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Spinel NiyMng 4O4 nanostructures have attracted a huge research interest due to their applications in catalysis,
electrocatalysis, high-performance supercapacitors, lithium-ion batteries, among others. However, those appli-
cations strongly depend on the Ni:Mn ratio, valence states and spatial distribution of cations in the spinel lattice.
Using a low-temperature sol-gel process, we synthesized NixMn34O4 nanoparticles of 14-26 nm average sizes
with different Ni contents. Effects of Ni incorporation on the morphology, structure and magnetic properties of

the nanostructures were studied by SEM, XRD, XPS, Raman spectroscopy and VSM. While a high Ni content in
the spinel nanostructures causes lattice shrinkage, lattice expansion at lower Ni content occurs due to higher
occupancy of Mn?" ions in tetrahedral sites. Structural and magnetic behaviors of the nanostructures were
explained by considering the crystal field stabilization energies of the cations. We demonstrate that super-
paramagnetic behavior can be induced in the NiyMn34O4 nanostructures by incorporating Ni at x>1.0.

1. Introduction

Nickel manganite (NiyMn3404) is a semiconductor with a partially
inverse cubic spinel structure, widely used for the fabrication of tem-
perature sensors utilizing its characteristic negative temperature coef-
ficient (NTC) of electrical resistance [1-7]. On the other hand,
nanostructures of NiMn,O4 have been used as electrocatalysts for urea
[8] and water oxidation [9], electrode materials for high-performance
supercapacitors [10-12], rechargeable lithium-ion batteries (LIBs)
[13], and lithium-air batteries [14]. For these applications, especially
for catalytic applications, small-sized nanostructures of ferri(o)magnetic
or superparamagnetic nature are desirable. While room temperature
superparamagnetism in nickel manganite remains elusive, NiMnyO4
nanostructures are frequently obtained as large agglomerates owing to
the high temperature (800—900 °C) annealing process used during their
fabrication [15-19]. For better performance of these nanostructures in
catalysis and energy storage applications, such as in supercapacitors and
LIBs, it is necessary to synthesize the NiyMn3 404 nanostructures at low
temperature to obtain well-dispersed particles with high specific surface
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area.

The oxides of manganese can acquire different structural phases such
as perovskite, spinel, or pyrochlore depending on the valence state and
coordination of Mn ions in their crystal lattice. However, incorporation
of Ni can induce structural changes depending on its position in the
manganese oxide lattice. Depending on their valence states, the Ni and
Mn cations prefer to occupy tetrahedral (Tq) or octahedral (Oy) sites
within the cubic close-packed oxygen sub-lattice of the spinel structure.
The Mn ions at tetrahedral sites of the Mn3O4 lattice have a 2+ valence
state, as the Mn3" state is unfavorable in tetrahedral coordination. The
incorporation of Ni2t at octahedral sites is compensated by an equal
number of Mn*" ions at octahedral sites to retain the charge balance,
thus leading to an internal disproportionation [15]. Therefore, the
valence state of Mn ions and hence the physical properties of the spinel
lattice depend on Ni:Mn ratio. On the other hand, as the effective
magnetic moment of a Mn cation depends on its valence state, the Ni
content in spinel NiyMngyO4 nanoparticles indirectly controls their
magnetic properties. Although a few reports on the fabrication of
NiMnyO4, NijsMn;s04 and MnNipO4 nanostructures have been

Received 2 August 2020; Received in revised form 24 January 2021; Accepted 10 February 2021

Available online 16 February 2021
0025-5408/© 2021 Elsevier Ltd. All rights reserved.


mailto:upal@ifuap.buap.mx
www.sciencedirect.com/science/journal/00255408
https://www.elsevier.com/locate/matresbu
https://doi.org/10.1016/j.materresbull.2021.111267
https://doi.org/10.1016/j.materresbull.2021.111267
https://doi.org/10.1016/j.materresbull.2021.111267
http://crossmark.crossref.org/dialog/?doi=10.1016/j.materresbull.2021.111267&domain=pdf

J.L. Ortiz-Quinonez et al.

published in the literature [8,18], effects of Ni:Mn molar ratio on the
structure and magnetic properties of the spinel nanostructures have not
been studied systematically.

In the present work, we report the synthesis of spinel-like NiyMng xO4
nanoparticles with different Ni contents through a glycol-mediated sol-
gel process along with their structural and magnetic behaviors. Effects of
Ni incorporation on the coordination and valence state of cations in the
manganite lattice and their consequence on the magnetic behavior of
NixMn34O4 nanoparticles were studied by room-temperature Raman
spectroscopy and vibrating sample magnetometry (VSM) in 1.8-300 K
temperature range. The effects of Ni content on the size and magnetic
behavior of the binary oxide nanoparticles have been discussed
considering cation distribution at tetrahedral and octahedral lattice
sites.

