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ARTICLE INFO ABSTRACT
Keywords: La; xSrxMnOj3 perovskites are of enormous current interest due to their superior magnetoresistance and appli-
Lag 7510, 3MnO3 particles cation as cathode material for solid oxide fuel cells. However, practical applications of these perovskites critically
Mechanosynthesis

depend on size, composition, and concentration of La®* vacancies at their surfaces. Here we present the fabri-
cation of size controlled (90-255 nm average size), highly crystalline La; x\SrxMnOs (x = 0, 0.3, 0.5, and 1)
nanoparticles, simply by ball-milling of metal acetylacetonate precursors in NaCl and subsequent air-annealing.
The size of the nanoparticles increased in the order LaMnOs3, 5 < Lag 7Sro.3sMnOs ~ Lag 5SrgsMnO3 < SrMnOs,
While LaMnOs3.5 particles remain well dispersed, a fraction of particles containing Sr remains partially inter-
connected after air-annealing (900 °C). A change in site symmetry of the Mn®>*-Og octahedron promoted by
the Jahn-Teller distortion of LaMnOg_ s lattice was detected. Substitution of La®* ions by Sr?" increases the
ferromagnetic interaction in La; xSryMnOs (x = 0, 0.3, 0.5) nanostructures, increasing their Curie temperature
and magnetization (M) progressively. Effect of particle dispersion due to Sr?* incorporation on the lattice and
magnetic behavior of the nanostructures is discussed considering the Jahn-Teller distortion and La®" vacancy
induced Mn>" ion oxidation (to Mn*") in the lattice.
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1. Introduction

La1.xSryMnOs is an interesting perovskite material, which manifests
colossal magnetoresistance (CMR) induced by the “double-exchange”
mechanism, and low field magnetoresistance (LFMR) properties [1-6].
The LFMR behavior of La; 4xSryMnO3 was seen to be further enhanced in
its metal oxide composites such as La;_4Sr,MnO3:CuO, CeOy, Mn3O0y,
NiO, and MgO [5]. While La; 4SryMnO3 nanoparticles have been utilized
as catalysts for CO oxidation [7,8], NO oxidation and reduction [9],
electrochemical oxygen reduction [10-12], and photocatalytic water
oxidation [13], single crystalline LagsSrosMnO3 particles of micro-
metric dimension have been utilized as effective cathode material in
solid oxide fuel cells (SOFCs) [12]. On the other hand, La;.4SryMnOs3
nanostructures have been tested effective in hyperthermia applications
for tumor therapy [14-16]. The catalytic and magnetic applications of
La; xSryMnOs3 nanoparticles are seen to depend strongly on the ratio of
lanthanum and strontium ions in their lattice structure, especially at
their surfaces [13,17-21].

La; xSryMnOs has a distorted ABOs-type perovskite structure for x =
0.0, 0.3 and 1.0. On the other hand, it is cubic for x = 0.5 [22]. While for
x = 0.23-0.6 it manifests ferromagnetic behavior at room temperature,
for the x values lower than 0.23, it behaves as insulator with para-
magnetic ordering [23]. In perovskite lattice, the A cations remain in
dodecahedral coordination, and the B cations stay in octahedral coor-
dination with oxygen anions (Fig. 1). A few specific compositons of the
perovskite such as Lag 7Srp3MnOs and Lag 5SrgsMnOs have been uti-
lized for optoelectronic applications [24]. Mn**/Mn>" ratio in them was
seen to play a critical role in their magnetic and electrical properties. In
fact, the Mn**/Mn®" ratio determines the charge carrier concentration,
and hence the viability of optoelectronic applications of these manga-
nites [25]. On the other hand, the observed colossal magnetoresistance
(CMR) in La; xSryMnOs thin films is governed by the displacement of
Mn®* cations out of the center of the Mn®"-Og polyhedron due to
Janh-Teller effect. It should be recalled that the number of unpaired
electrons in the 3d orbitals of Mn®t and Mn** cations are 4 and 3,
respectively. Therefore, controlling Mn**/Mn>* ratio at the surface of
these manganites is a key factor, which determines their technological

Fig. 1. Schematic representation of the lattice structure of Lag7SrosMnOs
perovskite (hexagonal unit cell). Data for the atomic positions were taken from
Ref. [1]. The La/Sr cation labeled by 1 allows seeing the nearest oxygen atoms
in the neighboring gray octahedra. Note that all the neighboring octahedra
share only one oxygen atom.
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applications.

Nanostructures such as nanoparticles and nanorods of La; 4xSryMnOs3
have been synthesized earlier using solid-state such as mechanochem-
ical synthesis [26], and chemical methods such as sol-gel [27], hydro-
and solvothermal [10,11,28], etc. However, in most of the cases, the
obtained nanostructures are of non-homogeneous size with poor
dispersion [15,17,25,29-36], A considerable improvement in size
dispersion has been accomplished by using a molten salt such as KNO3
[37], NaNO3 and KNOs mixture as solvent and/or the addition of
organic capping agents [22]. On the other hand, strongly ionic salts such
as NaCl and KCl have been utilized as dispersing medium in the mech-
anochemical synthesis of metal-organic framework (MOF) nano-
structures [38] and nanodiamonds [39]. The use of these solid ionic
solvents has been seen effective for controlling both the morphology and
porosity of the nanostructures, along with improving their dispersion.
For example, the presence of NaCl during high temperature (900 °C)
sintering of ceria (CeO2) nanoparticles was seen to avoid their aggre-
gation [40].

Use of a strongly ionic salt such as NaCl in the synthesis of manganite
nanostructures involving high temperature thermal annealing for
inducing crystallinity has several other advantages besides acting as a
dispersion medium: (i) Due to the high thermal stability of NaCl (melting
point ~ 800.7 °C), it avoids the aggregation of the formed nano-
particles; (ii) Above 800 °C NaCl is a molten salt, which can work as an
ionic liquid solvent, facilitating high-temperature diffusion of La3*,
Sr2t, Mn®"** and 0%~ ions, avoiding the formation of point defects in
Laj.xSrxMnOg3 nanoparticles due to nonuniform cation distribution; (iii)
As the Shannon ionic radius of the Na™ ion (1.18 10\) is close to the ionic
radii of Sr** (1.26 i\) and La®* (1.16 A) [41], a partial substitution of
La®" and Sr*™ cations at the surface of the Laj 4SrMnO3 particles might
occur, which can modify the concentration of oxygen vacancies at their
surfaces, modifying their reactivity/catalytic activity; and (iv) Since
La;.xSryMnOs particles can oxidize CO and NO molecules [7,8,42], C1~
ions from the molten NaCl might also be oxidized at the surface of
La; xSrxMnOs at high temperature. In other words, La; xSryMnOj3 parti-
cles can oxidize the Cl™ ions to Cly(g), avoiding the formation of unde-
sired chloride-based impurities.

