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LaMnOgs (LMO) nanoparticles were synthesized using the reverse micelle route and thoroughly characterized to
determine their structural, morphological, optical, electrical, and magnetic properties. The single-phase forma-
tion of a cubic deformed perovskite structure with good crystallinity was confirmed by X-ray diffraction (XRD)
and Rietveld refinement. Irregularly shaped nanoparticle agglomeration with a porous morphology was observed
by scanning electron microscopy (SEM), and a homogeneous elemental distribution and phase purity were
confirmed through energy-dispersive X-ray spectroscopy (EDS). Fourier-transform infrared (FTIR) spectroscopy
complemented the characteristic Mn-O vibrational modes, allowing the stabilization of the well-defined MnOg
octahedra. UV-visible spectroscopy indicated a direct optical bandgap of approximately 1.96 eV, suggesting its
potential for use in visible-light-driven electronics. Electrical resistivity measurements exhibited thermally
activated behavior with an activation energy of 0.21 eV, which is compatible with small polaron hopping in
perovskite oxide semiconductors. Magnetic measurements at room temperature revealed that the size-induced

surface effects and oxygen vacancies caused weak ferromagnetism.

1. Introduction

Perovskite-type oxides, which have the general formula ABOs, are
widely used in both research and industry because of their unique
physical properties and flexibility. In these materials, the A-site is often
filled by an alkali metal, alkaline earth metal, or a lanthanide element,
whereas the B-site is mostly occupied by transition metal. For instance,
Lanthanum Manganite (LMO) has a distorted perovskite structure with
La®* at the A-site, Mn®* at the B-site, and O*" ions grouped around the Mn
in octahedral groups [1-6]. The diagram in Fig. 1 shows a structure with
MnOg octahedra sharing corners, La atoms at the corners, Mn at the
center, and oxygen at the edges. The perovskite structure is interesting
because it can be chemically altered significantly, allowing us to
fine-tune its electrical, magnetic, catalytic, and optical properties. Re-
searchers are particularly interested in manganites, which are typically
denoted as R1-xAxMnO3. In this formula, R represents a trivalent
rare-earth ion, such as La, Pr, Y, or Nd, and A represents a divalent
alkaline earth ion, such as Sr, Ca, or Ba [7-12]. We often replace some of
the cations at either the A or B sites, which helps boost their effective-
ness for different technological applications, such as solid oxide fuel
cells, sensors, superconductors, and solar cells [13,14].

Perovskite oxides, especially those based on lanthanum, have gained
significant attention owing to their diverse physical properties and po-
tential applications in fields such as catalysis, sensors, fuel cells, and
spintronic devices. Lanthanum manganite (LaMnOs) is well-known for
its unique magnetic and electrical properties, which vary depending on
the structural shifts and fabrication. It has a slightly distorted perovskite
structure, where the Mn?® * ions and oxygen octahedra affect the charges,
spins, and orbitals of the material.

Compared to some perovskite materials with B atoms (such as
manganese or titanium), which have more A-site defects, perovskite
compounds contain fewer B-site cation faults and interstitial oxygen [15,
16]. The main defects in these materials usually originate from issues
with A-site cations and oxygen vacancies. We can store charges in pe-
rovskites using these oxygen vacancies, which are related to
pseudo-capacitance [17].

Optimizing the synthesis method is critical for enhancing the
morphology, phase purity, and functional properties of LMO. Reverse
micelle method has a special advantage because it confines reactions to
small areas, allowing for better control over particle size and uniformity.
This technique is useful for fabricating nanostructured oxides with
specific features.
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In this study, we investigated the use of the reverse micelle method
for the production of LMO nanoparticles. We examined their structure
using X-ray diffraction (XRD), shape and makeup using scanning elec-
tron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS),
and vibratory behavior using Fourier-transform infrared (FTIR) spec-
troscopy. We also investigated their optical properties using UV-vis
spectroscopy and their electrical and magnetic properties using re-
sistivity and magnetization testing. This study provides insights into the
relationship between the LMO structure and its characteristics,
demonstrating its potential for increased functionality in future studies.