2. Experimental

For the synthesis of NiyMng yO4 nanoparticles with nominal x = 0.6,
1.0 and 1.5, mixtures of Ni(CH3COO)304H50 and Mn(CH3COO),e4H,0
in corresponding molar ratios were dissolved in 70 ml of ethylene glycol.
The mixtures were magnetically stirred for 10 min, and then 0.15 g of
polyvinylpyrrolidone (PVP, FW = 40,000) was added to each of them.
The new mixtures were stirred for a further 20 min to obtain transparent
solutions. The obtained solutions were heated at 175 °C for 4 h putting
over a hot oil bath under magnetic agitation and then cooled down to
room temperature. The resultant precipitates were separated by
centrifugation at 8000 rpm, washed several times with ethanol and
distilled water, and dried at 90 °C for 48 h. The obtained powders were
air-annealed at 300 °C for 4 h at a heating rate of 2 °C/min in a muffle
furnace. To analyze the morphology and elemental composition of the
samples, a small fraction of each of the powder samples was dispersed in
ethanol and deposited over Si substrates. A JEOL JSM-7800 F field-
emission scanning electron microscope (FESEM) with an attached Ox-
ford X-Max analytic system was utilized to analyze the samples. To es-
timate the average size of the formed nanoparticles, size distribution
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histograms were constructed for each of the samples by estimating the
size of individual particles from their FESEM images. To obtain a more
accurate particle size distribution, the samples were analyzed in a high-
resolution transmission electron microscope (JEOL, JEM 2100 PLUS)
operating at 200 kV. A Rigaku MiniFlex600 benchtop diffractometer
with a Cu K, radiation source (A= 1.542 A generated at 40 kV and 40
mA) was utilized to record the X-ray diffraction (XRD) patterns of the
powder samples. Crystallinity and structural phase of the air-annealed
samples were further analyzed by Raman spectroscopy at room tem-
perature, utilizing a Horiba Lab RAM HR system equipped with a 633
nm He-Ne laser and a thermoelectrically cooled charge-coupled device
(CCD) detector. To estimate the oxidation state of the ions in the sam-
ples, X-ray photoelectron spectroscopy (XPS) analysis was carried out in
a SPECS GmbH spectrometer (Phoibos 100 MCD Energy Analyzer) using
monochromatic Mg Ka radiation (1253.6 eV). The binding energy scale
was calibrated by adjusting the position of the C 1s peak arising from
adventitious carbon at 284.6 eV. A DynaCool physical properties mea-
surement system (PPMS) of Quantum Design was utilized to measure the
magnetic properties of the binary oxides. Magnetization hysteresis (M-
H) loops of the samples were recorded at different temperatures (1.8, 40,
100, and 300 K) under magnetic fields up to 7.0 T. Temperature-
dependent magnetizations were recorded under constant magnetic
fields of 50 and 500 Oe in 1.8-300 K temperature range.

3. Results and discussion

Fig. 1 presents typical SEM images of the synthesized NixMns 4O4
samples with different Ni contents. As can be seen, all the samples
contain agglomerated spherical particles of nanometric dimensions.
Observed agglomeration of particles in the samples is probably due to
the magnetic interaction among the small particles with high surface
energy. The average size of the particles in the mixed oxide decreased
with the increase of Ni content (Table 1), probably due to the formation
of additional phases that restricted their growth during synthesis. The
representative EDS spectrum of the NiMnyO4 nanoparticles (Ni:Mn =
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Fig. 1. Typical SEM images of the Ni-Mn oxide nanoparticles synthesized using (a) 1:1, (b) 1:2, and (c) 1:4 M ratios of Ni and Mn precursors. (d) Representative EDS
spectrum of the NiMn,O4 nanoparticles (Ni:Mn = 1:2). The 5-10 kV range of the EDS spectrum has been zoomed-in for a better display of the high-energy (K,) Mn

and Ni signals.
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Table 1
Elemental composition and estimated average particle size of the Ni,Mn3,O4
samples with different Ni contents.

Nominal Ni:Mn Ni (at %) Mn (at %) O (at %) Av. Particle
ratio size (nm)
EDS XPS EDS XPS EDS XPS SEM TEM
1:1 271 251 194 223 535 526 189 —
1:2 11.8 14.4 27.7 30.7 60.5 54.9 24.1 14.9
1:4 10.0 111 29.6 38.8 60.4 50.1 26.2 16.6

Standard deviation for the compositions estimated through EDS was =+ 0.5 at %.

1:2) presented in Fig. 1d clearly indicates the absence of foreign ele-
ments, confirming the high purity of the fabricated nanostructures.
Elemental compositions of the samples obtained by averaging the
composition estimated at five different positions of each of the samples
are presented in Table 1. While a small oxygen excess could be detected
in the samples prepared with nominal x = 0.6 and 1.0, for x = 1.5, the
sample became oxygen deficient. Such an oxygen deficiency in the
sample containing the highest Ni content is probably due to the presence
of nickel nanoparticles. As reported by Larcher and Patrice, boiling
ethylene glycol can reduce Ni?" ions and NiO nanoparticles to metallic
nickel nanoparticles [20]. Moreover, the estimated Ni content in the
latter sample is much higher than its nominal value, contrary to the
other two samples where the estimated Ni contents are slightly lower
than their nominal values.

Fig. 2 presents the TEM images of the Ni-Mn oxide nanoparticles
synthesized at 1:2 and 1:4 M ratios of nickel and manganese. Average
particle sizes in the samples estimated from their TEM micrographs were
14.9 £+ 4.0 and 16.6 £ 3.4 nm, respectively. As can be noticed, the TEM
estimated average particle sizes of the samples are slightly smaller than
the sizes estimated from their SEM images. This discrepancy can be
attributed to the high agglomeration of the particles in the samples
prepared for SEM analysis. The better dispersion of particles in the TEM
samples can be easily noticed from the micrographs presented in Fig. 2.