In this article, we present the fabrication of well-dispersed La;.
xSrxMnOs3 nanoparticles containing different mol fractions of La and Sr
by ball-milling, utilizing NaCl as dispersing medium and metal acety-
lacetonate complexes as precursors. Effects of NaCl use on particle size,
particle aggregation, structural distortion, and magnetic behavior of the
perovskite nanostructures have been studied extensively. X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) were utilized for structural and morpho-
logical characterization of the nanostructures. MicroRaman and X-ray
photoelectron spectroscopy (XPS) were utilized for determining the
structural phase and chemical bonding of elements in the nanoparticles.
Vibrating sample magnetometry (VSM) was performed to study the
magnetic behavior of the perovskite nanostructures.

2. Experimental
2.1. Materials

Manganese nitrate tetrahydrate (Mn(NOs)2e4H0, >97.0%),
lanthanum nitrate hexahydrate (La(NO3)3e6H20, 99.99%), strontium
nitrate (Sr(NO3)2, 99+%) and acetylacetone (CsHgOs, >99.5%) were
purchased from Sigma-Aldrich, Mexico. Sodium hydroxide (NaOH,
98.15%) was purchased from J.T. Baker, Mexico. Sodium chloride
(NaCl, >99%) was purchased from Omnichem, Mexico. Deionized (DI)
water from a Millipore system (p > 18.2 M Qecm) was utilized for
washing the fabricated nanostructures.
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2.2. Synthesis of metal acetylacetonates

Metal acetylacetonate complexes (Mn (acac),, La (acac)s and Sr
(acac)y) were synthesized through co-precipitation, as reported by
Nforna et al., [31]. For the synthesis of Mn (acac),, first, a solution of
sodium acetylacetonate was prepared as precipitating agent by dropwise
addition of stoichiometric amount (15 mL) of acetylacetone to a NaOH
solution (5.82 g of NaOH in 60 mL of water) at 50 °C under magnetic
stirring for 20 min. A precursor solution of Mn was prepared by dis-
solving 48.49 mmol of Mn(NO3)2e4H,0 in 50 mL of DI water under
magnetic stirring. After that, the hot solution of sodium acetylacetonate
was slowly added to the precursor solution of Mn and kept at this
temperature for 30 min under magnetic stirring. The product of the
reaction was a pale-yellow precipitate of manganese acetylacetonate,
(Mn (acac)s). The precipitate was cooled down to room temperature,
filtered by suction in a Biichner funnel, washed four times with DI water,
and vacuum dried for 12 h. This process was repeated for La
(NO3)306H>0 and Sr(NOg), to obtain a white precipitate of lanthanum
acetylacetonate and a white-pearl precipitate of strontium
acetylacetonate.

2.3. Synthesis of Laj.xSrxMnOgs nanoparticles

La;.xSryMnOs3 nanoparticles were prepared by thermal decomposi-
tion of metal acetylacetonates of Mn, La and Sr in presence of sodium
chloride under high energy ball milling. The nominal x values utilized
for the synthesis of La; xSryMnO3 were 0.0, 0.3, 0.5 and 1.0. In a typical
synthesis, for example, in the case of Lag7Srg 3MnOs, 0.5783 g of Mn
(acac)s, 0.6863 g of La (acac)s, and 0.1823 g of Sr (acac), were mixed
with 7.234 g of NaCl. The w/w ratio {Mn (acac); + La (acac)s + Sr
(acac)s}/NaCl was 1:5. The metal acetylacetonates and sodium chloride
mixture was then placed inside a 100 mL agate milling jar filled with 32
agate gridding balls (10 mm diameter). Then the jar was set up in a
planetary ball mill (PQ-N2 Gear Drive 4) station, and the milling was
performed for 24 h at 200 rpm. The obtained fine powder was then
transferred to an alumina crucible and air-annealed inside a Carbolite
tubular furnace at 750 °C for 6 h, heating the sample at 5 °C/min rate.
After cooling down to room temperature, the product was washed in 1.0
L of DI water to remove NaCl used as dispersing material. After washing,
the product was separated by decantation. The obtained precipitate was
re-dispersed in 500 mL of DI water, ultrasonicated for 2 min, and
recovered by centrifugation. This step was repeated for 4 times. Finally,
the obtained product was dried at 70 °C for 5 h. To induce crystalliza-
tion, the obtained powder sample was subjected to another thermal
annealing carried out at 900 °C for 5 h in air, with a heating rate of 5 °C/
min. A similar procedure was followed for the synthesis of La; x\SryMnO3
with x = 0.0, 0.5 and 1.0.

2.4. Characterization of LajSrMnOs nanoparticles

To analyze the crystallinity and phase structure, powder XRD pat-
terns of the samples were recorded in a Bruker D8 diffractometer, uti-
lizing CuKa (A = 1.5406 /o\) radiation. The spectra were recorded at
0.02°/step with a scan rate of 0.2 s/step in the 26 range of 20 — 80°. For
morphology and composition analysis, a small amount of each of the
powder samples was dispersed in ethanol and deposited over clean Si
wafer. The samples were inspected in a JEOL JSM-7800 F field-emission
scanning electron microscope (FE-SEM) coupled with an Oxford In-
strument X-Max energy dispersive spectrometer (EDS). Vibrational
characteristics of nanostructures were analyzed by Raman spectroscopy
at room temperature. A Horiba LabRamHR system equipped with a 633
nm He-Ne laser and a thermoelectrically cooled charge-coupled device
(CCD) detector was utilized for recording the Raman spectra of the
samples. MicroRaman spectra of the samples were acquired using
appropriate objective lenses and filters (neutral density filters) to avoid
their laser-induced (due to the high intensity of the exciting laser beam)
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burning. The nanostructures were analyzed further by recording their
low- and high-resolution transmission electron microscopy (TEM) im-
ages in a JEOL 2100 F transmission electron microscope, operating at
200 kV accelerating voltage. The samples for TEM analysis were pre-
pared by drop-casting their colloidal suspension (in ethanol) over
carbon-coated copper grids. For the analysis of composition and chem-
ical states of constituting elements, X-ray photoelectrons spectra (XPS)
of the samples were recorded in a Thermo Scientific spectrometer with
Al Ka (1486.6 eV) radiation source. Deconvolution of the core-level
emission bands was performed using Pseudo-Voight2 functions with
70% Gaussian and 30% Lorentzian components, after subtracting Shir-
ley type backgrounds. Magnetic properties of the nanostructures were
studied by recording their magnetization (M — H) curves and magneti-
zation under zero-field cooling (ZFC) and applied field cooling (FC)
curves in a DynaCool physical property measurement system (PPMS,
DynaCool, Quantum Design).

