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Abstract

Poly-crystalline double perovskite La,Cr;-Ni,MnOs (x = 0.00, 0.50, 1.00) has
been synthesized by solid state reaction (SSR) method. Structural properties
of La,Cr,-.Ni,MnOs have been investigated using X-ray diffraction (XRD).
The XRD pattern confirmed the single-phase formation of the orthorhombic
structure having Pbnm symmetry. The morphological analysis of the synthe-
sized sample was conducted using Scanning Electron Microscopy (SEM). The
average particle size, determined from SEM micrographs, is 2 um (x = 0.00),
1.56 um (x = 0.50), and 1.32 um (x = 1.00), indicating a progressive decrease
in particle size with increasing nickel doping. The optical characteristics of the
samples have been examined using UV -visible spectroscopy. The band gap has
been found to be decreased with Ni doping. The XPS analysis verifies the
presence of all elements at their respective binding energies and shows the
splitting of Cr and Ni ions, which is attributed to spin-orbit coupling. The
tuning of the optical band gap and the reduction in particle size in Ni-substi-
tuted La,CrMnOg emphasize its potential for advancing future technological
and energy applications.

Keywords
Solid State Reaction, Band Gap, XPS, Valance State

1. Introduction

A perovskite is defined as any substance with the formula PQX;. P and Q are
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two cations with positive charges, often of significantly different—different sizes,
whereas X is an anion, generally oxygen, which forms bonds with both cations.
Generally, P atoms are bigger than the Q atoms. Perovskites, as one of the most
prominent structural families, are found in a wide range of compounds exhibiting
diverse properties, applications, and importance, including metal-insulator tran-
sitions, and superconductivity [1]-[3]. Oxide-based double perovskites typically
have the chemical formula P,QQ'Os, where P represents an element from the al-
kali metal, rare earth, or lanthanide families. The Q and Q' are transition metals
coordinated with oxygen, forming two distinct octahedral sublattices, POs and
PQ's. The P,QQ'Os perovskite may exhibit two distinct structures: a monoclinic
structure with a P2,/n space group in the ordered state, or an orthorhombic Pbnm
structure in the disordered state [4]. Examples of double perovskites with the
formula P,QQ'Os includes Tb,NiMnOg, Pro,CoMnOs, Ho,NiMnOs, Nd,CoMnOs,
Gd,CoMnOs, La,CoMnOs, La,NiMnOg, Lu;NiMnOs and La,CrMnOs. These ma-
terials exhibit a wide range of properties, such as piezoelectricity, ferroelectricity,
and nonlinear optical behavior [5]. The modulation of Q-site cations by control-
ling structure, composition, defects, and dopants enhances the structural, optical,
and electrical properties of these materials. This makes them promising candi-
dates for industrial-scale applications such as solid oxide fuel cells, lead-free solar
cells [6] [7], photovoltaics [8], superconductors, spintronics, and magnetoelectric
devices [9] [10]. La,CoMnOg and La,NiMnOg are among the most prominent dou-
ble perovskites due to their ability to form Q-site-ordered structures in bulk, exhib-
iting ferromagnetic insulating properties [11]-[13]. In contrast, other La,QMnOs
compounds, such as those with Q = V and Fe, do not display Q-site ordering in
bulk form [14]. The double perovskite La,CrMnOg serves as a suitable model for
exploring the role of rare earth elements at the P-site and transition metals at the
Q-site. However, experimental findings on La,CrMnOgs often reveal discrepancies
and conflicting interpretations. In particular, its magnetic and electronic proper-
ties show significant variations across different studies [15] [16]. The double per-
ovskite La,CrMnQg is composed of two single perovskites, LaCrOs and LaMnOs,
with Cr and Mn ions distributed over disordered sites. The La cations occupy the
interstitial spaces between the CrOs and MnOg octahedra, which are connected at
their vertices and exhibit positional modifications along the three crystallographic
axes [15]. The literature suggests that the double perovskite La,CrMnOs can crys-
tallize in different structural forms, depending on the synthesis method employed.
La,CrMnOs synthesized using the solid-state reaction method exhibited an ortho-
rhombic structure with the Pbnm space group [17] [18]. Similarly, La,CrMnOs
synthesized via the sol-gel method also displays an orthorhombic structure with
the Pbnm space group, accompanied by an optical band gap of approximately ~1
eV, which closely aligns with theoretical predictions [19]. Additionally, mesopo-
rous La,CrMnOs double perovskite prepared using the hydrothermal method ex-
hibits a monoclinic structure with the P2,/nspace group [20]. The electronic char-