Fig. 3 presents the XRD patterns of the NiyMng yO4 samples recorded
in the 20 — 80° range. The NiMnyO4 nanoparticles (Ni:Mn = 1:2)
revealed their spinel-like crystal structure (JCPDS card #01-1110) [14].
As can be noticed in the XRD patterns (Fig. 3), the samples prepared with
Ni:Mn molar ratios of 1:1 and 1:2 revealed diffraction peaks at higher
angles compared to their positions in the sample prepared with Ni:Mn =
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1:4, indicating lattice shrinkage due to Ni incorporation (Table 2). On
the other hand, the relative intensities of the main diffraction peaks such
as (311), (400) and (440) in the sample with Ni:Mn = 1:1 are very
different from their relative intensities in the other two samples (i.e., Ni:
Mn = 1:2 and 1:4). For example, in contrast to the former sample (Ni:Mn
= 1:1), intensity of the (311) peak in the latter two samples is much
higher than the intensities of the (400) and (440) peaks. The higher
intensity of the (400) and (440) peaks in the samples with Ni:Mn = 1:1 is
probably due to their overlapping with the (200) and (220) peaks of NiO
(JCPDS card # 78-0429). Moreover, there appeared two additional
diffraction peaks around 20 = 44.5 and 51.8° in this (Ni:Mn = 1:1)
sample, which correspond to metallic nickel (Ni°) in cubic phase (JCPDS
card # 004-0850). Formation of metallic Ni in the sample indicates a
reduction of Ni ions by ethylene glycol during the synthesis process.
Presence of additional phases (NiO and Ni nanoparticles) restrained the
growth of NiyMng xO4 nanoparticles [21]. In fact, a reduction of particle
size and an oxygen-deficient composition for the Ni:Mn = 1:1 sample
(Table 1) were observed in its SEM-EDS analysis. Such a formation of
NiMn304 and NiO nanoparticle mixture has also been observed earlier in
air-annealed (800 °C, 3 h) nickel manganites with a Ni:Mn molar ratio of
1:1 [8,18].

Using Rietveld refinement of neutron powder diffraction data, Fer-
reira et al. obtained the cation distribution Nig o Mng g[Nig g4 Mnj 16104
for their NiMnyO4 sample [22]. Similarly, Diez et al. obtained a cation
distribution Ni**¢ 0065 Mn*".g65[Ni*"0 865 Mn>" 0,265 Mn*" g65104 for
the same oxide by Rietveld refinement of X-ray diffraction data [15]. On
the other hand, Asbrink et al. reported a cation distribution Ni%*o
Mn2+0_8[N12+0,3 Mn3+0,4 Mn4+0_8]04 for a NiMn204 single crystal by
refining its X-ray diffraction data [23]. In these distributions, the cations
outside and inside the brackets correspond to the ions at tetrahedral (T4)
and octahedral (Oy) lattice sites, respectively. In all these distributions,
the Mn?" ions remain at Ty sites, Mn®* and Mn** ions remain at Oy, sites,
while Ni2* ions prefer to be located at Oy, sites. To explain these ob-
servations, a schematic of crystal field splitting (A) and crystal field
stabilization energies (CFSE) for these cations are shown in Fig. 4. The A
and CFSE values for the Ni or Mn cations at Oy, and Tj sites in oxides have
been reported in ref. [24]. The reported CFSE values for Ni2+, Mn?" and
Mn3" cations at Tq (Oy) sites are -39.7 (-125.8), 0 (0) and -44.6 (-142.2)
kJ mol L, respectively. Although the CFSE value for the Mn** ion has
not been reported in the literature, it can be assumed to be similar to that
of Cr®" ion as both the ions have same outer shell electronic
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Fig. 2. Typical TEM images of the Ni-Mn oxide nanoparticles synthesized with (a) 1:2 and (b) 1:4 M ratios of Ni and Mn precursors. Insets in (a) and (b) are the size

distribution histograms of corresponding samples.
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Fig. 3. Room temperature XRD patterns of the Ni-Mn oxide samples prepared with different Ni:Mn molar ratios. The diffraction peaks indicated by green and
magenta colors correspond to the diffraction from metallic Ni (JCPDS card # 04-0850) and NiO (JCPDS card # 78-0429), respectively. (b) Amplification of figure (a)
in the range 20 = 34 - 50°.

