expense of mainly the Mn3+ fraction but also of a slight
amount of Mn2+. The oxidation of Mn cations that induces the
existence of mixed valence states has several consequences on
the local structure of the CS-NPs. First, it leads to contraction
of the lattice cell of nontreated NPs due to reduction of the
anion−cation distance as the oxidation degree of Mn cations
increases. For surface-treated NPs, the cell size of the core
underlying-lattice is also reduced, in a more pronounced way
for longer treatment as a larger amount of Mn3+ oxidizes to
Mn4+. These observations are clearly demonstrated by several
qualitative and quantitative results such as the shift of XRD
peaks and the reduction of both the cell parameter of the Mn
ferrite phase precisely determined by NPD and the Mn−O
interatomic distances extracted from EXAFS data. The diﬀerent
oxidation degrees found for Mn cations also manifest
themselves through the cation distribution at interstitial sites
of the spinel nanocrystal structure. Indeed, Mn3+ and Mn4+
cations present strong aﬃnity for octahedral coordination
symmetry, and it is likely that a large proportion of Mn cations
is found at octahedral sites of a nontreated NP structure. Then,
the absorption edge displays the signature of the Jahn−Teller
eﬀect. With the oxidation process induced by surface treatment,
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