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a b s t r a c t

In this work we present the structural, magnetic and surface characterization of the ceramic nickel
manganite oxide NiMn2O4-d synthesized by two methods: sol-gel and ultrasound-assisted sol-gel using
nitrate salts as precursors. We have characterized the non-stoichiometric samples NiMn2O4-d using
different physicochemical analyses. X-ray diffraction and Rietveld refinement of the X-ray data indicated
that the samples crystallize in the Fd3m space group characteristic of cubic spinel-related oxides. The
specific surface area of the oxides was 1.3 m2/g (SG) and 16.3 m2/g (UASG). SEM results showed particle
agglomerates of 1.05 mm (SG) and 0.85 mm (UASG). Temperature dependence magnetization measure-
ments were performed and a ferrimagnetic transition was identified at 103 K and 105 K depending on
the preparation method (SG and UASG, respectively). The observed Curie constant was found to vary
from 7.4 to 7.7 cm3 K mol�1 and hysteretic magnetization vs. applied field curves at different temper-
atures were obtained. XPS studies of these oxides reveal the presence of Ni2þ, Mn2þ, Mn3þ and Mn4þ ions
at the surface. A probable ionic distribution as a function of the synthesis method is proposed.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Spinel manganese mixed oxides display promising applications
in several areas, such as optics, electronics, biology, medicine, etc.
due to their particular electrical and magnetic properties, which
arise from the mixed valence states of manganese. The spinel
structure can adopt three types of cation configurations. The first
arrangement is known as normal spinel, with the formula (A)[B2]O4
where (A) denotes a cation A occupying the tetrahedral sites, and
therefore having four oxygen's as nearest neighbors, while [B] de-
notes an octahedral site occupied by two B cations having six ox-
ygen atoms as nearest neighbors. A second arrangement-known as
a perfectly inverted spinel-can be formulated as (B)[AB]O4 where
(B) denotes a cation B in oxygen tetrahedral coordination, and [AB]
epartment, Universidad de
9170022, Chile.
).
denotes an equal number of A and B cations in octahedral positions.
There are also other possible intermediate distributions repre-
sented by the formula (A1-nBn)[AnB1-n]O4, where n denotes the
inversion degree, which usually is affected by the preparation
conditions used in the synthesis. Considering the relative
complexity of the cation distributions, any research in spinels must
take into account the intrinsic dichotomy among the tetrahedral
and octahedral sites, and the possibility that the cations can adopt
two, or three, different oxidation states within the same oxide,
giving rise to different ordered states and then modifying the
mechanisms of electrical transport [1e3].

Among the materials with spinel structure, nickel manganite
NiMn2O4, which is well-known since long time [4,5], shows a
partially inverse cubic spinel structure Ni1-nMn1-n[NinMn2-n]O4,
where n determines both its structural and electrical properties [6].
This oxide is widely used for the production of ceramics
temperature sensors due to its negative temperature coefficient of
the electrical resistance [7]; it has been also investigated as a
possible electrochemical capacitor [8,9] as well as electrocatalyst
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[10]. NiMn2O4 has been synthesized in the form of powders, films,
thick films and single crystals. From the technical point of view,
solid-state reaction between simple oxides, thermal calcination
using organic and inorganic precursors [11e17], as well as ball
milling [18] and solegel [19] techniques have been the principal
routes used for powder synthesis. In most of these methods, high
temperatures and prolonged time of sintering are usually neces-
sary. For NiMn2O4, several cation configurations have been pro-
posed in the literature, which appear to depend upon the synthesis
conditions [20e37]. Different cations may occupy either the A-sites
or the B-sites or both, depending on their oxidation states and their
ionic radii, according with their energetic preference, giving rise to
two different sublattices A and B connected through oxygen ions.
The presence of these sublattices having metals in different
oxidation states may lead to long range magnetic and conducting
interactions of the type Mnþ-O-Mnþ1. In fact, the presence of the
Mnþ1/Mnnþ redox couple located in B-sites of the semiconductor
spinel has been considered as the responsible factor of the
controlled-valence conduction mechanism proposed by Verwey
[38]. As an example, different cationic distributions
[Ni2þ0:1Mn3þ0:9½Ni2þ0:9Mn3þ1:1�O2�

4 [30], Mn3þ½Ni2þMn2þ0:1Mn3þ0:9�O2�
3:95 [24],

Mn2þ0:65Mn3þ0:35½Ni2þMn3þ0:35Mn4þ0:65�O2�
4 [22] have been proposed for

NiMn2O4. The mixed-valence Mn-ions together with Ni2þ ions and
the oxygen anions could lead to different magnetic interactions,
between Mn2þ�O2��Mn3þ, Mn3þ�O2��Mn3þ, and
Mn3þ�O2��Mn4þ pairs. Recent works on spinel manganite have
shown that the broad magnetic behavior is conditioned by the
complex cation distributions, and, additionally, both the
morphology and particle size, as well as the oxygen stoichiometry,
appear to play an important role at this respect [39e41]. On the
other hand, four magnetic phase transitions have been observed
recently from magnetization-temperature measurements [42].