Finally, we synthesized LMO nanoparticles using the reverse micelle
method and analyzed their structural, morphological, and functional
properties using various techniques. By changing the synthesis condi-
tions and using advanced methods for analysis, we aim to identify clear
links between the synthesis and performance of these materials. This is
useful for designing LMO-based nanomaterials for specific applications.

2. Experimental

The synthesis of LMO compounds via the reverse micelle (RM)
approach involves unconfined co-precipitation, followed by annealing
to produce the desired perovskite phase [11,18,19]. Fig. 2 shows the
process starting with the synthesis of two separate RM solutions in an
iso-octane (nonpolar solvent), cetyltrimethylammonium bromide
(CTAB, surfactant), n-butyl alcohol (co-surfactant), and water (polar
phase) quaternary microemulsion system. The first microemulsion
(RM1) contained a stoichiometric proportion of La(NOs)s-6H20 and Mn
(NOs)2in water (0.1 M), and the second microemulsion (RM2) contained
an equimolar aqueous solution of NaOH (0.1 M) under comparable
conditions.

When RM1 and RM2 are mixed with constant stirring, intermicellar
exchange and micellar fusion allow the metal and hydroxide ions to
react with each other in the restricted aqueous cores, resulting in the
regulated co-precipitation of mixed metal hydroxides. The processes are
as follows:

La®>" +Mn*" 4 OH —sLa(OH),.Mn(OH), |

The black suspension indicated the formation of a mixed hydroxide
precursor. The slow addition of aqueous ammonia (NHs) controls the pH
to stabilize precipitation and prevent agglomeration. Ammonia is a
secondary complexing agent that regulates ion release and
homogeneity.

The precipitated product was isolated by microemulsion breaking
via centrifugation and then thoroughly washed with ethanol and
distilled water to remove the surfactants and excess residues. The
powder was separated and dried at 80 °C for 6 h to evaporate water and
volatile organics. After 5 h of calcination at 750 °C in air, the hydroxide

LaQ
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precursor decomposed by solid-state diffusion to produce phase-pure
LMO through the following overall transformation:

La(OH), + Mn(OH), > LaMnOs + 3H,01

This heat-accelerated reaction converts Mn? to Mn®*" /Mn* under
atmospheric air, stabilizing the perovskite structure of the LMO Toolkit.
The reverse micelle process creates a constrained reaction environment
that favors homogeneous nucleation, restricts particle growth, and en-
sures the greatest morphological homogeneity of the final LMO powder
[19,20].

3. Structure properties

We began by examining lanthanum manganese oxide (LMO) using X-
ray powder diffraction. XRD patterns were obtained at room tempera-
ture, spanning a 20 range of 20° to 80°. The diffraction patterns indi-
cated the presence of crystals forming in a cubic single-phase structure.
The peak shape was fitted using the pseudo-Voigt function, which
combines Gaussian and Lorentzian functions. Fig. 3 displays the Rietveld
plots developed using the FullProf software [21], and illustrates the
sample's crystalline structure along with the Rietveld refinement
pattern. The peaks are well-fitted, indicating that the sample is free from
secondary impurity phases, as demonstrated in this figure [11,22]. It
turns out that the sample is entirely pure perovskite, without any
detectable impurities, which is quite impressive. The pattern shows a
slightly distorted cubic lattice, leaning toward rhombohedral symmetry,
which corresponds to the Pm-3m (No. 221) space group. These peak
positions are consistent with the reference data from the COD (No.
961531527) [23], indicating that the desired LMO phase was obtained.
We observed major reflections at angles corresponding to the (100, 110,
111, 200, 210, 211, 200, 300, and 310) planes. The sharpness and in-
tensity of these peaks indicate high crystallinity and well-defined grains.
The absence of any sign of a second phase adds to the evidence of superb
chemical purity of the synthesized material. The tilting of the MnOg
octahedra causes rhombohedral distortion, which is common in many
perovskites with this structure [24,25].

