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Abstract : Doping of Rare Earth Metals enhances the performance of Metal oxides .ZnO nanoparticles co-doped
with Mn/Pr were synthesized by a simple solution combustion method. The chemicals are Zinc nitrate hexa hydrate
(Zn(NO3)2.6H20), Manganese acetate tetra hydrate (Mn(CH3COQ)2.4H20, Cerium nitrate hexa hydrate,
(Pr(N0O3)3.6H20), Urea CH4N20, NH3 and polyethylene glycol (PEG-400) of AR grade (Sigma Aldrich 99.99%)
used without further purification as described in chapter 2. The procedure adopted for the synthesis of these
nanoparticles has already been explained in the same chapter. The samples were subjected to various characterization
studies. Chemical analysis and morphological studies were carried out using scanning electron microscopy (SEM)
with an energy dispersive analysis of X-rays (EDAX) attachment (CARL-ZEISS EVO MA 15). Structural
investigations were done by “BRUKER D8 Advance X-Ray Diffractometer. Magnetization measurements (M-H)
were carried out using Lakeshore VSM 7410 as described in chapter-I1. The optimum preparation parameters arrived
at for obtaining room temperature ferromagnetism and the results of the various characterization studies are presented
in this chapter. In the following sections, the results are interpreted and discussed in light of the existing theories and

the available data on other similar DMS systems.

Key words: Metal oxides, Solution Combustion Method (SCM), X ray diffraction Spectro meter , Vibration
Magneto Meter(VSM).

Introduction : Doping Influences the performance of Metal oxides. | chosen ZnO metal oxide, because of its
Nontoxic, Wide Applications from Electrical, Magnetic, Optical, Sensing, Bio Medical applications, Pharmacy and
Cosmetic Products. | tested via co-precipitation Method. Now | tested the doped samples prepared via Solution
combustion Method . This method has many advantages mainly pure sample and with high yield of sample for going
different analysis results without preparing once again. Here | presented analysis of these samples for optical studies,

photo luminescence studies, electro chemical studies and Gas sensing studies. Praseodymium(Pr) Rare earth doping
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in Zinc Oxide (ZnO) alters its physicochemical properties, significantly enhancing its performance in
optoelectronics, environmental purification, and Gas Sensing. This rare-earth modification generally introduces
structural defects, narrows the band gap, and improves Charge Carrier Dynamics. | wanted to know the modifications
in the properties of ZnO Nano particles by doping Rare earth Praseodymium(Pr) prepared via solution combustion
method. Which Induces the Good incorporation of Dopants and their by enhances the properties of ZnO Nano
materials for different applications. Here I chosen 1%,2%,3% dopant concentration of Pr co doped with Mn 2% to
enhance ZnO Nano material properties. The notations used for samples are ZnO (ZNMP-0), Mn/Pr doped ZnO (Pr
=0, 1%, 2,% 3% &Mn = 2%) (ZNMP-1,ZNMP-2, ZNMP-3 ZNMP-4) notation used for Mn/Pr.ts, Scanning Electron
Microscopy(SCM), Nano particle size, vibration magnetometer.

The presented results are published in Thesis(Ph.D) of S .M.Devasena. The samples were subjected to various
characterization studies. Chemical analysis and morphological studies were carried out using Scanning Electron
Microscopy (SEM) with an energy dispersive analysis of X-rays (EDAX) attachment (CARL-ZEISS EVO MA 15).
Structural investigations were done by “BRUKER D8 Advance X-Ray Diffractometer”. Band gap studies were
carried out by recording optical absorption spectra using JASCO V 670 spectrophotometer.

I1. Experimental Procedure:

SCM is a self-sustaining thermal process in which the combustion reaction is the primary heat source. This
procedure can be viewed as a particular instance of a larger all-encompassing strategy known as the Combustion
Method. SCM performs three different tasks. First, the initial SCM components are combined at the molecular level
in an agueous solution. In contrast, the powders utilized for SCM are typically combined at the microscopic level.
Second, the reaction that produces SCM solids may not be the same as the self-sustained combustion process. In the
SCM process, most heat is generated from the combustion of the fuel’s organic components, and the primary end
product is metals or metal oxides. SCM was used to create Nano particles of ZnO and Mn/Pr doped ZnO (Mn = 2%,
Ce=0, 1,2 and 3%). The ingredients are urea (CON2H4), polyethylene glycol (PEG-400), Zinc nitrate hexa hydrate
(Zn(NO3)2.6H20), Cerium nitrate non hydrate [Pr(NO3)3.6H20], Manganese acetate tetra hydrate
(Mn(CH3C00)2.4H20), and ammonium solution (NH3). No chemicals are further purified before usage; they are
all acquired from Sigma-Aldrich and Hi-Media. In 40 ml of deionized water, 1:5 molar ratios of zinc nitrate and urea
were dissolved. The zinc nitrate solution was added drop wise to the urea solution, which was then agitated for 30
minutes. The ammonia solution was then added drop by drop to the previously mixed solution till the pH reached to
9 at which point stirring was resumed. To this solution 2 ml of PEG solution is added, and stirring carried out
continuously for 7 hours. The solution was then kept for an hour in a closed muffle furnace set to a combustion

temperature of 500 °C .

Synthesis Parameters for Pr/Mn Co-doped ZnO nanoparticles:

Source materials : Zn(N0O3)2.6H20, NH3 solution
Doping material 1 Pr(N0O3)3.6H20, Mn(CH3C00)2.4H20
Solvent : Distilled water

Synthesis temperature - Room temperature

Combustion temperature  : 500C for 1 hour
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Annealing temperature : 600 C for 1 hour
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Fig 1: Synthesis of Pr/Mn doped ZnO Nano particles.

I, Analysis

@ Structural Analysis: XRD studies:

X-ray diffraction (XRD) analysis was employed to investigate the structural properties of Pr and Mn co-doped ZnO
nanoparticles. The XRD patterns are given in Fig.5.3(a) and 5.3(b). From the figures it was noticed that all samples
exhibited characteristic diffraction peaks corresponding to the hexagonal wurtzite structure of ZnO, which is
consistent with the standard Joint Committee on Powder Diffraction Standards (JCPDS) card number 00-005-0664.
Prominent peaks were observed at 28 values corresponding to the (100), (002), and (101) crystallographic planes,
confirming the phase purity and crystalline nature of the synthesized nanoparticles.

No secondary phases related to Pr or Mn oxides were detected within the resolution limit of the XRD instrument,
suggesting that the dopant ions were successfully incorporated into the ZnO lattice without altering the fundamental
crystal structure. This observation supports the substitutional incorporation of Pr** and Mn?" ions into Zn>" lattice

sites due to their comparable ionic radii, particularly in the case of low doping concentrations (JCPDS, 05-0664).

A notable trend was observed with increasing Pr and Mn co-dopant concentration: the intensity of the diffraction
peaks systematically decreased. This reduction in peak intensity is indicative of a decrease in crystallinity, possibly

due to lattice strain or the generation of crystal defects arising from dopant incorporation. Such behavior is commonly
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associated with the distortion of the crystal lattice caused by the introduction of foreign ions with different valence
states and ionic radii [6].
Fig. .2: (a) XRD Patterns of Pristine ZnO and Mn/Pr doped ZnO
(b)Enlarged XRD Pattern at about 320
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Fig. 2 : (a) XRD Patterns of Pristine ZnO and Mn/Pr doped ZnO
(b)Enlarged XRD Pattern at about 32*

The average crystallite size (D) of the co-doped ZnO nanoparticles was estimated using the Debye-Scherrer formula:

D=KJ\/Bcos0
Where,
. D is the crystallite size,
. K is the shape factor (typically ~0.9),
. ) is the X-ray wavelength (Cu Ka, A = 1.5406 A),
. B is the full width at half maximum (FWHM) in radians,

0 is the Bragg angle.
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Based on this analysis, the average grain size of the nanoparticles was found to lie in the range of 25 to 40 nm. A

general decrease in crystallite size with increasing dopant concentration was observed, which may be attributed to

enhanced nucleation rates and the inhibition of crystal growth due to lattice strain induced by dopant incorporation[7-

9].
2. Elemental Analysis :

The EDS spectrum of the current samples can be found in Fig.5. 1 To determine the elemental composition and

verify that praseodymium (Pr) and manganese (Mn) were successfully incorporated into the ZnO matrix, Energy