In order to obtain a better understanding of the effect of the
preparation method on the relative cation configuration of these
spinel oxides, we have performed a systematic study of the
physico-chemical properties of NiMn2O4-d synthesized by two
closely-related methods: sol-gel and ultrasound-assisted sol-gel.
We report herein our main observations performed using X-ray
diffraction techniques, scanning electron microscopy and EDS an-
alyses, BET surface area measurements, oxygen stoichiometry de-
terminations, XPS measurements and magnetic studies.
2. Experimental

2.1. Synthesis of NiMn2O4

The chemical synthesis of NiMn2O4 was conducted by an acid
citric solegel route (SG), and by ultrasonic assisted solegel route
(UASG) using the sonochemical method. We have used nickel and
manganese nitrate salts as precursors. The ratio of metals in the
oxides was checked using atomic absorption spectroscopy.

Synthesis by the solegel method [43]: The starting point of the
synthesis procedure was the formation of a citrateebased precur-
sor from nickel nitrate hexahydrate (Ni(NO3)2 � 6 H2O,
SigmaeAldrich � 98%) and manganese nitrate tetrahydrate
(Mn(NO3)2 � 4 H2O SigmaeAldrich � 98%). The reagents were
diluted in water taking into account the stoichiometric ratio Mn/
Ni ¼ 2. Citric acid was added into the solution until the molar ratio
between the metal (Ni, Mn) ions and citric acid was 1:4. The so-
lution was stirred at RT for 1h, and then neutralized by ammonia.
Ethylene glycol (Fluka p.a.) was used as polymerization agent in the
molar ratiometal-ions: ethylene glycol¼ 1:9. The obtainedmixture
was stirred first at 60 �C to evaporate water and increase the vis-
cosity and then at 90 �C for 1 h until a transparent sol was obtained.
Then the solutionwas heated at 120 �C, to create a gel which slowly
turned into a dark resin. Subsequently, the temperature was
increased to 200 �C for 12 h to remove the organic components.

The resulting precursor gel was calcined in a furnace at 950 �C
for 24 h in oxygen atmosphere. The heating rate was fixed at 10 �C/
min. A black powder was obtained as final product.

Synthesis by the sonochemical method [44]: The precursors
employed were the same used on the preparation of the solegel
method. The solegel synthesis assisted by ultrasound consists of
the following two stages:

First stage: In a 200 mL beaker, stoichiometric amounts of pre-
cursors in the Ni/Mn ¼ 1/2 atomic ratio were dissolved in 100 mL
water and then the solution was agitated on a hotplate for 15 min.
After this time, 5 mL of ethylene glycol were added to obtain a
homogeneous solution. Subsequently, the reaction vessel was
placed in the ultrasound equipment (Sonic Vibra Cell VCX750), at
750W and 20 KHz for 1 h. After 5 min, 5 g of citric acid were added
under vigorous stirring. Then, the reaction vessel was placed in a
furnace at 95 �C for 12 h in order to remove water.

Second stage: the pasty material obtained was then poured in an
alumina crucible and calcined at 800 �C for 6h in oxygen at a
heating rate of 2 �C/min. A black powder was obtained as final
product.

2.2. Characterization techniques

X-ray patterns of the synthesized NiMn2O4-d powders were
collected on a Shimadzu 6000 diffractometer, controlled by a Shi-
madzu 6000 software, operating at 40 kV and 30 mA in Bragg-
Brentano reflection geometry with CuKa radiation (l ¼ 1.5418 Å),
using a 2q range 10�e90� and a scanning rate of 2� min�1. For
Rietveld refinement analysis [45], XRD patterns were recorded over
long periods (24h) and fitted using the FULLPROF program [46]. A
pseudo-Voigt functionwas chosen to simulate the line shape of the
diffraction peaks. The following parameters were refined in the
final run of the fit: scale factor, background coefficients, zero-point
error, unitecell parameters, pseudo-Voigt profile corrected for
asymmetry parameters and positional coordinates. The average
size of the particles was estimated using the Debye-Scherrer for-
mula according with a methodology already published [47].

