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Abstract. Doping magnesium oxide nanoparticles (MgO-NPs) forms a good material for 

magnetisation applications. The Room Temperature Ferromagnetic (RTFM) of Pb2+-doped 

ions MgO-NPs synthesised by a modified Pechini method are discussed in the present paper. 

The structural, morphological and magnetic properties of the samples were characterised by 

X-ray diffraction (XRD), Field Emission scanning electron microscopy (FE-SEM), Energy 

Dispersive Spectroscopy (EDS) and vibrating sample magnetometer (VSM). 

The XRD results showed that the synthesised materials have a single set of peaks in the XRD 

patterns, corresponding to the cubic phase of MgO-NPs. As the Pb content increased in the 

host MgO-NPs leading to an increase in the lattice parameter, the interplanar spacing and the 

crystallite size; however, the intensity decreased.  

Small spherical nanoparticles (22.87–29.05nm) were observed in the Pb2+-doped ions MgO 

samples by (FE-SEM). The purity of the samples was confirmed using EDS spectroscopy. 

The pure MgO and doped samples exhibiting RTFM may be attributed to vacancy defects, 

which caused local magnetisation. The saturation magnetism (Ms) was found to be varied as 

a function of doping concentration. The maximum (Ms) was found at x=0.015 of 

Mg0.985Pb0.015O sample. The obtained results suggest that both Pb doping and oxygen 

vacancies play an important role in the development of room-temperature ferromagnetism. 

 

Keyword: doping, MgO-NPs, PbO, Pechini, RTFM, VSM 

 

1. Introduction 

The study and development of nanomaterials and nanostructures are a key ambition in making the 

industry more innovative and more competitive. Nanomaterials and nanostructures perform a very 

important supporting function for applications, mainly for providing a notable surface-area-to-volume 

ratio than conventional structures [1][2][3]. 

Metal oxide nanoparticles are another field of nanoparticles (NPs), which can be directly used in the 

application of common chemical reactions, with special electronic and magnetic properties allowing 

them to be applicable in specific areas [4], such as TiO2-NPs [5], ZnO-NPs [6], Fe2O3-NPs [7] and MgO-

NPs [8]. 

Among these oxides, magnesium oxide nanoparticles with sodium chloride structure have attracted the 

attention of several researchers due to their exceptionally functional materials that have been widely 

utilised in superconductors [9], antibacterial materials [10] and magnets [11]. 
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Doping magnesium oxide nanoparticles is an important tool for a wide variety of modifications, with 

the dopant impurities affecting the properties of metal oxide nanoparticles, such as [12] the optical 

properties when Zn+2-doped ions affect MgO [13][14], in that the band gap of a MgO lattice, when 

occupied by transition ions (Ti-, Cr-, Fe-, Ni-, Zn), which can play an important role in plasma display 

panels [15], the magnetic properties of MgO nanoparticles are modified by doping Mn+2 ions [16], and 

the magnetic field can depend on the thermal conductivity of Fe+3 ions doping MgO [17]. The 

antibacterial activity can markedly be promoted with Ag-doped MgO nanoparticles [18], and the 

luminescence intensity is greatly enhanced according to the increase of Eu3+ concentrations in a MgO 

lattice [19]. 

Many researchers note that a bulk rocksalt structure (MgO, HfO, CaO and Al2O3) is nonmagnetic, while 

their nanoparticle structure confirms room-temp ferromagnetism (RTFM) [20][21]. Hence, the origin of 

magnetism in MgO-NPs is an issue of some recent interest [22][23] because the rocksalt structure does 

not include ions with partially filled d or f bands, since the valence band is controlled by O-2p orbitals, 

and there are no valence d electrons in the rocksalt structure [24][25][26]. Consequently, such 

magnetisation does not demand the existence of free carriers [27], but it can be correlated with the 

presence of a slight concentration of intrinsic point defects, isolated cation vacancies, leading to the 

formation of a high-spin defect site, which can form local magnetism in MgO-NPs [24][25]. 