These results show that we made a pure, well-ordered layer of
manganese oxide (LMO), and we are now ready to conduct more
detailed tests. To determine the size of the crystallites, we examined the
widths of the peaks from (100, 110, 111, 200, 210, 211, 200, 300, and
310). Utilizing the Scherrer equation [26-29], we can determine the size
through the following method:
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@

where ) is the wavelength of the Cu-K radiation (Acy = 1.5406 10\), f the

Fig. 1. Schematic of the crystal structure of LaMnOs.
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NaOH (0.1 M), CTAB, n-butyl alcohol, and
iso-octane

Mixed solution (RM1 & RM2)

Stirring for 24 h.

NH; added to adjust pH.

Clear solution

Calcined at 750 C°for 5 h.

Fig. 2. A schematic representation of the synthesis route for LaMnO3 nanoparticles via the RM method.
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Fig. 3. XRD patterns of LaMnO3 nanoparticles.

peak width, and 0 the diffraction angle. This yielded lattice constants of
a=b=c=3.88 10\, a cell volume of V = 58.411 A3 , and an average
grain size of D = 14.9 nm.

The full width at half maximum (FWHM) was used to determine the
peak broadening of nanoparticles caused by lattice strain and was
expressed by the W-H (Williamson-Hall) relation, as shown below [26,
30-32]:

peost = ’%1 + 4esind (2)

In this case, f is the width of the strong XRD peak at half its height, 6
is the diffraction angle, k is a shape factor constant, A is the X-ray
wavelength, D is the effective crystallite size, and ¢ is the lattice strain.
To determine the micro-strain in the sample, the necessary calculations
were conducted using the W-H plot. This involved utilizing the intercept
and slope values from the linear fit between pcos6 and 4sin6, as depicted
in Fig. 4. From the straight-line nature of the Williamson-Hall plot, the
intercept gives us D, while the slope shows e. Linear fitting of our data
yielded D =24.9nm and & = 3.21, respectively. While the classic
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Fig. 4. W-H plot of the LaMnOj3 nanoparticles.

Scherrer equation yielded a smaller size of 14.9 nm, the W-H method
yielded a larger size of 24.9 nm, which hints at some measurable
microstrain that the Scherrer method overlooked.

3.1. Morphological and compositional analysis

We examined the shape and size of the LMO using a scanning elec-
tron microscope, and the results are shown in Fig. 5a. The particles were
clumped together and had rough and irregular shapes. This is typical for
this method because the growth space is compressed into tiny water
pockets. The grains look like they are just loosely stacked and have this
sponge-like skin, which should really help when it comes to doing sur-
face chemistry or moving ions around. Most of the particles fall into the
sub-micron size category, but when we zoom in more, we can see finer
details at the nanoscale level. This suggests that although there was
some randomness in the process, nucleation and growth were not
random.

The crystallite size was approximately 19.2 nm, as measured from
the micrograph using ImageJ software, and its size-dependent frequency
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Fig. 5. a) SEM images of LaMnOg3 nanoparticles. b) Size distribution histograms of LaMnO3 nanoparticles.

was illustrated using histograms [27]. The average sizes of crystallites
were calculated by applying a Gaussian function to fit the size distri-
bution histogram. [33]. The best-fitted histograms for the nanoparticles
are shown in Fig. 5b and are consistent with those of the previous
studies. [34,35]. It fits snugly between the two estimates obtained from
XRD. Therefore, the grains observed in the SEM images are likely to be
isolated single crystals or small groups composed of only a few grains.
This supports the idea that the W-H- method provides a more complete
picture of the crystallite size in strained nanostructures.

Fig. 6 shows the energy-dispersive X-ray spectroscopy results, which
were used to determine the chemical compositions of the samples. The
spectrum clearly shows La, Mn, and oxygen, with no signs of any un-
wanted elements. The elemental maps also show that La and Mn are
evenly spread throughout the material, indicating that there was solid
mixing down to the nanoscale. The amounts of these elements matched
our expectations for LMO, indicating that it was a single-phase perov-
skite material. This is consistent with what we found in the X-ray
diffraction patterns. Therefore, the SEM and EDS results provide a solid
picture of well-formed LMO.