Sample morphology and grain sizes were examined bymeans of
scanning electron microscopy (SEM) using a Zeiss EVO MA10
apparatus and an acceleration voltage of 20 keV. The microscope
was equipped with an Oxford X-Act EDS for quantitative charac-
terization. The samples were observedwithout coating and the EDS
was previously calibrated with a Cu standard.

Specific surface measurements were carried out by using the
BET method and the nitrogen adsorption isotherm at 77 K was
determined volumetrically after outgassing at 1 � 10�5 Torr for
30 min at 350 �C (Quantachrome model AS-1 CT-8 apparatus). The
nickel manganite samples were outgassed previously at 110�5 Torr
for 30 min at 350 �C.

The oxidation power (z) was determined by chemical reduction
of the oxide cations Mnþ with n � 3 to n ¼ 2 using a soft reduction
agent, such as 0.04N VOSO4 in sulfuric solution according to reac-
tion 1. In this method, approximately 60 mg of oxide were mixed
with 50mL of VOSO4 and themix was heated at 90 �C for 24 h. After
the oxide dissolution, the VOSO4 excess was potentiometrically
titrated with a 0.0626N KMnO4 standardized solution. Oxidation
power was calculated according to the equation [36]:
z¼ [(VVONVOeVKNK)Mox]mox where VVO and NVO and VK and NK are
the volume and concentration of VOSO4 solution and KMnO4 so-
lution respectively, andMox andmox are themolar mass andweight
of oxide, respectively. Three determinations were made for each
sample.



Fig. 1. Rietveld results. Observed and calculated XRD profiles of NiMn2O4-d SG and
UASG samples.

Table 1
Crystal data from Rietveld refinement.

Phase NiMn2O4-d SG NiMn2O4-d UASG

Crystal System Cubic Cubic
Space Group Fd3m Fd3m
a (A�) 8.36876 ± 0.00043 8.38664 ± 0.00081
V (A�3) 586.516 589.880
RB 5.44 6.82
RF 4.76 6.74
RP 22.8 13.4
RWP 24.5 17.2
Rexp 18.4 17.54
c2 1.78 0.959

D. Alburquenque et al. / Journal of Alloys and Compounds 672 (2016) 307e316 309
NiMn2ð Þzþ þ z� 6ð ÞVO2þ þ 3 z� 6ð ÞH2O/Ni2þ þ 2Mn2þ

þ z� 6ð ÞV OHð Þþ4 þ 2ðz� 6ÞHþ (1)

The magnetic measurements recorded from both preparations
of nickel manganite were performed with a SQUID magnetometer
(Quantum Design model MPMS XL5) in the temperature range
5e300 K under a magnetic field of 100Oe, in both field cooled (FC)
and zero-field-cooled (ZFC) modes. Magnetization data as a func-
tion of applied field were recorded at 5 K and 300 K from both the
SG and UASG samples using a cryogenic vibrating magnetometer
(Cryogenic 5T VSM). Hysteresis curves were measured in the range
±30 kOe at fixed temperatures. The VSM was previously calibrated
with a pure standard YIG sphere. Samples were measured in
powder form, compacted into pellets and placed inside a gelatine
capsule of negligible magnetic contribution.

In order to determine the magnetic moment meff, magnetic
susceptibility measurements were performed in the temperature
range 298 Ke1173 K, using a Faraday type magnetic balance in a
constant field of 5 KOe. Data were acquired both in the heating and
cooling cycles and averaged in order to correct for a small thermal
hysteresis.

The oxides surface composition was examined by X-ray photo-
electron spectroscopy (XPS). XPS spectra were recorded with a
PHOIBOS-150 electron analyzer under an operating vacuum below
7 � 10�10 mbar, using Mg Ka radiation (1253.6 eV) and a constant
pass energy of 200 eV and 20 eV for the wide scan and narrow scan
spectra, respectively. All binding energies (BE ± 0.2 eV) were
chargeecorrected to the C 1s signal of the adventitious contami-
nation carbon layer, set at 284.6eV. All the spectra were computer-
fitted using a program based on procedures described in the liter-
ature [48].