However, a cation distribution such as Ni®*y 5 Mn?®*y 1 Mn®*g 6[Ni%*; 5
Table 2 . . . . Mn**(5]04 or Ni?*[Ni**ys Mn3* Mn**( 5104 is improbable for the
XRD peak positions and estimated lattice parameters for the NiyMn3,O4 nano- . R . . 3+
s . sample prepared with a Ni:Mn ratio of 1:1, as a high content of Mn”" or
structures with different Ni contents. i R K X
Ni“" ions at Ty sites makes the nickel manganite unstable. A probable

Ni:Mn ratio (hkD) Bragg angle (*) Lattice parameter (A) cation distribution for this sample could be Ni2( 5 Mn?* g[Ni%* Mn**]
1:1 (311) 35.82 8.30 04, where all the Mn>" ions at Oy, sites are oxidized to Mn*" to fulfill the
(400) 43.57 8.30 charge electroneutrality condition in the spinel lattice. The remaining
1:2 (311) 35.81 8.31 . . - - .
(400) 4354 831 nickel ions form Ni and NiO byproducts. The analysis presented above
1:4 311) 35.63 5.34 explains why NiO and Ni phases were formed in the sample prepared
(400) 43.35 8.34 with Ni:Mn of 1:1 sample, but not in the other two samples. It is worth

mentioning that an increase of Ni2* ions at Oy, sites also increases the
percentage of Mn*" ions at Oy sites (by oxidation of Mn3" ions) to

. . . 3
conﬁgurfitlo'n, L€ [Ar]3d”. . . maintain the charge electroneutrality of the lattice. Since the Mn*" ion is
.Keepllng.ln rr.und the abov.e observatlon.s and CFSE V.alues, z%tentatl\./e considerably smaller (0.53 A) than the Mn®" ion (0.645 A), increasing
cation distribution for our nickel manganite sample with a Ni:Mn ratio the percentage of Ni2* ions in the lattice generates a small shrinkage of

of 1:4 can be expressed as Ni>T(; Mn?"(o[Ni®* o5 Mn®" Mn**(5]104.
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Fig. 4. Schematic representation of crystal field splitting for the cations present in NiyMn3 4O, lattice along with their crystal field stabilization energies (CFSE) at Oy,
and Ty sites (bottom). The values were taken from Refs. [24,26].
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the unit cell (Fig. 3 and Table 2).

Taking the cation distribution Ni?Too Mn?*og[Ni%tgg Mn3to4
Mn** 104 proposed by Asbrink et al. for NiMnyO4 [23] as a starting
point, the situations that must occur in the lattice when additional Ni%*
ions are incorporated at Oy, and T4 sites to maintain the charge elec-
troneutrality can be presented by the relations:

2Mn*T & Nt 4+ Mn** at O, sites

Mn** & Ni*t at Ty sites

Note that once all the Mn®" ions at Oy, sites are oxidized to Mn**, no
more Ni%* ions can be incorporated into the lattice. The excess nickel
ions incorporated in the reaction mixture form NiO and Ni® as byprod-
ucts, as has been observed in the sample prepared with a nominal Ni:Mn
ratio of 1:1. Substitution of Mn?* by Ni?" ions at Tq sites is energetically
less favorable than forming NiO. Hence, there is a maximum limit for
Ni?" ion content in the NixMng xO4 spinel lattice. Moreover, the reported
ionic radii for Mn®*, Ni>" and Mn®* ions at Oy, sites are 0.83, 0.69 and
0.645 A, respectively, which means that Mn?" is 0.14 A larger than Ni**
ion, and 0.185 A larger than that of Mn®" ion [25]. A similar difference
in ionic radii is expected between the Mn?* and Ni?" ions at Tj sites. A
decrease in Ni:Mn ratio in the sample increases the Mn2*/Ni%" ratio at
Tq sites. As a result, the crystal lattice tends to expand, and the XRD
peaks shift to lower Bragg angles.

To study the variation of the valence state of Mn cations in NixMngs.
xO4 samples with different Ni:Mn molar ratios, we performed their XPS
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analysis, recording survey spectra and core-level spectra of Mn 2p3 2, Ni
2ps,/2 and O 1s orbitals (Fig. 5). As expected, Mn, Ni, O and C could be
detected in the survey spectra of the samples (Fig. 5a). Traces of Na were
also detected in the samples (binding energy, BE =899 eV), which
probably came from the glassware used for sample handling or ceramic
crucible used for sample annealing. Presence of Ni in the samples was
confirmed by the appearance of the LyM33Mys Auger line (around 408
eV) in their survey spectra (Fig. 5b). Intensity of the Auger line increased
for higher Ni:Mn ratios (nominal). Although the signal-to-noise ratios in
the core level spectra of nickel were very low for all the samples, a small
emission band could be detected around 853.5 eV (Fig. 5c¢) for the
sample with Ni:Mn of 1:1, which corresponds to the Ni 2ps,, emission.
The core-level emission bands of oxygen and manganese (O 1s and Mn
2ps3,2) were deconvoluted to extract the positions and relative areas of
the component bands (Table 3). The O 1s orbital emission band could be
deconvoluted into three components (Fig. 5d-f). While the component 1,
centered at ~ 529 eV, corresponds to the oxygen bonded to Mn?* ions,
the component 2 is associated to the oxygen bonded to both the Mn®*/4+
and Ni?* ions (either in the NiyMn34O4 phase or in the NiO impurity).
On the other hand, the component 3 centered in between 531.3 and
532.2 eV is associated to the M—OH (M = Ni, Mn) species present at the
surface of the NiyMns3O4 nanoparticles (Table 3) [27]. As can be
noticed in Table 3, the relative area and intensity of the component 2 are
higher for the sample with a Ni:Mn ratio of 1:1, compared with those of
the other two samples (Ni:Mn = 1:2 and 1:4 ratio). The difference might
be due to the presence of a larger quantity of Ni-O bonds in the former
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Fig. 5. (a) XPS survey spectra, (b) amplified survey spectra near the Auger line of nickel, and high-resolution XPS spectra of (c) Ni 2p3 5, (d-f) O 1s and (g-i) Mn 2p3,»

for the NiyMnj3,O4 samples with nominal Ni:Mn ratios of 1:1, 1:2 and 1:4.
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Table 3
Binding energy (BE, eV) and area (%) of the components of representative XPS
emissions for the Ni,Mn3 ,O4 samples with three nominal Ni:Mn ratios.