Dispersive X-ray Spectroscopy (EDS) was utilized. The existence of the elements Zn, O, Pr, and Mn has been

demonstrated by the strong peaks in the EDS spectrum of the obtained Pr and Mn co-doped ZnO nanoparticles.

a)0% Pr/Mn doped ZnO (ZNMP-1)

(b) 2% Pr/Mn doped ZnO (ZNMP-1)

«DAX | 1 | Area 170 | Full Arwa 1
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112

(c) 4% Pr/Mn doped ZnO (ZNMP-3)

Fig.3: EDX Spectra of Mn/Pr doped ZnO
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The characteristic peaks for Zn were observed at approximately 1.0 keV (Zn La) and 8.6 keV (Zn Ka), which are
typical for zinc in oxide form [1]. The presence of oxygen was confirmed by a significant peak around 0.5 keV (O

Ka), indicating the oxide nature of the nanoparticles.

For the dopant elements, the EDS spectrum displayed a Pr peak at approximately 5.0 keV (Pr La), and a Mn peak
near 5.9 keV (Mn Ka), which are consistent with the reported X-ray emission lines for these elements [2-3]. The
intensity of these peaks, though lower than that of Zn, confirmed the successful doping of the ZnO lattice with Pr
and Mn ions.

Importantly, no additional peaks associated with unwanted elements or secondary phases were detected in the EDS
spectra, indicating that the synthesized nanoparticles are free from any detectable impurities. This confirms the
chemical purity of the co-doped ZnO nanostructures and supports the homogenous distribution of the dopants within
the ZnO host matrix.

3.Morphological analysis: SEM studies:

The surface morphology and grain structure of Praseodymium (Pr) and Manganese (Mn) co-doped Zinc Oxide (ZnO)

nanoparticles were analyzed using scanning electron microscopy (SEM).

The SEM micrographs of the present samples is shown in Fig .4. The figures revealed a relatively uniform and dense
distribution of nanoparticles with spherical to slightly irregular shapes, indicating successful synthesis and
homogenous doping of the ZnO matrix. The observed grain size of the nanoparticles ranged from approximately 16

to 40 nm, suggesting a nanoscale structure with narrow size distribution.
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(c) 3% Pr/Mn doped ZnO (ZNMP-4)
Fig.4. SEM Images of Pr/Mn Doped ZnO

This grain size range signifies that co-doping with rare earth (Pr) and transition metal (Mn) elements does not
significantly disrupt the grain growth mechanism during synthesis but may aid in controlling agglomeration and
promoting uniform nucleation. Similar trends have been reported in the literature, where co-doping has been shown
to reduce the average particle size and suppress excessive grain growth by acting as nucleation centers or by
modifying surface energy dynamics during synthesis [4, 5].

Furthermore, the SEM images did not show significant clustering or abnormal grain morphology, indicating effective
dispersion of the dopants within the ZnO lattice. The nanoparticles exhibited a granular structure with a relatively
smooth surface, which may contribute to enhanced surface reactivity and improved optoelectronic properties [6].
The lack of large grains or secondary phases in the SEM micrographs further supports the hypothesis of successful
incorporation of Pr and Mn into the ZnO crystal lattice without forming segregated clusters.

Overall, the SEM analysis confirms that Pr and Mn co-doping maintains a Nano crystalline structure with well-
defined morphology, which is essential for applications in photo catalysis, gas sensing, and optoelectronic devices

where surface area and grain uniformity significantly affect performance.

(4) XPS analysis

The surface chemical composition and oxidation states of Pr and Mn co-doped ZnO nanoparticles were investigated
using X-ray Photoelectron Spectroscopy (XPS). The XPS spectra of present samples is given in Fig.5.6. Narrow
scan spectra revealed distinct peaks corresponding to Zn, O, Mn, and Pr, confirming successful incorporation of the

dopants into the ZnO lattice.
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Fig. 5: XPS Spectra of Pr/Mn doped ZnO

The Zn 2p region exhibited two well-defined peaks at binding energies of 1022.5 eV and 1045.5 eV, corresponding
to Zn 2ps/> and Zn 2pi/2, respectively. These values are consistent with Zn?* in the ZnO wurtzite structure, indicating
that the fundamental Zn chemical state remains unaffected by the co-doping process [18].