3. Results and discussion

3.1. X-ray diffraction and rietveld refinements

The crystal structures of the samples were investigated using
XRD. Fig. 1 displays the calculated intensity and experimental XRD
patterns for the SG and UASG samples. The peaks shown in the XRD
pattern are sharp and intense, indicating good crystallinity of the
particles. From the fifteen reflections identified, the principal
diffraction peaks of NiMn2O4-d can be assigned to the (111), (220),
(311), (222), (400), (422), (511) and (440) planes. No other peaks of
impurities were found in the XRD patterns. The results indicate that
samples crystallized in the pure spinel structure, with a lattice
parameter of 8.4090 Å (SG) and 8.3969 Å (UASG). These values are
in good agreement with values reported in the literature
(a ¼ 8.382 Å, ICDD-card 01-1110 and a ¼ 8.450 Å, ICDD-card 71-
0852) [49]. We have performed Rietveld refinement analysis using
the cubic Fd3m space group. Crystal data for SG and UASG samples
are summarized in Table 1. Assuming an inverse spinel structure,
we have placed in 8a positions the Ni2þ y Mn2þ ions while Ni2þ,
Mn3þ, Mn4þ ions have been located in 16d positions. The O2� an-
ions position are in the 32e site with x-coordinates values of
0.26048 and 0.25943 for the SG and UASG samples, respectively.
The OCC factor values for the Ni2þ8a, Mn2þ

8a, Ni2þ16d, Mn3þ
16d,

Mn4þ
16d and O2-

32e ions were 0.00625, 0.03542, 0.03542, 0.025,
0.025 and 0.0229, respectively for the SG samples and 0.0104,
0.0313, 0.0313, 0.0171, 0.025 and 0.1635, respectively for the UASG
samples. The (311) peak of NiMn2O4-d was further analyzed by
fitting it to a Gaussian distribution to obtain its FWHM. The average
crystallite size was calculated using the Scherrer equation [47]. It
was found to be 11 nm for the SG sample and 7 nm for the UASG
sample.
The specific surface area of the oxides was determined using
nitrogen adsorption at 77 K. The isotherm belongs to the type II of
BET's classification. SBET data of 1.3 m2/g (SG) and 16.3 m2/g (UASG)
correspond to spheres with diameters of 750 and 60 mm,
respectively.
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3.2. Morphology and oxygen stoichiometry

Themicroscopy observation of the NiMn2O4-d powders obtained
from the SG and UASG methods shows submicron particles of
irregular morphology that form agglomerates of several micro-
meters in diameter (Fig. 2). From Fig. 2, the size of the agglomerates
can be estimated to be 1.05 mm (SG) and 0.85 mm (UASG). This
important difference with respect to BET results is due at two fac-
tors: large particles agglomeration and irregular shape.

The atomicMn/Ni ratios obtained from EDSmeasurements were
very similar for both types of materials: 2.25 (SG) and 2.27 (UASG).
The oxygen contents in both samples are again similar, being 56.1%
for SG and 57.4% for UASG (Fig. 3). There is always an error asso-
ciated to the quantitative analysis by EDS, particularly in the oxygen
determination as it has been reported in the literature [17,41]. The
relative variation in metals and oxygen stoichiometry was
confirmed by using wet chemical methods, which are much more
appropriate to determine manganese valence fluctuations. From
those fluctuations and by charge equilibrium arguments, it was
possible to determine the oxygen content in the materials. The
global oxidation degree results determined using the redox titra-
tion technique with vanadyl sulfate are shown in Table 2. We
assumed that all nickel was present as Ni2þ. The results indicate
Fig. 2. Scanning electron micrographs of representative nickel manganite powders
obtained by SG and UASG method.
that the stoichiometry of each oxide can be written in the form:
Ni(Mn2þ)0.85[Mn4þ/3þ]1.15O3.85 for SG and Ni(Mn2þ)0.75[Mn4þ/

3þ]1.25O3.93 for UASG preparations. On the other hand, these results
are in good agreement with the measurements obtained from EDS
analyses.