0 2 B 6 8

LI

3.2. FTIR analysis

We performed Fourier-transform infrared spectroscopy in the
wavelength range of 400-4000 cm™! on the LMO perovskite sample
produced by the reverse micelle method and heated it to 750 °C. The
results are presented in Fig. 7. The spectrum shows the FTIR bands at
438, 615, 865, 1115, 1380, 1438, 1530, 1630, and 3436 em™!. Some
clear absorption features appeared below 1000 cm™!, which matched
the metal-oxygen backbone, which is typical of many perovskite oxides
[36,37]. The FTIR spectrum exhibits two main bands at approximately
438 and 615 cm™ , which correspond to the characteristic vibrations of
the MnOe octahedra. The band near 438 cm™ arises from O-Mn-O
bending [38], while the band around 615 cm™ is attributed to Mn-O
stretching [38], reflecting the Jahn-Teller distortion of Mn® [39,40].
The band at 1113 cm ™! was caused by the stretching vibrations of the
C-O band of n-butanol C4H190 [41]. These features confirm the for-
mation of the perovskite LMO structure. In addition to the intrinsic
lattice vibrations, minor absorption bands at 1382, 1440, and
1536 cm™ are related to the stretching vibrations of residual nitrate

Weight (%) | Atomic (%)

CK 4.13 14.52
OK 211r33 85.32
Mn K 13.99 10.78
LaL 60.54 18.41

Totals 100.00

10 12 14 16 18

Fig. 6. EDS spectra of LaMnO3 nanoparticles.
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Fig. 7. FTIR spectra of LaMnO3 nanoparticles.

(NO3) or carbonate (CO3~) groups due to the incomplete decomposition
of metal nitrate precursors or CO2 adsorption from ambient air on the
surfaces of the nanoparticles [42,43].

The band at approximately 1627 cm ™! is attributed to the bending
vibration of surface-adsorbed water [39]. We also observed a broad
band around 3436 cm™!, which can be easily linked to the O-H stretch
and H-O-H bending modes [44]. The bands at approximately 1627 and
3436 cm ! usually originate from water molecules or hydroxyls that are
trapped on the powder surface after being exposed to air. The FTIR data
confirmed that we produced a pure phase of LMO with a strong perov-
skite lattice, and organic impurities were almost nonexistent.

3.3. Optical properties

Much research on optical materials has focused on the interactions
between electromagnetic waves, solids, and electric fields. Absorption
spectroscopy is a common method for examining the optical properties
of semiconductors. Several factors can affect the absorbance, such as the
band gap, oxygen deficiency, surface roughness, and impurity centers.

We measured the UV-visible absorbance spectra of the LMO sample
over wavelengths ranging from 200 to 800 nm, using distilled water as
our reference. The results are shown in Fig. 8, which shows that the

0.65

Eg=1.96eV

0.60-

g
0.55 5

0.50

)
2 15 20 25 3.0 35 ap
R, hv (eV)

0.45

Absorpation (arb. un.)
4
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T T T T T
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Wavelength (nm)

Fig. 8. UV-visible absorbance spectra of the LaMnO3 nanoparticles. The inset
shows the Tauc plots for the same.
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absorption spectrum has two distinct peaks. The first peak indicates that
LMO nanoparticles may function well as photocatalytic materials,
whereas the second peak is related to the reaction of LMO nanoparticles
with visible light. To calculate the band gap of the sample, we used
Tauc’s relation [21] as follows:

(ahv)? = C(hv — Ey) 3)

Here, C is a constant, hv is the photon energy, and n can take values
of 1/2, 3/2, 2, and 3, depending on the electronic transition that causes
the absorption. where o is the absorption coefficient, which is calculated
as follows:

a::2303(%) 4

where A is the absorbance, and d is the cuvette thickness. To determine
the band gap of LMO, we plotted (ahv)? against photon energy (hv) for a
direct transition, as shown in the inset of Fig. 8.

The optical bandgap of the LMO nanoparticles was determined to be
1.96 eV, which is marginally lower than the previously reported values
[11,22,45]. This reduction in the bandgap is primarily attributed to
oxygen vacancies [33], which introduce localized defect states within
the forbidden energy gap, thereby facilitating electronic transitions at
lower energy levels. The presence of mixed-valence Mn® */Mn** states,
resulting from oxygen deficiency, modifies the Mn-O-Mn bond network
and decreases the charge transfer energy between the O-2p and Mn-3d
orbitals, thereby narrowing the bandgap [33,46]. Additionally, the
nanoscale size of the particles leads to increased surface disorder and
induces local lattice strain, which alters the MnOg octahedral distortion
and consequently reduces the effective band gap.