acteristics of perovskite compounds are mostly influenced by Q-site cations. Dou-
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ble perovskites are characterized by their remarkable ability to incorporate a wide
range of elements, particularly transition metals with varying oxidation states at
the two Q-sites. This compositional flexibility accounts for the diverse properties
observed in these materials, including semiconducting, metallic, half-metallic, di-
electric, ferroelectric, thermoelectric, and potentially superconducting behaviors
[5]-[9]. Notably, compounds containing transition metals often display the most
intriguing electronic properties. Ni-substituted double perovskites have been ex-
tensively investigated for their potential in developing advanced materials for
clean energy conversion and storage applications [21]-[25]. Structural transfor-
mations have been reported in earlier studies on Ni doping at the Ti site of
La,CoTin-»NiOs. The compound crystallizes in a monoclinic structure (£2,/n)
for x= 0, transitions to an orthorhombic structure (Pbnm) for x= 0.2, and adopts
a rhombohedral phase ( R3c¢) for x = 0.6 [26]. XPS analysis shows that a 20%
increase in nickel concentration notably impacts the mixed oxidation states of Co
ions, resulting in alterations to bond lengths and causing a structural distortion
from monoclinic to orthorhombic symmetry [26]. Ni-doped CsPbBr; halide per-
ovskite, synthesized through a simple and efficient method, demonstrates im-
proved luminescence efficiency, rendering it highly suitable for direct integration
into optoelectronic devices [27]. Doping Ni ions into CsPbBr; induces a structural
phase transition from orthorhombic to cubic, accompanied by lattice contraction
caused by the partial substitution of Pb*" ions with smaller Ni** ions within the
[PbBrs]* octahedra. This transition is also associated with a slight increase in the
band gap [27].

In this study, we successfully synthesized Ni-substituted La,CrMnQOs powder
via the solid-state reaction method, demonstrating structural stability. We inves-
tigate the impact of Ni doping at the Cr site on the structural, optical, and elec-
tronic properties of La,Cr,_,Ni,MnQs. This work paves the way for future research
on Ni-substituted La,CrMnOse, targeting the development of advanced materials

for clean energy and storage applications.

2. Materials and Methods

The polycrystalline samples of La,Cr,-.Ni,MnOs compounds (x = 0.00, 0.50, 1.00)
were synthesized via the conventional solid-state reaction method. The starting
materials used in the synthesis included reagent-grade Cr,Os (AR), MnO, (AR),
La,0; (AR), and Ni,O; (AR). The Polycrystalline Ni-doped La,CrMnOs series was
synthesized by combining stoichiometric amounts of La,0s;, MnQO,, Cr,0Os, and
Ni,Os in ethanol, milling the resultant mixture for seven hours, and then drying
itat 1100°C. The powder mixtures were reground for 4 hours, and after an interim
grinding, they were calcined at 1300°C for 10 hours in an environment of pure
oxygen. To investigate the structural, surface, optical, and electronic properties of
Ni-doped La,CrMnOg, samples were synthesized and designated as follows:
La,Cr;_,Ni,MnOg (x = 0.00) as LCMO, La,Cr;-,Ni,MnOs (x = 0.50) as LCMO-
Ni50, and La,Cr;_,Ni,MnQO¢ (x = 1.00) as LNMO.
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3. Characterization Techniques

The investigation focused on analyzing the structural, optical, and electronic char-
acteristics of the synthesized materials. The developed La,Cr,_.Ni,MnOs mate-
rial’s crystal arrangement and phase purity were ascertained with the powder X-
ray diffraction (XRD) technique. The XRD analysis was performed using a fifth-
generation Rigaku X-ray diffractometer (Model no. MiniFlex 600) with a Cu-Ka
source (wavelength = 1.5406 A). A continuous scan was carried out within the 20°
to 80° range, with a step size of 0.02°. To evaluate the surface morphology and
elemental composition of the samples, SEM and EDS images were recorded using
the Nova Nano FE-SEM 450 (FEI). The optical properties were assessed using Ul-
tra Violet-Visible Spectrometry (UV-Vis). A diffuse reflectance spectrum was rec-
orded using a Shimadzu UV-2600 UV-visible spectrophotometer, covering a
wavelength range of 200 to 800 nm. Furthermore, converting the DRS UV-Vis
spectra to a Kubelka-Munk function, [T(R)Av]"? vs. E(Av) represented the indi-
rect permissible band gap [28]. X-ray Photoelectron Spectroscopy (XPS) analysis
of the surface structural characteristics of La,Cr;-,Ni,MnQOg (x = 0.00, 0.50, 1.00)
was performed using a Thermo Scientific Nexa G2 XPS system under ultrahigh
vacuum conditions. The data calibration was performed using the random C Is

peak with a binding energy of 284.6 eV.