Several preparation routes have been involved in preparing a pure and doped MgO-NPs, such as 

combustion [28], aerogel route [29], hard templating pathway [30], microwave sol-gel method [31], 

liquid-phase method [32], co-precipitation [33], green synthesis [34], sol-gel method [18], modification 

of a Pechini sol–gel process [35] and a spinning disk reactor [36]. 

Among the overall number of the chemical synthesis methods obtained in the preparation of pure and 

doped MgO-NPs, the Pechini method was a favourite selection due to its main role in the synthesis of 

magnetic materials, high-temperature superconductors, ceramics and catalysts [37]. The preference for 

this method includes good stoichiometric control, good homogeneity and good control of particle 

morphology [38]. 

The main objective of this work is to detect the influence of Pb2+ ions as incorporated into the crystal 

structure of MgO-NPs nanoparticles, where the samples were prepared by a modified Pechini method. 

In order to obtain a better understanding of the current work, the XRD, FE-SEM coupled with EDX and 

VSM tests were investigated to examine changes that take place in the structure with an increase in the 

fraction of doping. 

 

2. Experimental Method  

2.1 Chemicals Used 

Magnesium nitrate hexahydrate (Mg(NO3)2·6H2O) [BDH Chemicals Ltd, England, > 99% purity], lead 

nitrate (Pb(NO3)2) [Chemicals PVT, India, > 99% purity], citric acid (C6H8O7.H2O) [CDH, India, 

>99%], Ethelyen Glygol, EG, (CH2(OH).CH2OH) [Chemicals PVT. LTD, India, > 99% purity] and 

distilled water were involved to prepare (Mg1-xpbxO)-NPs samples, where x=(0,0.005,0.01,0.015, 

0.02,0.025,0.03), using a modified Pechini method. All raw chemical materials were used without any 

further purifications. 

 

2.2 Samples Preparation 

2.2.1 Synthesis of MgO-NPs Nanoparticles.  

The procedure of synthesised MgO-NPs involved the preparation of a stable aqueous solution of the 

metal salt starting with the magnesium nitrite solution, and  the tricarboxylic acid as citric acid solution 

were dissolved separately in an adequate amount of deionised water (100ml) for each of them, in a molar 

ratio of 1:1 and stirred for one hour under constant stirring (FALC instrument-F91). Then, citric acid 

was added into a magnesium nitrite solution to chelate Mg2+ ions in the solution; the resulting solution 

was kept at 90°C for three hours under constant stirring. EG was added with fixed mass ratio, CA/EG, 

2:3. The colour of the final mixed solution gradually changed into a yellow shade as a result of water 
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evaporation. Finally, a very viscous gel formed with a brown colour. The dehydrated gel was calcinated 

at a moderate temperature of 420°C for two hours with 3℃ /min as a heating rate using a furnace device 

(PIF 160/15- Made in Turkey) to form a loose powder. 

The procedure of the synthesised (Mg1-xpbxO)-NPs samples, where x=(0–0.03), involved the preparation 

of an extra stable aqueous solution of lead nitrite, dissolved separately in an adequate amount of 

deionised water under constant stirring for one hour. The citric acid was added into mixed solutions of 

the magnesium nitrite and lead nitrite to chelate Mg2+ and Pb2+ in the solution. The same procedure steps 

were repeated for the preparation of MgO-NPs samples to obtain (Mg1-xpbxO)-NPs samples. 

 

3. Characterisation techniques  

All the seven samples of (Mg1-xpbxO)-NPs were analysed by powder XRD, FE-SEM coupled with EDS 

analysis and VSM. Powder X-ray diffraction patterns were obtained using a Shimadzu-6000 

diffractometer with Cu-Kα radiation (λ=1.5406Å). The surface morphologies of the nanoparticles 

samples were investigated using a field emission scanning electron microscope (TESCAN MIRA3 FEG-

SEM) operating at 30kV coupled with an energy-dispersive spectroscopy (EDS) facility for elemental 

analysis. The magnetic measurements were carried out using a vibrating sample magnetometer (VSM) 

type cryogenic device at room temperature. 