3.3. Magnetic measurements

In manganese-based oxides, the exchange interactions between
the manganese ions lead to a variety of magnetic states with
different properties such as ferromagnetic, antiferromagnetic,
ferrimagnetic and spin glass. Manganese ions may have bivalent
Mn2þ, trivalentMn3þ and tetravalentMn4þ states, whereas nickel is
only bivalent Ni2þ in NiMn2O4-d. The temperature dependence of
the magnetization of the non-stoichiometric NiMn2O4-d system (SG
and UASG samples) was investigated using an applied magnetic
field of H ¼ 100 Oe for ZFC and FC modes, performed from 5 K to
300 K employing a SQUID magnetometer. ZFC and FC denote the
magnetization in the cooling run under zero magnetic field and the
cooling run under magnetic field, respectively. Fig. 4 shows the
thermal dependence of the magnetization of NiMn2O4-d for both
preparation methods. Two magnetic transitions are observed: at
high temperatures, the paramagneticeferrimagnetic transitions at
Tc, characterized by a sudden increase of the magnetization when
the temperature decreases and, at lower temperatures where the
possible existence of a collinear N�eel state, as pointed out by Ma
et al. [50], might occur. The ferrimagnetic transition was observed
at TC ¼ 103 K and TC ¼ 105 K for SG and UASG, respectively. The
decrease in TC can be related to the reduction of the crystallite size
or to the effect of oxygen vacancies, as discussed by Lisboa-Filho
et al. [41]. The transition at 105 K was also observed for the
NiMn2O4 powder prepared at 1000 �C [51]. However, Asbrinket al.
[16] using a single crystal, observed TC ¼ 145 K whereas Nelson-
Cheeeman et al. [52] reported 110 K in NiMn2O4 thin films. It is
known that ferrimagnetic behavior has been observed in com-
pounds with different 3d-ions or comporting one type of magnetic
ion in different crystallographic positions. In Fig. 4 a large difference
between ZFC and FC is observed.

In the ZFC mode, a first broad maximum occurs at about 66 K
followed by an antiferrimagnetic-type transition at 91 K for the SG
sample. In the case of the UASG sample, a shoulder is detected at
64 K followed by a maximum at 87 K. Such double-transition
feature has been already observed [42,53]. During the FC proce-
dure, the magnetization increases monotonically for both samples,
as already reported [54]. Our results reflect the presence of a
complex magnetic structure with existence of several magnetic
sublattices in the oxides. At low temperature the Mn2þ- Mn3þ or
Mn3þ- Ni2þ antiferromagnetic interactions are relevant, while at
higher temperature close to the magnetic transition at 105 K, Mn3þ

and Mn4þ ferromagnetic interactions would be important [41]. The
competition between ferromagnetic (F) and antiferromagnetic
sublattices (AF) leads to a ferrimagnetic-like state aswe had already
proposed [55,56]. The interaction between Ni2þ and Mn3þ ions has
been suggested to be ferromagnetic [53]. Additionally NieOeNi
interactions may also play a role.

Fig. 5 shows the magnetization behavior measured at 5 K and
300 K with increasing and decreasing applied magnetic field from
both the SG and UASG samples. The dependence of magnetization
with applied magnetic field at 300 K shows a paramagnetic
behavior in both samples, behavior that can be associated to small
particles, as it has been shown in the SEM images and from the XRD
Scherrer analysis. At 5 K a typical ferromagnetic behavior is
observed, with a saturation magnetization of 28 emu/g, and coer-
civity fields of Hc ¼ 94Oe for the SG sample and Hc ¼ 310Oe for the
UASG sample, as can be seen in the inset of Fig. 5. As it is observed in



Fig. 3. X-ray energy dispersive spectra (EDS) recorded from nickel manganite powders obtained from SG and UASG preparations. The inset shows the values of weight and atomic
percentages obtained for the samples.

Table 2
Global oxidation degree z determined using chemical reduction reactionwith
0.04N VOSO4 (50 mL).

Sample Mass
(mg)

V (mL) KMnO4

0.0626 N
z
(eqmol�1)

SG 62.2 24.95 3.82
60.4 24.75 3.87

Ni0.15Mn0.85[Ni0.85Mn1.15]
O3.85

60.0 24.85 3.86
x 3.85

UASG 63.1 24.15 3.90
61.5 23.95 3.95

Ni0.25Mn0.75[Ni0.75Mn1.25]
O3.93

62.1 24.05 3.93
x 3.93
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the hysteresis curves at 5 K, the UASG sample has a higher coer-
civity than the SG sample. The increase of coercivity at low tem-
peratures can be an indicative of the presence of
superparamagnetic nanoparticles in the UASG sample. The coer-
civity of UASG sample was observed to increase continuously as
temperature decreases from 100 K to 5 K, what is a typical behavior
of small magnetic nanoparticles below their blocking temperature
[57]. In the case of SG sample, the coercivity is almost constant in
the lower temperature regime, and only decreases around 100 K,
near the critical temperature Tc. Concerning the remanent
magnetization, Mr,, SG sample shows Mr ¼ 10 emu/g whereas for
UASG sample Mr ¼ 15 emu/g.