Sample . Binding energy (eV) and areas (A, %) Ratio of
(nominal Ni: Emission 3 - 3 eak
(orbital) fit peak 1  fitpeak 2  fitpeak 3 P
Mn) (A1) (A2) (A3) area
Ni:Mn = 1:1 O1ls 529.00 530.45 532.17 (A1)/
(23.2 %) (44.0 %) (32.8 %) (A2) =
0.53
Ni:Mn = 1:2 O1ls 529.16 530.8 531.89 (Al)/
(37.2 %) (32.5 %) (30.3 %) (A2) =
1.14
Ni:Mn = 1:4 O1ls 528.82 529.85 531.35 (Al)/
(32.3 %) (38.4 %) (29.3 %) (A2) =
0.84
Ni:Mn = 1:1 Mn 2p3,2 641.14 642.55 — (A1)/
(60.72 %) (39.28 %) (A2) =
1.54
(A1)/
(A2) =
. 640.65 641.46 642.43 4.06
NiMn =12 Mn 2ps/ (59.90%) (14.73%) (25.37 %) (Al)/
(A3) =
2.36
(A1)/
(A2) =
. 640.51 641.63 643.28 1.09
NEMn=1:4 - Mn2psz2 (419300  (3774%) (21.02%)  (Al)/
(A3) =
1.96
sample.

Deconvolution of the Mn 2p3,» peaks and corresponding valence
states of Mn ions in the samples are presented in Fig. 5g-i. According to
the values reported in the literature, the BE of Mn?*, Mn3*, and Mn**
ions in corresponding oxides appear at ~640.3 eV, ~641.2 eV, and
~642.0 eV, respectively [27-29]. Following the same, we found three
valence states of the Mn ions for the sample with a Ni:Mn ratio of 1:2
(Fig. 5h), in good agreement with the cation distribution Ni2+0.0965
Mn2+04865[Ni2+0.365 Mn3+04265 Mn4+0,865]04 proposed earlier (in the
XRD section). The lower relative area of the component peak associated
with Mn3" ion in the spectrum is in accordance with the lower mole
fraction (0.265) of the Mn>" cation in the sample (Ni:Mn = 1:2). Like-
wise, three valence states for the Mn ion could be detected in the sample
with a Ni:Mn ratio of 1:4 (Fig. 5i), which is in accordance with the
proposed cation distribution Ni?*o 1 Mn%"g[Ni®*g5 Mn®" Mn**(5]04
suggested in the XRD section. It should be noted (Fig. 5i) that the
component with the smallest relative area in this sample corresponds to
the Mn*" ion, which further supports the cation distribution we sug-
gested. Finally, two valence states for the Mn ion could be detected for
the sample with the nominal Ni:Mn ratio of 1:1 (Fig. 5g), which is in
accordance with the cation distribution Ni%*g5 Mn?*o g[Ni®" Mn**]104
we suggested for the sample. It is worth mentioning that the knowledge
of valence states of Mn ions in inverse-spinel nanostructures is extremely
valuable to explain their magnetic behaviors. In the following section,
we analyze the magnetic behavior of the nanostructures considering
their cation distribution at tetrahedral and octahedral sites.

Room-temperature Raman spectra of the fabricated nanostructures
were recorded in the 300-900 cm ™! spectral range. As can be seen in
Fig. 6, there appeared an intense Raman band at 643 cm™! and three
low-intensity dispersion bands around 429, 507, and 708 cm™! for the
Ni:Mn = 1:4 and 1:2 samples. The positions of these dispersion bands are
very close to the reported positions of the common vibrational modes of
the NiMnyO4 spinel structure [16,30,31]. On the other hand, six vibra-
tional modes were revealed around 429, 452, 492, 576, 643 and 708
cm ™! for the sample with Ni:Mn of 1:1. The bands appeared around 576
and 643 cm™! are attributed to the stretching vibrations of the Mn-O
bond at Oy, sites, in which the oxidation states of Mn ions are +2 and
+3, respectively [32,33]. Considering that the highest bond strength in
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Fig. 6. Raman spectra of the Ni-Mn oxide samples prepared with different Ni:
Mn molar ratios.

nickel manganites corresponds to the Mn**-O bond, the band revealed
at the highest energy position (708 cm™ 1) could be assigned to the
Mn*t.0 stretching mode in the MnOg octahedra [34]. The band revealed
around 429 cm™! is associated with a bending mode, position of which
depends on the distribution of cations at Oy, and Ty sites [32]. While the
broad band appeared near 576 cm™! corresponds to NiO [35], the
dispersion band appeared around 452 cm™! has been previously asso-
ciated with the activation of Raman vibration induced by magneto-
striction effect at low temperatures. Magnetostriction effect has been
considered to be responsible for a slight rhombohedral distortion of bulk
NiO [36].