The effective band gap (E*) for spherical particles is proportional to
the average particle size R, and there is a formula for that too.

* _ pbulk
E =E,

k21 1) 18 0124 (1 1 -
" 2eR?\mgm, mum,) 4nee,R R (4ree,)’ \Mem,  Mpm,

)

Where Eé’“"‘ represents the bulk band gap, m, is the electron effective

mass, my, is the hole effective mass, m, is the free electron mass, ¢ is the
relative permittivity and g, is the permittivity of free space.

3.4. Electrical properties

Fig. 9 shows the resistivity, p(T), of LMO changes between 280 and
580 K. The graphs show that LMO behaves as an insulator throughout
the entire measured range. We can also see that at any given tempera-
ture, it behaves similarly to Lanthanum-based manganites, which we
discussed in prior works [11]. However, there is a twist: LMO made
using a different method exhibits more semiconductor-style behavior in
terms of resistivity and temperature. As the temperature increases, the
resistivity decreases, which is classic evidence of thermally activated
conduction. What happens is that When the temperature increases, the
electronic bandwidth expands, and the overlap between Mn3g and Oz,
increases. This indicates that electrons are more likely to jump from
Mn>* to Mn*", thereby increasing the conductivity of LMO, as shown in
the inset of Fig. 9 [42]. The Arrhenius plot of In(p) versus 1000/T yields
a straight line, allowing us to calculate an activation energy (E,) of
approximately 0.21 eV. Furthermore, the values obtained from the
temperature-dependent resistivity data correspond to those calculated
using the Arrhenius equation:

E,
p(T) = p,exp <ET> )

Here, E, represents the activation energy, p, is a constant, k is
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Fig. 9. Temperature-dependent resistivity variation of LaMnO3 nanoparticles.
The inset shows the temperature-dependent conductivity variation.

Boltzmann's constant, and T is the temperature in kelvins. We deter-
mined that the E, from the slope of the Arrhenius plot in Fig. 10 indicates
that E, is approximately 0.21 eV. This is consistent with other studies on
LMO, which typically have activation energies between 0.18-0.25 eV.
[11,42,43]. This gives us more confidence in our findings, as it is
consistent with previous studies, implying that small polaron hopping is
the main mode of conductivity in our sample, as it is in LMO and other
insulating perovskite manganites.

3.5. Magnetic properties

We investigated the magnetic characteristics of the synthesized LMO
nanoparticles using a vibrating sample magnetometer (VSM) at room
temperature (RT). The paramagnetic behavior of lanthanum manganite
at room temperature can be attributed to several factors, such as a lack
of oxygen, charge ordering, strong electron interactions, and its unique
crystal structure [31]. The magnetic behavior of LMO is affected by the
exchange interactions between Mn spins within the perovskite structure.

In stoichiometric LMO, Mn>" serves as a Jahn-Teller ion with a tgg e

electron configuration, leading to a ground state with an A-type
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—— Linear Fitting

10.0

9.5 1

9.0 +

8.5 1

8.0 +
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7.5 1
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6.5

6-0 T 1 T 1 T T 1 T 1
16 18 20 22 24 26 28 30 32 34 36

1000/T (K™)

Fig. 10. Activation energy, Ea, of the LaMnO3 nanoparticles.
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antiferromagnetic (AFM) arrangement. In this configuration, the in-
teractions within the plane are ferromagnetic, whereas those between
planes are antiferromagnetic [47,48].