Molar magnetic susceptibilities as a function of temperature
(paramagnetic regime) are presented in Fig. 6 for the SG and UASG
samples. The behavior of 1/c was reproducible for all samples. The
temperature range explored was 300e800 K. The magnetic sus-
ceptibility obeys a CurieeWeiss law c ¼ C/(T-Q) þ cTIP, considering
a temperature-independent contribution (cTIP~ 10�3 emu K/mol).
The experimental values of meff, Curie constant, Curie temperature
and CurieeWeiss temperature are shown in Table 3.

3.4. XPS measurements

The survey XPS spectra (not shown) recorded from compounds
of composition NiMn2O4 either prepared by SG or UASG are similar,
showing the expected Ni, Mn, O and C contributions. The Ni 2p XPS
spectra recorded from both samples were all very similar. Fig. 7
shows a representative Ni 2p spectrum (SG sample). The binding
energy of the main photoemission Ni 2p3/2 line (854.6eV) and that
of the corresponding shake-up satellite (861.0eV) are compatible
with the presence of Ni2þ [58]. The Mn 2p spectra recorded from
the two nickel manganites show a quite broad spineorbit doublet
(Fig. 8). The binding energies of the Mn 2p3/2 and 2p1/2 levels were
in both cases 641.6 eV and 653.3 eV, respectively. These binding
energies are close to those shown by Mn3þ [59].

It is well-known that the Mn 2p spectra of Mn oxides contain
many contributions due to the occurrence of multiplet splitting.
Therefore, in the case of the coexistence of various oxidation states
of Mn in a sample, it is very difficult to distinguish, given the strong
overlap between all peaks, the main photoemission signals



Fig. 4. Zero field cooling (ZFC) and field cooling (FC) curves for UASG and SG samples
measured at 100 Oe.

Fig. 5. Magnetization as function of applied magnetic field at 5 K and 300 K recorded
from SG and UASG samples. The inset shows a zoom of the curves at 5 K where the
coercivity field can be observed.
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corresponding to a particular Mn oxidation state from themultiplet
splitting components due to another different oxidation state.
Although the position of the main Mn 2p3/2 and Mn 2p1/2 core
levels can give an idea of the average oxidation state, it results very
complicated to quantify the different contributions corresponding
to each one of the possible Mn oxidation states which could be
present in the sample. It is well-known that in the case of Mn2þ, the
Mn 2p spectra present a clear shake up satellite around 6.0 eV
above the main Mn 2p3/2 photoemission peak. However, in the
event that Mn2þ is not in an abundant concentration this satellite
would be diluted in the high binding energy side of the Mn 2p3/2
line and, rather than a satellite itself, it would appear as an asym-
metry in that part of the spectrum. In the case of the two samples
considered in this paper, the Mn 2p spectra are very similar (Fig. 8)
and the binding energies of their respective Mn 2p3/2 and the Mn
2p1/2 core levels point out, as mentioned above, to an average
oxidation state of Mn3þ. In order to determine the oxidation state of
Mn it appears more reliable to use the Mn 3s spectra. Due to the
occurrence of multiplet splitting, theMn 3s peak, which should be a
singlet as it corresponds to an electronic level with l ¼ 0, splits into
two peaks herein after denoted as Mn 3s(1) and Mn 3s(2) (in this
notation the term Mn 3s(1) will refer to the more intense peak
appearing at lower binding energy and the Mn 3s(2) will refer to
the less intense peak appearing at higher binding energy) (Fig. 9).
Both the binding energy (BE) of the Mn 3s(1) peak, and above all,
the energy difference DE3s between Mn 3s(2) and Mn 3s(1) are
absolutely characteristic of each of the possible oxydation states of
Mn. So, for Mn2þ, BE (Mn 3s(1)) ¼ 82.6 eV and DE3s ~ 5.9 eV. For
Mn3þ, BE (Mn 3s(1)) ¼ 83.4 eV and DE3s ~ 5.4 eV while for Mn4þ BE
(Mn 3s(1)) ¼ 84.4 eV and DE3s ~ 4.8 eV.

Beyreuther et al. [60] after studying by XPS numerous Mn
compounds, derived the following equation to calculate the
average valence of Mn from the DE3s value: VMn ¼ 9.67e1.27 DE3s

According to this equation, and taking into account that the DE3s
energy difference for the SG and USAG samples was 5.42 and 5.34,
respectively, we obtained the following values VMn for the two
samples considered in this work:2.79 and 2.89.