3. Results and discussion
3.1. X ray diffraction

Room temperature XRD patterns of the fabricated La;SryMnOs3
nanoparticles are presented in Fig. 2. Rietveld refinement of the XRD
patterns of the La; 4SryMnOs samples and corresponding cell parameters
are included in Fig. S1 (Supporting Information). All the samples
revealed well-resolved diffraction peaks of single phase. Position and
relative intensity of the diffraction peaks of the LaMnOs, 5 (x = 0.0) and
Lag.7Srp.sMnOs (x = 0.3) samples correspond well to their rhombohedral
perovskite phase of space group R3c (PDF # 04-012-5560 and 00-056-
0616, respectively). The structure with space group R3c was derived
from the simple-cubic perovskite (Pm3m) lattice by rotation of adjacent
MnOg octahedra in opposite direction around the [111]. (cubic) axis
[43].

Stoichiometric (with no oxygen excess, i.e. 5 = 0.0), and low oxygen
excess (8 < 0.07) LaMnOg3. 5 perovskites have orthorhombic unit cells of
Pbnm space group. However, for § > 0.09, they contain rhombohedral
unit cells (space group R3c) [44,45]. The unit cell volumes for § = 0.9,
0.10, 0.11, 0.12, 0.13, and 0.14 are reported to be of 118.9, 118.25,
117.63,117.92,117.44,117.18 10\3, respectively [44]. The volume of the
rhombohedral unit cell for LaMnOg 5 obtained in the present work is
116.78 A® (lattice parameters a = 5.462 Aand a = 60.59°), which is
slightly lower than the value determined by Topfer and Goodenough
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Fig. 2. Room temperature XRD patterns of the La; 4SryMnO3 samples annealed
at 900 °C.
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(cell volume =117.18 A3, a = 5.469 A, « = 60.58°) for LaMnOs., 5 with
= 0.14. The oxygen excess (8) in LaMnOs3, s has been demonstrated in
previous studies using neutron diffraction by other authors [45-49]. The
lower unit cell volume (and also the d values) estimated for the
LaMnOs ,  nanostructures fabricated in this work is probably due to the
formation of metal ion vacancies in them. The formation of one La®*
vacancy in the perovskite lattice induces the transformation of three
Mn>* ions into Mn** cations to maintain its charge neutrality. As the
ionic radius of Mn** ion is smaller than the ionic radius of Mn3*, the
observed change in unit cell volume of the perovskite unit cell is prob-
ably also caused by the oxidation of Mn>* cations.

On the other hand, the positions of the diffraction peaks revealed for
the Lag sSrosMnO3 (x = 0.5) sample are in good agreement with its
pseudo-cubic perovskite structure, with space group Fm3m (PDF # 04-
006-7926). Finally, the diffraction pattern of the SrMnOs sample
matches well with its four-layered hexagonal phase (PDF # 04-015-
4143; space group P63/mmc), which is the most stable phase of
SrMnOj3 below 1308 K [50]. To explain the change in the type of unit cell
with increase in x value, the Goldschmidt tolerance factor (t) for the
La; xSryMnO3 perovskites was estimated. The t value is important
because it determines whether the structure of the perovskite is rhom-
bohedral (0.8< t < 0.89), cubic (0.89< t < 1.0), or hexagonal (1.0< T <
1.13) [51]. The t values estimated for the perovskite nanostructures
correspond to x values 0.0, 0.3, 0.5 and 1.0 were 0.844, 0.878, 0.934,
and 0.982, respectively (see Tables S1 and S2, Supporting Information).
Appearance of well-resolved diffraction bands of high intensity in all the
samples indicate their good crystallinity after annealing at 900 °C for 5
h. To highlight the effect of high temperature annealing on the crys-
tallinity of the perovskite nanostructures, we present a typical XRD
pattern of the Lag7Srg3MnO3 sample annealed at 750 °C in Fig. S2
(supporting information). As can be seen, while the rhombohedral phase
of the perovskite was formed even at this temperature, the intensity (or
the signal-to-noise ratio) of the diffraction bands is considerably low,
indicating their partial crystallization at this lower annealing
temperature.

3.2. Scanning electron microscopy (SEM)

Typical SEM images of the La; 4SryMnO3 samples are presented in
Fig. 3. Formation of quasi-spherical particles in 30 to a few hundred
nanometer size range is very clear in the micrographs. The particles
appear partially fused and interconnected. As can be observed in the size
distribution histograms presented as insets, the size of the particles in

Fig. 3. Typical SEM images of La; ,SryMnO3 samples prepared with nominal x
values of (a) 0.0, (b) 0.3 (c) 0.5 and (d) 1.0. Corresponding particle size dis-
tribution histograms with their log-normal fits are presented as insets.

Materials Chemistry and Physics 246 (2020) 122834

lanthanum containing samples remained in between 30 and 225 nm,
while the size of the particles in STMnOs sample varies in between 100
and 550 nm. The average size of the particles increased from 89.6 + 26
to 128.8 + 39 nm with the increase of Sr mole fraction from x = 0.0 to x
= 0.5. In fact, the estimated average size of the SrMnO3 (x = 1.0) par-
ticles is considerably larger (255 + 87 nm) than in other samples. The
average crystallite size in the manganites containing Sr mole fractions x
= 0.0, 0.3, and 0.5 estimated from the Rietveld refinement of their XRD
spectra were 111, 110, and 124 nm, respectively, which are in accor-
dance with the particle size values estimated from their SEM images. The
narrowest diffraction peaks for the StMnOgs sample agree very well with
the largest particle size (255 + 87 nm) found in its SEM images. The
results indicate the particle size in the perovskite nanostructures is
controlled by the Sr mole fraction in them.