4. Results and Discussion

4.1. Structural Characterization

Understanding the crystal structure of a material is essential for gaining insight
into its physical properties. XRD spectra were recorded to determine the crystal
structure and detect the presence of any impurity phases in the as-prepared samples.
Figures 1(a)-(c) present the XRD results of Ni-substituted La,Cr;_NiMnOs (x =
0.00, 0.50, 1.00) double perovskites recorded at room temperature. All the diffrac-
tion peaks were indexed to the Pbnm space group (No. 62), and their exact match
with previously reported patterns [15] [17] [19]. This indicates that the original
structure of La,CrMnOs remains intact and does not undergo any phase transfor-
mation or structural instability upon Ni doping. The crystallite size of Ni-substi-
tuted La,Cr;.Ni,MnOs (x = 0.00, 0.50, 1.00) double perovskites was calculated
using Scherrer’s equation [19], yielding values of 36 nm for LCMO, 25 nm for
LCMO-Ni50, and 20 nm for LNMO. These results exhibit a decreasing trend with
increasing Ni substitution at the Cr site.

Figures 1(d)-(f) present an enlarged view of the X-ray diffraction pattern in
the range of 26 = 46° - 47.5°, showing a peak shift to higher angles with Ni
substitution at the Cr-site, as observed in the XRD spectra of the LCMO-Ni50
sample. The peak shift suggests slight lattice shrinkage, likely due to the variation
in the ionic radii of Ni and Cr, consistent with explanations and observations
reported in other Ni-substituted compounds [21] [23] [24] [29] and similar find-

ings in materials with a tetragonal tungsten bronze (TTB) structure type [30].
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Figure 1. Room temperature X-ray diffraction patterns of La,Cri-Ni,MnOs double perov-
skite material (a) LCMO (x = 0), (b) LCMO-Ni50 (x = 50), (¢) LNMO (x = 1); (d)-(f) are
the enlarged view of X-ray diffraction pattern in the range of 260= 46" - 47.5°.

Nickel (Ni) doping in oxide-based perovskite structures significantly impacts the
crystal structure. These effects are influenced by factors such as the concentration
of Ni dopants, the ionic radii of the dopant and host ions, and the oxidation state
of Ni [23] [29] [31]. XRD patterns, along with the XPS survey (discussed in Sec-
tion 4.4 below), confirm the presence of Cr, Ni, and Mn in their ionic states (ionic
radius): Cr** (0.615 A), Ni?* (0.69 A)/Ni** (0.60 A), and Mn** (0.65 A)/Mn** (0.53
A), respectively, which aligns with those reported in previous studies [23] [24]
[29] [31]. Ni** ions, being larger than Ni** ions, cause greater lattice expansion or
distortion, while Ni** ions, with a smaller radius, contribute to lattice contraction,
balancing structural changes in Ni-substituted La,Cr;-Ni,MnOs samples [29].
The substitution of Ni** at the Cr** site results in changes to particle size and grain
size (discussed in Section 4.2), which could potentially enable tuning of the optical
and electrical properties in the La,CrMnOg system, similar to modifications ob-
served in compounds with a tetragonal tungsten bronze (TTB) structure type [32]
[33].

4.2. Surface Analysis

Field Emission Scanning Electron Microscopy (FESEM), shown in Figures 2(a)-
(c), and Energy-Dispersive X-ray Analysis (EDX), shown in Figures 3(a)-(c),
were conducted to examine the surface morphology and elemental composition
of the as-synthesized samples. As shown in Figures 2(a)-(c), the SEM images reveal
a lack of discernible grain boundary formation, with most grains exhibiting inde-
pendent growth, similar to the behavior observed in Bi-substituted La,CoMnOs
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Figure 2. FESEM images of Ni-substituted La>Cri-xNi,MnOs (x = 0.00, 0.50, 1.00) double
perovskite: (a) LCMO, (b) LCMO-Ni50, and (c¢) LNMO.