Thus, the results indicate that the average oxidation state of Mn
in these samples is close to 3þ, but not strictly 3þ. This suggests the
existence of Mn species in more than one oxidation state in these
samples.
If we observe the Mn 3s reference spectra reported in the
literature [61,62] for MnO, Mn2O3 and MnO2 it can be noted that
they are constituted by two relatively symmetric peaks (in the
following we will call these two peaks “doublet” taking into ac-
count that its origin is due to multiplet splitting and does not
correspond to a genuine spineorbit doublet) having, in practice, the
same width. Given that when the oxidation state of Mn increases
the Mn 3s(1) peaks shifts significantly to higher binding energies
and that, on the contrary, the separation DE3s decreases noticeably,
in the case of coexistence of several oxidation states of Mn, the final
Mn 3s spectrum would be constituted by a broad Mn 3s(1) peak
(even asymmetric depending on the weight of the different con-
tributions) and a much narrower Mn3s(2) peak. In the present
work we have a situation similar to this. A Mn 3s(1) peak quite
asymmetric and broad, and a much narrower Mn 3s(2) peak. This
suggests the coexistence of more than one oxidation state of Mn.

We have used several fitting models considering different situ-
ations: coexistence of Mn4þ and Mn2þ and coexistence of Mn4þ,
Mn3þ and Mn2þ. The final decision of adopting one or another
fitting model is not straight forward since the usual c2 criterion



Fig. 6. Magnetic susceptibility vs. temperature plot at H ¼ 5 KOe for samples prepared
by SG and UASG methods.

Table 3
Experimental magnetic results. Effective magnetic moment, Molar Curie constant,
Curie temperature, CurieeWeiss temperature

Sample meff (BM) Cm (cm3 K/mol) TC (K) Q (K)

SG 7.7 7.4 105 �245
UASG 7.8 7.7 103 �194

Fig. 7. Ni 2p XPS spectrum recorded from the SG sample.

Fig. 8. Mn 2p XPS spectra recorded from both SG and UASG samples.
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does not results especially clarifying: very different fitting models
give place to very similar c2 values. Since in these samples we have
performed other experimental characterizations (X-ray diffraction,
magnetic measurements) which point out to the presence of Mn2þ,
Mn3þ and Mn4þ, we have finally adopted a model that contem-
plates such a situation. That is, the Mn 3s spectra of the two sam-
ples have been fitted considering three doublets each one
corresponding to a different manganese valence. In order to make
the fitting procedure consistent we have used the following series
of constraints:

� Same linewidth for all the peaks.
� DE3s fixed, for the corresponding doublets, to the characteristic
values of Mn2þ, Mn3þand Mn4þ (see above)
� The binding energy values for the Mn 3s(1) peak have been
constrained to a range such that each of the contributions does
not overlapwith the following. That is, the positions of the Mn
3s(1) peaks have not been maintained fixed to the exact values



Fig. 9. Mn 3s XPS spectra recorded from the SG and UASG samples showing
Mn2þ(blue), Mn3þ (green) and Mn4þ (red) contributions. (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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shown by the reference spectra, but we have allowed them to
vary within reasonable intervals (±0.3 eV) around these values.

� The area of the Mn 3s(2) peak was allowed to vary between the
40% and the 60% of the value of the area of the Mn 3s(1) peak
since are these values the observed in the literature references.

With all this, we have arrived to the results described in Fig. 9
and Table 4. It is interesting to note that If the average oxidation
state of Mn is calculated from Table 4 taking into account the
weight of the different Mnnþ contributions we obtain the values of
2.78 for the SG sample (which almost matches the value obtained
from the Beyreuther equation) and 3.00 for the USAG samplewhich
is within 4% the value obtained from the above-mentioned equa-
tion. The trend, besides, is consistent: Mn in the UASG sample
shows a slightly higher oxidation state than Mn in the SG sample.
However, and although the obtained values have a good level of
consistence and plausibility, due to the limitations of the technique,
they cannot be taken as totally definitive but as an indication of the
weight due to the different contributions. The final cation distri-
bution should take into account this information and that derived
from the rest of the characterization techniques.
Table 4
Quantitative analysis of cations from XPS results for both preparations.