Typical EDS spectra for the La;,SryMnO3 samples are shown in
Fig. S3 (supporting information). The EDS estimated elemental
composition of the La; 4SryMnOs samples presented in Table 1 demon-
strates a gradual increase of Sr content in the nanostructures with the
increase of its nominal content in the reaction mixture. As can be
observed in Table 1, all samples revealed their oxygen excess. Also, a
subtle atomic percentage of Na could be detected in all the samples. The
amount of Na in LaMnOs 5§ sample is about five times larger than in the
other three samples. However, presence of chlorine was not detected in
the nanostructures, which confirms the absence of NaCl in the samples.
EDS estimated Sr/(Sr + La) ratios in the samples remained very close to
their nominal values, indicating adequate incorporation of Sr in the
particle lattice. Although the (La + Sr)/Mn ratio in all the samples
should be 1.0, it was seen to be a bit higher for LaMnOs5 (1.11), which
decreased progressively (Table 1) with the increase of Sr content in the
samples.

3.3. Transmission electron microscopy (TEM)

Typical TEM images of the La; 4SryMnO3 samples are shown in Fig. 4.
As can be noticed from Figs. 4a and S4 (supporting information), the
majority of the LaMnOg,s particles remain dispersed without fusing
after high-temperature thermal annealing. Similarly (Figs. 4c and S5),
most of the Lag 5Srg sMnOs nanoparticles remained dispersed after the
thermal treatment. The average particle sizes determined from the TEM
images (considering more than 80 particles of each sample) of the
samples are 52 + 17 and 88 + 29 nm (Fig. S6, supporting information)
for the LaMnOs., 5 and Lag 5Sro sMnO3 samples, respectively.

On the other hand, the HRTEM images of the LaMnOj3, particles
revealed their high crystallinity (see the red square in Fig. 5). Presence of
La vacancy sites in the crystal lattice of the particles can be noticed
(marked by yellow arrows) in the HRTEM image enclosed by the blue
square in Fig. 5. Interplanar distances (d) determined for this defective
particle are 3.82, 3.18 and 2.19 A, which correspond well both to the
(012), (103), and (006) planes of LaMnOs_ s and (211), (122) and (411)
planes of MnyOs. Therefore, this particle could either correspond to
LaMnOs 5 with several vacancies induced by the partial substitution of
La®" with Na* cations, or an impurity of Mn,O3 phase. LaMnOs with
cation vacancies is usually referred to as LaMnOs,s. In this regard,
Zakhvalinskil et al. prepared LaMnOs3. 5 (6 = 0.065, 0.100, 0.112, 0.125,
0.133, 0.140, and 0.154) particles and claimed the presence of cation

Table 1
EDS estimated elemental composition of the La; ,SryMnOj3 particles.
Sample Na Mn Sr (at La (at O (at Sr/ (La +
(at (at%) %) %) %) (Sr + Sr)/
%) La) Mn
LaMnO3 1.79 14.44 - 16.00 67.75 0.00 1.11

Lag7SrosMnO3  0.41 16.24 4.90 13.22 65.24 0.27 1.12
LagsSrosMnO3  0.14 17.63 7.80 10.29 64.15 0.43 1.03
SrMnO3 0.13 17.66 18.06 - 64.15 1.00 1.02
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Fig. 4. Typical TEM images of La; ,SryMnOs3 samples prepared with nominal x
values of (a) 0.0, (b) 0.3 (¢) 0.5 and (d) 1.0.

Fig. 5. A typical high resolution TEM (HRTEM) image of the LaMnOs, s par-
ticles. Interplanar distances (d) and corresponding lattice planes are shown.
Cation vacancies in the lattice are shown by yellow arrows. The spot patterns
correspond to the fast Fourier transform (FFT) of the two zones highlighted
with blue and red squares in the image. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

vacancies in the samples [26]. While rhombohedral LaMnOs, 5 particles
with § = 0.12-0.15 [52], 0.13-0.18 [44], and 0.15-0.26 [53] have been
fabricated by several other research groups, they either did not consider
or could not detect the formation of cation vacancy in the perovskite
lattice through HRTEM imaging [17,54-56]. Although the formation of
cation vacancy in LaMnOs,8 and (La, M)MnO3,8 (where M = Na, Ca)
and its effect on the magnetic behavior of the perovskites have been
discussed by Horyn et al. [57], and Malavasi et al. [46], they did not
provide any direct evidence such as HRTEM images of the perovskites
demonstrating the formation of cation vacancies in their lattice. While
the incorporation of Na' ions in the fabricated nanostructures is very
clear from their EDS analysis (Table 1), the formation of Na™ ion
doping-induced La®>" vacancies in LaMnOs_ s lattice is also clear in the
HRTEM image of the sample presented in Fig. 5.

However, due to large particle size (>100 nm) of the La; 4SryMnO3
perovskites with x = 0.3, 0.5 and 1.0, it was not possible to acquire their
HRTEM images (difficult for the electron beam to pass through these
large particles).

3.4. Raman spectroscopy

As the lattice distortion and possible presence of impurities in solid
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samples can be detected from their Raman spectra, we performed
Raman spectroscopy of the fabricated particles at room temperature
(Fig. 6). The Raman spectrum of LaMnOs, s revealed the presence of two
broad bands located at 512 and 640 cm ™! (Fig. 6), corresponding to out-
of-phase O-Mn-O bending vibration and in-phase stretching vibration
of Mn-O in the MnOg octahedron, respectively [58]. Appearance of
broad Raman bands for the LaMnOs3 s nanoparticles confirms the lattice
distortion discussed in the XRD section. These results agree well with the
reported Raman features of LaMnOs. 5 obtained using crossed polari-
zation of the incident and scattered beams [43]. Also, the intensity of
these bands depends on the degree of the Jahn-Teller distortion in
Mn>*-Og octahedra. As the Sr content in La;.,Sr,MnO3 (x = 0, 0.3, and
0.5) increases, the extent of Jahn-Teller distortion decreases, diminish-
ing the intensity of these Raman bands [43,59]. Moreover, due to
defect-induced lattice perturbation, the bands become broader [58].