As shown in Fig. 11, the M-H hysteresis loop exhibits a narrow S-
shaped curve with very low remanence and coercivity, indicating weak
ferromagnetic behavior against a predominantly antiferromagnetic
background. Quantitatively, the nanoparticles exhibited a saturation
magnetization of Ms = 0.76 emu-g™! , remanent magnetization of Mr
=0.0012 emu-g™', and coercivity of Hc = 28.5 Oe. Conversely, Suresh
et al. [31] detected room-temperature ferromagnetism in pure LMO
nanoparticles, noting a significantly higher saturation magnetization
(Ms) of approximately 4.22 emu-g™' , a lower remanent magnetization
(Mr) of approximately 0.000594 emu-g™' , and a significantly reduced
coercivity (Hc) of approximately 6.26 Oe in particles with an average
size of approximately 30 nm.

Overall, the comparison indicated that the particle size plays a
crucial role in determining the magnetic characteristics of LMO nano-
particles. Smaller LMO particles exhibited a lower saturation magneti-
zation but enhanced coercivity, underscoring the typical interaction
between surface disorder and intrinsic double-exchange ferromagnetism
in nanoscale LMO systems [42]. These results further support the
commonly observed size-dependent magnetic variations in rare-earth
manganite nanoparticles.

This magnetic response differs significantly from the typical A-type
antiferromagnetic ordering of bulk LMO, confirming that reducing the
crystallite size to the nanoscale strongly modifies the magnetic ground
state of the material significantly. The observed weak ferromagnetism
was attributed to the coexistence of FM and AFM phases, which is a well-
known phenomenon in nanosized Mn oxide systems. [49-52]. We
interpret our results within a core-shell magnetic model, where the
inner core retains the parent AFM order, while the outer shell, which is
rich in structural distortions, defective oxygen sites, and broken ex-
change pathways, contains uncompensated and canted spins that
collectively produce a soft ferromagnetic-like contribution to the mag-
netic moment of the system.

Spin canting is further enhanced by the Dzyaloshinskii-Moriya (DM)
interaction [53], which becomes prominent owing to the distortion and
tilting of MnOs the octahedra. Additionally, oxygen-vacancy-induced
Mn**/Mn*" mixed valence facilitates local double-exchange in-
teractions, forming small ferromagnetic clusters embedded in the AFM
matrix. These structural and electronic inhomogeneities create an FM
shell coupled to an AFM core, explaining the small but finite Ms and very
low He.
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Fig. 11. M-H loops for LaMnO3 nanoparticles. The inset shows a magnified
view of the low-field region.
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The hysteresis curve is also non-saturating, even at high fields,
confirming the presence of AFM or paramagnetic components that
remain unsaturated under an applied field. This linear high-field tail
indicates that the total magnetization contains both a ferromagnetic
component and an additional linear background; therefore, subtracting
the linear term is required to accurately determine the intrinsic ferro-
magnetic saturation magnetization.

Overall, the magnetic behavior of these reverse-micelle-derived LMO
nanoparticles arises from the interplay of finite-size effects, surface
disorder, Mn®*/Mn*" mixed valence, and DM-induced canting, all of
which contribute to the observed weak ferromagnetism of the nano-
particles. Based on the extracted Ms value, we estimated that the
ferromagnetic volume fraction constituted only a few percent of the total
magnetic content, which is consistent with the proposed core-shell
magnetic-structure model.

4. Conclusions

LaMnOs (LMO) nanoparticles were successfully prepared by the
reverse micelle route in the form of single-phase nanocrystalline
perovskite structures with compositional uniformity and homogeneous
morphology. The XRD pattern established a single-phase rhombohedral
perovskite structure without secondary phases, whereas the SEM and
EDS results showed porous, agglomerated nanoparticles with a homo-
geneous elemental distribution. FTIR spectra established the integrity of
the MnOg octahedral network, whereas UV-vis spectroscopy established
a direct optical band gap value of 1.96 eV, indicating visible-light
applications.

Thermally activated hopping of small polarons was revealed by
temperature-dependent resistivity measurements, with semiconducting
behavior and an activation energy of 0.21 eV. Magnetic characterization
revealed weak room-temperature ferromagnetism, which most probably
resulted from surface spin disorder and size effects on the nanoscale.

Overall, the reverse micelle route was found to be effective for tuning
the particle size, crystallinity, and functional properties of LMO nano-
particles. These findings make LMO a viable candidate for use in catal-
ysis, optoelectronic devices, magnetic sensors, and spintronics.
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