 

4. Result and Discussion  

4.1 Structural Analysis X-ray diffraction (XRD) 

 
(a) 

 

 
(b) 

Figure 1. XRD analysis for (Mg1-xpbxO)-NPs samples (a) XRD pattern for (Mg1-xpbxO)-NPs 

samples calcined at 420oC for 2 hours. (b) XRD shifting for pure and doped (Mg1-xpbxO)-NPs 

samples. 

 
For characterising crystalline materials, a powerful non-destructive technique was performed to provide 

information on phases, structures, preferred crystal orientations and other structural parameters, such as 

crystallinity, width, average grain size and the intensity of the diffraction peaks, which depend on lattice 

strain. The powder of the prepared (Mg1-xpbxO)-NPs samples using a modified Pechini method were 

calcined at 420°C for two hours, investigated via XRD technique.  

Figure 1a reveals the reflections resulting from the (Mg1-xpbxO)-NPs samples. The pure MgO-NPs and 

all the doped samples are indexed well to the cubic phase with Fm3m (#225) as a space group.  

However, the pure MgO-Nps sample showed five major diffraction peaks at positions 36.6325, 42.6868, 

61.9761, 74.3027 and 78.2192. The corresponding lattice planes were (111), (200), (220), (311) and 

(222), which can be matched with [ICSD PDF code 01-075-0447]. These results are in line with earlier 

reports[16][18]. 

 

https://www.sciencedirect.com/topics/engineering/crystal-orientation
https://www.sciencedirect.com/topics/engineering/crystallinity
https://www.sciencedirect.com/topics/engineering/average-grain-size
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However, the XRD pattern for the Mg0.97Pb0.03O sample appears as an additional weak peak, coinciding 

with PbO oxide. The strange peaks appear at positions 24.49 and 26.60, corresponding to the lattice 

planes 133 and 224 respectively, which were matched with [ICSD PDF (no. 45-964)]. 

 

The appearance of the strange PbO peaks can be attributed to the hardness of doping Pb+2 ions with a 

high concentration, due to differences in the ionic radius between Pb2+ (1.19 Å) ions and Mg2+ (0.72 Å) 

ions. So, the extra amount of Pb+2 ions can be segregated as a metal oxide phase (PbO) on the grain and 

at the grain boundaries of MgO-NPs host lattice [39]. This denotes that at or upward of this doping 

concentration of x=0.03 and under current experiential conditions, the Pb2+ ions cannot be inserted in 

the lattice sites. However, the additional amount of Pb2+ ions existing in an MgO solid solution can 

undergo oxidation to PbO [40]. Therefore, in the present research, the solubility boundary of Pb2+ ions 

in the MgO host lattice was about 0.005–0.03. 

The strongest diffraction peak (200) for the pure structure of MgO-NPs is positioned at (42.6868), while 

for the doped samples are observed shifting to a lower 2θ peaks position, as cleared in Figure1.b.  

Such increasing in shifting can be ascribed to the ionic radius difference between Pb2+ ions and Mg2+ 

ions that incorporated in the MgO host lattice. 

The shifting of Mg0.97Pb0.03O sample shows disorder shifting due to the incorporation of small fractions 

of the Pb2+ ions in the host lattice and the extra fraction separated as PbO oxide. 

The interplanar d-spacing increases from (x=0–0.025) due to increased strain in the lattice of 

compounds, while it decreases at (x=0.03) doping due to the formation of the PbO phase [14][18]. Table 

1 shows the values of d-spacing of pure and doped samples. 

It is also evident from Figure 1b that the diffraction peaks shift lightly in this position, indicating a light 

change in the lattice parameter. Such changing leads to a contraction or expansion in the lattice due to 

the introduction of a dopant with a different ionic radius in the host lattice. A variation of the lattice 

constant was proportional to the difference between the ionic radius of the dopant, substituted host lattice 

atom and the concentration of the dopant [41]. According to Table 1, the lattice parameter for pure MgO-

NPs is equal to (4.22832Å), while it is increased for doped samples. The maximum increase in the lattice 

parameter is (4.22983Å) at (x=0.025) for the Mg0.975Pb0.025O sample. 