Mn2þ Mn3þ Mn4þ

SG 0.91 0.62 0.47
Area (%) 45.5 31 23.5
UASG 0.66 0.67 0.67
Area (%) 32.8 33.5 33.7
3.5. Cation distribution

The Rietveld refinement of the XRD data corroborates that both
samples crystallize in a cubic spinel structure (SG Fd3m). In order to
determine the influence of the preparation method in the probable
cation distribution, a crystallographic distributionwas proposed for
each oxide assuming that the ions Ni2þ, Mn2þ, Mn3þ, Mn4þ can be
present according to their energetic preference to occupy the
tetrahedral (Td) and octahedral (Oh) sites in the spinel structure
[63e65]. To summarize the results obtained by crystallographic
analysis, the cation distributions of this oxide NiMn2O4-d as a
function of synthesis method can be written as:

Ni2þ0:15Mn2þ0:85
h
Ni2þ0:85Mn3þ0:6Mn4þ0:55

i
O2�
3:85 SG (2)

Ni2þ0:25Mn2þ0:75 Ni2þ0:75Mn3þ0:65Mn4þ0:6
h i

O2�
3:93 UASG (3)

As mentioned before, in both cases the compounds are non-
stoichiometric in oxygen. A relative large inversion parameter n
of 0.85 (SG) and 0.75 (UASG) was found.

The oxide a-cell parameter can be estimated on the basis of the
ioneoxygen bond length as a function of oxygen coordination using
the relationship: a ¼ 2.0995 a þ (5.8182 b2 � 1.4107 a2)1/2 being
a ¼ Sxi(Mi-O)Td and 2b ¼ Syi(Mi-O)Oh, where xi and yi are the
stoichiometric coefficients, and (Mi-O)Td and (Mi-O)Oh are the
tetrahedral and octahedral cation-oxygen distances, respectively.
We have used the Shannon and Prewitt data [66] and Poix data [67]
which consider the spin state and the preference of a cation for
either site: Ni2þ-OTd ¼ 0.19, Mn2þ-OTd ¼ 0.2041, Ni2þ-OOh ¼ 0.2047,
Mn3þ-OOh ¼ 0.205, Mn4þ-OOh ¼ 0.1843 nm. The cell parameter
value a calculated is compared with the experimental one to
evaluate the validity of the cation distribution proposed.

The magnetically determined cation distribution was computed
for each oxide from the best fit with the theoretical value of the
molar Curie constant Cm ¼ SniCi in with Ci is the individual ionic
Curie constant, and the experimental ones obtained from the
CurieeWeiss law. The individual ionic Curie values used were:
CNi(II) ¼ 1, CMn(II) ¼ 4.22, CMn(III) ¼ 3, CMn(IV) ¼ 1.876 [68].

The values for the parameters calculated on the basis of the
cation distributions obtained by Rietveld analysis are shown in
Table 5. It can seen that the similarities of the observed and the
calculated a, Cm, and z parameters validate the cation distributions I
and II already proposed.

On the order hand, XPS analyses have showed that Ni2þ, Mn2þ,
Mn3þ and Mn4þ-ions are present on the surface of both oxides. The
relative quantity of Mnnþ-cations can be compared with those
calculated from the cationic distributions. Table 6 shows a relatively
good agreement. In fact, comparing the Mn-ions results obtained
by XPS analyses with the concentration calculated for the same
cations from the cation distributions, the results do not exceed 12%
in Mn (II), 3% Mn (III) and 14% Mn (IV).

4. Conclusions

In this work we have proposed the cation distribution of the
nickel manganite prepared using the solegel method and a novel
ultrasound-assisted solegel method. The choice of a synthesis
method for NiMn2O4-d leads to particular structural parameters,
magnetic properties and surface composition. The NiMn2O4-dis non
stoichiometric in oxygen, showing little variation of the cations
concentration forming the oxide. The ultrasound method brings
about a material showing a surface BET up to twelve times larger
and a particle size up to 20% smaller than the material produced by
the SGmethod. However, from the cation distribution point of view,



Table 5
Observed and calculated values of the lattice constants, a, molar Curie constant, Cm, and global charge, z, for both preparations.

NiMn2O4 a obs (A�) a calc (A�) Cm obs (cm3K mol�1) Cm calc (cm3K mol�1) z obs (eq.e/mol) z calc (eq.e/mol)

SG 8.4090 8.4039 7.4 7.4 1.7 1.7
UASG 8.3969 8.3941 7.7 7.2 1.9 1.9

Table 6
Manganese concentrations from XPS results and from the cation distribution
proposed.

XPS Mn2þ (%) Mn3þ (%) Mn4þ (%)

SG 45.5 31 23.5
UASG 32.8 33.5 33.7
Cation distribution Mn2þ (%) Mn3þ (%) Mn4þ (%)
SG 42.5 30 27.5
UASG 37.5 32.5 30
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both methods lead to similar structures although the SG sample
shows a higher concentration of Mn2þ and a slightly lower con-
centration of Mn4þ.
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