The O 1s spectrum showed a primary peak centered at 531.5 eV, suggesting the presence of lattice oxygen (0%
within ZnO, while a slight shoulder might indicate adsorbed oxygen species or surface hydroxyl groups, which are
often found in nanoparticulate oxides [19].

The presence of Mn was confirmed by Mn 2p spectra, which featured characteristic peaks at 642.5 eV (Mn 2ps/2)
and 654.0 eV (Mn 2pi/2). The binding energies and the spin-orbit splitting are indicative of Mn?"/Mn*" oxidation
states, suggesting that Mn is incorporated in a mixed valence state within the ZnO matrix, commonly observed in
transition metal-doped ZnO systems [20].

Furthermore, the XPS Pr 3d spectrum displayed peaks at 932 eV and 935 eV, corresponding to Pr** oxidation states.
The observed Pr 3d peaks were in agreement

with previously reported values for Pr-doped oxides, confirming the successful substitution of Pr** ions into the ZnO
lattice [21].

The co-existence of Zn?*, O*", Mn?*/Mn**, and Pr*" in the XPS spectra suggests that Pr and Mn have been effectively
doped into the ZnO structure, potentially leading to desirable modifications in the electronic structure and optical

properties of the nanoparticles
5:Magnetic studies:
The magnetic behavior of Pr and Mn co-doped ZnO nanoparticles was systematically investigated using vibrating

sample magnetometry (VSM) at room temperature. The hysteresis loops of the present samples is given in

Fig.5.7.The magnetic hysteresis loops revealed that undoped ZnO nanoparticles exhibit weak ferromagnetism, which
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is typically attributed to intrinsic point defects such as oxygen vacancies and zinc interstitials [22,23]. These defects

can mediate long-range ferromagnetic interactions even in the absence of magnetic dopants.
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Fig.6 : Magnetization hysteresis (M-H) loop of Pure ZnO and Mn/Pr doped ZnO Nanoparticles

Upon doping with Mn, a notable enhancement in ferromagnetic behavior was observed. This enhancement can be
ascribed to the substitution of Zn** ions by magnetic Mn?** ions in the ZnO lattice. Mn?" ions introduce localized
magnetic moments and magnetic ordering[24,25]. Then codoping with Pr the ferromagnetic behavior is decreasing
with increasing Pr with nearly zero remnant magnetization and decrease in saturation magnetization, hence a
reduction in ferromagnetic strength is observed. This decline can be attributed to dopant clustering and the onset of
antiferromagnetic interactions between adjacent Mn ions, or possible phase segregation leading to the formation of
nonmagnetic secondary phases. Additionally, excessive Pr** ions may act as electron traps, disrupting carrier-
mediated magnetic interactions and diminishing the BMP formation, thereby weakening the ferromagnetism [26].
The VSM analysis confirms that Pr and Mn co-doping decreases the ferromagnetic behavior of ZnO nanoparticles
and ferromagnetic is becoming as paramagnetic may be due to clustering or defects.

Conclusions: Based on this analysis, the average grain size of the nanoparticles was found to lie in the range of 25
to 40 nm. A general decrease in crystallite size with increasing dopant concentration was observed, which may be
attributed to enhanced nucleation rates and the inhibition of crystal growth due to lattice strain induced by dopant
incorporation. no additional peaks associated with unwanted elements or secondary phases were detected in the EDS
spectra, indicating that the synthesized nanoparticles are free from any detectable impurities. This confirms the
chemical purity of the co-doped ZnO nanostructures and supports the homogenous distribution of the dopants within
the ZnO host matrix. the SEM analysis confirms that Pr and Mn co-doping maintains a Nano crystalline structure

with well-defined morphology, which is essential for applications in photo catalysis, gas sensing, and optoelectronic
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devices where surface area and grain uniformity significantly affect performance. ~ XPS studies shows the co-
existence of Zn?*, 0%, Mn?"/Mn**, and Pr** in the XPS spectra suggests that Pr and Mn have been effectively doped
into the ZnO structure, potentially leading to desirable modifications in the electronic structure and optical properties
of the nanoparticles. The VSM analysis confirms that Pr and Mn co-doping decreases the ferromagnetic behavior of
ZnO nanoparticles and ferromagnetic is becoming as paramagnetic may be due to clustering or defects.
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