However, the lattice parameter of the Mg0.97Pb0.03O sample at (x=0.03) is decreased. Such a decrease 

can be attributed to the formation of the secondary phase of PbO oxide [18][40]. 

It is also evident from Figure 1b when Pb2+ ions were doped in the MgO-NPs host lattice. The intensity 

of the strongest diffraction peak (2θ=42.643468) along the (200) plane is decreased, and the full width 

at half maximum (FWHM) is increased. This indicates that the doped samples successfully replaced the 

Mg2+ ions with the Pb2+ ions in the MgO-NPs host lattice, and the undoped sample had a better phase 

purity and crystallinity since the intensity of the XRD peaks can be affected by the composition 

including occupancy of atomic sites, the scattering ability of constituent atoms, and fractional 

coordinates[18][42][43]. 

The average crystallite size (D) was evaluated using Scherrer’s formula for the pure and doped MgO-

NPs samples along (220) and (200) planes [44]. 

 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
…………(1)  

 

where D is the crystallite size, λ the X-ray wavelength of the copper anode (1.5406Å), k the shape factor 

(k = 0.9), 𝛽 the full width at half maximum (FWHM) of the diffraction peaks, and θ the Bragg diffraction 

angle [45].  

As the diffraction factor of Pb2+ ions increased, the average crystallite size (D) along (220) and (200) 

planes increased for the first six samples due to facilitating the crystalline growth and crystallisation of 

MgO-NPs, while it decreased for the Mg0.97Pb0.03O sample, as shown in Table 1. 
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Table 1. Structural Parameters of Pure and Doped MgO-NPs Calcined at 420°C. 

Samples Space group Crystalline size 

along(200) and 

(220) planes 

Lattice 

parameter  Å  

d space 

MgO-NPs #225 5.693325 4.22832 2.11949 

Mg0.995Pb0.005O #225 5.696727 4.22837 2.11956 

Mg0.99Pb0.01O #225 5.91245 4.22848 2.11999 

Mg0.985Pb0.015O #225 6.412056 4.22979 2.12026 

Mg0.98Pb0.02O #225 10.12461 4.22981 2.12038 

Mg0.975Pb0.025O #225 10.24802 4.22983 2.12088 

Mg0.97Pb0.03O #225 9.27065 4.22852 2.11952 

 

4.2 Morphology Analysis 

The field emission scanning electron microscope (FE-SEM) technique was employed to explore the size 

and the distribution of all the samples. The images are shown in Figures 2, 3, 4, 5, 6, 7 and 8 – a for 

synthesised (Mg1-xpbxO)-NPs samples by using the modified Pechini method. The images display the 

agglomeration of the spherical nanoparticles, which occurs due to the high surface energy of the 

nanoparticles. The capability to produce agglomeration is very strong, which increases the collision 

frequency between particles that lead to a higher degree of agglomeration. Chemical bonds may form 

between particle surfaces as van der Waals forces, which are always present. Additionally, the magnetic 

dipole forces can potentially participate in internal particle forces[46][47].  

The average grain size for all seven samples under investigation is in the (22.87–29.05nm) range, as 

evident in the histogram in the Figures 2, 3, 4, 5, 6, 7 and 8 – b. Grain size increases with increases in 

the concentricity of the Pb2+ ions, which is in a good convention with the crystallite size as determined 

from the XRD and statically histogram. 

 

4.2 Energy-dispersive X-ray spectroscopy EDS 

In order to confirm the composition of the prepared nanocrystals samples, the energy dispersion 

spectroscopy (EDS) analysis was coupled with the FE-SEM. EDS is a very useful technique for 

qualitative and quantitative analysis of the relative concentration of an element [48]. EDS spectroscopy, 

which was used to detach pure and doped MgO-NPs as shown in Figures 2, 3, 4, 5, 6, 7 and 8 – c, is 

capable of producing elemental distribution maps.  

The EDS spectrum specified the presence of magnesium (Mg) and oxygen (O) as the only elements in 

the MgO-NPs sample that demonstrate high purity of the nanopowder synthesis by the modified Pechini 

method. It is obvious from chemical mapping that the results for pure MgO-NPs of the Mg/O atomic 

ratio coincide well with that of the corresponding XRD data and the bulk ratio. A partially higher oxygen 

atomic ratio compared to that of magnesium is possibly because of moisture absorption from the 

environment [49]. 