compounds [28]. Figures 3(a)-(c) present the EDX analysis of the structural and
chemical properties of LCMO, LCMO-Ni50, and LNMO samples, corresponding
to the SEM images shown previously. The EDX spectra indicate that all samples
(LCMO, LCMO-Ni50, and LNMO) have retained their key elements, particularly
Nij, as evidenced by the corresponding energy peaks and their concentration levels
[18] [19] [34]. The EDX spectra also confirm the absence of any foreign elements,
thereby justifying the phase purity in the LCMO, LCMO-Ni50, and LNMO sam-
ples. Grain size, average particle size, and area were determined using Image]
Software, with the corresponding data provided in Table 1. The average particle
size, as determined from the SEM micrographs, is 2 um for LCMO, 1.56 um for
LCMO-Ni50, and 1.32 pm for LNMO, indicating a gradual decrease in particle
size with increasing nickel doping. The mean particle size of the materials, ana-
lyzed using SEM micrographs, shows a good correlation with the XRD patterns.
The average grain size reported for LCMO, LCMO-Ni50, and LNMO is in the

Table 1. The average grain size, particle size and band gap of Ni-substituted La>Cr1-:NiMnOs
(x=0.00, 0.50, 1.00) double perovskite.

Average Particle  Grain Size

Sampl Ar m? Band A%
ample ea (um?) Size (um) (um) and gap (eV)
LCMO 182.33 2 131.718 1.12
LCMO-Ni50 182.33 1.56 119.279 0.98
LNMO 182.33 1.32 112.488 0.95
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Figure 3. EDAX spectra of Ni-substituted La;Cr1-:NiMnOs (x = 0.00, 0.50, 1.00) double perovskite: (a)
LCMO, (b) LCMO-Ni50, and (c) LNMO.
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micrometer range, while the crystallite size is in the nanometer range, confirming
the polycrystalline nature of all samples with relatively large grain sizes, consistent
with observations in Ni-substituted Ca,FeNbOg double perovskite compounds [35].

As shown in Table 1, the grain size progressively decreases with increasing Ni
concentration, which is consistent with findings reported in previous studies [28].
The distribution of chemical components in La,Cr;-.Ni,MnOs (x = 0.00, 0.50,
1.00) confirms that it follows the intended stoichiometric ratio, as expected. The
intriguing SEM analysis data, including the reduction in grain size and average par-
ticle size with Ni substitution at the Cr site, highlights the potential for further re-
search to enhance the electrical properties of Ni-substituted La,CrMnOs double per-

ovskite.

4.3. Optical Properties

The optical bandgap properties were meticulously studied to obtain a deeper
understanding of the electronic band structure in Ni-substituted La,CrMnOs double
perovskites. The diffuse reflectance UV-Vis spectra of the samples were recorded over
the wavelength range of 200 - 800 nm, as illustrated in Figure 4. Figures 4(a)-(c)

(a) (b)
= 8
= >
= =
Eg =1.12eV
Eg =0.98 eV
A S R
Energy (eV)

Energy(eV)

[T(R)hv]1/2

Eg =095eV

1 2 3 4 5 6

Energy (eV)
Figure 4. Ni-substituted La;Cri-Ni.MnOs (x = 0.00, 0.50, 1.00) double perovskite: (a) LCMO, (b) LCMO-
Ni50, and (c) LNMO.
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depicts the relationship between [T(R)Av]"? and E(4v) for an indirect band gap,
determined by converting the DRS UV-Vis spectra into the Kubelka-Munk func-
tion, following the methodology established in prior studies [28].

The sharp edge of each curve was extrapolated to intersect the energy axis. The
intercept at this edge provides the energy band gap values, which were calculated
as 1.12 eV, 0.98 eV, and 0.95 eV for LCMO, LCMO-Ni50, and LNMO samples.
These findings are summarized in Table 1. As the quantity of Ni doping increases,
all the samples show a progressive drop in bandgap values. The reduction in the
band gap can be attributed to the substitution of Ni** ions at Cr** ions, which may
introduce additional electronic states near the Fermi level, thereby narrowing the
band gap [35]-[38]. Furthermore, the difference in ionic radii between Ni** (0.69
A) and Cr** (0.615 A), along with the reduction in crystallite size, may induce
structural distortions, as indicated by the peak shifts in the XRD patterns, thereby
affecting the electronic band structure [35] [38]. Ni substitution at the Cr site in
La,CrMnOs strongly correlates structural distortions and crystallite size reduction
with optical properties. This makes these materials promising for advanced tech-

nologies requiring precise band gap engineering.