To explain the differences in the degree of the Jahn-Teller distortion
in the perovskites, we should consider that the electron configurations of
Mn®* and Mn** cations in La;.,SryMnOj3 are high-spin d* and high-spin
d3, respectively. While the energy of 3d electrons in Mn>* cations can be
decreased through Jahn-Teller effect by forming a geometrically dis-
torted octahedron, it does not occur for Mn** cations. The ground state
of Mn>* cation in the Mn®*-Og octahedron is electronically degenerated,
and an extension or compression of Mn>"-0% bond pair along the z axis
breaks the degeneracy of these states. In other words, the presence of
Mn3* cations decreases the site symmetry form Oy, to D4p, and the Mn3+-
0% bond distances along the z axis become larger than the ones in the xy
plane. The driving force for this change in site symmetry is the decrease
in the global energy of the solid.

On the other hand, group theory analysis predicts eight Raman active
phonons for the perovskites with hexagonal symmetry [60], such as
SrMnOs3, The Raman spectrum of SrMnQOj3 (x = 1.0) sample presented in
Fig. 6 shows 3 bands, peaked around 342, 431 and 642 em™!, which
have been ascribed to one phonon processes related to Mn displacements
inside the Mn*"-Og octahedral tilting (E; ¢), octahedral asymmetric
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Fig. 6. Raman spectra of La; 4Sr,MnO3 samples prepared with different nom-
inal x values.
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stretching (Eag), and symmetric stretching (A1), respectively [60]. It
must be noticed that the Raman spectrum of the SrMnO3 nanoparticles
strongly differs from the Raman spectra of rest of the samples (x = 0.0,
0.3 and 0.5), since SrMnOs3 (x = 1.0) belongs to different space group,
and its structure is Mn** centered, which does not produce
Jahn-Teller-distorted octahedral [43,59]. From XRD analysis, it is clear
that incorporation of Sr in La; x\SryMnOs nanoparticles generates nano-
structures with different unit cells (rhombohedral, cubic and hexagonal)
due to the rotation of adjacent MnOg octahedra in opposite direction
around the [111] axis. This difference in the type of unit cell (and hence
of local symmetry) is further supported by the high variation in the
number and width of the Raman peaks observed for each sample.

3.5. X-ray photoelectron spectroscopy (XPS)

XPS survey spectra of the Laj 4\SryMnOg perovskites are presented in
Fig. 7. As expected, we could detect only the emissions corresponding to
La, Sr, Mn and O elements in the samples, along with the signal of
adventitious carbon. In addition, traces of Na associated to remaining of
NaCl were detected in all the samples. Orbitals associated to the main
emission peaks in the XPS spectra are indicated in Fig. 7. Aiiger lines
located at 494, 900, 973, and 1226 eV correspond to Na (KLa3L23), Mn
(L3M23Mys), O (KLysLa3), and C (KVV) elements (see blue arrows in
Fig. 7), respectively [61]. However, no emission associated with chlo-
rine was observed in the samples, which should appear around 199 and
201 eV binding energies for the Cl 2p3,» and Cl 2p; /5 orbitals, respec-
tively. Elimination of chlorine ions from the samples occurred due to the
significant change in the standard reduction potential (E°) of the Cly/Cl™
couple at high annealing temperature, 900 °C (see Supporting
Information).

Normalized high-resolution XPS spectra for selected orbital are
depicted in Fig. 8. Binding energies (BEs) of the La 3d3/; and La 3ds/»
orbitals in La; 4\SryMnOg3 perovskites were estimated to be 850.29 and

x10°
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833.54 eV, respectively (Fig. 8a). The La 3ds,» orbital revealed a satellite
peak located at 837.56 eV. No detectable shift in the position of these
peaks was observed due to progressive substitution of La ions by Sr ions.
However, for LaMnOs (x = 0), the band correspond to La 3ds,» orbital
(appeared in-between 833.67 and 836.01 eV) is more intense than its
intensity in the remaining manganites. This difference might be due to
the presence of La—OH bonds at the surface of LaMnOss. Since the Sr?*
(pka =13.3), La>* (pka = 8.5) and Mn>** ** (pka < 5) ions are classified
as very weakly acidic, weakly acidic, and moderately acidic cations,
respectively [62], formation of -La-OH species can occur at the surface of
LaMnOgs by H20 hydrolysis.

High-resolution XPS spectra of Mn 2ps, and Mn 2p; /, orbitals in the
La;.xSrxMnOg3 perovskites are presented in Fig. 8b. The binding energy
position of the Mn 2ps,, orbital at 640.92 eV in LaMnOs 5 indicates the
Mn cations in the sample remain both in 3+ and 4+ oxidation states (the
4+ oxidation state preserves the charge electroneutrality around La®*
vacancies and Na' substitutions). However, on substitution of La3t
cations by Sr?" cations, the peak position of the Mn 2p;,, emission
gradually shifted to higher binding energies. A right (low energy)
shoulder around 640.44 eV appeared for the Lag;Srg3MnOs and
Lag 5Srg sMnO3 samples due to the presence of Mn3* cations, in addition
to the Mn*" cations. For the SrMnOs5 sample, in which the oxidation
state of all the Mn cations is 4+, the Mn 2p3,, peak is centered at higher
BE, i.e. at 641.67 eV.

It should be noted that while the FWHM (full width at high
maximum) of the Mn 2p3,5 emission from the lanthanum (La) contain-
ing perovskites is about 3.47 eV, it is only about 2.3 eV for the SrMnOg3
perovskite. Such a drastic difference in the FWHM value of Mn 2p3/»
orbitals between the La containing and La free perovskites is the result
of: (i) presence of both Mn3* and Mn*" cations in the same phase, and
(ii) Jahn-Teller effect (i.e. the two Mn-O bonds along the z axis are
longer than the four Mn-O bonds in the xy plane). Overlapping of or-
bitals is weaker in longer Mn-O bonds than in shorter Mn-O bonds,
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affecting the BE of Mn 2p3,, orbital. As a result, the Mn 2p3 /2 emission
band is broader in LaMnOs, Lag 7Srg 3sMnOs, and Lag 5Srg sMnOs3 than in
SrMnOs (see Fig. 8b). As has been discussed in section 3.4, there is no
Jahn-Teller effect in the SrMnOs; phase. Since the Jahn-Teller effect
plays a key role in the colossal magnetoresistance exhibited by
Lag 7Sro.sMnOs below a certain critical temperature [63], it is worth to
highlight the differences in the FWHM of the Mn 2p3,» emission bands in
their XPS spectra of the perovskites (Fig. 8b).