The EDS analysis of the doped (Mg1-xpbxO)-NPs samples in Figures 2, 3, 4, 5, 6, 7 and 8 – c confirm 

the presence of Mg, Pb and O as the only elementary components, with the absence of any extra element. 

The weight percentages are almost equal to their nominal stoichiometry by experimental error. 
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(a) 

 

 
(b) 

Figure 2. FE-SEM test analysis for MgO-NPs. (a) FE-SEM for MgO-NPs sample. (b) Histogram for 

MgO-NPs sample. (c) EDS for MgO-NPs sample. 

 

© 

 
(a) 

 

 
(b) 

Figure 3. FE-SEM test analysis for Mg0.995Pb0.005O sample. (a) FE-SEM for Mg0.995Pb0.005O sample. 

(b) Histogram for Mg0.995Pb0.005O sample. (c) EDS for Mg0.995Pb0.005O sample. 
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(a) 

 

 
(b) 

Figure 4. FE-SEM test analysis for Mg0.99Pb0.01O sample. (a) FE-SEM for Mg0.99Pb0.01O sample. (b) 

Histogram for Mg0.99Pb0.01O sample. (c) EDS for Mg0.99Pb0.01O sample. 
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(a) 

 

 
(b) 

Figure 5. FE-SEM test analysis for Mg0.985Pb0.015O sample. (a) FE-SEM for Mg0.985Pb0.015O sample. 

(b) Histogram for Mg0.985Pb0.015O sample. (c) EDS for Mg0.985Pb0.015O sample. 
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(a) 

 

 
(b) 

Figure 6. FE-SEM test analysis for Mg0.98Pb0.02O sample. (a) FE-SEM for Mg0.98Pb0.02O sample. (b) 

Histogram for Mg0.98Pb0.02O sample. (c) EDS for Mg0.98Pb0.02O sample. 
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(a) 

 

 
(b) 

Figure 7. FE-SEM test analysis for Mg0.975Pb0.025O sample. (a) FE-SEM for Mg0.975Pb0.025O sample. 

(b) Histogram for Mg0.975Pb0.025O sample. (c) EDS for Mg0.975Pb0.025O sample. 
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(a) 

 

 
(b) 

Figure 8. FE-SEM test analysis for Mg0.97Pb0.03O sample. (a) FE-SEM for Mg0.97Pb0.03O sample. (b) 

Histogram for Mg0.97Pb0.03O sample. (c) EDS for Mg0.97Pb0.03O sample. 

4.4 VSM magnetisation 

 

Figure 9. VSM analysis for 

(Mg1-xpbxO)-NPs samples 

calcined at 420oC for two 

hours. 

 

 

The magnetisation behaviour curves for the prepared nanocrystallites (Mg1-xpbxO) samples were created 

by modifying the Pechini method and calcined at 420°C for two hours, as plotted in Figure 9. The 

samples were investigated by vibrating samples magnetometer (VSM). The VSM shows the hysteresis 

loops for the seven samples examined at room temperature and motivated by defects.  

Magnetisation in the pure and doped samples was achieved due to small crystallite size and particle size 

as evident from XRD and FE-SEM, respectively. The necessary conditions to achieve magnetic order 
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in the lattice of the pure and doped MgO-NPs samples was provided by a certain density of vacancies. 

Such vacancies or other defects in the lattice were achieved by nearly localised magnetic moments [50]. 

Such vacancies in the MgO-NPs sample are responsible for magnetisation. In addition, the vacancies 

were usually labelled as F,V centres, corresponding to a missing oxygen atom or Mg atom in the host 

lattice of MgO-NPs, respectively [51]. The reason behind the encouraging magnetic moment was the 

spin polarisation of 2p electrons of O atoms close to the negative charge VMg [20][25]. However, the 

cations were enclosed by an octahedron of anions with filled valence p bands, and the bonding anion p 

orbitals with lobes pointing to the cation site would be the generality energetically favoured attraction 

orbitals to provide the holes. Hence, holes were necessary to charge the recompense by a cation vacancy 

at the centre of such an octahedron [21][52].  