As can be seen in Fig. 6, the intensity of the 643 cm™! band reduced
significantly in the highest Ni content (Ni:Mn = 1:1) sample. Such in-
tensity reduction and broadening of vibrational mode of the spinel-like
crystal lattice are caused by lattice distortion on Ni incorporation [37,
38]. In agreement with the XRD results, on increasing the Ni content in
the mixed oxide nanostructures, relative intensity of the band associated
with the Ni-O vibrational mode increased. The result indicates the for-
mation of a secondary nickel oxide phase due to nickel segregation in the
Ni:Mn = 1:1 sample, or the formation of ethylene glycol-nickel com-
plexes at the surface of the nanoparticles. The nickel-ethylene glycol
complexes formed during synthesis are fairly stable, which probably
were not completely decomposed or removed during air annealing of the
nanostructures at the low annealing temperature (300 °C) used in the
present study [39]. Appearance of a significant carbon (C) signal in the
EDS spectra of the annealed nanostructures (Fig. 1d) also confirms this
fact.

Fig. 7 shows the zero-field cooling and field cooling (ZFC-FC) curves
of the NiyMns vO4 nanoparticles recorded under two different applied
magnetic fields (50 and 500 Oe). To avoid artifacts due to the trapped
field in the superconducting magnet of PPMS, measurements were car-
ried out with the application of sequential positive and negative
(oscillating) fields. As can be seen, the sample prepared with a Ni:Mn
ratio of 1:1 has the highest magnetization, irrespective of applied
magnetic field or measured temperature. While the revealed blocking
temperature (Tp) of the stoichiometric (Ni:Mn = 1:2) sample (55 K) is
within the range of its reported values (50—60 K) [18], the Tj is a bit
higher (61 K) for the sample with the lowest Ni content (i.e. Ni:Mn =
1:4). Tp represents the temperature at which the thermal energy (kgT) is
comparable to the energy barrier (AE) that must be overcome before a
particle can reverse its magnetization (AE = K,,V), where kg T, K, and V
represent the Boltzmann constant, absolute temperature, anisotropy
energy density, and volume of the nanoparticle, respectively [40,41].
Such an abnormal behavior is also noticed in the FC curve of the sample
prepared with Ni:Mn of 1:2, which revealed a change of slope around 55
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and 52 K for the 50 and 500 Oe applied fields, respectively. The Curie
temperature (T¢), which is the temperature where the
ferrimagnetic-paramagnetic transition occurs, remained in-between 100
and 120 K for the Ni:Mn = 1:2 and 1:4 samples (Fig. 7c-f). The results are
in well accordance with the reported T¢ values for NiMnyO4 nano-
particles of 10—15 nm sizes (126 K), nanorods of 150 nm x 350 nm
dimensions (118 K) and NiMnyO4 single crystal (130—145 K) [23,42].
Upon increasing the applied magnetic field from 50 Oe to 500 Oe,
both T and T¢ of the samples with Ni:Mn = 1:2 and 1:4 decreased, as
expected, due to the reduction of energy barriers by the external field,
allowing reorientation of the magnetic domains by thermal fluctuations
at lower temperatures [43]. A higher applied field provides more energy
to the magnetic domains, increasing their magnetization and reducing
the Tg. However, a different behavior is observed in the (M—H) plot of
the Ni:Mn = 1:1 sample, where the T is above room temperature. The
sample revealed no well-defined blocking temperature, as it manifested
a superparamagnetic behavior over the entire measurement tempera-
ture range (1.8—300 K). Such a distinct behavior of the NiyMng xO4
nanostructures prepared with a nominal Ni:Mn ratio of 1:1 is probably

associated with higher super-exchange coupling due to the high Mn**
and Ni%" ion contents at Oy, sites.

The magnetization (M) vs. magnetic field (H) curves of the samples
recorded at different temperatures are displayed in Fig. 8. It can be seen
that the magnetization of the NiyMn34O4 nanoparticles has both ferro-
magnetic/superparamagnetic and paramagnetic components (Fig. 8, left
column). The sample prepared with a Ni:Mn ratio of 1:1 shows super-
paramagnetic behavior, even at 300 K, with enhanced saturation
magnetization (M), compared to the other two samples (Fig. 8). For all
the samples, magnetization did not saturate; rather varied linearly at
higher magnetic fields, indicating a small paramagnetic contribution,
probably due to uncompensated spins at the surface of the nanoparticles.
To eliminate the paramagnetic contribution from the magnetization
data of the nanostructures, we subtracted the diamagnetic contribution
(f3=9.11x1075,8.12 x 10 °and 7.62 x 10 > emu g™ Oe! for T=1.8,
40, and 100 K, respectively) [44] from the magnetization curves, as
shown in Fig. 8b, d, and f. As can be seen, after the subtraction of
paramagnetic components, the (M—H) curve of the Ni:Mn = 1:1 sample
exhibits a superparamagnetic behavior with M; ~ 13.1 emu/g. On the
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other hand, after the subtraction of paramagnetic component, the other
two samples (Ni:Mn = 1:2 and 1:4) revealed ferrimagnetic behavior (M,
~ 8.4 and 8.2 emu/g for the samples with Ni:Mn ratios of 1:2 and 1:4,
respectively) up to 40 K. However, the ferrimagnetic behavior of the
samples changed to paramagnetic at higher temperatures.