There exists another contribution to the observed difference in the
FWHM values. The La3* cations in LaMnOs,, 5 are coordinated by 12 0%~
anions with varied La—O bond distances (i.e. 2.418, 2.46, 2.579, 2.65,
2.72, 3.156, 3.189, 3.35 1°\) [64]. Consequently, the electron density
around the oxygen anions in the La-O bonds are different; which also
affects the BE of the Mn 2p3/, orbital in the perovskites. On the contrary,
in SrMnOs the twelve Sr-O bond distances are very similar (2.73, 2.73,
2.76 and 2.85 f\) [65]. Likewise, the Mn-O bond distances in SrMnQOs
are very close (1.87 and 1.89 A) [65], and therefore the BEs of the Mn
2p3/2 emission bands are similar, making its XPS emission sharper.

Fig. 8c shows the core-level XPS spectra of Sr 3ds/» and Sr 3ds/s
orbitals for the La;.SryMnOs3 perovskites. The Sr 3ds/s (Sr 3d3,2) peaks
for the LagSrp.sMnOs, LagsSrosMnOs, and SrMnOs perovskites are
centered at 131.76 (133.49), 131.92 (133.60), and 132.25 (133.91) eV,
respectively. As can be observed, the BE of electrons in the Sr 3ds,, and
Sr 3ds,, orbitals shift gradually towards lower energy with the incor-
poration of La. It should be noted further that while in StMnOg there are
Sr-O-Mn** moieties, in Lags5SrgsMnOs and Lag 7Srg sMnOs, there are
both Sr—-O-Mn>* and Sr-O-Mn** moieties. As the Mn*" cation has a
larger electron-withdrawing capacity from Sr atoms than the Mn>*
cations, the BEs of the Sr 3ds,, and Sr 3ds,» orbitals shift gradually to-
wards higher energy with the increase of Sr content.

The O1s orbital emissions from LaMnOs 5 and SrMnOs are centered
at 528.68 and 528.77 eV, respectively (Fig. 8d). This difference makes
sense since the reported BE for the O 1s orbital for the LaO3 and SrO are
528.8 and 530.3 eV, respectively [66]. Deconvolution of the O 1s
emission bands is depicted in Fig. S7 (supporting information). The
areas of the fitted component bands (fit peaks) are included in Table S3
(supporting information). In the spectrum of LaMnOs 5 there is a second
peak centered at 530.47 eV (with a shoulder at 529.87 eV), which is

associated to surface hydroxyl groups, such as -LaOOH or -Mn-OH
bonded to the surface of this manganite (see the fit peaks in green color
in Fig. S7). The intensity ratios of the components associated to the M —
OH and M-O-M (M = Sr2+, La3+, and Mn®"**) bonds for the LaMnOs,
Lag 7Srg 3MnOs3, Lag 7Srg.3MnOs, and SrMnO3 were estimated to be 0.87,
0.40, 0.33, and 0.37, respectively. Zhi et al. [12], used powder
Lag 5Srg.sMnO3 samples and microtubes in electrochemical oxygen
reduction at operating temperatures between 700 and 900 °C, obtaining
M-OH/(M-O-M) ratios of 0.97 for the powder and 1.32 for microtubes
[12]. Therefore, the presence of O 1s peak at 530.5 eV in the core-level
XPS spectra of our La; 4SryMnO3 samples indicates the occurrence of
reduction-oxidation reactions at the surface of the manganites.

Presence of —~OH groups at the surface of La; 4\SryMnOs perovskite
samples exposed to water agrees with the observations made by Stoer-
zinger et al. for their humidity exposed La; 4xSryMnOs samples [11]. In
fact, generation of M — OH groups at the surface of Lag Srg 4MnOs thin
films has been demonstrated by Li et al. by treating them in oxidizing
mixture (5H20, 1 NH4OH, 1H50;) [67]. Furthermore, the formation of
LaOOH bonds at the surface of LaCoO3z causing a splitting of the O 1s
band has also been observed by Natile et al. [68], and Stoerzinger et al.,
[69]. An emission band around 532 eV attributed to physisorbed HoO
molecule was detected in all the samples (see the red component in
Fig. S7).

As can be seen in Fig. 8e, the Sr 4p, O 2s, and La 5p orbitals overlap
due to closeness of binding energies. This finding is interesting because
atomic orbitals of same (or closer) binding energies (and proper sym-
metry) usually form strong chemical bonds, and consequently, increase
the thermal stability of the oxides. Reported theoretical calculations of
the density of states (DOS) for the Lag 7Srp.sMnO3 perovskite indicate
that the DOS for the Sr 4p and La 5p orbitals are located at —15.0 and
—16.0 eV, respectively [70]. However, the XPS spectra presented in
Fig. 8e indicate the DOS for the Sr 4p and La 5p orbitals are located at
—18.09 and —16.31 eV, respectively.

As can be noticed in Fig. 8f, and the surface elemental compositions
of La; xSrxMnOg samples presented in Table 2, all the samples contain
Na™ cations, with the highest atomic percentage in LaMnOs, 5 sample.
The higher XPS estimated atom % of Na (Table 2) in the samples in
comparison to their EDS estimated values (Table 1), clearly indicates the
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Table 2 (59.54 emu/g at 1.8 K) we detected for the LaMnOs, s nanoparticles is

XPS estimated elemental composition at the surface of La;,Sr,MnOs very similar to the value found in nanofiber composed of 20 nm

nanoparticles. LaMnOs s grains (65.0 emu/g) [72], larger than that of 18 nm (45.0
Sample Na (at%) Mn (at%) Sr (at%) La (at%) 0 (at%) emu/g) and 35 nm (~42.0 emu/g) LaMnOs_ s nanoparticles [73,74], but
LaMnO; 1213 1559 - 8.05 64.23 smaller than 55 nr1.1 L?Mn03.+5 nanoparFlcles (75.0 emu/g? [74].. .
Lag,SrosMnOs  5.26 17.62 18.64 3.14 55.33 Presence of stoichiometric LaMnOs3 in the sample fabricated in this
LagsSrosMnO;  5.14 16.67 22.26 3.13 52.78 study was rule out as stoichiometric LaMnO3 adopts an orthorhombic
SrMnO3 4.82 17.88 30.62 - 46.69 lattice structure (instead of rhombohedral observed in the present study)

and presents AFM ordering [45,75] For the sake of reference, reported
M; value for LaMnOj single-crystal is 12.5 emu/g in the easy direction of
magnetization at 2 K at 5 T applied magnetic field [76].