The ferromagnetism in MgO-NPs appeared not only as a result of the VMg but also from the distribution 

or placement of the vacancies[20]. As Mg+2 ions were replaced by Pb+2 ions, the saturation magnetisation 

(Ms) was noted as varying. Such variation was due to the formative localised magnetic moment, which 

can occur as a result of introducing a cation defect in the MgO-NPs host lattice by doping.  

According to Figure 9, the (Ms) decrease for the samples Mg0.995Pb0.005O and Mg0.99Pb0.01O as compared 

to the pure MgO-NPs sample due to an increase in the crystallite size and particle size, as cleared from 

XRD and FE-SEM. The magnetisation of Mg0.995Pb0.005O and Mg0.99Pb0.01O are close to a paramagnetic 

nature. Such magnetisation can occur due to the exchange of one ion with another ion, leading to the 

reproduction of holes in dopant 2p orbits and the formation of a local magnetic moment on the oxygen 

sites. Hence, the magnetic moment is a transfer of atoms without d- or f- electrons [25][53]. 

Consequently, it was convenient to assume that the observed magnetic signal was relative to the 

vacancies’ density [53][54]. Thus, the excessive cation vacancies by doping are expected to change the 

observed magnetic signal. 

The typical magnetisation appears in the Mg0.985Pb0.015O sample, which has a symmetric hysteresis loop, 

which can be attributed to comparable nanoparticles size and associated with cation inversion [55]. This 

may happen due to the total replacement of vacancies by cation in a typical situation with an identical 

localised moment.  The Mg0.98Pb0.02O sample has S-shape hysteresis, suggesting superparamagnetic. In 

the Mg0.975Pb0.025O and Mg0.97Pb0.03O samples, the (Ms) begin to decrease as compared to Mg0.985Pb0.015O 

due to an increase in the fraction of cations in the lattice by doping. Such an increase leads to the 

distorting of the lattice structure and a decrease in the localised magnetic moment; moreover, the 

decrease in the (Ms) of the Mg0.97Pb0.03O sample was due to a separation of a small fraction of Pb2+ ions 

as PbO oxide, as clarified from XRD. 

 

5. Conclusions 

Pb+2-doped MgO nanoparticles samples have been successfully synthesised via a modified Pechini 

method. The calcination temperatures were used 420°C for two hours with 3℃ /min as a heating rate to 

prepare pure and (Mg1-xpbxO)-NPs-doped samples with Pb+2 concentrations varying from x=0.05-0.03.  

The substituted hydroxide precursors have been demonstrated as being effective for the synthesis of 

Pb+2-doped MgO nanoparticles as they can provide good homogeneity. Powder XRD results confirmed 

the formation of a single cubic phase with space group Fm3m (#225). As a result of increasing the 

fraction of doping, the strongest diffraction peak (200) has shifted towards less 2θ values, and the 

interplanar d-spacing, lattice parameter and crystallinity have been increased. Furthermore, the intensity 

was reduced, which can be attributed to the ionic radius difference between Pb2+(1.19 Å) and Mg2+ (0.72 

Å) ions. The morphology surface for pure and doped nanoparticles samples showed a spherical 

nanoparticle shape. The average grain size increased with increasing the dopant concentration, as 

confirmed by statically histogram and crystallinity from XRD, which was in the range 22.87–29.05nm 

for pure and doped samples. The EDS confirmed the presence of Mg, Pb and O as the only elementary 

components, and the weight percentages were nearly their nominal stoichiometry. The RTFM was 

motivated by vacancy defects rather than the kind of dopant ions. The saturation magnetisation was 

noted as being varied, given the dopant incorporated in the host lattice of MgO-NPs. The reason behind 

such change was the formation of a local magnetic moment, which can vary according to the density of 

defect and oxygen vacancies. The maximum (Ms) was achieved when x=0.015 of the Mg0.985Pb0.015O 

sample.  
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