Air-annealed (800—900 °C) micro- and sub-micrometric NiMnyO4
particles (0.2-2 pm) showed their superparamagnetic behavior at low
temperatures (< 25 K) with reported M; values between 15 and 37.5
emu/g [15,18,19,45-49]. However, at room temperature, they exhibit
paramagnetic behavior [45,47]. In contrast, the nanoparticles in the
sample with Ni:Mn ratio of 1:1 revealed superparamagnetic behavior in
the 1.8-300 K temperature range. Although traces of Ni nanoparticles
were detected in the XRD pattern of this sample, the amount of nickel
might not be enough to account for the M, value (13.1 emu/g) it
revealed at 1.8 K. For the sake of comparison, the reported
room-temperature M; value for nickel nanoparticles of 16 nm size is ~
27 emu/g [50]. Furthermore, the NiO detected in this sample does not
contribute to the M; value because of its antiferromagnetic nature (Tngel
~ 525 K) [49,51].

For the nanoparticles with lower Ni mole fractions such as x = 0.6
and 1.0, the observed ferrimagnetism is caused by the contribution of
cation sub-lattices (Ni%", Mn?*, Mn®* and Mn**) of the spinel [22].
Being monometallic oxides, while Mn3O4 nanoparticles (with a combi-
nation of Mn valence states 2+ and 3+) show a ferrimagnetic behavior
below 42 K [52,53], NiO (with Ni valence state 2+) nanostructures show
antiferromagnetic behavior below 523 K [54]. The combination of these
two oxides in the spinel Niy Mng yO4 nanoparticles gives rise to a ferri-
magnetic behavior due to exchange coupling among the cation
sub-lattices [22]. Moreover, each Ni%* cation introduced in the Oy, lat-
tice sites causes the oxidation of one Mn®' ion to form Mn*" ion. The
typical values of effective magnetic moments for the NiZ*, Mn?*, Mn>*
and Mn*" ions are 3.25, 5.85, 4.85 and 3.8 pg, respectively [55]. Hence,
the oxidation of Mn>" to Mn*" induced by the incorporated Ni?* cation
affects the magnetic properties of the binary oxide. The results clearly
demonstrate that magnetic behaviors of the NixMns3404 nanoparticles
can be controlled by tuning the Ni fraction in NiyMng yO4 nanoparticles.

From the temperature evolutions of the saturation magnetization
(M) and coercive field (H,) of the NiyMn3 ,O4 nanoparticles presented in
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Fig. 9, we can see that the variations of M and H, are very similar for the
Ni:Mn = 1:4 and 1:2 samples for the entire temperature range. Notably,
the H, values obtained for these samples are significantly higher than the
literature reported values for NiM2O4 [19,46-49,56]. On the other hand,
for the Ni:Mn: 1:1 sample, both the M and H, decreased gradually with
temperature. At lower temperatures, the H, value of the sample (Ni:Mn
= 1:1) is quite low, while its M; is quite high in comparison to that of the
other two samples. The distinctive variations of Ms and H, observed for
the sample (Ni:Mn: 1:1) with respect to the other two samples (Ni:Mn =
1:4 and 1:2) are associated with its superparamagnetic nature (Fig. 8).
The cation sub-lattices (A and B) contribute to the magnetic properties in
different ways, depending on their chemical environments [57]. In
insulator oxides such as NixMns3 04, the magnetic interaction between
the cations is derived from superexchange interactions [58]. This
magnetic interaction dictates the spin alignment and hence the M; value.
In materials with spinel structure, the cations at Ty sites (sub-lattice A)
are aligned parallel among themselves. Likewise, the cations at Oy, sites
(sub-lattice B) are aligned parallel among themselves, but antiparallel to
the cations at T4 sites. However, in the case of NiMn,Oy4, the cations are
not completely antiparallel, i.e. non-collinear, as shown schematically in
Fig. 10 [22,47]. The non-collinear character of cationic spins has been
reported by Goodenough in spinels, in which the T4 sites are occupied by
Mn?" ions and Oy, sites are occupied by the ions with half-filled tog OT-
bitals (e.g., Mn** in the present work) [59]. Therefore, the M values of
the NiyMns3.4O4 nanoparticles (for x>0) are not simply the differences
between the net magnetic moments contributed by the ions in the
sub-lattices A and B. However, Diez et al. calculated the M; values for
Nip.9sMny04 particles by adding all contributions on the octahedral sites
(Ni = 2pg; Mn?t = Spg; Mn®t = 4up; Mn*t = 3pp) and subtracting the
corresponding contributions on the tetrahedral sites [15]. In Table 4, we
present the reported M; values for NiyMn3 4O4 particles along with the
values obtained in the present work. As can be noticed (Table 4), the
reported M; values for submicrometric NiMnyO4 particles are
in-between 15 and 45 emu/g. However, the experimentally obtained M;
values for the smaller NiMnyO4 (i.e., Ni:Mn 1:2) particles are
considerably lower. Such differences might be due to the lower crys-
tallinity of the nanoparticles.