On the other hand, Lag7Srg3sMnOs perovskites revealed a mixed
superparamagnetic (SP) - paramagnetic behavior at 300 K with M value
of about 26 emu/g (Fig. 9b). At 1.8 K, the value of M; increased up to
56.90 emu/g. This value at 1.8 K is similar to the value reported for
Lag.7Srp.sMnOs nanoparticles [16,22,37], but about 30 and 23 emu/g
lower than that of microspheres [77], and small nanoparticles with
well-connected grain boundaries (i.e. particles containing fused grains)
[11, respectively. The Ms value at 1.8 K estimated for the Lag 7Srg.3sMnO3
nanoparticles fabricated in the present work is in good accordance with
their well-dispersed (not fused, see Fig. 3b) characteristic.

The Lag 5Srg sMnO3 nanostructures revealed their SP ordering at 300
K with a M; value about 29.59 emu/g. However, at 200 K, they exhibited

Na™ cations are incorporated mainly at the surface of the manganites,
bonding with surface oxygen atoms.

3.6. Magnetic properties

Since the magnetic moment per unit mass (emu/g) is a tool to find
structural changes in magnetic materials, we recorded the magnetiza-
tion vs applied magnetic field (M — H) curves of the synthesized La;.
xSrxMnO3 nanostructures (Fig. 9). As can be noticed in Fig. 9, non-
stoichiometric lanthanum manganite (LaMnOs,s) nanoparticles
exhibit paramagnetic behavior at 300 K. However, at lower tempera-
tures they adopt a ferromagnetic (FM) phase with saturation magneti-
zation (M) of 59.54 emu/g at 1.8 K (Fig. 9b). La®* vacancies present in
the LaMnOs 5 nanoparticles transform some of the Mn>7 ions into Mn** . .
cations to maintain the charge neutrality of the LaMnOs,s lattice a FM ordering, with M; and H. values of 41.87 emu/g and 31.0 Oe,

(Fig. 10). According to the double-exchange mechanism proposed by respectively (Fig. 9a and b & S8). A comparison of the M values of the
Zener [71], the Mn®"-O-Mn*" moieties in LaMnOs. 5 adopt FM order La;.«<SryMnOs nanostructures displayed at different temperatures
’ N (Fig. 9b) indicates that the fabricated Lag 5Srg sMnO3 nanostructures are

below the Curie temperature (T¢), while the Mn3*-O-Mn®" moieties ; > EE ; -
best suited for utilization in room-temperature magnetic hyperthermia.

adopt an antiferromagnetic (AFM) order. Interestingly, the Ms value
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Fig. 9. Magnetic behaviors of the La;,SryMnOs perovskites: (a) Magnetization (M) vs applied magnetic field (H) curves recorded at 300 K; (b) Saturation
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Fig. 10. (Top) Schematic representation of the geometric distortion of Mn>*-Og
octahedron in LaMnOg3, 5 perovskite lattice due to Jahn-Teller (J-T) effect. J-T
distortion does not occur in Mn**-Og octahedron. The green sphere inside the
polyhedron represents a La®>* vacancy. The La®>* vacancy transforms some
neighboring Mn>* cations into Mn** cations. (Bottom) Schematics of the
relative energy positions of the 3d orbitals in Mn>* and Mn** cations (five
orbitals for each cation) present in the La; 4SryMnOs3 (x = 0, 0.3 and 0.5) pe-
rovskites; orbital in purple color represents the 2py orbital of the O~ anion in
Mn>*-0-Mn*" moiety. Black arrows in each orbital indicate the spin of the
electrons. Note that the spin alignment corresponds to a ferromagnetic material
(provided that the temperature is below its Curie temperature). Pink arrows
show the double electron exchange (DE) responsible for the magnetoresistance
under an external magnetic field.

Finally, the SrMnOs; nanostructures exhibited an antiferromagnetic
(AFM) behavior at all the temperatures (Fig. 9a & b), as expected for a
solid composed of Mn**-0-Mn** moieties, in which there is no possi-
bility of occurring the double exchange (DE) interaction phenomenon.
The zero-field cooling (ZFC) and field cooling (FC) curves (2 K/min)
for the Laj; 4xSryMnOj3 perovskites recorded applying 100 Oe magnetic
field are shown in Fig. 9c. A paramagnetic to ferromagnetic transition
around 130 K can be clearly observed for the LaMnOs3 5 nanostructures,
which explains the large increase in magnetic moment (Fig. 9b) below
this temperature. Irreversibility temperature (Tj., the point at which the
ZFC and FC curves bifurcate) for the LaMnOs3, s sample (around 130 K) is
close to its reported Curie temperature (T.= 135 K) [78]. Tj; for the
LaMnOss, Lag7Sro.sMnOs, and Lag 7Sro 3sMnO3 phases are 125, 318,
and 325 K, respectively (Fig. 9¢). As can be seen in Table 3, the Ty, for
LaMnOs s nanoparticles fabricated in the present work is considerably
lower than the values reported in the literature. The lower Tj,, value of
the nanoparticles might be associated to their non-aggregated (particles
are not fused) arrangement. However, estimated Tj, values for the
Lag 7Sro.sMnOs nanoparticles fabricated in the present study are close to
the values reported for dispersed nanoparticles (see Table 3). Notably,
the FC and ZFC curves of the sample cross at the Tj;, instead of merging.
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Table 3

Irreversibility temperature (Tj,) for the LaMnOs3,s and Lag 7Srg3MnO3 nano-
particles in comparison to their values reported in the literature. The ZFC and FC
curves were recorded under 100 Oe applied magnetic field.