4.4. Electronic Properties

The magnetic exchange interactions of most compounds are very responsive to
variations in their oxidation states. An extensive examination of the oxidation
states of Cr and Ni ions in the La,Cr;-Ni,MnQs series using X-ray photoelectron
spectroscopy is essential for a thorough comprehension of its magnetic charac-
teristics. To examine the chemical valence states of La, Cr, Ni, and Mn in
La,Cr,-Ni,MnOgs for (x = 0.00, 0.50, 1.00), XPS investigation was conducted at
room temperature. Figure 5 illustrates the XPS survey spectra of the synthesized
samples, showcasing the photoelectron lines corresponding to chromium, oxygen,

lanthanum, manganese, and nickel. The observed peak positions are consistent
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Figure 5. XPS Survey spectra of LCMO, LCMO-Ni50 and LNMO samples.
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with those reported in previous studies [20] [34] [39]. Figure 6 presents the XPS
spectra for the O 1s and C 1s core-level regions. The C 1s line with a binding
energy of 284.6 eV is apparent in the spectrum, presumably due to the presence
of this element on the powder’s surface, as shown in Figure 6(a). The core level
XPS spectra of O 1s, Cr 2p, Mn 2p and Ni 2p are obtained to elucidate their
chemical valences. The asymmetric profile of the O 1s XPS high-resolution spectra
for all synthesized samples, shown in Figure 6(b), reveals a distinct shoulder on

the high binding energy side, with a prominent peak around ~529 eV, which is
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—_ -~
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Figure 6. XPS survey spectra of LCMO, LCMO-Ni50 and LNMO samples, showing (a) C
1sand (b) O 1score-level regions.
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Figure 7. XPS survey spectra of LCMO, LCMO-Ni50 and LNMO samples, showing (a) Cr 2p, (b) Ni 2p,
and (c) Mn 2p core-level regions.
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consistent with previous reports [18] [20] [31] [34]. The chemical states of Ni, Cr,
and Mn in the LCMO, LCMO-Ni50, and LNMO samples were investigated through
XPS analysis, as depicted in Figure 7. The XPS spectrum of chromium shows a
clear splitting of the Cr 2p peak into two spectral lines, 2ps, and 2p,,, at approxi-
mately ~575 eV and ~585 eV for both LCMO and LCMO-Ni50, as shown in Fig-
ure 7(a) [1] [17]. The splitting of the Cr 2p core-level spectrum at ~575 eV and
~585 €V is attributed to spin-orbit coupling and corresponds to the Cr** ionic
state, as validated by previously reported data [18] [39] [40].

The XPS spectrum of nickel for both LCMO-Ni50 and LNMO, shown in Figure
7(b), reveals a mixed valence state of Ni** and Ni**, with the binding energy peak
positions consistent with previously reported data [20] [31] [34]. The satellite fea-
tures of Ni 2ps, and La 3d;,; overlap with one another, as observed in previous
studies [31] [39]. Figure 7(c) illustrates the XPS survey of the Mn 2p core-level
peaks, revealing two primary features: Mn 2ps; peak at ~642 eV and Mn 2p,; peak
at ~654 eV. These peaks arise due to spin-orbit coupling. The observed peak po-
sitions of Mn 2ps; and Mn 2py, align precisely with values reported in the litera-
ture, confirming the presence of Mn in mixed oxidation states, Mn** and Mn**
[17] [18] [20] [31] [34]. The XPS results confirm the presence of mixed valence
states for both Ni and Mn ions in Ni-substituted La,CrMnOs double perovskites.

5. Conclusion

In summary, Ni-substituted La,Cr;-Ni,MnOs (x = 0.00, 0.50, 1.00) double perov-
skites were synthesized using the conventional solid-state reaction method. The
structural, optical, morphological, and electronic properties of these materials
have been thoroughly investigated. The XRD patterns confirm that all samples
crystallized in the Pbnm space group, exhibiting an orthorhombic structure with-
out any impurity peaks, ensuring phase purity. The crystallite size decreases with
increasing Ni content at the Cr site. The observed peak shifts in the XRD patterns
further confirm the distortion of the (Cr/Mn/Ni)Os octahedra. Optical investiga-
tion, combined with morphological analysis, reveals a decreasing trend in average
particle size, grain size, and optical band gap with Ni substitution at the Cr site,
suggesting that Ni-substituted La,CrMnOs could be a promising candidate for fu-
ture energy conversion technologies. The XPS survey indicates the presence of
mixed ionic states for Ni (Ni**/Ni**) and Mn (Mn*/Mn*"). These findings pave
the way for future studies aimed at enhancing the electrical and electrochemical
properties of these materials, making them promising candidates for photovoltaic

technology.
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