Using the procedure used by Diez et al., the M; values for our NixMngs.
xO4 nanostructures with Ni:Mn molar ratios of 1:1, 1:2, and 1:4 were
calculated using the cation distributions Ni%*o 5 Mn?* g[Ni®" Mn*"]04,
Ni*fon  Mn*'g[Ni*"o5 Mn®"o4 Mn*7og]0s, and Ni*'o;
Mn2*oo[Ni%*o5 Mn3" Mn**(5]04, respectively. As can be noticed
(Table 4), the experimentally obtained M value for the sample with a Ni:
Mn molar ratio of 1:1 is close to its calculated value. Nonetheless,
metallic nickel present in the sample (as impurity) contributed to the
measured M; value. In the case of the samples with Ni:Mn molar ratios of
1:2 and 1:4, the experimental M, values were considerably lower than
the calculated values. The differences can be attributed to (i) the low
crystallinity of the samples, (ii) non-consideration of spin-orbit coupling
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in the materials containing Ni>*, Mn> and Mn** ions in the calculation
of M values, and (iii) overestimation of M, value due to considering
simply the differences between the net magnetic moments contributed
by the ions in the sub-lattices A and B, as discussed earlier.

Finally, it should be mentioned that the Curie temperature is also
sensitive to the structure of the nickel manganite lattice, Ni:Mn ratio,
and valence state of the cations. A good example of this dependence is
the high T, value (430 K) observed for NiMnOs particles in ilmenite
phase, which have only Ni?* and Mn** ions, all at Oy, sites [60]. The high
T, value manifested by the spinel particles fabricated in the present work
with a nominal Ni:Mn ratio of 1:1 is probably due to the presence of only
Ni?* and Mn*" ions at Oy, sites.

4. Conclusions

In summary, using a simple glycol-mediated process, we fabricated
NiyMn34O4 nanoparticles of different Ni contents in the 14—26 nm
average size range. While a lower Ni fraction produces larger nano-
particles, incorporation of Ni in a higher mole fraction causes the for-
mation of NiO and Ni byproducts at the surface of the formed
nanoparticles, restricting their further growth. The spinel NiyMng xO4
nanoparticles with Ni:Mn ratios of 1:4 and 1:2 manifest their ferrimag-
netic behavior below 60 K. However, a higher Ni:Mn ratio induces room-
temperature superparamagnetic behavior in the spinel nanoparticles
due to oxidation of Mn3* ions to Mn** ions at the Oy, sites. Beyond a
certain limit (x > 1.2), Ni ions added to the reaction mixture cannot be
incorporated into the spinel lattice; rather, they are reduced by ethylene
glycol to produce Ni nanoparticles, which get oxidized to form NiO
during air annealing. The magnetic behaviors of NiyMns4O4 nano-
particles depend strongly on the Ni fraction in them. NiyMng 04
nanoparticles with high Ni content (Ni:Mn = 1:1) have lower magnetic
anisotropy, which makes them superparamagnetic even at room tem-
perature. The results presented in this work clearly demonstrate that the
magnetic properties of NiyMns ,O4 nanoparticles can be easily tuned by
controlling their Ni contents through spin decompensation via substi-
tution of Ni ions by Mn ions of either (2+ or 3+) valencies.
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Oy, site by Ni%* ion and the consequent transformation to Mn** for maintaining lattice charge electroneutrality is presented at the bottom.

Table 4
Experimental and calculated M value for Ni,Mn3 4O4 particles (nano- and micrometric) with different Ni:Mn ratios.
M; value®
Material Ni:Mn ratio Av. size Temp.(K) Ref.
Experimental Calculated
NiMnyOy4. 5 1:2 > 200 nm 14.47 emu/g (0.60 pp) 5 [19]
Nig.06Mn,04 1:2.08 ~ lpm ~35 emu/g (~1.44 pp) 0.87 g 25 [15]
NiMn,04 (with 6% NiO) 1:2 0.5-2 ym 30 emu/g (1.25 pg) - 5 [18]
NiMn,Os g5 1:2 - 28 emu/g (1.15 pg) - 5 [45]
NiMnyO4 1:2 - 36 emu/g (1.15 pg) - 5 [48]
NiMn,04 1:2 1-2pm 37.5 emu/g (1.56 pgp) - 1.7 [46]
NiMnyOy4 1:2 - 45 emu/g (1.87 pg) - 5 [49]
Nio.7sMnz.2504.5 1:3 - 18 emu/g (0.77 pg) 1.03 g 5 [471
Nio.sMny.504.5 1:5 - 31 emu/g (1.37 pg) 1.74 g 5 [471
Ni; sMn; 504 1:1° ~19 nm 13.1 emu/g (0.55 pg) 0.6 pp 1.8 this work
NiMn,04 1:2 ~15nm 8.4 emu/g (0.35 pg) 1.2 pg 1.8 this work
Nig gMny 404 1:4 ~17 nm 8.2 emu/g (0.34 pp) 1.8 pp 1.8 this work

2 Values given in Bohr magnetons are per formula unit.
b Ni:Mn molar ratio in the proposed cation distribution is 1:1.5.
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