Phase Particle Aggregation behavior T; Refefernce
size (nm) X)
LaMnOs 5 52 Highly dispersed 125 Present
nanoparticles work
LaMnOs.s 18 (@) 220 [73]
LaMnOs, 5 - (a) 230 [84]
LaMnOs 5 20 Fused grains forming 240 [72]
nanofibers.
LaMnOs 5 40 Fused nanoparticles. 255 [74]
Lag 7Sro.3MnOs3 25 (a) 275 [37]
(b)
Lag7Sro3MnO3 50 Highly fused 300 [85]
nanoparticles. (c)
Lag 7Sro.3MnO3 20 Highly fused 300 [1]
nanoparticles.
Lag 7Sr.3MnOg3 25 Dispersed nanoparticles 325 [15]
functionalized with
betaine hydrochloride
Lag 7Sro.3MnO3 129 Dispersed nanoparticles 290 Present
@ work
Lag7Sro.sMnO3 129 Dispersed nanoparticles 318 Present
work
Lag 7Sro.3MnO3 129 Dispersed nanoparticles 336 Present
(e) work
LagsSrosMnO3  — (a) 300 [84]
LagsSrosMnO3 88 Dispersed nanoparticles 325 Present
work

(a) TEM images were not included in the reference. ZFC and FC curves were
measured at (b) 200 Oe, (c) 10 Oe, (d) 200 Oe and (e) 50 Oe.

Such a crossing/inversion between the ZFC and FC curves has been
observed in Tb(C00_94Feo_06)2 [79], COF6204 [80], Lag.275Prg.35.
Cag.37sMnO3 [81], NiFeo,O4 [82], and graphene oxide/NiFe;O4 com-
posite [83]. Such anomaly in magnetic behavior of the nanostructures
has been attributed to their large magnetostriction [80,81], presence of
a frustrated spin system [83], or a spin-glass-like surface disorder [82].

Broadening of the Mn 3p3/» XPS peaks (Fig. 8b) and high saturation
magnetization (Fig. 9b) in the La; xSryMnO3 perovskite (x = 0, 0.3 and
0.5) can be obtained only if both the Mn®* and M*" ions are present in
the perovskite. Therefore, the use of XPS and vibrating sample magne-
tometry (VSM) techniques in combination is important, as they help to
confirm the presence of Mn cations in mixed valence states in the pe-
rovskites. Besides, for LaMnOs, s, both the high M-OH/M-O-M (M =
Sr?*, La®*, and Mn®"*) ratio found through XPS analysis and the low
Tirr value determined from the FC/ZFC curves support the claim that the
LaMnOs 5 nanoparticles have small size and are not aggregated.

The temperature of the transition from paramagnetic to ferromag-
netic, T, could be estimated from the maximum of the first derivative of
molar magnetization (M) with respect to temperature (Fig. 9d). The T,
values obtained for the Laj xSryMnOj3 nanoparticles with x = 0, 0.3 and
0.5 were 133, 303, and 358 K, respectively. Such a gradual increase in T,
value with the increase of strontium mole fraction in the perovskites can
be understood considering its dependence on the interionic spin inter-
action of nearest-neighbors. The interaction between localized spins of
the neighboring ions are treated by a perturbation theory in which the
spin-dependent resonance integrals for parallel coupling of spins are:

1 ~ sﬁﬂicosgo cos (%) (@D)]
where ¢, is the stabilization energy of the band formed by the Mn>***
d%.zy and O 2py orbitals (see Fig. 10), 4, is the overlap integral between
atomic orbitals, (180° —¢) is the angle in the Mn-O-Mn bond, and 6j is
the angle between the spins on neighboring Mn cations [46,86]. In other
words, t; is a measure of the strength of the ferromagnetic Mn®*-O-Mn**
interactions in perovskites.
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The higher T, observed (Fig. 9d) for the Lag 5Sro sMnO3 sample can
be attributed to the higher ferromagnetic interaction, caused by the
following two factors: (i) Since the reported Mn-O-Mn angle in
Lag 5Srp.sMnOs is 180° but only 164° in Lag 7Srg sMnOj3 [84], cosg in eq.
(1) is 1 for Lag 5Srg.sMnOs3 and 0.96 for Lag 7Srg 3MnOs. (ii) The radius of
Mn** cation is smaller than the radius Mn>* cation, and also the
Lag 5Sro.sMnO3 has higher Mn** content than LagySrgsMnOs. The
smaller size of Mn*" generates a greater overlapping of orbitals (A) of
the Mn*" and oxygen ions, increasing the value of tj in eq. (1). The
results presented in this article clearly demonstrate that the size and
aggregation determine the Tj;; and Mg value of LaMnOs3 s nanoparticles.
While the use of common salt in solid-state mechano-synthesis of
La; xSrxMnOgs nanoparticles helps to increase their dispersion, substi-
tution of La>* ions by Sr** ions induces changes in the Mn—O-Mn angle
and Mn3*/Mn** ratio, which affect the magnetic behavior (Ms, Ty, and
T, values) of the perovskite nanoparticles.

4. Conclusions

Quasi-spherical La; xSryMnOs (x = 0, 0.3, 0.5, and 1) nanoparticles
of 90-255 nm average sizes could be synthesized through solvent-free
ball milling process utilizing NaCl as a dispersing medium, and subse-
quent thermal annealing. While the ClI™ ions of the used NaCl (as
dispersing agent) escape during high temperature (900 °C) air-
annealing, the Na™ ions remain at the surface of the perovskite parti-
cles preventing their aggregation. The poor dispersion of SrMnOs par-
ticles is due to lower concentration of Na' ions at their surface.
Substitution of La®* ions by Sr?* causes a gradual increase in the average
size of La;4SryMnO3 nanoparticles. It also progressively increases the
ferromagnetic interaction in Laj4SryMnO3 (x = 0, 0.3, 0.5) nano-
structures, increasing their Curie temperature gradually. Incorporation
of Sr not only reduces the Jahn-Teller distortion in LaMnOs 5 lattice (up
to x = 0.5), but also decreases the concentration of La>t vacancies.
Creation of La®" vacancies in LaMnOs, 5 lattice generates Mn** ions
(through oxidation of Mn>" ions) to preserve the charge neutrality of the
lattice, enhancing the magnetization (Ms) of the nanostructures through
inter-ionic spin interaction. While the presence of Na* ions at the surface
of La; xSryMnO3 nanoparticles helps to keep them disaggregated during
high-temperature thermal annealing, it causes a reduction of irrevers-
ibility temperature (T;,) and saturation magnetization (M) values of the
nanostructure.
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